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Abstract 12 

Early civilizations have inhabited stable-water-resourced areas that supported living needs and activities, 13 

including agriculture. The Mesopotamian marshes, recognised as the most ancient human-inhabited area 14 

(~6000 years ago) and refuge of rich biodiversity, have experienced dramatic changes during the past five 15 

decades, starting to fail in providing adequate environmental functioning and support of social communities 16 

as they used to for thousands of years. The aim of this study is to observe, analyse and report the extent of 17 

changes in these marshes from 1972 to 2020. Data from various remote sensing sources were acquired 18 

through Google Earth Engine (GEE) including climate variables, land cover, surface reflectance, and 19 

surface water occurrence collections. Results show a clear wetlands dynamism over time and a significant 20 

loss in marshlands extent, even though no significant long-term change was observed in lumped rainfall 21 

from 1982, and even during periods where no meteorological drought had been recorded. Human 22 
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interventions have disturbed the ecosystems, which is evident when studying water occurrence changes. 23 

These show that the diversion of rivers and the building of a new drainage system caused the migration and 24 

spatiotemporal changes of marshlands. Nonetheless, restoration plans (after 2003) and strong wet 25 

conditions (period 2018 - 2020) have helped to recover the ecosystems, these have not led the marshlands 26 

to regain their former extent. Further studies should pay more attention to the drainage network within the 27 

study area as well as the neighboring regions and their impact on the streamflow that feeds the study area. 28 
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Introduction 44 

Most geological studies evince that the Earth was first shaped and stabilised about 4.5 billion years ago 45 

(Halverson et al. 2009). However, the Earth has recently become liveable for the first life-species existence 46 

on earth, which have geologically been proven just after the Cretaceous ended ~ 65 million years ago 47 

(Purves et al. 2013; Kolbert 2014). Moreover, anthropological literature shows that the first Homo sapiens 48 

only evolved on Earth just before 300,000 (Hamilton 2017; Brauer and Smith 2020). Until about 12,000 49 

years ago (during the Neolithic Revolution) humans mainly lived as hunters and gatherers, usually in small 50 

communities like family groups (Lee et al. 1999). Then about 6000 years later, their lifestyle started to 51 

change, and humans started gathering in larger communities, inhabiting the resources-rich riverine 52 

environments, and establishing a way of securing their survival by building the first civilizations (Meyer 53 

1959; Putong 2013). The first four recognised civilizations were established in (1) Mesopotamia – ~6000 54 

years ago (Tigris and Euphrates Rivers), (2) Egypt – ~5100 years ago (Nile River), (3) the Indus valley – 55 

~4500 years ago, and (4) China – ~3600 years ago (Yangtze and Yellow Rivers) (O’Regan 2008; Robson 56 

2020). The Mesopotamian civilization (as the focus of this study) is the most ancient and formed on the 57 

banks of the Tigris and Euphrates Rivers ~6000 years ago (Potts 1997). Evidence through the consecutive 58 

societies in this area, including Sumerian, Assyrian, Akkadian and Babylonian (George 2002), shows 59 

extensive use of technology, literature, legal codes, philosophy, religion, and architecture (Trigger 2003). 60 

Sumerians were the first to inhabit the flood plain of the lower reaches of the Tigris and Euphrates Rivers, 61 

where the riverine delta consists of many infilled lagoons and wetlands that are locally known as 62 

Mesopotamian marshes (Banister 1980). These marshes are the primary focus of this paper. 63 

Wetlands play important roles in integrating the natural environment (Mitsch and Gosselink 1993). Without 64 

a doubt, they are invaluable ecosystems, as they reduce flood impacts, enhance water quality by absorbing 65 

pollutants, and serve as important faunal habitats among many other environmental, recreational, and 66 

economic advantages (Al-Nasrawi 2018). In fact, wetlands were not only a kind of fancy option for early 67 

communities, but they were also the essential key for early civilization development (Maltby and Acreman 68 
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2011). People of all four early civilizations were distributed around the riverine systems and specifically 69 

concentrated around the lower reaches where wetlands occurred (Maisels 2001). These ecosystems 70 

provided such a rich environment that they played an essential role in people’s lives and development 71 

(Maisels 2001). These prosperous environments resulted from the stability of water and food resources, 72 

combined with diverse habitats that could not be found anywhere else (Trigger 1993). Wetlands also 73 

provided early settlers with inhabitable environments characterized by easy access to necessary resources 74 

and favourable weather conditions. These circumstances facilitated the transformation and development of 75 

their communities, technology and ultimately their entire cultures. Innovations and advancements included 76 

the implementation of irrigation systems and the invention of the wheel, plow and cuneiform writing 77 

(Faiella 2006). Therefore, natural wetlands in general, and particularly the Mesopotamian marshes, have 78 

played a pivotal role in human life development for more than 6000 years (Faiella, 2006). However, the 79 

environmentally unsustainable development during the industrial revolution, especially in the twentieth 80 

century, has severely impacted these ecosystems (Chew 1999; Al-Nasrawi et al. 2018). The Mesopotamian 81 

wetlands were significantly damaged at all levels over the past ~50 years by rapid environmental alterations 82 

(Richardson et al. 2005), resulting in a collapsed ecosystem, severe droughts, economic distraction, and 83 

ultimately the forced migration of several million people out of the area. 84 

Under these circumstances, the fundamental question now is: What specifically caused the rapid collapse 85 

of these ecosystems, which have been so crucial to the development of human civilizations, after 86 

accommodating them for 6000 years? Thus, this research is trying to provide answers as to the reasons for 87 

this environmental catastrophe. 88 

Current stressors and efforts in the region 89 

Human development, with its exponential increase of fossil fuel use and greenhouse gas production over 90 

the last ~200 years, is the principal cause of climate change, which is seriously influencing ecosystems 91 

worldwide (Harley et al. 2012). In the Mesopotamian region, droughts are the most devastating 92 

manifestation of this trend, with low precipitation and elevated temperatures having the strongest impact 93 
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on the ecosystems (Senapati et al. 2019). Additionally, human interventions such as water discharge 94 

regulation and the implementation of artificial drainage systems enhance these pressures by further 95 

degrading and damaging the wetland ecosystems (Al-Nasrawi et al. 2016). 96 

The water issue has always been a bottleneck that restricted the development of the Middle East (Allan 97 

2012). The Mesopotamian marshlands in southern Iraq and across the Iranian border (Figure 1) are the 98 

largest wetlands and among the most populous in the region, but they have been increasingly faced with 99 

water shortage and crises throughout the last decade (Madani 2014). Mesopotamian wetlands, nowadays, 100 

are limited to southeastern Iraq and extend across the western Iranian border (Al-Zaidy et al. 2019; 101 

Sissakian et al. 2020). 102 

 103 

 104 

Figure 1. Spatial extent of Mesopotamian marshlands, as a false colour average composite of Landsat 8 105 

images (2013-2020), in the study area located in southern Iraq and across the western Iranian border. 106 
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 107 

UNESCO has recently listed all the southern Iraq wetlands (Supplementary 1) as a “World Heritage Site” 108 

known as Mesopotamia or the Garden of Eden (UNESCO-World Heritage Centre 2016). On the Iranian 109 

side, of the 44 internationally known wetlands (Najaf and Vatanfada 2011), 24 of them are on the Ramsar 110 

Convention wetland list (Davidson et al. 2019; Hamman et al. 2019). Many of these wetlands in both 111 

countries and all over the Middle East are seriously damaged due to the negative effects of climate change 112 

and various human activities (Naddafi et al. 2005; Zamani-Ahmadmahmoodi et al. 2009). Some of them 113 

have even been destroyed, while historically they served as popular safe habitats for many endangered 114 

species, including migratory birds (Abed 2007). 115 

Conservation activities that have been carried out so far have not prevented the alteration and destruction 116 

of wetlands or reduced the damage due to their dispersal and inefficiencies (Hamzeh et al. 2017). Iraq and 117 

Iran made tackling their water crises national priorities but the lack of technical know-how and funding, 118 

and the difficulty of cooperating regionally and internationally, has prevented significant improvements. 119 

Therefore, it is crucial to put serious efforts into detecting the emerging water problems before they become 120 

too costly to resolve. However, the current level of knowledge about precise monitoring and assessment of 121 

water variation and land cover changes is still low and not good enough at regional and basin scales. In this 122 

regard, the use of Satellite Earth Observation (SEO) applications within innovative geo-spatial analysis is 123 

a key tool and unique information source to support the environmental community in various application 124 

domains, including wetlands conservation and management. More specifically, existing and future SEO 125 

technology can play a key role in obtaining suitable information to support the mapping and inventory of 126 

wetlands as a basis for management-oriented assessment and monitoring. 127 

This study aims to investigate temporal changes in the ancient Mesopotamian wetlands in southern Iraq 128 

since the 1970s, using satellite imagery. These marshlands are the largest wetlands in western Asia and the 129 

Middle East with unique ecosystems on the margin of a desert region. The results of this study will help to 130 

describe past environmental changes in the area, will point to their socio-economic effects and will 131 

ultimately provide a basis to address these changes. 132 
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Methodology 133 

In this study, satellite imagery was used to detect spatio-temporal changes in the land cover dynamics of 134 

the Mesopotamian region during the last few decades. The Google Earth Engine (GEE) platform 135 

(Supplementary 2) (Gorelick et al. 2017) was used to access and preprocess the satellite data. GEE provides 136 

the tools to access, process and analyse many images in the virtual cloud. 137 

Study area 138 

The ancient Mesopotamian marshlands (Garden of Eden) lie within the alluvial plain of the Tigris and 139 

Euphrates Rivers, which are in southern Iraq and the bordering portion of western Iran (Kohl and Lyonnet 140 

1826; Frankfort 1950; Abdulnaby et al. 2020). These two riverine sources supply the freshwater marshlands 141 

that have an average depth of 3 m. These marshlands cover an area of about 20,000 km2 with central 142 

coordinates of (31°02'04.3"N 47°04'59.2"E) (Abusch 2020). The marshes represent a natural phenomenon 143 

of low-lying land, which is characterised by seasonal fluctuations in water levels. Therefore, delineation of 144 

the study area boundaries is difficult. In this study, the boundary of the study area was defined "naturally" 145 

by using the 5 m elevation-contour line, which has included 15,403.65 km2 of the marshlands. This contour 146 

includes most of the permanent Mesopotamia' marshes. The two ancient rivers (Tigris and Euphrates) divide 147 

these marshlands into three main permanent sections, surrounded by seasonal subsections and lakes. 148 

Hawizeh Marshes are located to the east of the Tigris, and the Hammar Marshes occur just south of 149 

Euphrates, whereas the Central section (including Al-Chibayish Marshes) lies between the Tigris and 150 

Euphrates Rivers. Together they make up the largest marsh ecosystem in the Middle East and Eurasia 151 

(Pollock and Susan 1999). The study area is covered with fine to very-fine clay and silty soils (Jotheri et al. 152 

2018). The climate of the Tigris/Euphrates marshes is semi-arid with a warm-dry summer (average ~43˚C) 153 

and a cold-wet winter (average ~11˚C, plus ~100-170 mm/y of rain) (Shubbar et al. 2017). These unique 154 

marshlands have been severely drained and subject to eutrophication since the 1990s, because of human 155 

activities including the war during the 1980s. However, after 2003, restoration plans were formally 156 

legislated, and laws were enacted to control water management (Al-Ansari et al. 2012). 157 
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 158 

Datasets used 159 

Diverse sources of data were used in this study. Monthly rainfall, lumped at the study area scale, was 160 

obtained from the Famine Early Warning Systems Network (FEWS NET) Land Data Assimilation System 161 

(FLDAS; McNally et al. 2017), which aggregates and processes rainfall data from the Climate Hazards 162 

Group InfraRed Precipitation with Station (CHIRPS) data. Monthly accumulated daily rainfall data from 163 

CHIRPS, forcing FLDAS incoming shortwave radiation and monthly ERA-5 temperatures, surface 164 

pressure and wind components were also utilised. The Land Cover Type 1 from the Annual International 165 

Geosphere-Biosphere Programme (IGBP) contained in the MODIS Land Cover dataset (MCD12Q1 version 166 

6) was used to evaluate changes in land cover from 2001 to 2019. This product is derived from a supervised 167 

classification on MODIS surface reflectance data and post-processing using ancillary data to improve its 168 

quality (Sulla-Menashe and Friedl 2018). Since this collection is based on MODIS data, its time period of 169 

application is limited to the operation period of the sensors. The Joint Research Centre (JRC) Global Surface 170 

Water Mapping Layers, v1.0 dataset, was also used. This dataset provides maps for water detection using 171 

Landsat 5, 7 and 8 which were collected from 1984-2015 (Pekel et al. 2016) and has been considered as 172 

one of the state-of-the-art products for water detection. This is based on a classification performed on each 173 

pixel of the Landsat collection using an expert system. Furthermore, a water transition map was derived 174 

from the JRC dataset to characterize types of changes caused by drought events and human intervention. 175 

Lastly, surface water trends were derived from the Monthly Water History v1.2 dataset from the JRC (Pekel 176 

et al. 2016). Lastly, tier 1 images from the Landsat 5, 7 and 8 collections were merged and used for NDVI 177 

time series analysis. Landsat 1 tier 2 (Landsat 1 tier 1 data are not available for the study area) also was 178 

used to extract the NDVI in the 1970s period. During the 1970s, there were several scenes available for the 179 

study area. However, all these scenes are heavily contaminated with clouds or shifted from their actual 180 

locations. Therefore, there were only three images that entirely cover the study area, which were cloud-free 181 

and accurately positioned and were acquired between 01-08-1972 and 02-08-1972. 182 

 183 
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Drought evaluation 184 

The Standardised Precipitation Index (SPI) and the Standardised Precipitation Evapotranspiration Index 185 

(SPEI) were used as a proxy for drought evaluation. Both were calculated using the methodology described 186 

in Guenang and Kamga (2014) through a standardisation of the data using the gamma distribution: 187 

  𝑔(𝑥)  =  1𝛽𝛼Г(𝛼) 𝑋𝛼−1𝑒−𝑥/𝛽  for 𝑥 > 0       (1) 188 

in which the shape and scale parameters are calculated as: 189 

𝛼 =  1
4𝐴 (1 +  √1 +  4𝐴

3
)          (2) 190 

𝛽 = �̅�𝛼            (3) 191 

being A: 192 

𝐴 =  ln (�̅�)  −  𝑛−1 ∑ ln (𝑥)         (4) 193 

where x corresponds to rainfall or rainfall minus evapotranspiration observations for SPI and SPEI, 194 

respectively. Subsequently, we used the incomplete gamma function (equation 5) by which the cumulative 195 

probability G(x) of an observed quantity of rainfall/rainfall-evapotranspiration can be estimated: 196 

𝐺(𝑥)  =  1Г(𝛼) ∫ 𝑡𝛼−1𝑥0 𝑒−1𝑑𝑡         (5) 197 

where t is x/β. Since the gamma distribution is undefined for x = 0, positive cumulative probabilities assume 198 

the following formulae: 199 

𝐻(𝑥)  =  𝑞 + (1 −  𝑞) 𝐺(𝑥)        (6) 200 

being q equal to P(x = 0). Finally, the cumulative probabilities are transformed to the standard normal of 𝜇 201 

= 0 and σ = 1 using Eq 7: 202 

𝑃𝑟(𝑋 ≤  𝑥)  =  𝐹(𝑥)  =  1
2

[1 +  𝑒𝑟𝑓 (𝑥 − 𝜇𝜎√2 )]     (7) 203 

For SPEI, where the analysis is calculated on the time series of the difference between rainfall and 204 

evapotranspiration, an offset was added to the time series in order to preclude negative values, which makes 205 

the standardisation undefined. 206 

http://f1000.com/work/citation?ids=7454285&pre=&suf=&sa=0
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Evapotranspiration was calculated combining the FLDAS and ERA-5 datasets through the FAO Penman-207 

Monteith equation (Allen et al., 1998): 208 

𝐸𝑇𝑟 =  0.408∆(𝑅𝑛−𝐺)+ 𝛾 𝐶𝑛𝑇+273𝑢2(𝑒𝑠−𝑒𝑎)∆+𝛾(1+ 𝐶𝑑𝑢2)         (8)  209 

where Δ is the saturation vapor pressure-temperature slope, Rn the net radiation, G the soil heat flux, γ the 210 

psychrometric constant, T the mean daily temperature, u2 the mean wind speed at 2 m, es the saturation 211 

vapor pressure, ea the actual pressure vapor, and Cd and Cn are constants equivalent to 0.34 and 900, 212 

respectively, being ETr the reference evapotranspiration.  213 

The SPI and SPEI calculated were averaged to the study region and evaluated using 1-, 3-, 6- and 12-month 214 

lags. This allowed us to obtain meteorological drought/wet severity classes based on Table 1. 215 

 216 

Table 1. Drought/wet severity classes determined by SPI and SPEI  217 

 

Severity classes 

SPI SPEI 

extreme drought ≤ -2 ≤ -2 

severe drought -1.9 - -1.5 -1.9 - -1.5 

moderate drought -1.4 - -1 -1.4 - -1 

mild drought -0.9 - 0 -0.9 - 0 

mild wet 0 - 0.9 0 - 0.9 

moderately wet 1 - 1.4 1 - 1.4 

severely wet 1.5 - 1.9 1.5 - 1.9 

extremely wet ≥ 2 ≥ 2 

 218 

 219 
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Surface water analysis 220 

The Monthly Water History dataset from the JRC was processed to obtain maps of annual water occurrence. 221 

These were estimated at each pixel by summing the times that water occurred in the year and dividing it by 222 

the times that the same pixel occurred in the year, leading to values between 0 and 1 corresponding to the 223 

occurrence probability. Empty records in the annual occurrence maps were linearly interpolated, especially 224 

for 1988, 1989, 1990, 1996 and 1997, assuming a smooth transition between years. The interpolated maps 225 

were mosaicked with the annual occurrence maps to fill empty pixels. 226 

Additionally, surface water occurrence rasters were split into three different pixel classes: (i) episodic water 227 

pixels, which presented a water occurrence lower than 0.25, meaning that water occurred in one fourth of 228 

the images of the year; (ii) seasonal water pixels, which present a water occurrence between 0.25 and 0.75, 229 

meaning that water is present seasonally in more than one quarter and less than three quarters of the annual 230 

images; and (iii) permanent water pixels with an occurrence of water greater than 0.75, implying that surface 231 

water is present in more than three quarters of the images (Fuentes et al. 2020). Pixels from these three 232 

classes were summed to calculate the extent of their occurrence. Average water occurrence extent was also 233 

calculated as a multiplication of surface occurrence by the pixel area and lumped at the scale of the study 234 

region (mean area flooded in the study region). 235 

 236 

Trend analysis 237 

The land cover rasters and the estimated water occurrence collection were analysed in order to detect 238 

temporal changes. Therefore, annual maps were processed through trend analysis tests. In this case, non-239 

parametric tests were used including the Mann Kendall test and the Sen’s slope, which estimates the median 240 

slope of all pairs of points. Both methods are robust and allow relaxation of some of the requirements for 241 

linear trend analysis, such as the normality and homogeneity of residuals. The significance of the tests was 242 

also reported to detect significant trends (p-value <0.05). Additionally, for those datasets with less than 30 243 

records, such as the land cover rasters obtained from the MCD12Q1 dataset, a pre-whitening of the Mann 244 

Kendall test was also applied (Bayazit and Ӧnӧz 2007). 245 
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 246 

Vegetation evaluation 247 

Above-ground biomass maps were derived by estimating the Normalized Difference Vegetation Index 248 

(NDVI) from the Landsat merged collection. Surface reflectance bands from Landsat were cleaned to 249 

remove clouds and cloud shadows using the CFMask algorithm (Foga et al. 2017) and the Near-Infrared 250 

and red bands were used to calculate the NDVI. Then NDVI was estimated as the ratio between the 251 

difference in reflectance between the near infrared and red wavelengths and the sum of the reflectance at 252 

these two wavelengths, to capture the amount of change in the vegetation cover due to drainage/reflooding 253 

periods. Eight images of NDVI were calculated where each NDVI image represents a mean of five years 254 

(except the NDVI in 1972 which was calculated from images in August only) starting from 1972 to 2020 255 

to allow monitoring of medium-term vegetation change detection. These images were used to quantify the 256 

changes that occurred since 1972. Since NDVI responds in a particular way to different land cover classes 257 

(DeFries and Townshend 2007), a range of values between 0 and 0.2 was assumed to categorise bare soil, 258 

and a range between 0.3 and 1 was used for vegetation. 259 

 260 

Results 261 

While a strong seasonal pattern in rainfall can be observed at the monthly scale (Figure 2a), with a lumped 262 

intra-annual rainfall pattern ranging from around 0 m3 to about 4x108 m3, no trend could be observed in its 263 

signal for the study period, which can be additionally inferred from the annual rainfall barplot (Figure 2b). 264 

However, some extreme rainy months can also be observed, in which monthly lumped rainfall has reached 265 

almost 8x108 m3. 266 
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 267 

Figure 2. Lumped rainfall in the study region on (a) a monthly basis and (b) annually aggregated. 268 

Series of SPI and SPEI are presented in Figure 3. While SPI shows a clear dominance of dry scenarios in the 269 

1983 - 1995 and 2008 - 2018 period, these are reduced in duration in the SPEI series. On the contrary, SPI 270 

shows that the 1995 - 2008 and 2018 - 2020 periods are dominated by wet scenarios in terms of rainfall. 271 

In most cases, the duration of such dry - wet conditions reduces when evapotranspiration is considered. 272 

Highlights in the last period, 2018 - 2020, the severity of the wet conditions, which can be observed in 273 

both indices, which is also evident from the lumped rainfall. 274 

 275 

Figure 3. Average regional SPI (left) and SPEI (right) series using 1-, 3-, 6- and 12-month lags. 276 

(a) 

(b) 
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 277 

Land cover changes 278 

Land cover trends in terms of surface extent are presented in Table 2. Overall, strong evidence of land cover 279 

changes has been registered, especially in the extent of wetland, urban and water areas. In these cases, a 280 

trend is evident using both the Mann Kendall and the pre-whitened Mann Kendall methodologies. These 281 

land cover classes imply changes in extent since 2001. 282 

 283 

Table 2. Land cover change trends for the study area between 2001 and 2019 using Mann Kendall and 284 

Sen’s slope non-parametric tests and using a pre-whitening of the data. 285 

Land cover Mann Kendall Z 

score 

Sen’s slope 

(km2 y-1) 

p-value Pre-whitening 

Mann Kendall Z 

score 

Pre-whitening 

Sen’s slope (km2 

y-1) 

Pre-

whitening 

p-value 

Grasslands 2.66 24.10 7.84e-03 -* - - 

Wetlands 3.56 26.29 3.59e-04 2.88 20.94 3.99e-03 

Urban 5.79 0.54 6.92e-09 4.36 0.15 1.30e-05 

Barren 3.01 -55.06 2.62e-03 - - - 

Water 3.36 13.38 7.83e-04 2.35 8.79 1.88e-02 

*Non-significant trends obtained (p-value > 0.05). 286 

 287 

The results Based on the most conservative approach (pre-whitening MK) are showing that, while urban 288 

areas have grown at a small trend of 0.15 km2 y-1 in the most conservative trend estimation (15 hectares per 289 

year), wetlands and water extents present much larger change rates (20.94 km2 y-1 and 8.79 km2 y-1, 290 
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respectively). However, these trends do not contribute to understanding where such changes are occurring 291 

nor their reason. 292 

 293 

Surface water dynamics 294 

The different lumped water fraction extents and the mean surface water extent derived from Landsat images 295 

between 1986 and 2019 are presented in Figure 4. 296 

 297 

Figure 4. Annual time series of surface water fractions and average surface water extents in the study 298 

region. 299 

 300 

A seasonal oscillation of surface water extent is present in the area, which is evident in cycles of wet and 301 

dry years, which may be a response to interannual climate variability. The different surface water fractions 302 

split quite evenly. It highlights the year 2019 for presenting the largest extent of surface water, and the years 303 

1998-2003 for being the driest in the study period. Even though no trend was found in the surface water 304 

fractions when lumped at the regional scale, large and significant local changes are evident in Figure 5. 305 
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 306 

Figure 5. Surface water occurrence trends using the Man Kendall and the Sen’s slope tests in the study 307 

region. 308 

 309 

Similar to the result found using MODIS data, the annual surface water occurrence time series indicates 310 

strong evidence of 1,138 km2 experiencing significant changes in surface water occurrence, corresponding 311 

to 7.39% of the study area extent, presenting a mean rate of change of 0.72% per year. From this, 704 km2 312 

experience positive surface water occurrence trends at a mean rate of 1.94% per year. On the other hand, 313 
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the remaining 433 km2 experience negative surface water occurrence trends at a rate of, on average, 1.25% 314 

per year. While the upstream areas present mostly negative trends, the opposite behaviour can be observed 315 

in the downstream areas of the marshes, which seems to be affected by artificial hydraulic modifications. 316 

This change in the natural surface water pattern needs to be studied to reach to further conclusions about 317 

the effect on the ecosystems at various localities. 318 

The most obvious change in water bodies (Figure 6) was due to disappearance/reappearance of water (as a 319 

natural seasonal process) and due to drainage and reflooding periods (including human intervention). 320 

However, a significant loss (533 km2; Supplementary 4) of permanent water extent can be observed, mostly 321 

in the eastern part of the marshlands. This significant loss was caused by the government building new 322 

dams and drainage canals, especially in the Hammar and central marshes (Al-Chibayish), which led to 323 

diversion of water from the marshes (Lawler, 2005). Large areas (8,222 km2) did not experience any change 324 

since the 1980s. Whereas, new seasonal areas (1,253 km2) have appeared in the marshes, and this was 325 

expected because of the government legislated restoration plans to restore Mesopotamia's marshlands (after 326 

2003; effectively after 2005). 327 

 328 
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 329 

Figure 6. Transition map of water in the marshlands. 330 

 331 

Response of vegetation cover to drainage and reflooding periods 332 

Significant changes in the above-ground biomass have taken place during the study period. Figure 7 shows 333 

that the vegetation cover was not affected by any stressors especially in the Central marsh for the periods 334 

(1985-1990 and 1990-1995). However, the subsequent two periods (1995-2000 and 2000-2005) showed 335 

that a massive reduction in the vegetation cover which subsequently caused the destruction of the ecosystem 336 

in this marsh (Hashim et al. 2019). After 2003, a restoration plan (named “Restoring the Garden of Eden”) 337 

was implemented, which started effectively after 2005 as a scheduled reflooding program (Richardson and 338 

Hussain 2006). The reflooding periods helped this marsh to recover slightly during the periods (2005-2010 339 

and 2010-2015) (Albarakat et al. 2018). This helped most of the plant species to re-appear in this marsh 340 
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(Hamdan et al. 2010). The last period (2015-2020) did not show any decline in the NDVI, meaning that 341 

vegetation was not affected in this period. 342 

The vegetation covers experienced successive loss of extent (Supplementary 3), which resulted from the 343 

vanishing marshlands’ extents. According to the statistics, bare soil and vegetation covers for the period 344 

1985-1990 were about 8699.52 and 4487.95 km2, respectively. For the period 2000-2005, the vegetation 345 

cover has lost its extent vastly to be about 1450.95, whereas bare soil extent increased to about 13376.48 346 

km2. After the start of the reflooding (2003) programmes, the area of the vegetation cover has noticeably 347 

increased due to releasing water into these marshes to cover about 3921.24 km2. This has been accompanied 348 

with an increase of the marshlands extent (~1928.75 km2) for the period 2015-2020, whereas bare soil 349 

extent reduced to about 9536.3 km2 and this was expected after the recovery of the marshlands. 350 
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 351 

Figure 7. Mean NDVI over the study area. Each image is the mean NDVI for subsequent 5-year blocks 352 

(except the NDVI from 1972, which was calculated as the NDVI in August 1972). 353 

 354 
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Discussion 355 

Monitoring and investigating the spatio-temporal changes within the ancient Mesopotamian marshlands 356 

was the main aim of this study. The best extent/availability of satellite imagery was employed from 1972 357 

to 2020. Importance of these wetlands came from their essential functionality with their unique ecosystems 358 

in such semi-dry regions (Al-Hilli et al. 2009). Marshlands have overall been negatively impacted in the 359 

past on several temporal scales during this case study period with some clear up-and-down trends. On the 360 

spatial scales, significant changes have occurred to the marshland’s areal extent from 1972 to 2020. These 361 

changes could have happened due to several reasons: locally (including the bordering wars, and all its 362 

associated activities, as well as the governmental water control schemes); regionally on the catchment scale 363 

(including the upstream damming and construction on the main runoff streams); and globally (e.g., due to 364 

climate change and precipitation reductions). However, the analysis of the rainfall signal does not show 365 

evidence of long-term rainfall declines at the regional scale and even in wet years, the mashlands have 366 

shown to decline. These human-induced environmental changes have significantly impacted the marshlands 367 

and the whole associated socio-economic aspects of the Mesopotamia region. Understanding these changes 368 

should ultimately provide a basis to make important decisions to address the health of the marsh system. 369 

These changes and their causes answer this paper’s fundamental question about the environmental 370 

catastrophe, the nature and reasons that were behind the rapid collapse of Mesopotamia’s wetlands. These 371 

wetlands have existed and developed for thousands of years and fed more humankind and all other species 372 

than they do nowadays (Chatelard, G., 2009; Almukhtar, M.A.et al, 2016). 373 

Even though lumped local rainfall shows some fluctuations over time, it does not show a long-term drying 374 

trend. Likewise, periodic cycles of interannual variability might be observed, leading to wet and dry 375 

conditions, but these do not strongly relate to the marshland dynamic. This might imply two things: 1) local 376 

rainfall has not played a major role in the flooding/drainage pattern; rather human intervention, over-377 

exploitation or poorly planned water management in the catchment has led to the changes in the marsh area, 378 
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or 2) rainfall trend patterns might be spatially variable, which might be obscured when aggregating rainfall 379 

at the catchment scale.  380 

This study has confirmed the literature and shown that drainage and reflooding periods in the Mesopotamian 381 

wetlands led to disappearance and reappearance of water in the three major marshes – the Hammar Marsh, 382 

Huwaiza Marsh and the Central marshes (including Al-Chebaish Marsh). These periods of drainage and 383 

reflooding have caused a reduction in the wetland’s extent by about -15%. 384 

Although Table 1 of the land cover change analysis has shown an increasing trend in most of the surface 385 

cover classes, and particularly within the wetlands and water bodies, it was actually a reflection of the 386 

MODIS data length that started in a very dry period in 2000. In fact, this period post-2001 has turned into 387 

a slightly positive water occurrence (and its vegetation consequences), particularly after the restoration 388 

efforts in 2003. This was confirmed in Figure 2, which shows a clear decline in water occurrence from 389 

1980s to 2001 and a slight increasing post 2000 (the MODIS launch date). 390 

The most obvious change in water bodies (Figures 5 and 6) was due to the disappearance/reappearance of 391 

water due to the initial drainage and later reflooding periods; this was labelled the “lost seasonal”. However, 392 

a significant loss (533 km2) in permanent water extent can be observed mostly in the eastern part of the 393 

marshlands. The eastern marshes are on/near the political border between Iraq and Iran, and the decline in 394 

water extent is partly related to the long border war that was concentrated within this area, as well as 395 

previous government policies of water diversion. Strong wet conditions have affected the region from mid 396 

2018 to 2020 which has translated into a high surface water extent and a regain in marshland areas. 397 

Furthermore, permanent water bodies delineated in the transition map (Figure 6) can also be contrasted 398 

with the seasonal and annual trends presented in Figure 5. However, it is clear from both sources of 399 

information that water infrastructure built downstream from the study region had a slight effect on the 400 

surrounding marshland areas, but does not translate into seasonal water changes. That should indicate, the 401 

key controlling factors may come from the upstream area (the catchment). 402 
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The fluctuation from wet to dry periods is reflected by the significant NDVI dynamism, which indicates a 403 

significant change in the vegetation cover. Figure 7 shows that there was a slight decrease in the NDVI 404 

values between 1972 and 1995 indicating that the vegetation cover was not much affected by any stressors 405 

especially in the Central marsh for the periods 1985-1990 and 1990-1995. However, the decline in the 406 

NDVI trend showed sharp reductions in the vegetation cover in the periods 1995-2000 and 2000-2005, 407 

which caused the destruction of the ecosystem in this marsh. Since 2005, the NDVI trend has gained some 408 

positivity of vegetation occurrence as a reflection of the reflooding schemes, which have helped these 409 

marshes to recover, even during moderate to severe drought conditions. Moreover, within the past five 410 

years (2015-2020), the NDVI trends showed a significant increase, which indicates the success of the 411 

restoration efforts and the occurrence of strong wet conditions. This has helped most of the plant species to 412 

re-appear in these marshes (Hamdan et al. 2010). 413 

However, the marshlands did not regain their original extent seen in the 1970s and 1980s despite the 414 

releasing of water into them. This might indicate the need to understand that releasing water after long and 415 

successive drought periods might not be enough to recover all the vanished plant species, nor the 416 

ecosystem's biodiversity that was developed over thousands of years. 417 

 418 

Conclusions 419 

Landsat data allowed to monitor the water occurrence and surface cover’ classes (and the dynamism of the 420 

NDVI in particular) in an area size of ~15,000 km2, showing an adequate resolution for this study; both 421 

spatially (covering the whole study site) and temporally (1972-2020). The available MODIS dataset 422 

allowed obtaining clear land cover change trends. However, its limited time coverage precludes it from 423 

making conclusions before 2001. A significant overall decrease in the wetlands, including surface water 424 

and the vegetation cover extents, with a major decline at around 2000 was observed. Since then, trends have 425 

increased until 2020, helped in the last period for strong wet conditions. In other words, 2000 could be 426 
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considered as a turning year in the environmental situation of the study site, which is supported by the 427 

positive trends in water and marshland extents found with MODIS. 428 

On the longer-term, significant wetlands reductions since 1972 can be explained by several environmental 429 

and anthropogenic factors including: intensive local activities (e.g., the Iraqi government planned 430 

“drainage” of the marshes plus the eight years of war); catchment modifications (especially water 431 

diversion); and climate change. Some of these factors play a major role in the decline of marshland area 432 

within the study site, including the drainage networks constructed by the government.  Others, such as 433 

rainfall, do not seem to have significantly changed over time. Thus, local human interventions, including 434 

short-term agricultural development, seem to be the major causes affecting the marshland ecosystems. 435 

Modern restoration has started a “slow” recovery of the marshes water extent but not to their original state. 436 

Thus, it is essential for the future research to provide a greater understanding of the main influencing factors 437 

from outside the Mesopotamian marshes with additional investigations to follow up some of the key-points 438 

raised by this study, including: the need for a detailed study of the catchment area modifications and water 439 

discharge fluctuations; local soil/water quality sampling and analysis; and ground truthing the whole 440 

remotely sensed data and its analysis. 441 
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Figures

Figure 1

Spatial extent of Mesopotamian marshlands, as a false colour average composite of Landsat 8 images
(2013-2020), in the study area located in southern Iraq and across the western Iranian border. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 2

Lumped rainfall in the study region on (a) a monthly basis and (b) annually aggregated.



Figure 3

Average regional SPI (left) and SPEI (right) series using 1-, 3-, 6- and 12-month lags.

Figure 4

Annual time series of surface water fractions and average surface water extents in the study region.



Figure 5

Surface water occurrence trends using the Man Kendall and the Sen’s slope tests in the study region.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.



Figure 6

Transition map of water in the marshlands. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 7

Mean NDVI over the study area. Each image is the mean NDVI for subsequent 5-year blocks (except the
NDVI from 1972, which was calculated as the NDVI in August 1972). Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its



authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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