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Abstract:

 Water deficit in semi-arid regions limits the future of the livestock sector. Also, its high price represents a percentage of the total cost of forage production. Non-conventional water resources applied by subsurface drip irrigation (SDI), in which the safe use lies in the management and not on the level of water treatment, would enhance the ruminant production sustainability. To obtain the optimal benefit, the transformation of water per kilogram of dry matter produced must have a high grade of effectiveness. Under this premise, a maralfalfa crop (Penissetum sp, hybridum) has been established with an SDI system and reclaimed water. Forage yield is analyzed with respect to a 40% irrigation reduction. This study shows that, with the use of these good irrigation management practices, it is possible to harvest an annual production of 90 to 72 t·ha−1 in the warmer regions of the Canary Islands. This implies water consumption between 13,200 and 8100 m3·ha−1. A water consumption of 21,000 m3·ha−1 per year for the same production, at a ratio of 230 L·t−1, can be estimated for the rest of the Canary Islands coastal regions. The use of the water management described in this paper can be profitable in the Canary Islands for fodder production.
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1. Introduction

“White” water or the efficient use thereof is defined as biomass production per square meter of water consumed, including both “green” water (effective rainfall) and “blue” (surface and groundwater) in the case of irrigated areas. The production of livestock feed consumes large amounts of white water, so a new concept appears: “livestock water productivity” [1]. Water scarcity has limited the livestock development in semiarid regions, as high price of water has an elevated percentage of the total cost of forage production. On the other hand, this sector is unable to compete with other sectors for the use of blue water. In this sense, water management is essential, especially if using non-conventional water resources (such as reclaimed water) as origin of irrigation water in fodder production. Moreover, using these resources, much abandoned land could be recovered by reducing the environmental impact of erosion. In current Spanish legislation [2], reclaimed water quality requirements for fodder irrigation (quality 2.2) are lower than the ones required for other uses. However, this legislation does not take into account the water management used in the field, for example: some irrigation types are not considered, and dosage and agro-environmental conditions are neglected. The soil could act as advanced water treatment system, allowing lower water quality in fodder irrigation, thereby avoiding the health problems. In fact, an FAO study concluded that rather than focusing only on the quality of wastewater, it would be better to ass and manage the risks of using reclaimed water to achieve the same goal of health guarantee [3]. This study determined that subsurface drip irrigation (SDI) allows the use of effluent with a lower level of treatment to reaching the same health security. In this sense, Palacios [4] concluded that SDI optimizes water by preventing water loss and providing greater health guarantee. Jensen [5] linked the crop yields with water use. This author cited several factors that affect the water efficiency, such as climatic factors, water efficient application and the crop physiology. Márquez [6] demonstrated that maralfalfa grass (Pennisetum sp) is an alternative to increase forage availability for livestock due to its high dry matter productivity and nutritive values, provided once the minimum requirements for this species are satisfied. However, few studies [7] mentioned the water needs of this fodder, which often conduces to misuse of this resource. The aim of this study was to optimize the reclaimed urban water use in the maralfalfa crop in the Canary Islands agro-climatic conditions.



2. Materials and Methods


2.1. Experimental Plot

During 2014, the Maralfalfa grass (Pennisetum sp) experiment was conducted in a field of 272 m2 situated in Granja Agrícola Experimental del Cabildo de Gran Canaria. An automatic weather station, used to calculate reference Penman-Monteith Evapotranspiration (ETo), was already set in the field. During the study, three maralfalfa harvests were obtained: first productive period, from February to May (harvest on 22 May), the second: May to July (17 July) and the third: July to September (17 September). Rainfall was low: 3.7, 3.8 and 7.4 mm respectively, compared with the average of 83.37 during the period from February to September (191.6 of annual value average for the 14 last years, which is the period with available information). Mean of minimum temperatures (Tm) was 17 °C and mean of maximum temperatures (TM) was 25 °C. Mean temperature (Tmed) is presented in Figure 1. During the previous 14 years, the average values of the minimum and maximum temperatures were 11 °C and 31 °C, respectively. The field is classified as Anthrosol [8] or Torriarent [9].

Figure 1. Meteorological data during the experimental period: daily radiation (daily rad) expressed in MJ·m−2·day−1, mean temperature, expressed in day °C (Tmed) and monthly radiation (monthly rad) in MJ·m−2·month−1.
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An experimental plot of 272 m2 was divided in two blocks with two treatments in each (T1 and T2). Each treatment consists of five lines of approximately 21 m long, coinciding with the irrigation lines. These lines are spaced at 0.75 m. Therefore, both T1 (100% of dose) and T2 (60% of dose), are irrigated in each block.

During the third harvest, a fertilization compatible with organic farming management was applied (Lignoser, n° CE/19287), at a rate of 1.1 g/m2 N. Fertilizer also provides fulvic acid, K and trace elements.



2.2. Soil Analysis

Sample soils were taken from the first 0.2 m, coinciding with the transplant and harvest days. Table 1 shows the results in each block. Organic carbon (OC, %) and nitrogen (N, %) were determined by dry combustion with a LECO CNS 2000 analyzer. Soluble salts were estimated by the electrical conductivity EC1:5 (soil:water ratio; dS/m). Available nitrate was determined by extraction of soil, also at 1:5 ratio, with 0.01 M calcium chloride, and analyzed by ionic chromatography. Available soil P (mg/kg) was determined by sodium bicarbonate extraction, according to Olsen method [10]. Exchangeable cations (K, Ca, Mg, and Na, meq 100 g−1; B, Fe, Cu, Mn and Zn, mg·kg−1) were extracted with buffered 1 M ammonium acetate at pH 7, and were analyzed by ICP.


Table 1. Determination of organic matter (OM, expressed in %), total nitrogen (N tot, expressed in %), electrical conductivity 1:5 (EC, dS/m), nitrate (expressed in mg·kg−1, available phosphorus (P, expressed in mg·kg−1), extracted cations (expressed as me 100 g−1): potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), and the rest of analyzed nutrients (expressed in mg∙kg−1): boron (B), copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn), for T1 and T2, expressed by mean and standard deviation.



	
Transplant

	
T1/T2

	
pH

	
CE 1:5

	
OM

	
C/N

	
N tot

	
Nitrate

	
P

	
K

	
Ca

	
Mg

	
Na

	
B

	
Cu

	
Fe

	
Mn

	
Zn




	
8.1

	
1.23

	
6.61

	
10.55

	
0.36

	
498

	
151.5

	
9.58

	
24.82

	
8.85

	
5.8

	
6.63

	
--

	
--

	
--

	
--






	
May

	
T1

	
Mean

	
8.6 b

	
0.7

	
3.0 a

	
8.4

	
0.21

	
171 a

	
123 a

	
8.0 a

	
18.8

	
8.9 c

	
4.01 a

	
6.6

	
1.6 b

	
4.5 a

	
12.9 a

	
4.2 b




	
Std.

	
0.07

	
0.28

	
0.12

	
0.14

	
0.01

	
46.7

	
33.9

	
4.31

	
0.64

	
0.35

	
1.41

	
0.00

	
0.00

	
0.57

	
0.00

	
0.38




	
T2

	
Mean

	
8.6 b

	
0.5

	
2.5 a

	
8.5

	
0.17

	
152 a

	
75 a

	
5.5 a

	
20.5

	
9.4 c

	
4.10 a

	
5.7

	
1.8 b

	
4.9 a

	
13.2 a

	
4.1 b




	
Std.

	
0.0

	
0.08

	
0.46

	
0.92

	
0.01

	
28.3

	
33.2

	
2.12

	
1.56

	
0.42

	
0.14

	
0.57

	
0.07

	
0.35

	
1.7

	
0.00




	
July

	
T1

	
Mean

	
8.5 a

	
1.1

	
3.2 a

	
8.6

	
0.22

	
295 a

	
174 a

	
9.8 a

	
26.00

	
6.00 a

	
6.90 b

	
8.1

	
1.0 a

	
2.7 a

	
11.1 a

	
2.5 a




	
Std.

	
0.0

	
0.29

	
0.32

	
0.0

	
0.02

	
135.1

	
50.2

	
4.24

	
4.03

	
0.64

	
0.49

	
1.27

	
0.03

	
0.14

	
1.06

	
2.07




	
T2

	
Mean

	
8.4 a

	
0.6

	
2.7 a

	
8.2

	
0.19

	
206 a

	
86 a

	
5.6 a

	
28.4

	
7.00 b

	
5.00 b

	
6.7

	
1.2 a

	
3.4 a

	
13.4 a

	
2.5 a




	
Std.

	
0.0

	
0.09

	
0.28

	
0.28

	
0.03

	
91.9

	
38.9

	
1.63

	
2.62

	
0.21

	
0.35

	
1.27

	
0.21

	
1.06

	
1.41

	
0.78




	
September

	
T1

	
Mean

	
8.5 a

	
1.2

	
3.3 b

	
8.8

	
0.22

	
250 a

	
124 a

	
10.4

	
23.8

	
8.2 c

	
6.90 b

	
7.3

	
2.6 c

	
7.7 b

	
26.6 b

	
7.2 c




	
Std.

	
0.0

	
0.58

	
0.05

	
0.14

	
0.01

	
101.1

	
50.9

	
5.52

	
14.71

	
3.32

	
1.34

	
1.13

	
0.57

	
1.63

	
1.7

	
1.27




	
T2

	
Mean

	
8.5 a

	
1.2

	
2.9 a

	
8.8

	
0.19

	
146 a

	
87 a

	
5.9 a

	
29.2

	
8.8 c

	
5.60 b

	
6.9

	
2.3 c

	
6.7 b

	
32.1 b

	
7.7 c




	
Std.

	
0.7

	
0.65

	
0.2

	
0.07

	
0.01

	
45.3

	
49.5

	
2.12

	
18.1

	
4.31

	
0.35

	
0.78

	
0.28

	
1.34

	
2.4

	
1.38






Note: a, b, c Different letters in superscript following values indicate statistical significance.








2.3. Forage Characterization

Fresh matter production was weighed in field in each harvest for the different lines. Composite samples of the different treatments were taken to determine the percentage of dry matter (DM), macro- and microelements (Table 2). Dry matter (DM) was determined by drying in an oven at 60 °C to constant weight. Plant samples were subjected to microwave digestion with nitric acid. The following elements were analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES): P, K, Ca, Mg, Na (expressed in %), B, Cu, Fe, Mn and Zn (expressed in mg/kg). Nitrogen was determined by dry combustion in an LECO CNS 2000.


Table 2. Determination of dry matter (DM, expressed in %), nitrogen (N), phosphorus (P) potassium (K), calcium (Ca), magnesium (Mg) and sodium (Na), expressed in% and other elements (expressed in mg/kg): boron (B), copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn) for forage harvested at different dates and for each of the treatments, T1 and T2, expressed by mean and standard deviation.



	
Transplant

	
T1/T2

	
DM

	
N

	
P

	
K

	
Ca

	
Mg

	
Na

	
B

	
Cu

	
Fe

	
Mn

	
Zn






	
May

	
T1

	
Mean

	
9.42 a

	
0.86 a

	
0.31 a,b

	
5.75 c

	
0.17

	
0.11

	
0.07

	
11.50

	
5.50

	
64.00

	
36.50

	
23.00




	
std

	
0.85

	
0.12

	
0.12

	
0.25

	
0.10

	
0.01

	
0.04

	
0.71

	
0.71

	
15.56

	
7.78

	
2.83




	
T2

	
Mean

	
9.70 a

	
1.23 a

	
0.22 a

	
5.46 c

	
0.20

	
0.14

	
0.07

	
9.50

	
6.00

	
77.50

	
48.00

	
26.50




	
std

	
0.07

	
0.38

	
0.06

	
0.08

	
0.04

	
0.04

	
0.01

	
2.12

	
0.00

	
6.36

	
9.90

	
0.71




	
July

	
T1

	
Mean

	
9.56 a

	
0.9 a

	
0.36 b

	
5.13 b

	
0.13

	
0.15

	
0.06

	
16.50

	
5.00

	
81.00

	
35.00

	
37.50




	
std

	
0.00

	
0.24

	
0.04

	
0.08

	
0.03

	
0.01

	
0.02

	
0.71

	
0.00

	
32.53

	
4.24

	
9.19




	
July

	
T2

	
Mean

	
9.56 a

	
1.00 a

	
0.36 b

	
4.98 b

	
0.12

	
0.16

	
0.05

	
17.00

	
5.00

	
71.50

	
34.00

	
36.00




	
std

	
0.00

	
0.03

	
0.04

	
0.50

	
0.01

	
0.02

	
0.01

	
1.41

	
0.00

	
23.33

	
5.66

	
9.90




	
September

	
T1

	
Mean

	
21.26 b

	
0.85 a

	
0.34 b

	
4.97 b

	
0.10

	
0.13

	
0.04

	
11.50

	
4.50

	
70.50

	
22.00

	
36.50




	
std

	
0.96

	
0.21

	
0.04

	
0.35

	
0.01

	
0.03

	
0.01

	
0.71

	
0.71

	
12.02

	
4.24

	
2.12




	
T2

	
Mean

	
21.83 b

	
1.04 a

	
0.25 a

	
3.84 a

	
0.13

	
0.14

	
0.04

	
14.00

	
4.00

	
75.00

	
28.00

	
29.50




	
std

	
1.05

	
0.59

	
0.03

	
0.40

	
0.08

	
0.04

	
0.01

	
4.24

	
0.00

	
22.63

	
9.90

	
6.36






Note: a, b, c Different letters in superscript following values indicate statistical significance.






2.4. Irrigation System

Ground water was applied by subsurface drip irrigation (SDI) system with integral drippers: pressure-compensating at range 1.5–4.0 bar, anti-Siphon and high anti-drain mechanism (Techline mod) spaced 0.5 m with delivery rates at 2.3 L·h−1, being an abnormal low flow for drip irrigation. The lateral lines were spaced to 0.75 m. Irrigation was provided daily two times a day during 20 min and 12 min (T1 and T2 respectively) on each irrigation event. The weather station information was used for irrigation in this experiment. Each treatment has a flow meter, read weekly. Table 3 shows water consumption (L·m−2) for each harvest.


Table 3. Period of study (days); thermal integral (TI); radiation (rad, MJ·m−2), water consumption, Wcons, (L·m−2); accumulated (Ac) and mean evapotranspiration (ETo, L·m−2); water consumption/ETo (%); production (kg·m−2 DM) and water consumption per kg of dry matter (Water consumption coefficient, L·kg−1 DM) produced for the different harvest periods and treatments, for T1 and T2 expressed by mean and standard deviation.



	
Date

	
Days

	
TI Period

	
Rad Period

	
Wcons (L/m2)

	
ETo (L/m2)

	
Wcons/ETo (%)

	
T1

	
T2




	
kgDM·m−2

	
L·kg-1DM

	
kgDM·m−2

	
L·kg-1 DM




	
°

	
MJ/m2

	
T1

	
T2

	
Ac

	
Mean

	
T1

	
T2

	
Mean

	
Std

	
Mean

	
Std

	
Mean

	
Std

	
Mean

	
Std






	
22 May 2014

	
100

	
900

	
1862

	
287

	
243

	
333.1

	
3.3

	
86.2

	
73.0

	
0.40 a

	
0.02

	
712 f

	
40.64

	
0.42 a

	
0.06

	
583e

	
81.10




	
17 July 2014

	
55

	
519

	
1097

	
203

	
127

	
211.4

	
3.8

	
96.0

	
60.1

	
0.40 a

	
0.03

	
516 d

	
41.41

	
0.36 a

	
0.04

	
355c

	
42.50




	
17 September 2014

	
60

	
706

	
1183

	
197

	
118

	
224.3

	
3.6

	
87.8

	
52.6

	
1.08 c

	
0.04

	
182 b

	
6.98

	
0.88 b

	
0.05

	
134a

	
7.58






Note: a, b, c, d, e, f Different letters in superscript following values indicate statistical significance.






2.5. Statistical Analysis

Analyses of variance (ANOVA) were carried out using statistical Packaged SPSS (version 22) by the Generalized Linear Model. The model includes soil parameters, leaf nutrients and yield (expressed as kg·DM·m−2) from each harvest, the irrigation doses (100% and 60%) and their interactions. Mean separation was tested using the least significant difference (LSD), considering p = 0.05




3. Results and Discussion

Figure 1 shows the climatic data during the experimental periods. As observed, there are a progressive increase in the Tmed and a relatively low radiation values at the time of study (higher radiation in June than in July and August).

The soil nutrients, present in Table 1, show the high content of OM while Ntot content is stable (it does not present significant differences), which is consistent with the low relation C/N. Although not significant, there is a salinization trend on the surface horizon, compatible with water and irrigation system management. Although it does not show significant differences, nitrate content decreased slightly over time, but it remained at acceptable levels (between 321 and 114 mg·kg−1 for September) to ensure an adequate forage growth. However, N deficiency symptoms in plant were observed, coinciding with low values of leaf N content (Figure 2, T1), so fertilizer was applied. These N contents correspond to values of crude protein (CP) between 5.3% and 7.7%, lower values than would be expected for harvesting at 60 days (8.8%, [11]). This apparent contradiction between adequate nitrate values in soil and low N leaf contents can be explained because the soil sampling was done from top soil to 0.2 m and, due to the localization of the irrigation system (buried), the root system is not able to absorb the nitrate ascended by capillary rise. Trace elements are increased for the third cut, which seems to be influenced by the fertilizer used.

Figure 2. Nitrogen leaf content, expressed in %, for both treatments (trat 1: 100% and trat 2: 60% of the dose) for three harvests (represented by the date of cutting).
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Nutrient contents in leaves (Table 2) remain relatively stable, although decreasing slightly over time. As observed in Figure 2, reduction dose treatment (T2) shows higher N contents in leaves, although these differences were not significant. Adequate P contents were measured (between 0.2% and 0.4%). No relationship was found between increased contents in soil, after fertilizer application, and leaf contents.

A great increase in DM harvested in the third period (September 2014) was obtained (Figure 3a), yielding significantly more than the other two ones. This production could be the result from the higher temperatures in this period (see T med in Figure 1). To explain this result, the thermal integral (TI) for the experimental periods was calculated (Table 3), as a sum of daily temperatures above 10° C (zero vegetation for this forage, [12]). The TI for the first period was very high, because it corresponded to the establishment phase (100 days). Although periods 2 and 3 were similar in terms of days, the lower TI for the second period vs. the third (75% versus 100%), showed a significantly lower yield than obtained by the third period.

Figure 3. (a) Yield (kg·DM·m−2) and (b) water consumption per dry matter produced, water consumption coefficient (L·kg−1 DM) for both treatments (trat 1: 100% and trat 2: 60% of the dose) and∙harvests.
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Table 3 shows the water consumption (L·m−2) and yield (kg·DM·m−2) for the different periods. Water consumption divided by ETo, shows that the ratio of consumption average were 0.9, 1 and 0.9 for the three periods in T1, whereas for T2 were 0.7, 0.6 and 0.5 respectively. Therefore, water consumption coefficients are slightly higher for T1 and slightly lower for T2 to those obtained by Murillo Solano [7], since these authors quote to ET 3 L·m−2 per day, and Kc from 1 to 0.7. In fact, as shown in Figure 3b, water consumption divided by dry matter produced (water consumption coefficient) demonstrated significant differences between treatment and dates since the second harvest (once the plant was established). Higher values were obtained in both dates for controlling dose (T1), (516 and 182 L·kg−1·DM) versus T2 (355 and 134 L·kg−1 DM). The significant differences between yield obtained in T1 and T2 in September (Figure 3a) were high, demonstrating that water, although used very efficiently in both treatments (Figure 3b), was the limiting factor for this period. However, in the establishment period (May), no differences were found. Depending on the water and fodder price, the farmer could or could not use a reduction in the irrigation dose.



Water consumption coefficients obtained for the third cut, once the plant is established and with very supportive temperatures for this crop, are exceptionally favorable (Figure 4 left). This figure shows that in September, the best yields were obtained, although the water applied was limited. This was possible because the water consumption coefficient is extremely favorable (182 and 134 L·kg−1 DM, respectively for T1 and T2 treatments, Table 3). This fact contributes to the high water use efficiency (WUE), which was calculated using the ratio of dry mass per area (kg·ha) and the amount of water consumed (mm), whose values are shown in Figure 4 right), values above those mentioned for a C3 grass, [13]. This high WUE can be explained by the subsurface drip irrigation system (practically all the water supplied is absorbed by the plant), water management (low dose twice daily) and plant physiology (C4 metabolism).

Figure 4. (a) Yield (kg·m−2 DM) and water consumption coefficient (L·kg−1 MS) for both treatments (100% and 60% of the dose) and∙harvest; and (b) relationship between water use efficiency (WUE, in g·L−1) and crop yield (kg·m−2 DM) obtained for the∙harvests and treatments (1 and 2).



[image: Water 07 02612 g004 1024]







Under these conditions, maralfalfa production is very efficient in water use and can be estimated that, for a production of 72 to 90 t of hay·ha−1 respectively (with or without a reduction in irrigation) the amount of water would be 13,200 m3·ha−1 or 9600 m3·ha−1.



4. Conclusions

Fodder production is possible in warm areas of the Canary Islands with a good water management, providing the appropriate technology, despite the high price of water. In this sense the farmers need to use a high efficiency irrigation system, a crop that take advantage of the favorable conditions of temperature and radiation and no-conventional water resources whose safety use is filed in the water management and not in the treatment level.

When subsurface drip irrigation systems are used, the soil profile explored by roots is modified. This factor must be taken into account when sampling the soil and providing nutrients, especially when the fodder demands high quantities of these elements.

For the warmer regions of the Canaries, whose average monthly temperatures are at or above 22 °C, our studies allow us to estimate an accumulated production (annual) of 90 or 72 t·ha−1·hay (control or dose reduction of 40%), with water applied between 13,200 and 8100 m3·ha−1. For other coastal regions, where this species can be cultivated, but in which the use of water is not as effective (as occurred in July), the amount of water needed to obtain the same yield can be estimated in about 21,000 m3·ha−1.
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