PUBLISHING

SPECIAL ISSUE |[RESEARCH PAPER
https://doi.org/10.107 | /WR21156

WILDLIFE RESEARCH:: " .* PR &

Effectiveness and costs of helicopter-based shooting of deer

Andrew J. Bengsen” (), David M. Forsyth”*
Tarnya E. Cox”, Bec GrayP, Ollie Orgillf, Jordan O. Hampton ™"

For full list of author affiliations and
declarations see end of paper

*Correspondence to:

David M. Forsyth

Vertebrate Pest Research Unit, NSW
Department of Primary Industries,

1447 Forest Road, Orange, NSW 2800,
Australia

Email: dave.forsyth@dpi.nsw.gov.au

Handling Editor:
Graham Nugent

Received: 29 October 2021
Accepted: 14 April 2022
Published: 6 July 2022

Cite this:

Bengsen A] et al. (2023)

Wildlife Research, 50(8-9), 617-631.
doi:10.107 1/WR21 156

© 2023 The Author(s) (or their
employer(s)). Published by

CSIRO Publishing.

This is an open access article distributed
under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0
International License (CC BY-NC-ND).

OPEN ACCESS

, Anthony PopIeB, Michael Brennan®, Matt Amos®, Mal Leeson©,

, Troy Crittle® and Kym Haebich®

ABSTRACT

Context. Helicopter-based shooting has been widely used to harvest deer or control overabundant
populations in Australasia, but the effectiveness and cost of this method as a deer control tool has
seldom been evaluated. Aims. We evaluated the effectiveness and costs of helicopter-based
shooting of fallow deer (Dama dama) and chital deer (Axis axis) in eastern Australia by
quantifying (1) reductions in density, (2) the relationship between numbers killed per hour and
deer density (i.e. the functional response), (3) the costs of control and (4) the effort—outcome
and cost—outcome relationships. Methods. We evaluated the costs and effectiveness of 12
aerial shooting operations aiming to reduce fallow deer (n = 8) or chital deer (n = 4) population
densities at nine sites in eastern Australia. Sites were characterised by fragmented woodland,
and all but one operation aimed to reduce grazing competition with livestock. We used pre-
control population density estimates and operational monitoring data to estimate the costs and
outcomes of each operation. We combined data from all operations to estimate the relationship
between shooting effort and population reduction, as well as costs associated with different
levels of effort. Key results. Population reductions for operations ranged from 5% to 75% for
fallow deer, and from 48% to 88% for chital deer. The greatest population reductions occurred
when effort per unit area was greatest, and the largest reductions in deer density occurred
when shooting was conducted in consecutive years. The functional response of hourly kills to
deer density was best described by a modified Ivlev model, with the asymptotic kill rate
estimated to be 50 deer per hour. There was no support for the existence of a prey refuge,
that is, a threshold population density below which no deer could be shot. Helicopter charter
was the primary cost of helicopter-based shooting programs, followed by labour; firearm and
ammunition costs were relatively minor. Conclusions. Helicopter-based shooting can rapidly
reduce deer populations over large geographic areas, but the magnitude of the reduction
depends on the effort (hours of shooting) per deer per km? Implications. Aerial shooting
operations should include a pre-control population survey so that (1) measurable objectives can
be established, (2) the likely level of effort and cost required for objectives to be met can be
estimated and planned for, and (3) the realised population reduction can be estimated.

Keywords: abundance, aerial gunning, aerial shooting, aerial survey, Bayesian statistics, chital deer,
culling, density, effort—outcome, fallow deer, functional response, mark—recapture distance sampling.

Introduction

Deer populations are increasing in many parts of the world, sometimes causing undesirable
economic, social, environmental and human health impacts (reviews in McShea et al. 1997;
Coté et al. 2004; Carpio et al. 2021). There is particular concern about the impacts of deer in
Australasia, where they are non-native (Forsyth et al. 2010a; Davis et al. 2016) and many
populations are increasing in size and geographic range (Moriarty 2004; Moloney et al.
2021; Nugent and Forsyth 2021).

One means of reducing deer abundance (or density), and thus potentially reducing the
undesirable impacts, is by helicopter-based shooting. The method was pioneered in New
Zealand in the 1960s (Bennett 1979) and involves using a helicopter as a platform for
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finding and shooting deer. When a deer is sighted, the pilot
manoeuvres the helicopter to within shooting distance and
provides a stable shooting platform for the shooter, who
sits either behind or adjacent to the pilot with the door
removed. A semi-automatic firearm is typically used, enabling
multiple shots to be fired quickly. In New Zealand, there is a
commercial market for wild-shot deer and helicopters are
used for shooting and recovering the deer (Bennett 1979;
Challies 1985a, 1985b; Nugent and Choquenot 2004).
However, carcasses are usually not removed in population
control operations using helicopter-based shooting (Hampton
et al. 2022). Perceived key advantages of helicopter-
based shooting are that deer can be shot in remote and
rugged terrain (c.f. ground-based shooting; Senate Select
Committee on Animal Welfare 1991; Forsyth et al. 2013)
and large numbers of deer can be shot in a short time
(e.g. Challies 1985a). A perceived disadvantage is the high
cost of helicopter hire. Helicopter-based shooting can be
more effective than ground-based shooting in remote forest
(Forsyth et al. 2013), but few studies have robustly
documented the costs of such control programs (but see
Warburton et al. (2018) for commercial helicopter-based
shooting in New Zealand). In New Zealand, helicopter-
based shooting of deer greatly reduced abundances of deer
and other ungulates in the 1970s and 1980s (Challies 1977;
Tustin and Challies 1978; Forsyth et al. 2011). The effective-
ness and costs of helicopter-based shooting of deer in
Australia have not been evaluated (Forsyth et al. 2017).

The proportion of the population killed, or population
reduction, is commonly used to quantify the effectiveness
of vertebrate pest control operations (Veltman and Pinder
2001; Morriss et al. 2020). A higher population reduction
per unit effort or cost is desirable (Veltman and Pinder
2001), but other factors such as social acceptability
(Forsyth et al. 2017) and animal welfare outcomes
(Hampton et al. 2022) need to be considered. Population
reduction can be usefully estimated only when the control
operation occurs between the pre-control survey and the
next breeding season. For ungulate control programs that
span one or more breeding seasons, a useful metric is the
residual density relative to the density prior to the first
control. The desired population reduction or residual
density will depend on the management objective (Nugent
and Choquenot 2004). The proportion of a population that
should be removed annually to suppress population growth
(p) can be derived from its estimated maximum population
growth rate (r,), as follows (Caughley 1980; Hone 1999):

p=l—ge7n (1)

p varies with the species-specific maximum annual population
growth rate (Hone et al. 2010). For the nine deer species
established in Australasia, the point estimate of p varies
from 0.30 to 0.52 (Duncan et al. 2007; Forsyth et al. 2010b;
Hone et al. 2010).
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Empirical and theoretical studies of helicopter-based
shooting of ungulates have indicated that population density
is a key determinant of the number of animals killed per
flying hour (Hone 1990; Choquenot et al. 1999; Nugent and
Choquenot 2004; Warburton et al. 2018). The probability of
detecting a deer (given it is present) and then killing it can
also vary with topography and height and completeness of
vegetation cover, and seasonally (Latham et al. 2018). The
change in the number of animals killed relative to changes in
animal density and the time required to find and kill an animal
is described by the functional response (Hone 1990, 1994), the
form of which depends on (1) a threshold animal density at
which the kill rate is saturated, (2) the effect of declining
animal density on the kill rate, and (3) whether or not there
is a low-density ‘refuge’ in which animals are not killed.
Robustly estimating the functional response requires kills-per-
unit-time data to be collected over a wide range of animal
densities.

A functional response can be used to predict the amount of
effort required to achieve a desired outcome, expressed in
terms of reduced population density (termed the effort-
outcome relationship; Hone et al. 2017). If the costs of
control are collated using a comprehensive framework that
is applied consistently across similar operations (Iacona
et al. 2018), then the cost of that amount of effort can be
estimated (i.e. the cost-outcome relationship; Hone et al.
2017). To our knowledge, the effort—outcome relationship for
helicopter-based shooting of deer has been parameterised
only in one study (in New Zealand forests: Forsyth et al. 2013),
and that relationship was characterised by large uncertainty.
Hence, the effectiveness of helicopter-based deer shooting
programs is poorly known. The cost—outcome relationship has
not been reported for any deer control method, but Nugent
and Choquenot (2004) developed hypothetical models of
helicopter- and ground-based deer control operations.

Here we evaluate the effectiveness and costs of helicopter-
based shooting of fallow deer, Dama dama, and chital deer,
Axis axis, two species that have large and increasing
distributions in eastern Australia (Moriarty 2004; van Dyck
and Strahan 2008). In particular, we quantify (1) reductions
in abundance and density resulting from operations conducted
by management agencies, (2) the relationship between
numbers killed per hour and deer density (i.e. the functional
response), (3) the costs of control, and (4) the effort—outcome
and cost-outcome relationships. We use the results of
these analyses to make recommendations for improving the
effectiveness of helicopter-based shooting of deer.

Materials and methods

Study areas

We examined 12 shooting operations at nine sites in
eastern Australia (Table 1, Fig. 1). All sites except one were
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Table I. Study site details, ordered by state and year of operations.
Site and year Area (km?) Helicopter Deer species present
used

ACT 2019 139 Squirrel Fallow
NSWI 2020 135 Jet Ranger Fallow
NSW2 2017 46 Jet Ranger Fallow
NSW2 2018 46 Jet Ranger Fallow
NSW3 2020 177 Squirrel Fallow
NSW4 2018 492 Jet Ranger Fallow, red®
NSW4 2019 492 Jet Ranger Fallow, red®
SA 2019 316 Jet Ranger Fallow, red®
QldI 2017 8 R44 Chital
Qldl 2018 17 R44 Chital
Qld2 2017 7 R44 Chital
Qld3 2016 60 R44 Chital

AFallow deer was the most abundant species.

500 km B WS

Species
O Chital deer
® Fallow deer

&
Qld1, Qld2, QId3

NSW1e

JNSW4
NSW3 @ NSW2

ACT®

Fig. 1. Location of nine study sites in eastern Australia at which
helicopter-based shooting was used to reduce fallow deer (Dama
dama) or chital deer (Axis axis) population densities. White lines
show state and territory boundaries.

dominated by agricultural lands dedicated to beef cattle,
sheep or, to a lesser extent, crop production. We identified
sites at which local management agencies intended to
use helicopter-based shooting to reduce the impacts of deer
on livestock or crop production (i.e. sites were selected

opportunistically). The one site in South Australia (SA)
comprised a conservation park (60% of land area) within
an agricultural matrix. This site was incorporated into
the study after the shooting operation had been completed
because a third party had estimated the pre-control abun-
dance of deer by using aerial survey methods similar to
those we used (see below).

The three Queensland (QId) sites (hereafter Qld1, Qld2 and
QId3) were single beef cattle properties and chital deer were
the only deer species present. Fallow deer were the dominant
deer species at all other sites, with red deer (Cervus elaphus)
being sometimes also present. Sites in New South Wales
(NSW; NSW1, NSW2, NSW3 and NSW4) and the Australian
Capital Territory (ACT) each comprised multiple adjoining
properties. The terrain and vegetation at sites varied, but
most contained undulating or hilly grasslands with scattered
tall trees and patches of forest or woodland (Fig. 2). Hilly
and riparian areas were usually more heavily wooded.
For more detailed descriptions of the vegetation at each
site, see Supplementary material Appendix S1. Feral pigs
(Sus scrofa) were present at all sites except the one site
in SA.

Fig. 2. Typical terrain and vegetation inhabited by fallow deer
(Dama dama) and chital deer (Axis axis) in our study areas. (a) Chital
deer habitat near Charters Towers, Queensland, during helicopter-
based shooting (note the two dead deer). (b) Fallow deer group
(circled) during an aerial survey at Site NSW2. Photograph credits:
J. O. Hampton (a) and A. J. Bengsen (b).
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Population abundance estimation

Deer population density and abundance were estimated prior
to each shooting operation by using a visual survey from a
helicopter. Survey and analysis used distance sampling
methods (Buckland et al. 2001, 2004), but details varied
according to established practise in each state.

All surveys in NSW and the ACT were conducted by NSW
government staff by using a Bell 206 Jet Ranger helicopter
flown at approximately 46 m above the ground level at
85 km per hour. Surveys were conducted in the 2 h after
sunrise or before sunset, when fallow and red deer are most
active (Ensing et al. 2014; Caravaggi et al. 2018), during
March—July (i.e. well outside the birth season of November—
December; Bentley 1995). At the three smallest sites, parallel
transects were spaced >1 km apart. At the two largest sites, we
used an equal-spaced zigzag design to maximise survey effort
while minimising variability in coverage probability and bias
(Strindberg and Buckland 2004). Transects were flown either
two or three times, but never on the same day, so that any deer
that were disturbed on or near the transect lines by the
previous survey had redistributed themselves. One observer
was seated in the front of the helicopter adjacent to the
pilot, and another observer was seated behind the first
observer on the same side. Sighting booms with five distance
classes (0-20 m; 20-40 m; 40-70 m; 70-100 m; 100-150 m)
were fitted for each observer and calibrated using markers set
at known distances on the ground prior to undertaking
surveys (Fig. 2b). Each observer’s observations were indepen-
dently geo-referenced and recorded using individual USB
game controllers (Microsoft, Redmond, WA, USA) and SiRF
Star IV USB GPS receivers providing input to a customised
app written for Windows 10 (McLeod 2018) running on a
detachable screen notebook (Hewlett-Packard x2 10-p0XX,
Hewlett-Packard Inc., Palo Alto, CA, USA). The species, group

size, distance class, habitat (treed or open) and geographic

coordinates of the helicopter were recorded for each observa-
tion. Transects were flown at least twice to obtain sufficient
observations to reliably model the detection function. For
more details on this survey method, see Tracey and
Fleming (2016) and Tracey et al. (2016).

Chital deer birth throughout the year (Graf and Nichols
1966; Ahrestani et al. 2012). Aerial surveys for chital deer
at the three Qld sites were conducted <7 days prior to
shooting so that recruitment from breeding was negligible.
Chital deer are rarely seen beyond 4 km from homesteads
in thisregion (Forsyth et al. 2019). Landholders also described
the distribution of chital on each of the three sites. This
expected distribution was used to design the aerial surveys
and direct the aerial shooting. In November 2016, the Qld3
site was surveyed using parallel transects >500 m apart. In
November 2017 and March 2018, areas on sites with higher
chital deer densities were sampled more intensively, with
transects approximately 300 m apart and care was taken to
avoid counting the same groups of deer twice. The QId
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surveys were conducted by Qld government staff by using a
Robinson R44 helicopter fitted with distance-class sighting
booms, flying slightly higher (approximately 61 m) and
faster (approximately 93 km per hour) than in the NSW and
ACT surveys (following Gentle and Pople 2013). Observers
in the two rear seats used a voice recorder to record the
distance class and number of individuals for each group of
animals detected on either side of the helicopter. Distance
classes were identical to those used in NSW and ACT surveys.

The 13 transects at the SA site were spaced 1.5 km apart on
an east-west axis. They were surveyed by a private contractor
between 07:30 hours and 10:30 hours on two consecutive
days in March 2019, by using an AS350 B2 Squirrel
helicopter flying at approximately 76 m above ground at a
speed of approximately 93 km per hour. Deer were counted
within a 100-m strip width on either side of the helicopter,
which was delineated by sighting booms. Two observers in
the rear seats and one seated next to the pilot recorded
observations using an electronic keypad linked to a GPS
and computer. Further details of the survey methods are
provided in Lethbridge (2019).

Aerial shooting

Helicopter-based shooting was usually conducted within
8 weeks of completion of the aerial surveys, but sometimes
later due to unforeseen circumstances (e.g. travel restrictions
due to COVID-19 in 2020). All shooting was organised by
local management agencies. The objective of shooting
operations was to reduce deer densities as much as possible
with the funding available, rather than to reduce densities
to a pre-defined value.

The shooting at all Qld sites was conducted by the same
contract pilot and shooter using a Robinson R44 helicopter
(Table 1), following a national code of practise for the
destruction or capture, handling and marketing of feral
livestock (Standing Committee on Agriculture, Animal Health
Committee 2002; Hampton et al. 2022) and in accordance with
the QId Animal Care and Protection Act 2001. In contrast
to the operations at all other sites (see below), there was no
requirement for repeat shooting and fly-back procedures
described below (Hampton et al. 2022).

Shooting at the four NSW sites was conducted by chartered
pilots and NSW Government shooters accredited by the NSW
Feral Animal Aerial Shooting Team (FAAST; Feral Animal
Aerial Shooting Team 2020), using Jet Ranger or Squirrel
helicopters (Table 1). Helicopter-based shooting of deer is
not permitted in NSW when there are dependent young
(Feral Animal Aerial Shooting Team 2020), so all shooting
in NSW occurred between March and October, when fallow
and red deer do not have dependent young. The FAAST
Manual stipulates repeat shooting, with at least one shot in
the thorax or, if not possible due to the position of the
animal, the head (Feral Animal Aerial Shooting Team
2020). A fly-back procedure is also prescribed to confirm
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that a deer that has been shot is dead; if there is any doubt,
then a further shot must be placed in the heart/lung or head.

The shooting operation at the ACT site used one contract
pilot and one contract shooter and followed the national
feral goat (Capra hircus) aerial shooting standard operating
procedure (Sharp 2012). Shots were fired at either the
thorax or head, and it was required that animals be shot at
least twice in total in these anatomical zones. The shooting
team was required to fly back over each shot animal to
apply follow-up shots to the thorax or head. The operational
plan added the stipulation that all animals were to receive a
minimum of two shots to the thorax prior to the shooter
targeting another deer.

The one shooting operation in SA used a contract pilot
and R44 helicopter with a government agency shooter. The
operation was conducted following the state government
standard operating procedures (Department for Environment
and Water (SA) 2019).

Shooters at all sites used .308 Winchester calibre semi-
automatic rifles (Springfield M1A or FN SCAR-H) fitted
with non-magnified red dot scopes, firing lead-based soft-
or hollow-point bullets ranging from 125 to 150 grains in
mass. For further details on the shooting procedures used at
the Qld, NSW and ACT sites, including an evaluation of the
animal welfare outcomes of a sample of these operations,
see Hampton et al. (2022).

Feral pigs and small numbers of wild dogs (Canis
familiaris), red foxes (Vulpes vulpes) and feral goats were also
shot during some operations. For all shooting operations, the
daily numbers of hours flown and the numbers of deer (and
other animals) shot were recorded by the shooting team.
Deer were the dominant species targeted, comprising 94%
of kills averaged across all operations.

Operational costs

The costs of the aerial surveys and helicopter-based shooting
were compiled from invoices and from conversations with
staff in the agencies that conducted, or contracted, the
shooting. The total cost of survey operations was estimated
using hourly rates for helicopter ‘wet’ (i.e. including fuel)
hire, the survey crew, data analysis and incidentals, assuming
three 2.5-h visual survey flights, 2 h of helicopter ferry time
and 6 h of data processing and analysis. For helicopter-
based shooting operations, the overheads and deployment
of support staff differed greatly among agencies, and capital
assets such as firearms and vehicles were not purchased
from operational budgets. Therefore, to allow consistent
prediction of key costs by agencies with different fixed
costs, we estimated scalable costs associated directly with
operations. Ammunition consumption (shots per deer) was
recorded by an independent observer in the helicopter during
three operations as part of a separate investigation of animal
welfare outcomes (Hampton et al. 2022). We followed the
guidelines in Iacona et al. (2018) for collecting and

reporting intervention-level costs. All costs are reported in
2020 Australian dollars (A$).

Statistical analyses

Population abundance estimation

Aerial survey data from NSW and ACT sites were analysed
using mark-recapture distance sampling (MRDS; Amos et al.
2014; Burt et al. 2014; Peterson et al. 2020). Models included
a mark-recapture submodel for estimating g(0), the
probability of detecting deer on the transect line, and a
multi-covariate distance sampling (MCDS) submodel for
estimating the distance sampling detection function using
observation-specific covariates, including habitat (open or
wooded), distance class, observer position (front or rear) and
deer group size. For each survey, independent deer group
detections were compared between observers by using GPS
location, group size and distance class to create a detection
history for each group, as follows: 10 if the group was
detected by the front observer only, 01 if detected by the
rear observer only, or 11 if detected by both observers. We
fitted independent observer models by using a two-stage
process. First, we fitted a series of null models for different
distance sampling detection functions (hazard rate and half-
normal with cosine and simple polynomial adjustments)
and selected the best-supported detection function using
Akaike’s information criterion (AIC; Burnham and Anderson
2002). We then used the best-supported detection function
to fit a series of MCDS submodels with different combinations
of covariates and selected the best-supported model by
using AIC. Goodness of fit was assessed by examining tables
of observed and predicted detections. Models were fitted
using the MRDS package (Laake et al. 2020) in the R
statistical environment (R Core Team 2020).

Survey data from the Qld sites were analysed using MCDS
in DISTANCE 7.2 (Thomas et al. 2010). Factor covariates were
3years (2016, 2017 and 2018), three sites and three observer
teams. Detection probability was modelled using a key
function and up to two series adjustment terms (half normal
key plus Hermite adjustment, hazard rate key plus cosine
adjustment). Separate models were fitted with different
combinations of the three covariates and a null model with
no covariates. The models were compared using AIC. Density
estimates were corrected for imperfect detection on the
transect line by using the reciprocal of g(0) and its standard
error estimated from an earlier MRDS survey in the same
region which used the same survey team (g(0) = 0.72 + 0.08,
A. Pople, unpubl. data).

Deer density at the SA site was estimated by the contractor
who performed the survey (Lethbridge 2019), using a
double-count method (Edwards et al. 2004, adapted from
Marsh and Sinclair 1989). Detection histories were assigned
to each group of deer observed by the two left-side observers,
depending on whether they were seen by one or both
observers (i.e. 10, 01 or 11). These were used to calculate

621


www.publish.csiro.au/wr

A. ]. Bengsen et al.

Wildlife Research

correction factors and variances that were applied to the
counts from the single observer seated behind the pilot, and
to the combined counts from the two left-side observers
(following Edwards et al. 2004). Distance sampling could
not be used here because no distance data were collected.
For further details, see Lethbridge (2019) and Edwards
et al. (2004).

Population reduction

The proportion of the population killed by each shooting
operation (i.e. mortality due to shooting) was estimated
using a logistic regression model in which the number of
deer killed in operation i represented the number of
successes out of N; binomial trials. To account for the
uncertainty in pre-control population density, N; was drawn
from a Poisson distribution described by the pre-control
population abundance estimate A;:

Mortalit y; ~ Binomial(Nj;, p;)
N; ~ dpois(4;)

Logit(p;) =&

The model was fitted using JAGS (Plummer 2003) called
using the runjags package (Denwood 2016) in R (R Core
Team 2020), with seven chains of 10 000 draws each after
discarding 5000 burn-in draws. Posterior distributions for
residual population densities were derived in the model by
multiplying the pre-control density by one minus the
proportion of the population removed.

Functional response

The functional response for aerial shooting operations was
estimated using the number of deer killed per hour of shooting
(kill rate) and the estimated population density prior to each
shooting operation. The kill rate was estimated for each day
within each operation as the number of deer killed divided
by the number of hours flown (effort). Daily effort was
reduced in proportion to the number of feral pigs shot to
account for time spent targeting feral pigs. The population
density estimated from the pre-control survey was used as
the density for the first day of shooting in each operation,
with the density for subsequent days adjusted by subtracting
the number of deer killed during previous days.

We used a modified Ivlev function (adapted from
Choquenot et al. 1999) to estimate the functional response
of helicopter shooting teams to deer density (deer per km?):

Kill rate= —b + a(1 — e~ (demsityxd)), )

where b is the population density below which no deer can be
shot, a is the asymptotic maximum kill rate achieved at a high
population density, and d describes the effect of declining
deer density on shooting efficiency. High values of d
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represent a greater impact of declining density than do
lower values of d, and b > 0 implies the existence of a
refuge for deer (Choquenot et al. 1999). Data from fallow
and chital deer operations (n = 42 and 7 days, respectively)
were used to estimate a single functional response, as there
were insufficient data to sensibly estimate a functional
response solely for chital deer. The model was fitted using
JAGS (Plummer 2003) in R, with seven chains of 20 000
draws after discarding 5000 burn-in draws. We refitted the
model using fallow deer data only to check the validity of
pooling data across shooting operations for both deer species.

Hourly operational cost

The hourly cost of aerial shooting operations was estimated
using a hierarchical model incorporating the hourly rates for
helicopter hire and crew labour and the expected ammunition
consumption for different numbers of deer shot per hour, up
to the maximum observed kill rate, as follows: Hourly
cost = Helicopter wet hire rate + shooter rate + navigator
rate + (cost per round X deer shot per hour x shots per
deer). The number of shots fired per deer was drawn from a
Poisson distribution based on the observed data, and the
number of deer shot per hour at different densities was
drawn from the posterior distribution of the functional
response.

Effort-outcome relationship

We used a Michaelis-Menten function to estimate the
relationship between shooting effort and the proportion
of the population removed (population reduction). The
Michaelis—-Menten function describes a rectangular hyperbolic
curve in which the dependent variable, in this case population
reduction, increases at a decelerating rate before reaching an
asymptote (Rao 2000; Johnson and Goody 2011). Effort was
specified as hours of deer shooting per km?, standardised by
pre-control population density (Eg; simplified to hours per
1000 deer available to be shot), as follows:

E
_— 3
Eg,+d’ 3

Population reduction =a
where a represents the asymptotic value of the maximum
possible population reduction (i.e. 100% unless there is a
refuge in which deer cannot be shot) and d represents the
effort required to achieve 50% of the maximum possible
population reduction. The d parameter summarises the
effect of declining effort on population reduction, such that
functions with higher values of d are more greatly affected
by declining effort than are those with lower values of d.
Each aerial shooting operation contributed one datum to
this analysis (n = 12 operations at nine sites), comprising
the total number of deer shot and the total effort for the
entire operation. Solving for Eg,, the effort—-outcome function
was used to estimate the number of hours of shooting required
to achieve a specified population reduction, given a known
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number of deer present prior to shooting (scaled as shooting
hours required per 1000 deer present):

d
1 — Population reduction

4

E, =Population reduction

The model was fitted using JAGS via R as per the functional
response model. Population reduction was bounded by zero
and one and was drawn from a beta distribution. The
posterior distributions of these estimates were then combined
with the hourly cost of shooting operations function to
estimate the total cost of shooting operations, given a range
of initial population densities (0.5-40 deer per km?) and
desired levels of population reduction (35-75%) over an
average-sized area of operations (135 km?) by using a Jet
Ranger helicopter.

Results

Deer abundance estimation

Estimated deer densities prior to aerial shooting operations
ranged from 1.6 fallow deer per km? at site SA in 2019
(Lethbridge 2019) to 39.3 fallow and red deer per km? at
site NSW4 in 2018 (Table 2). The best-supported MRDS
models for estimating deer densities at sites in NSW and the
ACT all included a half-normal detection function, with
habitat type as a covariate on detection in the MCDS
submodels. Pre-control chital deer densities at QId sites
were highest (14.2 deer per km?) at site Qld1 in 2017 and
lowest (4.3 deer per km?) at the same site in 2017 (Table 2).
The MCDS model including year as a covariate was the best-
supported model; all other models had a AAIC > 3.

Effectiveness of helicopter-based shooting

Estimated population reductions ranged from 0.05 (95% CrI:
0.03-0.07) to 0.88 (0.84-1.00; Table 2). The three sites that
were surveyed and shot in consecutive years (NSW2, NSW4
and Qld1) all recorded a marked reduction in pre-control
density between years, consistent with the number of deer
removed, after taking into account the likely partial popula-
tion recovery over the intervening birth season (Fig. 3).
Examinations of 225 deer conducted during another study
(Hampton et al. 2022) showed female to male sex ratios
ranging from 1.07 to 1.69. Ratios of adults (including
yearlings) to juveniles ranged from 1.86 to 25.20.

Functional response

The greatest number of deer shot per hour, averaged across a
day’s shooting and corrected for effort expended shooting
feral pigs, was 94.7 fallow and red deer (at NSW4 in 2018).
The least number of deer shot per hour was 7.4 fallow deer
(at the ACT site).

The Ivlev functional response model described a function
in which the number of deer killed per hour increased with
an underlying population density at a diminishing rate
(d = 0.12, 95% CrI = 0.08, 0.19), reaching an average
asymptotic kill rate (a) of 49.8 deer per hour (95%
Crl = 40.9, 61.0) as deer density approached infinity (Fig. 4).
There was no support for the existence of a prey refuge,
i.e. a threshold population density below which no deer
could be shot (b = 0.0, 95% CrI = 0.0, 0.0). There was little
difference in the form of the curve or the uncertainty of the
parameter estimates when the model was refitted using
fallow deer data only (Fig. S1).

Table 2. Pre-control deer densities, shooting effort and shoot results from 12 aerial shooting operations targeting fallow (Dama dama) and chital

(Axis axis) deer in eastern Australia.

Site and year Density + s.e. (deer per km?) Days and hours of shooting Deer shot Population reduction posterior
mean (95% Crl)
ACT 2019 3.95 + 1.68 3 days, 19 h 166 0.30 (0.26, 0.35)
NSWI 2020 13.82 +5.13 3 days, 20 h 778 0.42 (0.39, 0.45)
NSW2 2017 2511 + 11.34 5days, 172 h 557 0.48 (0.44, 0.53)
NSW2 2018 2.96 + 091 2 days, 3.9 h 102 0.76 (0.65, 1.00)
NSW3 2020 7.56 +2.0I 6 days, 16 h 374 0.27 (0.25, 0.30)
NSW4 2018 39.30 + 15234 12 days, 80.2 h 4197 0.25 (0.25, 0.26)
NSW4 2019 31.14 + 10.58% 10 days, 93.6 h 3659 0.25 (0.24, 0.26)
SA 2019 1.62 + 0.224 | day, 2.62 h 27 0.05 (0.03, 0.07)
QldI 2017 1423 + 5.68 3 days, 3.92 h 63 0.55 (0.43, 0.71)
Qldl 2018 432 +2.17 2 days, 3.87 h 64 0.88 (0.84, 1.00)
Qld2 2017 9.69 + 3.35 | day, 3.67 h 52 0.76 (0.67, 1.00)
Qld3 2016 547 +2.88 | day, 5.66 h 162 0.49 (0.42, 0.58)

AEstimate includes fallow deer and a smaller percentage of red deer (I 1-31%).
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Fig. 3.

Estimated fallow deer (e; Dama dama) or chital deer (O; Axis axis) density (+95% confidence intervals) before and

after 12 aerial shooting operations at nine sites in eastern Australia. For operation details, see Fig. | and Tables | and 2.

Operational costs

The greatest scalable cost for survey and shooting operations
was helicopter hire, which ranged from A$905 per hour for an
R44 to A$2475 per hour for a Squirrel (Table 3). Costs for
agency staff and contractors were approximately A$1100
per day, which equated to an hourly cost of A$183 for
shooters and navigators, with a maximum of 6 h flight time
per day. The expected number of shots fired per deer,
averaged across the three operations reported in Hampton
et al. (2022), was 4.1 (s.e. = 2.2). Ammunition cost A$1.54
(Table 3), and hence the average cost of ammunition for
shooting a deer, was A$6.31. Variability in the number of
deer shot per hour at different population densities
contributed little to the variability in the total hourly cost
of aerial shooting operations compared with the cost of
helicopter hire (Fig. 5). The total estimated cost for a pre-
control aerial survey comprising three flights of 2.5 h each,
2 h of ferry time and 6 h for data processing and analysis
was estimated at A$14 056 when using an R44, A$20 031
when using a Jet Ranger and A$28 970 when using a Squirrel.

Effort-outcome model

The Michaelis-Menten model described a positive relation-
ship between deer shooting hours and population reduction,
the strength of which diminished with increasing effort

624

(Fig. 6). The function reached an asymptote (a) at 0.92
(95% CrI = 0.69, 1.00), or 92% population reduction, as
effort (shooting hours per 1000 deer) approached infinity. We
emphasise that a describes the shape of the curve for our
observations and the estimate has large uncertainty. To better
estimate a, more observations of population reductions >90%
are needed. The expected level of effort required to achieve
50% of the maximum possible population reduction (d) was
18.1 h per 1000 deer (95% Crl = 7.6, 29.6 h).

The predicted level of effort needed to suppress fallow
deer population growth (p ~ 0.34; Hone et al. 2010)
was approximately 10.7 h, given 1000 deer present (95%
prediction interval = 4.6, 17.6 h). For chital deer (p ~ 0.49;
Hone et al. 2010), it was approximately 20.9 h, given 1000
deer present (95% prediction interval = 9.0, 34.3 h).

The predicted cost of shooting operations for a 135 km? site
increased with population density. The rate at which costs
increased with population density scaled positively with
the desired population reduction (Fig. 7). The maximum
estimated cost over the range of scenarios we examined
was A$1004110 (95% prediction interval = A$370 005,
A$2059515) for a 75% reduction from a pre-control
population density of 40 deer per km2. This equated to a
cost of A$248 per deer killed over the course of the
operation. The predicted costs for a 35% reduction from a
pre-control density of 5 or 40 deer per km? were
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Fig. 4. Ivlev functional response model fitted to aerial shooting
operations targeting fallow deer (e; Dama dama) and chital deer
(O; Axis axis) in eastern Australia. The dark shaded area is the
95% credible interval of the function, and the lighter shading is
the 95% prediction interval.

A$15882 (95% prediction interval = A$5617, A$32467)
and A$136590 (95% prediction interval = A$49513,
A$279 539) respectively, equating to A$67 and A$72 per
deer killed.

Discussion

Fallow deer and chital deer have large and expanding
distributions in Australia (Moriarty 2004; Crittle and
Millynn 2020; Cunningham et al. 2022), and helicopter-
based shooting is increasingly being used to control some
populations. Our study, which is the first to quantify the
effectiveness and costs of helicopter-based shooting for deer
in Australia, demonstrated that this method can quickly
reduce the densities of these two species over large areas.
However, the magnitude of the population reduction depends
on the deer density and the shooting effort (number of
helicopter hours) per unit area. Aircraft charter is the
primary cost of helicopter-based shooting programs. The cost
of ammunition becomes increasingly important at higher deer
densities, but is small relative to aircraft charter.

The aerial surveys conducted prior to helicopter-based
shooting are the first estimates of deer density in
agricultural landscapes in Australia. The highest mean
density (39 deer per km?) was for a mixed fallow and red
deer population at the 495-km? NSW4 site and is similar to
the highest density estimate recorded in New Zealand for
fallow deer (Nugent and Yockney 2004). Our study also
included sites with low deer density (i.e. <5 deer per km?;

Table 3. Key scalable costs for monitoring (aerial survey) and
helicopter-based shooting of wild deer in eastern Australia.
Item Operations Unit Unit cost
(A3)

Survey
Robinson R44 Qld Hour 904.85
Bell Jet Ranger” NSW, ACT Hour 1534.50
Squirrel SA Hour 2475.00
Squirrel Qld Hour 1650.00
Labour, agency staff NSW, ACT Person-day ~ ~1100.00

Aerial shooting
Squirrel ACT, NSW3 Hour 2475.00
Bell Jet Ranger SA, NSWI, Hour 1534.50

NSW2, NSW4

Robinson R448 Qld, SA Hour 904.85
Contract shooter® ACT Person-day ~ ~1100.00
Navigator/ground crew NSwW Person-day 375.00
Labour, agency staff All Person-day ~ ~1100.00
Ammunition (0.308) All Round 1.54
Travel, agency staff All Kilometre 0.72
Travel, contract shooter ACT Kilometre 0.70
Accommodation, food All Person-day 240.15

and drink, and incidentals®

Costs are 2020 A$ and include 10% GST. Fixed costs [such as firearms, survey
hardware and personal protective equipment (PPE) for working in and around
helicopters] are not included.

AWet hire, including pilot and CASA-approved sighting bars.

BIncludes shooter, all PPE, firearms, accessories and ammunition.

CIncludes insurance, all PPE, firearms, accessories and ammunition.

PATO rates for employee salary A$126970 and below for ‘Other country
centres’ (https://atotaxrates.info/allowances/ato-reasonable-travel-allowances/
#table- | -employees-annual-salary-126970-and-below, accessed 28 January
2021).

Table 2). Given the wide range of population densities
in our sample, we expect that the prediction intervals for
the functional response and effort-outcomes relationships
estimated in this study should hold for many Australian
settings in which fallow deer or chital deer are the most
abundant species.

We did not attempt to quantify spatial variation in deer
density within our sites, but deer were not uniformly distri-
buted through these agricultural landscapes. For example,
fallow deer were never encountered on some transects at
the NSW2 and NSW3 sites. This spatial variation in deer
density contributed to uncertainty in our density and abun-
dance estimates, and hence (through propagation in our
analysis) to uncertainty in the population reduction and daily
kill rates. Survey and analysis methods that account for spatial
variability could provide more precise population density
estimates for individual sites (Miller et al. 2013) and,
therefore, less uncertainty in functional response and
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effort-outcome predictions. However, these results would be
less generalisable to other locations with unevenly
distributed populations.

Annual reductions greater than p (i.e. 0.34 for fallow deer
and 0.49 for chital deer) should ensure that populations of
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a Jet Ranger helicopter and a 135 km? area of operations.

these species are reduced (Caughley 1980; Hone et al.
2010). However, there is uncertainty in the estimates of p
(Hone et al. 2010). Population reduction rates estimated in
the present study did not always exceed these p estimates,
suggesting that the deer populations we studied would not
be greatly reduced, or could even increase, if the same
helicopter-based shooting effort was sustained year-on-year.
Conducting shooting in two successive years greatly
reduced fallow deer and chital deer densities at NSW2 and
at Qld1. The large reductions in density at these sites were
due to high helicopter-based shooting effort per deer per
unit area, particularly in the second year of shooting.

The three Qld sites and several of the NSW sites were in
severe drought during our study (King et al. 2020). Chital
deer and fallow deer persisted in these severe drought
conditions, even when properties had been destocked of
domestic livestock, but the year-on-year declines in density
observed at NSW2 and Qld1 may have been partly due to
drought-related deer mortality.

An unknown amount of ground-based shooting (recrea-
tional hunting, culling by landholders and employees, and
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sometimes commercial harvesting) occurred at all sites except
SA; however, we consider this unlikely to have greatly
affected our estimates of population reduction and daily kill
rate for several reasons. First, the short period between
most aerial surveys and the end of aerial shooting meant
that there was little opportunity for large numbers of deer
to have been removed by ground-based shooters. Second,
the high densities of deer at most of the NSW sites indicates
that ground shooting had historically removed only small
proportions of the population, resulting in the perceived
need for helicopter-based shooting. Third, most sites had
high densities of deer, and hence the removal of a few
animals by ground shooting would make little difference.
Fourth, the sites in NSW and ACT were composed of
multiple holdings (approximate range: 8 to >100), and the
ground-based shooting was likely to vary widely among
properties. Even if a few properties did have intensive
ground shooting, the overall effect of this on deer density
and abundance would have been small.

The number of deer killed per hour by helicopter-based
shooting increased at a diminishing rate with an increasing
deer density. Such a relationship was expected, because the
ability of a shooter to kill more deer is increasingly limited
by handling time (Hone 1990; Choquenot et al. 1999),
which is the time taken to load the rifle, manoeuvre the
helicopter into position such that one or more shots can be
taken, and then to fly-back over the animal (if mandated
for that shooting operation). A fixed handling time produces
a maximum number of deer that can be shot per unit time,
regardless of the number of deer available. Our functional
response estimates indicated that helicopter-based shooters
targeting high-density deer populations could expect to
shoot approximately 50 deer per hour. However, there was
substantial uncertainty in this estimate and realised outcomes
will vary among shooting operations (Fig. 4). The highest
observed hourly deer kill rate in our study, averaged over a
day’s shooting and corrected for effort expended shooting
feral pigs, was 94 (NSW4 in 2018; 39.30 + 15.23 deer per
km?). Many factors could contribute to the high variability
in the number of deer killed per hour at different popula-
tion densities, including differences among jurisdictions in
procedural requirements for flybacks and multiple shots,
spatial variability in deer density and availability, time
required for the shooting team to learn the distribution of
deer at a new site, helicopter ferry time to productive shooting
areas, and the need to allocate effort over unproductive areas
to ensure that the entire site is searched and that all properties
receive some effort.

Our estimate of the maximum expected number of deer
shot per hour is lower than that estimated for helicopter-
based shooting of feral pigs in western NSW (76 per hour;
Choquenot et al. 1999). The difference could be at least
partly due to the increased difficulty of shooting deer
compared with feral pigs (M. Leeson, pers. comm.; S. Boyd-
Law, pers. comm.). Groups of fallow deer tend to remain

together until the helicopter encroaches on their ‘flight
space’, at which time they will often split up. Conversely,
feral pigs tend to stay in a group running in a straight line,
with usually only the larger and faster adult males breaking
away on their own. Also, there was not a requirement to
fly-back and repeat-shoot feral pigs when the operations
evaluated by Choquenot et al. (1999) were conducted
(G. Saunders and T. Korn, pers. comm.). The absence of this
requirement could increase the number of feral pigs shot
per hour.

In contrast to previous findings with feral pigs (Choquenot
et al. 1999), our functional response estimates showed
no evidence of a threshold deer population density below
which no deer could be shot by helicopter-based shooters.
The absence of a prey refuge in our study could be a
consequence of the open agricultural landscapes that
typified our sites. In New Zealand, commercial helicopter-
based shooters removed nearly all red deer from alpine
grassland habitats but were less able to do so in tall forest
habitats (Nugent et al. 1987; Warburton et al. 2018). Trees
and shrubs, under which deer could hide, were present in
all our sites, and deer fled into heavily wooded areas when
pursued by the helicopter. However, the extent of these
refugia was low relative to those in the New Zealand forests
that have been studied (e.g. see fig. 2 in Forsyth et al. 2013).
Thermal imaging technologies are being used in helicopter-
based shooting operations in New Zealand to reduce the
value of thick and/or tall vegetation as refugia for deer and
feral goats (N. Macdonald, unpubl. data), and similar
methods are being trialled in Australia (T. Cox et al.,
unpubl. data).

Reliable estimation of the cost of wildlife management
programs is important for comparing the relative costs of
different management options, ensuring that costs do not
outweigh benefits, and for predicting the costs of future
operations. However, few wildlife management programs
are reported such that the costs of management options
can be usefully compared (Naidoo et al. 2006). We used
standardised guidelines (Iacona et al. 2018) to report the
costs of helicopter-based shooting and, wherever possible,
used the actual costs incurred by the program (e.g. from
invoices). If the costs of other key deer control options (e.g.
ground-based shooting, fencing and trapping; Forsyth et al.
2017) are reported in the same way, the costs of various
deer management options for an area of interest can be
estimated, as was done for deer in New Zealand by Nugent
and Choquenot (2004).

Helicopter charter was the largest cost of helicopter-based
shooting, and this cost varied with helicopter type. The R44
helicopter was the cheapest of the three helicopters used to
shoot deer. This helicopter has a piston engine and is
considered by some state agencies as less safe than is the
turbine-engined Jet Ranger and Squirrel, and during our
study, NSW and ACT did not permit its use for government
agency work. All chital deer shooting reported here was
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conducted from an R44 helicopter by contractors engaged by
NQ Dry Tropics. The Squirrel helicopter is more powerful than
the Jet Ranger helicopter, and in NSW/ACT the cost of the
former is ~60% more per hour. However, the cost to
charter a Squirrel in northern Qld was only 8% more than
that for Jet Ranger. Which of these two helicopters is best
suited for a given control operation will depend on state
policy, local availability and price, the elevation and
ruggedness of the area of operation, and budget.

After helicopter charter, labour was the next largest cost of
helicopter-based shooting operations. Our labour costs were
based on the NSW Government agency internal costing
model. The unit cost for these staff was similar to that for
the ACT contract shooter but was much greater than that
for the Qld contract shooter. We emphasise that labour
costs could therefore vary greatly for the same task, and
these costs need to be determined when planning aerial
shooting. Ammunition was a minor component of the cost
of helicopter shooting and will obviously vary depending
on the density of deer per unit area. If no deer are shot at,
the cost of ammunition would be zero. If the asymptotic
maximum number of deer is shot, on the basis of our
finding of an average 4.1 shots per deer, then the cost
would be approximately A$309 per hour.

The effort-outcome and cost-outcome relationships
reported here can be used for planning and evaluating
fallow and chital deer control operations. The effort—outcome
relationship is essentially a quantitative cause-and-effect
relationship (Hone et al. 2017), which for helicopter-based
shooting is generated by the functional response. Thus, the
effort required to achieve a desired population reduction
(Eqn 4), and the costs associated with that level of effort,
can be predicted for a given combination of area, pre-
control population density and helicopter type. Our results
suggest that aerial shooting operations aiming to suppress
the growth of fallow deer populations not limited by food
supply should commit approximately 11 h of shooting effort
given 1000 deer present. This assumes that populations
recover from shooting operations at their maximum growth
rate, ry,, after density-dependent constraints on population
growth have been removed. For shooting operations aiming
to suppress the growth of fallow deer populations over an
area of 135 km?, the predicted cost of shooting operations
using a Jet Ranger helicopter ranges from A$15880 at
5 deer per km? to A$136 590 at 40 deer per km?. Chital
deer have a greater expected ry, than do fallow deer (Hone
et al. 2010), and effective suppression of population growth
is expected to require approximately 21 h given 1000 deer
present. The predicted cost of operations under the same
conditions described above ranges from to A$30870 at
5 deer per km? to A$266610 at 40 deer per km2. The
prediction intervals arising from these functions are wide
(Fig. 7) because they properly represent the underlying
uncertainty in the system.

628

Economic modelling has shown that some of the costs of
control can be offset by recovering and selling carcasses
when the value of the carcass exceeds the cost of recovery
(Nugent and Choquenot 2004). Wild deer carcasses can be
sold legally in some states, and commercial ground-based
harvesting of deer occurred on or near some properties at
NSW and QId sites. However, the Australian wild deer
market is currently constrained by practical difficulties
associated with harvesting, transporting, and processing
carcasses and by low demand for product, resulting in low
prices paid to harvesters (Australian Deer Association
2021). To our knowledge, helicopters have not been used
to recover deer carcasses for sale in Australia. This is likely
to be due to the lower commercial value of deer carcasses
in Australia than in New Zealand (see Parkes et al. 1996;
Nugent and Choquenot 2004; Warburton et al. 2018). The
requirement to shoot deer in the thorax in some states, and
the high probabilities of wound channels in other body
regions (Hampton et al. 2022), would reduce the saleability
of carcasses shot in helicopter-based shooting operations.

Given the high cost of helicopter-based shooting
operations, there is a risk that the costs of control could
outweigh the economic benefits accrued by producers. Diet
studies have indicated that grass consumption by 100 chital
deer could support 25 and 14 cattle during the wet and dry
seasons respectively (Watter et al. 2020). At NSW4, the pre-
control population of fallow deer was equivalent to 53 dry
sheep equivalents (DSEs) per km?, resulting in a 44%
reduction in DSEs in natural pasture there (N. Davis,
D. Forsyth, A. Bengsen, unpubl. data). We did not have
sufficient data to evaluate the relative economic benefits of
helicopter-based shooting in the present study. However,
most studies removed either a sufficiently large proportion
of the population to be confident of suppressing population
growth and future competition with livestock, or a large
number of animals that could be expected to reduce current
competition for food with livestock (Table 2). In addition to
the data and modelling used in the present study, a robust
assessment of the economic benefits of helicopter-based
shooting would require estimates of realised gains in
livestock production and the resulting income.

A precise estimate of deer density in an area of interest
allows the amount of helicopter-based shooting needed to
reduce the population by a specified level to be estimated.
Aerial survey methods, as used in this study, are best suited
to treeless or open woodland habitats (Forsyth et al. 2022),
such as the predominantly agricultural landscapes that we
studied. In more densely vegetated areas, camera trap
(Ramsey et al. 2019; Bengsen et al. 2022b), faecal DNA
(Brazeal et al. 2017) or thermal imaging surveys (T. Cox,
E. O’Dwyer-Hall, R. Matthews, C. Wilsdon, D. Forsyth,
A. Bengsen, G. Halverson, unpubl. data) could be used to
estimate deer density (Forsyth et al. 2022). Knowing the
deer density prior to conducting helicopter-based shooting
allows the actual (rather than expected) reduction in deer
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density to be quantified, provided that kills are recorded by
the helicopter shooting team. A pre-control survey of deer
density is therefore valuable for predicting the effort and
cost required to achieve a desired outcome and for
evaluating the actual outcome achieved.

Conclusions

Fallow deer have been subject to control for many decades
in New Zealand (Nugent and Asher 2021) and are increas-
ing in geographic range and abundance in the eastern
Australian states (Moriarty 2004; Crittle and Millynn 2020;
Cunningham et al. 2022). Chital deer are increasing in
range and abundance in Qld and NSW (Moriarty 2004;
Crittle and Millynn 2020). Helicopter-based shooting can
quickly reduce fallow and chital deer populations over
large geographic areas, but the magnitude of the reduction
depends on the deer density and the effort (hours of
shooting) per deer per unit area. The outcomes of helicopter-
based shooting of deer can be improved by conducting a pre-
control survey of density, because this enables effort and costs
to be predicted for a desired population reduction (e.g. 75%),
and the actual reduction achieved to be estimated.

Supplementary material

Supplementary material is available online.
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