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Cranes are fascinating large, long necked and legged birds, known for their
elaborated and impressive mating dances. This enahy they are so revered in many
cultures: for instance in Asia, they are consideessl
auspicious and as a symbol of longevity. They haways
been a source of inspiration for artists such asuldai. But
despite their attractive power, they are still mysius.
Their biology is not well known and 10 of their §pecies
are currently even threatened or critically endaade
Blue Crane is one of the smaller crane specieshasdhe
most range restricted of all the cranes in the avoflhey
can be distinguished by their body plumage silvaysh
grey becoming darker on the upper neck and therlai
of the head and nape. They are with the Demois&iame
Anthropoides virgathe two species of cranes that do rf ¥,
have bare, red skin on their heads. Blue Cranesratemic [g&
to southern Africa and are the national bird of tBoAfrica. [
The Blue Crane population comes currently to aro
20,000 individuals. The main threats of the popotatare
collision with power lines, trap of fences, accitérand
deliberate poisoning and for some areas loss atdtab

The main aim of this study was to model the Bl
Crane population in order to get a better undedstanof
the population dynamics. We used the free softwatked
ULM (which stands folUnified Life Models) with a small
black box which allows more freedom in the modellthen
other software like Vortex for instance. It wasatesl by Figure 1:Pine, Plum and Cranes
Stéphane Legendre in 1995 for ecology managemat '%A759 AD, by Shen Quan, the Palace

. . . . useum, Beijing.
conservation biology purposes. It is designed fiscrete
models and particularly matrix population models.

We first study bibliographically the Blue Crane logy in order to know which
phenomenon we have to model (for example, the mamggor the senescence). Then, we
translated those biological phenomenons in matheatagéquations, using the theory of
matrix population models. We have proceeded byrmdgg with simple model and then by
making it more complex and more realistic. Wetfasgached value to characterize key traits,
vulnerability and main threats of each sub popofain a management goal. In a second
approach, we took into account the metapopulatiarcisire to get a more realist modelling.

As conservation costs are high and the funding aletays sufficient, population
management must be concentrated on main threags.eBhlts of this modelling work will be
used to determine to which parameter the populasitime most sensitive in order to focus the
conservation on those and try to make it more ieffic
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1- Classification and description.

Order = Gruiformes
Family = Gruidae

Subfamily = Gruinae
Species Anthropoides paradiseus

Blue Cranes are more than o
meter tall and weight about 4 kg
Their body plumage is pale blug
gray in colour, becoming darker §
the extremities. Their crown is ¢

grayish white, the bill is pink andg . o b Didey
the legs are short bills and blacl i N o ‘)‘! .\‘Mtﬁf' g
The primary, secondary and tajiieiie e e e e
feathers are black. The wingti
feathers or tertial feathers are lon_.

dark and trail to the ground. Like the Demoisellar@Anthropoides virgoBlue Cranes do
not have bare red skin on their heads. This lastispseems to have the closest biology to
Blue Crane’s.

Blue Cranes seem to moult both partially and coteplevhen they can not fly any more for
circa two months. When they become flightless, Bliranes form large flocks and stay in
calm areas without disturbance which could be wpscific. Birds that can fly play the role
of alarm birds: they begin to fly to alert the fiitess ones they should run and make believe
the predator by the same way that the whole flaeckescape by flying.

Figure 2 : Blue Crane couplé)icus Leeuwner

There is no sexual dimorphism: male and femalenmdrbe distinguished, except during the
‘unison call’ or by chemical analyses. Males andchdes are virtually indistinguishable

(Males are a little bit bigger than females bus wery difficult to notice through binoculars.).

Juveniles are slightly lighter blue grey than agludind lack the long tertial wings.

Blue Cranes have a life expectancy around 25 yelich is quite long for a bird.

2- Habitat and distribution.

99 % of the Blue Crane population is found in South
Africa. There area few isolated birds in Botswana an
Swazilandand a sub population in northern Namibid,
in Etosha National Park but this small populatio
(circa 60-80 individuals) is isolated and rapidly
declining.

Blue Cranes used to occur historically mainly ie th
grassland biome and more precisely in short dry
grasslands. The loss of grassland and

disappearance of natural vegetation for crops

JFigure 3 : Repartition of Blue Crane in
‘southern Africa.
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pastures have not only reduced the number of Bhame&3, but also the repartition and the
habitat of them. For instance, Blue Cranes are realy frequent in the province of Western
Cape in cereal crops fields and dryland pastuBése Cranes are mostly independent of
wetlands for breeding, like the Demoiselle CrankisTis a good potential for being more
widespread than other cranes species.

Figure 4 : The distribution of the Blue Crane according to Swith African Bird Atlas Project.

Blue Crane population in South Africa can be sulnldigt in 5 sub-populations: the Overberg
population, the Swartland population, the Nama Kamopulation, the Eastern Cape
population and the Grassland population which spweads to individuals found in the south
of Limpopo and the Gauteng provinces. In the afeth® Karoo, the habitat is made up of
grassy and dwarf shrubland. In the Overberg andSinartland which are the areas of the
biome Fynbos, Blue Crane do not like natural vegmiathey prefer artificial environment
represented by agricultural lands. The Eastern Gixpethe south of Limpopo and the
Gauteng are open grasslands areas.

The current estimations for numbers are the folhmwix+ 12 000 birds in the Western Cape, +
5 000 birds in the Eastern Cape and the northesstgnds and £ 5 000 birds in the Karoo.

3- M
All Cranes are omnivorous. Blue Cranes mainly émt $eeds of
sedges and grasses, waste grains, insects, freges and small
mammals. They forage mostly by pecking on the giodut
sometimes dig with their beak. In some areas, tteke advantage o}
breeding environment eating the stock food in gedfots, especially
during the winter and this is often a conflict smuwith farmers.

Figure 5 : Blue Crane pecking
on the groundwicus Leeunwer.
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4- Reproduction.

Blue Cranes are long term monogamous that is totlsgy mate for life. They may meet
during pairing displays in flocks. Those displaymsist in running, leaping into air with
flapping the wings (behaviour called ‘dance’), tajl and tossing vegetation and mammal
dung into air. The birds are sexually mature wheoua 3 to 5 years old.

There are also courtship displays within matedspafrBlue Cranes. The male initiates the
display and calls after each female call. This malhamed ‘unison call’. This is a complex
series of calls, while the birds are standing wit@ head thrown back and the beak towards
the sky. The male has got his wings opened butheoemale: this is almost the only moment
when one can distinguish male from female. PairdbohBlue Crane also ‘dance’ during
those displays: they jump, bow, run in circlesstggass and flap wings from 28 minutes to 4
hours. Those displays are repeated frequently tesksa/before copulation.

Blue Cranes breed in summer, from late Septemb@&udgh to February. They choose
secluded open grasslands for nesting sites, witheared view to be on the lookout for
predators and to be able to escape in the case afeda. In agricultural areas, they prefer
pastures or crops fields that have been harve$tezlcouple nest generally in the same area
year after year; the nest is a few meters furtihan the previous year’s.

Blue Cranes lay generally a clutch of two eggs @timmes 3), coloured in light-pinkish with
brown blotches. The nest is not very complex; thienly a shallow grassy depression or
simply on the ground. Female and male both incubatang 30-33 days. The chicks are fed
by the mother who uses the tips of
her beakon an initial diet of insect
larvae and worms.

The male is in charge to defend the
nest and the eggs. Generally the
tactics consists of diverting the
predator while the chicks are hiding.
Blue Cranes are territorial breeders;
they drive other birds away from the
nest. When the chicks can fly, that is
to say between 3 and 5 months, the
chicks fledge. Juveniles are seldom
let alone: either they have been

observed with their parents; either

Figure 6 : New born chick and hatching of the other egg, they have been found in flocks.
Wicus Leeuwner

Some cases of hybridisations have been recordeddrwith Wattled Cranes.

5- Behaviour.

Blue Cranes are usually found i
big flocks (up to 1000
individuals circa), especially
during the winter season an
smaller flocks in the summer,
The composition of flocks is no
stable, new birds often join th
flock and sometimes big flock

split into two different others. Figure 7 : Part of a 188 birds summer flock in the Overb&egile
Leclere Begueria

3>
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The summer flocks do not generally include mated Ipat only non-breeders individuals.
That is why those flocks are believed to be madefupmature birds and to be the structure
where pairs are formed but there is no evidencefyttat phenomenon.

Blue Cranes are known to be partial migrants onthiw South Africa and only within some
areas. This assumption lays on the fact that thek$l are not always found in the same areas
than the breeding couples and also because wietgsittes are quite higher than summer
densities. But this last observation is biased bseaf the statistical artefact created by the
fact that flocks are more easily observed thandnegpairs.

However, some records seem to show that the sdasavaments would be determined by
altitude: Blue Cranes may spend the summer breesiagon in higher area and then move
with their chicks to lower fields during the falh@the winter.

Regarding the possible migrations of Blue Crane®atheir general habit of forming flocks,
research is not sufficient yet to understand movenpatterns or even the composition of
flocks. This lack of information is currently fulied with colour ringing and satellite
telemetry assessed by the SACWG (South African €raviorking Group) of EWT
(Endangered Wildlife Trust). The first results aleowing more local migrations, within
subpopulation. At the moment, migrations througHsomth Africa are less obvious.

6- Threats, status and conservation actions.

The Blue Crane population is currently listed aketable in the Eskom Red Data Book of
South Africa, Lesotho and Swaziland and in 2006 thg International Union for the
Conservation of Nature and Natural Resources (IUBMY List. This reflects only the
situation of last years: Blue Cranes were abunb@afdre the 80s and their population was
considered as ‘healthy throughout South and Sowgh#&ica” and “nowhere endangered”.
Although the specie is still found frequently inns® areas (particularly in the Overberg),
there was significant and rapid local declines dbherlast thirty years (some subpopulations
may have declined by 90%). The main consequendhiefdecline is the division of the
population in three or even five subpopulationsndty have affected the population since the
growing of a meta-population is more difficult. Hever, some of the subpopulations seem to
appear stable: in the Karoo area and also in theds/ biome where Blue Cranes have
become colonizer of agricultural zones.

Blue Cranes are facing many threats: collision vatwer lines or fences, accidental and
deliberate poisoning, predation, and for some
areas loss of habitat. Those threats are more
or less intense depending on the artea
considered, the period of the year and also
the age of birds. However, the threats that
were responsible for the drastic decline |of
the 80s were widespread poisoning 6n
agricultural land (both intentional angd
accidental) and loss of habitat.

Deliberate poisoningis explained by the|
bad opinion of farmers on Blue Crare

since they can damage crops fields aFigure 8 :Poisonned Blue Cranes in the Overberg,
stock food, especially when there is Wicus Leeuwner.
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large flock of more than 1000 birds. Intentionaisoming of cranes is forbidden by the law

in South Africa

but it is difficult to find guiltypeople. The poison can be aimed at killing

other species that damage crops and can kill the Btanes by the way. Pesticides applied
to crops can be toxic for Crand3oisoning can affect birds at any age and occufsto
mostly localised in the south-western Cape Prov{@erberg), especially during the end
of the winter when large flocks are formed. Thiedlization can be explained by the high

concentration o
seeds are plan

f agricultural areas and the peabdccurrence because this is also when
ted and sheep receive supplemeeptalyahd so also when large winter

flocks are the most likely to cause consequent denand to be massively touched by

poisoning.

The loss ofhabitat is the disappearance of grasslands
for the benefit of agriculture, urbanization and
commercial afforestation with the conversion
grasslands to pine and eucalyptus plantations it
and timber production. Such plantings

environmentally enemies since they alter the edeny:

of grassland, but also the wetlands and the groa

flows which are
The fences of

desiccated.
livestock fields represent a tra
especially for chicks that have ngt
fledged yet. They break their leg~
when they try to go through the fencFigure 9 : Dead Blue Crane caught in a
to join the other field to escape fence with broken legs in the Overberg,
. Wicus Leeuwner

danger for instance.

The collisions with power linesmainly affect adults that can fly and
near water points and roosting and breeding sites fvhere they often
come and leave. This source of mortality is quiteqfient in the
Overberg.

The predation has been increased with the spread of domestis. dog
This affects mainly eggs and chicks.

lllegal trade is also occurring. People capture mainly chiclks tan not

fly in order either to eat them (magic reputaticgijher to tame them as

pets. Some people like rehabilitation centres aanagpermit which allows keeping Blue

Cranes in captivity.

Figure 10 : Captive Blue
Crane Wicus Leeuwner.

A serial of conservation measures have been takere she mid-1980s. Concerning the
reduction of power lines collisions, Eskom (the Biofrican electricity company) has signed
an agreement with NGOs to install some signalisatimaking lines more visible for the

birds. The legislation is now stricter with Blue abe trade.
Management programmes and habitat protection wereased like
environmental education and awareness.

However, the Blue Crane metapopulation needs moytegion to
increase. This modelling study aims to guide corad@&n programs
and fieldworkers in order they are more efficientterms of the
growth of the Blue Crane population thanks to fsedion on the
fight against mortality factors to which the pogida is the most

sensitive.

Figure 11 : Signalisation on power

lines, Cecile Leclere Begueria
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We have always modelled the Blue Crane populatioa case of pre-breeding census. First,
we created the simplest model based on staged (trst for the 4 first years of living and the
last one for the adult individuals aged of 5 yesard more) and also female based. Individuals
take part in reproduction only after 5 years ofnlg The survival rate is the same after 4
years and is called survival rate of adults.

Then we decomposed the survival of youngs in difiesurvival rates in order to model the 3
different steps in the first year of living: egg)shatchling (sh) and fledgling (s0). This do
not change at all the basis of our first model vatity one global survival rate for the first
year, but it allows to do sensitivities/elasticti@nalyse on this 3 new parameters.

%

)

Figure 12 : Range of parameters used in the models.

To determine which way of modelling choosing we duse range of mean parameters
calculated thanks to the three ranges of parametergiot on the three sub-populations
considered later (Grassland, Western Cape and Mamu cf § ‘Metapopulation analyze’).

0,45 [a]

1,43/1,9=0,75 [b]

1/1,43=0,69 [b]

0,63 [C] 0,39-0,82[c] | 0,117 [c]

! 0,81 [C] 0,56-0,93 [c] | 0,003 [c]

! 0,81 [C] 0,55-0,94 [c] | 0,099 [C]

T 0,97 [c] 0,89-0,99 [c] | 0,021 [c]

# $ ! % 0,97 [c] 0,89-0,99 [c] | 0,021 [c]

1,43 [b]

1[b]

& 1,90 [b]

$ ( 0,5 [d]

! 1) 10000 [d]
1,64 [e]

Figure 13 : Range of values used when modelling the Blue Cliémeycle
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[a] From Leon Theron (Richard)

[b] Calculated cf fecundity[2].xIs file = mean dmetvalues of the 3 sub populations thanks to tie cizllected
by fieldworkers on the 2007 breeding season.

[c]From the publication of Mark Anderson

[d] From old vortex model

[e] Calculated (cf parameters.xls)

1- Generic matricial models: deterministic models w ithout
density dependence

a) Baseline model: model with 5 stages, female basethe patch
This first model is the simplest one. It takes iattwount only 5 stages (the 4 first for the 4
first years of living and the last one for the adndlividuals aged of 5 years and more) and is
female based. Only individuals over 5 years aretpgart in the reproduction.

f= * *p*se*sh*sO

—@® -0 -0 © -
s2 s3 SA

sl

BC _0O.ulm

Figure 14 :Blue Crane life cycle with a deterministic modettwb stages, female based, without density
dependence.

N = f(t)

Figure 15 : Total population size evolution between 0 and &ary for the BC_0.ulm model.

Lambda 1.04277
Generation time | 25.16

Figure 16 : Growth rate and generation time obtained thankeedC_0.ulm model.
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We get a growing population which increases it® 9% 4,1 % per year (intrinsic rate of
increase = 0,04188).

Reproductive value| Stable distribution
1 0,1309 0,0959
2 0,1685 0,0745
3 0,2169 0,0579
4 0,2332 0,0538
5 0,2506 0,7178

Figure 17 : Reproductive value and stable distribution for Bt 0.ulm model.

The reproductive values are nearly equally distatdueven the stage for the first year is
important for the reproductive success since thodi@iduals will become reproducers in the

future. Adults are the class the most presenthénstable distribution: they represent around
71 % of this distribution.

/ 012
3 0.05456
0.05456
0.05456
0.05456
0.05456
0.05456
: 0.05456
% 0.7818
: 0.05456
( 0.05456

Figure 18: Elasticities obtained with the BC_0.ulm model.

The population is more sensitive to the adult siavsA than to the other parameters since sA
explains around 78 % of the growing rate whereasother parameters account around 5 %
of the growing rate.

Another way of estimate the sensitivities to thiéedént parameters of our model is to draw
the fitness landscape with ULM. It will not give tigures of sensitivities or elasticities but
we will be able to compare sensitivities of the s parameters.

Blue Crane population viability analyses using
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Figure 19 : Fitness landscape for the BC_0.ulm model with asluitival rate in X and fertility fin Y. The red
isocline corresponds to the set Hifs@) values giving the actual growth rate= 1.04277.

The steepness of the isoclines reflects the laggsitivity of SA as compared to f. A small
change in sA must be compensated by a large charige maintain the growth rate.

Those isoclines show that for a given fertilitylitde variation in the adult survival rate
affects a lot the growth rate lambda since theesigghigh. On the contrary, for a given adult
survival rate, a little change in the fertility incks little variations in the growth rate. That is
to say population growth is more sensible to thdtalirvival rate than to the fertility.

A third way of getting an idea of the main facttmswhich the population is sensitive is to
make a batch analyse, that is to say make a pazanagiate while the other are not changed
and observed whether the population is growingotr This is how we can obtain the Fig.20.

1,1
1 */
0,9 lambda=f(sA)
——lambda=1
g %® lambda=f(s0)
(_% 0.7 1 — lambda=f(se)
—— lambda=f(sigma)
0,6 - —— lambda=f(p)
0,5 -
0,4 T T T T T T T T
o1 02 03 04 05 06 07 08 09

Figure 20 : Batch analyse where all the parameters were sueeBsand independently made variate between
0,1 and 0,9 while the others were constant withB@e 0.ulm model.
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Two main facts should be noticed on this graph:

- the slopes of the different curbs
The slope for the survival rate sA is higher tfanthe other parameters. That is another way
of seeing that the population is very sensitivaAt Indeed, a little variation in the value of
sA will induce a wider variation in the growth rdéenbda than the same little variation in the
value of the other parameters (sO, s&).

- the intersection with the red straight line
Those intersections are thresholds bellow whichufain is declining. All the points under
the red straight line are figures which lead tcealiding population. So, for example, for sA,
the intersection is reached for a sA value of 0J98s means that if the adult survival rate sA
decrease under 0,93 —all other parameters stdymgame-, the population will decline.

Parameter Threshold
SA 0,93
sO 0,24
se 0,29
0,2
p 0,18

Figure 21 : Thresholds under which the population will decline.

There again, we can notice that the threshold Hier adult survival rate is very high in
comparison with those of other parameters. Thisnsid¢laat the range of value for keeping a
growing population is not very large for the adsiirvival whereas this amplitude is quite
more important for other parameters.

In the reality, one parameter does not variateggltimere is some dependence between the
variations of parameters. To make a better simanait is possible to make a batch analyse
where two parameters variate at the same time whgle@ther are constant. (it is not possible
to make more than 2 parameters variate at the Samebecause there is only 3 dimensions:
two for the 2 parameters and one
for the growth rate).

lambda=f(gamma,sA)

. Lambda = 1

. Lambda <1

(run 500 years)

Figure 22: Batch analyse with the
BC_0.ulm model where the adult survival
rate sA was made variate between 0,9 gn
0,99 and the mean clutch sizéetween 1
and 2. In purple the combinations of (sA;
) which lead to a declining populatiom

1 11 1,2 1,3 1,4 15 1,6 1,7 1,8 1,9 2
- . g gamma .
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and in blue those which lead to a growing one.

We can say after a batch analyse where sA awariate that there is some chance (around
39,4%) to find a combination between this 2 varalthat will make the population decrease
(cf the surface with a lambda under 1 on the gfaggides is not so small). In this range of
high adult survival rates, even a clutch sizef 2 does not allow a growing population (for

the lowest figures of sA).

b) Addition of males: model with 5 stages, 2 sex, mogamy and one patch

We add to the first model the male population am@&@uation to represent the monogamy to
long term that is usual in Blue Cranes populati(thss was thanks to the calculation of a
mating probability, knowing that the number of mgs according to monogamy will be
determined by the minimum between number of maiesfamales).

sl s2

f f=(1- )*p* *se*sh*sO*pmat

f m= *p* *se*sh*sO*pmat

SA
SA

BC_2sm.ulm.

Figure 23 : Blue Crane life cycle with a deterministic modéthwb stages, two sex and monogamy, without
density dependence.

The addition of 2 sex and monogamy does not seeaffé¢ot the results since we obtain the
same growth rate as the previous with the simptestlel (lambda=1.04277). We can
conclude that the addition of males and monogamgaidring more precision to our model
since females and males have the same valuesriovaurates. We do not need to take into
account the two sex and the monogamy in furthereisodVe can notice the importance of
sA and especially the female sA since 72.7 % ofpiygulation growth is explained by this
parameter (cf elasticities).
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N = f(t)

Figure 24 : Total population size evolution between 0 and &éry for the BC_2sm.ulm model.

—— lambda=f(sA)
—— lambda=f(sigma)
lambda=f(p)
—— lambda=f(s0)
—— lambda=f(se)

——Ilambda=1

lambda

o1 02 03 04 05 06 07 0,8 09

Figure 25 : Batch analyse where all the parameters were suegeBsand independently made variate between
0,1 and 0,9 while the others were constant wittBie 2sm.ulm model.
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lambda=f(sigma)

1,05
1,04 - /\

1,03

1,02 / \
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0,99 - / \
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lambda

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

sigma

Figure 26 : Batch analyse where the sex ratizvas made variate between 0,1 and 0,9 while thergtliere
constant with the BC_2sm.ulm model.

We can check with a batch onthat the growth rate is maximum with a sex ratid®.
Indeed, if there are more males or females, thellptipn will grow more slowly than with a
balanced sex-ratio since the mating function is ogamy hence an equal number of males
and females are optimal for the population growth.

We can choose not to take into account the twossexeur models but there is some bias on
the measure of the sex ratio that will justify @santwo sex model. However, we do not have
any figures on such data at our disposal so tmstizery discerning.

Modelling only one sex is sufficient.

c) Addition of simple senescence: model age structurgtémale based and one patch

We finally wanted to take into account the seneseen our model. This is only possible by

using an age structure that is to say one stagesemts one year of living. Blue cranes seem
to live 25 years in average. Parameters like salviate and fertility depend on the age of
individuals. First, we chose a simple model of seeace where only individuals between 5
and 24 years can participate in the reproductiodiiduals under 5 or over 24 have a fertility

of 0). Here, the decline of survival rate aftery2@rs is not modelled yet, nor the variations in
fertility between 5 and 24 years.

f= * *p*se*sh*sO

BC_25.ulm

Figure 27 :Blue Crane life cycle with a deterministic age stamed model (25 classes), female based, without
density dependence.
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N = f(t)

Figure 28 : Total population size evolution between 0 and &&ry for the BC_25.ulm model.

BC O.ulm| BC 25.ulm
Lambda 1.04277 1.02279
Generation time 25.16 13.49

Figure 29 : Comparative table between growth rates and gepertithes obtained thanks to the BC_0.ulm
model and the BC_25.ulm model.

We get a growing population with a growth rate tdelibit weaker than with the simplest
model with 5 stages.

BC 0.ulm BC 25.ulm
Reproductive | Stable distribution Reproductive Stable
value value distribution
1 0,1309 0,0959 0,0352 0,0966
2 0,1685 0,0745 0,0444 0,0765
3 0,2169 0,0579 0,0561 0,0606
4 0,2332 0,0538 0,0592 0,0575
5and + 0,2506 0,7178 0,8049 0,709

Figure 30: Comparative table between reproductive values tafdesdistributions for the BC_0.ulm model and
for the BC_25.ulm model.

/ 012 0142
3 0.05456 0.07636
0.05456 0.07636
0.05456 0.07636
0.05456 0.07636
0.05456 0.07636
0.05456 0.07636
0.05456 0.07636
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% 0.7818 0.6946
' 0.05456 0.07636
( 0.05456 0.07636

Figure 31: Comparative table betweeitasticities obtained with the BC_0.ulm model amg BC_25.ulm
model.

The lower growth rate obtained with this model omparison to the 5 stages one can be
explained by the fact that with only 5 stages, ddalt class can live more than 25 years and
can take part in reproduction longer than with 2&ges. In this model, most of the
reproductive value is concentrated by the ‘5 andemdass whereas in the BC_0.ulm model,
all the stages participate almost at the sametoateproduction. The stable distribution in
BC_25.ulm let less individuals in the stage ‘5 amare’ since individuals can not be stored in
this stage as in BC_0.ulm where individuals caa longer than 25 years.

The population growth is less explained by the $Aged class than the sA of younger class.
Globally it is still the sA that explained the gribw Elasticities are higher with BC_25.ulm
than with BC_0.ulm except for sA.

The stage model groups all individuals over 5 ydagether in the same stage. They are
going to reproduce every year and will stay longhis stage. They can live and reproduce
themselves for a long time which affects elastsitbecause for this model, the lifetime of a
reproducer depends only on sA. So the more sAgis, lihe longer they live and reproduce.
For the age structured model the reproductive ikfdimited by the age. They can not
reproduce themselves over the limit given by thee: they reproduce themselves a last time
at 25 and then it is over. It decreases elastioityA and as elasticities = 1, when elasticity
to sA decreases, other elasticities increases.

1,2
1 —
—— lambda=f(sA)
0,8 1 —— lambda=f(sigma)
« -
S 0.6 lambda=f(p)
= lambda=f(s0)
0.4 — lambda=f(se)
— lambda=1
0,2
0
0,1 02 03 04 05 06 0,7 0,8 0,9

Figure 32 : Batch analyse where all the parameters were sueeBsand independently made variate between
0,1 and 0,9 while the others were constant withB@e 25.ulm model.

The model in stage overvalues the reproductive wa => the age
structured model is kept.
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d) Addition of senescence on fertility: model age stetured with polynomial
fertility, female based and one patch.

This model is also with 25 stages and female bagkxlwanted to model variations in the
fertility, increasing with the age at the beginniawgd then declining when approaching the
sexual senescence. The only difference betweemtigisand the previous one is that we used
a polynomial function (degree 4) for modelling tedtility:

f, = f * SenMaf;

SenMat = 1.0085725 - 0.000765 *i0.0009628 * (i - 13.4545)"2 + 0.0001654 * (i -
13.4545)"3 - 0.0000772%(i - 13.4545) 4

f = fertility

f, = fertility at age i

SenMat = Senescence Maturity

i =age = 0...n with n = 25 years (life expectancy)

Thus, we modelled the fact that there is no repeidn before 5 years, an increasing fertility
until 11 years, a stable fertility between 11 aBchhd a decreasing fertility after 18 years.

breed=f(age)

1,2

0,8 A

0,6

breed

0,4

0,2 A

age

Figure 33 : Polynomial senescence on fertility: the reprodecsuccess depends on the age of individuals.

We had to correct this polynomial function in ordee mean of this senescent fertility is the
same as the original one, corresponding to theulzion of fertility with data given in the
Fig. 13 thanks to the following equation:

f= * *p*se*sh*s0O

This fertility should be equal to the mean of thelynomial’ fertility; it is possible with c, a
correction factor:
f= fi*c/n
f= f*SenMat*c/n
f = (f*c/n)* SenMat
(as f,c and n are constants)
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c=n/ SenMaj
C = correction factor

This equation allows us to calculate this correcfactor with the range of parameters given
in the Fig. 13. We obtain c = 1,64.

N = f(t)

Figure 34 : Total population size evolution between 0 and Sirydor the BC_25poly.ulm model.

BC_25.uim| BC_25poly.ulm
Lambda 1.02279 1.05169
Generation time 13.49 12.7

Figure 35 : Comparative table between growth rates and gepertithes obtained thanks to the BC_25.ulm
model and the BC_25poly.ulm model.

BC 25.ulm BC_ 25poly.ulm
Reproductive Stable distribution Reproductive . Stablfe

value value distribution

1 0,0352 0,0966 0.0318 0.1217

2 0,0444 0,0765 0.0413 0.0937

3 0,0561 0,0606 0.0537 0.0722

4 0,0592 0,0575 0.0582 0.0666
5and + 0,8049 0,709 0,8151 0,6459

Figure 36 : Comparative table between reproductive values tatdesdistributions for the BC_25.ulm model
and for the BC_25poly.ulm model.
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/ 0142 014 12
3 0.07636 0.08301
0.07636 0.08301
0.07636 0.08301
0.07636 0.08301
0.07636 0.08301
0.07636 0.08301
0.07636 0.08301
% 0.6946 0.668
0.07636 0.08301
0.07636 0.08301

Figure 37 : Comparative table betweehasticities obtained with the BC_25.ulm model #&melBC_25poly.ulm
model.

We get here a higher growth rate than previoustiabse of higher reproductive values for
classes over 5 years. We could assume that witessence only individuals with a great
reproductive potential take part in reproductionicihfacilitates a little the population
growth.

This explanation makes biological sense but notdefllng sense’ since we have specially
included the correction factor c to ensure thatréproductive success does not change. Here
the fact that the growth rate is higher seems fdigate the correction factor.

We prefer to keep simple senescence since polynairsenescence gives
contradictory results to interpret.

2- Inclusion of competition for resources: determin istic
models with density dependence

More realistic models take into account the factthccess to reproduction depends on
density of the population: it decreases when pdimais close to saturation of carrying

capacity. We have chosen to model those variattbasks to a proportion of breeders

depending on the size of population.

a) Baseline model with addition of density dependencenodel with 5 stages, female
based, one patch and density dependence

We had the choice between 2 equations of denspgrakence.
First we used thRicker’s equation which is defined as following:

g(Nt)zp*e(- *Nt)
Ne+1=g(N)*N¢¢

In our model: g(N=pbis
proportion of breeders = = 0,000023
p=0,45
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pbis=p*exp(-alpha*N)

p=0,45
alpha=0,000023

Q O O O O O O 0O O 0O O O O O O O O O O & O
(ORI SR AN OERO A OO AN OO SO A O RO OO OO O,
TP PSP RELSLESEC O S PP

N

Figure 38 : Addition of density dependence: the proportion fdalers depends on the population size N.

We can notice that for a population which has redcthe carrying capacity of 10,000
individuals, we get a proportion of breeders ov@&50wvhile p = 0,45 is the maximum really
observed.

N=f(t

Figure 39 : Total population size evolution between 0 and Srydor the BC_0ddRicker.ulm model.

With the addition of density dependence, the graphhe population growth is no more

exponential as previously but presents a saturgtiateau. The balanced population size is
around 45,000 individuals for a carrying capacityl0,000. It is due to the fact we can not
really fix the carrying capacity K at 10,000. Incfathe carrying capacity depends on the
transition affected.

This is not a very satisfying modelling: that is ywve tried another modelling of density

dependence.

Second we add to BC_0.ulm the equation of dengipeddence used for the first Vortex
model where an Allee effect is also consideredyrder to account for the monogamous
mating system. The proportion of breeders is dédfine

p = ((0.5*(1-((N/K)*2)))+(0.25*((N/K)*2)))*(N/(1+N))
N = population size

K = carrying capacity = 10,000
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Figure 40 : Addition of density dependence: the proportion fdalers is no more constant as previously (value
of 0,45) but depends on the saturation for theyaagrcapacity/the population size.

At the beginning the proportion of breeders is wédak increases with the size of the
population: an Allee effet is thus modelled. Thie, proportion of breeders declines with the
size of the population as the access to reprodudipends on the density of the population.

N=f(t)

Figure 41 : Total population size evolution between 0 and Srgdor the BC_0dd.ulm model.

After 150 years the population reaches the realyicey capacity which is around 12,000
individuals and not 10,000 as we could have betlevdere again the density dependence
equation does not define a threshold for the cagrgapacity, as with the Ricker's equation.
But here, we get a value for the carrying capawitych is close to the estimate value. As we
are not sure of the real figure, we could consttlat the current population has not reached
the saturation yet (it would be in that case arolB@00 birds) but only circa 80% of the
carrying capacity (10,000 birds regarding this Hiesis). That is why we considered this
modelling as satisfying and that we made senséwi@nalyses on that model.

We keep the equation of the old Vortex model for aumodelling of Blue
Crane populations and further sensitivity analyses.
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lambda=f(sA,gamma)

. Lambda = 1

. Lambda <1

(run 500 years)

1 1,1 1,2 1,3 1.4 15 1,6 1,7 1,8 1,9 2
gamma

Figure 42 : Batch analyse with
the BC_0dd.ulm model where the adult survival siewas made variate between 0,9 and 0,99 and tl@ me
clutch size between 1 and 2. In purple the combinations of (3Avhich lead to a declining population and in
blue those which lead to a growing one.

The batch analyses on sA andeveals that with a model with density dependeheee are
more chances to get a growing population than thighmodel without density dependence. It
is possible because when the population size Nraeglthe carrying capacity K will surpass
the proportion of breeders of 0.45.

The probability of having a couple (sAwhich implies a decreasing population is now @bou
0,322 (against 0,394 % for BC_0.ulm). Even witlaage of high adult survival rates, a clutch
size higher than 2 is needed to get a growing @djou which happens rarely in the nature.

b) Addition of simple senescence: model age structuretemale based, with one
patch and density dependence

We do the same way with the previous BC_25.ulm rhode add to this model the equation
of density dependence of the old Vortex model.

N=f(t)

nl o Lod: telailis 1 H
DIUT Lrdlic pupuiatult viauliity diidiysts usiy
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Figure 43 : Total population size evolution between 0 and 5ryédor the BC_25dd.ulm model.

After 100 years the population reaches the realyicgy capacity which is around 8000
individuals and not 10,000 as we could have betle¥es previously, the carrying capacity is
not limited by the density dependence equatiomdly mean that the model allow only to
reach a certain threshold for the saturation ofélaé¢ carrying capacity.

lambda = f(sA,gamma)

. Lambda = 1

. Lambda <1

(run 50 years)

1 11 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2
gamma

Figure 44 : Batch analyse with the BC_25dd.ulm model whereatalt survival rate SA was made variate
between 0,9 and 0,99 and the mean clutch skzetween 1 and 2. In purple the combinations of (3Avhich
lead to a declining population and in blue thoséctviiead to a growing one.

There are lots of cases where the population candrewing one. With (sA) couples in the
blue area of the graph above we get a growing @adipual. In this range of high adult survival
rates, even a clutch sizeof 2 does not allow a growing population (for tbevest figures of
SA).

c) Addition of senescence on fertility: model age stietured with polynomial fertility
and density dependence, female based and with onatgh
This model is also with 25 stages and female babeel.difference between this one and the
previous one is that we used a polynomial functidegree 4) for modelling senescence
fertility as previously:

f, = f * SenMaf;

SenMat = 1.0085725 - 0.000765 *4 0.0009628 * (i - 13.4545)"2 + 0.0001654 * (i -
13.4545)"3 - 0.0000772%(i - 13.4545)"4
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f = fertility

f, = fertility at age i

SenMat = Senescence Maturity

i =age = 0...n with n = 25 years (life expectancy)

Thus, we modelled the fact that there is no repeidn before 5 years, an increasing fertility
until 11 years, a stable fertility between 11 a®dahd a decreasing fertility after 18 years.
The density dependence is still modelled by theaggn used in the old Vortex model. The
population reaches the carrying capacity afteraol0 years.

N=f(t)

Figure 45 : Total population size evolution between 0 and Srydor the BC_25polydd.ulm model.

The population reaches the real carrying capadigr 80 years, which is around 10,000
individuals which corresponds well to our inputwefor this parameter.
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3- Stochastic models

There are some spatial and temporal variationgh€unore, survival rates and reproductive
success variate from one season to the next iromespto weather, disease, competition,
predation, or other factors external to the popaatAll those variations in parameters due to
environmental hazards should be included to imptheeaealism of our models.

Another kind of stochasticity should be taken iacount: the demographic stochasticity
which relies on the fact that reproduction and saahare randomly.

a) Global modelling of stochasticity: model age struetred, female based, one patch
and with environmental stochasticity on survival rdes.

We define now the parameters as not constant bedrégbles around the basic value (cf
deterministic models) with a certain standard edrobrder to get this, we use in the previous
models a new variable, param_obs (and no more panéyj

param_aux = param + gauss(SE_param)
param_obs = min(max(param_aux,min_CI),max_CI)

param = basic parameter that is to say value of msesh,or sO, or sl, etc...for deterministic
models

SE_param = Standard Error of parameter

Gauss = Gaussian function

Min_CI = minimal value of the confidence interval

Max_CIl = maximal value of the confidence interval

N = f(t)

Figure 46 : Total population size average trajectory betweean@d 50 years get thanks to a Montecarlo
procedure (m 100 50) for the BC_25stoch.ulm model.
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BC_25stoch.ulm BC_25.ulm
Mean growth rate 0.87 Lambda 1.02279
Expected extinction time 25 years Generation time 13.49
Pe (probability of extinction) 1 -

Figure 47 : Comparative properties table obtained thanks t@Bthe25stoch.ulm and the BC_25.ulm models.

The addition of stochasticity affects a lot the plagion in comparison to the corresponding
deterministic model. The population is now declghand extinct in 25 years.

b) Another modelling: _model _with _dependence between _&monmental
stochasticities on survival rates

The environmental stochasticity of one parameter n® independent from other

stochasticities. Indeed, if environmental condigi@me good during one year, it will influence
not only one parameter but also other parametensinstance, for one good year, all the
survival rates will be higher than the mean vali@sl the inverse for bad years).

Survival parameters are now no more constant aeterministic models. They are equal to
the previous value (cf deterministic models) plose variations. The first variation is the
same as in the previous stochastic model but enéyproportion (1-q). The second variation
Is a Gaussian in a proportion q.

(

g=0.5
stoch_env = gauss(1)
< stoch_env_param = gauss(SE_param)

param_aux = param + (1-gq)*stoch_env_param + g*stochenv*SE_param

\ param_obs = min(max(param_aux,min_CI),max_CI)

g = proportion of dependence between the enviromahestochasticity on survival rates
param = basic parameter that is to say value of msesh,or sO, or sl, etc...for deterministic
models

SE_param = Standard Error of parameter

Gauss = Gaussian function

Min_CI = minimal value of the confidence interval

Max_CIl = maximal value of the confidence interval

Blue Crane population viability analyses using
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Figure 48 : Total population size average trajectory betweean@d 50 years get thanks to a Montecarlo
procedure (m 50 1000) for the BC_25stoch_dpce.utdeh

BC 25stoch.ulm| BC 25stoch dpdce.ulm
Mean growth rate 0.87 1.02
Expected extinction time 25 years -
Pe (probability of extinction) 1 0

Figure 49 : Comparative properties table obtained thanks toB@e 25stoch.ulm model (m 50 100) and the
BC_25stoch_dpdce.ulm model (m 1000 50).

The addition of dependence between environmertahasticities on survival rates establish
a growing population back.
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Blue Crane population is subdivided in 5 sub-popoie: the Overberg population, the Swart
land population, the Nama Karoo population, thet&rasCape population and the Grassland
population. Unfortunately, ULM is not able to rumetmodel with 5 sub-populations since
there are too many variables in the program (ilcchave run the model but only with 4 sub-
populations).

Two solutions are possible: either we take intooaot less sub-populations than the 5
considered, either we come back to a simpler masiéhe one with five stages (not structured
aged) and there will not be so realistic sincesti@escence phenomenon would not be taken
into account.

We choose to model only 3 sub-populations: the ghaadg sub-population which includes
Eastern Cape and Grassland sub-populations (G& Wistern Cape sub-population which
includes Overberg and Swartland sub-populations Y\&@ the Nama Karoo (NK) sub-
population.

Eastern Cape + Grassland
subpopulations
=> Grassland = GR

Nama Karoo
subpopulation = NK

Overberg and Swartland
subpopulations
=> Western Cape = WC

Figure 50 : Sub-populations of Blue Cranes based on the digioib given by the South African Bird Atlas
Project.
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Figure 51 : Range of values used.

[a] From Leon Theron (Richard)

[b] Calculated cf fecundity[2].xIs file
[c]From the publication of Mark Anderson
[d] From old vortex model

[e] Richard’s guestimates
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As a first approach, we chose to analyse the 3lptipns separately thanks to the BC_25.ulm
model (age structured, simple senescence, no gemsgendence) in order to know their

specificities. Then, we modelled a global populattomposed by those 3 sub-populations to
understand how Blue Crane population functionsaat® Africa.

1- Analyse of the 3 sub-populations: Grassland, Wes tern
Cape and Nama Karoo.

GR WC NK
Lambda 1.05044| 0.984638| 1.04209
Generation time | 12.03 14.17 13.17

Figure 52 : Comparative table between growth rates and gepertithes of the three sub populations obtained
thanks to the BC_25.ulm model and figures giveth@éprevious figure.

We have to notice that the Western Cape populatan decline whereas Grassland and
Nama Karoo are growing at quite the same rate. 3éesns logical since the values of se and
sh are weaker for this population than for the bilters. The expected extinction time for the
Western Cape population is 460 years.

Reproductive | Reproductive | Reproductive | . SFab'? . SFab'? . SFab'?
value GR value WC value NK distribution | distribution | distribution
GR WC NK

1 0.0303 0.0439 0.0317 0.1206 0.0663 0.1132
2 0.0393 0.0534 0.0407 0.0930 0.0545 0.088
3 0.0510 0.0649 0.0524 0.0717 0.0449 0.0684
4 0.0552 0.0659 0.0563 0.0662 0.0442 0.0637
5

and 0,8244 0,7719 0,8189 0,635 0,7901 0,6666
+

Figure 53 : Comparative table between reproductive values taigesdistributions of the three subpopulations
obtained thanks to the BC_25.ulm model.

The reproductive value is higher for elder clagse$srassland and Nama Karoo populations
than for Western Cape.

/ % 7 )
0.08192 0.0692 0.08022
0.08192 0.0692 0.08022
0.08192 0.0692 0.08022
0.08192 0.0692 0.08022
0.08192 0.0692 0.08022
0.08192 0.0692 0.08022

" 0.08192 0.0692 0.08022

% 0.6723 0.7232 0.6791

- 0.08192 0.0692 0.08022
0.08192 0.0692 0.08022
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Figure 54 : Comparative table betweefasticities of the three sub populations obtaiwéd the BC_25.ulm
model.

The Western Cape population is more sensitive tthaA the two others populations whereas
this is the population the less sensitive to tieist parameters.

If we add environmental stochasticity on the thsab-populations, we can make parameters
variate for each sub-population and see whethepdipelation is growing or not, in order to
determine thresholds under which the populationdeglining. All the results can be
summarized in the graph as below.
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Figure 55 : Sub-population’s thresholds for getting growing plagion,C. Bessa Gomes.

We can first observe that the Western Cape populdtas more strict thresholds since they
are higher (no one under 0.7). Regarding parametiees adult survival rate sA has the
narrowest range of values for a growing populatisrboth the 3 sub-populations’ thresholds
are over 0.8.

2- Metapopulation structure: model age structured w ith
polynomial senescence on fertility and density
dependence, female based and with 3 sub-populations
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Figure 56 : Total population size evolution in pink and sub-plagions size evolution between 0 and 150 years

for the BC_25polydd3pop.ulm model: Grassland iregredNama Karoo in yellow and Western Cape in blue.

Grassland and Nama Karoo sub-populations reachattoeation threshold before the Western
Cape population (50 and 70 years against 150 fo).WWke modelling carrying capacity of
Western Cape sub-population is 3000 individualst 6oassland and Nama Karoo sub-
populations, it is around 5800 birds. After 200rge#he total population is stabilized around
14,000 individuals.

3- Addition of partial migrations between sub-popul ations.

Migration for Blue Cranes is bad known at the momérhey are supposed to move
seasonally within South Africa. We supposed theg fan additional mortality around 0.3 due
to this partial migration.

GR |WC | NK
Probability of dispersal to GR - 0 | 0,01
Probability of dispersal to WC 0 - | 0,02
Probability of dispersal to NK 0,01| 0,01 -

Figure 57 : Guestimates from Richard Pettifor on the differdispersal probabilities of Blue Cranes.
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Figure 58 : Graphic representation of Blue Cranes’ partialratigns.

There is no migration between Western Cape sublptpn and Eastern Cape sub-
population because they are believed to be lochtse far from each over to migrate.

Figure 59 : Total population size evolution in pink and sub-plagions size evolution between 0 and 150 years
for the BC_25polydd3popmigration.ulm model: Grasdlan green, Nama Karoo in yellow and Western Gape
blue.

Grassland and Nama Karoo sub-populations reachattoeation threshold before the Western
Cape population (70 years against 100 for WC). mioelelling carrying capacity of Western
Cape sub-population is 3000 individuals. For Gassland Nama Karoo sub-populations, it
is around 5800 birds. The saturation thresholdeached faster here than in the previous
model without migrations. After only 100 years, ttwtal population is stabilized around
15,000 individuals which is faster and more thagvmusly.

Migrations seem to facilitate the population growthce the saturation thresholds are higher
and reached faster. This can be explained a littlthe fact that birds will better reproduce if
they have a larger choice for their breeding pladeis could even over-compensate the
additive mortality due to the migration.
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1- Critics of our models.

Modelling is always quite frustrating since the asro be the most realistic possible and in
the same time be aware a model will never be thlgyeWe should certainly have modelled
the demographic stochasticity and analyse moreethdts but time and organisational issues
were real barriers to this necessary improvement.

We had also to deal with missing figures and gugssome parameters. Standard
errors for survival rates were not available fastamce. This can be a real problem for our
results, especially because of the distance wehdhlity of the field.

Furthermore, we could have modelled the senescemcurvival rates and improve
the modelling of fertility senescence and metapaipah structure.

The behaviour of forming flocks could also influenthe dynamics of the Blue Crane
population. The composition of those flocks sholbéd known before trying to model this
phenomenon.

Finally, it could be interesting to take into acnbtuture changes in agriculture due to
the global warming. Indeed, it could influence thest important sub-population of Blue
Crane which is found in certain crops fields of Western Cape.

2- Results

Although modelling will never be the reality, somieour results can be interpreted and taken
into account for advising conservation managem&he main result is that all models
showed that the Blue Crane population is more #eadio the adult survival than to other
parameters. That shows the most dangerous thredlde Cranes populations is all the
sources which affect the adult class.

Mortality factors have two different kind of origin
» Anthropogenic mortality
It represents the smallest part of ti
global mortality (around 20 %) and i
the only part which can be decreased
conservation measures. It includg
power lines collisions, fences trap
predation due to domestic dog
poisoning (intentional or accidental
and other causes like shooting.
* Natural mortality
It affects mainly chicks and juveniles. |
explains circa 80 % of global mortality
bU;[_ can not be really reduce by human rigure 60 : Origins of global mortality.
actions.

@ antropogenic mortality

B natural mortality
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3- Orientation of conservation management.

We went to South Africa from January, 210 February, 10 in order to meet
fieldworkers and present them our inputs and regoltknow if they found them realistic. A
power point about main sensitivity analyses resuéis presented to them during a workshop.

What was enhanced is that our inputs are not readlifstic, nor our outputs since for
instance we got a declining Western Cape populatibich is not currently the case. This
shows once again the importance of collecting ateudata on Blue Cranes especially
through ringing.

Concerning the advice about conservation managenwemt models showed that
efforts should be focused on mortality sources thiadat adults. Those mortality sources are
mainly the power lines, but also loss of habitad @oisoning. That is why fieldwork should
focus on the awareness education and work moreEgitom to signalize power lines.

Last but not least, this trip to South Africa haspitted to become more aware of
difficulties to collect data. First, Blue Cranes arery shy and hide from observations.
Ringing is a delicate operation: fieldworkers hawespot juveniles to determine if they are
tall enough to support rings but not too old sd thay can not fly yet to be able to run after
them and catch them. The ringing operation is qdéegerous for the well being of birds
since they are stressed and they can simply run farices where they broke their legs.
Besides, Blue Cranes are very aggressive birds whbanry to catch them. Finally, South
Africa is such a big country that 5 fieldworkersdallect data on all over the entire territory
are not really enough. Despite all those barrieffgrts regarding data collecting must be
sustained in the future to improve the knowledgeualBlue Cranes, and by this way the
modelling and projections.
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Despite the classification of Blue Cranes as endaaty despite the rapid and huge
decline Blue Cranes have faced in the last 30 yeaats despite all the threats that are
unfortunately always current, | have the feelingttthis fascinating bird has some secret
resources. Blue Cranes can live in such differeombs than Grasslands or Nama Karoo.
Besides, it was unpredictable that it can so wadlph to human presence and artificial lands
like crops in the Western Cape and growing thergvalb that fieldworkers lose their minds
counting their flocks.

The fight is not won yet, and especially because tiereats appear and reduce
survival rates like bent leg syndrome on juvenilBsit good hopes are now allowed if
conservation measures go on. And for sure, moreares on Blue Crane’s biology and
ecology must be leaded to understand better Blamels needs and to get more accurate
figures to be able to model better.
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