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Abstract: Treated water use for agriculture will promote sustainable irrigation development and
food sovereignty. The aim of this study is to assess the feasibility of subsurface drip irrigation (SDI)
compared to drip irrigation (DI) and of reclaimed water (RW) versus conventional groundwater
(CW), to produce forage sustainably in a warm arid region. A sorghum experiment was conducted in
a field on Santiago Island (Cape Verde). A forage yield of 200 t fresh matter·ha−1·year−1, irrigated
by RW, was obtained. Considering Cape Verde regulations, it is possible to irrigate sorghum using
a drip system and RW without adding fertilizers. Soil fertility (OM and Ntot) increased, while
risk parameters (EC, nitrate, and Na) returned to their initial values after the rainy season. The
best irrigation water use efficiency was obtained by RWSDI (200 L·kg−1 DM) compared to RWDI,
which needed 34% more water. According to the results, a high nitrate elimination rate in treatment
plants might not be desirable if agricultural reuse is planned to irrigate high-N-demanding species.
Establishing new salinity tolerance levels under reuse conditions with SDI, and irrigating in rainy
months to promote the lixiviation of salts in arid regions are also necessary.

Keywords: subsurface drip irrigation; reclaimed water; forage; water use efficiency; soil;
sustainability; water management

1. Introduction

Reusing treated water in agriculture is essential for water-scarce areas to guarantee
economic and environmental sustainability in semiarid regions [1]. Cape Verde is located
in the Atlantic area of Macaronesia, lies in the sub-Saharan African climatic zone, and is
exposed to natural disasters. The Cape Verde wet season lasts from 1 to 3 months, with
potential evaporation exceeding precipitation throughout the year (precipitation from
80–300 mm in arid coastal zones to 1200–1600 mm in the highlands of mountain islands) [2].
Cape Verde agriculture depends very much on rainfall because irrigated land represents
only 3.52% of the total agricultural area [3]. Santiago, the biggest island in Cape Verde, uses
the largest area for agriculture (52%) [4]. Agricultural/livestock sector is its main economic
activity, and agricultural sector growth is one of the most effective ways to reduce poverty
and to achieve food security in rural areas [3].

It is necessary to find alternative water resources, such as reusing treated wastewater
for agriculture, to promote irrigation development because unconventional resources are
one of the alternatives to alleviate the hydrological imbalance between water use and
renewable resource availability [5]. Cape Verde has been investing and encouraging the
practice of reusing treated wastewater in agriculture and has a regulation that includes
treated water irrigation [6].

Animal production plays a crucial role in its rural economy and food sovereignty.
Forage production is the most suitable choice for reusing reclaimed water (RW) given its

Agriculture 2023, 13, 192. https://doi.org/10.3390/agriculture13010192 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture13010192
https://doi.org/10.3390/agriculture13010192
https://doi.org/10.3390/agriculture13010192
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0003-4075-2592
https://orcid.org/0000-0002-0755-5637
https://doi.org/10.3390/agriculture13010192
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture13010192?type=check_update&version=1


Agriculture 2023, 13, 192 2 of 18

lower quality demands and lack of fresh forage crops to feed livestock in arid regions,
and efficient irrigation systems are necessary because water scarcity is a limiting factor [7].
Several Sorghum bicolor L. Moench hybrids and varieties exist that could be used a fod-
der crop with high nutritive value. The Payenne variety has the following agronomic
characteristics: 60–63 days sowing–flowering cycle; 87–90 days seedling–maturity cycle;
not photosensitive; barely resists lodging; sensitive in humid areas; maximum yields of
3500 kg·ha−1 [8]. As subsurface irrigation systems (SDI) use soil as a natural advanced,
but not high-cost water treatment, the in situ RW reuse produced by low-tech wastewater
treatment plants (WWTP) would provide a valuable resource for small rural villages [7].
As practically all the supplied water is absorbed by plants, irrigating by SDI and applying
accurate management reduce the required water [9]. Costly water prices also represent a
high percentage of the total forage production costs [10].

Farneselli et al. [11] showed that high fertigation and/or irrigation frequency can
be a strategy to increase N uptake efficiency in tomato fed a very high N and water
supply. Ramos et al. [12] modeled water and N transport. They indicated that high nitrate
uptake occurs with more fertigation events and the used amount in each event is smaller.
Studies have indicated that nitrate is the commonest and most widespread groundwater
contaminant in the world and can lead to health problems [13]. Best management practices
that reduce the amount of water and N influx without decreasing yields can lower the
nitrate pollution potential of groundwater [14]. Optimum nutrient applications in the
crop root zone ensures their optimum utilization, higher crop yield, and fewer nutrient
losses [15].

The aim of this study was to assess the feasibility of using subsurface drip irrigation
(SDI) compared to conventional drip irrigation (DI), and of reclaimed water (RW) versus
conventional groundwater (CW), for sustainable forage produce in a warm arid region
(Cape Verde). The assumption of the present study is that the best water use efficiency
shown by SDI vs. DI and the safety provided by this irrigation system in avoiding plant
and water contact will permit irrigation using water produced by low-tech WWTP of rural
zones in a sustainable way.

2. Materials and Methods
2.1. Experimental Field

In 2019, a sorghum experiment was conducted in a field (540 m2) located in Rocha
Lama (15◦7′43′′ N; 23◦31′38′′ W; 6 asl), Santa Cruz, on Santiago Island, Cape Verde. The
area had a warm, humid, and sunny climate, with a mean minimum temperature, a mean
maximum temperature, and a mean humidity of 20.7 ◦C, 24.1 ◦C, and 71.6%, respectively,
from 2007 to 2021. From 1979 to the present day, the driest year was 1983, along with
the wettest in 2015 [16], producing annual precipitation (Pr) ranging from 77 (1983) to
359 mm·year−1 (2015) and a mean of 186 mm·year−1 (236 mm/year, considering only
the last 15 years). Reference evapotranspiration (ETo), which is less variable, ranged
between 1468 and 1413 mm·year−1, with a mean of 1440 mm·year−1. This is lower than
1454 mm/year, which was the mean from 2007 to the present day (Table S1), with mean
daily ETo values going from 3.9 mm·day−1 (1983–2021) to 4.0 mm·day−1 (2007–2021)
(Table S1). Rain falls mainly between August and October (121 and 221 L·m−2 in 2019 and
2020, respectively), with 91.7% (2019) and 88.4% (2020) of the total annual precipitation
during this period. Detailed information about the ETo and precipitation data are available
in ST2. Using the daily ETo and Pr of 2019 and 2020 for each month (Table S2), the effective
amount of water used for irrigation by each harvest (Table 1), which was measured by a
flowmeter, was estimated using ETo and a mean factor of 0.9. It was also influenced by
unusual events of infrastructure malfunctioning.

Soil conditioning consisted of removing stones and adding 1.76 kg·m−2 of cow manure
in October 2018. The Sorghum bicolor Payenne variety was seeded on 8 April 2019. Plants
were harvested nine times from seeding to 6 November 2020 (Table 1). Harvesting was
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conducted between the soft and hard dough stages. Using the climate data provided in
Table S2, the ETo values from the different harvests were calculated and appear in Table 1.

Table 1. Harvest number, harvest date, growing period (days), ETo for each period (mm), and
irrigated water volumes added by period (m3·ha−1·harvest−1).

Harvest No. Harvest Date Days to Harvest ETo Period
mm

Irr Water
m3·ha−1·harvest−1

1 8 July 2019 90 392 3204
2 29 August 2019 53 225 2167
3 17 December 2019 110 421 4201
4 3 February 2020 48 159 1472
5 25 March 2020 51 201 1503
6 20 May 2020 56 249 2240
7 9 July 2020 50 225 2341
8 2 September 2020 55 234 2096
9 6 November 2020 64 254 2034

Birds caused problems during the emergence and fruiting period. No chemical control
of weeds or other pests was necessary.

As previously described by Mendoza-Grimon et al. [17], three treatments based on
irrigation management (SDI vs. DI) and water quality (conventional groundwater, CW vs.
RW) were used to irrigate the experimental field: T1, RW applied by SDI (60 m2); T2, RW
plus DI (60 m2); T3, CW plus SDI (60 m2). Each treatment was repeated in three blocks in
which all three treatments were irrigated (nine plots), adding the same amount of water in
each of them. Each plot consisted of eight lines separated by 0.75 m, which were 10 m long.

2.2. Irrigation System and Water Scheduling

An irrigation head with one controller and two different lines were installed, each
consisting of one pump and one sand filtration system per water quality. A UV disinfection
lamp was installed to the applied RW. Integral drippers (0.5 m apart) operating at delivery
rates of 2.3 L·h−1 were employed. Lateral lines (spaced 0.75 m) were buried at a depth of
0.20 m. Irrigation was performed twice daily by the irrigation controller, and irrigation time
varied weekly according to ETo information. Each irrigation period applied the irrigated
water volumes (Table 1), which were calculated according to CROPWAT [18] by employing
a mean of 90% to the ETo data given by the weather station of Santa Cruz [16]. The same
water volume was applied for both SDI and DI, with a total water quantity equivalent to
21,257 m3·ha−1 for the whole study period (equaling 13,047 m3·ha−1 per year).

2.3. Water Quality

RW was supplied by a low-energy wastewater treatment plant (WWTP) adapted
to rural villages in Cape Verde. This plant consists of a pretreatment area, an anaerobic
digester as the primary treatment, and a series of vertical flow gravel filtration beds as
the secondary treatment. Despite being designed to treat 1000 m3 per day, presently, this
WWTP effectively treats 200 m3 per day [19]. RW (used in T1, RWSDI and T2, RW DI)
parameters pH, electrical conductivity (EC), chemical oxygen demand (COD), biochemical
oxygen demand (5 days, BOD5), nitrate NO3

−, Cl−, Na+, Ca2+, Mg2+, B, total suspended
solids (TSS), and sodium adsorption ratio (SAR) (Table 2) were analyzed by INLAB at
the Laboratorio Agroalimentario del Cabildo de Gran Canaria (LabGC). CW quality (T3,
CWSDI) was obtained from the wells close to the experimental plot (wells PT33 and FT59),
which were analyzed by LabGC, including sulfate (SO4

2−) and microelements (Table 3).



Agriculture 2023, 13, 192 4 of 18

Table 2. Chemical parameters analyzed in reclaimed water, RW.

pH EC COD BOD5 NO3− Cl− Na Ca Mg B TSS SAR

dS·m−1 mg·L−1 (meq·L−1)1/2

RW mean 7.4 3.09 32 6.3 410 427 355 93.2 75.2 0.28 2.14 6.51
SD 0.2 0.16 1.4 0.4 127.3 17.7 49.5 2.6 5.37 - 0.2 0.4

Table 3. Chemical parameters analyzed of groundwater, CW, from two wells.

Well
pH EC SAR Na K Ca Mg Cl− NO3− SO42− B Cu Fe Zn Mn

dS·m−1 (meq·L−1)1/2 mg·L−1

PT33
mean 8.1 1.15 2.21 99 9.15 55 62 140 45.5 39.5 0.135 <0.015 <0.015 0.016 <0.005
SD 0 0.05 0.03 1 0.05 1 2 0 1.5 2.5 0.005 - - - -

FT59
mean 7.95 1.25 12.85 65.5 7.3 96 60.5 190 45 46 0.07 <0.015 <0.015 <0.010 <0.005
SD 0.04 0.106 0.01 2.47 0.28 9.9 5.30 42.4 0.71 1.41 0 - - - -

2.4. Soil Analysis

The soils of the experimental parcel were Torriarents, isoperthermic [20], or Anthrosols,
with qualifiers “irragric” and “salic” [21]. The parcel was divided into three blocks, with
loam to clay–loam textures, consisting of 26.8%, 27.1%, and 35.3% clay, 29.4%, 29.8%, and
27.1% silt, and 43.8%, 43.1%, and 37.6% sand for Blocks 1, 2, and 3, respectively. As previ-
ously described in Mendoza-Grimón et al. [17], the composite soil samples from each plot
(one per block and, thus, three per treatment) were taken from the first 0.2 m on different
dates, i.e., prior to manure application (May 2017), post manure application (Nov 2018),
seeding day (Apr 2019), which coincided with the first harvest (Jul 2019), and 1 month
after the last harvest (Dec 2020). To determine the effect of treatments on soil properties
through depth, an additional sampling procedure was applied in December 2020. Soil
sampling was conducted considering two depths: topsoil from 0 to 0.07 m and from 0.07 to
0.2 m. Organic C (OC, %) and total N (Ntot, %) were determined by dry combustion with
a LECOTM TruMac NC analyzer. Soluble salts were estimated by electrical conductivity
(EC1:5, soil-to-water ratio; dS·m−1) with shaking as the equilibration method. The equiv-
alent EC values in the saturated paste extract (ECe) were estimated using the relations
obtained by Yangbo et al. [22]. Available nitrate was determined by soil extraction, at the
1:5 ratio, with 0.01 M Ca chloride, and was analyzed by ion chromatography. Available soil
P (mg·kg−1) was extracted by sodium bicarbonate according to the method of Olsen [23],
and was measured using the “Murphy and Riley colorimetric method” [24]. Exchangeable
cations (K, Ca, Mg, and Na, meq·100 g−1) were extracted with buffered 1 M ammonium
acetate at pH 7 to be analyzed by ICP-OES. To estimate Fe, Cu, Mn, and Zn (mg·kg−1)
availability, the diethylene triamine penta acetic acid (DTPA)/triethanolamine (TEA).CaCl2
method was followed. Analyses were performed using ICP-OES. B was extracted using the
hot-water method and analyzed using ICP-OES. All the parameters were determined at
LabGC.

2.5. Forage Production

For each harvest and in every plot, fresh matter production was weighed in the field
from 1 m of three central lines to avoid the border effect. Then, fresh yield was expressed
as equivalent kg/ha. Once constant weight reached 105 ◦C in a laboratory oven, the
percentage of dry matter was calculated. The yield weighed at each harvest was expressed
as both fresh and dry matter, being the product of fresh yield multiplied by the dry matter
percentage. A new variable for irrigation water use efficiency (WUE; L/kg dry matter) was
calculated by dividing the amount of irrigation water used during each harvest by the dry
matter obtained in each block and treatment. Lastly, the accumulated yield (expressed as
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fresh and dry) was calculated as a sum of the respective yield by harvests per block and
treatment.

2.6. Statistical Analysis

In order to analyze soil parameters, a multivariate analysis of variance was carried out
using the SPSS statistical package (version 27, Armonk, NY, USA: IBM Corp.) by applying
the generalized linear model (GLM). The model included the date of soil sampling, treat-
ment, and their interactions. F tests were performed on the basis of linearly independent
pairwise comparisons among the estimated marginal means. Levene’s test of equality
of error variances was used to analyze the experimental data. Considering the whole
experimental period (from June 2017 to December 2020), soil parameters pH, EC, Ntot,
nitrate, P, K, Ca, Cu, and Mn showed that the error variance was not equal across groups.
Separation subsets were tested by considering p = 0.05 using Tukey’s and Games–Howell
tests for homogeneous and nonhomogeneous variances, respectively. To discriminate soil
P separation subsets, p = 0.1 was used due to the low P mobility in soil.

Crop yield and dry matter per harvest were analyzed by a multivariate analysis of vari-
ance using the generalized linear model, including harvest date, treatment (RWSDI, RWDI,
and CWSDI), and their interactions. Levene’s test was used to analyze the forage data, and
separation subsets were tested by considering p = 0.05 with Tukey’s and Games–Howell
tests. Lastly, the nonparametric Kruskal–Wallis test analyzed the effect of treatments.

3. Results
3.1. Water Quality

Cape Verde has a regulation [6] to control water quality for irrigation purposes. It aims
to protect health public and animal life, the quality of surface waters and groundwater,
crops that can be affected by poor quality irrigation water, and soils whose suitability
for plant growth can be degraded by using systems with poor-quality irrigation water.
This regulation establishes the maximum admissible value (VMA) and the maximum
recommended values (VMRs) for some parameters according to the risk inherent to the
form of use or being in contact with irrigated crops. It also defines the parameters applied to
control the agronomic quality of irrigation water in terms of those that may impact soil and
water for three restriction levels, regardless of the origin of water. The recommendations of
Ayers and Westcot [25] are followed by this regulation, although these authors mentioned
that their guidelines are too restrictive for specialized irrigation methods, such as localized
DI, which results in near daily irrigations.

Considering the aforementioned Cape Verde regulation [6], the RW parameters
(Table 2) included the following use limitations: (i) nitrate, Cl, and Na presented severe use
restrictions; (ii) Mg presented values higher than the VMA. Otherwise, EC had a slight to
moderate use restriction, while SST, SAR, and Ca presented no use restriction and were
below the VMA.

For CW (Table 3), the following limitations were detected: only nitrate presented severe
use restriction, and EC and Na had slight to moderate use restriction. The three parameters
were below the VMA, but above the VMR, while SAR and Cl had no restriction use. Sulfate,
B, Cu Zn, and Mg were below the MRVs, while Fe and Mg were under the VMA.

3.2. Soil

Table 4 presents soil evolution due to manure incorporation, forage cultivation, irriga-
tion, and the employed water quality.
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Table 4. Soil properties sampled during the experiment: pre-manure and post-manure applications,
seeding day (Apr 2019), first harvest (Jul 2019), and 1 month after the last harvest (Dec 2020) per
treatment (1: RWSDI, reclaimed water plus subsurface drip; 2: RWDI, reclaimed water plus surface
drip; 3: CWSDI, conventional water plus subsurface drip irrigation, expressed as the mean and SD,
standard deviation.

Date Treat pH EC1:5 OM Ntot C/N NO3 P K Ca Mg Na B Cu Fe Mn Zn

dS·m−1 % mg·kg−1 meq·100 g−1 mg·kg−1

Jun 17 mean 8.3 12 0.76 1 1.3 1 0.09 1 8.2 12 737 1 56.0 1* 3.3 1 29.1 15.6 23 6.7 1 1.1 1 1.2 5.4 12 2.3 1 1.1 1

SD 0.19 0.19 0.17 0.01 0.55 169 3.46 0.35 10.04 2.56 2.95 0.34 0.15 2.00 0.31 0.24

Nov 18 mean 8.2 1 0.9 12 1.8 12 0.12 12 8.5 12 648 1 65.0 12 * 3.6 1 26.5 14.1 123 5.7 1 1.4 12 1.2 5.4 12 4.4 12 1.1 1

SD 0.12 0.39 0.50 0.03 0.68 300 9.85 0.85 9.92 2.29 1.39 0.17 0.18 1.07 0.53 0.24

Apr 19

1 mean 8.0 1.6 2.5 0.2 9.2 984 87.0 5.9 19.6 15.1 2 6.9 1.6 1.5 4.7 11.1 1.8
SD 0.14 0.92 0.55 0.03 0.78 474 3.46 1.37 1.75 1.32 2.07 0.15 0.74 0.10 0.65 0.41

2 mean 8.0 2.2 2.5 0.2 8.7 1124 82.7 6.0 1 18.3 13.7 2 8.1 1.4 1.4 4.4 11.9 1.9
SD 0.12 0.70 0.53 0.01 1.61 437 16.77 0.26 0.72 1.99 0.95 0.15 0.00 0.21 1.72 0.13

3 mean 8.01 1.6 3.2 0.21 10.02 843 108.0 6.91 25.2 12.92 6.11 1.71 1.4 4.41 15.73 2.0
SD 0.12 0.07 0.82 0.03 1.00 11.8 40.73 1.42 12.24 2.40 1.39 0.25 0.15 0.06 4.58 0.37

tot mean 8.0 1 1.8 2 2.7 23 0.2 2 9.3 2 984 12 92.6 12 * 6.32 21.0 13.9 12 7.0 1 1.5 2 1.4 4.5 1 12.9 3 1.9 12

SD 0.11 0.66 0.66 0.02 1.18 345 25.02 1.09 6.95 1.96 1.59 0.18 0.10 0.29 3.25 0.29

Jul 19

1 mean 8.01 7.13 b 3.52 0.32 6.31 5175 80.5 8.82 21.3 16.03 12.92 2.12 1.7 5.02 7.52 2.7
SD 0.05 0.23 0.35 0.03 0.07 219 7.78 0.57 1.48 0.07 2.76 0.14 0.28 0.85 2.40 0.11

2 mean 8.01 3.93 a 4.22 0.32 8.01 2750 98.0 8.52 29.8 17.43 12.32 1.92 1.7 5.82 9.72 2.4
SD 0.08 0.44 1.27 0.06 1.06 339 52.33 3.39 16.05 1.98 0.64 0.14 0.21 0.85 3.89 0.61

3 mean 8.0 3.73 a 3.22 0.22 7.71 2215 90.5 8.82 20.6 18.3 10.32 1.82 1.6 5.32 9.22 1.9
SD 0.23 0.59 0.21 0.03 0.35 1266 26.16 0.49 2.33 1.41 0.92 0.00 0.07 0.57 2.05 0.30

tot mean 8.0 1 4.9 3 3.6 3 0.3 3 7.3 1 3380 2 89.7 12 * 8.72 23.9 17.2 3 11.82 1.9 3 1.6 5.4 12 8.8 2 2.3 2

SD 0.13 1.75 0.74 0.05 0.97 1531 27.54 1.56 8.59 1.47 1.83 0.16 0.18 0.69 2.46 0.47

Dec 20

1 mean 8.62 1.3 2.91 0.21 8.72 1158 151.7 7.31 20.0 11.41 8.21 2.12 b 1.2 5.52 3.31 2.0
SD 0.47 0.45 0.87 0.05 0.95 608 33.55 0.87 2.66 2.28 0.74 0.23 0.12 0.96 0.71 0.46

2 mean 8.62 1.11 3.01 0.21 9.32 896 137.7 6.21 20.4 11.91 6.91 1.92 b 1.7 6.12 3.61 2.4
SD 0.25 0.57 0.73 0.03 0.67 561 76.06 1.60 0.36 0.81 2.03 0.06 0.81 0.51 0.8 0.65

3 mean 8.92 0.51 2.11 0.11 10.02 152 72.7 5.71 20.3 11.81 7.71 1.42 a 1.1 5.72 3.21 1.6
SD 0.12 0.04 0.20 0.01 0.49 130 19.35 0.56 2.15 0.67 1.10 0.21 0.10 0.98 0.36 0.35

tot mean 8.7 2 1.0 1 2.7 23 0.2 2 9.3 2 736 1 120.7 2* 6.4 2 20.2 11.7 1 7.6 1 1.8 23 1.3 5.8 2 3.4 1 2.0 2

SD 0.33 0.52 0.73 0.04 0.84 615 56.16 1.18 1.73 1.27 1.34 0.33 0.50 0.79 0.59 0.55

Different numbers show significant differences referring to sampling periods at α 0.05 and * at α 0.1. Different
letters show significant differences referring to treatments on a given date at α 0.05.

3.2.1. Soil Salinity and Nitrate

Figure 1 shows the soil EC and nitrate evolution over time (mean of the whole exper-
imental field), including prior to (Jun 2017) and post manure additions (Nov 2018), and
once irrigation treatments had been applied (Apr 2019, Jul 2019, and Dec 2020). The pH
values showed a different trend (Figure S1), which rose and lowered in the opposite way to
EC according to the general effect of salts on the pH values.
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Figure 1. Soil EC and nitrates (mean of the whole experimental field) evolution over time, including the
pre- and post-manure additions, and once irrigation treatments had been applied ((a), EC; (b), nitrates).

Regarding treatments, the soils irrigated with RWSDI presented significantly higher
EC (Table 4) and nitrate, N tot, and B contents (Figure 2) than CWSDI, while the RWDI soils
were no different than the other two treatments. Lastly, when comparing treatments per
date, the soils irrigated by RWSDI had the significantly highest EC contents in Jul 2019 and
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B in Dec 2020 (Table 4, different letters). The same tendency of having higher nitrate, Na,
and B contents in the 0.07 m topsoil, compared to 0.07–0.2 m (Table S3), was observed for
both the treatments irrigated by SDI (RWSDI and CWSDI). Conversely, lower contents of
the aforementioned parameters were obtained from topsoil at depth by DI. Furthermore, as
expected, the RW-irrigated soils had higher values for the abovementioned soil parameters
than the CW-irrigated ones.
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Figure 2. Soil affected by treatment: nitrate, B and N tot showed significant differences at the
0.05% level, and P showed a significant difference at the 10% level, but Na and OM showed no
significant differences.

3.2.2. Soil C, N, and Nutrients

As presented in Table 4, only soil Ca and Cu (Figure S1) did not show any significant
changes throughout the period (from Apr 2017 to Dec 2020).

Soon after manure addition, gradual increments were observed for Ntot, OM, P, B
(Figure S1), and Mn, which were significant upon seeding (prior to irrigation): OM, Ntot,
C/N (Figure S1), P, K, and micronutrients B, Mn, and Zn. Furthermore, the marked
increases in OM, Ntot, Nitrate, Mg, Na, and B and Zn as irrigation progressed seemed to be
associated more with irrigation than with manure addition. After the 2019 and 2020 rainy
seasons (121 L·m−2 and 221 L·m−2 of rain, respectively), the values of the most mobile
compounds (EC, nitrate, and Na) and of OM, Ntot, Mg, and Mn decreased, and were
similar to those of prior to irrigation. Only P, B, and Fe contents increased throughout the
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experiment, even after rainy periods. Table 5 presents SAR values, which were calculated
using data from Table 4.

Table 5. SAR values per date and treatment 1: RWSDI, reclaimed water plus subsurface drip; 2: RWDI,
reclaimed water plus surface drip; 3: CWSDI, conventional water plus subsurface drip irrigation.

Jun 17 Nov 18 Apr 2019 Jul 19 Dec 2020

Treat - - 1 2 3 1 2 3 1 2 3
SAR 1.42 1.27 1.66 2.03 1.40 2.99 2.53 2.34 2.07 1.72 1.92

With SAR values, always less than 2.99, there is no risk regarding SAR (Table 5);
hence, soil permeability is not expected to be affected with the proposed water and soil
management. Finally, at the end of the experiment, the contents of fertility parameters
such as OM and Ntot, and of nutrients such as P, K, Fe, and Zn increased in soil, while
precautionary parameters such as EC (Figure 1a), nitrate (Figure 1b), and Na returned to
the initial values. Only B, which was not lixiviated from soil during the rainy season, had
to be carefully monitored, although its value of 1.8 mg·kg−1 did not come close to the value
considered hazardous, i.e., 5 mg·kg−1 [26].

3.3. Forage Production

The fresh yield (expressed as equivalent kg of fresh matter (FM)·ha−1) and dry yield
(kg dry matter (DM)·ha−1) obtained per harvest and treatment appear in Tables 6 and 7,
respectively. Regarding fresh matter production (Table 6 and Figure S2) over time, the
last harvests (Sept and Nov 2020) were significantly more productive than the others
being affected by decreased soil salinity, as later discussed. The yield obtained during
some harvests showed no differences among treatments, whereas, on other dates, the
SDI treatments were significantly more productive for both RW and CW compared to DI
(Table 6). Consequently, the SDI treatments considered throughout the experiment were
significantly higher than those of DI. These results were confirmed by nonparametric tests
(Figure S2).

Table 6. Mean and SD of fresh yield (kg FM·ha−1) obtained per harvest and treatment.

Yield, Fresh Matter (kg·ha−1)
RW SDI RW DI CW SDI Mean

Date Mean SD Mean SD Mean SD Mean SD

07.08.2019 43,567 b 4715 17,431 a 3514 28,749 ab 3514 29,916 1 3914
08.29.2019 41,667 7455 22,523 3334 37,778 3514 33,989 1 4768
12.17.2019 19,556 a 6087 29,630 ab 3514 34,111 b 3728 27,766 1 4443
02.03.2020 27,556 6087 17,976 3728 22,762 4304 22,765 1 4706
03.25.2020 33,482 b 3514 21,593 a 3514 22,815 ab 3514 25,963 1 3514
05.20.2020 32,843 6087 19,259 6087 30,889 6087 27,664 1 6087
07.09.2020 31,408 ab 6087 22,222 a 6087 32,593 ab 6087 28,741 1 6087
09.03.2020 47,333 3728 37,630 3514 48,296 3514 44,420 2 3585
11.06.2020 52,593 3514 47,481 3514 59,630 3514 53,235 2 3514

Mean 36,667 b 1807 26,194 a 1409 35,291 b 1441 32,717 1552

Different numbers denote significant differences referring to sampling periods at α = 0.05. Different letters show
significant differences referring to treatments on a given date at α = 0.05.
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Table 7. Mean and SD of dry matter yield (kg DM·ha−1) obtained per harvest and treatment.

Yield, Dry Matter (kg/ha)
RW SDI RW DI CW SDI Mean

Date Mean SD Mean SD Mean SD Mean SD

07.08.2019 20,796 b 2283 9302 a 1701 12,742 ab 1701 14,280 3,4 1895
08.29.2019 17,320 3609 9505 1614 10,837 1701 12,554 2,3,4 2308
12.17.2019 10,691 a 2947 18,088 b 1701 22,462 b 1805 17,080 5,6 2151
02.03.2020 8275 2947 5288 1805 6347 2084 6637 1 2279
03.25.2020 18,799 1701 13,342 1701 13,730 1701 15,290 1,2 1701
05.20.2020 20,937 2947 11,825 2947 15,092 2947 15,951 1,2,3 2947
07.09.2020 14,992 b 2947 10,608 a 2947 15,558 b 2947 13,719 1,2,3 2947
09.03.2020 19,438 b 1805 13,012 a 1701 18,275 b 1701 16,908 4,5 1736
11.06.2020 24,419 1701 21,466 1701 22,832 1701 22,906 6 1701

Mean 17,296 b 875 12,493 a 682 15,320 b 698 15,036 752

Different numbers show significant differences referring to sampling periods at α = 0.05. Different letters denote
significant differences referring to treatments on a given date at α = 0.05.

Dry matter yields showed more significantly different dates than fresh matter ones
(Table 7 and Figure S2). By way of example, the dry matters obtained in Nov 2020 and
in Dec 2019 and Sep 2020 were significantly higher than for the other harvests. Despite
the Dec 2019 fresh matter (FM) yield not being significantly higher than the rest, the high
percentage of dry matter (60.6%) due to the long period before harvesting (110 days) can
explain this result. As the dry matter percentage showed no differences among treatments,
its DM production followed the same effect per treatment as FM (Figure S2).

Table 8 shows that the lowest WUE values, with means of 97 and 132 L·kg−1 DM for
Sept 2020 and Nov 2020, respectively, coincided with the more productive harvests (Table 5),
which already had a developed root system and grew in fertile soils capable of providing
them with water and nutrients. Table 8 also indicates that the WUE of RWSDI, with a
mean of 182 L·kg−1 DM, was significantly more efficient than the other two treatments.
Albeit not significantly higher, CWSDI was 21% more efficient than RWDI (Figure S2).
Consequently, RWSDI is the better option for water quality and management because it
was more productive and efficient.

Table 8. Irrigation water use efficiency (WUE) obtained per harvest and treatment.

SDI RW DI RW SDI CW Mean

L·kg−1 DM

Date Mean SD Mean SD Mean SD Mean SD

07.08.2019 232 51 429 38 315 38 325 3 25
08.29.2019 132 80 245 36 215 38 197 2,3 32
12.17.2019 366 66 238 38 201 40 268 2,3 29
02.03.2020 178 66 304 40 262 46 248 3 30
03.25.2020 171 38 247 38 318 38 245 2,3 22
05.20.2020 175 66 423 66 224 66 274 3 38
07.09.2020 185 66 306 66 193 66 228 2,3 38
09.03.2020 111 40 164 38 120 38 132 1,2 22
11.06.2020 85 38 116 38 92 38 97 1 22

Mean 182 a 19 275 b 15 215 b 16 224 17

Different numbers depict significant differences referring to sampling periods at α = 0.05. Different letters show
significant differences referring to treatments on a given date at α = 0.05.

Figure 3 depicts the curvilinear relation between irrigation WUE (L·kg−1 dry matter) and
yield (kg FM·ha−1), which is valid for all treatments. It shows how many results had a WUE
< 200 L·kg−1 DM, and that it was not easy to obtain WUE values below 100 L·kg−1 DM.
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for all treatments.

Accumulated yield (expressed as fresh and dry, Figure 4a,b) clearly showed that pro-
duction was higher for irrigation by SDI regardless of the employed water quality. Figure 4
also illustrates that a large amount of forage can be obtained using efficient irrigation
(300 t FM·ha−1 for SDI vs. 225 t FM·ha−1 for DI for the whole study; 200 t FM·ha−1 and
year vs. 150 t FM·ha−1 and year). Therefore, on a semiarid island where forage scarcity lim-
its livestock production, RW reuse represents an important resource to increase profitability
and resilience.
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Figure 4. Accumulated yield, expressed as kg fresh matter (FM)·ha−1 (a) and dry matter (DM)·ha−1 (b)
obtained when irrigating by subsurface drip irrigation and drip irrigation utilizing reclaimed water
(SDIRW and DI RW, respectively) and SDI using conventional water (SDI CW).

4. Discussion
4.1. Water

Ayers and Westcott [25] mentioned that their guidelines are too restrictive for drip
irrigation, which leads to safe irrigation with high EC, Cl, and Na values, and allows
reassigning from severe to moderate use restriction to, therefore, avoid problems when
water is properly managed.

To properly determine the harmfulness of nitrate, which is basically related to aquifer
contamination in the study area, water movement through the unsaturated zone and
plant absorption should be considered. Regulations are usually developed in humid
zones, where temperate species with fewer N needs are cultivated. In semiarid and arid
regions, best-adapted farmers carefully manage water using DI and cultivate warm species
with high N demand. Under these agro-climate conditions, N lixiviation is less likely
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to reach aquifers. Hence, regulations should be revised in relation to this parameter.
The Cape Verde regulation indicates that, given the interaction of factors such as soil,
climate, cultural practices, irrigation methods, and crops, the indicated VMAs may be
exceptionally exceeded and approved by the pertinent authority on the basis of water–soil
plant biosystem monitoring.

In summary, both water RW and CW present good quality for the intended use and
management, although N balance must be carefully developed case by case.

4.2. Soils
4.2.1. Soil C, N, and Nutrients

Some fertility parameters (OM, Ntot, P, K, Fe, and Zn) increased in soil from not
only manure addition, but also as a main consequence of irrigation. These parameters
increased even in the CW-irrigated soils, although this water did not provide these nutrients.
While the OM content of soils in arid regions is usually low under natural conditions, it
frequently increases with irrigation water applications and cultivation, especially when crop
management is good [27]. Previous studies [28] have reported increased microbiological
activity due to constant water availability, which can explain these increased availability
results for soil nutrients. Albeit not significant, Ntot and Na contents were, respectively,
50% and 6% higher in the soils irrigated with RW than with CW according to the cited
authors. Contrarily to their results, orthophosphate displayed a tendency to increase in
RW soils in December 2020, mainly in SDI (Figure 2), probably because microbial activity
had enough time to mobilize the P added by RW once the SDI system had increased
phosphorous mobility. As previously noted for this case study [17], overall soil fertility
increased in the proposed water reuse system. Installing a DI system on soils has a positive
effect, which is sustainable by using a new and renewable resource (RW), even though
water is classified as a moderate use restriction.

4.2.2. Soil Salinity and Nitrate

In line with Palacios-Diaz et al. [28], salinity rose and was more remarkable in RWSDI
than in RWDI or CWSDI (Figure 2). The highest EC saturated extract (ECSE) equivalent
values of soil were calculated for July 2019: 22–23 dS·m−1 in the RWSDI soils, while these
values ranged from 12 to 14 dS/m in CWSDI. The lowest ones (recorded in December 2020)
were about 4 dS·m−1 in the CWSDI soils, from 5 to 7 dS·m−1 in the RWSDI soils, and
5 dS·m−1 in the RWDI soils. These values are similar to those measured before irrigation
(from 4 to 6 dS·m−1). These are expected results because the soil from the December 2020
soil sampling was taken at the end of the rainy season. The nitrate capillary rise from the
treated water irrigated by SDI can explain this result (nitrate was significantly higher at
10% in the RWSDI soil), while Na was similar in both irrigation systems. Hence, no nitrate
leaching by this system was expected beyond the rainy period, which lowered the nitrate
contamination risk. This renders sorghum an optimal crop for being a C4 salinity-tolerant
grass capable of absorbing large quantities of nitrate. Further discussion on N and nitrate
appears after analyzing the yield results.

As the data from the soils sampled in December 2020 demonstrate, irrigation water
management can be optimized to not only prevent soil salinity build-up by leaching salts,
but to also promote nitrate uptake by plants. As SDI has a limited leaching capacity by
increasing EC values mainly on the surface [28,29], it is necessary to make the best of the
rainy season. Irrigating to compensate for ET without accounting for rain provides soil with
excess water. This water management is the simplest way to decrease soil salinity with SDI
by putting rainwater for salt leaching to good use. It also coincides with that recommended
by Maas and Grattan [30], who highlighted the advantages of imposing water management
practices that allow salinity profiles to change over time. Furthermore, mainly in summer
and by means of SDI systems, cultivating moderate to tolerant saline species with high
N demands is recommended to avoid salinity and nitrate leaching problems. As most
species are salt-sensitive during the emergence period and salt concentrates in topsoil by
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SDI systems, an additional mobile irrigation system might be needed during the seeding
period.

Cape Verde regulations indicate the possibility of monitoring the water–soil plant
biosystem to quantify the amount of fertilizer to be annually applied, in addition to the
nutrients present in irrigation water, and to evaluate the effect of irrigation on the chemical
characteristics of soil and water sources. Therefore, considering the aforementioned regula-
tions and the results of this study, it is possible to irrigate sorghum by a drip system and
treated water by the Santa Cruz WWTP without adding fertilizers.

The salt content of soils above which plant growth is affected depends on several
factors, including soil texture, salt distribution in the profile, salt composition, and plant
species [27]. For spatial distribution purposes, the best effective salinity estimate when salt
is not uniformly distributed with depth is either water uptake-weighted salinity in the root
zone for high-frequency irrigation purpose [31] or the mean salinity in the root zone [32].
When using SDI, Palacios-Diaz et al. [28] revealed that water management modifies the
salt distribution in the profile with salts concentrating in topsoil, which remains dry
because salts are transported upwardly by the capillary flow, and the mobility of some
substances such as P also increases. This scenario coincides with the results presented
in Table S3. Therefore, SDI use affects the salinity threshold tolerated by crops defined
for conventional water management. For salt composition, the relation between electrical
conductivity and salt contents is variable among several solutions because, depending
on the considered salt, higher or lower conductivities than other salts can be obtained at
equivalent concentrations [27]. Nitrate is a water component that ordinarily occurs only
in very small amounts [30]. Therefore, salt tolerance levels are usually determined for
low-nitrate natural water conditions. However, nitrate can be a dominant ion in RWs. By
assuming an ionic mobility of 50 mho·cm−1·eq·cm−3 [33], the contribution of nitrate to the
EC of the aqueous extract (EC 1:5) ranged between 15% and 30% in this experiment. The
highest value was obtained during the June 2017 sampling with the lowest one in April
2019, and it remained at 20% once the crop had grown. Hence, higher salinity tolerance
levels can be expected for RW than tabulated for CW quality, as discussed later.

4.3. Forage Production
4.3.1. Yield Affected by Water Quality and Management

As mentioned in Section 1, sorghum production using SDI represents a good opportu-
nity for arid and semiarid regions in developing countries. Murley et al. [34] concluded
that SDI can be successful regardless of access to high-precision guidance systems because
overall yields are affected more by irrigation and climate conditions, and not by row offsets
in relation to SDI tape. They also concluded that yield increased as the row moved closer
to the subsurface drip tape, which is a good indication of setting up the irrigation system.
In the present study, all the plant rows were close to drip tapes, which ensures high yields
if enough water and nutrients are supplied.

Scordia et al. [35] reported that sorghum can yield as much as 27.1 t DM·ha−1 with
sufficient resource availability (100% crop evapotranspiration of 798 mm, applied by DI and
with enough nutrients) after 163 days between sowing and harvest. Mygdakos et al. [36]
evaluated the biomass production of sorghum grown in Greece with DI and SDI with
three different amounts of irrigating water. They concluded that SDI performed signifi-
cantly better than DI in biomass production. Their results revealed the highest average
biomass production for full irrigation (609.52 mm) with SDI, a yield of 42,875 kg·ha−1 and
a difference of 20.69% that favored SDI more. These authors seeded a longer variety than
that seeded in this Cape Verde experiment, which explains the high yields obtained by
Mygdakos et al. [36] versus the bigger harvest of this study (24,419 kg·ha−1 in Dec 2020) by
SDI with RW. In contrast, these authors only obtained one harvest, while six harvests per
year were collected in Cape Verde and yielded 75,000 kg DM·ha−1·year−1. By comparing
the results for 100% ET in both studies, SDI presented a range from 20% to 25% higher
production than DI. Other studies about yields with SDI [9,37] concluded that farmers can
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save 25% irrigation water by this system. This fact can explain the lower yields obtained
when comparing RW to DI vs. SDI, caused by lower water availability to crop absorption
and by greater evaporation losses from topsoil.

Mass and Hoffman [38] pointed out that absolute salt tolerances by plants cannot be
established because many interactions among plant, soil, water, and environmental factors
influence plants’ ability to tolerate salt. Thus, high atmospheric humidity tends to increase
some crops’ salt tolerance. In this experiment, where the mean air humidity was around
71%, a higher salinity threshold than that tabulated could be expected. Moreover, as plants
tend to respond to the sum of the osmotic potential of soil solution and the soil matric
potential, the more saline soil water is, the more frequent irrigations must be to minimize
plant water stress. As the irrigation in this experiment was frequent, it minimized the soil
matric potential influence and, therefore, increased salt tolerance. Maas and Grattan [30]
included Sorghum bicolor (with a threshold value of ECSE 6.8 dS·m−1 and a 16% decrease in
yield per dS·m−1 increase in salinity) in the moderately tolerant field crops group. Dourado
et al. [39] showed that sorghum plants osmotically adjust by accumulating solutes and,
thus, lower stress. They mentioned that inorganic solutes, such as K, Mg, chloride, and
nitrate, all contribute to as much as 52% osmotic adjustment in sorghum plants, while
organic solutes contribute approximately 30% osmotic adjustment. They concluded that
sorghum appears to adapt to high soil salinity via both osmotic adjustment and stomatal
regulation. The increased nutrient availability from soil, as a consequence of frequent
irrigation, as well as the nutrients provided by RW, could explain the good yields obtained
(Tables 6 and 7) despite the high soil salinity measured in July 2019 (Table 4).

When reviewing the relation between the N application level and salinity, Kijne et al. [40]
found that very few studies report a response to higher N fertilization levels at high salinity
than those considered to be optimal levels under non saline conditions. The commonest type
of response reported in the literature is either that N addition results in the same relative yield
increase at all salinity levels [32], or that the response in relative yield is greater at low salinity
levels than at high ones.

In our experiment, sorghum yields were affected by high salinity levels (equivalent
ECSE values within a range from 22 to 23 dS·m−1 in RW and from 12 to 14 in the CW
sampled in July 2019) because the highest yields were collected at the end of the experiment
(in Nov 2020 after salt lixiviation).

After considering the tabulated values by Maas and Grattan [30], the predicted drop in
yield would be higher than that obtained. Yet despite the tabulated threshold for 100% yield
reduction being exceeded, yield drops were only 39% in RW and 32% in CW (note that the
RW soil had twice the salinity than the CW soil in July 2019, but it did not markedly differ
between yields). As Rakgotho et al. [41] pointed out, one of the effects of excessive salt
is a change in element distribution with a rising Na+/K+ ratio. They demonstrated that
this ratio lowered when they used nanoparticles to mitigate salt stress. Therefore, when
applying frequent irrigation and using RW, which increased more nutrients such as K (see
Table 4) than Na, higher salinity threshold levels can be expected.

Therefore, given high environmental humidity, high irrigation frequency, and the fact
that 20% osmotic potential was due to nitrates, having modified plant response to soil
salinity, these results demonstrate that it is necessary to conduct more studies to establish
new salinity tolerance levels under reuse conditions with SDI.

Karandish and Šimůnek [42] modeled N uptake and the leaching risk in drip-irrigated
maize. They determined that nutrient uptake by roots can be calculated from the water
uptake values multiplied by the nitrate concentration absorbed by roots, which depends on
the soil nitrate concentration and the maximum nitrate concentration of N uptake by roots.
Those authors concluded that the optimum fertilization amount was 200 kg N·ha−1, which
lowered N leaching below different soil layers (12–99%), but reduced crop N uptake by only
5.4%. As maximum nitrate uptake occurs according to space and time, water management
capable of consistently maintaining soluble nitrate in soil and increasing water availability
(e.g., when irrigating by SDI with RW) will optimize the N uptake of N-NO3. Accordingly,
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Ramos et al. [12] cultivated sorghum by DI and fertigation. They reported higher N-NO3
uptakes for more numerous fertigation events, as well as when the amounts applied per
event were smaller, as in this experiment.

Karandish and Šimůnek [42] and Scordia et al. [35] cultivated sorghum by DI. They
found that dry biomass yield was significantly affected by the irrigation amount, while N
fertilization rates had no effect. They also concluded that N-fertilizer uptake was lower with
no irrigation treatment, while soil was considerably N-impoverished in the non-fertilization
treatment because sorghum was apt to benefit from the soil N reserve agroecosystem.
Likewise, our results showed higher dry biomass yields in the SDI treatments (Table 7 and
Figure 4), irrespectively of the used water quality. Coinciding with the above-cited authors,
the CW soil in our experiment was strongly N-impoverished as a result of sorghum N
uptake from the soil N reserve, which lowered contents by half from 0.22 to 0.11 mg N·kg−1

soil (Jul 2019–Dec 2020, Table 4), but allowed high yields. The previous results obtained in
this experimental field in 2019 [17] showed significantly higher N contents in the plants
irrigated with RW than with CW. Following the 2020 harvests, these authors also obtained
higher N contents in the RW plants (data not shown here). Note that low N contents in the
CW plants would lower their nutritional value.

This result indicates the need to apply enough N to balance N uptake, as added using
RW. The total nitrate amount applied via irrigation water can be calculated using its average
concentration and the amount of water applied to fields. When comparing N uptake by
plants per harvest and N supplied by irrigation water during different cultivated periods
(Table S4), only exceptional N addition exceeded N absorption because a smaller amount
of N was applied to soil by RW with SDI than that absorbed by plants. Only in the third
harvest (during which an unnecessary amount of water was applied in relation to the
obtained yield) was an excessive N quantity applied to soil. With RW and because of the
lower collected yield with DI, excess 127 kg N·ha−1 was applied during the experimental
period.

After the data analysis, two recommendations can be made: improve information
about N contents in water (with at least monthly data) to better calculate the N balance;
conserve higher N levels in RW than those regulated to avoid performing additional
treatments to RW to lower N (which would increase the water cost). It would, hence, enable
farmers to make good use of the N carried by RW. Both the abovementioned salinity excess
in RW and the lower N availability in CW vs. RW can explain the similar yields obtained by
the studied water qualities using SDI (Figure 4). Despite the maximum contents controlled
by the Cape Verde reuse regulation, the high N uptake shown by the C4 plants recommends
legally admitting higher nitrate levels (exceeding the VMA) in treated water. This rise in
N limits avoids the need for costly water treatments, and without affecting groundwater
quality, as long as RW management, like that herein applied, is used. A similar conclusion
was reached by Shahrivar et al. [43]. Their study demonstrated that a relatively higher C4
grass (Pennisetum clandestinum) yield (16,241 kg DM·ha−1) without any fertilizer types is
possible with recycled water irrigation using secondary treated wastewater. Those authors
also pointed out that while irrigation with recycled water and advanced treatment was more
costly, it did not result in increased yields. Palacios et al. [44] also concluded that a high
effluent desalinization cost may not be necessary and might, in fact, be harmful. Indeed,
due to the high N uptake by a C4 grass in the Macaronesian zone, Palacios-Diaz et al. [45]
recommended increasing the maximum N limits to be added to soil, which are authorized
in regulations. Therefore, in these conditions, the results demonstrate that the irrigation
system was more important than the used water quality. Hence, this fieldwork proves that
it is possible to produce forage irrigated by RW sustainably if proper design and water
management are applied.

4.3.2. Irrigation Water Use Efficiency

When attempting to adapt irrigation sustainability to climate change in water-scarce
regions, some of the adaptation/mitigation measures to be taken increase water productiv-
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ity, the use of nonconventional irrigation waters, crop diversification, and crop rotation [46].
Two of these recommendations (increased WUE and RW use) were herein applied. Niko-
laou et al. [46] presented a table that included WUE (expressed as kg/m3) for several crops
and growth conditions. To compare our results to those presented by those authors, our
data are herein expressed as kg·m−3. When we varied treatments and harvests, our values
went from 2.7 to 11.8 (RWSDI), from 2.3 to 8.6 (RWDI), and from 3.1 to 10.9 (CWSDI). As
previously pointed out, SDI RW was clearly the most efficient treatment. Furthermore,
albeit not significantly higher, CWSDI was 21% more efficient than RWDI. This means that
DI obtained the lowest values. In fact, when comparing our WUE data to those presented
by Nikolaou et al. [46] (including the results of irrigating by DI), greater efficiency was
achieved in this experiment than when cultivating horticultural crops under open field
conditions (from 1 to 7 kg·m−3), which fell within the WUE range when growing in low
tunnels.

By comparing the best WUE of 100 L·kg−1 DM shown in Figure 3 to the best value obtained
by Bhattarai et al. [47], and after transforming their best value from 120 kg FM·ha−1·mm−1 into
238 L·kg−1 DM, their data showed higher water use for every kg of dry matter. Bazaluk et al. [48]
cultivated sorghum in the Ukraine. They reported WUE values of 115 kg FM·ha−1·mm−1 under
rain-fed conditions with 350 mm, which is the equivalent to 703 L·kg−1 DM. The best WUE
value obtained by them was 140 kg FM·ha−1·mm−1 under rain-fed conditions with 500 mm,
and WUE was clearly worse than the values herein obtained. As our experiment was run under
optimal climate and soil and water availability conditions, we argue that it is difficult to obtain
a WUE value < 100 L·kg−1 dry matter for sorghum.

5. Conclusions

Our fieldwork demonstrates that it is possible to produce forage irrigated by RW
sustainably if proper design and water management are applied. Considering the Cape
Verde regulations, it is possible to irrigate sorghum by a drip system and treated RW from
the Santa Cruz WWTP without adding fertilizers. The contents of the fertility parameters,
such as OM and Ntot, and nutrients, such as P, K, Fe, and Zn, increase in soil, while risky
parameters such as EC, nitrate, and Na return to their initial values after the rainy season.
Only B has to be carefully monitored, but its value is far from the value considered to be
dangerous.

Despite the maximum nitrate contents regulated in the Cape Verde reuse regulation,
the high N uptake shown by the C4 plants recommends legally admitting higher nitrate
levels (exceeding the VMA) in treated water to irrigate C4 species, which would avoid the
need for costly advanced treatments, and would not affect groundwater quality. In fact,
despite the advanced wastewater treatment to decrease nitrate being more expensive, it
would not result in either increased yields or better groundwater protection compared to
RW use with appropriate N balance. To avoid nitrate leaching and, therefore, groundwater
contamination, it is necessary to improve RW quality information because at least monthly
N contents are needed to calculate the N balance.

This pilot project also revealed the possibility of producing 200 t FM·ha−1·year−1.
Hence, on a semiarid island where forage scarcity limits livestock production, RW use
represents an important resource to increase both profitability and resilience. The best
irrigation WUE was obtained by RWSDI, with values under 200 L·kg−1 DM compared to
RWDI, which needed 34% more water to produce every kilogram of dry matter.

The results demonstrate that it is necessary to conduct more studies to establish
new salinity tolerance levels under reuse conditions with SDI. Especially in arid and
semiarid regions, it is also necessary to irrigate in rainy months to promote the lixiviation
of accumulated salts. Mainly in summer by means of SDI systems, cultivating moderate to
tolerant saline species with high N demands is recommended to avoid salinity and nitrate
leaching problems. As most species are salt-sensitive during the emergence period, and
salt concentrates in topsoil when using SDI systems, additional mobile irrigation systems
might be necessary during the seeding period.
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The yield response functions of RW management and unconventional salt equilibrium,
in which nitrate acts as one of the major constituents transported by RWs, should be known
to establish the environmental, economic, and political implications of the agronomic and
irrigation practices to be implemented. In this context, a high nitrate elimination rate from
wastewater in treatment plants might not be desirable if agricultural reuse is planned. More
studies to determine emerging contaminants should be performed to completely evaluate
the sustainability of RW reuse.
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