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ABSTRACT
Capsule: Diversionary feeding reduced Hen Harrier Circus cyaneus nestlings’ natural food intake by
half. Red Grouse Lagopus lagopus scotica chicks constituted 0–4% of all nestling food items.
Annually, this reduced annual grouse chick production by 0–6%.
Aim: To quantify proportions of diversionary and natural food (including grouse) delivered to Hen
Harrier nestlings in relation to brood size, male status and natural prey abundance.
Methods: We recorded diversionary food provisioned to 25 Hen Harrier broods (2008–15) and
studied the diet of 15 broods using observations from hides, nest cameras and regurgitated
pellet analysis. Variation in nestling diet was analysed using compositional analysis.
Results: Hen Harriers took 76% of diversionary food provided. Depending on assessment method,
average nestling diet was 44–53% diversionary food, 39–55% natural prey (including 24–45%
passerines, 4–15% small mammals, 0–4% grouse chicks) and 0–9% unknown items. The amount
of diversionary food consumed was not influenced by male status, brood size or natural prey
abundance. The number of Red Grouse chicks delivered annually was 34–100% lower than
expected under unfed conditions, however, the confidence intervals associated with these
estimates were large.
Conclusion: Diversionary food influenced Hen Harrier nestling diet and reduced the number of Red
Grouse chicks taken relative to modelled predictions. It may help reduce conflict between Hen
Harrier conservation and Red Grouse shooting, but only if overall grouse productivity is thereby
maintained or increased.
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Conflicts between wildlife conservation and other
human interests (‘conservation conflicts’; Redpath et al.
2013) are an increasing and challenging problem
(Conover 2002, Thompson et al. 2010, Redpath et al.
2015). In parts of Europe, conflict has emerged
between gamebird management and raptor
conservation, especially in areas where gamebirds are
of economic importance, as raptors may reduce the
numbers of gamebirds available for hunting (Valkama
et al. 2005, Park et al. 2008).

One well-documented example is the conflict between
the conservation of raptors, particularly Hen Harriers
Circus cyaneus, and Red Grouse Lagopus lagopus scotica
shooting in Britain (Thirgood & Redpath 2008,
Thompson et al. 2009). All raptors are protected under
British law and several species, including the Hen
Harrier, are also listed under Annex 1 of the European
Community Birds Directive (2009/147/EC). Nevertheless,
the conservation status of Hen Harriers and other
raptors, such as the Peregrine Falco peregrinus and

Golden Eagle Aquila chrysaetos, is constrained in some
regions by illegal killing on grouse moors as they are
perceived as a risk to shooting interests (Etheridge et al.
1997, Whitfield et al. 2004, Sim et al. 2007, Amar et al.
2012, Whitfield & Fielding 2017). This conflict has
focused particularly on the Hen Harrier, as they can
limit Red Grouse numbers and reduce shooting bags so
that ‘driven’ grouse shooting, a frequent practice in the
UK requiring high densities, becomes economically
unviable (Redpath & Thirgood 1999, Thirgood et al.
2000b, New et al. 2012). In contrast to ‘walked-up’
shooting, which usually occurs at lower gamebird
densities, driven shooting is associated with greater
management intensity (e.g. habitat management,
predator and parasite control) to deliver the greater
densities required (Sotherton et al. 2009). In Britain,
driven grouse shooting is considered an important
economic factor (Sotherton et al. 2009) that helps
maintain Heather Calluna vulgaris moorland (Robertson
et al. 2001), which is an internationally important habitat
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(Thompson et al. 1995), although some aspects are
contentious with respect to their deemed environmental
impacts (summarized in Thompson et al. 2016, but see
Sotherton et al. 2017). The legal control of generalist
predators (e.g. Red Fox Vulpes vulpes and Carrion Crow
Corvus corone) on grouse moors not only benefits Red
Grouse, but also other birds of high conservation
concern such as Eurasian Curlew Numenius arquata,
European Golden Plover Pluvialis apricaria and Black
Grouse Tetrao tetrix (Tharme et al. 2001, Warren &
Baines 2004, Baines et al. 2008, Fletcher et al. 2010,
Douglas et al. 2014). Hen Harriers, being ground-
nesting, may also benefit from fewer predators,
particularly foxes (Baines & Richardson 2013, Ludwig
et al. 2017). However, on a larger scale, this benefit is
out-weighed by the negative effects of illegal control
(Etheridge et al. 1997, Green & Etheridge 1999,
Whitfield et al. 2008, Fielding et al. 2011).

Focusing solely on law enforcement has to-date not
stopped the illegal killing of raptors, and it is evident
that other approaches that seek to reduce the impact of
raptors on Red Grouse, and thus the motivation for
killing raptors, are required (Redpath et al. 2010).
Several such mitigation measures have been suggested
and include habitat manipulation, reducing Hen Harrier
densities or brood management (Thirgood et al. 2000a,
Redpath et al. 2010). However, the least controversial
technique has been to provide diversionary food to Hen
Harrier broods, which, when experimentally tested,
resulted in 64–94% fewer grouse chicks fed to harrier
broods (Redpath et al. 2001c). Diversionary feeding has
also been used successfully to reduce predation by
Common Buzzard Buteo buteo and European
Sparrowhawk Accipiter nisus on Pheasants Phasianus
colchicus at release pens (Parrott 2015).

In this study, we investigated the uptake of diversionary
food by Hen Harriers in relation to natural prey
abundance, harrier brood size, and whether male
harriers simultaneously provisioned one or more
broods. Natural prey for breeding Hen Harriers includes
passerines, small mammals, grouse and wader chicks,
and young Rabbits Oryctolagus cuniculus, with the
relative importance of these varying between studies
(Redpath et al. 2001a, Amar et al. 2003). As the relative
abundance of prey species affects raptor diets (Graham
et al. 1995, Nielsen 1999, Redpath & Thirgood 1999),
we hypothesized that the uptake of diversionary food
will be higher when the abundance of natural prey is
low, when Hen Harrier broods contain more chicks
(Dijkstra et al. 1990), or when a male has more than
one brood to provision (Redpath et al. 2001c, Redpath
et al. 2006). We also examined the frequency of
scavenging of diversionary food by other predators.

Finally, we assessed the number of grouse chicks taken
by Hen Harriers in comparison with the number of
chicks expected to be taken without diversionary
feeding, and whether any reduction was sufficient, in
combination with a wider programme of grouse moor
management, to achieve our primary management
objective of increasing grouse density to a level which
would sustain economically viable driven shooting.

Methods

Study area

The study was conducted between 2008 and 2015 at
Langholm Moor, southwest Scotland (55.219°N 2.885°
W), as part of a larger project to help resolve conflict
between raptor conservation and Red Grouse shooting
(Langholm Moor Demonstration Project 2014). The
115 km2 site, dominated by Heather moorland and
acid grassland, included most of the Langholm-
Newcastleton Hills Special Protection Area (notified in
2001 for breeding Hen Harriers) and Site of Special
Scientific Interest (notified in 1985 for the upland
breeding bird and habitat assemblage). The core Red
Grouse habitat extended over approximately 30 km2 of
Heather moorland where Heather was either dominant
or co-dominant in the sward.

In 2008, management was re-established on
Langholm Moor aiming to restore driven Red Grouse
shooting, which last occurred in 1996 (Redpath &
Thirgood 1997). The project employed five
gamekeepers to manage Heather by rotational burning
and cutting, and to legally cull generalist predators
such as Red Fox, Stoat Mustela erminea, Weasel
Mustela nivalis and corvids (except Raven Corvus
corax), whilst agri-environment funds from the
Scottish Rural Development Programme were used to
help restore Heather habitat extent for Red Grouse by
reducing numbers of grazing Sheep Ovis aries.
However, the habitat restoration was not fully put into
place until 2011, when sheep were removed from
38 km2 of Heather moorland and acid grassland.

Between 1950 and 1996, when shooting ended, on
average 1815 (± 176 se) Red Grouse were shot per
annum (Redpath & Thirgood 1997), thus, the
management objective was to harvest 2000 grouse in
any one year of the project’s ten-year duration. We
calculated that this would require an average pre-
shooting density of 200 birds km−2 within the 30 km2

of Heather habitat and for a third of those birds to be
shot. Achieving this would demonstrate progression
towards financial viability of the shoot (Langholm
Moor Demonstration Project 2014).
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The study was not experimental but predetermined by
the objectives of the Demonstration Project. As the
recovery of the Red Grouse population was a key
priority, all Hen Harrier broods received diversionary
food, thus precluding comparison with broods
simultaneously not receiving diversionary food.

Diversionary feeding

Hen Harrier nests were located in April-June by
observing birds displaying, nest-building, transporting
prey or performing food-passes (Hardey et al. 2013).
At nests with polygamous males, the female which laid
eggs first was classified as the primary female, the other
as the secondary female; we also recorded one tertiary
female. Nests were visited at least three times: during
incubation to record clutch size, within a week after
hatching to record the number of chicks hatched and
shortly before fledging to record the number of chicks
reared. Between 2008 and 2015, there were 32 nesting
attempts, of which 7 failed before hatching (including
the tertiary female). Twenty-five attempts successfully
hatched chicks, of which 108 fledged (mean ± se = 4.3
± 0.3 chicks per successful attempt). All nestlings were
fitted with British Trust for Ornithology numbered
metal rings; in addition, 67 chicks were individually
marked with either patagial tags or colour rings, and
15 were fitted with satellite transmitters by Natural
England.

Diversionary food was provided post-hatching in
2008–15 to all 25 broods following methods given in
Redpath et al. (2001c). Two or three feeding posts were
erected during the late-incubation period
approximately 20 m from each nest. Once chicks
hatched, diversionary food (dead day-old poultry
chicks Gallus gallus domesticus and rats Rattus
norvegicus in a ratio of 3:1, both with a colour of white
to distinguish them from natural prey) was provided
daily for up to 60 days until the harrier chicks
dispersed from the vicinity of the nest. Hen Harrier
chicks fledge at around 35 days but usually remain
close to the nest site for another 25 days (Redpath &
Thirgood 1997). The provision of diversionary food
started on average 3 (± 3 sd) days after hatching. Two
nests were found 17 and 21 days after hatching, thus
diversionary feeding started later at these nests. In five
cases where the adults did not take food from the
feeding posts within the first five days, some food
items were also placed on the nest edge to encourage
acceptance, until the diversionary food was taken from
the posts. The amount of food provided increased with
brood age, from approximately 40 g per chick per day
in week one to 185 g in week five and thereafter (see

guidance in Scottish Natural Heritage 2010). Any food
remaining on the posts the next day was removed. To
assess the uptake of diversionary food, we recorded the
number of food items provided and those remaining
per day per nest site. No Hen Harriers abandoned their
chicks despite daily visits to provide diversionary food.

Redpath et al. (2001c) found low scavenging rates by
other predators, which was supported by observations
during the early project years. In 2014, however, we
observed Ravens taking diversionary food at two nest
sites and Short-eared Owls Asio flammeus removing
food at night. Hence, trail cameras (Spypoint Tiny-W3,
GG Telecom, Canada) were set up a week after
hatching at the feeding posts at six nests in 2015 and
maintained until feeding stopped, to determine the
amount of diversionary food consumed by harriers and
scavenged by other birds.

Hen Harrier nestling diet

Prey fed to Hen Harrier chicks was quantified for 15
broods by up to three methods: observations from a
hide, nest cameras and regurgitated pellet analysis
(Table 1). Prey was classified as either diversionary or
natural. Some prey items could not be identified, for
example when the female or nestlings obstructed the
camera, and were classified as unknown. Natural prey
was further categorized as passerine, small mammal,
grouse or other (Redpath & Thirgood 1999).

Between 2008 and 2012, prey deliveries to seven nests
were observed from a hide, which had been gradually
moved closer to the nest during incubation. At
hatching, the hide was 5–7 m from the nests (i.e. at an
equal distance to the nests as in a previous study;
Redpath et al. 2001c). Each brood was observed for a
mean (± se) of 41 ± 1 hours, with at least one 6-hour
watch per week until fledging.

Between 2010 and 2015, a solar-powered high-
resolution camera (VB60EH-VF, Outersight UK) was
placed 0.5–1 m from eight nests for a mean (± se) of 15
± 3 days after hatching and disguised with heather. In
2010–13 the camera was set up for an average of nine
days per nest, covering the later chick-rearing period
(starting at a mean of 19 days and ending at a mean of
31 days after hatching). In 2014 and 2015, cameras
covered on average 30 days per nest (from a mean of 8
days to a mean of 36 days after hatching), providing
77% of all video recordings between 2010 and 2015.

In six of the eight years (2008–10 and 2013–15), 14
nests and a circle of approximately 5 m radius around
each one were searched for regurgitated pellets after
chicks fledged (mid-July to mid-August). In addition,
any pellets seen during earlier nest visits were collected
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(June–July). The 204 pellets collected were dried and
frozen until the contents were examined. Mammal
hairs and bones were identified using Yalden (2009)
and Teerink (1991), and feathers using Brown et al.
(2003). Diversionary chicks and rats were distinguished
from natural prey by the presence of white feathers or
fur. Each prey item was assumed to represent one
individual unless it was evident that more were
present, e.g. when two skulls were in the same pellet
(Redpath et al. 2001a). For each nest in each year, the
percentage of each prey type (diversionary food,
passerine, small mammal, grouse, unknown; pooled
across pellets), as well as the proportion of pellets
containing each prey type, were calculated (Redpath
et al. 2001a).

For each brood and method, we calculated the
proportions of prey types in the diet. Prey delivery
rates were calculated for each brood as prey items
delivered per 100 hours for nest cameras and hide
watches. For each method, the proportions of prey
types and prey delivery rates were then presented as
means ± se across broods.

Abundance of key prey species

Passerine abundance was estimated annually in 20
Breeding Bird Survey (BBS) squares located within the
study area. In each square, the observer walked two
parallel 1 km transects, each 250 m from the side of
the square and thus separated by 500 m, recording all
birds seen or heard (Harris et al. 2015). Counts were
conducted twice per annum, between mid-April and
mid-May (early count), and between mid-May and
mid-June (late count). The ‘passerine index’ was
calculated as the mean number of Meadow Pipits
Anthus pratensis and Sky Larks Alauda arvensis
encountered per km on both counts, these being the
main passerine species delivered to Hen Harrier nests
during an earlier study (Redpath & Thirgood 1997).

Field VoleMicrotus agrestis abundance was estimated
annually through snap-trapping in late March to early
April (Redpath et al. 1995). Fifty unbaited traps were
placed at 5 m intervals over two nights along each of
ten transects, giving a total of 1000 trap nights per
annum. The ‘vole index’ was calculated as number of
voles caught per 100 trap nights.

Red Grouse abundance (birds km−2) was estimated
twice annually on ten 0.5 km2 count areas. Pre-
breeding densities were estimated in March and post-
breeding densities in July. Within each area, the
observer walked along parallel transects 150 m apart
with a pointer dog quartering the ground on either
side of the transect line (mean ± se transect length per

count area = 3.3 ± 0.2 km). To ensure comparability
with Red Grouse densities from a previous study at the
same site (Redpath & Thirgood 1997, Redpath et al.
2001c) we used total numbers counted. We used the
post-breeding counts to calculate average brood size
(including females with no chicks as broods of zero)
and density of grouse chicks (chicks km−2) in July. To
estimate the density of grouse chicks nearer the time
when most Hen Harrier chicks were hatching (late
May–early June), we calculated a ‘May grouse chick
index’ following Redpath & Thirgood (1997), using the
average brood size at hatching from radio-tagged Red
Grouse females (N = 12–23 per annum):

May grouse chick density

= July chick density × Brood size at hatching
July brood size

.

As there were no radio-tagged females in 2008, we used
the average brood size at hatching in 2009–15 for the
2008 brood size estimate.

The total number of grouse chicks available in late
May within the study area (= annual grouse chick
production) was calculated based on 30 km2 of suitable
grouse habitat. However, as using numbers counted
underestimates ‘true’ density, we repeated this
calculation using distance sampling estimates
(Buckland et al. 2001, Warren & Baines 2011). When
grouse were located, the number of birds and their
perpendicular distance to the transect line was
measured. July count data were analysed separately for
each year using the program DISTANCE 6.0 (Thomas
et al. 2010). We used the conventional distance
sampling analysis engine with a half-normal key
function and cosine adjustment, and selected models
giving the best fit on minimum Akaike’s Information
Criterion (AIC) scores and χ2 goodness-of-fit tests
(Warren & Baines 2011). The models provided
detection probabilities, expressed as effective strip
width (ESW), which was used to calculate the number
of grouse chicks per km2 in July for each count area:

grouse chick density

= Total grouse chicks counted
Total transect length ×(ESW ×2)

.

We then calculated May grouse chick density and annual
grouse chick production as above. For analysis, we used
both the ‘traditional’ estimate for annual grouse chick
production, for ease of comparison with previous
studies, and the distance sampling estimate.

Accordingly, we also calculated the distance sampling
estimates for the overall grouse spring and July density,
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which included grouse counted on an additional 18 line
transects distributed across the study site (mean ± se
transect length = 2.0 ± 0.2 km).

Data analysis

We compared the uptake of diversionary food, i.e. the
proportion of food removed from the posts, between
nests with polygamous males and nests with
monogamous males using a generalized linear model
with binomial error and logit link. The number of food
items provided was included as binomial total, the
number of food items taken from the posts as a
response variable, and male status as a factor. Two
broods were excluded as we did not have complete
data about the amount of food taken from the posts
for the whole feeding period. We also tested for
differences between nests with primary and secondary
females of polygamous males, using female status as a
factor. However, all further analysis using diet data
included male instead of female status, as the sample
size was too low to distinguish between primary and
secondary females of polygamous males (Table 1). To
test whether the acceptance of diversionary food
changed over the years, we used linear mixed models
with either the ‘annual mean proportion of food
removed from the posts’ (p) transformed into a logit ln
(p/1−p) or the ‘mean number of days until the food
was accepted’ as dependent variables and year as a

linear covariate. Year was also included as a random
factor as each year could contribute data from different
nests.

To analyse which factors influenced the proportion of
diversionary food in Hen Harrier nestling diet we used
compositional analysis (Aitchison 1986). For each
brood, the proportion of diversionary food was
calculated for each method: identified prey items (N =
2250) were categorized as either diversionary or
natural food, and the two values were transformed into
one log-ratio ln(diversionary/natural), replacing any
zero with 0.01 (Aebischer et al. 1993). Because there
were two categories only, the transformation was the
same as a logit transformation ln(p/(1−p)) of the
proportion p of diversionary food. For evaluating diet
from pellets, we only included broods with a minimum
of ten identified prey items (Whitfield et al. 2009;
Table 1).

To test for differences in the proportion of
diversionary food in nestling diet between methods
and years we used a linear mixed model with normal
errors, the log-ratio as the dependent variable, and
method and year as independent factors. Brood was
included as a random effect as the same brood could
contribute data from multiple methods. To analyse the
effect of male status, defined as either monogamous or
polygamous (only one male had more than two
females) and brood size on the proportion of
diversionary food in the diet, we then included male

Table 1. Hen Harrier broods provided with diversionary food 2008–15. Male status: 1 = monogamous, 2 = polygamous (∗ with tertiary
female); female status: 1 = monogamous, 2 = primary female of a polygamous male, 3 = secondary female of a polygamous male. #

excluded from analysis.
Nest
no. Year

Hatch
date

Brood
size

Male
status

Female
status

Hide watch hours (N prey
items)

Nest camera hours (N prey
items)

Pellets (N prey
items)

1 2008 13 June 4 1 1 45.4 (58) 24 (50)
2 2008 30 June 5 1 1 36.3 (48) 16 (33)
3 2009 03 June 5 1 1 46.3 (52) 30 (88)
4 2010 22 May 6 2∗ 2 41.0 (62) 31.5 (35) 9 (27)
5 2011 21 May 5 1 1 40.0 (58) 17.5 (38)
6 2011 25 June 5 1 1 39.5 (60) 31.8 (42)
7 2012 07 July 4 1 1 41.3 (32) 141.5 (67)
8 2013 07 June 6 1 1 1 (1)#

9 2013 16 June 4 1 1 88.5 (101) 33 (100)
10 2014 22 May 5 2 2 10 (26)
11 2014 03 June 5 2 3 309.3 (244) 19 (55)
12 2014 06 June 6 2 3 38 (118)
13 2014 01 June 5 2 2 3 (6)#

14 2014 24 May 3 2 2
15 2014 02 June 6 1 1
16 2014 02 June 3 1 1
17 2014 03 June 3 1 1
18 2014 06 June 5 1 1
19 2014 26 June 6 1 1 8 (24)
20 2015 05 June 5 2 2 364.5 (493) 1 (4)#

21 2015 22 June 1 2 3
22 2015 22 May 4 1 1 7 (18)
23 2015 09 June 4 1 1 380.7 (372) 5 (8)#

24 2015 23 May 2 1 1
25 2015 13 June 1 1 1
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status and brood size as further independent variables in
the model.

To test whether the abundance of the main prey
(passerines, small mammals and grouse) varied
between years, we analysed annual variation in each
prey index using Poisson regression models with the
original count data as a response variable, offset
adjustments to transform into the respective indices,
and year and count area as explanatory variables. We
then assessed whether the proportion of diversionary
food in nestling diet was affected by availability of
natural prey. To avoid pseudo-replication by multiple
nests within the same year, we calculated annual
means of diet compositions for each method, i.e.
separately for hide watches, nest cameras and pellets,
which were transformed into annual log-ratio values ln
(diversionary food/natural prey). We then used a linear
mixed model with each log-ratio as a dependent
variable, weighted by the number of broods to take
into account the effect of sample size on the accuracy
of the means, with method (hide watch, nest camera
and pellets) and prey availability indices (passerine,
vole and grouse) as independent variables. Year was
included as a random factor as each year could
contribute data from different methods.

To test whether the proportion of grouse chicks in the
natural diet of Hen Harrier nestlings varied between
methods and years, we transformed the proportion of
grouse and other natural prey items into one log-ratio
ln(grouse/other natural prey) for each nest, and used
this as dependent variable in a linear mixed model,
with method and year as fixed explanatory factors and
brood as a random factor.

As the spread of days covered by nest cameras during
the chick-rearing period differed between harrier broods,
we estimated the effect of week after hatching using a
generalized linear model with Poisson distribution and
log link function, including the number of grouse
chicks delivered per week (= number of grouse chicks
per hour × 15 hours daylight × 7 days) after hatching
as a dependent variable, and brood and week after
hatching as independent factors. This was then used to
predict the number of grouse chicks provisioned to
each brood across the full 60-day brood-rearing period
and calculate the average chick delivery rate per hour.
The number of grouse chicks fed to harrier broods in
each year was estimated according to Redpath &
Thirgood (1997): number of grouse chicks per hour ×
15 hours daylight (per day) × number of harrier nests
× 60 days (hatching to dispersal). For pellets, we used
the annual mean prey delivery rate obtained from hide
watches and nest cameras to estimate the total number
of prey items fed to harrier broods in each year (prey

items per hour × 15 hours daylight × number of
harrier nests × 60 days), and then applied the annual
proportion of grouse in pellets among all pooled prey
items to calculate the number of grouse chicks fed to
harrier broods.

We also estimated the theoretical number of grouse
chicks that harriers were expected to feed to their
broods without diversionary feeding, using two
different approaches: one by Redpath & Thirgood
(1999) and one by Amar et al. (2004). As both were
based on June grouse chick densities, we multiplied
May grouse chick densities by 0.741 (se = 0.046), the
mean reduction rate between May and June chick
densities in 1995 and 1996 (Redpath & Thirgood
1997). The standard errors associated with June grouse
chick densities were each calculated as the standard
error of a product following Seber (1982). The Redpath
& Thirgood (1999) approach estimated the delivery
rate of grouse chicks in relation to grouse chick
density, when harriers are unfed, using a sigmoid curve
(Holling Type 3 functional response) as follows:

Grouse chicks delivered hr−1

= 0.21∗chick density5.1/(515.1+chick density5.1).

We used this equation to calculate the expected
delivery rate of grouse chicks in 2008–15 based on the
respective June grouse chick densities, and then
estimated the number of grouse chicks annually fed to
harrier broods as above. The second approach followed
Amar et al. (2004), who incorporated the percentage of
Heather cover within 2 km of a Hen Harrier nest to
estimate the same quantity via an exponential
relationship:

Chicks delivered hr−1 = exp(−5.92+ 0.078

∗chick density + 0.059∗ percentage Heather cover).

Heather cover within a radius of 2 km around each
nest was measured as the percentage of dwarf shrub
heath obtained from the Land Cover Map 2007
(Morton et al. 2014). We used this equation to
calculate the expected delivery rate for each individual
harrier brood, estimated the corresponding number of
grouse chicks fed, then summed the numbers within
year to obtain a total annual number. We
approximated the standard error associated with both
estimates from the standard errors of the equation
coefficients (provided by Redpath & Thirgood (1999),
and derived from the F-statistics in Amar et al. (2004))
using Taylor series linearization (Seber 1982); this
method is commonly used for complex variance
calculations and uses a local linear approximation of
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nonlinear relationships, which is obtained through
differentiation (Seber 1982). For presentation, standard
errors were transformed into confidence intervals.

All analyses were conducted in GenStat 17.1 (VSN
International 2014). We calculated Wald statistics,
which were transformed into F-statistics where exact
transformations existed. The level of significance was
set at 0.05, and all means are given ± one standard error.

Results

Uptake of diversionary feeding

Between 2008 and 2015 approximately 5600 rats and 18
400 poultry chicks were provided as diversionary food to
25 Hen Harrier broods. Broods were fed for on average
47 ± 2 days, and diversionary food was taken from the
feeding posts on 90 ± 4% of these days (including two
nests where food was taken only when put directly into
the nest). In total, 76 ± 5% of the diversionary food had
been removed from the feeding posts before the next
day. It took on average 4.3 ± 1.2 days until the food
was accepted; at 14 out of 25 nests the food was taken
on the first day, at nine nests food was only taken after
8.0 ± 2.5 days, and at two nests the adults never took
food, although the chicks ate the diversionary food
placed directly into the nest by project staff and later
took food directly from the feeding posts. The
proportion of food taken from the posts did not
change significantly over the years (slope 0.40 ± 0.28;
χ2 = 1.96, df = 1, P = 0.18), but the number of days until
the food was accepted tended to decline by one day per
year (−1.00 ± 0.52; χ2 = 3.69, P = 0.07). Food was
accepted on the first day not only by individually
marked local recruits, but also some unringed external
recruits (e.g. in 2014, when the number of breeding
females increased from 2 to 12; Ludwig et al. 2017).
The uptake of diversionary food did not differ between
nests with polygamous males (85 ± 5% of the
diversionary food taken, n = 8, range 59–100%) and
nests with monogamous males (72 ± 6% taken, n = 15,
range 22–100%; F1,21 = 2.13, P = 0.16). Among the nests
of polygamous males, there was no significant
difference in food taken from the posts at nests of
primary females (83 ± 7%, n = 5) and secondary
females (89 ± 10%, n = 3; F1,7 = 0.28, P = 0.62).

The trail cameras set up at the feeding posts of six
nests in 2015 provided 1288 pictures of food being
taken. Of these, 93% of the food was taken by Hen
Harriers (77 ± 7% female, 21 ± 6% male, and 2 ± 2%
unsexed) and 7% by Ravens. Male Hen Harriers took
food at all nests (four monogamous and one
polygamous male, who took food from the feeding

posts of each of the two broods he tended). Of the
scavenging events by Ravens, 89% occurred after
fledging of harrier chicks, i.e. over 4 weeks after hatching.

Hen Harrier nestling diet

In total, 370 prey deliveries were observed during 290
hours of hide watches at seven nests, a rate of 128.3 ±
10.0 items per 100 hours. The delivery rate of
diversionary food was 55.4 ± 7.7 items per 100 hours.
On average 44 ± 5% of all prey items were diversionary
food (36 ± 4% chicks and 8 ± 2% rats), 52 ± 6% were
natural prey (45 ± 6% passerine, 4 ± 1% small mammal,
and 3 ± 3% lizard), and 4 ± 2% were unidentified
(Figure 1). No grouse chicks were identified during the
hide watches.

Nest cameras provided 1365 hours of video
recordings (171.0 ± 55.2 hours per nest, n = 8 nests),
during which 1392 prey items were delivered to
broods; a rate of 116.7 ± 23.5 prey items per 100 hours.
Diversionary food was delivered at a rate of 67.6 ± 25.6
items per 100 hours. On average 53 ± 10% of prey
items were diversionary food (34 ± 7% poultry chicks
and 19 ± 5% rats), 39 ± 7% were natural prey (24 ± 5%
passerine, 10 ± 6% small mammal, 4 ± 1% grouse
chicks and 1 ± 1% other prey, e.g. wader chicks and
mustelids) and 9 ± 4% were unidentified (Figure 1). In
total, 25 grouse chicks were identified on nest camera
footage.

A total of 204 regurgitated pellets were collected at 14
nests, from which 556 prey items were identified. 87% of
pellets contained diversionary food (81% poultry chicks,
29% rats), 69% passerine, 40% small mammal and 8%
grouse. At nests with a sufficient number of pellets
collected (n = 10 nests, 538 prey items), on average 45
± 4% of the identified prey items were diversionary
food (34 ± 3% poultry chicks, 11 ± 2% rats) and 55 ±

Figure 1. Mean (±se) proportion of prey items identified during
hide watches (n = 7 nests), nest cameras (n = 8 nests) or in
regurgitated pellets (n = 10 nests). The total amount of
diversionary food (df) includes both poultry chicks and rats.
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4% were natural prey (37 ± 5% passerine, 15 ± 3% small
mammal, and 3 ± 1% grouse chicks). In total, 17 grouse
chicks were identified in pellets.

Effect of prey abundance, male status and brood
size on brood diet

Prey availability varied significantly between years, with
no correlation between prey indices (all r < 0.52, P >
0.19). Grouse chick abundance increased between 2008
and 2010 and then remained approximately similar
across all other years, being highest in 2013 (F7,70 =
19.36, P < 0.001; Figure 2(a)). Vole indices cycled,
peaking in 2011 and 2014 and crashing in 2009 and
2013 (F7,70 = 9.11, P < 0.001; Figure 2(b)). The
passerine index was stable with 11–16 birds
encountered per km in most years, with the exception
of increased abundance in 2013 and 2014 (F7,139 =
30.53, P < 0.001; Figure 2(b)). However, consumption
of diversionary food by Hen Harrier broods did not
vary in relation to natural prey abundance (N = 17
method-years; passerine: x21 = 1.31, P = 0.31; vole: x21 =
0.52, P = 0.51; grouse: x21 = 2.96, P = 0.16) or method of
diet assessment (x22 = 0.21, P = 0.90). The proportion of
diversionary food in brood diet was also not affected
by male status (N = 25 method-nests; x21 = 1.79, P =
0.22), brood size (x21 = 1.78, P = 0.21), method (x22 =
0.00, P = 1.00) or year (x27 = 15.62, P = 0.11).

Delivery rate of grouse chicks

With no grouse chicks identified during hide watches,
the proportion of grouse chicks in the diet varied
significantly between methods (x22 = 18.47, P < 0.001).
Cameras or pellets confirmed grouse in the diet of five
out of seven broods where hide watches were
conducted. Thus, the number of grouse delivered to
Hen Harrier nests was estimated separately for each
method.

According to nest cameras, grouse chicks were
delivered at a mean (± se) rate of 2.5 ± 0.8 per 100
hours, with provisioning rates peaking in mid to late
June when grouse chicks were approximately four to
five weeks old (week 25–26 of the year; Figure 3). The
total number of grouse chicks delivered to harrier
broods in each year (Table 2) represented on average
1.7% of the annual grouse chick production (range
0.7–4.2%). Pellets indicated similar provisioning rates,
representing on average 2.4% of the annual chick
production (range 0–6.2%). However, when the annual
grouse chick production was calculated based on
distance sampling estimates instead of total numbers
counted, these proportions were reduced by
approximately 30% (cameras: mean 1.2%, range 0.3–
3.0%; pellets: mean 1.6%, range 0–4.5%).

Without diversionary feeding, Hen Harriers would
have been expected to provision on average 15%
(following Redpath & Thirgood 1999, range: 0.3–55%)
or 29% (following Amar et al. 2004, range 8–78%) of
the annual Red Grouse chick production. In
comparison with the estimates based on Redpath &

Figure 2. Annual variation in prey abundance (2008–15): (a) May Red Grouse chick index (grouse chicks km−2, n = 10 count areas), (b)
Vole index (voles caught per 100 trap nights, n = 10 trap lines) and passerine index (mean number of Meadow Pipits and Sky Larks
encountered per km, n = 20 1 × 1-km squares)

Figure 3. Seasonal change in grouse chick delivery rates as
observed by nest cameras (n = 8 broods). Data points represent
mean delivery rates per Hen Harrier brood and week of year.
As hatch dates varied, not every brood contributed data to
each week.
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Thirgood (1999), diversionary feeding apparently
reduced the total number of grouse chicks provisioned
to Hen Harrier broods in 2008–15 on average by 82%
according to nest cameras (range 54–99%), by 81%
according to pellets (range 34–100%), and by 100%
according to hide watches (Table 3). Using the
estimates based on Amar et al. (2004), the reductions
were estimated at 92% according to nest cameras

(range 80–99%), 93% according to pellets (range 85–
100%) and 100% according to hide watches. However,
the confidence intervals associated with these estimates
were very large, and in some cases included 0–100%
(Table 3).

Red Grouse densities

Between 2008 and 2014, pre- and post-breeding densities
of grouse derived from distance sampling increased by
9% and 8% per annum, respectively, but declined by
28% and 26% per annum between 2014 and 2016
(Figure 4). Based on the low spring density of 35 birds
km−2 in 2016 and average mortality rates in 2009–15
(27% adult summer mortality, 46% overwinter
mortality), we estimated that a productivity of 4.5
young per adult would be needed within the final two
years of the 10-year project to reach the target of 200
Grouse km−2 and the management objective. As the
average Red Grouse productivity at Langholm was 1.6
young per adult (range 0.8–2.5), this was deemed
unrealistic and the management, including
diversionary feeding, ceased prematurely in spring 2016.

Table 2. Grouse chicks taken by Hen Harriers when given diversionary food (‘fed’) by method of diet assessment (total number and % of
those available in May). All values are means, with 95% confidence intervals given in brackets. As the calculation of grouse chicks taken
by Hen Harriers was based on predicted delivery rates across the whole 60-day period (see methods), years with only one nest also have
an associated CI.

year Total Red Grouse chicks hatched Hen Harrier broods

Taken by Hen Harriers when fed

Hide watch Nest camera Pellets

No. % No. % No. %

2008 743 (0–1851) 2 0 0 0 0
2009 1431 (515–2346) 1 0 0 17 (0–36) 1.2 (0–3.7)
2010 2027 (818–3237) 1 0 0 41 (0–85) 2.0 (0–6.2) 0 0
2011 2373 (71–4675) 2 0 0 99 (3–195) 4.2 (0–12.4)
2012 2035 (940–3129) 1 0 0 10 (0–29) 0.5 (0–1.9)
2013 2917 (1834–4001) 2 20 (0–68) 0.7 (0–3.0) 73 (50–96) 2.5 (0–5.8)
2014 2472 (1540–3403) 10 18 (0–92) 0.7 (0–4.5) 153 (0–346) 6.2 (0–20.2)
2015 2309 (1067–3550) 6 50 (0–121) 2.2 (0–7.4) 106 (0–495) 4.6 (0–26.1)

Table 3. Numbers of Red Grouse chicks expected to be taken by Hen Harriers under unfed conditions following Redpath & Thirgood
(1999) and Amar et al. (2004), and reductions in grouse chick numbers taken by fed Hen Harriers in comparison to unfed conditions, by
method of diet assessment (excluding hide watches as all delivery rates were zero). All values are means, with 95% confidence intervals
given in brackets.

year

Expected to be taken by Hen Harriers when unfed % reduction fed compared to unfed

Redpath & Thirgood Amar et al.

Redpath & Thirgood Amar et al.

Nest camera Pellets Nest camera Pellets

2008 2 (0–22) 156 (0–449) 100 100
2009 25 (0–116) 109 (0–370) 34 (0–95) 85 (45–100)
2010 90 (0–251) 228 (0–845) 54 (0–100) 100 82 (0–100) 100
2011 253 (0–698) 499 (0–1648) 61 (0–100) 80 (0–100)
2012 91 (0–239) 181 (0–629) 89 (73–100) 95 (70–100)
2013 323 (134–512) 946 (0–3105) 94 (82–100) 77 (34–100) 98 (53–100) 92 (0–100)
2014 1350 (239–2462) 1940 (0–3825) 99 (84–100) 89 (0–100) 99 (82–100) 92 (0–100)
2015 724 (0–1585) 1117 (0–2487) 93 (33–100) 85 (0–100) 95 (33–100) 91 (0–100)

Figure 4. Annual variation in pre- and post-breeding Red Grouse
densities (birds km−2) 2008–16 derived from distance sampling.
Error bars represent 95% confidence intervals.
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Discussion

Three-quarters of diversionary food provided was taken
from the feeding posts, mostly by Hen Harriers and
particularly by the female (see also Redpath et al.
2001c). The proportion of diversionary food taken did
not increase over the years, but the time until
acceptance tended to decrease by one day per year.
However, most breeding birds were unmarked, so we
could not test whether birds reluctant to accept the
food were showing any habituation effects in
subsequent years. As Hen Harriers defend the
immediate surroundings of their nest (Hardey et al.
2013), scavenging by other species, largely Ravens, was
infrequent and almost entirely after fledging.
Observations in previous years indicated occasional
visits by Carrion Crows, Rooks Corvus frugilegus and
Short-eared Owls, while mammalian predators, gulls
Larus sp. or other raptors were not observed.

Diversionary food formed 44–53% of Hen Harrier
brood diet, which is comparable to the 47% observed
during an earlier study at the same site (Redpath et al.
2001b). In contrast to our hypotheses, diversionary
food consumption was unrelated to natural food
availability, brood size or male status.

Delivery of grouse chicks

All Hen Harrier broods were provided with diversionary
food, preventing comparison of diet with unfed broods
in the same year. Grouse chicks formed only 0–4% of
Hen Harrier brood diet overall. Annually, this
represented 0–6% of the annual Red Grouse chick
production, and 0–2% averaged across years. This is
low compared to the 12% grouse in nestling diet
observed during 1992–96, when no harrier broods were
given supplementary food (Redpath & Thirgood 1999).
In 1995/96, Hen Harriers took 28% of the annual Red
Grouse chick production (Redpath et al. 2001c).
However, in 1998/99 the proportion of grouse chicks
in the diet of unfed broods was 5% (Redpath et al.
2001b), equivalent to 6.5% of annual grouse chick
production, which may have been partly a result of
lower grouse chick density during these years (53.4 ±
10) compared to earlier years (75.8 ± 3.4) (Redpath
et al. 2001c). Average Red Grouse chick density in our
study was intermediate at 67.9 ± 8.0.

No grouse chicks were seen delivered to Hen Harrier
nests during hide watches. By comparison, Redpath
et al. (2001c) reported a rate of 0.5 chicks per 100 hours
with the same method at fed broods in 1998/99. Nest
cameras and pellet analysis showed higher proportions
of grouse in the diet (4% and 3%, respectively), and the

average provisioning rate of 2.5 grouse chicks per 100
hours observed by nest cameras was considerably higher
than that observed by Redpath et al. (2001c). When diet
was assessed by multiple methods at the same nest, both
cameras and pellets revealed grouse in the diet of five
out of seven broods, whereas none was identified during
hide watches. This underestimation of grouse predation
rates by hide watches may have been related to the
limited number of observation hours. However, we also
cannot exclude an observer effect as the analysis of
camera recordings was done by a different person than
the two hide watch observers (see Acknowledgements).

The estimated number of grouse chicks taken by
supplementary fed Hen Harriers was lower than
expected under unfed conditions, although the scale of
the observed reduction varied with the method of diet
assessment, the method of estimating grouse chick
delivery rates at unfed nests, and year. While hide
watches suggested a 100% reduction in grouse chick
delivery rates, cameras and pellet analysis indicated an
average reduction of 82% (range 54–99%) and 81%
(range 34–100%) when estimates for unfed nests were
calculated following Redpath & Thirgood (1999), and
an average reduction of 92% (range 80–99%) and 93%
(range 85–100%), respectively, when using the
estimates based on Amar et al. (2004). The estimated
reduction was larger in the latter than in the former
case because the Amar et al. (2004) equation produced
higher annual estimates of grouse chick delivery rates
than the Redpath & Thirgood (1999) equation in all
years. This was probably because of a combination of
the exponential nature of the Amar et al. (2004)
equation as well as instances of annual grouse chick
density and % Heather cover exceeding those used to
generate the equation. Thus for 52% (13 out of 25) of
Hen Harrier nests in this study, the delivery rate
calculated using the Amar et al. (2004) equation was
higher than the maximum delivery rate of 0.18
observed in the original Amar et al. (2004) data. By
contrast, none of the delivery rate estimates produced
by the Redpath & Thirgood (1999) equation exceeded
0.18, because of the sigmoid nature of the curve. In our
study, results obtained using the Redpath & Thirgood
(1999) equation seem thus more reliable than those
obtained using the Amar et al. (2004) equation.
Excluding hide watches, our annual reduction rates
were comparable to the 64–94% observed by Redpath
et al. (2001c) although the inter-annual variation was
greater in our study, which may be explained by a
combination of fewer Hen Harrier nests per year and a
longer study period of eight rather than two years.
Hence, diversionary feeding seemed effective in
reducing predation on Red Grouse chicks. It must be
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stressed, however, that the large confidence intervals
associated with these estimates mean that the scale of
the reduction remains uncertain.

Success of diversionary feeding

Using success criteria suggested by Kubasiewicz et al.
(2016), diversionary feeding of Hen Harriers was
partially successful, meeting two of the three criteria: the
uptake of diversionary food was high, with diversionary
food constituting almost half of brood diet, and food
provision lowered annual grouse chick delivery rates by
34–100% relative to modelled predictions. Nevertheless,
feeding Hen Harriers alongside grouse moor
management did not collectively result in the third
criterion being met, in that there were insufficient
grouse to deliver the management objective of
economically viable driven shooting. However, as this
study was not experimental, we could not disentangle
the potential benefits of diversionary feeding on grouse
densities from those of other management components.

Despite a three-fold increase since 2008, the peak
post-breeding estimates of 123 and 121 Red Grouse
km−2 in 2013 and 2014, derived from distance
sampling, fell short of the threshold of 133 birds km−2

at which driven shooting occurred elsewhere (Elston
et al. 2014) and the project’s target of 200 birds km−2.
When using the traditional density estimates, these
peaks in 2013 and 2014 were however comparable to
those in 1993 and 1994, when driven grouse shooting
produced bags of 523 and 284 birds, respectively
(Redpath and Thirgood 1997). However, this was
followed by decreases in both spring densities and bag
size in the next three years (Redpath & Thirgood
1997), after which shooting ceased altogether. Thus,
with the benefit of hindsight, no shooting occurred in
2013 or 2014. Despite this conservative approach, Red
Grouse density decreased in 2015 (Ludwig et al. 2017),
and predictive modelling using mean rates of
productivity and survival indicated no realistic chance
of attaining the target density within the remaining
two years of the project (Ludwig et al. unpubl. data).

Redpath et al. (2001c) also found no benefit of
diversionary feeding of Hen Harriers on post-breeding
grouse density or productivity, despite a 64–94%
reduction in annual grouse provisioning rates to fed Hen
Harrier broods; however, only half of the broods were
fed. From this, New et al. (2012) implied that
diversionary feeding may be unsuitable as a stand-alone
mitigation technique at Langholm, but instead may be
effective when applied alongside other management
actions. By combining diversionary feeding with habitat
improvement and control of predators and grouse

parasites, we tested and rejected this suggestion, having
found no overall sustained increase in Red Grouse
numbers to a level that would permit economically viable
driven shooting. However, grouse recovery may have
been constrained by multiple interacting factors,
including predation by other grouse-eating raptors
(Valkama et al. 2005, Park et al. 2008, Francksen et al.
2017), the impact of inclement weather, especially on
chicks (Erikstad 1985), insufficient progress with habitat
recovery (Miller et al. 1966), or, in 2015, increased Red
Fox and Carrion Crow indices and the discontinuation of
parasite worm control in Red Grouse (Ludwig et al. 2017).

Diversionary feeding of Harriers may still help to
restore or maintain driven shooting on other moors
(New et al. 2012). However, stakeholders may be
resistant to adopting this technique without better
evidence that it can be an integrated component of
grouse moor management that contributes to
commercially sustainable harvesting.

Endnotes – author contribution to data
collection

Observer turn-over varied during this long-term study,
and fieldwork involved some of the authors as well as
additional field assistants. The authors contributed to
data collection in the following ways: AM and PK
carried out hide watches, collected pellets and recorded
passerine and vole abundance in 2008–12. AM, CB and
SL set up nest cameras. RF analysed video data and
pellets, and DBu and SR contributed to recording
passerine abundance. Grouse counts were conducted
by DBu, SL and DBa.
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