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Appendix 1 
Presence data of wild houbara 
We modelled the habitat suitability of the breeding range of wild houbara population from two 

types of presence data:  

 

1) We used occurrence data with precise geographical coordinates mainly from monitoring of wild 

individuals captured from 1997 to 2010 and equipped with satellite-transmitters (backpack solar-

powered transmitters, PTT-100 30/45g Solar GPS PTT, Microwave Telemetry, Inc., Maryland, 

USA) or VHF-transmitters (necklace battery-powered transmitters with mortality signals, 11g 

model RI-2B-M and 20g model RI-2D-M, Holohil System Ltd., Ontario, Canada).  

 
Table A1. Presence data of wild houbara used for species distribution models. 

 
2) We completed presence data from a random sampling of an equivalent number of coordinates in 

the digitized and georeferenced map of the historic distribution of the breeding range of the species 

(Goriup 1997). 

Type 
Individuals 

number 
Occurrences 

number 
Year Country Source 

VHF monitoring 249 13391 1997–2012 
Morrocco, Algeria, 
Tunisia 

ECWP’s data 

satellite monitoring 31 70169 2002–2012 
Morrocco, Algeria, 
Tunisia 

ECWP’s data 

occurrences & fresh 
tracks 

- 10 2007 Algeria 
de Smet et al. 
2009 

occurrences & fresh 
tracks 

- 15 2008–2010 Algeria 
Fellous A. 
unpubl. 

fresh tracks - 2 2006 Tunisia 
Wacher T, 
unpubl. 

captures and nest - 14 1986–2006 
Morrocco, Algeria, 
Tunisia 

Lesobre et al. 
2009 
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Appendix 2 
Environmental data for species distribution modelling 
 

Table A2. Bioclimatic variables from the Worldclim database (Hijmans et al. 2005).  

Code Variables 

BIO1 mean annual temperature 
BIO6 minimum temperature of the coldest month 
BIO5 maximum temperature of the warmest month 
BIO4 temperature seasonality (standard deviations of mean monthly temperatures)  
BIO12 annual precipitation  
BIO14 precipitation of the driest month 
BIO13 precipitation of the wettest month 
BIO15 precipitation seasonality (coefficient of variation of monthly precipitations) 
 
 
Table A3. Summarized land cover variables from global land-cover classes.  

Global land-cover classes Summarized land cover variables 

Open deciduous shrub land open shrubland 
Sparse grassland sparse grassland 
Croplands (>50%) 

cropland Irrigated croplands 
Tree crops 
Bare rock bare rock 
Stony desert stony desert 
Sandy desert and dunes sandy desert 
Closed evergreen lowland forest 

unfavorable 

Degraded evergreen lowland forest 
Montane evergreen forest (> 1500 m) 
Sub-montane forest (>900 m) 
Mangrove 
Mosaic forest / croplands 
Closed decidous forest (Miombo) 
Deciduous woodland 
Salt hardpans 
Waterbodies 
Cities 
 
Table A3 shows 19 land cover classes which occur in the study area (North Africa) within the 27 
Global Land Cover classes of Africa at a 1 km² pixel resolution (Mayaux et al. 2004).  
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Appendix 3 
Release and monitoring of captive-bred Houbara 
Houbara is a lekking bird which inhabits semi-desert steppes. It was red-listed as Vulnerable to 

extinction by the IUCN primarily because of overhunting and overgrazing which have caused a 

severe population decline (BirdLife International 2012)4. A restoration program, the Emirates 

Center for Wildlife Propagation (ECWP, <www.ecwp.org/>), started in Morocco in 1995 to 

reinforce wild populations with captive-born individuals (Lacroix 2003). Two ECWP breeding 

stations were established in Morocco for captive-breeding (in Missour in 1995 and Enjil in 2005). A 

detailed description of the breeding program can be found in Lesobre et al. 2008 and Chargé et al. 

2010, 2014. 

 

Equipment and monitoring of VHF-equipped individuals 
Every captive-bred Houbara was tagged with a unique metal leg band or a subcutaneous microchip 

(TROVAN RIFD 100, DorsetID). 

Before release, each individual was weighed (± 1 g), blood-sampled (for molecular sexing) and 

(Trovan ID100 Implantable Transponder, Dorset Group, Aalten, Netherlands) in the right tibia 

(injected via a single-use sterilized needle). Trovan ID100 chips are bio-compatible, pre-sterilized 

and specifically designed for animal identification. Their use is endorsed by the Captive Breeding 

Specialist Group (CBSG) of the IUCN. Microchips were implanted one month before release to 

control for any adverse effects such as infection, migration in the body or rejection. 

 

Table A4. Number and technical characteristics of VHF-transmitters. 

	  
 

transmitters number of attachment mortality manufacturer manufacturer's name
model transmitters type signal  lifespan (week) and location

RI-2B-M 412 necklace Y 11, 16, 19 52, 104, 156

RI-2D-M 247 necklace Y 19 156

RI-2D 143 necklace N 19 156

RI-2B 120 necklace N 11 52

MortFast backpack-solar +-7P 26 backpack Y 35 52 Advanced Telemetry System, The Lowell Mallory 
Group Pty Ltd., Gold Coast, Queensland, Australia

M0D-080 11 backpack movement signal 43 60 Telonics, Mesa, Arizona, USA

D-Cycle MortFast necklace 3v-1/2AA 6 necklace Y 20 76

Backpack Solar Merlin 2 backpack N 22 (solar-powered) Merlin Systems, Boise, Idaho, USA

PD-2, 2.93g, Tailmnt 1 backpack N 3 21 Holohil System Ltd., Ontario, Canada

968

weight (g)

Holohil System Ltd., Ontario, Canada
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Two standard protocols are defined for the individual-based monitoring of VHF-equipped 

individuals. 1) For 90 days (± 10 days) post-release, houbara were searched for twice a week over 

the entire study area in Morocco. 2) After 90 days, houbara were searched for once a week in 

eastern Morocco.  

The first protocol was primarily used to get accurate measures of post-release movement. 

Both protocols were used in combination to determine the movement from the release site and to 

build capture histories for survival analyses. We doubled the frequency of surveying in the first 

three months after release to better estimate movement and survival, as houbara movements and 

mortality events are known to be greater during this period (based on ECWP surveys conducted 

from 1998 to 2001).  

Houbara were primarily ground-based monitored at their last location within a radius buffer 

of 5 km. Ground radio-tracking was undertaken by direct observation with four-wheel drive 

vehicles using a portable scanner-receiver and a three-element yagi antenna (AF Antronics, Inc., 

Urbana, Illinois).  

When not detected, houbara were searched for using aerial telemetry (detection up to 80 km) 

for six months following an approximate radius of 40 km from its last location. Aerial locations 

were taken from a Maule-7 B-235 aircraft using one two-element yagi antennas fixed to each wing 

strut. Houbara were systematically searched for during other aerial telemetry procedures (i.e. when 

searching for other ‘lost’ birds). After six months without any location, an individual is considered 

as ‘lost’ and searching is ceased. Because of the large-spatial scale and intense searching for ‘lost’ 

individuals (303 ± 138 flying hours per year), we believe we have a representative sample of the 

different movement patterns (e.g. long-distance movements), that are usually problematic in studies 

of open populations (Doligez and Pärt 2008). 
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Appendix 4 
Goodness-of-fit and structure of the multi-event capture-recapture models 
We verified the fit of the general, time-dependent model with program U-CARE ver. 2.3.2 

(Choquet et al. 2009a). Because there is no test available to assess goodness-of-fit (GOF) of the 

general model when combining live telemetry locations and dead recoveries, we performed GOF 

tests separately on recaptures and recoveries (Duriez et al. 2009).  

For dead recoveries, GOF tests indicated that recoveries is higher in the first occasion after 

release than later (M.ITEC test: χ² = 241.5, DF = 66, p < 0.001) and detect no excess of recoveries 

concentrated in some later occasions (M.LTEC test: χ² = 77.2, DF = 86, p = 0.7).For live recaptures, 

the GOF test was highly significant (χ² = 6458, DF = 168, p < 0.001), primarily due to a positive 

trap-dependence effect on live recaptures (i.e. higher capture probability at j + 1 when individuals 

are captured at occasion j; p < 0.001) that was accounted for following Pradel and Sanz-Aguilar 

(2011).  

We calculated an approximate over-dispersion coefficient using tests M.ITEC and M.LTEC 

based on recoveries (Σχ² / ΣDF = 318.7 / 154 = 2.07 = ĉ) for model selection. Therefore, we 

considered a modified version of the standard Cormack–Jolly–Seber model incorporating trap-

dependence effect to account for this lack of fit (Pradel and Sanz-Aguilar 2011). We considered 

four states: alive individuals captured at t–1 [AC] or not captured at t–1 [AC], just dead [JD] or dead 

[D] and three events to code for the observed fate of an individual at each occasion (event 0: not 

observed, event 1: observed as alive individual, event 2: observed as dead individual). The tracking 

data used for this analysis represent a particular (i.e. continuous) situation violating the general 

assumptions of a short period in which individuals are recaptured required by capture–recapture 

models (Lebreton et al. 1992). However, this assumption can be violated without biasing survival if 

recapture rate is >0.2 (O’Brien et al. 2005). We defined an occasion as a time step of three months, 

but as only one event can be coded per occasion, the situation was problematic when two different 

events occurred within a single occasion (e.g. recaptured then recovered dead at t). Thus, in that 

case, we postpone the recovery to the next occasion (t+1) to take into account that the individual 

was known to have survived from t–1 to t. To illustrate this, if a male is released at the first 

occasion, missed at the second, recaptured at the third occasion and found dead in the same 

occasion, the history would be coded ‘1012’.  

First, the initial state probability matrix reported the probability of being in a given state 

when first encounter. In our case, individuals are alive when released. 

AC AC D  

[1 0 0 ] 
States	  
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The transition matrix estimated individual (ϕ!) survival. By convention, ‘from states’ are in 

columns and ‘to states’ are in rows. 

AC AC JD D

AC Φ 0 1−Φ 0

AC 0 Φ 1−Φ 0

JD 0 0 0 1

D 0 0 0 1

 

The transition matrix estimated detection probabilities, we considered two detection probabilities at 

time t ‘P*’ and ‘P’ depending on whether an individual was previously captured or not at the 

previous occasion t-1. 

AC AC JD D

AC p∗ 1− p∗ 0 0

AC p 1− p 0 0

JD 0 0 1 0

D 0 0 0 1

 

Finally, the matrix of event probabilities reported the encounter probabilities. 

0 1 2

AC 0 1 0

AC 1 0 0

JD 1− r 0 r

D 1 0 0

 

Event matrix described: r : recovery rate of dead individuals.  
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Appendix 5 
Survival analysis: groups  
We created four balanced groups of individuals (following interquartile range) according to 

predicted values of habitat suitability in release site. 

 

Table A5. Size of groups of released houbara based on habitat suitability of release sites (HS release 

site). 

Interquartile Group name HS release site 
Group size 
total male female sex ratio 

0.75–1 Q4 0.8881 to 0.9028 269 139 130 1.07 
0.5–0.75 Q3 0.8589 to 0.8881 214 108 106 1.02 
0.25–0.5 Q2 0.8398 to 0.8589 236 126 110 1.15 
0–0.25 Q1 0.6649 to 0.8398 238 117 121 0.97 
    total: 957 490 467 1.05 
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Appendix 6 
Survival analysis: model selection 

 
Table A6. Model selection for long-term survival probabilities [S!"#$%] with recovery and detection 
probabilities [𝑃!!∗ + 𝑃!! + 𝑅!"#$%]. See Hardouin et al. (2014) for the detailed model selection on 
detection, recovery, and short-term survival. 

Model N°  Long-term survival  Np  Deviance  QAICc ∆QAICci wi 

           
S1  𝐒𝒍𝒐𝒏𝒈𝑻.𝒈 𝟏,𝟐  𝟒  𝟓,𝟑 !𝒕  35  6432.7  3178.1 0 0.49 
           
S2  S!"#$%.!(!,!  !,!,!)!!  36  6431.4  3179.5 1.4 0.24 
           
S3  S!"#$%.!(!,!  !,!  !)!!  36  6432.7  3180.2 2.1 0.17 
           
S4  S!"#$%.!!!  37  6431.0  3181.4 3.3 0.09 
           
S5  S!"#$%.! !,!  !  !  ! !!  34  6472.9  3195.5 17.4 0 
           
S6  S!"#$%.! !,!  !  !,! !!  35  6472.3  3197.3 19.2 0 
           
S7  S!"#$%.! !  !  !  !,! !! 	    34  6487.5  3202.6 24.5 0 
           
S8  S!"#$%.!  29  6516.9  3206.6 28.5 0 
           
S9  S!"#$%.!! !!,!!,!!,!! !! 	    34  6533.7  3224.9 46.8 0 
           
S10  S!"#$%.!  32  6550.8  3229.1 51 0 
           
S11  S!"#$%.!.!  76  6387.4  3240.3 62.2 0 
           

 

We show here a limited number of relevant models for clarity, ranked by increasing value of 

QAICc (with ĉ = 2.07), with the best model in bold.  

Model deviances, number of estimable parameters (Np), QAICc, ∆QAICci values and QAIC 

weights (wi) are given.  

 

Notation:  

t  time-dependent on a yearly basis.  
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longT  long-term time-classe 

hs groups of individuals according to the habitat suitability of release site following 

interquartile range, respectively hs(Q1,Q2,Q3,Q4)  

g groups of individuals according to the gain or loss of habitat suitability along 

movement (HighL, LowL, LowG, HighG, Null), respectively g(1,2,3,4,5) 

‘ ’   lumped groups 

,   distinct groups 

.   interaction effect 

+   additive effect 
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Appendix 7 – Examples of linear regression (p > 0.05) between habitat suitability and time for ten randomly sampled individuals.  
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Appendix 8 – Examples of linear regression (p < 0.05) between habitat suitability and time for ten randomly sampled individuals.  
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Appendix 9 
Comparisons linear versus curvilinear regressions between habitat suitability 
and time 
 
Table A7. Comparisons of results from linear regressions and curvilinear (quadratic and 
cubic) regressions between habitat suitability and time. 

 
 

 
Figure A1. Linear (p < 0.05; in black), quadratic (p < 0.05; in red) and cubic (p < 0.05; in 
blue) regressions between habitat suitability and time from release for the individual 
U05M01150. 
 
Table A8. Number and percentage of individuals with convex (upwards) and concave 
(downwards) curves within the significant quadratic regressions between habitat suitability 
and time. 

 
  

P	  <	  0.05 NS P	  <	  0.05 NS P	  <	  0.05 NS P	  <	  0.05 NS

linear P	  <	  0.05 (N	  =	  308) 129 179 41.9 58.1 133 175 43.2 56.8
regression NS (N	  =	  463) 128 335 27.6 72.4 106 357 22.9 77.1

257 514 239 532

CURVILINEAR

LINEAR

number	  of	  individuals percentage	  of	  individuals

quadratic	  regression

number	  of	  individuals percentage	  of	  individuals

cubic	  regression

upwards downwards upwards downwards

linear P	  <	  0.05 (N	  =	  129) 57 72 44.2 55.8
regression NS (N	  =	  128) 83 45 64.8 35.2

140 117

number	  of	  individuals percentage	  of	  individuals

LINEAR

CURVILINEAR quadratic	  regression	  -‐	  p	  <	  0.05
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Appendix 10 
Survival analysis: individual covariates 
 
Table A9. Tests of the effect of the daily movement rate [𝑐𝑜𝑣!"] and the habitat suitability of 
release site [𝑐𝑜𝑣!"#] from the best model [S!"#$%.! !,!  !  !,! !!].  

Model  
Best model or 
- Difference from the best 
model 

 Np  Deviance  QAICc 

         
S!"#$%.! !,!  !  !,! !!  Best model  35  6432.7  3178.1 

         

S!"#$%.! !,!  !  !,! .!"#!"!!  

- Effect of the daily movement 
rate on survival assessed 
separately for each remaining 
group 

 38  6425.6  3180.8 

         

S!"#$%.! !,!  !  !,! .!"#!"#!!  

- Effect of the release habitat 
suitability on survival assessed 
separately for each remaining 
group 

 38  6431.7  3183.8 

         
 
Model deviances, number of estimable parameters (Np), QAICc values and biological 
interpretations are given.  
 
Notation:  
t  time-dependent on a yearly basis.  
longT  long-term time-classe 
covMR  daily movement rates as individual covariate 
covHSR  daily movement rates as individual covariate 
g groups of individuals according to the gain or loss of habitat suitability along 

movement (HighL, LowL, LowG, HighG, Null), respectively g(1,2,3,4,5) 
‘ ’   lump groups 
,   distinct groups 
.   interaction effect 
+   additive effect	  


