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Abstract

Water resources management is fundamental for rural communities in drylands,

where water harvesting technologies (WHT) can be used for intercepting surface

runoff and storing water in soils. The so-called “Marab” WHT was initially developed

by Middle Eastern agro-pastoralists that reside or commute in semi-arid and arid ran-

gelands. The Marab WHT is a macro-catchment measure consisting of earth dams

and stone spillways along the contours of a lowland depression or floodplain. Depen-

dent on the local context (i.e., climate, soil, management, etc.), the established Marabs

show highly variable effectiveness and little scientific evidence is supporting the scal-

ing out of the technology. This study aims at filling the knowledge gap on the Marab

performance in different environments by simulating its hydro-agrological effects for

different soils and climatic conditions using the AquaCrop model. A case study per-

formed for a Jordanian Marab over three seasons (2019–2022) confirms its huge

improvement potential for barley production. Through Marab-based farming, barley

production reached 8.37 t ha�1 on average, versus highly variable 0.34 t ha�1 with-

out the WHT. The simulation-based assessment of soil textures identified that silty

soils have the largest potential for producing up to 9.25 t ha�1 barley, compared to

6.60 t ha�1 produced in clay soils. Assessing different climate scenarios, a slight

increase in daily average temperatures (+0.5�C) led to a considerable production

decline of 4%–8%, while a significant reduction of precipitation (�20%) decreased

biomass production by a similar rate (4%–10%). This underlines the robustness of the

“Marab” WHT to rainfall amount variation. However, simulations also highlight the

sensitivity of timing and frequency of flood events: removing the last and the first

flood event reduced biomass production by approximately 50% and 80%, respec-

tively, while the barley fails to develop if both events were suppressed.
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1 | INTRODUCTION

Drylands cover 48% of the earth's surface and are particularly vulner-

able to climate change (F. Haddad & Herrera, 2022). Rangelands are

among the drylands' most productive ecosystems covering vast areas

with native vegetation, predominantly grasses, and shrubs that have

the potential to be grazed and serve as a habitat for wildlife and live-

stock (V. G. Allen et al., 2011). A large extent of Middle East arid ran-

gelands is degraded due to overgrazing, intensive cultivation,

collection of fuelwoods, exploitation of herbal and medicinal plants,

quarrying activities (Abu-Zanat et al., 2020) as well as climate change

(Godde et al., 2020). However, rangelands still provide a wide range

of goods and services, including livestock fodder (FAO, 2017),

eventually supporting the livelihood of millions of people (Lee

et al., 2021). Sustainable management solutions that increase and sta-

bilize the rural dryland communities' food production and their resil-

ience to shocks are therefore crucial.

Jordan is a net food-importer country, importing staple food val-

ued at 947 million US$. The main exported agricultural product is live-

stock for a value of 157 million US$ versus 213 million US$ of barley

imported (WTO, 2019), mostly used as livestock feed. Only 11% of

the total land area is cultivated (World Bank, 2020); out of that, less

than 1% is equipped with irrigation systems (AQUASTAT, 2019). More

than 90% of Jordan's territory is classified arid and receives less than

200 mm of average annual rainfall (Figure 1), forming a dry rangeland

environment called “Badia” (FAO, 2008; Tamura et al., 2021). The

F IGURE 1 Jordan map showing the Badia Area's spatial extent, rainfall isohyet, and the location of the Badia Research Site. [Colour figure
can be viewed at wileyonlinelibrary.com]
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Badia ecosystem expands from north to south along the country's

eastern border (Nawash et al., 2013).

The low precipitation largely constrains crop and fodder produc-

tion in the Badia (Karrou et al., 2011). Among other threats, introduc-

ing mechanized tillage systems has led to a vast removal of the native

steppe vegetation (Al Karadsheh et al., 2013). As the overexploitation

of ecosystem services and climate change further accelerate the deg-

radation of Jordan's arid rangelands, the uncovered and crusted soils

increase surface runoff and erosion (Strohmeier, Fukai, et al., 2021;

Strohmeier, Haddad, et al., 2021).

In addressing the seasonal dryness and considerable surface run-

off losses, water harvesting technologies (WHT) can aid in enhancing

the use of limited and erratic rainwater resources (Dhehibi

et al., 2020). Water harvesting is defined as the collection of runoff

flows for productive purposes (Critchely, 1991); WHTs aim to collect

and store water in times of excess (e.g., heavy rainstorms and flood

events) and release it in situations of shortage (Mekdaschi Studer &

Liniger, 2013). This results in better water availability over time and

represents one of the most important approaches for coping with

water shortages and temporal variation in arid and semi-arid regions

(Castelli et al., 2018; M. Haddad, Sterk, & Strohmeier, 2022;

M. Haddad, Strohmeier, et al., 2022; Rockström & Falkenmark, 2015;

Strohmeier, Fukai, et al., 2021; Strohmeier, Haddad, et al., 2021). The

ratio between the water-collecting Catchment size and targeted Culti-

vated Area (C:CA) is commonly used to classify water harvesting sys-

tems. Three types are commonly distinguished: (i) floodwater

harvesting (C:CA = 100:1–10,000:1, Lawrence et al., 2010); (ii) macro

catchment water harvesting systems (C:CA = 10:1–100:1); (iii) micro

catchment water harvesting systems (C:CA = 1:1–10:1, Oweis, 2017).

Despite their huge potential, one reason for the improper imple-

mentation of WHT is the lack of involvement of the beneficiary

farmers (Castelli et al., 2018). The adoption by a critical mass of

farmers and the multi-level institutional support are key to success-

fully scaling those WHTs (Piemontese et al., 2021). Sixt et al. (2018)

identified three principal constraints to the WHT technology transfer

and upscaling in Jordan: (1) inadequate financial resources to support

innovation; (2) lack of a common vision across the government and

ministries; (3) institutional issues that inhibit legitimizing the technol-

ogy. Furthermore, erroneous reports on dryland threats, their causes

and consequences, unsustainable management of natural resources

(Al-Adamat et al., 2010) and the lack of well-targeted methodologies

and design (Ziadat et al., 2012) slow down the implementation. How-

ever, increasing efforts are being undertaken to evaluate the perfor-

mance of WHTs in Jordan's Badia under local communities'

management, including the scientific assessment of mechanized micro

water harvesting conducted by M. Haddad, Sterk, and Strohmeier

(2022), M. Haddad, Strohmeier, et al. (2022), Strohmeier, Fukai, et al.

(2021), Strohmeier, Haddad, et al. (2021) and Tatsumi et al. (2021).

With the aim to enhance indigenous knowledge-based technolo-

gies' performances and to fill the gap between actual and potential

rainfed production, the International Center for Agricultural Research

in the Dry Areas (ICARDA) and the National Agricultural

Research Center (NARC) of Jordan, together with the local

community, developed a pilot watershed in the Jordanian Badia: the

Badia Research Site (BRS) (Dhehibi et al., 2020; M. Haddad, Sterk, &

Strohmeier, 2022; M. Haddad, Strohmeier, et al., 2022;

Mudabber, 2017; Strohmeier, Fukai, et al., 2021; Strohmeier, Haddad,

et al., 2021; Tatsumi et al., 2021, Figure 2).

The BRS has been equipped with a combination of WHTs to reha-

bilitate degraded rangelands: in the upper part of the watershed, a

mechanized Vallerani micro-catchment intervention was implemented

to capture the excess rainfall for increased shrub-forage production

and to reduce surface runoff and consequential erosion along the steep

hillslopes. Within the gully system, a series of small check dams were

placed to reduce the erosive force of channel runoff and to trigger sedi-

mentation. In the downstream floodplain, a so-called “Marab” macro

catchment WHT was established, which is the target of the present

research. The Arabic word “Marab” describes a natural depression

where runoff cumulates and spreads (Mudabber, 2017). A technical

“Marab” structure facilitates those natural depression benefits and

enhances its performance through earth dams and stone-made spill-

ways that further decelerate and pond the runoff for deep infiltration

into the soil. The increased soil moisture eventually supports the crop

water requirements for increased agricultural production.

This study aims to investigate key hydrological, pedological, and

crop-development characteristics of the Marab WHT implemented in

the central-northern Jordanian Badia (BRS, Figures 1 and 2). Further-

more, the obtained monitoring data are used to set up, calibrate and vali-

date a process-based crop model (FAO AquaCrop) to compare various

crop-development scenarios with and without WHT treatment. Eventu-

ally, the validated model is used to investigate the Marab WHT perfor-

mance under different pedological and climatic scenarios to better

understand its robustness under variable Badia environments and climate

change conditions. The results of this study will support the decision-

making and scaling process of the Marab WHTs in dry rangeland agroe-

cosystems of the Middle East with the aim to provide a viable option to

increase the local fodder production and strengthen rural livelihoods.

2 | MATERIALS AND METHODS

2.1 | Study area

ICARDA and NARC established the BRS together with the local com-

munity of Al Majeddyeh village (31�43012.6900 N, 36�7052.0600 E)

located around 30 km southeast of Amman. The climate is arid, and the

BRS landscape is covered by degraded rangeland and barley cultivated

areas (M. Haddad, Sterk, & Strohmeier, 2022; M. Haddad, Strohmeier,

et al., 2022). The long-term average annual rainfall is estimated around

150 mm and it was 149 mm for the period 2010–2022 based on

Queen Alia International Airport (QAIA) meteorological station data.

However, there is an observable reduction of 10%–15% of QAIA rain-

fall records to the 13 km further west located BRS (Strohmeier, Fukai,

et al., 2021; Strohmeier, Haddad, et al., 2021). The rainy season ranges

from October to May with a predominant precipitation occurrence

from December to February. According to QAIA meteorological data
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(2010–2022), the average daily temperature is 7.5�C in the coldest

month (January) and 25.0�C in the hottest month (August), respectively.

The elevation of the site is approximately 820 m a.s.l (M. Haddad,

Sterk, & Strohmeier, 2022; M. Haddad, Strohmeier, et al., 2022). The

soil type is a Calcisol above a chert-limestone formation with variable

soil depths, degradation stages, and textures changing from upstream

to downstream areas. The dominant soil textures are silty clay loam,

clay loam, and clay (Strohmeier, Fukai, et al., 2021; Strohmeier, Haddad,

et al., 2021). Traditionally, farmers plough the gentle hillslopes and the

flatter areas in late summer or autumn for extensive barley cultivation

(Al-Bakri & Suleiman, 2004; Al-Karablieh & Salman, 1999; Strohmeier,

Fukai, et al., 2021; Strohmeier, Haddad, et al., 2021).

2.2 | Marab WHT

The Marab WHT at the BRS is an innovative community-based tech-

nology introduced in 2010 by ICARDA and NARC and implemented

through the “Water and Livelihood Initiative” in Al Majeddyeh and

Muhareb villages (Mudabber, 2017) thanks to the participation of the

local inhabitants. Initially, three Marab WHT prototypes were con-

structed, then in 2016 the one in Al Majeddyeh village was expanded

up to its actual form, while research activities were not developed in

the other two. This WHT consists of 11 distinct compartments

(blocks) separated by earth dams (Figure 3). The Marab WHT was

F IGURE 2 Overview of the Badia Research Site: (I) “Vallerani” micro-catchment technology; (II) check dams in gullies—sully plugs; (III) Marab
water harvesting technology. [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 3 Bund (a), and spillway (b) of the Marab built at the
Badia Research Site (Photo: Niccolò Renzi). [Colour figure can be
viewed at wileyonlinelibrary.com]
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established at a natural slope of 0.1%–1.5% across the BRS down-

stream depression; lateral soil leveling of the single compartments

serves the even spreading of water. The established earth dams along

the contours have an average height of 0.7–1.0 m, a width of 2.0–

3.0 m, and a compartment interspace ranging between 10 and 50 m.

Around the center of each earth dam one or two stone-covered spill-

ways of approximately 8–10 cm height and 2.2–2.5 m width have

been constructed to route the excess runoff further downstream

(WOCAT, 2020, Figure 3b). The soil leveling inside the Marab com-

partments is designed so that retained (ponded) water at the spillway

crest nearly reaches the basement of the further upstream earth dam.

A flood event typically endures several hours after the rainfall event,

and the concentrated runoff toward the Marab WHT submerges all

compartments. At the end of a runoff event, the ponding water

approximates the upstream dam at its base, generating around 45 mm

deep flood-irrigation layer across the agricultural area. For the areal

extent of the 12 ha Marab in the BRS, a conservative estimate of the

flood-water storage is approximately 5400 m3, neglecting the poten-

tial amounts infiltrated during the event.

2.3 | Data collection

Climate data were retrieved from the QAIA meteorological station,

and the reference evapotranspiration (ET0) was calculated using the

FAO-56 Penman-Monteith method (R. G. Allen & Pereira, 1999). Sev-

eral seasons of surface runoff occurrence and barley biomass yield

were documented through a combination of scientific and citizen sci-

ence approaches performed by ICARDA, NARC, and local farmers

(M. Haddad, Sterk, & Strohmeier, 2022; M. Haddad, Strohmeier,

et al., 2022). The Marab was subdivided according to the earth dam

divided into compartments (from now reported as blocks), and each

was numbered from up to downstream (Figure 4). Inside each block,

the above-ground biomass of barley was sampled from four plots, and

the sampling was performed by cutting and collecting the crops using

an array of 0.25 cm � 0.25 cm. Samples were then weighted, dried at

62�C for 24 h, and reweighted.

Detailed agro-hydrological monitoring was carried out at the BRS

during the cropping season 2021–2022; Table 1 reports the method,

tools, and measurement unit used.

Plant morphological characteristics (height and density) were

measured from six plots of 0.20 cm � 0.20 cm. Then, 30 spikes for

each block were collected, hence the spikes were weighted with and

without the rachis to assess the grains weight of the spike. The bio-

mass samplings were performed four times to cover all Marab blocks;

the plant density samples were collected twice, and the spike sam-

pling was performed in four times. Analysis of variances for each trait

was conducted; in case of reaching the significance level at p < 0.05, a

comparison between blocks' means was performed using the Dunn

and Tukey test (Dunn, 1964). Toward the end of the growing period

(May 10, 2022), soil sampling was undertaken to retrieve information

regarding the soil moisture condition along the Marab. From

upstream, middle, and downstream blocks only one soil sample was

taken in 10 and 25 cm depth for soil moisture analysis. The samples

were weighted, oven-dried at 105�C until constant mass, and then re-

weighted to derive water content.

2.3.1 | Remote sensing images and normalized
difference vegetation index analysis

The normalized difference vegetation index (NDVI) is a vegetative

index for solar radiation absorption at different wavelengths (visible

and near-infrared) that supports the remote vegetation growth and

health stage assessment (Pettorelli et al., 2005). Previous studies con-

ducted by Tenreiro et al. (2021) describe the relation between NDVI

and the fraction of green canopy cover (CC) applied in this study,

which is the fraction of the soil surface covered by the canopy. The

Marab WHTs barley cover CC was spatially assessed using NDVI

images from the Sentinel-2 satellites retrieved from Cropmonitor.com

(https://crop-monitoring.eos.com/main-map/fields/all, last access:

November 11, 2022) website for three cropping seasons: 2019/2020;

2020/2021; 2021/2022. The images of March 25, 2020, March

6, 2021, and February 26, 2022 were checked as the dates corre-

sponded to the maximum above-ground plant development during

each growing season, according to the NDVI value. The Marab was

then sub-partitioned into clusters according to single blocks'

performance.

2.4 | Crop modeling

The AquaCrop model (FAO; Vanuytrecht et al., 2014) is a widely

applied dynamic crop model that performs daily-based agro-

biophysical simulations at the field scale considering multiple farm

management operations. The model differentiates the fractions of ET

(evapotranspiration) into transpiration (Tr) and evaporation (E)

(Equation (1)):

ET¼TrþE ð1Þ

Crop biomass development is simulated as a function of the water

that transpired (Steduto et al., 2012). Using the normalized water pro-

ductivity (WP*) assumption, the model calculates daily aboveground

biomass production from the daily transpiration and the correspond-

ing daily evaporative demand of the atmosphere (Equation (2)). Crop

yield (Equation (3)) is obtained by multiplying the biomass (B) with the

according harvest index (HI, Steduto et al., 2012):

B¼WP��
X

Tr ð2Þ

Y¼B�HI ð3Þ

In the AquaCrop model, foliage development is expressed as CC

and is fundamental to assess plant transpiration and subsequent bio-

mass development. The maximum canopy cover (CCx) is the upper

RENZI ET AL. 5195
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threshold that the plant can reach during growth. To simulate the

development of the canopy cover and biomass, the model requires

input data on climate, crop type, soil, and agricultural management.

The climate module requires maximum and minimum temperature,

ET0, and rainfall insert on daily bases. While the soil module includes

the soil hydraulic properties, that is, fully saturated water content,

TABLE 1 Data collection.

Parameter Method Measurement and tools Unit and precision

Soil moisture Gravimetric assessment UF 750 oven; PGL 10001 electronic scale g (±0.01)

Plant density Manual sampling in 6 units per block Flexometer model

FMHT0-36337

Number of plants; tiller;

spike, height (±0.01 m)

Plant biomass Above ground biomass in 4 units per block UF 750 hoven; PGL 10001 electronic scale g (±0.01)

Spike weight Collection of 30 spikes per block Precision Scale Sartorius model Cubis g (±0.001)

Runoff depth Water level assessment Cipolletti wires and Bushnell 20 MP trophy cam mm (±1)

F IGURE 4 Marab block
subdivision from upstream to
downstream. [Colour figure can be
viewed at wileyonlinelibrary.com]
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field capacity, wilting point, and saturated hydraulic conductivity. For

the crop module, AquaCrop utilizes conservative and non-

conservative crop parameter estimates to consider cultivar-specific

crops for robust simulation in areas different from the standardized

average climate conditions (Steduto et al., 2012). Non-conservative

parameters describe the geographic area, cultivation method, and the

applied crop cultivar. Management and irrigation modules allow

the selection of different agronomic practices such as the type and

quantity of irrigation application.

2.4.1 | AquaCrop set-up

The climate module was set up through daily data obtained from

QAIA weather station for a 13 years' time-period (2010–2022).

According to a previous study conducted by Strohmeier, Fukai, et al.

(2021) and Strohmeier, Haddad, et al. (2021), QAIA rainfall was

reduced by 15% to consider the average rainfall reduction observed

through few seasons of local monitoring.

The Marab's soil is a clay loam (M. Haddad, Sterk, &

Strohmeier, 2022; M. Haddad, Strohmeier, et al., 2022; Strohmeier,

Fukai, et al., 2021; Strohmeier, Haddad, et al., 2021), the soil texture

was retrieved from a survey conducted by NARC in 2016 at a specific

location of the Marab (31�43039.0400 N, 36�802.1700 E). With the tex-

ture data, the soil hydraulic properties indicated in Table 2 were esti-

mated by applying pedo-transfer functions used in the soil water

characteristic equations. The derived moisture prediction equations

were verified by comparisons with mean texture class values of sev-

eral datasets. A 2000 sample USDA soil texture classes were com-

pared to estimated values by the correlation equation (Saxton &

Willey, 2006). The model has already been used in similar climatic

contexts (Castellini & Iovino, 2019; Tsegay et al., 2015). For the Aqua-

Crop, simulation was assumed a homogeneous soil.

In the crop module, barley was selected considering that it was

the one actually planted and dominant crop in Jordan's Badia for live-

stock fodder production. The sowing date and the phenological calen-

dar were adjusted based on field operations and observations. Plant

density was set to 110 plants m�2 according to the estimation made

using monitoring plots. Maximum canopy cover was set using the data

retrieved from the NDVI-CC correlation. The Harvest Index was mea-

sured through local grain analysis. Conservative parameters were

retrieved from the study of Abi Saab et al. (2015) which assessed and

simulated barley development under semi-arid conditions. The canopy

growth coefficient and the canopy decline coefficient were manually

calibrated (Table 3).

In the management module, earth-dams with 1 m height were

added to reduce the runoff coefficient and an irrigation schedule was

created adding 45 mm surface irrigation every time there was an

overflow through the Marab spillway and the available volume is filled

up with water.

TABLE 2 Marab water harvesting technology soil hydraulic characteristic measured with the SPAW (Soil-Plant-Air-Water) model (Saxton &
Willey, 2006) and input in the AquaCrop soil module.

Depth (m) Thickness (m) Saturation (vol%) Field capacity (vol%) Wilting point (vol%) Saturated hydraulic conductivity (mm day�1)

0.0–0.34 0.34 45.9 32.9 17.6 185.3

0.34–0.67 0.33 49.3 38.2 22.4 87.6

0.67–1.05 0.38 49.3 38.2 22.4 87.6

1.05–1.30 0.25 51 40.4 25.6 72.4

1.30–1.69 0.39 52.1 41.7 27.8 67

Note: Layers were isolated with semi-equal depth.

TABLE 3 Crop parameters for AquaCrop set-up.

User-specific parameters
(calibrated)

Calibrated
value Units/meaning

Maximum effective rooting

depth

0.9 m

Effect of canopy cover in late

season

67 (%) CC effect on

soil evaporation

Soil surface covered by an

individual seedling

1.5 At 90%

emergence

(cm2)

Number of plants per hectare 1,100,000 Plants ha�1

Canopy growth coefficienta 6.6 per day % CC

increase

Maximum canopy cover 96 %

Canopy decline coefficienta 7.6 per day % CC

decrease

Time from sowing to

emergence

23 Calendar days

Time from sowing to maximum

rooting depth

86 Calendar days

Time from sowing to start

senescence

162 Calendar days

Time from sowing to maturity 216 Calendar days

Time from sowing to flowering 134 Calendar days

Length of the flowering stage 12 Calendar days

Building up of Harvest Index 30 From flowering

(days)

Reference Harvest Index (Hio)

(%)

44 %

aCalibrated value.
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2.4.2 | Hydrological analysis

To simulate the Marab flooding frequency, a simple hydrological anal-

ysis was conducted. The upstream watershed is 6.3 km2 large and the

Marab, when flooded, maintains an average water level of 4.5 mm

across its extension of 12 ha. The event-based runoff depth required

to flood the entire Marab was related to the upstream watershed area

(Figure 5); the according rainfall amount required to produce the max.

Marab retention volume was then calculated by applying a holistic

runoff coefficient considering multiple landscape elements.

Experimental event-based runoff coefficients were assessed

through five events observed in the BRS from December 2018 to

February 2019. Two observation gauges using Cipoletti weirs enabled

the observation of the upstream sub-catchments' surface runoff

response in 5 min temporal resolution. The twin-catchment monitor-

ing approach enabled verification of the surface runoff occurrence

and magnitudes representing both land treatments, (i) Vallerani WH

treated and (ii) traditionally ploughed (untreated) landscapes.

For each event, the relative runoff coefficient was calculated for

both the (i) treated and (ii) untreated sub-watersheds accordingly.

Both land treatments were scaled across the entire Marab-upstream

watershed according to their percentage land cover for calculating a

holistic runoff coefficient. Eventually, based on the ratio of the Marab

upstream watershed area and the Marab water storage capacity, only

0.86 mm of surface runoff led to a complete Marab filling (i.e., 45 mm

flood-irrigation), while the excess is discharged further downstream

over the Marab spillway system; therefore, the potential uncertainties

related to large rainfall events do not further affect the Marab filling

calculation.

2.5 | Model calibration and validation

The sole calibration variable of the modeling procedure was the

observed barley biomass. Both field measurements and remote NDVI

analyses were applied to consider the spatial inhomogeneities within

the Marab. To increase the modeling robustness, two scenarios were

created: (1) high-performance WHT, where all earth-bunds are per-

fectly intact and the blocks store the maximum water amounts, and

(2) low-performance WHT, where the blocks fail to retain the entire

45 mm due to occasional breakages throughout the rainy season that

require maintenance. The calibration was executed for the

2021/2022 agricultural season, where detailed and continuous crop-

development monitoring was performed. In the first step, the high-

performance WHT scenario was set up for calibration of the canopy

growth coefficient and the canopy decline coefficient. After that, the

low-performance WHT scenario was set up, reducing the reference

value of 45 mm irrigation per flood event until the simulated biomass

production matched the observed in the low-producing zones of the

Marab.

Validation of the two cropping seasons, 2019/2020 and

2020/2021, was performed by changing the agricultural management

according to the documented management only (e.g., sowing dates)

and applying the according seasons' meteorological data. The biomass

simulation results were compared with the harvest records provided

by ICARDA and NARC using multiple 1 m2 plots for above-ground

biomass monitoring. Due to the lack of availability of crop data sepa-

rated per block, the mean of the biomass yield obtained in the two

WHT performance scenarios was used as the variable for the valida-

tion. Different statistical indicators were used to evaluate simulation

performance (Equations (4)–(6)): The standard and normalized root

mean square errors (RMSE and NRMSE, respectively) and Wilmott's

Index of Agreement (diA). The RMSE, NRMSE, and Wilmott's Index of

Agreement were calculated using the following equations:

RMSE¼
ffiffiffi
1
n

r Xn

i¼1
Si�Mið Þ2 ð4Þ

NRMSE¼RMSE

M
�100 ð5Þ

diA ¼

Pn
i¼1

Mi�Sið Þ2

Pn
i¼12 Si�M

�� ��þ Mi�M
�� ��� �2 ð6Þ

F IGURE 5 Badia Research Site watershed with sub-watershed
and run-off observation points. [Colour figure can be viewed at
wileyonlinelibrary.com]
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where Si represents the simulated value of biomass, Mi the observed

biomass, M represents the mean of the observed biomass value, and

n is the number of observations. For the NRMSE a value below 15% is

considered a good performance; a diA values above 80% represents a

good performance.

2.6 | Scenario analysis

After calibration and validation of the model, the simulations of barley

development for the cropping seasons 2019/2020, 2020/2021, and

2021/2022 were run without the Marab WHT settings to simulate

biomass yield using the common agricultural practice applied in the

Badia. Thereafter, alternative climate and soil scenarios were gener-

ated to assess the robustness and scaling potential of the approach.

As a first attempt, an average climatic year was created using 12 years

of temperature and rainfall observation; however, the daily average

precipitation resulted in a value lower than the minimum threshold

needed to generate a flood event. Indeed, the intrinsic nature of dry-

land rainstorms, as occurring in the Jordanian Badia, is described by a

few intense events; rainy days with more than 5 mm precipitation sta-

tistically occur on 5–6 days per season only. Hence, the calibration

year 2021/2022 was used as a reference to modify the pedoclimatic

conditions and to test the performance of the Marab under varying

environments. To analyze the effectiveness of Marab WHT under dif-

ferent combinations of temperature and precipitation change, heat-

map plots (Gehlenborg & Wong, 2012) were generated. Starting from

baseline conditions, heatmaps enable the successive performance

visualization of the Marab with different soils and climate conditions.

Four common soil textures were selected to simulate soil classes pre-

sent in the Jordanian Badia: clay, clay-loam, silty-clay-loam, and silt.

For each soil type, different simulations were tested, progressively

reducing the daily precipitation amounts by 5%–20%, and by increas-

ing daily temperatures by 0.5–2.0�C according to the procedure of

Pirttioja et al., 2015. A second series of heatmaps was created to

investigate the effects of flood-event occurrence through (i) the

removal of the first flooding event, (ii) the removal of the last flooding

event, (iii) and the removal of both the first and last flooding event.

3 | RESULTS

3.1 | Statistical analysis

Block-specific values for crop morphological characteristics monitored

are summarized in Table 4. Overall, the blocks significantly differ

(p < 0.005) for population density and plant height. Also, above-

ground biomass and spike weight have statistically significant variabil-

ity across the Marab (p < 0.05). After the performance of a Dunn and

Tukey test, the upstream blocks (1–5 blocks) were aggregated to a

quasi-homogeneous high-performance zone and the downstream

blocks (6–11 blocks) were aggregated to a lower productive zone.

Block 2 was the most homogeneous and well-developed according to

population density and plant height with 108 plants m�2, 621 spikes

m�2, and 89 cm height. The lowest values were observed in block

11, with 63 plants m�2 and 92 plants m�2 and 38 cm height. A down-

stream decreasing biomass trend is evident with a maximum value

measured in the 3rd block (900 g m�2) and a minimum in the 11th

block (314 g m�2). Only the spikes' weight had an inverse trend with

the most filled caryopsis recorded in the 11th block (0.64 g), while the

2nd block produced lighter spikes (0.43 g). From the soil moisture

sampling pursued on May 10 (Table 5), larger moisture values after

the weighting and drying process, occurred in the subsoil (25 cm)

reaching 10% in the 1st and the 11th block, and 12% in the 6th block.

Topsoil moisture (10 cm) showed increasing values from the upstream

to the downstream Marab with 6% in the 1st block, 9% in the 6th

block, and 10% in the 11th block. The observed value was affected by

the sampling timing, as on the date of the sampling the soil was

TABLE 4 Marab water harvesting technology morphological traits for each block.

Block Spike/m2 Σ Plant height (m) σ Plant/m2 σ Plant biomass/m2 (g) σ Spike weight (g) σ

Block 1 329abc 244 0.60bc 0.23 104abc 25 803.2b 307.2 0.53bc 0.17

Block 2 621a 277 0.89a 0.05 108ab 20 769.2b 274.8 0.43d 0.28

Block 3 533ab 229 0.78ab 0.22 113ab 14 900.0a 442 0.57b 0.24

Block 4 483b 198 0.75ab 0.11 121a 10 875.6a 638 0.47c 0.25

Block 5 592ab 219 0.74ab 0.2 121a 10 722.0ab 443.6 0.46c 0.23

Block 6 446b 191 0.76ab 0.25 83bc 20 466.8abc 209.1 0.48c 0.2

Block 7 454b 238 0.63bc 0.25 88b 21 285.2c 196.1 0.47c 0.17

Block 8 379abc 327 0.51bc 0.33 104abc 19 218.0c 110.6 0.52bc 0.21

Block 9 213c 225 0.37c 0.18 79c 10 498.4abc 176.6 0.48c 0.22

Block 10 288c 206 0.60bc 0.24 79c 19 340.0bc 131.9 0.49c 0.29

Block 11 92e 107 0.38c 0.17 63d 21 314.0c 203.4 0.64a 0.24

p-Value 0.004 <0.001 <0.001 0.02 0.02

Note: Different letters indicate statistically different values, the letters represent statistical classes and have a downward trend, where “a” class as the
highest mean value.
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already dry due to the scarce rainy season, only 119 mm for the

2021/2022 season.

Table 6 reported the results of the direct observations for the

precipitation runoff events during the rainy season 2018/2019 for

both treated and untreated sub-catchments of the watershed of the

study area. The most intense event was recorded on February 28 with

35.80 mm of precipitation and 6.40 mm of runoff in the Vallerani-

treated sub-catchments and 12 mm runoff in the untreated one. This

value where used to estimate the watershed runoff coefficient.

The NDVI-CC analysis (Table 7) confirmed the heterogeneity pat-

tern of the crop development observed through field surveys

(Figure 6). The first five blocks have developed better and more

homogeneously compared to the blocks 6–11. The NDVI of the

Marab was largest in the 2019/2020 season. All three seasons

showed a similar development pattern: the first five blocks responded

with a high CCx (from 90% to 96%) and the last six with lower CCx

(from 70% to 80%). Accordingly, 96% of CCx was used as the maxi-

mum threshold of canopy cover development in the model.

3.2 | Model set-up, calibration, and validation

The overall calculated runoff coefficient was 0.19. The runoff coeffi-

cient was applied to investigate the number and timing of flood events

in all three seasons for calibration and validation procedures. During

the calibration season 2021/2022 five flood events were computed

equivalent to five irrigation events of 45 mm depth, while excess runoff

is routed further downstream via the spillway system. Four (flood

irrigation) events were calculated for the 2020/2021 season and

10 events were calculated for the cropping season 2019/2020. The

first step of the calibration led to a growth coefficient of 6.6% day�1

and a canopy decline coefficient of 7.6% day�1. For the low-efficiency

WHT scenario, the number of events was kept constant, but runoff

depth was set to 30 mm, calculated by calibrating the low-productivity

scenario. Manual calibration was performed matching the 8.13 t ha�1

biomass observed through 8.04 t ha�1 simulated for the high-efficiency

Marab WHT scenario. For low-efficiency conditions, 3.50 t ha�1 was

simulated versus 3.54 t ha�1 observed. The RMSE for the high-

efficiency scenario is 0.09 t ha�1 and 2% for the NRMSE, while the

Index of agreement is 0.91. The low-efficiency calibration achieves

0.04 t ha�1 for RMSE, 1% for NRMSE, and 0.99 for the diA (Table 8).

The validation was performed through adjusting the Marab seed-

bed preparation date as reported and setting the irrigation events

according to the flooding events calculated. Overall, the validation

shows good performance. RMSE, NRMSE, and diA are 0.2 t ha�1, 4%,

and 0.99 for the season 2020/2021, and 0.80 t ha�1 (RMSE), 14%

(NRMSE), and 0.66 (diA) for 2019/2020, respectively.

3.3 | Scenario analysis

3.3.1 | Rangeland barley production

The first simulations were run to compare Marab WHT performance

with the traditional extensive barley cropping procedure applied in

the Badia (Table 9). The simulation unveils barley growth almost failed

TABLE 5 Soil moisture sampling results (sampling date: May 10, 2022).

Block

Soil weight dry

10 cm (g)

Water

weight (g)

Moisture

content (%)

Soil weight

25 cm (g)

Water

weight (g)

Moisture

content (%)

1 44.0 2.6 6 29.6 3.0 10

6 48.5 4.6 9 33.2 3.9 12

11 33.0 3.3 10 40.2 4.2 10

TABLE 6 Surface runoff observation
in the upstream Marab treated and

untreated sub-catchments in the
2018/2019 rainy season.

Date Precipitation (mm) Runoff treated (mm) Runoff untreated (mm)

December 28, 2018 2.8 0.0 0.5

February 7, 2019 11.5 0.0 2.5

February 9, 2019 5.0 0.0 1.3

February 10, 2019 1.8 0.0 0.0

February 28, 2019 35.8 6.4 12.0

TABLE 7 Mean normalized
difference vegetation index canopy cover
(NDVI-CC) measurements following the
methodology of Tenreiro et al. (2021).

Year

NDVI max CCx

High productivity Low productivity High productivity (%) Low productivity (%)

2019 0.74 0.56 96 80

2020 0.66 0.46 90 70

2021 0.66 0.48 90 73
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in two seasons (2020/2021 and 2021/2022) due to the lack of suffi-

cient rainfall at the beginning of the season. Opposed, in the

2019/2020 cropping season, due to the heavy rainfall events in autumn,

barley without Marab WHT produced around 1.0 t ha�1 of biomass.

3.3.2 | Impact of soil texture and temperature

The results of the heatmap analysis are shown in Figure 7. For all

tested soil types, the main driver of biomass reduction was

temperature. Cumulative precipitation shows a lower impact on

crop development, as the number of flooding events remained.

Even the reduced rainfall amount generated the required mini-

mum runoff filling the Marab WHT. All soil textures show a maxi-

mum impact (biomass yield reduction) for the worst-case scenario

combining �20% daily precipitation and +2.0�C daily min. and

max. temperatures. The clay loam soil type experienced the maxi-

mum biomass yield decrease of 3.91 t ha�1, which is less than

half of the reference biomass (8.14 t ha�1). Barley crop produc-

tion is lowest in clay soils; around half of the reference produc-

tion (6.69 t ha�1) is lost in the 1.0�C scenario, and up to 85% is

lost in the +2.0�C scenario. In silty clay loam, biomass yield

declined to 2.69 t ha�1 in the worst-case scenario, which is 68%

less than the silty clay loam reference production (8.25 t ha�1).

Silty soil conditions relate with the largest and most robust pro-

duction; under worst climatic conditions silty soils produce up to

4.20 t ha�1, which is around 55% reduction of the reference pro-

duction (9.25 t ha�1).

F IGURE 6 Homogenous
development areas in the Marab,
according to the normalized
difference vegetation index (NDVI)
value: black corresponds to low-
efficiency water harvesting
technology; green to high-efficiency
WHT (February 26, 2022). [Colour
figure can be viewed at

wileyonlinelibrary.com]

TABLE 8 Calibration–validation results, for barley in the Marab WHT for cropping season 2021/2022, 2020/2021, and 2019/2020.

Observed biomass (t ha�1) Simulated biomass (t ha�1) Dev (%) RMSE (t ha�1) NRMSE (%) diA

Calibration

2021 High efficiency 8.13 8.04 6 0.09 2 0.91

2021 Low efficiency 3.54 3.50 2 0.04 1 0.99

Validation

2019 5.89 6.7 56 0.81 14 0.66

2020 5.65 5.41 11 0.24 4 0.99

TABLE 9 Marab water harvesting technology (WHT) biomass
production against traditional rainfed Badia cropping system.

Season Marab WHT (t ha�1) Rainfed (t ha�1)

2019–2020 9.78 1.00

2020–2021 7.31 0.02

2021–2022 8.01 0.01
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3.3.3 | Impact of flood events occurrence

Heatmaps for three different scenarios of flood-event occurrence

(reduction of first, last, and both first and last events) for different soil

and temperature change conditions are provided in Figure 8. Suppres-

sing the first seasonal flood event (removed flood-irrigation), even

with a slight 0.5�C increase in temperature, all soil types reduce crop

production by 40%–50%. Suppressing the last event affects produc-

tion to a lower extent; the Marab WHT produces harvestable biomass

ranging from 7.10 to 3.99 t ha�1 in the +0.5�C scenario to 3.43–

2.42 t ha�1 in the +2.0�C scenario. The largest reduction occurs when

removing the first and last flooding event where all soil types fail or

nearly fail crop production in the +2.0�C scenario. Again, clay soils are

the most affected.

F IGURE 7 Heatmaps for Marab water harvesting technology with different soil textures, increasing temperature, and decreasing annual
cumulative precipitation (values in t ha�1). [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 Heatmaps for Marab water harvesting technology with different soil textures, reducing the number of annual flooding events and
increasing the temperature (values in t ha�1). [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

Water harvesting represents one valuable resource for many commu-

nities in drylands (Castelli et al., 2018). Water resources management

using flash floods is fundamental for those communities that must

face worsening climate change (Fadul et al., 2020) and the Marab

WHT unleashes the potential of the burst rainy event on the Badia.

Based on the number of flood events observed and simulated, the

Marab WHT provides sufficient additional water (around 180–

225 mm) for enhanced crop production under arid dryland conditions

of Jordanian Badia (Table 9). However, despite the temporally (sea-

sonal) robust crop production, field monitoring and remote sensing

data (NDVI) unveil a non-homogeneous spatial crop performance

within the Marab (Figure 6, Table 7). The observed performance vari-

ability between the blocks (compartments) might be due dam break-

ages, as evidenced in the 6th block at the end of the vegetation

period in 2022 (Figure 9). However, a lower crop performance in the

further downstream blocks might be also due to occasionally low run-

off events yielding runoff to the uppermost blocks first/only. None-

theless, in most downstream blocks, even with the lowest barley

population density and biomass yield, the barley developed the largest

quantity spikes, which might relate to reduced competition between

plants (Rahman Mohammad Al Tawaha et al., 2015). Moreover, grain

weight seems rather constant along the Marab, only the last block

(11) shows higher grain fillings. Soil moisture sampling conducted at a

mature crop stage in late spring 2022 showed higher soil moisture

values in the further downstream blocks of the Marab WHT, which

might relate to a lower evapotranspiration rate due to the lower bio-

mass and crop coverage (Table 5). Eventually, the Marab WHT

achieves exceptionally high biomass (8.13 t ha�1 in cropping season

2021/2022) under the severely water-stressed conditions of the

Jordanian Badia. Particularly increasing soil moisture (plant-available

water) during the initial stages of development boosts crop produc-

tion (Al-Karablieh & Salman, 1999) evidenced by our simulations

(Table 9).

AquaCrop enables the simulation of scenarios for improved crop

management in dry areas (Araya et al., 2010). In the present case

study, AquaCrop simulations matched the crop development

observed in the Marab WHT by using field and NDVI information for

set-up and calibration following the crop cover calculation approach

F IGURE 9 Photos from the Marab water harvesting technology showing the collapsing of the soil bunds in different blocks: (a) block
6, (b) block 7, (c) block 8, (d) block 9. [Colour figure can be viewed at wileyonlinelibrary.com]
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pursued by Tenreiro et al. (2021). The AquaCrop simulations unveil

the positive impact of the Marab particularly comparing WHT with

the traditional barley cultivation. Simulations underline that limited

precipitation (dry years: 2020/2021; 2021/2022) resulted in nearly

complete crop failure, whereas the Marab WHT still produced

>7.30 t ha�1. This is nearly one order of magnitude larger compared

to the traditionally cultivated biomass yields in wet years

(e.g., 2019/2020). Crop failure in the drier rainy seasons has been also

reported by the Al Majeddyeh local community serving as citizen sci-

entists and substantially contributing to the BRS monitoring system.

The climate scenarios may be interpreted as possible climate

change effects as well as shifting the BRS Marab spatially toward hotter

and drier areas within the Badia ecosystem, that is, up to �20% aver-

age annual precipitation approximate the 100 mm average annual rain-

fall zones. The climate scenario results have been illustrated as

heatmaps, indicating a strongly adverse effect of temperature on bio-

mass yield. Increased temperatures directly influence evapotranspira-

tion (ET), which results in larger soil water requirements (Figures 7 and

8). The constrained soil water availability, that is, through a limited num-

ber of flood events, resulted in increased crop stress, particularly

toward the end of the vegetation period inhibiting growth. However,

(moderately) decreasing daily precipitation, in our study, did not signifi-

cantly impact crop development. A biomass yield reduction from 1% to

10% was observed keeping the increasing temperature constant but

progressively reducing precipitation (Figure 7). This relates to the fact

that few heavy and surface runoff-producing rainfall events still

(completely) fill the Marab even with the reduced event-rainfall

amount. However, even if climate change is expectedly linked with a

likely declining seasonal rainfall in the Jordanian Badia, this does not

necessarily apply to the occurrence of heavy rainstorms, as elaborated

by the IPCC special report (2019), Strohmeier, Fukai, et al. (2021) and

Strohmeier, Haddad, et al. (2021). Nevertheless, the hypothetical reduc-

tion of heavy rainstorm occurrence (e.g., flood-causing events) during

the rainy season has a potentially huge impact, as soil water availability

is reduced at critical stages of the barley phenology: the emergence

stage and/or the maturity stage (Figure 8). Removing the first flood

event has a larger impact than removing the last one and removing

both (first and last flood event), in most cases, results in a biomass

reduction of 80%–100% in all soil textures. This also applies to the tem-

perate increase, as additional soil moisture stress, due to larger evapo-

transpiration at the early crop stages affects the entire plant

development. However, future studies should focus on a more in-

depths hydrological assessment of the magnitudes, occurrence and

uncertainty of flood events in combination with temperature and the

according to soil moisture conditions. Anyhow, the present study

tackles the performance and robustness of the Marab WHT under typi-

cal Badia conditions (soil and climate), which vary across the vast dry-

rangeland ecosystem, rather than pursuing an in-depth hydrological

study reflecting the target site conditions (BRS) only. Silty soils, due to

their large plant available water content (i.e., difference between field

capacity and permanent wilting point) cope better with the upcoming

dryness and water stress compared to the clayey soils toward the end

of the rainy season. Clay soils showed the worst performance due to its

predominant micro pore system that holds back moisture with a large

potential (matric potential) beyond the plant's capacity for root-water

uptake. Moreover, heavy clay soils in dryland conditions can tend to a

deep soil crack development (e.g., Vertisols) that potentially deep-

infiltrate water during the onset of the rainy season into the deeper soil

layers below the root zone of field crops.

4.1 | Limitations of the approach and future
developments

This study focused on Badia-typical soil, climate, and cultivation oper-

ations. The perturbation of the conditions through heatmaps allowed

testing the transferability of the Marab WHT in other contexts, show-

ing a discrete potential for adaptation. Further analysis of the transfer-

ability of the Marab will require a requires a wider range of soil,

climate, and crop type assessment, which in turn will need additional

sets of calibration and/or validation data from substantially different

environments, crops and management procedures.

Moreover, watershed-scale assessment may be required to inves-

tigate the upstream and downstream consequences of the Marab.

Eventually, also the adaptation of the Marab WHT design might

improve the efficiency of water storage and endurance, such as

through more robust dam systems (e.g., stone-protected bunds;

gabion-based spillways; etc.).

5 | CONCLUSION

The study demonstrates (i) a good match between the observed and

simulated crop production of a Marab WHT in Jordan's Badia,

and (ii) underlines the remarkably enhanced and robust crop perfor-

mance achieved through the Marab WHT compared with traditional

cultivation practices. The performed multi-scenario assessment draws

the following conclusions:

1. The Marab WHT largely improved biomass yield; the WHT

exceeded biomass yield by roughly one order of magnitude during

wet years and outperformed the nearly complete crop failure of

the traditional cultivation practice during dry years through pro-

ducing barley with around 25% biomass yield decrease (comparing

best [wet year] with lowest production [driest year]).

2. The Marab WHT performs under most Badia soil texture condi-

tions; best performance was achieved in silty soils (9.25 t ha�1)

versus the lowest production was achieved in clayey soils

(6.53 t ha�1).

3. Declining precipitation hardly affects the Marab WHT production;

an up to 10% biomass yield decrease was simulated by reducing

daily rainfall amounts by 20%.

4. The increasing temperature may result in a substantial production

decrease; barley biomass yield decreased between 3% and 12%

for +0.5�C, and between 45% and 85% for +2.0�C temperature

scenarios, depending on the underlying soil type.
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5. Frequency and timing of heavy rainstorms (runoff producing

events) have a potentially huge impact on the crop production;

removing the first and last flood event led to a nearly complete

crop failure for increasing temperature scenarios.

The performed ex-ante assessment identifies important aspects

of the Marab WHT performance under variable climatic and soil con-

ditions. The gained knowledge can help to identify potential areas for

out-scaling considering the techniques' implementation and mainte-

nance costs and the likely achieved gains through enhanced crop pro-

duction. Further research should target different approaches for

transferring Marab WHT in other contexts, modelling different crops

cultivation, the effect of the Marab at watershed scale and on ground-

water recharge.
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