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Improving waterbird monitoring and conservation in the Sahel using remote sensing: a case study with the International Waterbird Census in Sudan

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Improving waterbird monitoring and conservation in the Sahel using remote sensing: a case study with the International Waterbird Census in Sudan

In several regions of the world, the remoteness of potential bird hotspots and lack of trained observers have often prevented countries from effectively designing proper monitoring schemes at a national scale. For many countries, it is not known whether certain bird strongholds have been missed that should be included for more complete censuses. Such gaps at national scales, sometimes large, may be detrimental for global monitoring schemes. To address this, we used the irregular participation of Sudan to the International Waterbird Census (IWC) as a case study. We designed and tested a method based on remote-sensing data of the country's lowlands to detect open water bodies in order to develop predictive models of the potential distribution of waterbird abundance and diversity. To identify open water bodies and their flooding duration, we used a Modified Normalized Difference Water Index (MNDWI) derived from Landsat 8 data. Field ornithological surveys were then used as ground-truth data to estimate the method's accuracy. The statistical results (overall accuracy = 0.972; Kappa index = 0.93) confirmed its effectiveness. Remotely sensed water bodies and additional environmental covariates were then used to build simple habitat models of the distribution of waterbird abundance and diversity based on IWC field survey data. Of the 3119 remotely sensed clusters of open water bodies, three were predicted to host more than 10 000 waterbirds, 89 more than 1000 waterbirds and five more than 30 waterbird species. Located mainly in the southern agricultural floodplains along the main rivers, these predicted waterbird strongholds are therefore recommended for inclusion in the next IWC survey in Sudan. Our findings indicate that using remote sensing to identify open water bodies combined with simple statistical modelling is likely to be a cost-effective solution to improve IWC sampling and to enhance both waterbird and wetland monitoring in vast under-surveyed regions.

Biodiversity monitoring datasets are becoming more and more global, emerging in particular from citizen-science monitoring programmes, and bring hope of filling in missing information on many important ecological and conservation issues [START_REF] Stephenson | Priorities for big biodiversity data[END_REF][START_REF] Amano | Successful conservation of global waterbird populations depends on effective governance[END_REF]. In several regions of the world, however, logistical or financial constraints, remoteness of potential bird hotspots or lack of trained observers have often prevented countries from effectively implementing proper monitoring schemes at the whole national scale. These spatial gaps in monitoring may lead to detrimental data deficiencies [START_REF] Proença | Global biodiversity monitoring: from data sources to essential biodiversity variables[END_REF][START_REF] Amano | Successful conservation of global waterbird populations depends on effective governance[END_REF]. In several countries, it remains currently unknown whether certain bird strongholds are missed that should be included in the national and international monitoring schemes [START_REF] Amano | Spatial gaps in global biodiversity information and the role of citizenscience[END_REF]. Wetlands are critically important waterbird strongholds (Boere et al. 2006, Kirby et al. 2008, Ramsar Secretariat 2014).

The International Waterbird Census (IWC), which conducts globally coordinated and simultaneous counts on a sample of wetlands, is one of the most long-standing and globally widespread environmental monitoring programmes (Sayoud et al. 2016). Since 1967, the IWC has been managed by Wetlands International (www.wetlands. org), and today covers over 25 000 sites in more than 100 countries, making it one of the largest global monitoring programmes based largely on citizen science. It has been given even greater prominence as the ecosystem services provided by waterbirds (e.g. as bio-indicators, sentinels of potential disease outbreaks or vectors of seed dispersal) are increasingly understood [START_REF] Amat | Waterbirds as bioindicators of environmental conditions[END_REF][START_REF] Green | Ecosystem services provided by waterbirds[END_REF]. IWC objectives include:

(1) estimating regularly the size of waterbird populations, (2) describing changes in the number and distribution of waterbirds, and (3) assessing the importance of individual wetlands for waterbirds through synchronized counts These results are then used to inform global agreements such as the Convention on Biological Diversity or the Ramsar Convention on Wetlands. In Africa [START_REF] Diagana | Numbers and distribution of waterbirds in Africa: Results of the African Waterbirds Census[END_REF], as well as in the entire African-Eurasian region (Wetlands International 2012), they furthermore contribute to new policies and regulatory measures regarding the conservation or use of wetland bird populations within the African-Eurasian Waterbird Agreement (AEWA) contracting parties (2012).

As the IWC is used to support decision-making concerning the management and conservation of biodiversity and wetlands at both national and international scales, sound sampling design at both scales is crucial to ensure reliable inference from the data. In several developing countries, for example in the Sahel, where wetlands are the first stopover and often the first suitable non-breeding habitat for millions of waterbirds crossing the Sahara, large-scale, long-term data on the distribution of waterbird abundance are lacking [START_REF] Nikolaus | Distribution Atlas of Sudan's Birds with Notes on Habitat and Status[END_REF][START_REF] Diagana | Numbers and distribution of waterbirds in Africa: Results of the African Waterbirds Census[END_REF], UNEP 2007[START_REF] Amano | Spatial gaps in global biodiversity information and the role of citizenscience[END_REF][START_REF] Jenner | Use of sewage ponds by birds in Khartoum State, Sudan, and their influence on bird distribution in the region[END_REF], in contrast to countries where the IWC has been implemented over longer periods and in a less resourceconstrained context.

To address this knowledge gap, we used the example of the IWC in Sudan to propose a simple methodological approach to predict the spatial distribution of waterbirds at a national scale that would be replicable elsewhere in the same biogeographical area and which would in turn contribute to informing IWC sampling design in the shortterm future by identifying those most bird-rich wetlands deserving greater sampling efforts. To this end, we developed a simple predictive model of waterbird distribution using wetland-related covariates such as open water bodies, their temporality, their distance from a river and their altitude. To collect these parameters, we used a remotesensing method based on Landsat satellite images and collected environmental data from Geographic Information Systems (GIS). Landsat imagery provides a reliable, open-access and extensive source for land cover data that can be related to field data [START_REF] Wulder | The global Landsat archive: status, consolidation, and direction[END_REF]. Multispectral Landsat data are the most widely used optical satellite data in environmental research and are recommended for research purposes [START_REF] Wulder | Opening the archive: How free data has enabled the science and monitoring promise of Landsat[END_REF].

To identify water bodies, determine whether they are permanent or temporary [START_REF] Yamazaki | The dynamics of Earth's surface water: hydrology[END_REF], and assess their long-term dynamics or short-term variations in flooding, several surface water classification methods have been used [START_REF] Xu | Modification of normalised difference water index (NDWI) to enhance open water features in remotely sensed imagery[END_REF][START_REF] Sheng | Representative lake water extent mapping at continental scales using multi-temporal Landsat8 imagery[END_REF], for example the Global Surface Water dataset [START_REF] Pekel | High-resolution mapping of global surface water and its long-term changes[END_REF]. Recently, additional remote-sensing methods have been developed to investigate ecological concerns: for example, to study landscape ecology [START_REF] Betbeder | Assessing ecological habitat structure from local to landscape scales using synthetic aperture radar[END_REF], predict species richness (Kerr & Ostrovsky 2003, Levanoni et al. 2011), assess species distribution and abundance [START_REF] Proença | Global biodiversity monitoring: from data sources to essential biodiversity variables[END_REF][START_REF] Swinbourne | Using satellite imagery to assess the distribution and abundance of southern hairy-nosed wombats (Lasiorhinus latifrons)[END_REF], and estimate habitat availability for species [START_REF] Toral | Using Landsat images to map habitat availability for waterbirds in rice fields: Mapping habitat for waterbirds in rice fields[END_REF]. However, to our knowledge, remote sensing of open water at the scale of a whole country for the purpose of waterbird monitoring has been rarely, if ever, used.

This study allowed us to assess whether combining remote-sensing data with waterbird distribution data could be a useful and simple tool to estimate waterbird spatial distribution at a country-wide scale in a largely unsurveyed region. Such information is logistically difficult and costly to gather from field surveys alone in developing countries with security issues and little or no road infrastructure. Yet such data are essential to allow local environmental authorities and non-governmetal organizations (NGOs) to improve sampling design at a national scale and to prioritize areas to target for IWC field surveys that are likely to host the largest concentrations of waterbirds and other aquatic biodiversity. Such information can also contribute to improving knowledge about networks of key wetland sites for migratory waterbirds at flyway and regional scales and thus assist in their conservation.

METHODS

Study area

Sudan is located in eastern Africa; much of the country lies in the Sahel. With an area of almost 2 million km2, located at 8.5°-22°N, 21.5°-38°E, it is the third largest country in Africa. The Nile, divided into the Blue and White Niles south of Khartoum, is the main river in the country. There are many little known, sometimes pristine, wetlands within the floodplains of these three major watercourses. The dry season lasts from November to April [START_REF] Harris | Updated high-resolution grids of monthly climatic observations -the CRU TS3.10 Dataset[END_REF]. During the rainy season (mainly April to August), low-lying land, oxbow lakes and depressions are filled by rainfall or flooding from the Nile. These temporary or semi-temporary areas of open water are locally known as mayas [START_REF] Yousif | Abundance, mayas preference and distribution of birds in Dinder National Park, Sudan[END_REF]. The majority of flooded areas are located in the Nile floodplains, where they take various forms, from permanent open water such as swamps or lakes to 'extensive peripheral floodplains around the swamp margins which are flooded shallowly for a few months each year' [START_REF] Bernacsek | A Directory of African Wetlands[END_REF]. Along the Red Sea, open water bodies include lagoons and salt marshes.

Sudan is on the path of two important migratory waterbird routes: the West Asian-East African flyway and the Black Sea-Mediterranean flyway (Wetlands International 2012). Since 2002, Sudan has occasionally participated in the IWC [START_REF] Diagana | Numbers and distribution of waterbirds in Africa: Results of the African Waterbirds Census[END_REF]) as a contracting party to the AEWA, but quantitative studies are lacking for this part of Africa (but see [START_REF] Grimmett | A Review of the Problems Affecting Palearctic Migratory Birds in Africa: the Findings and Recommendations Resulting from the ICBP Migratory Birds Questionnaire[END_REF][START_REF] Robertson | Important Bird Areas in Africa and Associated Islands: Priority Sites for Conservation[END_REF], UNEP 2007). Sudan's wetlands support numerous waterbird families of both Palaearctic and Afrotropical affinities such as Anatidae, Ciconiidae, Rallidae, Jacanidae, Pluvianidae, Scolopacidae, Gruidae, Ardeidae, Charadriidae, Laridae, Sternidae and Recurvirostridae [START_REF] Nikolaus | Distribution Atlas of Sudan's Birds with Notes on Habitat and Status[END_REF][START_REF] Diagana | Numbers and distribution of waterbirds in Africa: Results of the African Waterbirds Census[END_REF][START_REF] Yousif | Abundance, mayas preference and distribution of birds in Dinder National Park, Sudan[END_REF][START_REF] Jenner | Use of sewage ponds by birds in Khartoum State, Sudan, and their influence on bird distribution in the region[END_REF].

Field surveys

Between December 2010 and February 2014, five field surveys of waterbirds were carried out at 83 sites as part of the Sudanese IWC (Supporting Material Fig. S1). Species-specific data on waterbird abundance were collected jointly with several local partners (Supporting Information Table S1).

Steps to predict waterbird abundance and diversity

Once the satellite images were acquired (step 0), they were processed in three main steps (Fig. 1) using ArcGIS 10.4 and R 3. Table 1: . Summary of Landsat images processed according to IWC survey sessions Data acquisition and pre-processing of satellite images Landsat 8 OLI TIRS (Operational Land Imager Thermal Infrared Sensor) cloud-free surface reflectance products were acquired from the USGS portal via EarthExplorer (http://earthexplorer.usgs. gov/) for the dates consistent with the IWC surveys (Table 1). Images were selected only from the dry season (November to April) to avoid the inclusion of flooding due to precipitation. Thus, the extent of detected areas of open water was expected to decrease over the dry season, as there is practically no rainfall to fill the water bodies during this period [START_REF] Zhang | Spatial and temporal variation of precipitation in Sudan and their possible causes during 1948-2005[END_REF]. In cultivated areas, water may have come from irrigation activities.

To assess flooding duration during the dry season, images of the same area were acquired for four successive periods in the dry season, pre and post-IWC, with period 3 corresponding to the February 2014 IWC survey. The range of dates in each period for a specific Landsat area depended on image availability (Table 2). Overall, 352 areas covering the whole of Sudan from November 2013 to April 2014 were used both to detect sites of open water corresponding to the February 2014 IWC data and to model predictions of potential waterbird sites (Fig. 1).

However, taking into account only the surface area of 2014 IWC sites was not sufficient to model our calibrated dataset. To enhance model accuracy, 25 satellite images from Landsat TM (Thematic Mapper) were selected according to waterbird survey location, date and spatial extent from 2009 to 2012, in addition to the February 2014 Landsat 8 images (Table 1). Due to a systematic problem of strip lines and availability, Landsat 7 imagery was not used for these dates.

Tableau 2: Landsat 8 image dates for the four periods investigated in this study and the date of the IWC.

Water extraction with MNDWI

Delineation of the flooded areas was achieved using the MNDWI (Modified Normalized Difference Water Index) [START_REF] Xu | Modification of normalised difference water index (NDWI) to enhance open water features in remotely sensed imagery[END_REF], as this provides high overall accuracy and threshold stability for mapping flooding duration [START_REF] Ogilvie | Decadal monitoring of the Niger Inner Delta flood dynamics using MODIS optical data[END_REF]. The MNDWI was computed using the reflectance in short-wave infrared (SWIR) and green (Green) according to the following equation [START_REF] Xu | Modification of normalised difference water index (NDWI) to enhance open water features in remotely sensed imagery[END_REF]):

This spectral index is a modified version of the Normalized Difference Water Index (NDWI) [START_REF] Gao | NDWI -A normalized difference water index for remote sensing of vegetation liquid water from space[END_REF], allowing each pixel value to be char-acterized more accurately according to its water content, from -1 to + 1, with positive pixels corre-sponding to flooded areas [START_REF] Xu | Modification of normalised difference water index (NDWI) to enhance open water features in remotely sensed imagery[END_REF]. Using the MNDWI also reduces the inclusion of features such as clouds and shadows compared with the NDWI [START_REF] Gautam | Assessment of surface water dynamics in Bangalore using WRI, NDWI, MNDWI, supervised classification and KT transformation[END_REF]. Based on a comparison of the visual interpretation of the imagery and water observations collected during the IWC field surveys, different MNDWI threshold values were tested for the four periods. The threshold value of 0.3 was selected as the most appropriate for identifying open water.

Application of the MNDWI is most successful when there is no interference caused by relief or cloud shadows [START_REF] Ogilvie | Surface water monitoring in small water bodies: potential and limits of multi-sensor Landsat time series[END_REF]). In our case, as only cloud-free and pre-processed images were selected on the USGS website, this interference was reduced. Moreover, we applied an altitude threshold using the Global Digital Elevation Map (GDEM) from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), and open water bodies detected above 550 m in altitude were discarded, as shadows generated by areas above this threshold could be misidentified as water bodies. In addition, a 5° slope threshold was applied following [START_REF] Niu | Geographical characteristics of China's wetlands derived from remotely sensed data[END_REF] to remove remaining shadow errors.

Acquisition of the flooding duration covariate

To assess the effect of flooding temporality on waterbird abundance, flooding duration was indexed by the pixelspecific algebraic addition of the rasters of the four different periods, according to the flooding duration concept developed by [START_REF] Sandoz | Wetland habitats and flooding duration satellite monitoring[END_REF]. A code from 1 to 4 was assigned to each period. This coding system allowed us to (1) select pixels that were flooded during our period of interest (period 3), (2) discard water bodies with illogical or unrealistic flooding (e.g. isolated open water bodies flooded only in periods 1 and 4, as these cannot appear in a dry season without previous or surrounding open water bodies), (3) assess the accuracy of the remotesensing method and ( 4) provide an open water temporality index, from very temporary (one period) to more permanent (four periods). Finally, we applied a buffer of 150 m on all water bodies to form coherent hydrological clusters of grouped contiguous flooded bodies and assigned a code to each of them.

Accuracy assessment analysis

The presence/absence of water recorded in the field surveys was compared with the remote-sensing imagery to assess the accuracy of the spectral index (MNDWI) and the temporality index. To evaluate the robustness of our method, an accuracy assessment analysis was performed using the error matrix method on two independent datasets, following [START_REF] Congalton | Assessing the Accuracy of Remotely Sensed Data[END_REF]. We compared the remote-sensing results of surface water mapping with 47 referenced field sample areas collected by photo-interpretation and field surveys. Overall accuracy, Kappa statistic, and user and producer accuracy were then computed from the error matrix.

Calibration dataset and environmental covariates

To evaluate the robustness of the predictions of waterbird abundance for each open water body and identify the potentially attractive areas for non-breeding waterbirds, field-surveyed wetlands were linked to open water bodies extracted from Landsat 5 and Landsat 8 images. To build the calibration dataset, we used the 83 wetlands surveyed in the IWC every mid-winter between 2010 and 2014 (Supporting Information Table S1 and Fig. S1). To predict the distribution of waterbirds over all the open water bodies detected with the remote-sensing method described above, we modelled both waterbird abundance and species richness as response variables over our sample of 83 surveyed wetlands. For each of the 83 open water bodies in the calibration dataset, a suite of environmental covariates identified as potentially influencing waterbird distribution and primarily including the open water surface area was computed and extracted from GIS. The same covariates were also extracted from the full sample of open water bodies mapped over the whole country for 2014. The following covariates were included in the model as explanatory variables:

1 Open water surface area for the period of interest: the total surface area of each open water site extracted from Landsat 5 and 8 images in period 3 of 2014 (corresponding to the IWC survey) for the whole country.

We hypothesized that the surface area of open water is one of the major variables influencing waterbird distribution, as flooded areas are their primary foraging and roosting habitat [START_REF] Paracuellos | Factors affecting the distribution of a waterbird community: the role of habitat configuration and bird abundance[END_REF].

2 Water temporality: a temporality index according to the number of flooding periods for each open water body.

An open water body could be flooded during one or several periods. When a water body was flooded in several periods, we weighted each temporality index by the corresponding surface area to create an average global temporality index for the whole open water body: a water body flooded during all four periods was considered more permanent (temporality index = 4) than a water body flooded during only one period (temporality index = 1).

Temporary areas of water may be less favourable to waterbirds than permanent ones in the longer term but are sometimes trophically attractive in the short term (Mullie´ et al. 1999, Kloskowski et al. 2009).

3 Altitude: we expected a weak effect of altitude on waterbird distribution, as the altitude did not vary significantly. The elevation data were derived from the ASTER GDEM (30 m resolution), and mean elevation was calculated for each flooded area.

4 Distance from the nearest urban agglomeration: this was used as a proxy for disturbance or pollution risks that could potentially impact waterbird occurrence. The distance from towns was calculated using GRUMP (Global Rural-Urban Mapping Project) v1 (CIESIN 2011), with the locations updated with data from Open Street Map.

5 Distance from the Nile: the Blue Nile and White Nile join at Khartoum to form the River Nile, a major migratory flyway for waterbirds [START_REF] Dodman | Movements of waterbirds within Africa and their conservation implications[END_REF][START_REF] Hogg | Palaearctic migrants in the central Sudan[END_REF]. Wetlands closest to these three major rivers were expected to be more attractive to migratory waterbirds. However, those farthest away may also be important stopovers for waterbirds crossing the driest regions of the country. These distances were calculated by selecting the rivers in an Open Street Map water shapefile.

6 Ecosystems: as for any living organism, habitat is the primary influence on waterbird abundance and was thus indexed in two broad ecosystem macrogroups from the Global Ecological Land Units raster (USGS Global Ecosystems, Sayre et al. 2013).

7 Latitude and longitude: these were also included as additional proxies for any other biogeographical and macro-ecological factors (including climate) that could potentially affect waterbird distribution.

Modelling waterbird distribution

We first computed Moran's I for both response variables to check for spatial autocorrelation. Two general ecological laws, known as species-area and abundance-area relationships, predict that species richness and organism abundance, respectively, are primarily determined by habitat patch surface area through simple linear regressions on the log-log scale (Lawton 1999, MacArthur & Wilson 2001[START_REF] Taki | The species richness/abundance-area relationship of bees in an early successional tree plantation[END_REF]. We thus expected water surface area to be a prime predictor of both waterbird abundance and species richness. We modelled both these logtransformed response variables starting with simple linear regression of the log-transformed surface area. These simple log-log regressions were then used as starting models to which relevant wetland-specific covariates were alternately included. Because of the limited sample size, we only fitted the seven possible multiple regressions of two predictors (by adding only one covariate to the simple linear regression on water area). Both distance covariates (from the Nile River and from the nearest city) were log-transformed. The eight fitted regression models were ranked based on Akaike's information criterion corrected for small sample size (AICc). Within two AICc units of the top model (ΔAICc < 2), the more parsimonious model was considered to have more support, to avoid excessive complexity considering the small training sample size and to facilitate extrapolation beyond the surveyed regions. The most wellsupported regressions for both waterbird abundance and species richness were used to predict these response variables over all open water bodies mapped across the Sudan lowlands.

RESULTS

Flooding duration and open water detection

The water extraction method we used for 2014 had high classification accuracy of open water bodies, with an overall accuracy of 97.2% and a kappa value of 0.93 (Table 3). In total, 21 298 open water bodies were identified, for a total surface area of 269 639 ha (Table 4), representing approximately 14% of Sudan's lowlands. Of the total water area, 74% consisted of temporarily flooded open water bodies with very low inundation frequency, i.e. one period (e.g. period 3 zones in Supporting Information Fig. S2). We then grouped these open water bodies into 3119 coherent clusters in the Sudan lowlands (Fig. 2).

Prediction of waterbird hotspots in detected open water bodies

The mean waterbird abundance per wetland was 3400 individual waterbirds (sd = 8240) and the mean diversity was 14 species (sd = 10). Neither of these response variables showed any spatial autocorrelation (Moran's I = -0.01, se = 0.04, P = 0.92 for abundance; Moran's I = 0.01, se =0.04, P = 0.74 for species richness). The most well-supported regression model of waterbird abundance (Table 5) included only the surface area of open water as a covariate (r2 = 0.38, P < 0.001) and the most well-supported regression model of species richness included flooding temporality in addition to open water surface area (r2 = 0.38, P < 0.001). Both regressions thus showed moderate fit, but were highly significant. As expected, waterbird abundance and species richness were positively linked to the surface area of open water (Table 5). In addition, waterbird species richness was positively related to our index of flooding temporality, maximized for permanent water bodies and minimized for most temporary water bodies. Noncollinearity of both covariates of waterbird species richness was checked with Spearman's rank correlation coefficient (< 0.3).

The fit of both regression models was assessed by examination of the residual distribution plots. The Rainbow test and the Breusch-Pagan test were used to check for linearity and homoscedasticity assumptions, respectively, of both regression models. All tests were non-significant, indicating that assumptions for both regressions were satisfied. We Of the 3119 detected open water bodies, three were predicted to potentially host more than 10 000 waterbirds: the Tokar game reserve on the Red Sea coast, and the Er Roseires and Khashm El Girba reservoir dams in southeast Sudan. In addition, 89 open water bodies were predicted to host more than 1000 waterbirds, and five sites, including both the Er Roseires and the Khashm El Girba reservoir dams, more than 30 species. Main concentrations of wetlands with the highest waterbird abundance were located in the El Gezira irrigation plain, the Atbarah watershed, the Khor Abu Habil watershed, the Blue Nile and Dinder River watersheds, and on the Red Sea coast (Fig. 2). Of the 3119 clusters of open water bodies mapped for Sudan, the 33 most occupied were estimated together to host 25% of the total waterbirds predicted to winter in Sudan, this national total being estimated to be just under 700 000 individuals when not corrected for detection bias (Fig. 3).

DISCUSSION

Remote sensing of open water bodies to predict waterbird distribution Although other recent datasets representing global surface water dynamics are available (e.g. [START_REF] Prigent | Changes in land surface water dynamics since the 1990s and relation to population pressure[END_REF], Mueller et al. 2016[START_REF] Pekel | High-resolution mapping of global surface water and its long-term changes[END_REF][START_REF] Aires | A global dynamic longterm inundation extent dataset at high spatial resolution derived through downscaling of satellite observations[END_REF]) and cover Sudan, these were produced from historical images and are limited to waterbodies with larger surface areas. The Global Surface Water dataset (GSW) [START_REF] Pekel | High-resolution mapping of global surface water and its long-term changes[END_REF], for example, seems to be unsuitable for detecting small reservoirs [START_REF] Yamazaki | The dynamics of Earth's surface water: hydrology[END_REF], Jones et al. 2017), despite the fact that it achieves higher accuracy than general supervised methods [START_REF] Jia | Spectral matching based on discrete particle swarm optimization: a new method for terrestrial water body extraction using multitemporal Landsat 8 images[END_REF]). We confirmed this in the case of Sudan by comparing occurrences produced by the GSW with our results. While the GSW showed occurrences of surface water between 1984 and 2015, it did not detect several open water bodies that were obtained by our method, including one of the water areas with the largest predicted abundance of waterbirds. The missing water bodies in the GSW dataset held 20.96% of the waterbird abundances in our predictions, which is not insignificant Despite using the MODIS sensor over a more restricted area of Sudan, Kaptue´ et al. ( 2013) acknowledged that Landsat images should be preferred to allow the identification of smaller water bodies and to assess their temporality. In our case, a comparison with the higher resolution images from Sentinel 2B, launched in 2017, using the Water in Wetlands (WIW) logical rule, for example, might be relevant in the future to obtain more accurate results and detect even the smallest water bodies as well as water lying beneath vegetation (Lefebvre et al. 2019).

However, our proposed methodology has two key advantages: its country-wide scale and an interdisciplinary approach that combines data from both remote sensing and biodiversity monitoring. Waterbird populations or diversity have been estimated using similar methods by Mendez et Al.( 2015) and Nor and Jorgensen (1997) but in a smaller scales and with other satellite data or radar images (e.g. [START_REF] Taft | Use of radar remote sensing (RADARSAT) to map winter wetland habitat for shorebirds in an agricultural landscape[END_REF]. Some studies investigating waterbird distribution through remote sensing have focused on species diversity or on the quality and suitability of habitats [START_REF] Tian | Analyzing the habitat suitability for migratory birds at the Chongming Dongtan Nature Reserve in Shanghai, China[END_REF][START_REF] Dong | Assessment of habitat suitability for waterbirds in the West Songnen Plain, China, using remote sensing and GIS[END_REF].

As expected, our findings show that the majority of dry-season open water bodies in Sudan are highly temporary (38.3% of the 3119 water bodies have a temporality index between 1 and 1.5). Rainfall is very variable in the different regions of Sudan (Met Office & WFP 2016) and water bodies can shrink or expand from one year to the next, particularly in non-cropland areas that are not irrigated. To address this, our method is intended to be adjustable each year.

The almost total absence of open water bodies in the northernmost part of the country is explained by the Sahara Desert and semi-desert conditions [START_REF] Bernacsek | A Directory of African Wetlands[END_REF]). In the southern part of Sudan, which receives higher precipitation in July and August, open water bodies are more numerous, and the majority do not dry up, allowing rain-fed semi-mechanized agriculture [START_REF] Holt | Livelihoods Zoning 'Plus' Activity in Sudan. Khartoum, The Famine Early Warning Systems Network[END_REF]. In the major mechanized, cultivated plains of El Gezira, New Halfa and Rahad, which together form sub-Saharan Africa's most extensive irrigated area [START_REF] Holt | Livelihoods Zoning 'Plus' Activity in Sudan. Khartoum, The Famine Early Warning Systems Network[END_REF], artificial flooding is used for agriculture even during the driest period, which may explain the high number of small wetlands in these areas (representing 27.8% of the total number of wetlands in Sudan in the winter of 2014).

The remote-sensing method used in this study resulted in a good overall prediction accuracy of 97.24%, but this could potentially be further improved by integrating additional ground-truth data on open water bodies; in turn, this could enhance the quality of the resulting waterbird distribution models. In future waterbird or other wetlandrelated biodiversity studies, it would be relevant to record the presence of aquatic vegetation in open water bodies, combining different available vegetation and water indexes and providing robust dataset validation (e.g. [START_REF] Sandholt | A simple interpretation of the surface temperature/vegetation index space for assessment of surface moisture status[END_REF][START_REF] Perennou | Mapping mediterranean wetlands with remote sensing: a good-looking map is not always a good map[END_REF].

Overall, our results provide a comprehensive preliminary inventory of wetlands across the lowlands of Sudan, a crucial tool to predict waterbird distribution, but also potentially beneficial to water and land use management planning (UNEP 2007). Despite the limitation that our data layer focuses ) only on wetlands containing bodies of open water, we believe this could still be of significant assistance in assessing the socio-economic and ecological functions and value of wetlands at a countrywide scale, as well as their potential for future sustainable development. 

Waterbird distribution modelling

As anticipated, the surface area of water bodies was found to be the most influential covariate explaining waterbird distribution, as has been found in other studies [START_REF] Paracuellos | Factors affecting the distribution of a waterbird community: the role of habitat configuration and bird abundance[END_REF], Gonz alez-Gajardo et al. 2009), and, more generally, is in line with broad ecological laws that relate organism diversity and abundance to habitat patch area (Lawton 1999, MacArthur & Wilson 2001[START_REF] Taki | The species richness/abundance-area relationship of bees in an early successional tree plantation[END_REF]. Large wetlands can provide more microhabitats [START_REF] Paszkowski | Community concordance between the fish and aquatic birds of lakes in northern Alberta, Canada: the relative importance of environmental and biotic factors[END_REF] and more open water, and therefore can be more attractive to waterbird species and individuals (Gibbs et al. 1991). A suitable remote-sensing method providing this surface area information for each body of open water is thus essential to predict waterbird distribution -our method is a useful solution for this. In the future, it would be additionally valuable to find a cost-effective method to quantify the vegetation biomass of each open water body and include this in our distribution model, due to its potential importance for waterbirds [START_REF] Clausen | Modelling water level influence on habitat choice and food availability for Zostera feeding Brent Geese Branta bernicla in non-tidal areas[END_REF], Ma et al. 2010).

The flooding temporality covariate did not show any effect on waterbird abundance distribution, indicating that temporary wetlands in Sudan can potentially be as important as permanent ones in terms of abundance (Table 5). Waterbird diversity, however, seems to be maximized in permanent wetlands and lowest in most temporary water bodies. This pattern would fit, for instance, with the one described in the Okavango basin by [START_REF] Cumming | Foraging guild membership explains variation in waterbird responses to the hydrological regime of an arid-region floodpulse river in Namibia[END_REF] and in South Africa by [START_REF] Harebottle | Assessing the conservation value of wetlands and waterbirds with a focus on the winter rainfall region of South Africa[END_REF], where the hydrological regimen was found primarily to affect the composition of the waterbird community, with higher and hence more permanent water levels permitting the accumulation of various waterbird guilds seeking foraging opportunities or escaping drying wetlands.

A major issue in the IWC is the lack of consideration of detection bias in large-scale monitoring designs [START_REF] Pollock | Large scale wildlife monitoring studies: statistical methods for design and analysis[END_REF]. Assuming a detection probability of only 50%, a realistic situation for such large and often vegetated wetlands [START_REF] Einoder | Occupancy and detectability modelling of vertebrates in northern Australia using multiple sampling methods[END_REF][START_REF] Vanausdall | Detection and density of breeding marsh birds in Iowa wetlands[END_REF], the three most important sites (Tokar game reserve as well as Er Roseires and Khashm El Girba reservoir dams) would then qualify as sites of international importance according to Ramsar criteria 5 (Ramsar Secretariat 2014). They would thus represent a higher priority target in the national IWC programme. Of course, should detection probability be estimated to be even lower, more open water bodies in Sudan would be expected potentially to qualify as sites of international importance. The limited size and relatively restricted geographical range of the training dataset sample certainly impacted the predictive performance of our proposed model of waterbird distribution, with most uncertainty around predictions of highest waterbird abundance (Fig. 4). Another limitation of our approach was the lack of sampling in several remote areas, for example the Darfur region. Completing the five initial field surveys (Table S1) to achieve the calibration sample of 83 wetlands required outstanding logistical, administrative and financial efforts from all organizations involved due to the remote and complex field conditions, including limited fuel availability and road infrastructure. Most importantly, our calibration sample was severely restricted in space, as vast regions are regularly made inaccessible by security issues, thus preventing field surveys. Considering the lack of previously established regular IWC monitoring and the effort and cost required for a single field survey, these difficulties advocate for a more cost-effective design of future IWC sampling to be practicable as soon as possible despite the low calibration sample of sites. Of course, it would be recommended to retrain our proposed model on a forthcoming larger and more spatially balanced sample of calibration sets in order to improve future IWC design. Nonetheless, extrapolating organism distribution beyond a surveyed area is a widespread feature of biodiversity monitoring programmes, which take advantage of predictive modelling tools to overcome resource constraints and the many needs for conservation and management decision-making (Mannocci et al. 2015). In addition, because our fieldwork efforts allowed us to survey a sample of wetlands of a relatively wide range of hydrological conditions despite the limited location and size of this fieldwork, it was possible to run a simple extrapolation of waterbird distribution over the whole range of wetlands in Sudan's lowlands without extrapolating beyond the environmental space initially sampled. Thus, our very simple modelling approach provides a preliminary costeffective solution to predict waterbird abundance and thus help to prioritize IWC targets in poorly surveyed areas.

Recommendations for waterbird surveys Because of their location and the importance of their numerous, remote and sometimes vast wetlands, Sahel countries are hugely important for waterbirds and thus demand special attention in the design of national IWC monitoring. An initial proposal by [START_REF] Brouwer | A method for making whole country waterbird population estimates, applied to annual waterbird census data from Niger[END_REF] recommended ways to enhance the IWC in Niger, and our method builds on this with the large-scale use of remote sensing. Schmeller et al. ( 2017) advocate for the extensive usage of remote sensing in enabling the filling of biodiversity data gaps for remote areas. Indeed, in the course of this study, we used remote sensing to target open water bodies, most of them never surveyed before. This gapfilling survey of several remote wetlands of Sudan produced a number of records of international importance (Supporting Information Table S3), thus demonstrating the knowledge gaps still remaining today in bird distribution within undersurveyed countries.

As a starting point, field surveys can provide a first set of georeferenced data used first to serve as ground truth, with Landsat 8 images selected as close as possible to field survey dates, and second to build a predictive model of open water bodies with the highest waterbird abundance. For both ground-truth and distribution modelling objectives, field sampling of open water bodies would ideally need to be maximized over survey areas that are as wide as possible within Sahel countries. However, as access to scattered wetlands remains extremely difficult over most parts of the Sahel, for example, for a number of logistical, financial and security reasons, it seems relevant to design future field surveys of waterbirds and wetland biodiversity in the region by cost-effectively targeting areas with the highest mid-winter concentration of waterbird-rich open water bodies.

Thus, in Sudan, the Tokar game reserve as well as the Er Roseires and Khashm El Girba reservoir dams should be priority targets for Sudanese participation to the IWC. These water bodies merit special attention in the perspective of potential designation under the Ramsar Convention. In addition, regionally tailored IWC monitoring should be organized for the El Gezira cultivated floodplain, the Red Sea coast, the upper Atbarah river floodplain, the mayas of the Blue Nile and Sennar floodplain, and the Khor Abu Habil alluvial fan; these should be surveyed in priority and as regularly as possible. The least degraded of these vast wetland networks -such as the Khor Abu Habil alluvial fan and the mayas of the Blue Nile floodplain -also deserve special consideration for a 'highly recommended' designation under the Ramsar Convention. Finally, the water bodies in South Kordofan and South Darfur states should be targeted for monitoring as soon as possible once access is feasible. Predictions from our waterbird distribution model show that regular or yearly monitoring of only the 33 most important wetlands would allow the potential sampling of about 25% of the non-breeding waterbirds in Sudan and would thus constitute a reasonable and achievable preliminary basis for a national IWC programme.

More generally, for countries lacking well-established, regular waterbird monitoring or even basic wetland mapping or inventories, we would recommend the following steps to help design future field surveys: (1) acquire Landsat 8 images at the beginning of the dry season;

(2) focus on delineating open water bodies over the whole country; (3) model waterbird distribution using the available data, with the surface area of open water clusters as the prime predictor and use this model to stratify a national sampling design; (4) at the minimum, sample the largest wetlands for preliminary field surveys after checking their flooding status using the latest Landsat images issued before the survey.

CONCLUSION

The simple method we have devised in this study has direct implications for the strategic planning not just of the waterbird census but also for wetland inventories and biodiversity surveys in undersurveyed countries, as it provides up-to-date spatial information that improves cost-effectiveness and sampling design. The methodology could in particular be applied to Sahel countries sharing similar terrestrial ecosystems, ombrotypes and bioclimates such as Sudan [START_REF] Brouwer | A method for making whole country waterbird population estimates, applied to annual waterbird census data from Niger[END_REF], Sayre et al. 2013). All Sahel countries are contracting parties to the AEWA, and this method can potentially contribute to fulfilling objective 3 of the AEWA action plan for Africa: 'to increase knowledge about species and their populations, flyways and threats to them as a basis for conservation action' (AEWA 2012). Moreover, the method -including the results from our study -could potentially contribute to water resource management plans at the national scale (UNEP 2007).
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  6.1 (R Core Team, 2019) to predict the distribution of waterbirds: (1) the extraction and mapping of permanent and temporary open water bodies in Sudan's lowlands excluding the Nile river as well as water bodies above 550 m, and clustering of detected water bodies in close proximity to buffers; (2) the calculation of the environmental covariates for each cluster of open water bodies; and (3) the modelling of waterbird abundance and diversity over the training dataset of the surveyed 83 open water bodies and extrapolation of the same response variables over each cluster of water bodies within the region of interest and the environmental space sampled

Figure 1 :

 1 Figure 1: Diagram of the methodology used to predict wintering waterbird abundance and diversity in Sudan's lowlands.

  then used both regressions to predict the distribution of waterbirds over the 3119 open water clusters in the lowlands of Sudan by extracting their open water surface area and water temporality index. Our initial training sample encompassed the whole range of open water surface areas in Sudan, as we had surveyed some of the smallest as well as largest possible open water bodies in the country. Similarly, our initial sample of 83 wetlands encompassed some very temporary pans as well as permanent reservoirs. Using only these two covariates, it was therefore possible to extrapolate to all the 3119 open water bodies mapped in the lowlands of Sudan as they all lay within the range of the sampled environmental space (Mannocci et al. 2015).

  Information about the location of water bodies is essential in predicting waterbird distribution. Our study resulted in creating possibly the first detailed map of potential open water bodies in the dry season across the whole lowlands of Sudan (i.e. a nationwide scale), detecting open water bodies as small as 0.25 ha.
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 2 Figure 2: Predicted waterbird abundance and species richness over all detected water clusters in Sudan's lowlands: the 33 most important clusters of open water bodies for waterbirds, and the five regions potentially most attractive to waterbirds, and therefore surveyed in priority: (1) the El Gezira irrigation plain, (2) the Atbarah watershed, (3) the Khor Abu Habil watershed, (4) the Blue Nile and Dinder River watersheds, and (5) the Red Sea coast

Figure 3 :

 3 Figure 3: Cumulative predicted abundance of waterbirds (left) and cumulative predicted proportion of waterbirds (right) over the 3119 water bodies of Sudan (ordered by increasing waterbird abundance.

Figure 4 :

 4 Figure 4: Back-transformed predicted waterbird abundance with standard errors (using first-order Taylor approximation) for the water bodies of Sudan predicted to host over 2000 waterbirds.

  

Table 3 :
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Classification accuracy of open water bodies determined by the producer accuracy PA (how well the water is mapped) and the user accuracy UA (how reliable is our classification), and based on the number of pixels in each class of detected and reference data. Overall accuracy: 97.2; Kappa: 0.93. Table 4:Number of flooding periods (of four) and corresponding total surface area of water bodies.

Table 5 :
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Summary of model selection results for the two response variables: waterbird abundance and species richness.
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