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Patterns of abundance reveal evidence of translocation and climate effects on houbara bustard population recovery
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Population reinforcement, through translocations of individuals, aims to restore populations of threatened species. The increase in population size or geographic distribution is often used as positive facts when assessing the recovery of a species, making abundance monitoring a major criterion. Based on 8-year monitoring of a reinforced population of North African Houbara bustard (Chlamydotis undulata undulata), over an area of 50,170 km² in the eastern region of Morocco, we assessed the success of management actions by assessing spatial and temporal variation in abundance as well as the factors driving this variation. We used count data to estimate and spatialize population abundance. We then assessed environmental (climate) and management covariates (release effort and hunting management) associated with temporal and spatial variation in abundance. The overall estimate of abundance in the study area was 16,918 individuals (95% CI = 13,629 to 21,027) over our study period, with strong variation between years (range = 10,409 -32,401). Our results highlighted strong spatial heterogeneity over the study area, linked to spatial variation in local climate and management conditions.

Local abundances were negatively associated with local temperature, were higher in hunting than in non-hunting areas, and were positively influenced by the number of birds released around the focal point. In addition to describing the spatio-temporal variation in the abundance of the species on a large scale, we estimated two major proxies of its conservation status: population size and population trend.

The determination of these proxies and the comparison with the counterfactual state of the species confirms the beneficial impact of the restoration and protection programme on the dynamics of the North African Houbara bustard, while underlining the dependence of these dynamics on ongoing management.

Introduction

Population size, i.e. the absolute number of individuals in a population, is a key demographic property of populations. It is linked to their evolutionary resilience [START_REF] Sgrò | Building evolutionary resilience for conserving biodiversity under climate change[END_REF], their dynamics and viability, as well as the functioning of ecosystems [START_REF] Conner | Wildlife populations: minimally viable or ecologically functional?[END_REF][START_REF] Reed | Relation of minimum viable population size to biology, time frame, and objective[END_REF].

This makes population size one critical factor to define conservation statuses in various classification systems (e.g. living planet index, IUCN Red List Criteria C and D, etc.;IUCN, 2001 and2012;[START_REF] Wwf | Living planet report 2018: Aiming higher[END_REF]. In this context, population size is both a diagnosis (to detect a previous decline, a problem related to habitat, the over exploitation of a species, etc.) and a demographic property associated with factors limiting viability [START_REF] Caughley | Directions in conservation biology[END_REF], such as Allee effects, demographic stochasticity, genetic deterioration or reduction of evolutionary potential [START_REF] Courchamp | Inverse density dependence and the Allee effect[END_REF][START_REF] Lande | Stochastic population dynamics in ecology and conservation[END_REF][START_REF] Robert | Find the weakest link. A comparison between demographic, genetic and demogenetic metapopulation extinction times[END_REF]. The measure of the population size strongly relies on a good definition and use of the concept of population. The term "population" can be defined as a group of individuals of the same species that live in a particular geographic area at the same time, with the capability of interbreeding. Although the boundaries of a population can be technically and conceptually complex to define, from an ecological and genetic point of view, individuals belonging to the same population are more similar and interact more with each other than with individuals from other populations. Population density is a measurement of population size per unit area, i.e. population size divided by total land area. Abundance refers to the representation of a species within a particular area, which may be expressed in absolute or relative terms (e.g. in relation to the abundance of the same species at different points in space or time, or in relation to the abundance of other species). Abundance is linked to the number of individuals of the focal species, but (1) can be either relative or absolute, (2) is not necessarily linked to the concept of population (for example, the abundance of a species in a particular geographical area may be the sum of several independent and isolated populations).

Abundance is generally the most convenient measure in practice. However, the relationship between abundance measured at a given spatial and temporal scale and population size is not necessarily trivial, particularly for species with large variation in population size, ecologically structured populations, diffuse habitats, or population boundaries that are impossible to assess [START_REF] Holt | On the relationship between range size and local abundance: back to basics[END_REF][START_REF] Freckleton | Large-scale population dynamics, abundance-occupancy relationships and the scaling from local to regional population size[END_REF]. Further, beyond the average abundance, the assessment of the spatial and temporal variation in abundance and the understanding of their drivers are critical for population conservation. First, the temporal variation in abundance may reveal population trends (increasing or decreasing), which are critically related to the risk of extinction (e.g. IUCN Red List Criteria A and C;IUCN, 2012). Second, the temporal stochastic variation in abundance is another major component of the extinction risk [START_REF] Engen | Stochastic population dynamics and time to extinction of a declining population of barn swallows[END_REF][START_REF] Lande | Stochastic population dynamics in ecology and conservation[END_REF][START_REF] Melbourne | Extinction risk depends strongly on factors contributing to stochasticity[END_REF]. Finally, assessing the factors behind the variation in abundance (and more generally any demographic number, property or parameter) is necessary to understand the link between demography and any form of environmental variation. In particular, for spatial variation, some recent studies have uncovered complex relationships between habitat quality and abundance in a range of taxa [START_REF] Vanderwal | Abundance and the environmental niche: environmental suitability estimated from niche models predicts the upper limit of local abundance[END_REF][START_REF] Acevedo | Population dynamics affect the capacity of species distribution models to predict species abundance on a local scale[END_REF]. With respect to temporal variation, the scenarios of future changes in the anthropogenic and nonanthropogenic environments, either trend, cyclical or stochastic, provide a necessary basis for projecting population dynamics [START_REF] Beissinger | Modeling extinction in periodic environments: Everglades water levels and Snail Kite population viability[END_REF][START_REF] Keith | Predicting extinction risks under climate change: coupling stochastic population models with dynamic bioclimatic habitat models[END_REF].

In conservation science, population size (and the associated notions of abundance and density) is particularly crucial information in the field of conservation translocations, i.e. the deliberate movement of organisms from one site to another where the primary objective is a conservation benefit (IUCN/SSC, 2013). These operations often rely on very small initial population sizes (as in the case of reintroductions) or on initially declining populations (as in the majority of population reinforcements), and the monitoring of the abundance of translocated populations is a major tool in the diagnosis of these operations. Assessing the success of translocation programmes requires an understanding of the demographic functioning of translocated populations, which in turn requires an examination of survival and reproduction parameters and their consequences in terms of overall dynamics and risk of extinction [START_REF] Robert | Defining reintroduction success using IUCN criteria for threatened species: a demographic assessment[END_REF]. However, in the absence of detailed parameters, in large populations, or when the parameters are likely to vary greatly in space and time, population size (or abundance) assessment offers a direct measure of population trends and remains an important indicator of success before estimating viability (Traill, Bradshaw, & Brooks, 2007).

In this study, we focused on understanding the variation in abundance of a reinforced population of the North African Houbara bustard (Chlamydotis undulata undulata; hereafter, houbara). The houbara is a steppe bird listed as "Vulnerable" on the IUCN Red List considering the large decline of its populations in the last decades, mainly due to unregulated hunting, habitat loss and degradation (Birdlife International/IUCN, 2016). For the past 25 years, the Moroccan population of houbara has been the subject of a restoration and conservation programme conducted by the Emirate Center for Wildlife Propagation (ECWP) through reinforcement in the wild with captive-bred individuals, in situ protection and management measures [START_REF] Lacroix | The Emirates Center for Wildlife Propagation: comprehensive strategy to secure self-sustaining wild populations of Houbara Bustard (Chlamydotis undulata undulata) in Eastern Morocco[END_REF]. The present study on the abundance of the reinforced population of houbara aims to provide diagnostic elements on the current conservation status of the species and the potential contribution of the protection and reinforcement programme put in place. The three main elements of diagnosis are (1) the assessment of population size and population trend, which are two major proxies used to define conservation status, (2) the assessment of the role of the programme in the currently observed conservation status compared to the likely conservation status in the absence of the programme [START_REF] Akçakaya | Quantifying species recovery and conservation success to develop an IUCN Green List of Species[END_REF] and (3) the influence of the continuation of the current restoration program on the dynamics of the houbara population. Based on more than 10,000 observations, covering nine years (2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018) in a study area of 50,170 square kilometers, we aimed to: 1) estimate the average density of the houbara population in the area; 2) estimate the size of the total population in the study area by year; 3) investigate the drivers of temporal and geographical variation in abundances.

Given the numbers of individuals released over the study period (N = 89 881), we expect these releases to significantly influence houbara abundance. However, the impact of such release effort might greatly vary in space and time, as pointed out in previous studies on the reinforced houbara population showing large variation in demographic rates (survival, dispersal and reproduction parameters) in relation with three main types of drivers: (1) habitat heterogeneity of the ECWP intervention area, particularly in terms of habitat suitability for the species (Monnet et al., 2015a;Bacon et al., 2017a); (2) spatial variation in the management of the intervention area, which is divided into protected and hunting areas [START_REF] Hardouin | Survival and movement of translocated houbara bustards in a mixed conservation area[END_REF]; (3) weather conditions (temperature and precipitation, [START_REF] Hardouin | Meteorological conditions influence short-term survival and dispersal in a reinforced bird population[END_REF]Bacon et al., 2017a).

Based on the aforementioned studies, we predict (1) strong spatial variation in density in relation to habitat heterogeneity; (2) the stability or at least consistency of the densest areas from one year to the next (i.e. the fact that areas that are denser than others in a given year tend to remain denser in following years); (3) temporal variation in houbara abundances, in particular linked to the variation in meteorological conditions: high temperature and low precipitation should be associated with low abundances; (4) greater abundances where release effort has been more important. Beyond its fundamental interest, one major objective of our study was to diagnose the current success of the houbara reinforcement programme in Morocco.

Methods

Species

The North African houbara bustard (Chlamydotis undulata undulata) is a medium-sized bird inhabiting semi desert steppes with open and sparse vegetation [START_REF] Hingrat | Assessing habitat and resource availability for an endangered desert bird species in eastern Morocco: the Houbara Bustard[END_REF]. At the landscape scale, permanent ergs, mountains and rivers are natural factors limiting the distribution of the species [START_REF] Hingrat | Environmental and social constraints on breeding site selection. Does the exploded-lek and hotspot model apply to the Houbara bustard Chlamydotis undulata undulata?[END_REF]; in addition, the houbara bustard avoids environments disturbed by humans [START_REF] Le Cuziat | Landscape and human influences on the distribution of the endangered North African houbara bustard (Chlamydotis undulata undulata) in Eastern Morocco[END_REF]. Formerly distributed from North Mauritania to Egypt, the growth of unregulated hunting throughout the species range since the 1980's severely threatened wild populations [START_REF] Goriup | The world status of the houbara bustard Chlamydotis undulata[END_REF].

Additionally, the intensification of pastoral activities (agricultural expansion, overgrazing of livestock), human presence and landscape fragmentation (road construction, infrastructure development) have accelerated its decline and the houbara is currently listed as "Vulnerable" on the IUCN Red List (Birdlife International/IUCN, 2016).

Houbara population management

The Emirates Center for Wildlife Propagation (ECWP) was created in 1995 [START_REF] Lacroix | The Emirates Center for Wildlife Propagation: comprehensive strategy to secure self-sustaining wild populations of Houbara Bustard (Chlamydotis undulata undulata) in Eastern Morocco[END_REF].

Between 1998 and 2019, about 135,000 captive-bred houbara have been released in several regions of Morocco. The main intervention area of the ECWP is situated in Eastern Morocco and covers 50,170 km² (Fig. 1). The ECWP intervention area is divided in two types of areas according to their management: hunting areas, where hunting is allowed outside the breeding season only (October to mid-January), and protected areas, where hunting is totally prohibited. The partitioning into hunting and protected areas was driven by the following considerations: re-establishing hunting (falconry) on areas traditionally hunted and preserving the remnant wild populations in areas substantially large enough to allow their recovery. Preliminary surveys in the beginning of the programme helped locate remnant wild populations and protected areas were established in agreement with falconers, representing up to 47 % of the ECWP intervention area in 2017 (Appendix S3, Fig. A3-1). Regular releases of captive-bred houbara have been conducted every year in both areas since 1998, totaling 108,915 individuals by the end of 2019. As hunting occurs from October to mid-January, releases in hunting areas occurred in spring (see Fig. A1-1 Supporting Information Appendix S1) to avoid hunting newly released individuals.

Releases in protected areas mainly occurred in fall. Before 2010, releases were conducted on eight main release sites every year and release group sizes were highly variable between sites and years [START_REF] Hardouin | Meteorological conditions influence short-term survival and dispersal in a reinforced bird population[END_REF]. From 2010, the release effort significantly increased numerically (Fig. A1-2 in Supporting Information Appendix S1) and spatially by releasing small groups (6 to 18 individuals) across a grid of 5x5 km.

Counting data

The monitoring of the abundance of houbaras was carried out using the distance sampling method.

Houbara were counted each year, beginning in 2000, between September and December. All counting sessions in protected areas were performed before releases and those in hunting areas were done before hunting. Our study focused on the 2010-2018 period. From 2010, following the significant increase in the release effort (Fig. A1-2 in Supporting Information Appendix S1), a standardized counting protocol was implemented. Each cell of the 5x5 km grid used for release (see above) was surveyed to identify a suitable counting location in the center of each cell. A total of 843 counting points were identified, each satisfying the following criteria: the location was accessible by car, and offered a 360° visibility for up to three km. Individuals were counted using standardized circular point observations (within a 3 km radius during 20 minutes, see details in Supporting Information Appendix S2). At the end of a counting session, observers visited locations where individuals or groups were sighted at first and recorded the exact coordinates using a GPS. This allowed the measurement of the accurate distance from the counting point to each bird (or group of birds) observed. At each counting session, the number of livestock animals present around the counting point was recorded.

Abundance estimation

Correcting the observed abundances with the detection probability

We used the "distance sampling" method [START_REF] Buckland | Advanced distance sampling[END_REF] to estimate local abundances of houbaras over the study area. This method allows fitting a detection function to model the probability of detecting an individual at a certain distance from the observer. The approach assumes that the probability of detecting a bird decreases as its distance from the observer increases. We fit models with several key functions (Uniform, Half-normal, Hazard-rate), and several types of adjustments (cosine, simple polynomial, Hermite polynomial; for models with no covariates). Then, we assessed the effect of the following covariates: hunting (hunting versus protected area, binary covariate), the logarithm of the number of birds released during the year within a radius of 100 km around the counting point (quantitative covariate, see full description below), and the year (factorial covariate). All covariates were fixed effects. We chose the best model among the various combinations of covariates, key functions and adjustment models (n = 25 models) by using the Akaike information criterion (AIC, [START_REF] Burnham | Model selection and multimodel inference: A practical information-theoretic approach[END_REF]. This analysis was performed using the "Distance" package version 1.0.0 [START_REF] Miller | Package Distance. R package version 1[END_REF] with R 4. 0. 2 (R core Team 2020). This best distance sampling model provided the abundances corrected with the detection function and accounted for the variability that could be explained by the covariates mentioned above. These abundance estimates were further used to analyze the environmental factors related to the spatial variation in abundance.

Spatializing the abundances

We used density surface modelling (hereafter: "dsm") to spatialize abundance estimates from counts corrected by detectability and to produce maps of annual abundance distribution (see Supporting Information Appendix S3 for detailed methods on dsm). From those maps we produced Hovmöller diagrams [START_REF] Hovmöller | The trough-and-ridge diagram[END_REF] to examine whether houbara local abundances varied consistently over time (i.e. with no drastic change in local abundance (dsm pixel) from year to year). The Hovmöller diagrams illustrated the changes in houbara abundances according to latitude and longitude (by degree) and time (by year), by averaging all the values of a single column of longitude or a line of latitude. In our case, we averaged the abundance estimates per pixel by latitude and longitude bands for each year. We excluded the year 2010 because of its high uncertainty associated with the dsm abundance estimates (see results).

Assessing the effects of releases on the abundance

Although releases took place each year after the counting period, releases prior counting were likely to influence local abundances for the focal year. We therefore developed a covariate to quantify the number of individuals previously released near each counting point (hereafter, Nrel; see details in Supporting Information Appendix S4). Nrel corresponds to a number of individuals released since a date (n) within a certain radius (r) around a counting point. This covariate was included as an adjustment covariate in abundance models.

To include Nrel in the model it was first necessary to select the most relevant buffer value (Bnr, i.e. a choice of r and n) around counting points. For this, we tested the relationship between the estimated abundance and various spatio-temporal buffers (Bnr). Buffers included a log-transformed number of released individuals within a radius r around the counting point, over the n days prior to the counting date. We considered two values of n. The first value of n corresponded to "1 year before the count" and the second corresponded to the period between "January 1st of the counting year and the counting date".

We investigated four spatial radii r: 10km, 20km, 50km and 100km. We then obtained eight different combinations of temporal and spatial distances from the counts. We fitted the models with these different combinations and ranked them using the Akaike Information Criterion (AIC) and selected the best model (see details in Supporting Information Appendix S4). Analyses of the relative importance of the parameters and model-averaged coefficients of the best models allowed us to select a buffer (Brn) with the most relevant r and n values. The Nrel variable used in the abundance model corresponded to logtransformed numbers of released individuals within the selected spatio-temporal buffer.

Spatial and temporal environmental covariates

For each counting point the following explanatory covariates were used to assess the effects of the spatial heterogeneity of the area on abundances: the type of management (Hunting as binary covariate), the mean annual temperature (Temp; in Kelvin) and annual total precipitation (Prec) over the nine years of the study, the type of habitat (three level factor, see below), the log-transformed nearest distance to a town (Town), the log-transformed nearest distance to a road (Road) and the log-transformed livestock density (Livestock). The livestock density was obtained from counts made at the counting points and log-transformed. We used livestock density to estimate the potential disturbance of pastoral activities and/or direct disturbance due to the presence of livestock animals [START_REF] Le Cuziat | Landscape and human influences on the distribution of the endangered North African houbara bustard (Chlamydotis undulata undulata) in Eastern Morocco[END_REF].

Temperature and precipitation covariates were derived from the Noah Land Surface Model, GLDAS data (Beaudoing & Rodell, 2016), which gave a value of mean temperature and total precipitation per day. We calculated an average daily mean temperature value (Temp), and an average daily total precipitation value (Prec) over the nine years of the study, for each geolocalized counting point.

To assess the effects of the temporal heterogeneity on abundances, we computed meteorological anomalies. For each counting session, we computed the temperature anomaly (Tanom) as the difference between the average temperature of the year of the count and the average temperature of the focal counting point calculated over nine years. A positive anomaly corresponded to a year with a warmer than average temperature for the counting point. We used the same protocol for precipitation (Panom).

We extracted the type of habitat (Habitat) of each counting point from Globcover 2009 data [START_REF] Bontemps | GLOBCOVER 2009 Products description and validation report[END_REF], using observations from the MERIS satellite with a resolution of 300 m. The study area included three different habitats: mosaic vegetation/croplands (Habmosaic), sparse vegetation (Habveg) and bare area (Habbare). Distances to the nearest town and road were calculated from Open Street Map data (data © OpenStreetMap contributors, under ODbL license).

For the analyses, all covariates were rescaled: centralized and standardized.

Abundance modelling

We modelled the temporal and spatial variation in houbara abundances using Nc (the local abundance during a counting session corrected by the probability of detection) as the response variable. This variable Nc included a very large quantity of zeros: among the 10,071 count data, more than 70% corresponded to non-observation.

We used zero-inflated models to account for over-dispersion of these data and excess of zeros in a better way than their conventional counterparts (e.g. Poisson regression). Zero-inflated models consider that the response variable contains more zeros than expected and fitted models are thus divided into two parts: a conditional model, which corresponds to the abundance/count modelling, and a zero-inflation part, which corresponds to the absence (see details in Supporting Information Appendix S5). Using a single conditional model including all the main fixed-effect covariates listed above (Year, Town, Road, Nrel, Hunting, Livestock, Habitat, Tanom, Panom, Temp and Prec), we tested several zero-inflated models with different distributions (Poisson or negative binomial) and various covariate combinations in the argument to model extra zeros: Hunting, Year and Nrel. This resulted in eight main models (see Supporting Information Appendix S7). We then added some interactions to the conditional part of each of these eight models: (i) between the precipitation anomaly and the mean precipitation at the focal pixel (Panom:Prec) following the expectation that a positive precipitation anomaly would have a positive effect on abundance, especially in sites associated with low average precipitation (Ficetola and Majorano, 2016;[START_REF] Ogutu | Rainfall influences on ungulate population abundance in the Mara-Serengeti ecosystem[END_REF]; (ii) between temperature anomaly and the mean temperature at the focal pixel (Tanom:Temp) following the expectation that positive temperature anomalies would have a negative effect on abundance, especially in sites associated with high average temperatures (Ficetola and Majorano, 2016;[START_REF] Hardouin | Meteorological conditions influence short-term survival and dispersal in a reinforced bird population[END_REF]and (iii) between the management of the zone and the number of releases (Hunting:Nrel) to examine whether the effect of the number of individuals released on local abundance varies according to area management (hunted or protected area; [START_REF] Hardouin | Survival and movement of translocated houbara bustards in a mixed conservation area[END_REF]. We used AIC to select the most parsimonious model between the 48 models tested (see Supporting Information Appendix S7). Zero-inflated models were implemented with the "glmmTMB" package version 0.2.3 [START_REF] Magnusson | Package glmmTMB. R package version 1[END_REF] of R.

Results

Temporal variation in abundance

The best detection function model was the hazard-rate with year and number of releases as covariates (in a buffer of 100 km, since the 1st January of the year of the count; see details in Supporting Information Appendix S4). The integrated probability of observing an individual that was actually present within a radius of 3 km, was p= 0.082 (cv: 0.021, se: 0.001) according to the best distance sampling model. The average density estimated over the nine years for the 38,628 km² area was 0.442 houbara per km² and the average abundance was estimated to 16,918 individuals (95% CI [13,629 -21,027]) with substantial variation over the study period (Fig. 2 and Table A6 in Supporting Information Appendix S6).

Predictors of abundance

The selected model was the negative binomial zero inflation model with the Year as the covariate in the ziformula (covariate related to the excess of zeros). The model outputs can be divided into two distinct parts: the zero-inflation part that explains presence-absence (see Supporting Information Appendix S5) and the conditional part that explains abundance per se. The conditional model (Table 1) showed that the abundance increased with the number of individuals released within 100 km around the count point since the 1st January of the year of the count session (Table 1 and Fig. 3a). Abundances were also positively correlated with the presence of livestock animals and negatively correlated with the mean temperature of the site (i.e. average temperature over the study period, Table 1 and Fig. 3b). Further, higher abundances were found in hunting areas and lower abundances were found in habitat composed of mosaic vegetation and croplands. Other covariates and interactions among covariates were not significantly related to houbara abundances.

Spatial distribution of abundances

The distribution map of abundances provided by the density surface modelling showed that the distribution of houbara abundance was highly heterogeneous over the study area (Fig. 4). The density of houbara was markedly higher in the west, in the north-east and in the south of the Eastern part of the study area. The higher uncertainty of predicted abundances was related to areas with the lowest counting effort over the study period (only one or two years out of the nine years of the study) (see Supporting Information Appendix S10). Visual examination of annual abundance maps also indicated that some of these "hotspots" of abundance last several years (see Fig. A10-1 and A10-2 in Supporting Information Appendix S10). To examine whether local abundances of Houbaras varied consistently over time (i.e. without drastic changes in local abundance (dsm pixel) from one year to the next), we used Hovmöller diagrams. Examination of the latitudinal (left) and longitudinal (right) change of abundances over time showed that changes in abundance were gradual (Fig. 5), although abundances were much more selfcorrelated in space than in time at this space-time scale.

Discussion

Our study provides the first estimates of density and annual abundance of the houbara in Eastern Morocco in relation to the 22-year population reinforcement programme for the species. The associated distribution maps highlight a non-uniform distribution of individuals over the study area. This spatial heterogeneity is statistically linked to local climatic conditions (temperature) as well as the management of the area (hunting and reinforcement).

Beyond the estimation of the total houbara abundance in the study area in Eastern Morocco, our study reveals high variation of abundance in space and time. In terms of spatial variability, from an evolutionary point of view, an attractive environment is expected to correspond to high demographic rates and a high percentage of species occurrence (i.e. a high habitat suitability). However, habitat suitability is not systematically correlated with the distribution of a species' abundance [START_REF] Vanderwal | Abundance and the environmental niche: environmental suitability estimated from niche models predicts the upper limit of local abundance[END_REF][START_REF] Acevedo | Population dynamics affect the capacity of species distribution models to predict species abundance on a local scale[END_REF] and a triangular relationship is often observed: poorly suitable habitats are associated with low abundance, while highly suitable habitats are associated with both low and high abundance.

The temporal variability in abundance is just as complex as spatial variability, because it strongly varies depending on the metrics, the method of analysis and/or the temporal and spatial scale used [START_REF] Gaston | The temporal variability of animal abundances: measures, methods and patterns[END_REF][START_REF] Heath | Quantifying temporal variability in population abundances[END_REF][START_REF] Brown | Spatial and temporal unpredictability of colony size in cliff swallows across 30 years[END_REF]. Density dependence and environmental stochasticity interact to influence population dynamics and it is often difficult to dissociate their respective effects. Further, temporal variation in population size (and the resulting changes in observed abundance) are related to demographic parameters in complex ways. There are direct causal relationships between survival, reproduction and dispersal parameters and population size, but the strength of these relationships is highly dependent on the elasticities of the asymptotic population growth rate to the demographic parameters, which themselves depend on the life history of the species [START_REF] Caswell | Matrix population models[END_REF]. In houbara, preliminary analyses of the population dynamics of wild-born individuals indicate that the generation time of this population is about eight years, and that the houbara exhibits high elasticity of the growth rate to adult survival probabilities (sum of elasticities for survival probability of adult females ≈ 0.88, [START_REF] Bacon | Etude des paramètres de reproduction et de la dynamique d'une population renforcée d'outardes Houbara nord-africaines (Chlamydotis undulata undulata) au Maroc[END_REF]. It is therefore expected that variations in adult survival will have strong consequences on the growth rate and thus on the population size.

Beyond the direct causality of demographic parameters on population size, population size also potentially exerts a causal effect on the parameters through density-dependent processes on survival, reproduction and dispersal [START_REF] Tavecchia | Density-dependent parameters and demographic equilibrium in open populations[END_REF][START_REF] Knipe | The effects of population density on the breeding performance of mountain hare Lepus timidus[END_REF]. These processes are still insufficiently characterized for houbara, but a recent study suggests the existence of density-dependent regulation on the survival of released individuals in the most suitable habitats (Monnet et al., 2015a). In a close species, the MacQueen's bustard (Chlamydotis macqueenii), [START_REF] Azar | Survival of reintroduced Asian houbara in United Arab Emirates' reserves[END_REF] have also highlighted density dependence processes, where the long-term survival of individuals is negatively affected by the local increase in densities linked to the reinforcement strategy. Thus, in the case of the complex system of reinforced population of houbara in Eastern Morocco, it is likely that the observed temporal variations in global abundance also depend on the release effort (Bacon, 2017c, last chapter).

This release effort has been highly variable globally (with the total number of individuals released annually varying from 6,722 to 13,224) and locally. Further, beyond the variation in the number of releases, it is also the short-term survival of these released individuals that was highly variable between years (e. g. post-release three-month survival of individuals released in fall varied from 0.92 ± 0.06 in 2006 to 0.19 ± 0.07 in 2009, [START_REF] Hardouin | Meteorological conditions influence short-term survival and dispersal in a reinforced bird population[END_REF].

Previous works also indicated that post-released survival is related to weather conditions, which have a strong impact on the availability of food resources in this arid environment [START_REF] Hingrat | Assessing habitat and resource availability for an endangered desert bird species in eastern Morocco: the Houbara Bustard[END_REF]. The survival of released individuals is negatively affected by extreme temperatures, as a warmer than average year will have a negative impact on houbara survival [START_REF] Hardouin | Meteorological conditions influence short-term survival and dispersal in a reinforced bird population[END_REF]. Temperature also has a positive effect on the dispersal distance of released individuals [START_REF] Hardouin | Meteorological conditions influence short-term survival and dispersal in a reinforced bird population[END_REF]. In agreement with these demographic results, our results highlight the effect of temperature on spatial variations in abundance over the Eastern region. Lower abundances are associated with sites with higher mean temperatures.

Beyond these climatic and meteorological effects, spatial variations in abundance in the eastern region are statistically associated with the management of the area in which the counting site is located (hunting area vs. protected area) and pastoral activities around the counting sites. The observed positive relationship between pastoral activity and the abundance of houbara can be explained by the fact that during the counting period (in fall), houbaras and livestock animals share similar habitats to forage. Our results also indicate that hunting areas are associated with higher abundance. A previous study showed that certain demographic parameters were distinct between hunting areas and protected areas. In particular, there is a higher probability of movement from protected areas to hunting areas, and survival is lower in hunting areas, but this difference is not only due to hunting per se as it persists when hunting activity does not occur [START_REF] Hardouin | Survival and movement of translocated houbara bustards in a mixed conservation area[END_REF]. In the end, our results indicate that houbara movement is oriented towards areas associated with higher abundances and lower survival, suggesting (1) an important role for habitat selection [START_REF] Pulliam | Sources, sinks, and habitat selection: a landscape perspective on population dynamics[END_REF] or conspecific attraction [START_REF] Stamps | Conspecific attraction and aggregation in territorial species[END_REF][START_REF] Mihoub | Post-release dispersal in animal translocations: social attraction and the "vacuum effect[END_REF] to the most suitable areas in terms of habitat, which explains the spatial variations in abundance that we observe; (2) a negative effect of density [START_REF] Johnson | Conspecific negative density dependence and forest diversity[END_REF] on houbara survival.

The ability to assess the benefit of recovery programmes is a major conservation issue [START_REF] Brichieri-Colombi | Alignment of threat, effort, and perceived success in North American conservation translocations[END_REF][START_REF] Thévenin | Reintroductions of birds and mammals involve evolutionarily distinct species at the regional scale[END_REF], as is the definition of the success of these programmes [START_REF] Seddon | Developing the science of reintroduction biology[END_REF], which ultimately must be linked to the long-term viability of the restored populations and their contribution to the viability of the species [START_REF] Sarrazin | Introductory remarks: a demographic frame for reintroduction[END_REF][START_REF] Robert | Captive breeding genetics and reintroduction success[END_REF][START_REF] Robert | Defining reintroduction success using IUCN criteria for threatened species: a demographic assessment[END_REF]. Faced with the difficulty of assessing the viability of a population, the increase in population size or geographic distribution are often used as positive facts of the assessment of the recovery of a species, making abundance monitoring a major criterion [START_REF] Carlson | Monitoring the recovery of smalltooth sawfish, Pristis pectinata, using standardized relative indices of abundance[END_REF][START_REF] Thévenin | Reintroduction efficiency: a stepping stone approach to reintroduction success?[END_REF]. [START_REF] Akçakaya | Quantifying species recovery and conservation success to develop an IUCN Green List of Species[END_REF] proposed an assessment of species recovery and conservation success to develop an IUCN Green List of Species. Their objective was to compare the current status of a population with the status that would have been expected if there had been no restoration or protection measures, i.e. the "counterfactual state". The difference between the current status of a population and its counterfactual state allows the assessment of the impact of past conservation actions.

Globally, historical counts in the mid-1990s estimated the population of houbara bustard at about 10,000 birds in North Africa, of which more than 50% were in Algeria, 30% in Morocco and 10% in Libya [START_REF] Goriup | The world status of the houbara bustard Chlamydotis undulata[END_REF]. More recently, it has been assumed that the population would range between 20,000 and 50,000 birds, with 13,000 to 33,000 mature individuals in North Africa (BirdLife International, 2020). However, no reliable abundance estimates were so far available for the North African Houbara bustard.

In this context, the results of the present study, in conjunction with previous ecological studies, allows to draw three types of conclusions on the current state of conservation of the houbara and the contribution of the restoration and protection programme initiated 25 years ago.

Firstly, before any real quantification of the probability of extinction of the species, we provide the estimation of two important demographic properties: population size and population trend, which are two major proxies used to define conservation status (IUCN, 2012). For the period 2010 -2018, we estimated the average abundance over the study area at around 16,918 ± 1,875 individuals, which corresponds to an average density of 0.44 ± 0.05 houbara per km². This estimate suggests that the population is large enough to avoid problems related to demographic stochasticity and short-term genetic deterioration [START_REF] Frankham | Conservation genetics[END_REF], as the species exhibits little genetic differentiation over its range [START_REF] Lesobre | Conservation genetics of Houbara Bustard (Chlamydotis undulata undulata): population structure and its implications for the reinforcement of wild populations[END_REF]. In addition, the relative stationarity of numbers (Fig. 2) suggests that with continuity of current management, the risk of extinction in the short term is moderate.

Second, in the framework of the evaluation of a counterfactual state that would allow to quantify the benefits of conservation actions, our analysis suggests that the programme put in place had beneficial effects on the numbers and trend of the houbara, and thus presumably on the risk of extinction. Following several decades of population decline (Birdlife International/IUCN, 2016), density estimates had been made for three areas in the Eastern region of Morocco in 2001, at the beginning of the reinforcement programme. These 2001 estimates ranged from 0.05 to 0.1 individuals per km² depending on the type of management of the area considered, hunted or protected (ECWP, unpublished data). In 2009 new estimates indicated an average density of 0.45 ± 0.08 houbara per km² in these three areas. Maximum densities were observed in 2010 in protected areas, with 0.76 houbara/km [START_REF] Hardouin | Survival and movement of translocated houbara bustards in a mixed conservation area[END_REF]. These maximum densities are similar to our estimates (2010 is associated with maximum densities with 0.84 ± 0.12 houbara per km²).

Our results also indicate that, in our study area, releases are locally associated with higher abundances when considering large spatial and temporal range (100 km around the counting points and several months prior to counting, starting in January of the year of counting considered). This result suggests that releases have a positive impact on population dynamics, and that this increase in density is not simply related to a very short-term effect following release but can be interpreted in terms of dispersal, habitat selection, and survival of released houbara. In other words, individuals do not leave the areas where they were released, settle in suitable habitat and their survival is sufficient to ensure that local abundances reflect the local release effort even several months after release. This hypothesis is supported by results from previous ecological and demographic studies conducted on this reinforced population showing: (1) a relatively low dispersal distance from release sites (below 20 km after 90 days, [START_REF] Hardouin | Meteorological conditions influence short-term survival and dispersal in a reinforced bird population[END_REF], (2) a relatively high survival of released individuals under certain weather conditions (high and consistent spring short-term survival rate, i.e. three months after release: 0.86 ± 0.02 between 2001 and 2009, [START_REF] Hardouin | Meteorological conditions influence short-term survival and dispersal in a reinforced bird population[END_REF]. Over the 2001-2010 period, the post-release survival probability over six months averaged 0.82± 0.02 in protected areas whatever the season. In hunting areas, it was constant between years and averaged 0.74 ± 0.01 during the breeding season, and varied among years (ranging from 0.30±0.07 to 0.76±0.04) during the non-breeding season [START_REF] Hardouin | Survival and movement of translocated houbara bustards in a mixed conservation area[END_REF]; (3) breeding parameters of released individuals similar to wild-born individuals [START_REF] Bacon | Long lasting breeding performance differences between wild-born and released females in a reinforced North African Houbara bustard (Chlamydotis undulata undulata) population: a matter of release strategy[END_REF], and an average clutch size of 2.44 eggs [2.41, 2.48] (Bacon, Hingrat & Robert, 2017b); (4) a pattern of reproductive senescence (Bacon et al., 2017b) comparable to that observed in captivity [START_REF] Chantepie | Age-related variation and temporal patterns in the survival of a long-lived scavenger[END_REF], highlighting that some released individuals live long enough to complete their life history. Further, wild-born and captive-born individuals share much of the ecological space [START_REF] Monnet | The realized niche of captive-hatched Houbara Bustards translocated in Morocco meets expectations from the wild[END_REF] and the diet of released houbara is similar to that of wild-born individuals [START_REF] Bourass | Diet of released captive-bred North-African houbara bustards[END_REF], suggesting successful integration of captive-bred individuals. Overall, demographic and ecological data collected since the start of the reinforcement through an intensive monitoring programme suggest that the population reinforcement strategy and the management of the area have led to an increase in the population size since the early 2000s. Without these actions, the population would have continued to decline at a critical level or have become extinct, as is the case in other parts of its range (Chammen et al., 2003 and2008).

Thirdly, our results question the self-sustainability of the houbara population in its current environment, the dependence of its dynamics on the continuity of the reinforcement, and highlight the need to better understand density-dependent and density-independent processes that influence these dynamics. Over the 108,915 individuals released in the Eastern region since 1998, about 90% have been released after 2009. (i.e. over the study period). In spite of this large release effort, our results indicate that the observed densities in the last years stagnate around 0.38 individuals per km² (average of the densities estimated from 2016 to 2018). In the last two decades, several studies have indeed revealed the importance of additional natural and anthropogenic threatening factors on the reinforced houbara population and its habitats, such as climate change [START_REF] Frenette-Dussault | Trait-based climate change predictions of plant community structure in arid steppes[END_REF][START_REF] Monnet | Apport des modèles de niche aux translocations d'espèces : cas du renforcement de populations d'Outarde houbara[END_REF], carrying capacity and density dependence mechanisms [START_REF] Monnet | Apport des modèles de niche aux translocations d'espèces : cas du renforcement de populations d'Outarde houbara[END_REF], human disturbance and habitat degradation [START_REF] Le Cuziat | Landscape and human influences on the distribution of the endangered North African houbara bustard (Chlamydotis undulata undulata) in Eastern Morocco[END_REF], and even the management strategy itself [START_REF] Hardouin | Survival and movement of translocated houbara bustards in a mixed conservation area[END_REF][START_REF] Bacon | Long lasting breeding performance differences between wild-born and released females in a reinforced North African Houbara bustard (Chlamydotis undulata undulata) population: a matter of release strategy[END_REF].

All these elements concerning the diagnosis of the state of conservation of the houbara population and the effects of the restoration programme directly impact the directions to be followed in terms of management and research. In particular, the comparison of the current state of the population (population size and trend) with its probably very unfavorable counterfactual state justifies the existence and interest of the programme (i.e. its contribution to the conservation of the species). Furthermore, the dependence of the free-ranging population on the continuity of the reinforcement programme is an argument for not stopping the releases. It rather encourages towards a fine tune of the release strategy in close link with the research to assess in situ functioning of the reinforced houbara population. More specifically, the data on spatial variation in abundance will be integrated into the ongoing studies on density-dependent regulation mechanisms in relation to habitat quality (Bacon et al., 2017a). They can also guide releases toward the areas with the greatest deficits in relation to the carrying capacity of the environment (see [START_REF] Acevedo | Population dynamics affect the capacity of species distribution models to predict species abundance on a local scale[END_REF]. Finally, an attempt has been made in the past to estimate viability based on individual-based demographic monitoring and population dynamics models [START_REF] Bacon | Etude des paramètres de reproduction et de la dynamique d'une population renforcée d'outardes Houbara nord-africaines (Chlamydotis undulata undulata) au Maroc[END_REF]. This work has highlighted the lack of information on initial numbers, carrying capacity, and the links between density and demography. In this context, the acquisition of reliable abundance data will allow (a) to quantify density-dependent relationships in mechanistic population models, (b) to combine individualbased population monitoring data [START_REF] Hardouin | Determinants and costs of natal dispersal in a lekking species[END_REF][START_REF] Hardouin | Survival and movement of translocated houbara bustards in a mixed conservation area[END_REF] with the abundance data from the present study within an integrated modeling framework [START_REF] Schaub | Integrated population models: a novel analysis framework for deeper insights into population dynamics[END_REF] to construct robust viability estimators.

Conclusion

This and previous studies on abundance, demographic parameters and dynamics of this restored population suggest that it still does not meet the criteria for viability and self-sufficiency [START_REF] Seddon | Developing the science of reintroduction biology[END_REF]IUCN/SSC, 2013;[START_REF] Robert | Defining reintroduction success using IUCN criteria for threatened species: a demographic assessment[END_REF][START_REF] Akçakaya | Quantifying species recovery and conservation success to develop an IUCN Green List of Species[END_REF]. However, they also show that applied ex and in situ practices offered large scale restoration opportunities. They stopped the population decline [START_REF] Bacon | Etude des paramètres de reproduction et de la dynamique d'une population renforcée d'outardes Houbara nord-africaines (Chlamydotis undulata undulata) au Maroc[END_REF] and secured captive and free ranging populations by preserving the genetic diversity and evolutionary resilience of the species [START_REF] Lesobre | Conservation genetics of Houbara Bustard (Chlamydotis undulata undulata): population structure and its implications for the reinforcement of wild populations[END_REF][START_REF] Rabier | Genetic assessment of a conservation breeding program of the houbara bustard (Chlamydotis undulata undulata) in Morocco, based on pedigree and molecular analyses[END_REF]. In terms of species/global restoration, the reinforced population also does not meet the criteria of representativeness (i.e. the presence of the species in a representative set of ecosystems and communities throughout its range, [START_REF] Akçakaya | Quantifying species recovery and conservation success to develop an IUCN Green List of Species[END_REF], as eastern region of Morocco represents only a portion of the species' range [START_REF] Monnet | The realized niche of captive-hatched Houbara Bustards translocated in Morocco meets expectations from the wild[END_REF], which extends across North Africa.

Although the programme to protect and restore the North African houbara bustard has proven its beneficial effects on recent population dynamics in eastern Morocco, future dynamics, viability and recovery of the species throughout its historical range are still dependent on continued global conservation efforts.

Table 1: Summary of the best generalized linear mixed effects model regressing corrected abundances of houbara against spatial and temporal covariates; with a negative binomial distribution and the Year as zero-inflation parameter. Only the conditional part of the model is presented (i.e. the slopes of abundances for non-zero observations). For clarity, the Year effect is not shown here, see Supporting Information Appendix S8 for the complete table (conditional and zero-inflated part). CI is the 95% confidence interval.
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 1 Figure 1: Location of the counting points of houbara fall counts from 2010 to 2018 within the ECWP
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 2 Figure 2: Variation in houbara abundances in the ECWP intervention area between 2010 and 2018.
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 3 Figure 3: Illustrations of the effects of a) the release effort and of b) the average temperature (in
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 4 Figure 4: Spatial variation in the abundance of houbara in the ECWP intervention area, Morocco.
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 5 Figure 5: Hovmöller plots for the latitude (left) and the longitude (right) coordinates for abundance
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