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a  b  s  t  r  a  c  t

The  gradual  increase  in  the  amount  of  land  and  water  resources  affected  by  salt  in  arid  and  semi-arid
regions  requires  strategies  to optimize  the  use  of  these  marginal-quality  resources.  Recent  field and
greenhouse  experiments  have  demonstrated  the potential  of  growing  certain  ‘pre-selected’  varieties  of
alfalfa  in  highly  saline  conditions.  A  greenhouse  study  was  conducted  to determine  the  impact  of irrigation
with  saline  groundwater  on  alfalfa  growth  and production  in  saline-sodic  soils.  The  sustainability  of  the
system  in  terms  of  forage  yield  and quality  was  also  evaluated.  The  study  included  three  varieties  of
alfalfa (Medicago  sativa,  vars.  SW8421S,  PGI908S  and  WL656HQ)  planted  in  pots  filled  with  saline-sodic
soil  (Calcic  Haplosalids)  collected  on the  island  of  Lanzarote  (Spain)  and  irrigated  for  18  months  with
increasingly  saline  water.  Although  the  yield  of the  alfalfa  varieties  was  reduced  by  an  average  of 7,  20,
31  and 46%  as the salinity  of  the  irrigation  water  increased  from  0.4  dS  m−1 to 2.5,  5.0,  7.5  and  10.0  dS m−1,
respectively,  their  relative  salt  tolerance,  based  on  the average  electrical  conductivity  of  the  saturated  soil
extract (ECe), was  much  higher  than those  established  in the literature.  Based  on  their  nutritional  quality,

all  alfalfa  varieties  are categorized  as ‘supreme’  quality,  with  metabolizable  energy  (ME)  values  in excess
of 10  MJ  kg−1.  Moreover,  no  detriment  to quality  was  observed  at the  higher  levels  of irrigation  water
salinity.  Mineral  composition  analysis  revealed  S,  K  and  B levels  near  or above  the  established  maximum
tolerable  levels  (MTLs)  suggesting  that  this  forage  could  only  be  safely  consumed  by ruminants  over  the
long  term  if combined  with  other  forages  with  lower  mineral  content.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The gradual reduction in the quantity and quality of conven-
ional water resources for agricultural use in arid and semi-arid
egions, representing 40% of the world’s 270 million irrigated
ectares (Smedema and Shiati, 2002), has necessitated the supple-
entation of new water resources obtained from the desalination

f saline groundwater and seawater (Díaz et al., 2013a,b; Martínez-
lvarez et al.,2017). In both cases, salt removal by reversible

lectrodialysis or reverse osmosis entails high energy costs with

 correspondingly high CO2 footprint that prevents the extensive
se of this water for irrigation. Irrigation with such water is eco-

∗ Corresponding author.
E-mail address: fjdiazpe@ull.edu.es (F.J. Díaz).

ttps://doi.org/10.1016/j.agwat.2017.12.003
378-3774/© 2017 Elsevier B.V. All rights reserved.
nomically feasible only for high value agricultural crops (Beltran
and Koo-Oshima, 2006). Moreover, even if desalinized water of
this type is considered high quality water by farmers, initial expe-
riences with desalinated water have not proven totally positive
(Yermiyahu et al., 2007; Ben-Gal et al., 2009). In addition, desalina-
tion processes generate considerable amounts of brine which can
negatively impact the quality of surface and groundwater sources
and marine biological communities that develop naturally under
saline conditions (Riera et al., 2012).

Along with desalination processes for providing additional
water resources, alternative agricultural practices that rely on the
use of marginal soil and water resources affected by salinity are
needed (Rozema and Flowers, 2008). Biosaline agriculture (i.e. eco-

nomically sustainable crop production using irrigation water and
soils with a wide range of salinity levels) has gained popularity
in recent years in arid and semiarid regions in various parts of the

https://doi.org/10.1016/j.agwat.2017.12.003
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2017.12.003&domain=pdf
mailto:fjdiazpe@ull.edu.es
https://doi.org/10.1016/j.agwat.2017.12.003
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Table  1
Average ionic composition of desalinated seawater and simulated groundwater treatments used for irrigation during the experiment; mean ± standard deviation; n = 35.

Treatment
(EC target)

pH EC SAR Ca2+ Mg2+ Na+ K+ CO3
2− HCO3

− SO4
2− Cl− NO3

− B

dS  m−1 dS m−1 (mmol L−1)0.5 mmolc L−1 mg L−1

0.4 7.1 ± 0.6 0.4 ± 0.1 5.3 ± 0.8 0.4 ± 0.1 0.3 ± 0.2 3.0 ± 0.4 0.1 ± 0.0 0.1 ± 0.2 0.7 ± 0.5 0.2 ± 0.2 2.7 ± 0.3 0.0 ± 0.0 2.2 ± 0.2
2.5  8.2 ± 0.2 2.9 ± 0.2 16.9 ± 1.7 0.8 ± 0.2 2.0 ± 0.5 24.6 ± 1.5 0.3 ± 0.0 0.6 ± 0.6 1.6 ± 0.4 5.0 ± 0.8 18.6 ± 1.6 0.2 ± 0.0 2.2 ± 0.2

 ± 3.4
 ± 2.3
 ± 3.2
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5.0  8.4 ± 0.3 5.3 ± 0.3 23.8 ± 1.7 1.3 ± 0.7 3.7 ± 0.4 47.4
7.5  8.4 ± 0.1 7.8 ± 0.2 29.2 ± 1.0 1.6 ± 0.7 5.8 ± 0.7 72.6
10.0  8.4 ± 0.1 9.9 ± 0.3 33.6 ± 0.7 2.0 ± 0.7 7.5 ± 0.3 95.1

orld, due primarily to the limited supply of good-quality irrigation
ater (Masters et al., 2007). This type of farming, based on plants

apable of growing in saline conditions, can lead to an econom-
cally viable market for salt-tolerant crops while also expanding
rop production into marginal lands, thus alleviating pressure on
onventional water resources (Díaz and Grattan, 2009). Potential
enefits range from the production of food for human consump-
ion, renewable energy (bioethanol and biodiesel) and materials for
ndustrial use (fibre and oil), to a series of applications in revegeta-
ion, soil rehabilitation and carbon fixation projects (Grattan et al.,
008). One of the main potential benefits of biosaline agriculture is
he production of forage for livestock (Masters et al., 2007).

The production of forage in biosaline agriculture, however, is not
roblem free. The most important problems include 1) the salini-
ation of the soils, 2) imbalances in the mineral composition of the
orage and 3) the accumulation of trace elements in forage tissue
o levels that can be toxic for livestock (Díaz and Grattan, 2009;
rattan et al., 2004a). The first of these problems requires control
nd application of management techniques, particularly adequate
eaching, to prevent the continued accumulation of salt in the soil.
n order to address nutritional imbalances and toxicity, it is impor-
ant to control the mineral composition of the forages, choosing
hose that are not only tolerant to salinity but which also minimise
he accumulation of toxic elements and offer a more balanced com-
osition. Moreover, most potential nutritional disorders caused by
iosaline agriculture forages can be avoided by using the latter only
s a supplement to the overall animal diet, never as the sole forage
Robinson et al., 2004).

The present study evaluates the use of saline soils and saline
roundwater to grow different varieties of alfalfa (Medicago sativa
.), which is one of the most important forages in arid and semi-
rid regions across the world (Djilianov et al., 2003). Alfalfa has
istorically been classified as moderately sensitive to saline condi-
ions, with significant yield declines as the electrical conductivity of
he saturated soil paste extract (ECe) exceeds 2 dS m−1 (Ayers and

estcott, 1985). However, a series of recent studies have shown
hat some ‘pre-selected’ alfalfa varieties can thrive in much higher
alt concentrations, both in soil and in irrigation water, without
ignificant negative effects on productivity (Putnam et al., 2017).
iven the potential interest of these results for arid and semi-
rid regions, it is important to confirm these findings in a broader
ange of soils and environmental conditions. In addition, although
lfalfa is one of the most important forage crops regarding its
igh protein content, digestibility, palatability and milk produc-
ion qualities, very few studies provide information concerning the
ffects of salinity on the nutritional quality of the crop (Ferreira
t al., 2015).

The present greenhouse study used saline-sodic soils and saline
roundwater, both of which are common in arid and semi-arid
arts of the Canary Islands, to grow varieties of alfalfa marketed
s tolerant to salinity. The primary objective was to determine the

mpact of different saline conditions on biomass production, nutri-
ional quality and mineral composition of the selected varieties,
nd to evaluate the evolution of the soil salinity under the study
onditions.
 0.6 ± 0.1 1.0 ± 0.6 2.6 ± 0.6 9.9 ± 1.0 35.8 ± 4.2 0.5 ± 0.2 2.2 ± 0.1
 0.9 ± 0.1 1.1 ± 0.5 4.2 ± 0.7 16.0 ± 1.8 56.1 ± 3.2 0.7 ± 0.2 2.2 ± 0.1
 1.1 ± 0.1 1.2 ± 0.5 5.3 ± 0.7 21.5 ± 2.2 73.7 ± 3.9 0.9 ± 0.2 2.2 ± 0.1

2. Material and methods

2.1. Experimental design

A two-way factorial experiment with four replications per treat-
ment (3 alfalfa varieties * 5 irrigation water qualities * 1 soil type
* 4 replications; n = 60) was conducted using mesocosms (soils
placed in containers 40 cm in diameter and 50 cm in height, with an
apparent soil bulk-density of approximately 1.2 g cm−3). Pots were
arranged using a completely randomized design. The experiment
was conducted in a greenhouse belonging to the Canarian Institute
for Agricultural Research on the island of Tenerife (Spain), where
the air temperature during the study period (November 2014–April
2016) ranged from 9 to 47 ◦C (average ∼21.5 ◦C) and relative humid-
ity from 17 to 94% (average ∼68.4%).

Five water quality treatments with salinity levels (ECiw) of ∼ 0.4,
2.5, 5.0, 7.5 and 10.0 dS m−1 were applied. The water with salinity of
0.4 dS m−1 – corresponding to seawater desalinated using reverse
osmosis – was  used as the control treatment. The other treatments
simulated the quality of sodic chloride-dominated groundwater
typically found in coastal wells on the islands of Lanzarote and
Fuerteventura (Spain), with the ECiw adjusted to between 2.5 and
10 dS m−1, the salinity range frequently found in coastal ground-
waters in the Canary Islands. The boron concentration was set at
2.5 mg  L−1 for all treatments, representing the maximum concen-
tration found in the groundwaters of these areas. The simulation
of the irrigation waters was  conducted using desalinated seawa-
ter, with NaCl, MgSO4, CaSO4, Na2SO4, KNO3, NaHCO3, and H3BO3
added in proper proportions to reflect the composition of the ref-
erence groundwater.

The different irrigation waters were analysed fortnightly to
ensure salt concentration targets were met. The following param-
eters were tested: pH, ECiw, cations (Ca2+, Mg2+, K+, Na+), anions
(CO3

2−, HCO3
−, SO4

2−, Cl−, NO3
−) and boron (B). The waters

were analysed according to official methods (APHA, 1998). Water
was applied using an automatic drip irrigation system, with four
pressure-compensating emitters per container, each with a flow
of 2 L h−1. Water distribution uniformity was evaluated periodi-
cally using the low-quarter distribution uniformity method (DUlq;
Burt et al., 1997), and values were consistently >0.98. Monitoring
of volumetric water content with EC-5 sensors (Decagon Devices)
allowed calculation of the required irrigation dosages to main-
tain the soils close to pot capacity (comparable to ‘field capacity’)
throughout the whole study period. Table 1 shows the average
chemical composition of the waters used for irrigation during the
experiment. As can be seen, the salinity obtained with the different
treatments (EC) differed slightly from the target concentrations (EC
target). The pH of the waters obtained was  slightly alkaline, varying
between 7.8 and 8.7, as is common in the sodic chloride-dominated
waters of coastal parts of the Canary Islands.

The soil used was a Calcic Haplosalids from the island of Lan-

zarote (Soil Survey Staff, 2006). Physicochemical characterisation
of the soil was  performed prior to application of fertilisers and
irrigation in accordance with standard methods (Soil Survey Staff,
1996). The following parameters were analysed: texture, moisture
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Table  2
Soil chemical properties for the initial soil (prior to leaching and sowing the alfalfa) and at the end of the experiment; mean ± standard deviation; n = 5-12; means with the
same  letter are not significantly different according to a one-way ANOVA and post hoc Tukey test (p < 0.05).

0.4 2.5 5.0 7.5 10.0
Parameter Initial Soil Treatments (ECiw target, dS m−1)

ECe dS m−1 54.5 ± 4.6 d 2.1 ± 1.1 a 12.6 ± 2.1 b 16.8 ± 1.8 c 19.1 ± 1.5 c 19.3 ± 2.0 c
pHe 7.4 ± 0.1 a 8.4 ± 0.2 c 8.0 ± 0.1 b 8.0 ± 0.1 b 8.2 ± 0.2 b 8.1 ± 0.1 b
Exch.  Ca mmolc kg−1 12.2 ± 1.3 a 18.7 ± 1.6 c 14.6 ± 1.3 b 14.6 ± 1.3 b 13.2 ± 0.9 ab 12.4 ± 1.4 a
Exch.  Mg  mmolc kg−1 4.0 ± 0.3 a 7.1 ± 0.4 c 4.9 ± 0.5 b 4.9 ± 0.3 b 5.1 ± 0.4 b 5.1 ± 0.4 b
Exch.  K mmolc kg−1 3.7 ± 0.2 c 2.3 ± 0.4 a 2.7 ± 0.5 ab 2.9 ± 0.3 b 2.9 ± 0.2 b 2.9 ± 0.3 b
Exch.  Na mmolc kg−1 9.0 ± 2.7 b 3.5 ± 1.7 a 11.2 ± 1.2 bc 12.0 ± 1.7 c 12.4 ± 2.2 c 12.3 ± 1.7 c
ESPc % 39.8 ± 0.9 b 11.2 ± 2.6 a 38.5 ± 2.3 b 46.2 ± 3.3 c 48.5 ± 0.9 c 48.6 ± 2.0 c
CaCO3 g kg−1 169 ± 14 a 235 ± 36 b 245 ± 38 b 200 ± 41 ab 239 ± 69 b 232 ± 34 b
Organic C g kg−1 6.8 ± 0.7 a 8.7 ± 0.9 b 8.8 ± 0.7 b 7.9 ± 0.8 ab 7.9 ± 1.4 ab 7.8 ± 1.0 ab
TN  g kg−1 0.8 ± 0.1 a 1.0 ± 0.1 b 1.0 ± 0.1 b 1.0 ± 0.1 b 0.9 ± 0.1 ab 0.9 ± 0.1 a
Olsen-P mg  kg−1 12.5 ± 2.8 a 73.7 ± 13.7 b 74.4 ± 7.3 b 79.9 ± 9.6 b 84.2 ± 12.9 b 82.7 ± 10.0 b
Fe  mg kg−1 11.4 ± 1.1 a 13.4 ± 1.6 ab 12.6 ± 1.8 ab 12.5 ± 1.2 a 13.7 ± 1.7 ab 15.1 ± 3.1 c
Mn  mg  kg−1 11.4 ± 1.0 a 18.1 ± 3.4 abc 16.8 ± 4.5 ab 14.8 ± 4.0 ab 23.4 ± 8.7 bc 28.2 ± 14.4 c
Cu  mg kg−1 0.6 ± 0.1 a 0.7 ± 0.1 a 0.6 ± 0.1 a 0.6 ± 0.1 a 0.7 ± 0.2 a 0.7 ± 0.1 a
Zn  mg  kg−1 0.6 ± 0.0 a 1.6 ± 0.4 b 1.4 ± 0.3 b 1.2 ± 0.3 b 1.4 ± 0.2 b 1.5 ± 0.2 b

12.8 ±
5.8 ± 0
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HWSB mg  kg−1 7.3 ± 3.9 a 14.3 ± 4.0 c
Be mg  L−1 3.3 ± 1.8 b 6.8 ± 1.4 c 

ontent at field capacity and wilting point, electrical conductiv-
ty in saturated soil-paste extract (ECe), pH in saturated soil-paste
xtract (pHe), exchangeable cations (Ca2+, Mg2+, K+, Na+), calcu-
ated exchangeable sodium percentage (ESPc), carbonate content
CaCO3), organic carbon (Organic C), total nitrogen (TN), avail-
ble phosphorous (Olsen-P), micronutrients (Fe, Mn,  Cu and Zn),
ot water soluble boron (HWSB), and boron in saturated extract
Be). Table 2 provides the results of the chemical parameters that
ere determined. The soil was clay loam in texture (380 ± 10 g kg−1

lay, 388 ± 8 g kg−1 loam, 232 ± 10 g kg−1 sand), with gravimetric
oisture content at pot capacity and wilting point of 27.3 and

5.7%, respectively, and high carbonation. It was extremely saline
ECe ∼ 54 ± 5 dS m−1) and sodic (ESPc ∼ 40 ± 1%). The soil solu-
ion was dominated by Cl− and Na+ ions, reflecting the natural

arine origins of the salt (i.e. seaspray). The values for B (both Be

nd HWSB) indicate toxic levels for moderately sensitive species
Grattan et al., 2015). The B adsorption isotherm shows that reten-
ion of this element was moderate (data not shown). The soil had
ery low organic matter and nitrogen content, as is common of soils
n arid regions. The low nutrient content necessitated the use of
asal fertilisation (300 g of fertiliser NPK 21:10:10, 30 g gypsum and
00 g goat manure per container) to prevent masking the salinity
ffects with any nutritional deficiencies. The chemical parameters
nalysed at the beginning of the experiment were re-analysed at
ts conclusion to evaluate the impact of the application of the irri-
ation treatments. The bottom of each pot contained a 3-cm gravel
ayer to facilitate drainage.

Three non-dormant cultivars of alfalfa (Medicago sativa)  were
elected (varieties WL656HQ, SW8421S, PGI908S) based on their
eported salt tolerance during germination and/or forage produc-
ion. PGI908S has been classified as salt tolerant during germination
nd forage production, SW8421S as salt-tolerant only during for-
ge production, and WL656HQ as tolerant only during germination
NAFA, 2016). In order to reduce the salinity of this highly saline soil
ear the surface of the pot, 2 Liters of desalinated seawater were
dded to each pot daily for 10 days prior to sowing. This provided a
ow-saline environment for the germinating seeds. After this minor
eclamation of the surface soil, a total of 60 seeds were planted per
ontainer. To foster germination and crop establishment, only irri-
ation with desalinated seawater was applied to all pots in the first
tage of the experiment. Following this initial period (60 days post

eeding), the number of plants were thinned to approximately 28
lants per pot and the application of the treatments, which lasted
or 430 days, commenced.
 5.1 bc 11.3 ± 3.5 abc 8.6 ± 4.0 ab 6.4 ± 0.9 a
.6 c 4.0 ± 0.5 b 2.9 ± 0.3 ab 2.1 ± 0.2 a

2.2. Analysis of plant material

A total of 15 harvests, also referred to as cuttings, were per-
formed on forages throughout the treatment period to determine
the total production of dry matter (DM). Harvest times were estab-
lished when the control treatment plants reached approximately
10% flowering. The cutting height was established at 5–6 cm above
the soil surface. The collected plant material was weighed, oven
dried at 60 ◦C for 72 h, and weighed again to determine dry matter
production expressed in grams per square meter. The cumulative
biomass production of each of the treatments was  calculated as the
sum of the material obtained from the different cuts. The relative
yield was  expressed as the relationship between the biomass pro-
duced under the different treatments to that obtained under the
control treatment (lowest salinity). These relative yields were used
as an indicator of salinity tolerance (Díaz and Grattan, 2009).

Once dry, the plant material collected from each cut was finely
ground to analyse the mineral composition and nutritional quality.
From this, three combined samples were obtained by combining
the plant material from every 5 consecutive cuts. Thus, the first
sample was comprised of plant material from cuts 1–5, correspond-
ing to the first 124 days from the commencement of the treatment
application; the second sample was comprised of combined cuts
6–10, corresponding to days 124–269 from commencement; and
the third sample consisted of combined cuts 11–15, corresponding
to days 269–430.

The nutritional potential of the forages was evaluated on the
basis of ash content, neutral detergent fibre (NDF), acid deter-
gent fibre (ADF), crude protein (CP), enzymatic organic matter
digestibility (EOMD), metabolizable energy (ME), and relative food
value (RFV). A total of 180 tissue samples were analysed by near
infrared spectroscopy (NIRS) using a FOSS NIRSystem 6500, scan-
ning monochromator (Foss NIRSystem, Silver Spring, MD,  USA)
with a scanning range of 400–2500 nm at 2 nm intervals. The spec-
tral data were recorded in reflectance mode (log 1/Reflectance)
with the WINISI 2 software v.1.05 (Infrasoft International Inc., Port
Matilda, PA, USA). One third of the samples randomly selected
were also analysed by reference methods in duplicate and per-
formed using traditional analytical methodologies: ash content
after incineration to 550 ◦C and CP by Kjeldahl analysis (AOAC,
2000), NDF and ADF by Van Soest fractioning analysis (Van Soest

et al., 1991), and EOMD following Roza and Argamentería (1992).
These samples were used to establish equations for NIRS predic-
tion models with the WINISI software using partial least squares
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ig. 1. Cumulative biomass production of three alfalfa cultivars under irrigation with
pplication; 2nd period ∼ 125–269 days after initial treatment application; 3rd peri
rror;  n = 4.

s regression tool. Selected equations were tested on an inde-
endent data base of ten samples, and were used to predict all
eference values (ash content, NDF, ADF, CP and EOMD) for the rest
f population. RFV was calculated from ADF and NDF as follow:
FV = [88.9-(0.779*ADF)]*[(120/NDF)/1.29] (Putnam et al., 2008).
E was calculated from ash content and in vivo organic matter

igestibility (IVOMD) as follow: ME  = K*(100-ash)*(IVOMD/100),
here K = 0.16 for forages and IVOMD was predicted from EOMD

alues (ARC, 1984; Roza and Argamentería, 1992). The reference
hemical analysis was performed in an accredited laboratory under
he requirements of ISO/IEC (2005).

For the study of the mineral composition, the elements ana-
ysed using standard methods (USEPA, 1994) were P, K, Ca, Mg,  S,
a, Cl, Fe, Mn,  Cu, Zn and B. The concentrations of the different
lements were compared with the established maximum tolerable
evels (MTLs), defined as the maximum level of a particular ele-

ent, present in the animal diet applied for a given period of time,
hich does not lead to a deterioration in the health or reduced yield

n the animals (NRC, 2005).

.3. Statistical analysis

Statistical methods were implemented using IBM SPSS Statis-
ics V21.0. The level of significance for all tests was set to P ≤ 0.05.
ssumptions of normality (Kolmogorov Smirnov test) and homo-
eneity of variance (Levene test) were met  for each analysis.
ifferences between initial soils and sampling after 430 days of irri-
ation under different treatments were assessed using an ANOVA
nd post-hoc Tukey’s test. A univariate analysis of variance was
sed to determine the effect of time, water quality and alfalfa vari-
ty on biomass production, shoot mineral composition and forage
uality.

. Results

.1. Impact of irrigation on soil chemical properties
The salinity, exchangeable cation content, nutrients and trace
lements in the soils after 430 days of application of the different
reatments are shown in Table 2. Soil ECe decreased significantly
ompared to the initial soil, regardless of the treatment applied.
rent simulated groundwater quality; 1st period ∼ 1–124 days after initial treatment
70–430 days after initial treatment application; bars represent mean and standard

Based on the stationary model described by Ayers and Westcot
(1985) for the relationships between ECiw (irrigation water salin-
ity) and ECe, our data indicate that the leaching fraction obtained
was approximately 4% for the control treatment (0.4 dS m−1), grad-
ually increasing to 12% for the most saline treatments (10.0 dS m−1).
Levels of exchangeable Na and ESPc increased slightly compared to
the initial soil in the saline treatments above 2.5 dS m−1. In gen-
eral, there was  a significant reduction in the levels of exchangeable
K+ compared to the initial soil and an increase in the Ca2+ and
Mg2+ cations. A significant increase was  also found in carbonate
content for all treatments compared to the initial soil. Accumula-
tion of extractable B in the soils was greater under the least saline
treatments (0.4 and 2.5 dS m−1). Regarding nutrients, significant
increases in available P at the end of the experiment compared
to the initial soil were observed. For the least saline treatments
slight increases were also seen in organic C and TN. Micronutrient
levels did not undergo significant changes with respect to initial
levels, except for Zn, which increased compared to the initial soil
regardless of the treatment applied (Table 2).

3.2. Biomass production

The cumulative production of biomass for the various alfalfa
varieties under the different irrigation treatments is shown in
Fig. 1. Statistical analysis reveals that production was affected by
the treatment, variety and duration of the study period. Broadly
speaking, the variety with the lowest production was WL656HQ,
with an average of 1478 g m−2 per period, compared to the 1550
and 1575 g m−2 obtained with varieties SW8421S and PGI908S,
respectively. Increased irrigation water salinity led to a signifi-
cant decline in biomass production for all varieties. The average
across all the varieties for the control treatment (0.4 dS m−1) was
1938 ± 38 g m−2, compared to 1800 ± 85, 1558 ± 98, 1327 ± 41 and
1048 ± 37 g m−2 for the 2.5, 5.9, 7.5 and 10.0 dS m−1 treatments,
respectively. Plant age also significantly influenced production,
with the third study period presenting higher biomass levels than
the previous two (1773 g m−2 compared to 1443 and 1386 g m−2
for periods 1 and 2). The highest production rate expressed as kilo-
grammes of dry matter per hectare per day (kg DM ha−1 d−1), was
137 (treatment 0.4 dS m−1; var. PGI908S), while the lowest was  70
(treatment 10 dS m−1; var. WL656HQ).
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Fig. 2. Relative biomass of three alfalfa cultivars under irrigation with different simulated groundwater qualities; mean ± standard error; n = 4.
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Fig. 3. Relative biomass of alfalfa at different salinity in the

The relative yield (relationship between the biomass produced
nder the different salinity treatments and the control treatment)
ccording to the irrigation water salinity and soil salinity, are pre-
ented in Figs. 2 and 3, respectively. These data indicate that as
rrigation water salinity increased i.e. 2.5, 5.0, 7.5 and 10.0 dS m−1,
lfalfa yield was reduced by 7, 20, 31 and 46%, respectively (Fig. 2).
tatistical analysis indicates that this reduction is significant from
.0 dS m−1. As listed in Table 2, the treatments of 2.5, 5.0, 7.5 and
0.0 dS m−1 in the irrigation water produced average soil salinity
ECe) of 12.6, 16.8, 19.1 and 19.3 dS m−1, respectively, at the end
f the study period. According to the equation shown in Fig. 3,

he one that best describes our data, those ECe levels produced

 decline in production by 12.1, 23.6, 31.6 and 32.3%, respec-
ively.
turation extract (ECe) at the end of the experiment; n = 60.

3.3. Forage quality

The change in forage ash content, NDF, ADF, CP, RFV, and ME
during the study period, for the different alfalfa varieties under the
different water quality treatments, are illustrated in Figs. 4 and 5.

CP varied between 24.8 and 32.9% DM and was significantly
affected by irrigation water salinity and the study period, but
not by the variety or the interaction of the three factors (Fig. 4).
The highest CP content was mostly found in the 7.5, 5.0 and
2.5 dS m−1 treatments, which were significantly higher than the
control (0.4 dS m−1) and the highest salinity (10 dS m−1) treat-

ments. CP levels varied over time, with a significant increase seen in
the last period (mean ∼30.2% DM), as compared to the two previous
ones (mean ∼29.7 and 27.7% DM,  for periods 1 and 2, respectively).
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Fig. 4. Evolution of forage quality parameters of three alfalfa cultivars throughout the experiment; NDF, neutral detergent fibre; ADF, acid detergent fibre; CP, crude protein;
1 ays af
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st  period ∼ 1–124 days after initial treatment application; 2nd period ∼ 125–269 d
pplication; data represent means and standard error; n = 4; letters v, s and t, deno
hree-way ANOVA (p < 0.05) and post hoc Tukey test (p < 0.05).

NDF and ADF were significantly affected by the age of the plants
Fig. 4). Significant increases were seen between the first period
nd periods 2 and 3. For example, the average ADF value for all
he varieties was 15.1% in period 1, compared to 18.0 and 18.2%
or periods 2 and 3, respectively. The effect of the variety of alfalfa
as significant only for NDF, with SW8421S presenting the lowest

verage value for the entire study period (26.2% DM)  and WL656HQ
he highest (27.1% DM). Only ADF was significantly influenced by
he level of irrigation water salinity. In general, the 5 and 7.5 dS m−1

reatments showed the lowest ADF levels (mean ∼16.6 and 16.7%
M, respectively), which were significantly lower than those of the

east saline treatments (17.6 and 17.4% DM for 0.4 and 2.5 dS m−1,
espectively).

Ash content ranged from 10.4 to 16.2% DM throughout the study

eriod and did not differ significantly between varieties, although

t was affected by the salinity of the irrigation water and the age
f the plant (Fig. 5). In general, the highest values were found in
ter initial treatment application; 3rd period ∼ 270–430 days after initial treatment
nificant effects of variety, salinity treatment and time, respectively, according to a

plants under the control treatment (mean ∼13.3% DM)  and the low-
est in the 5.0, 7.5 and 10.0 dS m−1 treatments (mean ∼12.6% DM).
Older plants had significantly less ash content, decreasing from an
average of 14.4% DM in the first period to 12.4% DM in the last.

Relative Feed Value (RFV) ranged from 213 to 367 and was
significantly affected by the alfalfa variety and time of sampling,
although not by the saline treatments (Fig. 5). The variety with the
highest value was  SW8421S (∼271 ± 31), compared to WL656HQ
which had the lowest (∼262 ± 30). The youngest plants (first sam-
ple) had an average value of 303, which was  significantly higher
than those from the later sampling periods (245 and 251 for periods
2 and 3, respectively).

Metabolisable Energy (ME), the energy potential of the forage,
varied between 9.9 and 10.8 MJ  kg−1 DM (Fig. 5). In general, ME

did not differ significantly between the varieties studied, nor did
it change significantly over time; however it was affected by the
saline treatments. The highest values were found under intermedi-
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Fig. 5. Evolution of forage nutritional quality of three alfalfa cultivars throughout the experiment; ash content; RFV, relative feed value; ME,  metabolisable energy; 1st period
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 1–124 days after initial treatment application; 2nd period ∼ 125–269 days after in
ata  represent means and standard error; n = 4; letters v, s and t, denote significan
NOVA (p < 0.05) and post hoc Tukey test (p < 0.05).

te salinities of 5 and 7.5 dS m−1 (mean ∼10.5 MJ  kg−1 DM), while
he control plants averaged 10.3 MJ  kg−1 DM.

.4. Forage mineral composition

Table 3 lists mean values for macronutrients and Na in the col-
ected plant material for the three varieties under the different

ater quality treatments and for the three study periods. Statis-
ical analysis shows that the concentrations of all elements, except
, were affected by salinity and by the degree of maturity of the
lants, although no significant differences were observed between
he varieties of alfalfa.

Levels of N ranged between 23.9 and 54.2 g kg−1, with signifi-
ant differences only between plants treated with 7.5 dS m−1 water

nd those in the control treatment (mean ∼46.4 and 44.1 g kg−1

espectively). The lowest values were found in period 2 (mean
43.2 g kg−1 compared to 46.1 and 46.4 g kg−1 for periods 1 and
, respectively). Average P concentration in sampled forage dur-
eatment application; 3rd period ∼ 270–430 days after initial treatment application;
cts of variety, salinity treatment and time, respectively, according to a three-way

ing the study period was  4.5 g kg−1 and was  significantly lower in
period 2 (mean ∼4.2 g kg−1) than in periods 1 and 3 (mean ∼4.5 and
4.7 g kg−1 respectively). Concentrations of K in the forage decreased
gradually with increased salinity of the irrigation water, falling from
an average of 37.8 g kg−1 in plants from the control treatment to
27.1 g kg−1 in plants from the 10 dS m−1 treatment. A decrease in
forage K content with increased plant age was also observed; the
mean of 38.5 g kg−1 for period 1 falling to 29.9 g kg−1 in period 3.
Likewise K, Ca in the forage decreased gradually with increased
salinity (control treatment mean ∼19.8 g kg−1 vs. 10 dS m−1 treat-
ment mean ∼12.7 g kg−1) and with plant age (period 1 mean
∼20.8 g kg−1 vs. period 3 mean ∼12.9 g kg−1). Conversely, the Mg
content in the forage increased with salinity, averaging 4.0 g kg−1

in plants from the control treatment and 5.0 g kg−1 from those in
−1
the 10 dS m treatment, and Mg  content also rose slightly with

plant age. Concentrations of S increased with the salinity of the irri-
gation water (4.5 vs 5.6 g kg−1 in the control treatment and most
saline treatment, respectively) and decreased with plant age (5.9 vs
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Table  3
Tissue macronutrient concentration at different stages of the experiment: 1st period ∼ 1–124 days after initial treatment application, 2nd period ∼ 125–269 days after initial
treatment application, and 3rd period ∼ 270–430 days after initial treatment application; mean ± standard deviation; n = 12; * asterisk denotes significant effects of variety,
salinity  treatment and time according to a three-way ANOVA and post hoc Tukey test (p < 0.05); ns denotes non-significant effects.

ECiw target N P K Ca Mg S Na
dS  m−1 g kg−1

1st Period
0.4 45.6 ± 2.9 4.9 ± 1.0 43.5 ± 2.7 22.4 ± 2.2 4.4 ± 0.5 6.1 ± 1.0 0.1 ± 0.4
2.5  45.3 ± 3.0 4.7 ± 0.9 40.9 ± 3.1 21.5 ± 2.0 4.3 ± 0.4 6.0 ± 1.0 2.4 ± 0.6
5.0  45.4 ± 2.3 4.3 ± 0.3 36.7 ± 2.3 20.1 ± 1.9 4.2 ± 0.3 5.8 ± 1.3 3.9 ± 0.7
7.5  47.1 ± 4.5 4.3 ± 0.4 35.8 ± 1.1 20.1 ± 1.6 4.5 ± 0.3 5.9 ± 0.3 4.6 ± 0.6
10.0  47.3 ± 1.9 4.4 ± 0.4 36.0 ± 2.1 19.8 ± 1.3 4.5 ± 0.3 5.9 ± 0.6 5.6 ± 0.6

2nd  Period
0.4 42.9 ± 1.2 4.5 ± 0.4 33.2 ± 1.8 17.7 ± 2.0 3.7 ± 0.3 3.0 ± 1.3 1.6 ± 0.4
2.5  44.9 ± 1.5 4.3 ± 0.4 30.5 ± 1.7 14.6 ± 1.1 3.8 ± 0.3 4.4 ± 0.6 5.3 ± 1.0
5.0  44.9 ± 1.6 4.2 ± 0.3 27.8 ± 2.3 12.4 ± 1.2 4.1 ± 0.4 4.2 ± 0.9 7.6 ± 0.9
7.5  44.1 ± 1.3 4.2 ± 0.3 22.3 ± 7.3 11.0 ± 1.7 4.6 ± 0.5 4.5 ± 1.1 9.4 ± 1.1
10.0  39.7 ± 6.6 4.1 ± 0.5 20.4 ± 7.7 10.1 ± 1.4 5.3 ± 0.5 5.4 ± 1.3 11.2 ± 1.9

3rd  Period
0.4 44.0 ± 1.6 4.4 ± 0.4 36.8 ± 3.2 19.4 ± 2.4 4.0 ± 0.4 4.6 ± 1.0 1.6 ± 0.5
2.5  45.5 ± 6.7 4.4 ± 0.3 31.3 ± 1.7 14.8 ± 1.6 4.4 ± 0.6 4.9 ± 0.5 6.8 ± 1.5
5.0  48.6 ± 1.4 4.8 ± 0.3 28.8 ± 2.6 11.9 ± 1.7 4.4 ± 0.3 4.3 ± 1.3 9.0 ± 2.1
7.5  48.0 ± 1.0 5.0 ± 0.3 27.3 ± 1.9 9.6 ± 1.1 4.7 ± 0.2 4.9 ± 0.4 10.7 ± 1.8
10.0  46.1 ± 1.4 4.7 ± 0.5 25.1 ± 3.4 8.5 ± 1.0 5.2 ± 0.3 5.7 ± 0.6 13.1 ± 2.2
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Variety  ns ns ns 

Salinity * ns * 

Time  * * * 

.8 g kg−1 in periods 1 and 3, respectively). Plant tissue Na increased
y a factor of 7.0 between the control treatment and the most saline
reatment (10 dS m−1) and by a factor of 2.4 between the first and
ast study periods.

The mean micronutrient and Cl concentrations in the collected
lant material under the different irrigation water qualities and for
he three periods are presented in Table 4. Statistical analysis of the
ata indicates that, with the exception of Zn, the concentrations of
ll micronutrients were affected by the salinity treatment and by
he degree of plant maturity, but no significant differences were
ound among the varieties tested.

Levels of Mn  and Cu in the forage increased with the increases in
rrigation water salinity, whereas the Fe, B and Cl content decreased
Table 4). Mn increased by a factor of 1.3 between the control and

ost saline treatments, with Cu increasing by a factor of 1.1. Levels
f Fe fell from 101.5 mg  kg−1 DM in the control treatment to 92.4 in
he 10 dS m−1 treatment. In the case of B, the greatest differences
n forage concentration were found between the control treatment
mean ∼158.4 mg  kg−1) and the treatment with 7.5 dS m−1 salin-
ty (mean ∼99.7 mg  kg−1). Forage Cl concentration was  interesting
n that all samples, regardless of treatment or time of sampling
ontained high levels (i.e. 1.4–2.7% dw). However, the only signifi-
ant differences in forage concentration that were observed was
etween plants from the 2.5 dS m−1 treatment (mean of 22.2 g
l kg−1) and those from the 7.5 and 10 dS m−1 treatments (mean
f 19.0 g Cl kg−1). With regard to the study period, the concentra-
ion of all micronutrients, except B, decreased significantly with
lant age. For example, average Fe concentration in period 1 was
08.2 mg  kg−1, compared to 88.6 mg  kg−1 in the last period. For
he most part, average B levels were lowest in period 1 (mean
96.7 mg  kg−1) and increased to 135.1 and 126 mg  kg−1 in the later
eriods.

. Discussion

.1. Impact of irrigation on soil chemical properties
Leaching fractions obtained in this experiment coincide with the
oncept of “evapotranspiration – soil salinity – leaching fraction”
nteractions developed by others (Letey et al., 1985). That is, for the
ns ns ns ns
* * * *
* * * *

same quantity of water applied, when the irrigation water salinity
increases, growth decreases, evapotranspiration decreases and the
leaching fraction increases, leading to a reduction in soil salinity.
Larger accumulation of extractable B in the soils under the least
saline treatments was possibly a result of the greater use of water
by the plants under these treatments, which translated to lower
leaching fractions (Díaz and Grattan, 2009). The observed increase
in exchangeable Na levels were likely a result of the saline-sodic
nature of the irrigation water. An increase in some nutrients (i.e.
Ca, Mg,  P, N, Zn) may  have been due to the addition of manure and
fertiliser at the beginning of the experiment. Uptake and leaching
of Zn could occur to a lesser extent than with other micronutri-
ents likely due to fixation/sorption on calcium carbonate (Alloway,
2008).

4.2. Biomass production

The production rate for the alfalfa varieties in our experiment
(70–137 kg DM ha−1 d−1) were similar or slightly higher than those
reported by others in similar studies conducted with saline tol-
erant varieties of alfalfa. For variety SW8421S, Cornacchione and
Suarez (2015) obtained 99 and 69 kg DM ha−1 d−1 with irrigation
water EC of 3 and 12 dS m−1, respectively. Other authors record
rates of 74 kg DM ha−1 d−1 for var. Salado and 86 kg DM ha−1 d−1

for var. SW9720, with irrigation water EC of 15 dS m−1 (Grattan
et al., 2004b). These differences in productivity may  be due to dif-
ferences in the environmental conditions (temperature, humidity)
and to different soil conditions (physical characteristics, availability
of nutrients and water, etc.).

Cornacchione and Suarez (2015) found no significant effect of
salinity on the reduction in biomass production up to 12 dS m−1 EC
in the irrigation water (reduction of ∼25%), while in this experiment
reduction is significant from 5.0 dS m−1. These differences are due
to the different types of substrate used in each case. Cornacchione
and Suarez (2015) used a sand tank system with high irrigation
frequency with leaching fractions approaching 100% such that the

irrigation water salinity was comparable to the soil water salinity.
Since the salinity of the soil solution is about twice that of the satu-
rated soil extract, their 12 dS m−1 irrigation treatment is equivalent
to an ECe of about 6 dS m−1. In our study, the high-water hold-
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Table  4
Tissue micronutrient concentration at different stages of the experiment: 1st period ∼ 1–124 days after initial treatment application, 2nd period ∼ 125–269 days after initial
treatment application, and 3rd period ∼ 270–430 days after initial treatment application; mean ± standard deviation; n = 12; * asterisk denotes significant effects of variety,
salinity treatment and time according to a three-way ANOVA and post hoc Tukey test (p < 0.05); ns denotes non-significant effects.

ECiw target Fe Mn Cu Zn B Cl
dS  m−1 mg  kg−1 g kg−1

1st Period
0.4 113.9 ± 9.2 98.1 ± 20.3 6.2 ± 1.6 27.0 ± 10.7 110.5 ± 29.8 22.7 ± 2.0
2.5  108.5 ± 8.4 101.8 ± 12.4 5.8 ± 1.6 26.6 ± 11.3 93.0 ± 21.9 25.9 ± 3.5
5.0  110.3 ± 8.2 103.8 ± 17.4 6.3 ± 0.9 26.2 ± 8.0 91.9 ± 14.7 27.1 ± 5.8
7.5  107.4 ± 6.6 116.8 ± 14.4 6.7 ± 0.8 26.1 ± 5.0 94.8 ± 11.4 27.3 ± 6.7
10.0  101.2 ± 3.3 110.1 ± 27.1 6.5 ± 0.6 26.0 ± 4.8 93.3 ± 11.3 26.1 ± 5.1

2nd  Period
0.4 104.3 ± 16.3 63.3 ± 5.7 6.9 ± 1.1 24.8 ± 5.0 192.4 ± 34.7 18.5 ± 6.1
2.5  100.9 ± 9.9 76.4 ± 10.3 6.1 ± 1.4 25.2 ± 6.9 136.5 ± 19.2 19.8 ± 6.1
5.0  98.9 ± 5.7 84.1 ± 13.6 6.1 ± 1.6 25.8 ± 4.6 117.9 ± 31.3 16.8 ± 1.8
7.5  95.1 ± 5.1 95.5 ± 19.6 5.9 ± 1.0 27.1 ± 3.0 99.1 ± 28.3 14.3 ± 0.8
10.0  90.2 ± 8.5 107.2 ± 30.5 6.8 ± 1.3 28.6 ± 6.0 129.7 ± 33.2 14.2 ± 1.2

3rd  Period
0.4 86.5 ± 7.6 45.0 ± 4.3 4.6 ± 0.8 19.5 ± 2.0 172.5 ± 41.0 19.8 ± 2.9
2.5  90.9 ± 6.7 48.9 ± 5.9 4.4 ± 0.4 20.9 ± 1.9 135.0 ± 27.6 19.7 ± 1.6
5.0  92.0 ± 5.8 50.9 ± 5.1 5.3 ± 0.7 22.8 ± 3.6 102.8 ± 19.9 17.3 ± 3.5
7.5  88.1 ± 6.3 57.6 ± 7.2 5.3 ± 0.8 23.0 ± 1.9 105.3 ± 14.1 15.5 ± 1.1
10.0  85.7 ± 5.9 58.8 ± 12.6 5.6 ± 1.2 22.7 ± 3.3 115.8 ± 11.8 16.1 ± 1.4
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ng capacity of the fine-textured soil facilitates salt accumulation,
ncluding where high leaching fractions are applied.

Alfalfa – traditionally classified as “moderately sensitive” to
alinity – is reported to tolerate up to 2 dS m−1 ECe but suffers a
roductivity decline of approximately 7.3% for each unit increase in
Ce above this threshold value (Maas and Grattan, 1999). Using the
urrent guidelines the theoretical reduction in production would
e 77.4% for the lowest salinity (12.6 dS m−1) and 100% for ECe

bove 16 dS m−1, significantly higher than those obtained in our
xperiment. These results confirm that some varieties of alfalfa can
row at much higher salinity than the guidelines indicate without
xhibiting significant yield declines. For example, the ECe50 value
sing the guidelines is 8.8 dS m−1 while the ECe50 based on this
tudy is 23.5 dS m−1. Similar results have been reported by other
uthors, including Putnam et al. (2017) who, following a 3-year
eld study in a clay loam soil with applications of 5–7 dS m−1 ECiw,
btained alfalfa production levels similar to those obtained with
on-saline water. In the same type of soil, irrigation using water
ith 8–10 dS m−1 ECiw caused yield declines of 10–15% compared

o the control treatment, although economically acceptable pro-
uction was still achieved.

The observed increase in biomass production with plant age
as likely a result of the progressive reduction in soil salinity

due to the very high initial ECe) along the experimental period.
esults also confirm a lower salt tolerance of variety WL656HQ

n forage production with respect to the other two  assessed culti-
ars.

.3. Forage quality

Generally-speaking, forage quality increases as CP, RFV and ME
ncrease and NDF, ADF and ash content decrease (Suyama et al.,
007a). The levels of CP found coincide largely with those reported
y other authors for varieties of alfalfa grown in saline conditions
Suyama et al., 2007a; Ferreira et al., 2015). However, some studies
eport an increase in CP when irrigation water salinity increases

Ferreira et al., 2015). This rise is attributed to a salinity-induced
ncrease in the leaf/stem ratio (Al-Khatib et al., 1992). Leaves are
icher in photosynthetic components with high N content, whereas
he stems present more structural components with low N content.
ns ns ns
ns * *
* * *

In our case, no uniform behaviour was  observed, the increase in CP
content at greater salinity was  observed only in the first sampling
period (Fig. 4). During subsequent periods, a significant decrease
in CP content at the highest level of salinity (10.0 dS m−1) was
found. Isotopic N content (�15N) analyses carried out as part of this
study, but addressed separately in a companion paper currently in
preparation, indicate that salinity negatively affected atmospheric
nitrogen fixation, which

may account for the decrease in CP observed under the most
saline treatments.

The percentages of fibre found in the present study (19.9–32.3%
NDF and 17.1–23.6% ADF) were slightly lower than those reported
for variety SW8421S under treatments of 12.7–24.0 dS m−1

(Ferreira et al., 2015) but similar to those reported by Robinson et al.
(2004) for Salado and SW9720 using waters with 15 and 25 dS m−1

(∼22–34% NDF) to irrigate alfalfa in sand tanks equivalent to those
used later by Cornacchione and Suarez (2015). In both cases, the
authors observed a reduction in fibre content with increased irri-
gation water salinity. Such a reduction, observed by others in other
types of forage (Ben-Ghedalia et al., 2001) and which can reach
12.2% in NDF compared to the control treatments, is also attributed
to an increase in the leaf-stem ratio with higher irrigation water
salinity (Ferreira et al., 2015). In our case, a gradual reduction in
ADF content at higher salinity was observed only in the first period
(Fig. 4), with a difference of approximately 2% between the con-
trol plants and those in the most saline treatments. However, this
trend disappeared in subsequent periods and, in general, a slight
decrease (∼1%) was  noted only up to salinity of 7.5 dS m−1, with
an increase once again at 10 dS m−1 (Fig. 4). In the present experi-
ment, the most saline treatments could have negatively affected
leaf production; for example, through a low atmospheric nitro-
gen fixation and lower water use efficiency, thus decreasing the
leaf/stem ratio. Textural differences between the substrates used
(sand tanks vs clay soil) and differences in the experimental condi-
tions (i.e. amount and frequency of irrigation) are key factors that
account for discrepancies between the two studies. Plant age is one

of the most important factors influencing fibre content and a sig-
nificant increase was observed over time, as reported also by other
authors for the same varieties (Stefanon et al., 1996; Robinson et al.,
2004; Ferreira et al., 2015). Robinson et al. (2004), for instance,
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ound an increase in NDF from 18.6 to 42.6% between the first and
fth cut of alfalfa irrigated with saline water.

A reduction in ash content with increased irrigation water
alinity has been reported by others for different forages under
reenhouse conditions (Ben-Ghedalia et al., 2001; Robinson et al.,
004; Suyama et al., 2007a). For example, Suyama et al. (2007a)
ound a reduction of 2% between alfalfa irrigated with non-saline
0.8 dS m−1) and highly saline water (18.0 dS m−1). However, the
eduction in ash content over time observed in this experiment is
ot consistent with data obtained by Cao et al. (2012), who noted an

ncrease in ash content over time in irrigated alfalfa in saline soils.
n our case, the high initial salinity of the soils (∼54 dS m−1), which

as reduced substantially by the irrigations applied before treat-
ents were imposed, may  have led to a greater accumulation of

alt in the young plants. And indeed this was found. Tissue Cl−, for
xample, was 2.3–2.7% dw, regardless of treatment in plants com-
osited from the first series of cuts. The concentrations decreased
elow 2.0% for all treatments in subsequent sampling periods. It is

ikely that excessive salt was absorbed by plants in this saline soil
t early times while soil saline below the soil surface was still very
igh. As plants were later stressed, growth and consequently ET
as reduced, allowing for high leaching of this highly saline soil.

his may  explain why tissue Cl− decreased with increased salinity
reatment.

Plant age appears to be the main factor influencing RFV, indi-
ating that the plants’ nutritional value declines slightly as they
ecome older. Old plants are mainly associated with increased fibre
ontent as much of the biomass is comprised of woody stems. RFV
evels also suggest that variety WL656HQ is slightly lower in qual-
ty than the other two analysed. Values obtained here were slightly
igher than those reported for alfalfas irrigated with saline water
y Ferreira et al. (2015), who observed a significant increase in RFV
∼5.2%) when the irrigation water salinity increased from 12.7 to
8.4 dS m−1 ECiw. Similarly, Suyama et al. (2007a) found ME  values
f 9.2, 10.0 and 10.3 MJ  kg−1 DM in young alfalfa irrigated using
ater with 0.8, 11 and 18 dS m−1 ECiw, respectively, and attributed

he increase in ME  with salinity to the fact that the plants under
aline treatments were less mature than their control treatment
ounterparts at the time of cutting. In contrast to those studies, no
lear positive association was observed here between nutritional
uality and the level of salinity in the irrigation water. However,
n increase in quality was  seen up to 5 and 7.5 dS m−1 ECiw com-
ared to the control treatments, but not at higher salinities. These
issimilarities could be explained by differences in the substrates
sed. In our case, we used heavy-textured soils that could poten-
ially reduce soil physical conditions which would impose other
biotic or biotic stresses that limit crop development under high
alinity-sodicity conditions.

Based on the quality parameters analysed and regardless of the
rrigation water quality, all the varieties can be classed as “supreme”
uality (Putnam et al., 2008), adequate for dairy livestock and for
roducing fast-growing calves (Suyama et al., 2007b), a reflection
f their very high nutritional content.

.4. Forage mineral composition

The mineral composition of crops can be affected by salinity,
hich causes nutritional imbalances due to its effects on nutrient

vailability, competitive absorption, transport and compartmen-
ation in the tissues (Grattan and Grieve, 1999). Accordingly, the

ineral composition of plant tissue in the aerial part of forage
lants grown under saline conditions needs to be monitored over

ime. Here, the concentrations of the different elements analysed
ere compared with the established maximum tolerable levels

MTLs) in order to evaluate the potential impact on mineral nutri-
ion in ruminants (NRC, 2005).
anagement 199 (2018) 11–21

Of the elements studied in the forages obtained, only K,
S and B showed concentrations above the values considered
adequate (NRC, 2005; Putnam et al., 2008). Potential problems
associated with consumption of these forages may  include: i)
hypomagnesemia, a metabolic disorder in ruminants affecting the
bioavailability of magnesium in the rumen. High concentrations
of K in the forage reduce Mg  absorption and can trigger this con-
dition (McDowell and Valle, 2000). The maximum tolerable level
for K has been set at 20,000 mg  K kg−1 DM (NRC, 2005). This might
be considered conservative given that some research suggests that
ruminants can tolerate levels of between 30,000–50,000 mg  K kg−1

DM in their diet without manifesting adverse effects (NRC, 2005).
The alfalfa varieties studied here exceeded this value, averaging
between 20,000 and 44,000 mg  K kg−1 DM (Table 3). The fact that
K levels generally decrease with increases in irrigation water salin-
ity makes K toxicity caused by alfalfa grown in saline conditions
unlikely; ii) polioencephalomalacia (PEM): a high concentration of
S in forage can prove toxic to ruminants, manifesting as failures
in the central nervous system and brain lesions (Gould, 2000). A
further problem associated with high S concentrations is Cu defi-
ciency (Spears, 2003). Cu availability decreases as concentrations
of S and Mo  increase in the rumen due to the formation of com-
plexes such as thiomolybdates that are not readily absorbed by the
animal (Spears, 2003). An increase from 0.2 to 0.4% of S in the diet
can cause Cu absorption to fall by 50%. To avoid these problems, the
MTL  has been set at 0.30 and 0.50% S DM for diets with 85 and 40%
forage, respectively (NRC, 2005). Concentrations of this element in
the alfalfa varieties studied here were near or above the MTL  (mean
∼0.30–0.61% DM;  Table 3) and were generally higher with higher
irrigation water salinity. Accordingly, S accumulation could repre-
sent a constraint on the use of these forages; iii) B toxicity: B is
considered relatively non-toxic and most animals tolerate it well,
even if some research suggests that toxicity may occur in animals
that consume high amounts of B (NRC, 2005); findings which have
led the MTL  to be set at 135 mg  B kg−1 DM for livestock (NRC, 2005).

In our study, B concentrations generally decreased with
increased irrigation water salinity, an effect already observed by
various authors in different crops (Yermiyahu et al., 2008; Díaz and
Grattan, 2009). The MTL  was  exceeded only slightly in the least
saline treatments (0.4 and 2.5 dS m−1). These results suggest the
existence of interactions that increase B tolerance under saline con-
ditions. One possible reason for this could be the reduction in plant
water uptake under higher salinity levels, which reduces tissue
accumulation of B (Yermiyahu et al., 2008). Other authors attribute
the reduction in B to interactions with SO4

2− and Cl− (Grattan et al.,
2004c). High levels of K, S and B, close to or above MTLs, have
been reported for alfalfa by other authors who used saline water
for irrigation (Grattan et al., 2004a; Suyama et al., 2007b).

5. Conclusions

The results obtained in this experiment confirm some recent
findings concerning the salt tolerance of certain varieties of alfalfa,
which suggest that the tolerance guidelines set in the litera-
ture for this crop should be reassessed. Our study confirms that
alfalfa, traditionally considered moderately sensitive to salinity,
can grow in conditions of high soil and irrigation water salin-
ity (e.g. ECe ∼ 10 dS m−1; ECiw ∼ 5 dS m−1) without suffering large
reductions in biomass compared to non-saline conditions. These
results are particularly important for arid regions, including the
easternmost Canary Islands which lack quality water, but do have

an abundance of salt-affected water and soils, as well as a high
demand for livestock feed, one of the main economic activities in
these areas. The forages obtained were of good quality for dairy
goat diets, falling into the high category from the standpoint of
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utritional quality, based on USDA quality guidelines. In terms
f mineral nutrition for ruminants, concentrations of K, B and S,
n particular, would require monitoring to determine if forages
re approaching maximum tolerable concentrations, above which
nimals exclusively consuming this forage over extended periods
ould face potential toxicity. Should this occur, the forages could
till be used as a dietary supplement, in conjunction with other
eeds with lower mineral content.
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