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Abstract This paper describes the development and testing
of the ALMaSS rabbit model and its baseline, and subsequent-
ly its application to the question of lagomorph population
vulnerability in environmental risk assessment (ERA).
Development and testing following a pattern-oriented model-
ling protocol resulted in a model able to replicate local and
landscape-level rabbit population patterns. We then tested
how robust rabbit populations are to an (imaginary) extreme
toxic stressor at a landscape level in a variety of landscapes,
and to what extremes key uncertain model parameters must be
pushed to cause extinctions. This was contrasted with the
same (imaginary) toxic stressor applied to the already existing
ALMaSS hare model. For EU risk assessment of plant protec-
tion products, these results clearly indicate that if the protec-
tion goal is population-level impacts, either in abundance and/
or distribution, then the hare is a much more vulnerable spe-
cies than the rabbit under all the conditions tested. Rabbits
would only be more vulnerable than hares if the entire popu-
lation were to be exposed simultaneously, when lower body
mass would then be a critical factor. This did not occur even
though the toxicant and exposure scenarios tested here were
extreme and, in fragmented landscapes at scales used here,
will not occur in reality from the use of plant protection prod-
ucts on crop fields. As well as specifically answering the
question on rabbit versus hare vulnerability, this study

generally illustrates the potential application of models for
setting focal species for risk assessments.

Keywords Oryctolagus cuniculus . European hare . Lepus
europaeus . ALMaSS . Agent-basedmodel . Landscape
context

1 Introduction

Rabbits and hares have become increasingly important in reg-
ulatory environmental risk assessment (ERA) of plant protec-
tion products (PPPs) in the EU in recent years. According to
the relevant guidance in 2002 [1], leafy crops scenario risk
assessment included a 3000-g hare, but no other crop scenario
included a lagomorph (orchards/vines/hops/cereals/grass-
land—no lagomorph). However, according to the latest guid-
ance [2], rabbits and hares are relevant in many more crop
scenarios:

Rabbit (1543 g)—cereals, leafy vegetables, legume for-
age, oilseed rape, orchards, potatoes, pulses, strawberries,
sugar beet and sunflower.
Hare (3800 g)—grassland, vineyard.

Traditionally, risk assessment for mammals only consid-
ered the individual, and thus lagomorphs are not necessarily
the worst-case species in the regulatory risk assessment, which
tends to be small mammals such as mouse and vole due to
their lower body weight and higher metabolism resulting in
higher food intake rate relative to bodyweight [2]. As food
eaten in a treated field is assumed to be contaminated with
the plant protection product, this results in higher relative in-
take of the toxicant by the smaller mammals. However, lack of
experience and a surprising lack of relevant published data to
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refine the basic and conservative initial risk assessment have
resulted in lagomorphs being more of a challenge in the risk
assessment than previously. In addition, new directions in
European risk assessment see a change towards population
and landscape-level risk assessment and inclusion of system
characteristics [3, 4], which will almost certainly be extended
to mammals in future guidance.

In this paper, when referring to rabbit, we mean European
Rabbit (Oryctolagus cuniculus), and when referring to hare,
we mean European Brown Hare (Lepus europaeus). Two oth-
er species of hare can be relevant in the EU arable landscape
(Iberian Hare (Lepus granatensis) and Mountain Hare (Lepus
timidus (hibernicus)), but have not been explicitly modelled
here.

Both rabbits and hares are present in many crop scenarios,
but the smaller rabbit is taken as protective of the larger hare,
so is used in the protective risk assessment. However, while
rabbit may be more sensitive than hare, due to its lower
bodyweight, the question we pose here is, is it more ecologi-
cally vulnerable? Both species are hunted, and rabbits are
often considered a pest [e.g. 5–8]. Therefore, assuming a lago-
morph is used in risk assessment, should the focal species be
the rabbit, or hare?

We use an ecological model to investigate the relative eco-
logical vulnerability of each species, which can help risk man-
agers make decisions concerning relevance and acceptability
of the risk assessment for each species. A highly detailed hare
model already used for risk assessment was available in the
ALMaSS system [9, 10], but a rabbit model needed to be
developed. In developing this model, the critical step is devel-
opment of a population baseline against which changes post-
stressor application can be compared.

This paper describes the development of the rabbit model
and its baseline, and subsequently its application to the ques-
tion of lagomorph population vulnerability in ERA. We tested
how robust rabbit populations are to an (imaginary) extreme
toxic stressor at a landscape level in a variety of landscapes,
and to what extremes key uncertain model parameters must be
pushed to cause extinctions. This was contrasted with the
same (imaginary) toxic stressor applied to the ALMaSS hare
model. The results are then discussed in terms of relevance of
either species as a focal species for risk assessment of plant
protection products in the EU. Uncertainties and gaps in cur-
rent scientific knowledge that caused difficulties in parameter-
izing the rabbit model are also discussed.

2 Methods

The methods are separated into two distinct sections. The first
covers model development, the second the methods used to
evaluate lagomorph population responses to pesticide
stressors.

2.1 Rabbit Model Development

The rabbit model was developed using pattern-oriented
modelling (POM), a commonly used method for developing
agent-based models [e.g. 11–15]. POM refers to the multi-
criteria design, selection and calibration of models of complex
systems [16]. The approach is to use observed patterns, which
are characteristic of a certain system, for detecting the mech-
anisms that generate these patterns and therefore are likely to
be key elements of the system’s internal organisation [17].
Multiple patterns are used, which are observed at different
scales and hierarchical levels to characterise complex systems
and their dynamics.

POM is comprised of three interrelated elements. First,
multiple patterns should be used for model design, i.e. a model
should not only include those factors which are considered
essential for the model’s purpose, but also entities and pro-
cesses that would allow patterns to emerge which are consid-
ered characteristic for the system’s structure and functioning
[18]. Criteria are defined for deciding whether the model re-
produces each pattern. The model is then revised until the
most important patterns observed in reality also emerge in
the model. This model revision may include the second ele-
ment, which is the contrasting of alternative sub-models
representing a certain key process. For this, the alternative
sub-models, for example of foraging, competition or habitat
selection, are implemented one at a time in the full model.
Then, the alternatives are tested by testing how well the full
model reproduces the set of characteristic patterns defined
before. Sub-models that cannot reproduce one or more pat-
terns are rejected. This is repeated until the best sub-model has
been identified. Thirdly, multiple patterns are used for cali-
brating the model parameters. Similar to sub-model selection,
each pattern is used as a criterion for acceptance for parameter
values. This approach is similar to ‘inverse modelling’ or
‘Monte Carlo filtering’ techniques used in other disciplines
[19].

Here we use the term ‘signal pattern’ to represent real-
world observations against which we attempt to match ‘output
patterns’ from the model.

2.1.1 Parameter Fitting

Once cyclic implementation and testing of sub-model compo-
nents produced output patterns that appeared to respond sim-
ilarly to the real world, then a parameter fitting exercise was
carried out. Parameter fitting used a guided fitting approach
[14] whereby an overall fit statistic was calculated based on
the sum of squared deviance of model produced output pat-
terns compared to real world input pattern values. In this case,
noweights were applied and all patterns contributed equally to
the overall fit.
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A cyclic approach was used to generate the selected best-fit
parameter value set:

1) Parameter inputs to rabbit model mechanisms were iden-
tified and a range of parameter values used for all values
to create a small one-at-a-time sensitivity analysis. The
range was ± 10, 20, 50%, or the nearest integer values
in cases where the parameter was not a real number. Best-
fit points were found from this data set.

2) Analysis of response curves was used to estimate new
better fitting values. If better fitting values could be found,
then estimation continued by trial-and-error until no sig-
nificant progress could be made by hand.

3) The current best fit data was used to start the process at ‘1’.

This cycle was stopped when no improvement in fit was
possible, and the mean absolute deviance between signal and
output patterns was less than 5%.

Local Population Dynamics We selected signal patterns for
POM development based on a set of literature data from stud-
ies conducted in Bayreuth, Germany [20–25]. These studies
were carried in a 2-ha outdoor enclosure between 1988 and
1990. In total, 15 signal patterns were selected from these
studies as detailed below and listed in Table 1:

& Natal dispersal: Dispersal was male-biased with 93% of
juvenile males and 64% of juvenile females dispersing.
Female dispersers most often moved to neighbouring ter-
ritories whereas male dispersers moved further away. At
the beginning of their first reproductive season, females
that remained on their natal territories produced signifi-
cantly more offspring than those that dispersed. Natal dis-
persal occurred during the first 5 months of life. The first
breeding occurred in the following spring [20].

Natal dispersal was measured in males and females as
whether after 5 months old they had moved from the war-
ren that they were born in.

& Reproduction: Due to a postpartum oestrus [26], females
can deliver up to 7 litters during the reproductive season,
but the mean number of litters was only 3.2 per female per
year [25]. Similar reproductive rates are recorded from rab-
bits shot from natural populations in England, Australia and
New Zealand [27–29]. It is assumed that this lower than
maximum fecundity is due to uterine losses of whole litters
[26–32]. In the model, we link this phenomenon to weather
and density-dependent constraints. Von Holst et al. [25]
found that females gained a mean reproductive age of
712 ± 37 days (range 69–2086 days) and produced a mean
of 7.68 ± 0.52 litters with 34.9 ± 1.9 offspring during their
entire life. However, only 47.2% of all females had any
reproductive success. In accordancewith the results of other
studies [33–36], the litter sizes varied between 1 and 9 with
a mean of 4.8 offspring, although the mechanisms behind
this are unknown. Proportion of reproducing females, life-
time litter production, mean and maximum reproductive
age (measured as age from 300 days to death) and litter size
were all selected as patterns.

& Density fluctuations: Rodel et al. [23] found that fluctua-
tions of breeding density were paralleled by variations in
the proportion 1-year-old females. They also found strong
evidence for density-dependent response of individual re-
productive effort. Two correlations were presented, the
first between the number of 1-year-old females and breed-
ing female density (Correlation 1), and the second be-
tween number of litters per female and breeding female
density (Correlation 2). Correlation 1 was positive, r ap-
proximately 0.77, whilst Correlation 2 was negative, r
approximately − 0.76. These two correlation coefficients
were selected as patterns. From the same study, mean,
maximum and minimum breeding density, and maximum
and minimum proportion of 1-year-old females were

Table 1 The real world signal pattern, the accepted output pattern and
the deviance of the output pattern from a perfect fit for the parameter
value set chosen as the basis for all subsequent scenarios

Output pattern Target value
(signal pattern)

Accepted value
(output pattern)

Deviance

Proportion
reproducers

0.47 0.46 − 0.02

Mean lifetime
offspring

34.9 37.6 0.08

Young/litter 4.8 4.8 0.00

Litters/female 7.68 7.81 0.02

Mean
reproductive
age

712 706 − 0.01

Maximum
reproductive
age

2086 2061 − 0.01

Male natal
dispersal

0.93 0.89 − 0.04

Female natal
dispersal

0.64 0.62 − 0.03

Mean breeding
density

16.00 16.97 0.06

Maximum
breeding
density

>25 35.61 test
passed

Minimum
breeding
density

8 8.20 0.03

Maximum
yearling
proportion

0.6 0.62 0.03

Minimum
yearling
proportion

0 0.00 0.00

Correlation 1 0.77 0.75 − 0.03

Correlation 2 − 0.76 − 0.64 − 0.15
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estimated from the graphical data presented and used as
patterns.

Local Dynamics Simulation Scenario To match the original
Bayreuth study as closely as possible, a uniform 2 ha was
created using the dry semi-natural grassland polygon type in
ALMaSS. The parameter RABBIT_WARRENFIXEDSIZE
was altered to allow 16 warrens of one or two burrows in a
grid form (the original study had 14 artificial warrens but
some rabbits dug new burrows). Each run was started with
15male and 15 female rabbits and run for 50 simulation years.
The first 10 years were ignored during the analysis.

Landscape-Level Simulation To make the overall model
useful, it needs to be extrapolated to larger, landscape, scales.
Here, we considered landscape-scale rabbit population char-
acteristics of warren locations, spatial variability in density,
sex ratio and temporal patterns of reproduction.

The Bayreuth study rabbit density (up to 50 rabbits ha−1)
appears to be in the middle range of what is found in the wild,
with some studies reporting rabbit densities of 100 rabbits
ha−1 [37–39]. An upper limit of 100 rabbits ha−1 was selected
as the target for the best landscapes. Once the results from the
local dynamics POM exercise were available, it was possible
to calculate a minimum warren spacing based on the diameter
of exclusive warren area needed to achieve 100 rabbits ha−1 in
optimal uniform habitat. In heavy soils, this was found to be
55 m, and for light soils 45 m.

To predict rabbit densities, the distribution of warrens in a
landscape is needed, but it is very difficult to find good signal
patterns in general literature. The process of fitting parameters
for warren distribution was therefore to use an expert judge-
ment based on patterns expected from literature studies [e.g. 6,
40, 41] and constrained by the maximum rabbit density.
Locally, warrens should be spatially distributed showing pat-
terns similar to available survey data (Appendix 1). This was
done using 10 different landscape configurations, representing
a range of agricultural landscapes from Denmark [42]. The
best-fit parameter set for the local population dynamics was
used as a starting point for fitting but two parameters were
freely modified. These were the DISPERSALMORTPERM
(extra probability of mortality per m during dispersal), and
the maximum distance at which warrens are considered con-
nected (MAXWARRENNETWORKDIST). These two pa-
rameters were chosen because in the fenced Bayreuth study,
dispersal mortality was not expected to match that experi-
enced by free rabbit populations and dispersal distance in the
enclosure was small, preventing long distance dispersal and
associated mortality.

POM fitting in this case was based primarily on weak pat-
terns (spatial distribution of warrens, no exceedance of local

density of 100 individuals /ha, spatial variation in warren oc-
cupancy). Initially, sex ratio seemed suitable as a strong signal
pattern because it can be measured in the field. However,
comparing different methods of population sampling indicates
that there is considerable methodological bias [43], and there-
fore uncertainty regarding this pattern. In general, above-
ground methods of ‘capture’ were biased towards males and
within-warren methods towards females. If we assumewithin-
warren counts can bemapped to our within-warren population
then the mean sex ratio was 0.688:1 (M:F), with a lower ex-
treme of 0.552:1 from [43] reporting on studies using traps or
ferreting at the burrows. A similar result (0.63:1) was reported
by Fernandez and Ceballos [44]. Aboveground captures sug-
gested a male bias, with a maximum of 62% males [43];
therefore, the real value is likely to fall in between and is
probably close to 1:1 or with a slight female bias.

The final signal pattern considered was the variation in
timing of reproduction. This was a binary condition
(true/false); the model should, as a minimum, re-create the
range of between year changes in reproductive timing found
in real world studies.

2.1.2 Sensitivity Analysis

Sensitivity analysis was primarily based on the Bayreuth
study signal patterns where signal pattern uncertainty was
low. This fitting involved 15 parameters and 15 output pat-
terns (Figs. 1–15). A one-at-a-time sensitivity analysis was
created by taking each parameter and adjusting it by ± 25,
50 and 75% of the chosen parameter fit from Table 1.

For sensitivity of landscape-scale parameters, the
Himmerland landscape was selected as supporting a large
but not extreme population of rabbits. To evaluate sensitivity
of the sex ratio, spatial occupancy, CVof occupancy and mean
popu la t i on s i ze , DISPERSALMORTPERM and
MAXWARRENNETWORKDIST were varied by ±25, 50
and 75% of the arbitrary starting point (0.000133 and 6.0).

2.2 Population-Level Impact Assessment for Rabbits
and Hares

2.2.1 Landscapes

Ten different landscape maps previously used for assessment
of impacts of an endocrine disruptor on hares [42] were used
for all the scenarios. Each landscape had a unique set of farms,
farm types and arable, grassland and non-agricultural struc-
tures (see Appendixes 2 and 3 in Topping, Dalby et al. 2016).
In all rabbit scenarios, we assumed the same weather condi-
tions as used to simulate the Bayreuth experiment used for
rabbit model development. All scenarios were run using as-
sumptions of heavy and light soil types; hence, a total of 20
landscapes were used to evaluate each pesticide scenario.
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2.2.2 Baseline Scenarios

Baseline scenarios were run as 20 replicates of the same sce-
nario length and conditions as the relevant toxicant scenario,
differing only in the fact that a toxicant was not sprayed. No
other change was needed since there was no indirect link
between toxicant application and rabbits, i.e. we assume the
plant protection product is an insecticide and therefore has no
effect on rabbit food.

2.2.3 Toxicant Effects

Two types of toxicant effect were considered. Most scenarios
were run with an endocrine disruptor (ED) effect, which
caused litter loss by gestating females once they reached full
term. Some scenarios were additionally run with a toxicant
assumed to be acutely toxic, resulting in mortality of any
rabbit exposed above a threshold body-burden.

2.2.4 Toxicant Uptake

Rabbits were assumed to feed from an area surrounding their
warren of 200 m diameter. Themaximum concentrationmeth-
od was used for ingestion; this assumes that the rabbits will
feed from the forage with the highest concentration of toxicant
available to them, with toxicant concentrations evaluated on a
daily basis. This is a conservative assumption compared to, for
example, the mean concentration method, which would as-
sume that the rabbits eat equally from all possible forage areas
and that the ingested toxicant corresponds to a mean concen-
tration on forage that day.

Rabbits were assumed to eat 500 g of forage per day, and
toxicant internal concentration was determined assuming
100% uptake of ingested toxicant. Five hundred grams forage
intake per day was arrived at based on Cooke [45], who esti-
mated daily food intake of a free-ranging wild lactating rabbit
of 97 g dry matter per day. If we assume vegetation is approx-
imately 80%water (based on EFSA [2]), wet weight would be
close to 500 g. Body burden was a function of ingested toxi-
cant and body size. The proportion of internal toxicant elim-
inated was fixed and calculated on a daily basis.

Pesticide Application and Environmental Fate The appli-
cation rate and the body-burden concentration that triggered
an impact in rabbits were fixed in all scenarios. An environ-
mental half-life (DT50) of 7 days was assumed initially and
spray drift was calculated up to 12 m from the edge of any
sprayed field. In all cases, the maximum concentrationmethod
was used and no bioaccumulation was assumed. The applica-
tion date for pesticide was 25th May in all cases unless other-
wise stated.

2.2.5 Scenarios

Scenario 1: Comparison to Hare Impacts The aim of this
scenario was to compare population impacts of the same tox-
icant (assumed to be an endocrine disruptor applied at the
same rate and with the same toxicity per unit body weight)
on both hare and rabbit populations using the same landscape
structures and farming. The scenarios used by [9] were re-
created for the rabbit using the × 10 application rate of the
original study. Model hare foraging differs from the rabbit in
being simulated in 10-min time-steps and therefore toxicant
intake varies with forage type in 10-min steps. The rabbit
model was set to use the maximum concentration method,
whereby the rabbit is constantly consuming the available for-
age source with the highest residues, and thus was more con-
servative than the hare. Thirty-year simulations were run with
the toxicant applied in the last 10 years to all winter wheat and
spring barley fields. In this scenario, pesticide application to
spring barley was on April 30th and winter wheat applications
on 15th May to match the original study.

Further Rabbit Scenarios A set of increasingly extreme sit-
uations were evaluated using the rabbit model. These were
designed to demonstrate maximum potential effects that might
be possible in the different landscapes by increasing exposure
of all rabbits foraging from agricultural areas and by changing
the assumed toxic effect of the pesticide.

These scenarios were all based upon the scenarios used to
compare rabbit and hare impacts above, with toxicant applied
to winter wheat and spring barley. All settings were as for
these scenarios except the details noted below:

& Scenario 2: all fields in the landscapes were assumed to
grow winter wheat which was sprayed with the endocrine
disrupter at the same application rates used for Scenario 1.
Note that here a new baseline was needed to compare
rabbits in a landscape with all crops being winter wheat
with and without pesticide.

& Scenario 3: identical to Scenario 2, except that the appli-
cation rate was increased by a factor 10^3.

& Scenario 4: identical to Scenario 2, except that the appli-
cation rate was increased by a factor 10^6.

& Scenario 5: identical to Scenario 2, except that the DT50
was increased to 76 days.

& Scenario 6: identical to Scenario 2, except that the DT50
was increased to 180 days.

& Scenario 7: identical to Scenario 2 except that we assume
the effect of the pesticide is acute and immediate mortality.

& Scenario 8: identical to Scenario 7, except that the appli-
cation rate was increased by factor 10^3.

& Scenario 9: identical to Scenario 7, except that the DT50
was increased to 180 days.
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& Scenario 10: was identical to Scenario 3, except that im-
pacts on the hare were evaluated instead of the rabbit.

In all cases, 20 replicates were run for each scenario/
landscape combination. A power calculation was used, calcu-
lating the ratio of population size to 95% confidence interval
of the population size estimate. In 80% of cases, power was
0.99 (95% ci was 1% of the mean), and in the worst cases (1%
of landscape/scenario combinations) the power was 0.95.

3 Results

As noted in the methods, this study is in two parts. Sections
3.1–3.4 are the results of the POM process for developing the
rabbit model, and section 3.5 the results of resulting model
application to the landscape and pesticide scenarios.

3.1 Model Development

Using the local and landscape-level patterns, it was possible to
develop a rabbit model able to replicate 13 out of 15 signal
patterns to the desired accuracy (Table 1). Of the remaining
two, mean lifetime offspring was 8% higher than recorded in
the Bayreuth studies and the correlation between number of
litters per female and breeding female density (Correlation 2)
was too low (r − 0.64 cf r of − 0.76). All other population
descriptors were within the 5% tolerance.

The full description of the resulting ALMaSS rabbit model
is in ODdox format [10] and is available online.1 The ODdox
contains an overview section and links directly to the C++
code used to run the model. The code is open source and
available from GitLab.2 Nevertheless, a very short description
of the model is presented here to aid reading of the current
paper.

3.2 Rabbit Model Overview

General Individuals in the rabbit model are modelled as five
different types of objects, which are defined as classes. Four
classes represent kits, juvenile and male and female rabbits,
and the fifth is used to manage the warren as a collective. This
means that the individual rabbits are classified as being either
‘Young’, ‘Juvenile’, adult ‘Male’ or adult ‘Female’. Each class
has a number of attributes and behaviours associated with it
and these attributes may be transferred between classes, e.g. as
young mature to become juveniles, or juveniles to adult then
their age and lifetime nutrition is transferred.

The model is initiated by randomly ‘seeding’ the landscape
with adult male and female rabbits that must find a warren

with free burrow capacity before establishing themselves as
breeding pairs of rabbits. At each time-step, adult rabbits will
assess their status in terms of mates, burrows and dominance.
Young model rabbits are dependent on their mother until
weaned, at which point they are considered juvenile and act
as independent rabbits.

Dispersal If it is possible to move to a nearby warren to
improve status then the rabbit can do this, but only if that
warren has been explored previously. Dominance alters the
chance of successful litter production as well as the chance
of mortality (dominant animals are assumed to live longer and
have a higher chance of breeding successfully).

Habitat Quality The number of burrows in a warren is deter-
mined by soil type and habitat quality, and is therefore the
primary density-dependent controlling factor, since once all
are occupied the breeding population is at maximum.
Habitat quality is determined by the total amount of suitable
forage habitat available within the forageable area around the
warren.

Dispersal Juvenile and adult rabbits can explore warrens close
to them, if they are within a fixed distance and juveniles in
particular will attempt to disperse to nearby warrens if it is
possible to find a mate or burrow. Adults are much less likely
to move and will be more likely to occupy any vacant burrows
within the current warren when they become available.

Social Status Dominance is determined by age and burrow
status. It influences the likelihood of successful breeding, mor-
tality and dispersal.

Reproduction A female rabbit that comes into oestrous and
has a mate will automatically become pregnant. Onset of first
oestrous per season is assumed to be controlled by tempera-
ture over the previous month. Similarly, cessation of breeding
is determined by temperature in the autumn. If the female is
lactating when becoming pregnant, then the young are forced
out of the burrow at 30 days, at which point she can give birth
again; the likelihood of successful births increases with social
status and age.

Foraging andGrowth Successful foraging is assumed to be a
function of the weather (temperature and rainfall). This is
controlled by parameters MINBREEDINGTEMP and
MINFORAGETEMP that together alter the number of forage
days possible in any given weather year. Growth is assumed to
occur only on suitable forage days, which are summed as a
measure of lifetime nutritional status. On each suitable day,
the rabbit forages from the warren area and as a result may be
exposed to pesticide. Exactly how much pesticide is ingested
depends on the assumptions regarding foraging behaviour.

1 https://almassdocs.au.dk/ALMaSSODdox/Rabbit/index.html
2 https://gitlab.com/ChrisTopping/ALMaSS_all
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Two basic defaults can be selected: (1) that the rabbit will
forage from all suitable forage locations equally, and therefore
will obtain an average dose based on the concentration of
residue in the forage areas, or (2) that it will forage from the
area where it receives the maximum dose. Suitable forage
locations from which the rabbits are allowed to forage on
any given day depend on vegetation type, height and
digestibility.

Mortality All rabbits are subject to a daily mortality chance;
the magnitude of this depending on age, lifetime nutritional
status, social status and disease prevalence. To simulate dis-
ease, we need a globally varying probability with local varia-
tions depending upon density. This is done by evaluating two
levels; the first is the total population density. This is given by
the total number of rabbits divided by the total number of
warrens. The second is the local density, which is the number
of rabbits related to the warren carrying capacity. These two
factors are combined to create an overall disease mortality
chance. Calculation of the disease mortality chance is carried
out at intervals throughout the year (DENDEPPERIOD in
Table 2). Rabbits will also die if they are subjected to external
events (e.g. acute poisoning) or if they reach the end of their
natural life span which is set as being 4.5 to 6.5 years.

3.3 Sensitivity Analysis

3.3.1 Local Population Dynamics

Due to the large number of parameters a one-at-a-time sensi-
tivity analysis was performed on the parameters important for
fitting to the Bayreuth study real world patterns. Each param-
eter was varied by + /− 25, 50 and 75% of its value in Table 2.
The proportion change in 13 output patterns for all 17 param-
eters used for fitting is shown graphically in Appendix 2,
together with short notes on what the parameter does in the
model. They are also summarised in Fig. 1, below. There were
some parameters which elicited strong responses when varied
and others to which the model is largely or wholly insensitive.
Therefore, the sensitivity values for each parameter in Table 2
are a guide only, and particular patterns may be highly sensi-
tive to parameters that generally affect the model output pat-
terns less and vice versa; hence, some judgement is needed.

All values are fitting parameters. This means that there are
no literature values available to transfer to these parameters
directly. However, those parameters with real world counter-
parts, e.g. the minimum temperature for foraging, fall within
sensible values. The main determinant of the uncertainty of all
these parameters is therefore the reliability of the real world
signal pattern to which they are fitted and the degree to which
that pattern is matched.

3.3.2 Landscape-Level Patterns

Landscape-level patterns were relatively insensitive to chang-
es in the two parameters evaluated at this scale (Fig. 2), and
predicted sex ratio was also insensitive. There is an indication
of an interaction at high dispersal mortality: the response
range to changes in maximum network distance approximate-
ly doubled compared to low dispersal mortality.

3.4 Landscape-Level Patterns of Density and Occupancy

The pattern of occupancy differed greatly between landscapes.
Figure 3 shows some examples of overall and local distribu-
tion of warrens. Summary statistics are graphed for all 10
landscapes, and show large variation in terms of landscape
occupancy, mean population size and mean density. These fall
within ranges of rabbit density reported in the literature. In all
cases, assuming light soil generated lower population sizes
and lower proportions of warrens occupied than assuming
heavy soil, whereas the absolute number of occupied warrens
and landscape-level occupancy was always higher in light soil
(due to the higher total number of warrens, occupied and un-
occupied, but with lower average number of individuals in
each occupied warren).

Table 2 The parameters varied in this part of the POM fitting and the
final values selected to create the fit in Table 1

Parameter name Value Sensitivity

ADULTBASEMORT 0.00013 Medium

DENDEPPERIOD 90 Medium

DENSITYDEPSCALER 0.45 Medium

DIGGINGTIME 10 Low

DISEASEDENDEPDAY 53 High

DISPERSALMORTPERM 0.000005 Low

FORAGEAREAMORTSCALER 6 Medium

GLOBALDISEASEPROBCONSTANT 0.05 Medium

JUVENILEBASEMORT 0.004 Medium

LITTERABSOPRTIONCONST 1.8 High

MAXFORAGEHEIGHT 30 Low

MAXFORAGERAINFALL 3.6 Low

MAXKITS High High

MINBREEDINGTEMP 330 Medium

MINFORAGETEMP − 0.83 Low

SOCIALREPROTHRESHOLD 2.3 Medium

YOUNGBASEMORT 0.038 Low

These values form the centre-point from which the sensitivity analysis
was based. Sensitivity indication are summarised from Fig. 2 as low
sensitivity < 0.01 overall fit deviation over the range 0.5–1.5 (± 50%),
high sensitivity > 0.05 over the same range. The parameter names are
those used in the code and the function is fully described in the ODdox
documentation https://almassdocs.au.dk/ALMaSSODdox/Rabbit/index.
html
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3.4.1 Phenology of Litter Production.

The actual patterns of kit numbers for 1994–1999, which have
most of the extremes, are graphed below (Fig. 4). For com-
parison to field data on kit numbers, the extreme dates of these
annual distributions should probably be ignored, because in
field surveys it is not likely that the very first and very last
litter could be observed; hence, for comparison to field values
for kit numbers, we used values from the initial high to the
point of decline at the end of season. Table 3 shows the first
date of litter production and the last date for Tønder landscape
using Bayreuth weather data for 1993–2002, maximum range
1st March to 19th October. Tønder was chosen because it
supports the highest density of rabbits and has large areas of
suitable grassland habitat, which are less disturbed by agricul-
tural production, therefore was most similar to the enclosure
study. The enclosure study [25] showed ranges of reproduc-
tive season fromMarch 9th to October 20th, fitting quite well
with the early peak in litter production, but with a shorter
season than in the model. The variation in breeding season
length also concurs with [46], who found reproductive periods
varying amongst seasons with different weather. In their study
in East Anglia UK, the first female oestrus was advanced by
up to 1 month and young emerged over an extra month in

good years, with their first appearance above ground advanced
by 2 months.

3.5 Effects of Toxicants

Scenario-1 baseline rabbit populations were very different in
the different landscapes but impacts of the toxicant on the
rabbit were minimal. We used the abundance occupancy in-
dex, or AOR-index, [47] to compare to the original hare im-
pacts. This index shows the relative change in occupancy in
terms of proportion of the landscape occupied, and the change
in density of the areas occupied, all relative to a baseline. A
rough estimate of total effect can bemade by summing the two
AOR index scores. This index showed that population effects
on hares (compared to rabbits) were typically greater than 10
times on abundance, with a maximum impact of − 50%.
Except for the Mors landscape (− 1%), there was no impact
on rabbit occupancy in either soil type, but impacts on hares
up to − 32% (Table 4).

Exposure of all rabbits in the landscape to the Scenario 1
toxicant had no noticeable impact on the summedAOR scores
of the rabbit populations (Table 5). Increasing application rate
by a factor 10^3 and 10^6 did not increase the impact notice-
ably for the endocrine disruptor (Sc.3 and 4) and nor did

Fig. 1 The overall model fit
plotted against change in
parameter value for 17 parameters
tested in the local population
dynamics sensitivity analysis.
The y-axis is constrained to 0.0–
0.1 for clarity. See Appendix 2 for
an explanation of each parameter
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extending the DT50 to 76 days (Sc.5), but a DT50 of 180 days
decreased AOR scores by − 0.03 to − 0.20 (Sc.6). In contrast,
acute mortality (Sc.7–9) had large impacts even at the stan-
dard rate of application, increasing with application rate and
reaching summed AOR reductions of 0.12 to 1.44 in Scenario
9 (Table 5).

Landscapes had a large impact. This is most clear from the
scenarios with high impact, and trends are consistent between
scenarios. Impacts on Næstved, Lolland and Esbjerg were
always high, and very low impacts in Tønder (Tn). A compar-
ison of summed AOR scores between heavy and light soil
scenarios showed little difference in low impact scenarios,
but in Scenario 6 (ED, DT50 180 d) and the acute toxicant
scenarios (7–9), there were differences. In Scenario 6 (ED),
impacts were all greater in light soil scenarios, whilst the pat-
tern was varied for the acute toxicant scenarios with no clear
trend (Table 6).

When comparing the impact of ED and acute toxicant sce-
narios, there were clear differences in the spatial impact of the
two modes of action. In scenario 6 (ED), the mean abundance
across all landscapes was − 14%, the mean occupancy − 1%
and population size change was − 15%. The same statistics for
scenario 9 (acute) were 0, − 75 and − 74% (not shown).
Density, where the rabbit population persisted, was therefore

not affected by the acute toxicant scenarios; but although the
ED scenarios reduced density, the distribution was much less
affected.

Scenario 10 results (hare; × 1000 application rate of ED;
equivalent to rabbit Scenario 3) were unequivocal: hare pop-
ulations were driven to extinction or near extinction in all
landscapes.

4 Discussion

An ALMaSS-based model of landscape-scale rabbit popula-
tion dynamics was successfully made, though with some re-
maining important uncertainties. These are as follows:

& There is a need to verify the spatial distribution of poten-
tial warrens on a much larger scale than is currently pos-
sible, since landscape patterns used to fit the model are
characterised as ‘weak’ patterns, meaning that they are
generalities rather than precise targets.

& Dispersal distances and mortalities are estimated from lit-
erature and the landscape patterns. These values are highly
uncertain, although the model is relatively insensitive to
these parameters.

Fig. 2 Output pattern response of mean population size, sex ratio and occupancy for rabbit populations in the Himmerland landscape when varying the
parameters MAXWARRENNETWORKDIST and DISPERSALMORTPERM

Rabbit Population Landscape-Scale Simulation to Investigate the Relevance of Using Rabbits in Regulatory... 423



& Of the parameters to which the model was most sensi-
tive, the most influential are density-related effects and
were fitted based on the Bayreuth study. The uncertainty
regarding these is therefore linked to the extent to which
that study can be taken to represent rabbit ecology in

general. Other sensitive parameters have a more predict-
able range. For example, the maximum number of kits
per litter and the maximum forage rainfall were impor-
tant, but are not likely to vary to the extent tested in the
sensitivity analysis.

Fig. 3 Four statistics describing rabbit populations under standard
agricultural conditions with no toxicant added and for assumptions of
light and heavy soil. The landscape was divided into a regular grid of
100 m × 100 m and rabbits recorded within these grid cells and per
warren, and in total. a Mean density of rabbits (rabbits/ha) for all 1 ha
grid cells where rabbits were present. b The number of 1 ha grid cells

occupied by rabbits. c The mean number and proportion of potential
warrens that were occupied annually. d Mean adult female annual
population size on 1st October over the final 10 years of a 30-year sim-
ulation. X-axis codes refer to different landscapes: Es Esbjerg, Hi
Himmerland, Ka Karup, Ko Kolding,Lo Lolland, Mo Mors, Na
Næstved, Od Odder, To Toftlund and Tn Tønder landscapes

Fig. 4 Model kit abundance
based on 1994–1999 weather data
from Bayreuth Germany (which
included most extremes in
phenology) using the Tønder
landscape
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& Background predation levels are assumed to be density
independent and constant in time. This is unlikely to be
accurate; however, there is little evidence of predation
being an important population control factor [48].

& We used Danish landscapes and farming but, with the
exception of southern Denmark and islands, rabbits do
not occur in these landscapes. We therefore used the
weather data from central Germany and assumed that the
level of predation used was typical of central Europe. This
leaves the potential for differences in farm activities and
detailed landscape structure to affect the results. However,
given the range of landscapes tested, any effect of this is
not likely to be high.

Nevertheless, model fit to the patterns from the Bayreuth
field enclosures study was reasonable, and model results and
behaviour were commensurate with available literature data.
Therefore, we expect the model to predict effects of toxicants
on a rabbit population reasonably well within a domain of
applicability of central to northern Europe.

Putting aside the remaining uncertainties, the rabbit model
indicated that it is generally difficult to drive a rabbit popula-
tion to extinction, though strong effects can occur in certain
circumstances. An acute toxicant had a much greater effect on
rabbit populations than an endocrine disruptor affecting repro-
duction. It should be noted that both toxicants were extreme
and unrealistic imaginary cases.

Environmental fate of the toxicant has a large effect, as
shown by a comparison of scenarios 2 to 6 (ED scenarios).
Increasing the application rate in Scenario 2 (DT50 7 days) had
little or no effect because, even in the case of 10^6 times the
initial rate, the decay function results in toxicant levels below
the critical threshold before rabbit breeding starts. Increasing
the DT50 to 180 days (Scenario 6), so that environmental
toxicant concentrations still cause an effect the following
May, increased impacts from 4% to up to 20%. This did not,
however, stopmodel rabbits from refuge habitats dispersing to
agricultural warrens and attempting to breed. In fact, these
rabbits had high survival rates because of low densities of
the young. In contrast, we see a more dramatic effect of acute
mortality, which removes all foraging rabbits immediately.
However, it is interesting to note that density in non-exposed
areas remains high, suggesting in this case there is no signif-
icant depletion effect, or ‘action at a distance’ [49] seen in
other systems [50, 51].

The initial comparison between the rabbit and hare popu-
lation vulnerability indicated that the hare population was
much more vulnerable to the same toxicant even though the
toxic impact would be approximately four times lower due to
the higher body mass. In addition, the hare model used a
detailed daily foraging algorithm resulting in a precise esti-
mate of pesticide intake, whereas the rabbit model more con-
servatively assumed 100% of ingested matter to be contami-
nated at the concentration of the most toxicant-contaminated
area within the warren foraging area. Despite this conservative
assumption for the rabbit, it was not possible to drive the
population to extinction using an endocrine disruptor

Table 4 AOR index scores and overall population size changes measured for hare and rabbit population under Scenario 1 conditions for heavy and
light soil assumptions in 10 landscapes (Es-Tn)

Landscape Es Hi Ka Ko Lo Mo Na Od To Tn

Hare Ab. − 0.22 − 0.23 − 0.18 − 0.34 − 0.16 − 0.48 − 0.50 −0.42 − 0.37 − 0.05

Occ. − 0.15 − 0.14 − 0.03 − 0.19 − 0.32 − 0.05 − 0.08 − 0.13 − 0.04 − 0.13

Rabbit (heavy soil) Ab. − 0.01 − 0.01 − 0.01 − 0.01 − 0.02 − 0.01 0.00 0.00 − 0.01 0.00

Occ. 0.00 0.00 0.00 0.00 0.00 − 0.01 0.00 0.00 0.00 0.00

Rabbit (light soil) Ab. − 0.01 0.00 0.00 0.00 − 0.01 0.00 0.00 0.00 0.00 0.00

Occ. 0.00 0.00 0.00 −0.01 0.00 0.01 0.00 0.00 0.00 0.00

Overall population reduction

Hare 0.33 0.34 0.21 0.46 0.43 0.51 0.54 0.50 0.39 0.17

Rabbit (heavy soil) 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.00

Rabbit (light soil) 0.01 0.00 −0.01 0.01 0.01 −0.01 0.00 0.00 0.00 0.00

Table 3 First and last date of peaks in occurrence of kits during
baseline simulation runs in Tønder landscape for weather years 1992–
2001

Year Start Stop

1992 25-Mar 22-Sep

1993 20-Mar 26-Oct

1994 27-Mar 01-Oct

1995 03-Apr 03-Oct

1996 05-Mar 27-Sep

1997 01-Mar 27-Sep

1998 11-Mar 25-Sep

1999 10-Mar 19-Oct

2000 17-Mar 15-Oct

2001 24-Mar 26-Sep
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(reproductive effect) applied to agricultural areas, even when
it was present at toxic levels throughout the year. In contrast,
the hare population was fragile in all landscapes with the ex-
ception of Tønder, and was driven to extinction in an ED
scenario where rabbit population-level reductions as com-
bined AOR scores were 0.0 to − 0.03 in all landscapes
(Table 5, Sc.3). Impacts of acute immediate mortality
(Scenario 7) on the rabbit were higher than the ED scenarios,
and it was possible to reduce rabbit populations by over 90%
(not shown), but still not to extinction. In the worst case,
landscape occupancy of the rabbit was reduced by up to
94% compared to < 4% for the endocrine disruptor (not
shown).

To explain these results, it is necessary to consider the
interactions between the rabbit and hare spatial dynamics
and the landscape structure used in the scenarios. In all cases,
impacts were lower in the Tønder landscape than in all others.
This is due to the large area of permanent grassland in this
landscape, which provides habitat and refuge from exposure
to the toxicant (assumed to be applied to arable fields only).

This is true for both rabbit and hare. The higher impacts on the
hare, even in this landscape, were due to the spatial dynamics
of hares versus rabbits. Rabbits exist in semi-permanent war-
rens, which effectively act as breeding territories. Rabbits also
have high reproductive rates and typically a self-limiting pop-
ulation size (see model development). Warrens in non-
exposed habitat therefore act not only as refuges but as sources
of colonisers that can repopulate exposed warren sites. The
hare does not behave in this way and will move around to
obtain good forage conditions, having no fixed territory.
Thus, even in Tønder, many hares will venture into the arable
fields at some time and be affected by the toxicant.

These results should probably not be surprising. There is a
large body of literature on rabbit control, which is notoriously
difficult. Smith et al. [52] estimated that £5 million were spent
annually on rabbit control in the UK; and in other countries,
especially Australia and New Zealand, rabbits are considered
both as pests and as a danger to endemic wildlife. Given the
vigorous control campaigns in force it would be a surprise if
rabbit populations were vulnerable to the use of field sprayed
toxicants. In contrast, the brown hare has been in widespread
decline throughout Europe since the 1960s [53] and is listed
under Appendix 3 of the Bern Convention in Europe [54].
Declines are generally thought to be linked to habitat loss,
primarily through agricultural intensification [55]. It is clear
that the hare is a population under ‘stress’, and thus likely to
be vulnerable to further stressors.

The results illustrate how the model can be used to inves-
tigate reasons behind differences in species’ vulnerability, and
to check for conditions under which vulnerability might occur
in a species, for both protection or control programs. To do
this, it is essential that the baseline conditions are carefully
simulated and are representative of the domain of applicability
that the model will subsequently be used in.

We note that other parameter fitting methods could have
been used as part of the POM process (e.g. Bayesian

Table 5 Summed rabbit AOR scores for all scenario/landscape combinations and heavy soil

Test scenario

Landscape Sc.1 Sc.2 Sc.3 Sc.4 Sc.5 Sc.6 Sc.7 Sc.8 Sc.9

Es − 0.01 − 0.02 − 0.02 − 0.03 − 0.03 − 0.20 − 0.28 − 0.63 − 1.13

Hi − 0.01 − 0.02 − 0.02 − 0.03 − 0.03 − 0.17 − 0.20 − 0.37 − 0.62

Ka − 0.01 − 0.01 − 0.02 − 0.03 − 0.03 − 0.18 − 0.24 − 0.51 − 0.64

Ko − 0.01 − 0.01 0.00 − 0.02 − 0.02 − 0.13 − 0.17 − 0.46 − 0.97

Lo − 0.02 − 0.02 − 0.02 − 0.02 − 0.02 − 0.20 − 0.35 − 0.70 − 0.71

Mo − 0.01 − 0.01 − 0.01 − 0.02 − 0.02 − 0.12 − 0.16 − 0.30 − 0.44

Na − 0.01 − 0.01 − 0.01 − 0.02 − 0.02 − 0.17 − 0.27 − 0.62 − 1.44

Od − 0.01 − 0.01 − 0.01 − 0.02 − 0.02 − 0.15 − 0.17 − 0.39 − 0.59

To 0.00 0.00 − 0.01 − 0.01 − 0.01 − 0.17 − 0.21 − 0.56 − 0.85

Tn 0.00 0.00 0.00 0.00 0.00 −0.03 −0.02 − 0.06 − 0.12

Table 6 Summed AOR scores for light soil subtracted from the same
scenario summed AOR score for heavy soils for all ten landscapes

Scenario 6 Scenario 7 Scenario 8 Scenario 9

Es − 0.06 0.00 − 0.03 − 0.09

Hi − 0.04 0.01 0.02 0.01

Ka − 0.04 0.04 − 0.01 − 0.07

Ko − 0.02 0.01 0.05 0.00

Lo − 0.04 − 0.03 − 0.03 0.22

Mo − 0.03 0.01 0.03 0.06

Na − 0.02 0.01 − 0.05 0.02

Od − 0.04 0.01 0.01 0.05

To − 0.05 0.02 − 0.02 − 0.01

Tn − 0.01 0.01 0.01 0.04
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approaches to fitting [56] or using the Elementary Effects
method [57] for screening prior to fitting); it is perhaps unlike-
ly that these would find a significantly better fit, but they may
have beenmore time efficient. There are also other methods of
developing models that share similarities with POM, such as
pattern-guided evolution [58] and context-oriented model val-
idation [59]. The latter being very similar, based on POM but
with a more formal structure. All these methods are relatively
new, and it will require more work and tool development
before standards can be found, if this is possible at all.

The primary foci of this study were on testing the resilience
of rabbit populations and comparing the rabbit and hare in
regulatory risk assessment. Currently, regulatory risk assess-
ment is done on a case by case basis considering a single PPP
in isolation from all others [1, 2]. For the assessments carried
out here, toxicity was set extremely high and therefore other
stressors are unlikely to be of concern. However, in the real
world, with more realistic toxicity, this situation is unlikely to
apply and non-target organisms can be exposed to more than
one PPP due to multiple applications over time and/or mixture
application. In addition, the assumption of immediate
degradation/excretion of PPPs is not justified, as bioaccumu-
lation can occur in some cases. Since the current regulatory
risk assessment lacks some aspects of realism, these factors
may be taken into account in future regulatory risk assess-
ments. This is already being considered, referred to as a sys-
tems approach [60], in which case, predictive integrative
models such as presented here will be particularly valuable.

5 Conclusions

For EU risk assessment of plant protection products, these
results clearly indicate that if the protection goal is
population-level impacts, either in abundance and/or

distribution, then the hare is a much more vulnerable species
than the rabbit under all the conditions tested. Rabbits would
only be more vulnerable than hares if the entire population
were to be exposed simultaneously, when lower body mass
would then be a critical factor. This did not occur even though
the toxicant and exposure scenarios tested here were unrealis-
tically extreme.

As well as specifically answering the question on rabbit
versus hare vulnerability, this study generally illustrates the
potential usefulness of models in setting focal species for risk
assessments. Since developing and using these models is a
specialised activity, the next steps towards developing
population-level risk assessment could be for modelling spe-
cialists to develop standardised and accepted models, without
the need for detailed review of each subsequent application,
with user-friendly interfaces thus enabling standard use by
non-specialists. This would need to be an iterative process in
collaboration with risk assessors and risk managers. The result
could be development of detailed focal species models to be
used to determine protection goal metrics by back-calculation
of acceptable population impacts to acceptable toxicity/use
profiles; whereby these profiles could also be used in simple
first tier risk assessments. This would help remove one of the
biggest obstacles to model acceptance in ERA, i.e. the need
for specialist risk manager knowledge of individual models.
Of course the models could be further refined as more data
become available, for example in the case of the remaining
uncertainties discussed above for the ALMaSS rabbit model,
or in the case of specific toxicant or landscape scenarios.
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diagrams shown in Appendix 1. Thanks also to Graham Smith and David
Cowan for their helpful discussions on rabbit ecology during construction
of the rabbit model.
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Appendix 1: Landscape-Scale Distribution of Rabbit Warrens

Warren locations recorded in surveys made during unpub-
lished studies owned by Adama Agricultural Solutions Ltd.
(reference R-30856, R-30857), undertaken by Rifcon GmbH.

Fig. 5 Locations of rabbit
burrow entrances at the study site
Würzburg (Bavaria, Germany). a
Würzburg—part ‘Opferbaum’. b
Würzburg—part ‘Estenfeld’
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Fig. 6 Locations of rabbit
burrow entrances at the study site
Paks (Tolna, Hungary). a Paks—
part ‘valley’. b Paks—part
‘pasture’
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Fig. 7 Location of a rabbit
burrow entrances at the study site
Paks (Tolna, Hungary). Paks—
part ‘LPG’
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Fig. 8 Locations of rabbit
burrow entrances at the study site
Albacete (Castile La Mancha,
Spain)
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Fig. 9 Locations of rabbit
burrow entrances at the study site
Albacete (Castile La Mancha,
Spain)
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Fig. 10 Locations of rabbit
burrow entrances at the study site
Albacete (Castile La Mancha,
Spain)
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Fig. 11 Locations of rabbit
burrow entrances at the study site
Albacete (Castile La Mancha,
Spain)
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Fig. 12 Locations of rabbit
burrow entrances at the study site
Albacete (Castile La Mancha,
Spain)
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Fig. 13 Locations of rabbit
burrow entrances at the study site
Seville (Andalucia, Spain)
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Fig. 14 Locations of rabbit
burrow entrances at the study site
Seville (Andalucia, Spain)
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Fig. 15 Locations of rabbit
burrow entrances at the study site
Seville (Andalucia, Spain)
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Appendix 2: Sensitivity Analysis

Each parameter was varied by ± 25, 50 and 75% of its value in
Table 2 of the main text. The proportion change in 13 output

patterns for the 17 POM patterns used for fitting is shown
graphically below together with short notes on what the pa-
rameter does in the model. Please also see the ODdox docu-
mentation for the model for more details on parameter usage.
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DENDEPSCALER is a constant used to scale the nominal carrying capacity with the effect of increasing or decreasing the
effect of density dependent forage and mortality calculations.
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GLOBALDISEASEPROBCONSTANT is the constant that determines probability of globally calculated disease mortality
together with the global rabbit population size. The disease chance is based on global density: chance = (totalrabbits/no war-
ren) × (totalrabbits/no warren × GLOBALDISEASEPROBCONSTANT. This is then modified by local density:
chance = prob_density × CarryingCapacityRatio2. where carrying capacity ratio is the mean number of female rabbits over
300 days divided by the carrying capacity ratio (CarryingCapacityR/2) of each warren within the current warren network.
CarryingCapacityR is the number of burrows possible in a warren multiplied by DENDEPSCALER.
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MAXFORAGEHEIGHT is the height at which efficient foraging is assumed to be impossible. This primarily affects the
carrying capacity of the warren at any point in time where forage area below this value is limiting. This is used to calculate the
ratio between forage area and available forage. If available/total is less than CarryingCapacityRatio2, then the available forage is
divided by CarryingCapacityRatio2 and this is used in litter absorption calculations.
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LITTERABSORPTIONCONST is the power to which the relationship between local warren density and the probability of
reabsorption of a litter was raised:
chance = LITTERABSORPTIONCONST × (1.0 − available forage)LITTERABSORPTIONCONST.
where available forage is the ratio between available area and potential forage modified by the ratio of current-carrying capacity
to number of rabbits in the warren.
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MAXKITS is the maximum number of young per litter. The number of young per litter is evenly distributed between this value
and 1.
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SOCIALREPROTHRESHOLD is a constant used to determine the probability of reproduction of rabbits who have the social
status sub-dominant. Higher values decrease the chance of reproduction.
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MINBREEDINGTEMP is the minimum summed temperature over 60 days before a rabbit can start breeding, or at which it will
stop breeding.
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MINFORAGETEMP is minimum temperature in degrees Celsius that set as the threshold for efficient foraging to occur. This
primarily affects juvenile growth and forage-related mortality.
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YOUNGBASEMORT is the daily probability of mortality for the Rabbit_Young stage before any other external mortality or
mortality multipliers are applied.

Rabbit Population Landscape-Scale Simulation to Investigate the Relevance of Using Rabbits in Regulatory... 447



0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0 . 5 1 1 . 5 2

RE
SP

O
N

SE
 M

M
AG

N
IT

U
DE

PARAMETER SCALER

D I S EAS EDENDEPDAY

%Reprodcers MaxBrDesnity MinBrDensity

MeanLife�meOffspring Young/Li�er Li�ers/Female

MeanReproAge' MaxReproAge MaleNatalDisp

FemaleNatalDisp MeanBrDensity r1

r2

DISEASEDENDEPDAY is the day in the year that the density-dependent disease calculation is carried out.
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DENDEPPERIOD is the periodicity in days between the recalculation of density-dependent disease probabilities and density-
related reductions in foraging.
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FORAGEAREAMORTSCALER is the constant used to increase bad weather mortality as a function of the proportion of forage
available. This multiplier is applied when MINFORAGETEMP is not reached or MAXFORAGERAINFALL is exceeded.

450 Topping C.J., Weyman G.S.



0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0 . 5 1 1 . 5 2

RE
SP

O
N

SE
 M

M
AG

N
IT

U
DE

PARAMETER SCALER

J U V E N I L E B A S E M O R T

%Reprodcers MaxBrDesnity MinBrDensity

MeanLife�meOffspring Young/Li�er Li�ers/Female

MeanReproAge' MaxReproAge MaleNatalDisp

FemaleNatalDisp MeanBrDensity r1

r2

JUVENILEBASEMORT is the daily probability of mortality for the Rabbit_Juvenile stage before any external mortalities or
mortality multipliers are applied.
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ADULTBASEMORT is the daily probability of mortality for the Rabbit_Adullt stage before any external mortalities or mortality
multipliers are applied.
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DIGGINGTIMEwas the time assumed to be taken for a rabbit to dig a new burrow for breeding if one does not exist, and there is
room in the warren.
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MAXFORAGERAINFALL is the amount of precipitation in mm per day that set as the threshold for efficient foraging to occur.
This primarily affects juvenile growth and forage-related mortality.
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