CHAPTER 5: DEVELOPMENT OF THE SIMULATION MODEL
This chapter details the structure of a complex simulation model of hunting in the North Tien Shan.
The emphasis is on documenting the process by which it was derived and its constituent components in
order to allow their validity to be judged. The chapter begins by surveying the role, data available,
approach used for the simulation. The components of the model structure are detailed, but the bulk of
the chapter concerns the description of the processes which link these components. The aggregate
behaviour of the model is presented at the end of the chapter, but its significance can only be judged in
comparison to the results of chapter 6.

5.1 Role of the simulation
Virtually no quantitative data were available for the North Tien Shan on ibex numbers and population
dynamics, or hunting effort, offtakes or costs, and the amount and precision of the data that were
collected during a few months’ fieldwork were modest. Given, moreover, that reproduction and
hunting success involve significant stochastic elements, comparison of model output with a few years
of real data would not be very informative, even if detailed information were available. A meaningful
comparison of the predictions of the S&D model to real data would necessitate many years’ data on
offtake, efforts, prey population dynamics and demand. This is not the case in the NTS and will rarely,
if ever, be so in a conservation setting; not least because if managers possessed the resources and
access to acquire such information, they would likely also possess the wherewithal to tightly regulate
resource access. The application of the generic bioeconomic model to the NTS (developed in the next
chapter) is therefore compared to the outcome of a far more complex simulation model.
“Operating” models in fisheries (McAllister et al. 1999; Sainsbury et al. 1999; Punt et al. 2001, 2002)
provide a precedent for the use of complex simulations as virtual harvested systems. Although these
applications generally aim to recreate the critical processes in real systems for use in management
strategy evaluation (see 8.5.1), there are instances from the fisheries literature in which simple models
have been tested explicitly against more complex models rather than against reality (e.g. Ludwig &
Walters 1985). Neither is the use of complex artificial ecologies to describe ungulate dynamics new,
although these have generally concentrated on foraging behaviour (Turner et al. 1994; Bailey et al.
1996; Illius & Gordon 1997). Although the simulation developed here involves a greater range of
processes than previously artificial ecologies, elements remain that are not modelled mechanistically.
In particular, demand and hunter effort response follow the same simple assumptions in both the
simulation and S&D models, and hence the comparison between the models cannot be used to test the
appropriateness of those assumptions.
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5.2 Data
Ensuring plausibility in the simulation required a sound qualitative and semi-quantitative understanding
of ibex dynamics and hunter behaviour.
Biological information came from local observations by myself and others, heavily supplemented by
published literature. During a survey along the Chong Kemin valley, roughly 350 ibex (precise number
not known due to the possibility of repeat counts) were observed in an area of about 200+ km2 between
29th May and 3rd June 2002 inclusive (see appendix 5-1). A total of another 8 days were spent in the
field in the study area in the Chon Ak Suu valley in March 2002 and the Talgar valley, just north of the
head of the Chilik valley in April 2003, but both trips were hampered by heavy snow, and only a
couple of ibex herds were seen on each occasion. Whilst these trips did not allow any firm quantitative
estimate of ibex abundance in the area, much less of spatial density gradients, they were useful in
providing an understanding of habitat use, herding and disturbance behaviour. Nine field days in AltynEmel National Park in SE Kazakhstan in November 2001 and April 2002, and 3 days in Chatkal
Zapovednik in Uzbekistan, also afforded opportunities for familiarisation with C. sibirica, although the
terrain in these areas is substantially different. Green and Mahon (1996) reported altitudes of individual
herds sighted in the lower Chilik valley and the Khan Tengri area to the immediate east in August
1995, and numbers of ibex and herds seen by staff of the NABU snow leopard project were available,
although observations were insufficiently systematic to infer densities.
Indications of densities, density trends and natural history of C sibirica are available in the Central Asia
literature (e.g. Kovshar and Yanushko 1965; Gromov and Yandshevich 1972; IoZ unpublished;
Koshkarev 1989, 2002; Koshkarev and Vyrypaev 2000; Grachev 2000). Geist (1971), Schaller (1977),
Roberts (1977) and Walker et al. (1983) cover basic natural history and give some indication of
population densities, and more recent survey data for C. sibirica are available in Fox et al. (1991) and
Reading et al. (1999a). More analytical work has been carried out on the European ibexes, C. ibex and
C. pyrenaica, addressing vigilance behaviour (Toïgo 1999), herding (Toïgo et al. 1996; Ruckstuhl and
Neuhaus 2001), foraging (Neuhaus and Ruckstuhl 2002) and vital rates and population dynamics
(Escos et al. 1994; Girard et al. 1999; Toïgo et al. 1997, 1999, 2002; Saether et al. 2002). In addition,
F. Filli forwarded survey data from Swiss National Park and C. Toïgo forwarded results of her Ph.D
research on C. ibex.
Beyond this fairly limited literature, it was necessary to draw parallels with other species of ungulates,
however. A number of recent reviews have identified patterns in life history strategies and vital rates
across ungulate species (Loison et al. 1999; Gaillard et al. 1998, 2000a, 2000b; Coulson et al. 2000),
and many models of ungulate foraging (e.g. Turner et al. 1994; Bailey et al. 1996; Focardi et al. 1996;
Gross et al. 1995, 2000; Gross 2001) and habitat usage by montane ungulates (e.g. Cransac and
Hewison 1997; Singer et al. 2000a; Zeignefuss et al. 2000) are generalisable. In addition, North
American mountain sheep are considered more similar to the ibexes in their habitat use and life-history
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characteristics than they are to Asiatic sheep (Geist 1971). Where data were absent specifically for
ibex, consideration of Bighorn Sheep Ovis canandensis as an analogue, made available the wealth of
information collected on the life-history and demographics of that species (e.g. Berger 1990; FestaBianchet et al. 1995, 2000; Jorgenson et al. 1997; Festa-Bianchet 1998; Ruckstuhl 1998; Portier et al.
1998; Bérubé et al. 1999; Reale & Festa-Bianchet 2000; Schaeffer et al. 2000; Singer et al. 2000b,
2000c; De Young et al. 2000; Cote & Festa-Bianchet 2001; Gallant et al. 2001; Ruckstuhl & FestaBianchet 2001).
Information on hunting strategies was derived from the interviews and other contacts detailed in
chapter 4, and also from some direct observations of how local people, including some hunters,
searched for ibex.

5.3 Approach and methods
5.3.1 General
In providing a test-bed for the S&D model, the aim of the simulation is not to reliably predict the actual
harvesting dynamics within the NTS, but rather to describe a plausible scenario based on complex
dynamics. Any model is, of course, a gross simplification of reality, so it remains a matter of
judgement as to the degree of atomism that should be employed. The guiding principle was that the
forms of the relationships that underpin the S&D model, i.e. the hunting cost and population growth
functions, should be emergent properties of a set of lower-level mechanisms, rather than being
assumed. The number and interactions of those mechanisms should provide sufficient complexity to
free those macro relationships from the constraints of simple curvilinear functions. For example,
population growth in the simulation is affected by foraging success, which in turn is influenced by
density independent effects on forage availability and can be disrupted by hunting. The spatial
distribution and herd structure of the ibex result from a trade-off between foraging and predationavoidance preferences, and both these characteristics and the age- and sex-structure of the population
interact with hunting dynamics.
The criterion for judging the simulation is plausibility, both in its component mechanisms and macro
behaviour. The model was constructed in layers, at each stage ensure that the process in question
performed adequately, and that existing layers affected by it reacted within tolerable limits, considering
a wide range of largely graphical outputs. The ibex population model was built first, starting with
forage growth, then ibex grazing and foraging movements, and then numerical responses within the
ibex population. Hunter behaviour was similarly constructed in stepwise fashion within a limited
biological model, defining increasingly complex movement decisions, before allowing hunting
decisions involving specific herds to be included. Finally the biological and hunting components were
brought together.

108

For some of the mechanisms included in the model, very little was available to specify their form a
priori. In these cases, inherently reasonable parameter values were selected, varied within plausible
ranges, and selected on the basis of the behaviour they produced at higher levels. Given that the
guiding principle is feasibility, rather than accuracy per se, the question of whether the model is
informative as far as real events in the NTS are concerned is a separate issue, which will be addressed
briefly in chapter 5.

5.3.2 Vital rates
The overall pattern of vital rates in the ibex population was necessarily an emergent property of a
number of lower-level processes; foraging, investment in growth and reproduction, and natural
mortality. Field data generally only give a snapshot of vital rates, rather than showing systematically
how these vary with population density, let alone the physiological responses underpinning them.
Although Escos et al. (1994) and Toïgo et al. (2002) compare separate populations at different
densities, nowhere are age-specific vital rates quoted for ibex from the same area over a range of
population densities. Exploratory Leslie matrix analyses (Leslie 1945, 1948) were therefore used to
provide an understanding of how variations in age-specific mortality and reproduction rates suggested
by the literature might affect overall population growth and composition. And these informed the
process of refining the life-history strategy parameters.

5.3.3 Hunter behaviour
As in the biological part of the model, the most important consideration for the hunting component was
that the form of the macro behaviour of the simulation should arise from simple, yet realistic
mechanisms and constraints, rather than being directly specified. In practice this implied that hunter
strategies, primarily concerned with search and prey selection behaviour, should adapt to changing
conditions within the simulation. Although hunter interviews gave a good overview of hunting strategy
in general, it is unlikely that hunters themselves are aware of how they make specific tactical decisions,
and the difficulty for respondents without a high level of formal education in dealing with hypothetical
scenarios (Pinker 1998) made exploring this near impossible. The modelling approach was therefore to
make available whatever information from an individual hunt might reasonably be relevant to a
decision, and allow the system for processing this information to emerge from the adaptation of the
model itself.
According to the inference of chapter 4, the scenario modelled is of casual or occasional hunting by a
fairly homogenous group of men who already own appropriate equipment and possess a considerable
initial skill level, being familiar with the mountains and the habits of their prey. Due to the narrow pool
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from which hunters are drawn, modelling the selection of hunters on the basis of their individual
intrinsic merits, e.g. through the use of a Multiple Agent System (MAS) (Janssen et al. 2000; Walker
and Janssen 2000; Berger 2001; Parker et al. 2003) was deemed less appropriate than modelling a
group learning process that would adapt over a far shorter time-frame. Furthermore, the potential
number of factors relevant to hunter decisions, suggested that analytical techniques for selecting
optimal strategies would be both impractical, due to the ‘curse of dimensionality’ (Bellman 1961), and
inappropriate, as hunters would be unlikely to develop optimal solutions without some process of trial
and error. Genetic algorithms (GAs), in contrast offer a robust heuristic optimisation technique which
focuses on relative performance, rather than global optima (Holland 1975; Goldberg 1989; Mitchell
1996).
In keeping with terminology of GAs developed by Goldberg (1989), strings are analogous to
chromosomes, characters to loci, and character values to alleles. In the present context, hunting
strategies are analogous to genotypes.
Although a GA can provide robust solution to a problem with many variables, the mathematical
architecture of that problem must still be specified. In the case of hunter decisions, the ability to make
that specification confidently rapidly decreases with the number of inputs required for a given decision.
Hence, Artificial Neural Networks (ANNs) were used to provide a very flexible linkage between a
number of input and output variables (Rummelhart et al. 1986; Anderson 1995), and coupling these to
the GA allowed the information-processing framework itself to evolve (Montana and Davis 1989;
Rooij 1996). ANNs have previously been used to model search decisions in a spatial harvesting system
(Dreyfus-Leon and Kleiber 2001), and their use coupled with GAs, in the form of Individual based –
Neural network – Genetic algorithms (INGs), has recently been promoted in behavioural ecology more
widely (Huse & Giske 1998; Huse et al. 1999; Strand et al. 2002). ANNs were combined with the GA
in the NTS simulation to provide a robust, flexible, adaptive system for optimising hunter strategies in
response to diverse information, rather than to model the neural processes involved in learning
explicitly. Any similarities that may exist between the ING and human learning are obviously
welcome, though.
The system of evolution of the GA was not fixed a priori, but was based on educated guesses and then
refined until judged to function satisfactorily. As a heuristic technique applied to complex problems, it
is not surprising that GA design is not a precise science, and some trial-and-error should be expected.
Mitchell (1996) noted that there are ‘a huge number of choices about how to proceed, with little
theoretical guidance on how to make them’, and the use of GAs to determine the structure of GAs has
been suggested on occasions. The structure of the ANNs was largely determined according to the
simplest architecture which would provide extremely flexible linkages between inputs and outputs, but
an heuristic aspect was involved in their design also.
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Many of the early runs of the hunting component of the model were concerned with examining the
empirical results of the system of evolution, and making adjustments to improve performance.
Evolutionary sequences were visualised with dynamic kite diagrams which allowed the changes in
character value frequencies along each string throughout 400-year simulations to be scrutinized. In
examining these, two criteria were being assessed; consistency in the patterns of character value
selection, and the spread of character value frequencies around the peaks once stable patterns were
established. These were interpreted as measures of the balance of influence between selection and drift,
and selection and mutation respectively. In both cases the goal was to ensure that selection was the
predominant process, but to allow enough background variation to provide the raw material for further
selection. Although, once again, there was no objective standard for identifying the optimal balance,
undesirable patterns could in practice be identified fairly readily.
The ANN-GA was trained at a variety of fixed ibex population densities, using a simplified version of
the biological model, in which the ibex foraged normally, but reproduction and mortality were
removed. The objectives of the training phase were:
1.

To provide optimised strategy pools for different prey densities, which could then be used as
starting points in runs of the full simulation.

2.

To identify strategy components that are selected irrespective of prey density. These could
then reasonably be set as constants in the full model as there is no need to allow the GA to
control optimisation of a component for which there is a single global optimum.

3.

To explore the effect of ANN architecture on the efficiency of adaptation, and hence define an
effective structure for use in the full simulation model. The number of hidden layer nodes in
the ANNs was determined empirically using trial values from within the range used in similar
implementations (Huse et al. 1999; Strand et al. 2002).

5.4 Model components and structure
Figure 5-1 gives a simplified representation of the structure of the physical, biological and human
properties of the simulation and their interactions with the constituent processes.
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Fig 5-1. Structure of the simulation. All measurable properties of the climate, landscape, ibex
population and hunters are included, as is each discrete event that occurs within the simulation.
Arrows are used to selectively illustrate some of the major linkages, either between individual
properties and/or processes, or groups thereof. Each endogenous property and each process are
indexed by a letter or number respectively. For each property/process, all the downstream
elements influenced by it are indexed beneath its title.

5.4.1 Time and seasonality
Seasonality is of clear importance to a montane, continental ungulate, and to the people who hunt it.
For convenience, the model year is divided into 12 months of 4 8-day weeks. The annual cycle begins
at the start of April (month 0), which represents the start of spring and the point at which lambing
occurs. There are two seasons during the year, spring (April through September) and winter (October
through March), which are distinguished by two independent weather variables. The forage growth
season lasts 5 months (April through August), and snowlines rise and fall throughout the year, being
updated weekly. The rut occurs at the end of October, and natural mortality is applied at the end of
winter, as mortality in ungulates (other than at the post-natal stage) is highly concentrated in that
season (Loison et al. 1999). The hunting season lasts from September through December, and hunts are
spaced evenly within that time. All hunters interviewed stated that they only hunt during the legal,
autumn hunting season, although given that they are in any case hunting illegally, there is no automatic
reason why that should be the case, and hunters were seen in the Chon Ak Suu valley in March.

112

Nevertheless, it is likely that hunting is concentrated in the autumn season as ibex are then at their
fattest, occur at lower altitudes, are more aggregated than in early spring due to reproductive behaviour,
and the late autumn / early winter period involves little agricultural activity.

5.4.2 Weather
Environmental stochasticity is introduced in the form of weather. Each year’s weather is determined by
two independent variables drawn from a standardized normal, N(0,1), distribution; one for the spring
season, and one for the winter. Figures in Robinson (2000) and Robinson and Milner-Gulland (2003)
suggest that interannual variation in Kazakh rainfall and associated forage biomass is roughly normal.
The actual values of the variable have no direct physical meaning, but they can be interpreted through
their effects on other processes. In the absence of any compelling evidence for them, inter-seasonal and
inter-annual autocorrelation were not included. Both weather variables influence snow cover during
their respective seasons; the higher the variable, the higher the snow line. Higher values of each
variable can therefore be thought of as representing warmer weather. Spring weather also positively
influences forage growth, and winter weather has a direct, negative impact on winter survival.

5.4.3 Landscape
GIS-based models of the habitat choice in North American mountain goats and bighorns have indicated
that distance to escape terrain, slope, elevation and aspect are the most important physical aspects
determining distribution (Singer et al. 2000a; Zeigenfuss et al. 2000; Gross et al. 2002). These agree
with qualitative observations that ibex prefer sun-exposed slopes steep enough to shed snow, and
change altitude on a seasonal basis (Nievergelt quoted in Saether 2002; Kovshar and Yanushko 1965).
Bailey et al. (1996) divides ibex foraging location choices according to an ascending spatio-temporal
scale; bite, feeding station, patch, feeding site (movements every 1-4 hours), camp (every 1-4 weeks)
and home range (every month – 2 years).
The model landscape is divided into 1km2 cells in order to allow habitat heterogeneity at a scale
meaningful to ibex foraging movements within the upper half of Bailey et al.’s scale and hunter search
behaviour. There are 1699 cells within the study area shown in fig 4-4. Cells outside this area are
inaccessible to ibex, constituting a reflective boundary. Within the study area, cells predominantly
occupied by forest or permanent ice are also inaccessible to ibex. There are 1415 remaining habitable
cells, and for each of these, estimates were made of the physical characteristics most important to
mountain ungulate distribution. The result is a dynamic mosaic of habitat areas of varying
attractiveness to ibex, changing throughout the year according to dynamic processes such as forage
growth and deterioration, changes in snow cover, forage consumption and disturbance associated with
hunting (see fig 5-2 below).
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5.4.3.1 Physical characteristics
These are entirely exogenous to the model and were estimated by eye for each grid cell from Soviet
1:100 000 topographic maps.
Altitude. The mean altitude of each cell was estimated to the nearest 100masl from map contours at 20
or 40m intervals, depending on the edition.
Aspect. The bearing of the aspect of the predominant slope in each cell was estimated to the nearest
300 (i.e. according to points of the clock).
Grain. The grain of each cell provides a coarse measure of the complexity of the terrain, as judged by
the convolution of contours, and was assessed on an arbitrary incremental scale as 1, 2 or 3. It has no
direct influence on ibex decisions, but affects the visibility of animals within the cell to hunters.
Slope. The altitude gain along the predominant slope in each cell was estimated as a whole number on
the scale 0-4. The scale roughly relates to the maximum number of 200m altitude units gained, i.e. 2 –
400m gain across the cell. Slope 0 cells are essentially flat; slope 4 cells are predominantly occupied by
sheer cliff faces.

5.4.3.2 Secondary physical characteristics
These are derived from the exogenous physical characteristics of each cell.
Snow cover. Snow cover is well known to impact on foraging and distribution of ungulates (Turner et
al. 1994; Ihl and Klein 2001; Robinson and Milner-Gulland 2003). Snow cover in each cell can take
the value 0, 1, 2 or 3, representing no significant snow cover, light or patchy, medium (c. >20cm) and
heavy (c. >50cm) snow cover. All levels >0 prevent new forage growth, and are distinguished by the
severity with which they reduce the net energy gain from existing forage. No foraging is possible under
level 3 snow cover. Snowlines vary throughout the year and in relation with several physical attributes
of each cell according to the function shown in table 5-1. The pattern generated by the model,
corresponded well with expectations based on personal observations of snow cover within the study
area; e.g. snowlines on the southern sides of the main valleys are several hundred metres lower than
those on the northern sides in early spring.
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Effective snowlines
Quantity Value
ζd
2100 – 4200
masl
ψ
0-4
ι
0.2 – 1.5
w
N(0,1)
a0
200
a1

1000

a2
200
Individual ibex
metabolic rate
Quantity Value
b0
12
b1
3
Monthly biomass
density growth
Quantity Value
BM
0-10
c0
3
c1

0.25

c2

0.1

c3

0.5

Removal of BM due to
ibex foraging
Quantity Value
BMs
5
veg
0-1
d0
-0.032

Ibex perception of cell
suitability
Quantity Value
f
0-50
κ
0-4
dc
dh

ζe = ζd + a0.(ψ-1) + a1.(ι-1) + a2.w
Notes
Values depend on month, see table 5-3.
See 5.4.3.1.
See 5.4.3.2.
See 5.4.2.
Each unit increase in the slope scale raises the snowline by 200m, based on
personal local observations.
Taking the rule of thumb for mountain regions that a 100m increase in
altitude corresponds to a 10 fall in temperature (see
www.geographypages.co.uk/lapse.htm), this implies that a 10% change in
the level of exposure to sunlight corresponds to a 10 change in temperature.
Inter-annual SD of mean seasonal temperature is 20.
MR = N(b0, b1)
Notes
Values are in arbitrary units which only have meaning in relation to rates
of energy uptake from foraging. Values were selected along with other
vital rates to provide a suitable range of end-of-year conditions. A 25% CV
in individual MRs was considered plausible.
g(BM) = (c0 + c1.ws – c2.BM) . c3.(ι+1)
Notes
See 5.4.3.3.
Baseline rate of forage growth means that, with no forage removal,
biomass will reach its maximum level of 10 after about 4 months. I.e. most
growth is restricted to early part of year.
Produces a growth CV associated with spring weather of roughly 8.3%.
The CV of rainfall for Kazakhstan is 33% (Robinson et al. 2002), but
applying this degree of variation directly to forage growth produced
excessive population fluctuations. Additionally, Robinson et al. found that
the relationship between rainfall and forage growth in Kazakhstan was
relatively weak and inter-annual rainfall variation in mountain areas is
likely to be lower than that for Kazakhstan as a whole.
Accumulated biomass has a slightly negative effect on growth rate as
energy is required to support standing biomass. As maximum biomass is
approached, growth is reduced by about a third.
The proportional growth response to differences in insolation is likely
buffered by numerous processes and is thus less than the proportional
insolation difference.
r(BM) = d0.min{BM, BMs}.nc/veg
Notes
Represents 50% of maximum BM.
Depends on cell slope (see 5.4.3.2)
This provides for a typical end-of-year minimum (i.e. post-mortality, prelambing) ibex population of around 2700 individuals in the absence of
hunting, and implies that a single ibex would be able to consume the
equivalent of the maximum total forage biomass of a single 1km2 cell in 6
months 1 week.
s = f + (e0.κ – e1.log(1 + dc)) . (1+log(1 + dh)) . fs
Notes
See 5.4.3.4.
Equal to cell slope, see 5.4.3.4.
See 5.4.3.4.
See 5.4.4.1.
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fs
e0
e1

10
25

Probability of fusion on
encountering another
herd and monthly
probability of fission
Quantity Value
f0
0.1
f1
0.04
Cost of rutting for an
adult male
Quantity Value
g0
0.8
g1
55
Female reproductive
behaviour and
investment
Quantity Value
g2
5
g3
30
g4
0.4
2.75
g5
g6
-7.5
g7
0.95
eL
20
eW
20
Winter mortality

Quantity Value
h0
2
h1
0.25
h2
0.5
h3
3
h4
0.25
Search visibilities

Quantity
γ

Value
1, 2, 3

Previous month’s forage intake expressed as a proportion of the expected
average intake for that month in a population nearing carrying capacity.
Constant values imply that a one-unit increase in slope is as preferable as a
10 unit increase in forage value, and a cell with an average of 1 disturbance
event per year is as preferred as one with no disturbance history but a
forage value 7.5 units higher.
Pr{fusion} = f0/√nh
Pr{fission} = f1.nX/fs
Notes
Rate parameters for fusion and fission were chosen relative to each other
and with consideration of the likely number of encounters between herds at
different population densities and average herd sizes.
See notes for f0.
eR = max{0, g0.(ci – g1)}
Notes
Rut expenditure accounts for the fact that animals will subsequently
continue to lose condition for a further 5 months before the start of the next
spring. So males hedge their reproductive expenditure with respect to the
severity of winter conditions.
Pr{lambing} = min{1, g2.(cW – g3)
Pr{weaning success} = min{max{g4, g5.(cPP – g6}, g7}
Notes
The probability of giving birth varies linearly from 0 at condition 30 to
100% at 50 or above. The probability of successful weaning varies linearly
from 40% at a post-partum maternal condition of 10 to 95% at 30 or above.

All energetic costs are measured in condition units. Post-partum
investment to weaning is set at the same level as pre-natal investment as it
is known to be substantial in ibex (Neuhaus and Ruckstuhl 2002) and
bighorns (Festa-Bianchet 1998).
Pr{survival} = 1/(1+e-A)
cw
where, A =
− h (1 + h4 ξ )
h1 ws
h0 e
(1 + h2ξ ) 3
ξ = min{0, y-10}
Notes
See section 5.5.1.9 and fig 5-5.

Between cells:
va = max{i0, sin(min{i1.σ / γi, 90})}.(1-ω)
vt = max{i0, sin(min{i1.σ / γh, 90})}.(1-ω).i2.γri
Within the same cell:
ì0.9 if γ = 1
ï
v a = í0.7 if γ = 2
ï0.6 if γ = 3
î
vt = i2.γ
Notes
See 5.4.3.1.
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σ

i0
i1
ω

0.1
6
0, 0.5, 1

i2

0.1

Probability of sighting
a potentially visible
herd
Quantity Value
to
0.25, 0.5
x

π
i3

1, 3
0.667

i4
i5

5
2.5

Effort function

Quantity
ta
CVh

The sighting angle is the angle of incidence of the sighting line with the
plane of the herd cell for area visibility, or the hunter cell for time visibility
(see 5.5.2.2). Negative sighting angles imply that the sighting line lies
below the plane of the cell, and therefore result in zero visibility.
visibility varies from 0.1 to 1 over the range of sighting angles 0-150, 0-300
and 0-450 for cell grains 1, 2 and 3 respectively.
The line of sight can be blocked by intervening objects, so obs = 1 if the
sighting line between cells at a distance of 3+ km crosses below ridgelines
running between the high-points of the pairs of adjacent cells between
which the sighting line passes. If the sighting line passes below only one
ridgeline and within 100m of it, then obs = 0.5, else obs =0.
Steeper cells contain more broken, rocky terrain which hides and
camouflages ibex.

(

Pr{sighting} = v a 1 − e rto
where r = i4.ni3 .vt.π/xi5

)

Notes
0.25 hours at travel speed and 0.5 hours at search speed (see 5.5.2.1).
Equal to the distance in whole km between the hunter and herd cells. The
average distance between hunters and herds in the same cell is assumed to
be 0.3km.
Higher value for herds previously seen in the same day
Sighting rate is assumed to increase with something between herd size, i.e.
the number of animals that might be moving or located in a prominent
position at any given moment, and the square root of herd size, which
approximately scales with the area occupied by the herd. The power 2/3
was therefore used as a compromise between the two.
No systematic data available on which to base these parameters; values
were reached by trial-and-error with reference to the shape of the detection
function (see 5.5.2.2). The final value of i5 lies within the range of values
(1.5-5) plotted by Buckland et al. (2001, fig 2.6).
tT = E.ta
E = EE + N(0, CVh.√EE)
∆EE = η.(1+N(0, CVη)).(D-C).WT/(ν.tT)
EE cannot exceed Emax
Notes
See table 4-8.
See 6.3.1.5
See 5.5.2.6

Value
10 days
0.5
1 hunter
η
group som-1
day
0.25
See 6.3.1.5
CVη
-1
D
70 som kg
See table 4-8.
ν
2
See table 4-8.
Emax
500
See table 4-8.
Table 5-1. Model equations and origin of parameters. See table 5-2 for key to notation.
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Symbol
ζd/e
ψ
ι
w(S/W)

Variable / parameter identity
Default / effective snowline
Cell slope value
Cell insolation
(Spring / winter) weather

Symbol
va/t
γ(i/h)
σ
ω

MR
BM
BMs

Metabolic rate of an individual ibex
Forage biomass density
Biomass density at which ibex
feeding rate is saturated

to
x
π

nc
υ

Number of ibex within a cell
Cell vegetation cover

tT
E

s

Ibex perception of cell suitability

ta

f

Cell forage value

EE

κ

Cell cover value

CVh

dc

Cell disturbance value

∆EE

dh
fs

Herd disturbance history
Relative foraging success of a herd

η
CVη

nh
eR/L/W

Number of animals in herd
Cost (energy expenditure) involved
in rutting / lambing / weaning.
Condition at start of rut,

D
C

c(R/W/PP)
ξ

WT

Variable / parameter identity
Area / time visibility
Grain of (ibex herd / hunter) cell
Sighting angle,
Obstruction factor; determines
whether sighting line between cells is
blocked
Observation time from cell
Distance
Previous sighting factor; denotes
whether herd has previously been
seen by hunter
Total hunting time during the year
Total hunting effort, in hunter group
equivalents
Average number of days spent
hunting per year by a single hunter
group
Expected hunting effort; equal to the
number of active hunter groups
Coefficient of variation in activity of
a single hunter group
Yearly change in the number of active
hunter groups
Effort adjustment rate
Coefficient of variation in effort
adjustment
Demand price
Mean production cost per kg of meat

Total annual weight of meat produced
in the year
Number of hunters per group

Senescence; number of complete
ν
years beyond the age of 10
y
Age in completed years
Table 5-2. Algebraic symbols for variables and named parameters.

Altitude (masl) of snow line by
snow cover level
1
2
3
3000
3500
3700
April
3600
3900
4000
May
3900
4100
4100
June
4000
4100
4100
July
4000
4100
4200
August
4000
4100
September 3900
3600
3900
4000
October
3500
3700
November 3000
3000
3600
December 2400
2100
2600
3500
January
2100
2500
3500
February
2500
3000
3600
March
Table 5-3 Default mid-month snowlines throughout year. I.e. in mid January, any cell with an
altitude greater than or equal to 3500 masl will ceteris paribus be under snow level 3, etc. Default
figures are based on personal observations from the Tien Shan and surrounding region. See text
for explanation of snow cover levels.
Month
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Insolation. Exposure to sunlight depends on the slope, aspect and shading of a cell, and is measured

relative to a level, un-shaded cell (table 5-4). Shading is determined by the maximum vertical angle to
any other cell in the grid in southerly, southwesterly and southeasterly directions. For north-facing cells
(aspects 3300, 00, 300), only southerly shading is relevant, as the sun will be too low in the sky for
direct illumination in the morning and evening. The southerly shading angle affects the insolation of
north-facing cells in exactly the same way as their own slope does. For all other cells, a southerly
shading angle equivalent to a slope of 2, 3 or 4 reduces insolation by 10, 30 and 50% respectively. For
SE and SW shading, insolation reductions depend on the aspect of the cell as well as the shading angle
(table 5-5). West-facing cells are not affected by southeasterly shading and vice-versa. Maximum
insolation in this system is 1.5. Minimum insolation is capped at 0.2, as all cells receive some scattered
or reflected light. These rules of thumb were developed from a priori considerations of the amount of
light surfaces of different orientation are likely to receive from different directions, rather than
empirical data, but the results were visualised using Visual Basic graphics to ensure that patterns were
credible and consistent with topography.
Cell
Cell aspect
slope 0
1, 11
2, 10
3, 9
4, 8
5, 7
6
1
1
1
1
1
1
1
0
0.8
0.85
0.9
1.05
1.06
1.08
1.1
1
0.5
0.6
0.8
1.15
1.17
1.2
1.25
2
0.3
0.45
0.65
1.05
1.15
1.3
1.5
3
0.2
0.3
0.4
0.85
0.95
1.15
1.4
4
Table 5-4. Default insolation values for cells of varying slope and aspect. Values are derived a
priori from considerations of the cumulative illumination throughout the day received by planes
of different orientation with respect to that received by a horizontal plane. Hence the insolation
of north-facing cells diminishes with slope, as they will only receive light whilst the sun is at its
highest. The illumination of south-facing cells increases with slope up to a large extent as the sun
is not directly overhead for most of the day.

Shade Cell aspect
angle 2 / 10 3 / 9
4/8
5/7
6/6
10%
10%
10%
0
0
>1
20%
30%
20%
5%
0
>3
30%
40%
30%
10%
5%
>5
40%
50%
40%
20%
10%
>7
Table 5-5. Reductions in insolation due to SE/SW shading, depending on angle of shading and
cell aspect (for SE / SW shading respectively). Those cells that face towards the SE and SW
receive more of their light and hence are more severely affected by shading from those directions.
Vegetation cover. The proportion of a cell’s surface area expected to support forage growth depends

entirely on cell slope. The relationship is due to the strong correlation between the steepness of a slope
and the amount of rock outcropping, and based on personal observations. Slope 0 and 1 cells have
100% vegetation cover, slope 2 – 70%, 3 – 40%, 4 – 0%.
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5.4.3.3 Forage properties

These are not fixed properties of cells, but vary over time with processes such as forage growth,
grazing and seasonal effects.
Biomass. Biomass density across that fraction of a cell’s surface that supports forage growth is

measured on an arbitrary scale 0-10. The total forage biomass available within a cell is therefore the
product of biomass and vegetation cover.
Forage quality. The energy value per unit of forage biomass, measured on an arbitrary scale 1-10,

follows the deterioration in the quality of the forage through the year (Robinson 2000). All new growth
has an initial forage quality of 10, but the quality of existing forage decreases by 1.5 units per month
due to the accumulation of secondary compounds. After the end of the growing season, the quality of
all forage falls linearly to 3 within two months as nutrients are sequestered by inaccessible vegetative
structures.
5.4.3.4 Ibex perceptions

Some properties of each cell are based on the perceptions of ibex.
Forage value. In the model, the potential rate of energy uptake available to ibex from foraging within a

cell is the product of its forage quality and biomass, up to a biomass threshold of 5, beyond which
intake rates are saturated. Forage values therefore lie in the range 0-50. Level 1 and 2 snow cover
reduce forage value by 30 and 70% respectively, whilst not affecting the volume of biomass offtake.
Hence snow cover impacts net energy gain, rather than the volume of forage consumed. No forage
consumption is possible under level 3 snow cover.
Disturbance. The mean number of disturbance events that have taken place in a cell within the last

five years is known to all ibex, irrespective of which individuals were disturbed. This implies some
mechanism of social learning whereby animals learn to avoid cells that are avoided by others, for
which there is some, albeit limited evidence in the literature (Dumont and Boissy 1999). A memory
period of five years allows time for the learning process, without fixing ibex responses indefinitely.
Five years is roughly equivalent to ibex generation time.
Cover value. Mountain goats, and high mountain sheep (as opposed to Asiatic sheep that largely

inhabit rolling hills), head for steep, broken terrain when threatened, where they can move with greater
ease than their predators (Geist 1971; Schaller 1977; Cransac and Hewison 1997; Rachlow and Bowyer
1998). This response may often be maladaptive in the presence of hunters with firearms, but it is
assumed that ibex lack the behavioural flexibility to respond to humans differently from other
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predators. In the model, ibex perception of the inherent safety of a cell depends solely on its slope, and
hence the arbitrary scale on which it is measured is simply the same as the cell slope. Although
quantitatively identical for any given cell, slope and cover values are given different names to
emphasize that that the latter relies on ibex perceptions rather than the physical characteristics of the
cell alone.

5.4.4 Animals

Ibex occur in herds of 1-100 individuals, which are not close-knit kin structures, but rather loose
foraging aggregations presumably based on predation avoidance (Ruckstuhl & Festa-Bianchet 2001;
personal observations). Although some authors note strict separation of the sexes in ibex other than
during the rut (Gromov & Yandshevich 1972; Gross 1998; Ruckstuhl 1998; Ruckstuhl & Neuhaus
2001), most sizeable herds of Capra sibirica seen by the author in Central Asia have been mixed,
irrespective of the time of year (see e.g. appendix 5-1). Herd sex- and age-composition is therefore
random within the model.

5.4.4.1 Herd properties
Foraging history. Cumulative per capita energy intake is updated daily for each herd.
Disturbance history. Disturbance events suffered in the current year are recorded for each herd. When

herds fuse (see section 5.5.1.5 below), the disturbance history of the herd initiating fusion is adopted.
As disturbance history affects predation avoidance behaviour, ibex are more naïve at the start of the
year. Personal observations that ibex encountered in late winter / early spring allow a much closer
approach than those encountered at other times support this assumption, although other explanations
are possible.

5.4.4.2 Individual properties
Sex. Sex classes are as follows: 1 – immature female, 2 – juvenile female, 3 – adult female, 4 –

immature male, 5 – juvenile male, 6 – adult male. Juvenile females cannot reproduce at the start of the
year, but can be inseminated during the rut and give birth at the start of the following year. Only adult
males can enter the rut. Sexual stage is not determined directly by age; non-reproductive stages must
dedicate resources to growth before moving into reproductive sex classes (see section 5.5.1.6 for
effects on rate on sexual maturation).
Age. Number of whole years since birth.
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MR. The metabolic rate is the amount of energy expended by the animal each month, exclusive of

reproduction or growth. MR for each animal is selected at random from a N(12,3) distribution at the
start of each year (see table 5-1). The variation in MR can be interpreted as representing variation in
genetic composition, micro-foraging success, parasite load, etc.
Condition. An individual’s condition is equivalent to its energy reserves at any point in time and is

measured in the same units as forage uptake and metabolic and other energy expenditures. Net energy
gain is added to condition at the end of each month according to the herd’s foraging success minus
individual MR, unless there is a change in herd composition before the end of the month, in which case
it is updated at that point. Condition rises throughout the spring when forage availability is high, and
falls from early winter onwards when snowfall and poor forage quality produce negative energy
balances. Condition during the rut and end of year largely determines individual reproductive
behaviour, growth and winter survival. End of year condition is capped at a ceiling value of 100.
Capping represents a physiological limit to the energy reserves an animal can carry, and capping at the
end of the year is slightly simpler to implement than capping throughout the year for much the same
end result. Animals would regularly exceed the capping limit only at very low population densities (see
5.5.1.10 below).

5.4.5 Hunters

The events of each hunt are simulated on a day-to-day basis. The complete day for one hunt is
simulated, before moving on to the next hunt currently active. Each hunt is assigned a single decision
strategy, but individual hunters are not modelled explicitly. As a group, hunters are characterised by the
number of active individuals and a pool of available strategies. The number of strategies in the pool is
roughly equivalent to the number of active hunters, and therefore correlated with overall level of
hunting effort, but there is no implied assumption as to whether individual hunters use a single or a
range of strategies. The evolution of the strategy pool is shaped by the relative success of individual
strategies each year, and changes in the number of hunters are determined by aggregate hunting
performance, with reference to demand.
Hunter decisions concern elements of search strategy and whether to approach individual herds once
they are sighted. Three decisions are determined directly by the operative hunting strategy without
reference to current events, and two use ANNs to process information collected by hunters during the
hunt and inform the decision. The nature of each of the decisions and the input data relevant to it are
laid out in the description of the appropriate processes in section 5.5.2 below.
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5.4.5.1 ANN structure

The ANNs used in decision-making are feed-forward networks with a single hidden layer, according to
the simplest structure which will provide a highly flexible connection (Huse et al. 1999). Each piece of
information input into the decisions is represented by a single input node, whose value is standardised
to lie approximately within the range 0-1. Each input node is connected to every hidden layer node,
which in turn is connected to every output node. Nodes are connected by a standard sigmoidal
activation function (as described but incorrectly expressed algebraically in Huse et al. 1999), where the
output value of the ith node is given by:
Oi = 1/(1+e-A)

Eqn 5-1.

where A = nBi + ΣWijOj
j takes the values 1, 2, . . . n, for each of the n nodes in the lower level
Bi is the bias for the ith node
Oj is the output of / input from the jth lower node
and Wij is the weight for the jth input to the ith node.
The excitation function therefore takes the value 0.5 where ΣWijOj = nBi, and the sensitivity of the
function around this midpoint is controlled by the weights. In the case of the output nodes, the
excitation function is converted to a binary output with an activation threshold at 0.5.
An embellishment on the simple three-layer structure is used in cases where a single input is expressed
in the form of numerous mutually-exclusive qualitative states, for example where hunter location is
expressed by sector. Each of these alternatives is represented by a binary input, only one of which can
take the value 1 at any point in time. There is no a priori way to scale these nominal inputs, so the
scaling is left to the ANN itself, and this input pre-processing provides an extra layer to the ANN. Each
potential primary input is given a weight, which will become the value of the secondary input when its
value is 1. There is no bias for the secondary input node. There are also two cases where input preprocessing is used to distil the information from several non-exclusive primary inputs, for instance the
quality of a herd sighting is determined from the expected capture time, herd size and herd
composition. In these cases, each primary input has a weight and nB for the secondary input node is set
to –1, in order to encourage an output close to or within the range 0-1. Pre-processing of non-exclusive
primary inputs is used to simplify the structure of the ANN given that only a single metric is being
sought, e.g. sighting quality, so allowing full connectivity of each of the primary inputs with all of the
other inputs in the ANN would not contribute to efficiency. The structures of the ANNs are given in
reference to the decisions involved in section 5.5.2 below.

123

5.4.5.2 GA structure

The earliest GAs used 5-bit character strings to specify continuous values in binary code, in analogy to
the bases of the genetic code, with each mutation changing the value of a single bit (Holland 1975).
Five-bit strings can only produce 32 combinations, however, and as the number of bits per string is
increased, assessing mutation probabilities for each bit becomes extremely computationally intense.
More recent applications of GAs in conjunction with ANNs have used continuous character values
(Montana & Davis 1989). Each character is initiated with a uniform random value from the range [–
1,1], and subsequent mutations add a value also drawn from that distribution to it. When mutations to
the ANN characters occur, the characters determining all the Ws and Bs associated with a single node
mutate together, although independently. Those who used the former system initially seem to have
switched to the latter (cf. Huse & Giske 1998 and Huse et al. 1999), which is the system used here.
Also in keeping with earlier similar implementations, the GA is monoploid. Standardisation of input
values to the range [0,1] was additionally used in the simulation to increase efficiency in the adaptation
of the ANNs. If all inputs lie in this range, then it is likely that the optimal weights and biases will lie
close to the range [–1,1], and hence should be reached more quickly from their initial values. Mutations
at discrete characters add +/-1 to each value, looping at the extremities for the discrete nominal
characters.
In addition to mutation, recombination between strategies also occurs, with independent inheritance of
characters on separate strings and the probability of cross-over determined by the distance between
characters on the same string. The string structure of the GA is significant as it determines the degree
of linkage between characters. Characters that are strongly linked have the capacity to coevolve
multiple variants. For example value 1 of character a may work well with value 2 of character b, and
vice-versa, in which case the strategy fragments a1b2 and a2b1 may coexist in the strategy pool. If a
and b evolve independently, however, then the value of b will have to adapt to the overall distribution
of a values in the strategy pool, and vice versa, and hence stable polymorphism is far less likely.

5.5 Model events and processes
5.5.1 Biological processes
5.5.1.1 Forage growth

Portier et al (1998) report that growth of bighorn forage is positively correlated with spring temperature
and precipitation. Robinson (2000) found that most biomass growth in Kazakh semi-desert pasture
lands took place before the summer, although growth seasons were a little later in the mountains. In the
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model, all forage characteristics are updated daily, and monthly biomass growth rate during the 5
month growing season is given by:
g(BM) = (c0 + c1.ws – c2.BM) . c3.(ι+1)

Eqn 5-2.

where ws is the spring weather variable,
ι is the insolation value for the cell in question
c0-3 are constants (see table 5-1)
Expected BM growth in a typical cell in the absence of grazing is illustrated in figure 5-2a. Graphical
representations of the resulting patterns of forage availability were produced to ensure that they lay
within reasonable bounds. Spatial variation in forage value is strongest during the early and latter
stages of the year due to differences in early season growth and patterns of snow cover. The
distribution of forage quality is far more even during the summer season, although some heterogeneity
is still evident (see fig 5-3 below).
5.5.1.2 Forage consumption and condition gain

By definition, the gross rate of energy intake per animal in the model is equal to the forage quality of
the cell in which it is located. Net energy accumulation is given by the gross rate minus the an
individual’s metabolic rate.
The fact that all animals potentially accumulate energy reserves at the same rate does not necessarily
imply that all animals consume exactly the same physical quantity of forage. Condition is best viewed
as a relative metric of the health of an animal, rather than an energy reserve of fixed calorific value. I.e.
big animals consume more forage, but also require proportionally more for the same relative condition
gain. These intricacies are ignored in assessing the impact of consumption on forage biomass, however,
as they would not impact model behaviour unless there were large changes in mean body mass with
population size.
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Fig 5-2. Forage growth in a cell with 100% forage cover and insolation = 1, in the absence of
snow cover and weather effects: a.) change in biomass density (BM), forage quality and forage
value throughout the year in the absence of ibex; b.) BM, forage quality and value with continual
foraging by 12 ibex; c.) cumulative energy intake and condition gain for one of the 12 ibex with
metabolic rate, MR = 12. The total condition gain throughout the year is similar to that which
would be expected at carrying capacity, but the overall carrying capacity for the area is
considerably lower than 12 animals per sq.km. This is because only a proportion of cells in the
landscape are available for foraging, and those that are may have lower vegetation cover and
insolation values, and seasonal snow cover.
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5.5.1.3 Forage depletion and population limitation

The quantity of biomass removed by grazing is directly proportional to the number of ibex in a cell at
any point in time and the current biomass density up to the feeding response saturation limit (see table
5-1). The constant of proportionality determines the physical relationship between cell forage BM and
energy uptake by an individual animal, and can therefore be used to manipulate carrying capacity in the
model. Carrying capacity was deliberately set to be roughly concordant with the global K used in the
S&D model for the NTS (see chapter 5). Hence the S&D K is not tested by comparison with the
simulation. Carrying capacity in the simulation is a more nebulous concept than in the S&D model,
however, as ibex number varies through the year with births and hunting and winter mortality, and the
point at which net population growth is zero is a stochastic equilibrium, heavily influenced by
environmental variation. Remaining biomass at the end of the winter is removed, but this discontinuity
has little impact on the model as higher forage quality means that the forage value of the new spring
growth exceeds that of the old growth after a couple of days. Figure 5-2 illustrates patterns of forage
growth, uptake and condition gain.

5.5.1.4 Routine herd movements

The system of herd movements was adapted from existing descriptions and models of ungulate
foraging movement (Ferguson et al. 1988; Langvatn and Hanley 1993; Gross et al. 1995; Bailey et al.
1996; Gross 2001), informed by field observations of ibex in Central Asia (Gromov & Yandshevich
1972; U. Grachev pers. comm.; pers. obs.). Validation of these movement rules was based on visual
comparison of the resulting herd distributions with published descriptions for montane similar
ungulates (Nievergelt quoted in Saether 2002; Singer et al. 2000a; Zeigenfuss et al. 2000; Gross et al
2002), personal observations from the North Tien Shan and information from local informants.
Ibex trade off a preference for high forage value conditioned on their nutritional status with antipredation instincts based on the perceived safety of the cell and influenced by the flightiness of the
herd. Each herd considers making a short-range foraging movement once every 4 days. I.e. each day,
roughly a quarter of all herds consider moving. All foraging movements occur within a 7x7 cell grid
centred on the present location. Hence maximum distance for a single movement is 3 km. Ibex possess
perfect information on all cells within this area, but will only respond to a considerable difference in
suitability. They will move to the nearest cell with a suitability rating within 15% of the highest rated
cell, where suitability:
s = f + (e0.κ – e1.log(1 + dc)) . (1+log(1 + dh)) . fs

Eqn 5-3.

where f is the forage value of the cell,
κ is the cover value
dc is the cell disturbance value
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dh is the herd disturbance history
fs is relative foraging success of the herd
e0-1 are constants (see table 5-1)
Cells with slope values of 0 or 4 are never chosen whilst alternate cells with some forage value are
available. Cells below 3000m are entirely inaccessible due to the intensive human use they receive in
the area.
To prevent herds becoming trapped in locally sub-optimal areas, they are capable of periodically
moving longer distances, referred to in the model as distance movements. The model landscape is
divided into 13 sectors, essentially representing the western and eastern end of the sides of each of the
major valleys. At the end of each month, if a herd’s relative foraging success is less than 1, then it will
move to a new sector with probability:
Pr{distance movement} = 2*(1-fs)+log(1+dh)

Eqn 5-4.

The destination sector is chosen at from the adjoining sectors, but the relative probability of moving to
a sector is halved if the move involves crossing a ridge line or valley floor. The initial destination cell
within the new sector is chosen at random, but a regular foraging movement is executed immediately
upon arrival. Most distance movements are in the order of 10-20km, as the crow flies.
Figure 5-3 shows a typical distribution of herds in relation to forage quality. Ibex are concentrated on
steeper slopes, and, especially early in the year, occur at much higher density on the south-facing,
northern sides of the major valleys, particularly in the Chon Ak Suu valley. The seasonal vertical
migrations characteristic of ibex are reproduced in the simulation. Given that forage abundance
remains high at lower altitudes during the summer, the mechanism appears to be an intrinsic preference
for higher slopes, which are typically steeper and less disturbed, and which become clear of snow later
in the season; although the higher forage quality of new growth may contribute.
The biological model was originally parameterised in the absence of hunting, so that the impact of
hunting on biological processes would not be pre-determined. When hunters, and therefore prey
disturbance were added to the simulation, there were noticeable effects on the selection of herd
locations. Herds selected higher altitude cells than would otherwise be the case, and particularly those
cells where visibility is poor for hunters (see 5.5.2.2 below), even though ibex had no way of assessing
this directly. Horizontal displacement was investigated by restricting hunters to a single major valley
and removing hunting mortality, to which ibex responded by migrating out of the target valley over a
number of years as a result of disturbance alone. Comparing standard runs with and without the
inclusion of disturbance effects, although the impact of disturbance on ibex distribution was clearly
noticeable, it produced decreases in fecundity and carrying capacity of only around 10%, which was
not considered excessive.
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a.)

b.)

Fig 5-3. Distribution of ibex herds in early spring (a.) and mid summer (b.) in the absence of
hunting. White cells are permanently ice-bound, and locate ridge lines, black cells are forest, and
locate the bases of the two eastern valleys. In each case the base of the major valleys lies roughly
at its centre; compare these visualisations with fig 4-5 to get a rough idea of the topography of the
landscape. Forage value is represented by the intensity of green colouration in each cell. Brown
cells have no forage due to remaining snow cover, or 0 vegetation cover. Cells with a red dot at
the centre have ibex herds located within them. The larger the dot, the more herds; all cells in
this display have 0-3 herds. There are 600 ibex in total. Early in the year, most forage is
concentrated at the base of the south-facing slopes of the major valleys, and the distribution of
ibex reflects this. Later, ibex are more dispersed and occur at higher altitudes on average.
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5.5.1.5 Herding behaviour

Outside of the breeding season, herding in ibex and similar species is likely primarily associated with
predation avoidance (Schaller 1977), but large herds are likely to involve a negative impact on
individual foraging success. Very few publications list the sizes of individual herds seen; Reading et al.
(1997, for argali) is an exception. Similarly, many sources state that herd sizes increase with population
density (Gromov and Yandshevich 1972; Koshkarev 1989; Ruckstuhl and Festa-Bianchet 2001), but
the only attempt to describe the form of the relationship comes from Toïgo (1996), who suggested
average herd size was related to log population size, levelling off at a typical herd size of around 10.
The transferability of her findings is limited, however, by the fact that she only quoted total population
sizes, not densities. The goal in simulating herding behaviour was to use simple, but plausible rules to
produce a system with the following properties:
1.

a right-skewed distribution of herd sizes at any one point in time, in accordance with my own
observations and those of Reading et al. (1997).

2.

a decelerating increase in average herd size with population size, with a maximum average
herd size at around 10.

Herds decide whether to fuse with another herd in the same cell immediately after each foraging
movement decision. The probability that a herd will fuse with each herd encountered is inversely
proportional to the square root of its size (see table 5-1). Thus a herd leader is less likely to initiate
fusion if it is already in a larger herd. The fused herd takes on the properties of the herd that initiated
the fusion.
Any animal is capable of splitting the herd simply by choosing to move in a different direction, so the
monthly probability of herd fission scales with the number of individuals. It is assumed that large herds
increase foraging competition, however, so the probability of splitting is inversely proportional to the
relative foraging success of the herd (see table 5-1). Although fission probabilities are evaluated at the
end of each month, the actual split event takes place at the end of one of the 8 half-week cycles of the
following month, selected at random. When fission occurs, members of the original herd are allocated
at random between the two daughter herds, subject to the condition that each daughter herd must
contain at least one animal. Following a fission, one of the daughter herds undergoes a random relocation within the same sector, followed by a standard foraging movement.
These herding rules produced behaviour in line with the two properties mentioned above. Variation in
average herd size with population size is shown in figure 5-4.
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Fig. 5-4. Mean herd size vs total population size for a total of 4200 years of simulation output.

5.5.1.6 Growth

In Bighorns there is an apparent trade-off between early reproductive behaviour and body size (FestaBianchet et al. 1995; Gallant et al. 2001). Age of maturity in ungulates increases with density and
severity of weather, and is sex-dependent (Jorgenson et al. 1993; Saether 1997). In the model therefore,
individual growth, i.e. the process of reaching sexual maturity, involves a condition-dependent
investment which is higher in males than in females.
If an immature animal’s start of year condition exceeds 35, then it will develop into a juvenile, with an
associated loss of 25 condition units. The transition from juvenile to adult in males is governed by the
same rule, whereas females automatically and costlessly develop into adults at the end of a single
juvenile year.

5.5.1.7 Male reproductive behaviour

The literature suggests that energy expenditure during the rut is related to initial condition (Illius &
Gordon 1997), and that the participation of young male ungulates in the rut is dependent on the number
of older males in the population (Jorgenson et al. 1997; Laurian et al. 2000). In the model, therefore,
the penalty for rutting is not fixed (see table 5-1), and whilst all age 5+ males automatically rut,
younger adult males only enter the rut if their condition is in the top 30% of the older participants.
The number of males entering the rut is significant irrespective of their individual energy expenditures
because female reproduction is curtailed if there are not enough adult males in the population to
guarantee full female fertility. If there are not enough participating males to ensure full female fertility,
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however, younger adult males are included in descending order of condition until full fertility is
reached, or the pool of adult males is exhausted. The number of males needed for full fertility is in
accordance with the Allee effect introduced into the S&D model (see chapter 6). In practical terms, it
will only have an effect if the sex ratio is extremely skewed, either due to sampling effects at low
density or to heavily male-biased hunting.

5.5.1.8 Female reproduction and post-natal mortality

Toïgo et al. (1999) found no female cohort effects in ibex, and neither did Festa-Bianchet et al. (2000)
in bighorns. Reale & Festa-Bianchet (2000) reported far less variation in bighorn lamb mass than
maternal mass; and it is generally considered that female ibex and bighorns adjust reproductive
investment according to environmental conditions by varying the frequency of reproduction, rather
than the investment in each offspring (Festa-Bianchet et al. 2000; Reale & Festa-Bianchet 2000; Toïgo
et al. 2002), and the degree of participation in reproductive behaviour is highly age-dependent (Loison
et al. 1999; Gaillard et al. 2000a).
In the model, female participation in reproduction is dependent on her end-of-year condition, but the
investment in an individual offspring is not (see table 5-1). If the number of sexually active males
during the previous rut was too small to ensure full fertility, however, then the probability of
reproduction is reduced according to the number of participating males as a proportion of the number
needed for full fertility (see 6.3.1.5). Post-natal survival is dependent on maternal condition, but
beyond weaning, equal investment implies that all lambs begin independent life at an equal condition
level, which is set to –25.
Twinning was ignored in the simulation because the low twinning rates of 4-7% reported from wild
populations (Geist 1971; Kovshar & Yanuhsko 1965; Toïgo et al. 2002) were not considered to warrant
the additional complication. Although suggested by the literature (Gaillard et al. 1998; Berube et al.
1999; Loison et al. 1999; Toïgo et al. 2002), reproductive senescence was not included as Leslie matrix
analyses suggested it would have little impact.

5.5.1.9 Winter mortality

There is clear evidence of senescence affecting survivorship in both ibex and bighorns (Loison et al.
1999; Girard 1999; Gaillard et al 1998, 2000a; Toïgo et al. 2002), such that although prime-age
survivorship is very high, the oldest adults recorded in field studies are usually in their mid to late
teens.
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In the simulation, winter survival depends on end of year condition, winter weather and age. Any
animal with an end-of-year condition <0 dies, otherwise the probability of survival is given by a
logistic function of condition (fig 5-5):
Pr(survival) = 1/(1+e-A)
where, A =

cw
h0 e

h1 ws

(1 + h2ξ )

Eqn 5-5.

− h3 (1 + h4 ξ )

cW is winter condition
and ξ is the number of complete years after the age of 10.
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Fig 5-5. Illustrative winter survivorship probabilities vs end-of-year condition for normal and
senescent individuals, when winter weather = 0. For the pre-senescent case, the effect of variation
in winter weather is also shown.

Thus all animals have to gain at least 25 condition units over their first year in order to survive the first
winter. Subsequent survival is dependent on accumulation of condition through foraging, and on
expenditure associated with growth and reproductive behaviour. At times, the oldest animals in the
simulation reached the age of 21 or 22, but this is reasonable given that the sample sizes involved are
much larger than in field studies, and zoo studies report similar maximum ages (Geist 1971).

5.5.1.10 Vital rates

Taken in isolation, the four condition-dependent processes listed above (growth, male and female
reproduction, and mortality) are difficult to interpret, and as they involve responses to and changes in
internal physiological states, there was little direct information on which to base parameters. In
combination, they determine the age- and sex-specific patterns of survival and fecundity, concerning
which there is fairly clear guidance from the literature. Several studies have employed repeated
observation or mark-recapture to estimate age-specific survival and fecundity rates in ibex (Escos et al.
1994; Toïgo et al. 1997, 2002, pers. comm.; Girard et al. 1999), bighorns (Jorgenson et al. 1997;
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Portier et al. 1998; Bérubé et al. 1999; Singer et al. 2000c; Cote & Festa-Bianchet 2001) and others
(e.g. Catchpole et al. 2000 for soay sheep), and recent authors have sought to make generalisations
from field data on a number of ungulate species (Loison et al. 1999; Coulson et al. 2000; Gaillard et al.
2000a). Figures quoted for European ibex and bighorns are most directly transferable, but the general
pattern is consistent across many species (Gaillard et al. 2000a), echoes earlier opinion (Geist 1971;
Eberhardt 1977; Gaillard et al. 1998), and may be summarised according to the following points:
•

Environmental variation and density dependence interact in the effects on population
dynamics.

•

Prime-age adult survival is high and constant, with male survival somewhat lower and more
variable than female, although lower male survival was not found for ibex by Toïgo et al.
(1997).

•

Prime-age fecundity and yearling survival show moderate year-to-year variation.

•

Juvenile survival and young female fecundity show high variation.

Survival generally increases and becomes less variable with age, up to the point of senescence at about
10 years in ibex and bighorns (Girard et al. 1999; Loison et al. 1999). Young adult males may be
exceptional in having higher survivorship than older males due refraining from entering the rut
(Jorgenson et al. 1997).
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Figure 5-6 shows variation in vital rates during a fifty-year period of the simulation in the absence of
hunting. Although the population is at stochastic equilibrium, the data nevertheless cover a fairly wide
range of population sizes and mean conditions due to the dramatic drops in population size that are
possible when carrying capacity is exceeded (fig 5-7). Note that both survival and fecundity rates are
generally lower and more variable amongst younger age-classes. Prime-age adult male survivorship is
somewhat lower and more variable than that for prime-age females, and this is reflected in the lower
representation of males than females in the oldest age groups (fig 5-8).
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The difference between the sexes is largely due to the fact that female reproductive strategies are more
flexible than those of males (Toïgo et al. 1999, for ibex; Festa-Bianchet et al. 2000, for bighorns).
Males make their primary reproductive investment in autumn, before the impact of the winter season is
apparent. Females, conversely, are assumed to have some control over their reproductive effort after
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the point of insemination. Although a correlation between female fertility and autumn condition is well
established for a number of ungulates (e.g. Cameron and Verhoef 1999 for caribou; Langvatn et al.
2003 for red deer), there are also indications of flexible female reproductive investment after the rut in
several species of wild ungulate. Kruuk et al. (1999) linked fecundity changes associated with
population density to foetal loss in red deer; Coulson et al. (2000) showed that winter weather effected
fecundity in soay sheep and saiga antelope; and Robinson and Milner-Gulland (2003) quote data
showing that plasticity in saiga fecundity is effected by reabsorption of embryos at least as much as by
changes in fertilisation rates. In the model, it is assumed that end-of-year condition is the limiting
factor for female fecundity, allowing more flexible reproductive investment, which should provide
from the lower and more stable rates of mortality observed in females (Loison et al. 1999).
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Fig 5-8. Population sex-, age-composition during 50 years at stochastic equilibrium; males above
females.

It is typically suggested that density dependence in large ungulates is stronger at higher population
densities (e.g. Saether et al. 1997; Sinclair 1989), although the only analysis of field data for ibex is
equivocal (Saether et al. 2002). The asymmetry of the population growth curve in figure 5-7a, suggests
that density dependence is indeed slightly late-acting in the simulation (also see fig 6-5). The
considerable fluctuations in population size around equilibrium in the presence of environmental
stochasticity are due to an interaction between weather and time-lags in condition changes. Mean
condition falls roughly linearly with population size, but shows considerable variation at equilibrium as
fluctuations in the weather variables alter forage conditions, and population size tracks this imperfectly
(fig 5-7b). The lowest mean conditions occur when end-of-year population is at a modest level. These
are the years when natural mortality has been most severe. Figure 5-8 reveals that these die-offs are
primarily associated with high juvenile mortality, as the proportion of 2nd and 3rd year animals drops
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dramatically in the wake of a population crash. It should be noted, however, that the direct impact of
environmental stochasticity is far less severe when ibex are exposed to hunting, as the population is not
able to exceed its carrying capacity.

5.5.2 Hunting processes
5.5.2.1 Searching

Given that movement in high mountains is constrained by topography, hunter search movements are
restricted to a defined set of paths (fig 5-9). The locations of these paths were based on known paths
from personal experience and 1:100 000 maps and otherwise on topography.

Fig 5-9. Hunter routes. Major routes are black, minor routes grey.

Each hunter enters the area along one of major routes, which give access to each of the major valleys
and in all but one case follow the floor of those valleys. There are two speeds of hunter movement:
travel and search. The primary aim of moving at travel speed is to cover distance. At search speed,
hunters move more slowly, but have a higher probability of finding herds. Whilst located on major
routes, hunters have the option of moving at travel speed, but as soon as they leave them, they are
restricted to search speed. At travel speed, hunters require 15 minutes to cover a 1km straight-line
distance, plus one hour for each 500m gain in altitude. Search speed is half of travel speed. These
figures were chosen respectively to represent movement on horseback along well-defined paths, and
movement on foot, across sometimes difficult terrain with pauses to scan surrounding slopes more
carefully. It is taken into account that ground distances may be considerably greater than straight-line
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distances. Estimates were based on personal experience and hunters’ estimates of the time needed to
reach set locations.
If hunters re-traverse any ground they have earlier covered on the same day, they do so at travel speed.
Forest and permanent ice cells are also crossed at travel speed as hunters are unable to sight ibex from
these, but there is a 15 minute penalty for crossing an ice cell.
All hunts begin by selecting a major route and moving along it at travel speed. The second decision a
hunter must make is the distance along the major route at which to switch from travel to search. If a
hunter reaches the end of a major route, and has not yet made the switch to searching, then the switch is
enforced at that point. Once a hunter has begun searching, he is then free to choose to follow side
routes off the major route, which will take him up into side valleys. There are numerous branch points
in the network of paths, and at each of these a hunter on a given hunt will select a unique route or series
of routes. The route choices were designed to give hunters maximum flexibility in the areas visited
within a single hunt, whilst avoiding the possibility of hunters becoming locked into a repetitive loop.
After the switch to searching, at each branch point encountered, the hunter also makes a decision on
whether to continue searching in the same direction. There are four possible outcomes: the hunter may;
1.

continue searching in a forwards direction, moving further into the mountains.

2.

turn back, but continue with a general search pattern.

3.

travel back to the location of a previous herd sighting in the hope that the herd is still there.

4.

end the hunt and return home.

Once the decision to go back has been taken, further changes in direction are not allowed, except in the
case of returning to a previous sighting. If the hunter decides to return to a previous sighting and then
fails to relocate the herd or kill an animal, no further returns to other sightings are allowed. If the
decision is taken to end the hunt, then the hunter returns home by the shortest route available at travel
speed, but is able to hunt opportunistically along the way. A hunter returning to a previous sighting,
can also opportunistically hunt herds he sees along the way along the way, but cannot deviate from his
course.
As there is a time limit of 5 days for each hunt, the end of the hunt is enforced if the return time from
the current location is greater than or equal to the remaining allowable time. An exception to this rule is
made if the hunter is actively engaged in approaching a herd at the time, in which case the outcome of
that approach is first determined.
Four of the five types of decision made by hunters concern their search pattern (table 5-6). The route
choices – major route, distance at switch to searching, and branch-point routes – are made
deterministically within a hunt without reference to current events according to the hunts strategy
settings. Inputting ibex sightings made during the current hunt into these decisions would only be
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logical if ibex herds are positively associative, and as independent herds interact only through foraging
competition, the opposite should be true. Routes are of course informed by past experience through
strategy evolution in the GA.

Decision
Choice of
major
route
Switch to
searching

When made
Start of hunt

Inputs

Outcome
One of major
routes 1, 2, 3 or 4

Control system
Single character
in GA

Any point up to
end of major route

Major route chosen

Distance along
route in km

Minor
route
choice

At the first
decision point
arrived at in the
network of routes
after the switch to
searching;
subsequently
whenever the
current route
selection is
finished
At the end of every
minor route
(typically once
every half dozen
km) after the
switch to
searching, and
after unsuccessful
hunts

Location – choices are
specific to the current
decision point

One of up to 9
unique routes or
combinations of
routes, beginning
from that decision
point

Single character
in GA, with
absolute linkage
to major route
character
Single character
in GA for each
decision point in
outward and
return directions

Return

Hunt time elapsed
Sector in which currently
located
Return time from current
location
Reliability of previous
best sighting
Total number of herds
sighted
Number of other hunters
overnighting in same
sector or having started
along same route on
same day
Quality of herd
Approach Evaluated for the
Hunt time elapsed
best herd seen
Sector in which currently
from the current
located
cell each time that
at least one herd is Return time from current
location
seen from a cell
Reliability of previous
best sighting
Current direction of
travel
Table 5-6. Summary of hunter decisions.

Continue in
outward direction
Search in the
return direction
Return to a
previous sighting
Or return home

ANN with
linkages
determined by GA

Approach current
herd – i.e. attempt
to make a kill – or
not

ANN with
linkages
determined by GA
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The outcomes of the return decision could reasonably be expected to depend on hunt-specific events,
however. Hunters may utilise a range of information in making the decision (see table 5-6); the amount
of time elapsed since the start of the hunt, their current location and the return time from it, the number
of herds they have seen on that trip, the number of other hunters that stayed the night in that area, the
time since and the distance to their best sighting. They can also assess the quality of each herd sighting
they have made according to the expected capture time for that herd (= approach time / probability of
capture; see section 5.5.2.4), an estimate of herd size by class (corresponding to 1-2, 3-5, 6-9, 10-14
and 15+ members) and the presence of mature animals (a value of 0.5 is assigned for the presence of
any individual of age 2+, and 1 for any 3+ male).
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Fig 5-10. Structure of ANNs.
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In accordance with its complexity, the return decision is controlled by an ANN. The return decision
ANN has three binary outputs, whose output 1 / 0 corresponds to each of three hierarchical decisions
respectively: go back / no change; end hunt / continue; return to best sighting / return and search. The
four possible outcomes of the return decision listed above are effected by the respective outputs 0--,
100, 101, and 11-. I.e. the output nodes are hierarchical in the sense the output of lower nodes is only
relevant if upper nodes are activated. The structure of the ANN is illustrated in figure 5-10.

5.5.2.2 Sighting herds

Herds are detected by sight. None of the hunters interviewed discussed tracking individual herds by
their sign. In an open environment, tracking would probably only be efficient if the ibex population
were at very low densities over a very long time or in situations where sign could be aged very
accurately, such as after a fresh snowfall. Although hunters use observations of sign to determine
which areas are most heavily used in general, there was no indication from interviews that they track
individual herds. Personal experience suggested that ibex are not sighted from more than 4km distance
(unless using a spotting scope). For each cell that a hunter enters, the probability is evaluated of seeing
each herd within a 4 km sighting radius from it.
The probability of a hunter sighting a herd depends on the visibility of the herd cell from the hunter
cell, distance, herd size and whether the herd has previously been spotted from another cell. Each
landscape cell in the model is represented as a plane in 3D space, with an aspect and slope. The grain
of each cell also provides a measure of the surface texture of the plane. The visibility of one cell to or
from another is determined by the grain and the acuteness of the angle between the sighting line and
the plane of the cell. The sighting line is an imaginary line in 3D space, which joins the centres of the
planes of the two cells. In reality, a hunter moves across his cell as he makes observations, so at
different times, different areas of the herd cell will be visible, and the sighting angle should be viewed
as an average figure. Accordingly, there are two measures of visibility: area visibility is notionally the
area of the herd cell that is visible at any point from the hunter cell, and time visibility is the proportion
of time for which the herd cell is visible from the hunter cell. The latter affects the effective time which
the hunter has to spot the herd, whereas the former affects the probability of sighting directly, as the
herd is either in the visible proportion of the herd cell or not.
The sighting angle from the hunter cell and its grain determine the time visibility: if the hunter is
moving across an undulating surface and the sighting line to the herd cell is close to the plane of that
surface, then he will not often be able to see the herd cell (although of course hunters adjust somewhat
by spending more time searching at the peaks than the troughs). Conversely, and for similar reasons,
the sighting angle to the herd cell and its grain determine the area visibility. Where there is an
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obstructed sighting line between two cells, both types of visibilities are related to the sine of the
respective sighting angle, σ (see table 5-1).
σ is calculated according to:
sin(σ) = sin(y+s) . sin(ε) / sin(y)

Eqn 5-6.

where tan(y) = tan(ε)/sin(θ),
s is the elevation of the slope of the cell,
ε is the elevation of the sighting line (+ve above horizontal plane, -ve below),
and θ is the angle in the horizontal plane between the sighting line and the surface of the cell (+ve in
front of the surface, -ve behind)
See appendix 5-2 for a derivation.
Graphic visualisations were used to check the visibility to all cells from each individual route cell, and
the maximum visibility to each cell in the landscape from any route cell. These revealed that:
1.

The pattern of visibility from each cell made intrinsic sense for the topography of the model
landscape, i.e. visibility was better from high points and looking across valleys.

2.

The number of cells visible from any given route cell was typically a fraction of the total
number of cells within the sighting radius, often around a quarter to a third, with only a few
potential herd cells having good visibility. This was considered appropriate for a high
mountain landscape.

3.

Using the initial network of hunter paths, there were some noticeable blind spots in the
landscape. Although it was deemed entirely appropriate that there should be a mosaic of cells
of differing visibility, it was not considered logical for there to be sizeable areas in which
herds were effectively invisible to hunters. Some of the hunter routes were therefore amended
or extended to give better views of these low visibility areas.

The probability of sighting a herd is the probability that it is located in the visible area of the herd cell,
and if so, that a sighting is made in the time t spent traversing the hunter cell, given an instantaneous
sighting rate, r:

(

Pr{sighting} = v a 1 − e rto

)

Eqn 5-7.

where r = i4.nhi3 .vt.π/xi5
va and vt are area and time visibilities respectively
to is the time available for observation from the cell
nh is the number of animals in the herd
π is a factor which depends on whether the herd has previously been sighted
x is the distance been the hunter and herd
and i3-5 are constants (see table 5-1).
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The true form of the relationship between wildlife detection probabilities and distance is not known and
can depend on many local variables (Buckland et al. 2001). The hazard rate function recommended by
Buckland et al. is analogous to a Poisson process and relates detection probability to distance in the
same fashion as eqn 5-7.
Shapes of the detection functions for potential combinations of parameters were graphed and
scrutinised directly, and maximum detection probabilities for a herd of 10 animals within each cell
were visualised in the same way as maximum cell visibilities were above. In each case, judgement was
based on personal experience of sighting ibex specifically in the North Tien Shan. Although sighting
rates are difficult to guage directly for obvious reasons, it is possible to build up a feel for likely rates
over time according to the frequency with which animals are seen at differing distances. Under the
system arrived at, given 100% visibility, there is a 71% chance of seeing one animal at 1km, and a 25%
chance of seeing a herd of 20 animals at 4km when searching. Maximum sighting probabilities for a
herd of 10 are over 70% in many cells close to routes, although fall below 20% in a significant fraction
of less accessible cell. In runs of the simulation, around 7% of herds located in cells to which visibility
is >0 are seen from each route cell. It must be born in mind, however, that most of those instances
involve very low cell-to-cell visibilities due both to the physical characteristics of the system and the
fact that ibex avoid high visibility areas.

5.5.2.3 Disturbance

Field observations and local informants suggested that ibex reactions to people depended on distance
and that when disturbed herds tend to move to higher ground, favour traditional escape terrain
(Rachlow and Bowyer 1998; Gross et al. 2002), and may split, although the frequency of subsequent
reformation is unknown.
In the simulation, herds are disturbed when they become aware of hunters within the same cell. The
effect of each disturbance event is stereotypical, regardless of the hunter activity that caused it. Each
time a herd is disturbed, it undergoes the following sequence of behaviours:
1.

Move to whichever higher adjacent cell has the highest cover value. If there is no higher
adjacent cell, then go to step 3.

2.

If after the first movement, there is another adjacent cell available with higher or equal altitude
and cover than the present cell (not including the original cell), there is a 50% chance that the
herd will make an additional move to it. Go to step 4.

3.

Moves to the highest adjacent cell and then on to the cell with the highest cover value adjacent
to that (excluding the original cell), selecting by highest altitude if cover values are tied.

4.

There is a 10% chance that the herd will split.
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If, on entering a cell containing a herd, a hunter is travelling or searching, rather than hunting, the herd
has the same probability, p, of seeing the hunter as the hunter has of seeing the herd. Therefore the
probability of either the hunter seeing the herd or the herd seeing the hunter is 2p-p2. If a sighting takes
place, the probability that either party made the sighting first is 50%. If the hunter sees the herd first,
but decides not to approach it, the probability that the herd subsequently sees the hunter is:
Pr{hunter first, then herd}/Pr{hunter first}
= Pr{hunter first, then herd}/(Pr{only hunter}+Pr{hunter first, then herd})
= 0.5p2/(0.5*Pr{only one party}+0.5p2) =

p2
2

2p − 2p + p

2

=

p
2− p

Eqn 5-8.

If a hunter is in the process of approaching a herd, and therefore already taking care to conceal himself,
disturbance is determined by the outcome of the hunt. All hunts result in disturbance to the target herd
because a failed approach is one where the herd is disturbed and moves away from the hunter. If the
hunt is successful, all the herds in the same cell are disturbed as a result of the shot being fired. In
addition, it is assumed that one shot is missed for every two successful shots, which again results in the
disturbance of all the herds in the cell.
Once a herd is disturbed, it becomes alert to the hunter so that subsequent approach attempts by the
same hunter are effectively impossible within the same day.

5.5.2.4 Approaching a herd

Whenever a hunter sights a herd, he must decide whether to approach it and attempt to kill an animal.
When a hunter approaches a herd, the time taken to reach the herd cell is determined by the normal
rules for search movements. Once within the herd cell, the time taken to approach the herd and the
probability of making a kill depend on the herd’s location. Hunter interviews suggested that very
roughly a third of approaches were successful (see table 4-8). Hunters using shotguns need to approach
animals to a very close distance in order to be confident of making a kill, at least within 50m and often
within 20m, which requires cover to conceal an approach from a downwind direction. Sometimes,
working in pairs, one hunter will drive animals towards a hidden partner, but this technique similarly
requires a favourable orientation of the herd with respect to available cover.
Hunters should be able to judge whether a herd’s position is favourable, but the chance of that being
the case will depend on the properties of the cell. If a herd is not in a favourable position, then it must
be followed until it reaches one. A herd’s location is given the value 1, 2 or 3, known to the hunter
when deciding whether to hunt, and corresponding to approach times and probabilities of success of
1hr and 50%, 2hrs and 25%, and 4hrs and 15% respectively. The probability of a herd being in each
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type of position depends on the grain of the cell, as cells with higher grain values are more likely to
offer hunters cover (table 5-7). Hunting success does not depend on herd size, as although a larger herd
provides more potential targets, it will also be more difficult to approach due to increased vigilance.

Cell
Herd location type
grain
1
2
3
0.2
0.3
0.5
1
0.25
0.5
0.25
2
0.5
0.3
0.2
3
Table 5-7. Probability of herd location being of type 1, 2 or 3 in cells with different grain values.
Herds location provides an ordinal measure of the probability with which a herd can be
approached successfully (see 5.5.2.4). Cell grain provides an ordinal measure of the surface
texture of the cell (see 5.4.3.1). Cells with more complex, undulating surfaces provide more
chances for successfully approaching ibex herds undetected.

A hunter judges the quality of each herd sighted on the basis of its location and size. He then decides
whether to approach the best herd seen from the current cell, incorporating other considerations such as
the quality of previous sightings and then amount of time he has left (table 5-6). The approach decision
is controlled by an ANN with one output node; 1 – approach herd, 0 – don’t (fig 5-10).
In cases where a hunter returns to the site of a previous best sighting, and is therefore aware of the
herd’s location, he will always see that herd as long as it is still potentially visible from the original
cell. Moreover, herds will have no chance to see the hunter before an approach, as it is assumed that the
hunter is already moving discretely when he enters the cell. After a return to a best sighting, the hunter
will always hunt the best herd he locates from that cell. If the approach fails, he resumes standard
searching in the return direction.

5.5.2.5 Prey selection

Although hunters generally stated that they only targeted adult males, prey selection in the simulation
is allowed to be more pragmatic. Due to the very limited range over which their weapons are effective,
it is assumed that when a hunter approaches a herd, only a fraction of its members will be in range, and
furthermore, their dependence on cover and wind direction prevents hunters specifically targeting a
certain section of the herd. A third of the animals in the herd, up to a maximum of 5, are therefore
selected at random as potential targets. Hunters pick the largest animal within this sample, according to
meat weights depending on sex and age (table 5-8). Beyond this, hunters are only able to select the
class of animal that they target to the extent that they use herd composition as a criterion in deciding
whether to approach a herd.
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Age
0
1
2
3
4
5+
10
20
30
40
45
50
♂
10
15
20
25
25
25
♀
Table 5-8. Meat weight (kg) of ibex in different age- and sex-classes. No systematic data on either
body or meat weights were found. Anectdotal information on body weights was available in a
number of natural history texts (Gromov & Yandshevich 1972; Roberts 1977; Walker et al. 1983;
Couturier 1962 cited in Toïgo 1999), and meat weights were estimated by hunters, but these
figures incorporated a fair degree of variation and in some cases were internally inconsistent.
Estimates therefore reflect the consensus, whilst erring on the side of caution because some meat
will likely be eaten during the hunting trip. Figures are for bone-in meat weights, not including
head, hooves, hide or viscera, or approximately half of total body weight.
Sex

Hunts end automatically after any successful approach given that the maximum bag is limited to a
single animal (see table 4-8). If an approach is not successful, then the hunter returns to standard
searching.

5.5.2.6 Performance and effort response

The competition between strategies depends on the relative performance of each (see 5.5.2.7 below).
The variation in overall hunting effort, which is essentially the same as the variation in the number of
active hunter groups, occurs in response to aggregate hunting performance, however.
Predicting industry entry/exit rates is a perennial problem in bioeconomics (see e.g. Bjorndal & Conrad
1987). In the absence of detailed information, there is usually an assumption that the rate of entry
varies directly with total profit (e.g. Opsomer & Conrad 1994; Conrad 1995) or profit per agent (e.g.
Bjorndal & Conrad 1987). As expected effort per agent is constant, it is assumed in the simulation that
the rate of effort adjustment scales directly with profit per day, which is essentially the same as
assuming a direct relationship with profit per unit investment. UNDP (Candelise 2000) figures roughly
suggest a 4% per annum uptake of a micro-credit scheme by households in a Kyrgyz village, during
which period there was an average annual gain in household wealth of approximately 6500 som, using
livestock price estimates for the North Tien Shan. Although there are numerous reasons for suspecting
that these figures are not directly transferable, in the absence of any more specific data, they are used to
derive a first estimate figure of 4% per 20s daily profit. In the context of the putative pool of 500
hunters in the North Tien Shan, this is equivalent to 1 hunter per som profit per day. See table 5-1 for
the complete effort function.

5.5.2.7 Final form of GA

A single strategy comprises 5 strings. String 1 contains the major route and switching distance
characters. String 2 contains a character for each of the 82 route decision points. String 3 carry the
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weights for the pre-processing of primary inputs to both ANNs, and strings 4 and 5 contain the weights
and biases for the return and approach decision ANNs respectively.
There is absolute linkage between the two characters on string 1, as a given switching distance along
one major route is meaningless in the context of a different major route. Similarly, the characters
associated with a single ANN node all lie together on a string, but conversely, the two ANNs are coded
on separate strings because each should have the flexibility to produce a single optimal solution.
Instead of inputting current location into each of the ANNs, it would be possible to link the characters
specifying the ANNs to the route decision characters, but this would mean that different versions of the
ANNs would have to adapt to each of the route strategy variants, and within the context of a small
strategy pool, this is likely to be highly inefficient.
Character values may be discrete or continuous. A single character with 4 values determines the choice
of major route, another carries discrete scalar values for the distance along the major route at which the
switch to searching will occur, and there is one character for each minor route decision point within the
network in each direction (forwards and back), carrying between 2 and 9 discrete values for each of the
route selections. Although these route decision character values are essentially nominal, they also
possess an ordinal aspect in that consecutive character values tend to specify related routes, often in
order of increasing complexity. Each weight and bias in the two ANNs is specified by a continuous
character value in the GA.
The final system of strategy selection and evolution is represented schematically by figure 5-11, and
the steps involved are as follows:
1.

Strategies from the available pool are selected at random without replacement to be used in
hunts. Although single strategies cannot be used by more than one hunt at the same time, they
are repeatedly used in hunts until the total hunting time spent using that strategy in the current
year exceeds 8 days. Hence each selected strategy will typically be used 2 or 3 times each
year, which implies that the number of strategies used in total will be roughly equal to the
number of active hunter groups. If the available strategy pool is exhausted, then all strategies
are replaced, but strategies picked for a second time are subsequently treated as distinct from
their first-round homologues.

2.

At the end of the year, all strategies that were used are placed in order of their performance
(kg of meat produced per day).

3.

The top 50% of strategies, or fewer if less than 50% have resulted in any meat production, are
distinguished as the ‘reproducing’ strategies that will contribute directly to the next
generation.

4.

The pool of available strategies for the subsequent is set equal to the size of the current pool of
used strategies. It is further subdivided into offspring quotas between the ‘reproducing’
strategies in proportion to their relative performance, which bears similarity to the ‘biased
roulette wheel’ used in some GAs (Goldberg 1989).
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5.

To produce offspring, each ‘reproducing’ strategy must recombine with another strategy
selected at random with replacement from the current used pool, including ‘non-reproducing’
strategies. During the cross, strings are inherited independently, and there is a 50% chance of
a single cross-over occurring at a random location along the length of each string pair, other
than for string 1.

6.

Those strings that have not a crossed-over may then undergo a single mutation with a 2%
chance at each character, or for each group of characters specifying a single ANN node. Both
recombinant, mutant offspring from a single cross pass are retained whilst a strategy’s quota
has not been reached.

7.

The pool of offspring strategies produced provides the pool of potentially usable strategies to
be selected the following year.
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Fig 5-11. Schematic diagram of strategy selection and evolution. Numbers refer to steps
described in the text.

This system was derived from modification of an initial variant in which each strategy was used once a
year and the top 50% by performance each produced two offspring. Changes in the number of
strategies were executed by removing existing low-performance strategies and introducing new
entrants that were mutated members of the existing pool. The patterns of strategy evolution produced
were judges unsatisfactory, however. In particular, during early runs many character values were
quickly fixed, but the pattern of fixation showed little consistency between runs, and once values were
fixed the mutation rate appeared to be too low to introduce new variants upon which selection could
subsequently act. Restricting the set of strategies selected to those which had produced at least one
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capture and conditioning number of offspring on relative success were therefore used to strengthen
selection. At the same time, strategies were allowed more than one trial a year so that stronger selection
would not discard strategies that produced higher performance with a lower frequency of success. The
revised system also represented an increase in the overall rate of mutation.

5.5.2.8 Results of training and final structure of ANNs

Despite the complexity and potential flexibility of the control of hunter decisions, the end-product of
the evolution of the system during training runs was largely both stereotypical and simplistic. Whilst
route selection did show broadly consistent patterns and varied over time within a single simulation as
hunters tracked movement of ibex, there were no obvious, systematic changes with prey density.
Irrespective of prey density, both the ANN-mediated decisions converged essentially on a single
outcome over a period of about 50 years. Once stabilised, the decision not to approach a sighted herd
occurred at very low frequencies, <1%, and disappeared entirely in some simulations, and the go back
and return to best sighting outcomes of the return decision similarly virtually or actually disappeared.
Return home outcomes generally stabilised at around 5% of decisions, a low, but significant level,
given that the return decision could feasibly be evaluated a dozen or more times during a single hunt.
Overall hunter performance appeared to depend primarily on maximising the rate of ibex encounters
through route choices, and discarding non-approach decision. Average numbers of captures per hunter
plateaued once the ANN decision outcomes had stabilised and average meat weight per kill was not
effected by any of the decision outcomes (fig 5-12). Although average meat weight does increase with
ibex density (see chapter 5), this appears to be entirely due to the greater choice available in selecting a
target once the decision to approach a herd has already been taken. If virtually all herds seen are
approached, then the return to best sighting decision is obviated, but temporarily enforcing a set
frequency of herd rejections did not alter the eventual outcome.
Following the implications of these patterns, a simplified decision system was constructed in which all
herds seen were approached, and only two outcomes were possible in the return decision; continue or
return home. This system, using 9 hidden nodes in the remaining ANN, was compared with two
versions of the full decision system, using 9 and 18 hidden nodes in each ANN respectively, at 4
different ibex densities, according to the annual numbers of kills made. Although the results of a single
200-year run under each system were statistically different, and the full 9-node model performed best
in 3 out of 4 cases, the differences were small. Despite little evidence that the full decision system
improved performance, the full 9-node model was therefore retained as a precaution, and because the
runtime overhead compared to the simplified version was in any event very small.
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Fig 5-12. Components of success during 100-year adaptation of hunting strategy with 500 hunters
and 1800 ibex: a.) annual number of approach decision evaluated and approaches made; b.)
number of kills and average meat weight per kill on LH axis, and total number of herd sightings
on LH axis. The initially high number of sightings, and therefore approach decisions, is due to
the naivety of ibex at the start of the run. As ibex respond to hunting pressure by moving to less
accessible areas, the sight rates rapidly drops. Within a decade, virtually all approach decisions
result in an approach, and there is an associated rise in the number of kills per sighting during
this period. During decades 2-4, the number of sighting rises as hunters adapt their routes to ibex
distribution, bringing an associated rise in the number of kills. Beyond the first decade, there is
no further rise in the rate of kills per sighting, and average meat weight is unchanged
throughout.
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Decision control system
Restricted Full 9
Full 18
9 node
node
node
47.06
53.06
50.59
60
102.3
108.47
100.55
300
176.32
186.98
166.64
1800
205.42
190.02
194.01
3000
Table 5-9. Mean yearly number of captures by 200 hunters during the second 200 years of a 400year run of the hunting model with no hunting mortality and fixed ibex populations of 60, 300,
1800, and 3000. In the restricted model, all herds were approached, and only two outcomes were
possible from the return decision, continue or return home, which was controlled by a 9-hidden
node ANN. Two versions of the full decision protocol used ANNs with 9 and 18 hidden. One-way
ANOVAs and Kruskal-Wallis tests (due to slight skew in the results), used to compare between
models at each prey density, were significant at the 5% level in all cases.
Ibex
population

Given the simplicity, uniformity and speed of the outcome, the idea of loading a pre-adapted pool of
starting strategies for each simulation was discarded in favour of using a brief training period from an
initially random pool of strategies.

5.6 Model Outcome
5.6.1 Analysis

The dynamic offtake and cost paths in the schematic supply and demand diagrams of chapter 2
approach equilibrium in an anticlockwise spiral. In the presence of stochasticity, a stable deterministic
equilibrium is never reached, but the paths will on average continue to describe anticlockwise circles
about some fixed point (fig 5-13). There is no pre-defined deterministic equilibrium in the simulation.
To be able to compare behaviour at equilibrium between the simulation and the S&D model, it was
therefore necessary to describe the form of the simulation stochastic equilibrium statistically.
Location of the equilibrium was assessed according to the medians of the outcomes for each year of the
simulation. Shape was assessed in terms of the distance at which the dynamic paths pass this median
point along each axis during anticlockwise cycles. The cycle period was calculated from the number of
cycles within a given runtime, and bootstrap CIs were calculated by sampling within that period.
Metrics of equilibrium position and shape from two separate 10000-year runs at equilibrium were
similar, mostly within 5%, but nonetheless significantly different according to Mann-Whitney tests.
This implied small but significant historical effects in the outcome of the model, even over a long timeframe. The overall stochastic equilibrium for the simulation was therefore described from the results of
multiple runs.
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Fig 5-13. Changes in annual cost and offtake within a 30-year period of the simulation at
equilibrium. The system starts in the top left corner, and the tendency is to cycle anticlockwise,
although the path displays frequent stochastic deviations.

Runs to explore equilibrium behaviour were initiated with a 50-year training period with 200 hunters
but no hunting mortality (i.e. all processes take place as normal, but captured animals are not removed
from the population) to allow for strategy adaptation, after which hunting mortality was applied and
hunter numbers allowed to vary. Those runs that reached equilibrium were allowed to continue for
another 200 years subsequently. To look specifically at the probability of the system going to
extinction before equilibrium was reached, a second set of runs were initiated in a similar fashion, but
the number of hunters was set to the minimum of 6 at the end of the 50-year training period. This more
gradual increase in hunter number was considered to be a more realistic representation of a scenario in
which poaching was initiated in a previously unhunted population.
5.6.2 Characteristics of single runs

Diagnostics of single runs from the full model showed little that was not already evident in the
behaviour of its biological and hunting components. In the presence of significant hunting pressure,
conditions of individual animals were high, as expected, with associated high rates of reproduction. At
equilibrium, prey selection was not noticeably sex- or age-biased, although there was perhaps a slight
decrease in the proportion of adult males in the population after hunting mortality was applied (fig 514). Lagged cycles of hunter numbers in response to prey abundance were clearly evident (fig 5-15).
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Fig 5-14. Sex-, age-composition of ibex population (a) and offtake (b) during a 100-year period of
the simulation in which hunting mortality is introduced after 50 years. Hunting selectivity is not
strong, although there is some decrease in the proportion of adults in the population, particularly
adult males. Sex-/age-composition of offtake is fairly variable and become increasingly so as total
population size falls after the first few years of hunting mortality. Variation in overall population
composition is markedly lower after the imposition of mortality as the condition-related
population crashes in the unregulated population impact younger age classes disproportionately.
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Fig 5-15. Changes in the simulation number of ibex and hunters over time during (a.) the entire
length of a run which went extinct on approach to equilibrium, and (b.) 200 years of a run after
reaching equilibrium.
a.) After a 50-year training period with 200 hunters but no hunting mortality to allow for
strategy adaptation, hunting mortality was applied, and the number of hunters was
reduced to the minimum allowable number of 6 and subsequently allowed to respond to
hunting success. The number of hunters rose rapidly to the maximum of 500 in response
to an abundant prey population, continuing to rise even after the prey population begins
to fall. When the number of hunters does begin to fall, it is too late to prevent the prey
population going extinct in this instance. Note the severity of the fluctuations in ibex
number around carrying capacity even before hunting mortality is applied.
b.) Continuing cycles are clearly evident with hunter number showing a lagged response to
ibex number. Note that the number of hunters does not reach the maximum within the
200-year period as ibex abundance is always restrained considerably below carrying
capacity.
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5.6.3 Multiple runs

In total, 154 runs with an initial group of 200 hunters were needed before 25 reached equilibrium,
implying a probability of extinction on approach to equilibrium of 0.838, with a 95% CI of 0.7570.883, given by the negative binomial distribution. Once equilibrium was reached, however, none of
these runs went extinct during a total of 5000 years. Equilibrium behaviour from the 25 200-year runs
is described in figure 5-16 and table 5-10.

Equilibrium
diagnostics

End-of-year
population

No. captures

Unit cost of
meat, C
(som.kg-1)
72.39
22.32

Total hunting
effort (days)

Total meat
produced (kg)

92
1758
2320
Annual median 327.5
81.70
31.63
Passes above
406.0
88.56
81.18
median
79.73
20.95
12.55
Passes above
168.4
62.52
26.28
median
Table 5-10. Median ibex population, number of captures, unit meat cost, hunting effort and total
meat production during 5000 years at stochastic equilibrium in 25 200-year runs. Also displayed
are distances above and below the median at which passes occurred during anticlockwise cycles
(see figs 5-13 & 5-16). The median distance for each type of pass is followed by the 95th percentile
distance in italics.
Note the high degree of variability in the system at equilibrium. Figure 5-16 and table 5-10 show that
population size, offtake and production cost all vary over a range of between one and two orders of
magnitude. To make clearer the components of this variance, offtake and population size are plotted for
each of the first 6 of the 25 equilibrium runs individually in figure 5-17. Clearly the predominant
source of variance is from year-to-year changes as the systems describes its stochastic cycles. There are
also clear differences in the width of individual cycles. Recall that the deterministic plots indicated in
chapter 2 suggested damped oscillations, so cycle width is to some extent self-perpetuating, and this lag
effect is strong enough for obvious differences to persist over the 200-year time spans of individual
runs (typically 4-6 cycle periods). Finally, there are also differences in the positions of foci of the
cycles in different runs. The fact that small, but significant differences were detected in the outputs of
two 10000-year equilibrium runs suggests that these focal shifts can persist over several centuries.
For the runs initiated with the minimal number of 6 hunters after the training phase, 202 of 400 went
extinct on approach to equilibrium, implying a probability of extinction of 0.505, with a 95% CI of
0.463-0.555, given by the binomial distribution. Hence there is a profound difference in the risk of
extinction at equilibrium and on approach to equilibrium starting from an unexploited stock. The only
possible explanations for this are either that the levels of hunting effort rise much higher during the
initial decline than they do at equilibrium, or that there is a difference in the actual behaviour of the
model during the two phases such that production costs and/or population growth rate are higher at
equilibrium than during the decline phase. Whilst it is the case that the number of hunters rarely gets up
toward the maximum of 500 pairs when the system is at equilibrium, it does do so on occasion, and if
hunter effort was the only predictor of eventual extinction, then several extinction would have been
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expected during the equilibrium runs. Furthermore, comparison of the extinction rate on approach to
equilibrium between the runs initiated with 200 hunter pairs, and those initiated with 6 demonstrate that
the slower build up of hunters caused a sizeable reduction in extinction rate, despite the fact that the
number of hunters rapidly passed 200 and reached 500 in the latter cases (e.g. fig 5-15a).

Fig 5-16. Population size, offtake and unit cost during 5000 years at stochastic equilibrium in 25
200-year runs. The black cross-hairs show the median points in each axis and the median
distance at which vertical and horizontal lines from this point are crossed during cycles around
the equilibrium (table 5-10). The population axis is reversed so it will be in the same orientation
as the cost axis, as cost increases as population size falls.

156

500

500

Q

Q

400

400

300

300

200

200

100

100

0
0

500

1000

1500

0

N

500

500

Q

Q

400

400

300

300

200

200

100

100

0

0

500

1000

1500 N

0

500

1000

1500 N

0

500

1000

1500 N

0
0

500

1000

1500 N

500

500

Q

Q

400

400

300

300

200

200

100

100

0

0
0

500

1000

1500 N

Fig 5-17. Offtake versus population size for the first six of the equilibrium runs. 200 years of data
are displayed in each case.

Direct comparison of production costs at equivalent population sizes and effort levels for years during
the initial decline and those at equilibrium confirm that there is a difference in harvesting cost (fig 518), whereas the population growth figures suggest that growth during the runs that went extinct was
not atypical (fig 5-19). The difference in cost could have only two origins; differences in hunter
strategies or in ibex distribution. The fact that in most respects hunter behaviour is stereotypical
suggests that this is not the source of the difference, and if it were then the opposite effect would be
expected; i.e. hunting costs should be lower at equilibrium once hunters have had more opportunity to
perfect their strategy. The conclusion that it must therefore be an ibex distributional effect is supported
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by observations that there is little variation in distribution patterns within a simulation once it has
settled after the initial introduction of hunters. The presence of hunters causes ibex to select the most
inaccessible cells. If they are successful in finding these before population depletion is too severe, then
extinction is avoided, but the distribution of ibex becomes locked into the system as surrounding cells
will be frequently visited by hunters. The difference in the focal points of individual simulations shown
in figure 5-17 and discussed above suggest that the pattern may not be entirely identical each time, but
that once fixed, changes to it occur only very slowly. It is difficult to determine, however, whether
these focal shifts are attributable to fundamental differences in hunting costs or to other processes (see
6.5.2).
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Fig 5-18. Unit production cost versus population size in equilibrium runs of the simulation and in
runs which went extinct on approach to equilibrium. Lines join consecutive years of data from
individual runs. In the simulation, hunting cost is affected by effort as well as ibex population
density (see chapter 6). In order to provide a fair comparison, data are only therefore included
from years when effort exceeded 450 hunter pairs. Although on average the effort levels in the
years represented from the approach runs were still higher than those from the equilibrium runs,
it is evident that costs are typically lower during the runs that went extinct that in those at
equilibrium.
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Fig 5-19. Population growth versus population size in equilibrium runs of the simulation (grey
circles) and in runs which went extinct on approach to equilibrium (black diamonds).

The significance of these results in comparison to the behaviour of simpler models is explored in the
next chapter, along with further details of the form of the components of the simulation.
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