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a  b  s  t  r  a  c  t

The  experiment  was  conducted  over four successive  years (2008,  2009,  2010  and  2011)  on  ‘Nabali
Muhassan’  olive  cultivar  at a  private  olive  orchard  located  in  the  northern  part  of Jordan  (Ramtha
area).  Experimental  treatments  applied  were  irrigation  with  fresh  water  (underground  well water)  and
reclaimed  wastewater  to  be  compared  with the  rain-fed  (non-irrigated)  treatment.  Total  quantity  of  fresh
water  and reclaimed  wastewater  applied  were  similar  during  the  irrigation  period.  Analysis  of  irrigation
water  showed  higher  EC  value  for reclaimed  wastewater  as  compared  to fresh  water.  Average  values  of
pH, EC, TSS,  cations,  anions,  N, NO3,  B, heavy  metals,  BOD5,  COD  and  fecal  coliform  in  reclaimed  wastew-
ater  were  within  the  Jordanian  standard  for water  use  in irrigation  of fruit  trees, however,  the  values  of
SAR, Cl  and  Na were  higher  than  the  standard  limits.  Results  of  soil  analysis  indicated  that  soil chemical
properties  (pH,  EC,  Ca, Na,  SAR,  ESP,  P,  K,  Cu,  Mn,  Pb  and  B)  in  soil  irrigated  with  reclaimed  wastewater
were  significantly  higher  than  in  soil irrigated  with  fresh  water.  The  application  of reclaimed  wastewater
or  fresh  water  showed  significant  increase  in annual  shoot  length  as  compared  to rain-fed  treatment.
Average  olive  tree  yield  was  significantly  higher  for  fresh  water  treatment  than  the  rain-fed  treatment,
which  was  not  significantly  different  from  the  reclaimed  wastewater  treatment.  Fruit  oil  content  based
on fresh  weight  and  dry  weight  basis  were  significantly  higher  in rain-fed  treatment  than  freshwater  and
reclaimed  wastewater  treatments.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The olive (Olea europaea L.) is one of the most important fruit
trees grown in the Middle-East region. Olive tree has been tra-
ditionally grown under rain-fed conditions and is considered as
one of the best-adapted species to the semi-arid environment
(Gimenez et al., 1997). Area under olive cultivation in Jordan is
around 131,000 ha with an annual production of about 175,000 t
of olive fruits (Ministry of Agriculture, 2013).

Water availability is a worldwide spread problem, especially in
arid regions, which are characterized by low rainfall. Jordan is con-
sidered as one of the four poorest countries worldwide in water
resources. The scarcity of water resources is one of the major chal-
lenges for Jordan and a limiting factor for economic development
particularly for agriculture sector (Denny et al., 2008; Ministry of
Water and Irrigation, 2009). Therefore, one of the strategies to be
adopted to alleviate the water shortage problem in the country is
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to use treated municipal wastewater for irrigation purposes. Olive
is considered moderately tolerant to salinity (Mass, 1990; Gucci
and Tattini, 1997; Chartzoulakis et al., 2002) and therefore treated
wastewater may  be a useful option (Palese et al., 2008; Petousi et al.,
2015).

Use of treated wastewater for irrigation of cultivated crops has
grown considerably in recent years, especially in areas suffering
from shortage in fresh water. With this increased necessity to use
treated wastewater, farmers are faced with problems among which
is the possible degradation in soil structure and stability (Petousi
et al., 2015). Probable risks of adverse changes in the structure and
stability of soils and their hydraulic properties following irrigation
with treated wastewater, may  arise from the higher levels of dis-
solved organic matter, suspended solids, sodium adsorption ratio
(SAR) and salinity in the treated wastewater as compared with its
fresh water of origin (Levy, 2013). In Jordan, Batarseh et al. (2011)
investigated the effect of treated wastewater on soil physical and
chemical properties, heavy metals and main nutrients transloca-
tion in olive leaves and fruits. Results showed that much smaller
quantities of heavy metals compared to essential elements were
accumulated in olive leaves and fruits.
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In a series of studies, it has been demonstrated that introduc-
tion of irrigation to rain-fed olive orchards, dramatically increases
yields (Cruz Conde and Fuentes, 1984; Patumi et al., 2002). How-
ever, fresh water in these areas is scarce and only resources of
low-quality water (saline and reclaimed wastewater) are available
for olive irrigation. It is well established that the quantity of water
used in irrigation of olive trees affects fruit yield, oil content and
the quality of olive oil (Mailer and Ayton, 2011).

It was reported that treated wastewater available for irriga-
tion is commonly characterized by high salinity, excess levels of
B and significant but non-uniform concentrations of both potential
plant nutrients (N, P, K and micronutrients) and environmental con-
taminants including heavy metals, COD and BOD5 (Pescod, 1992).
Little information is available regarding the effect of the reclaimed
wastewater on olive tree yield and oil quality. Palese et al. (2006)
reported that the irrigation of olive trees with treated wastewater
during six crop seasons in southern Italy enhanced olive productiv-
ity, limited alternate bearing and allowed producing safe high value
yields and did not affect significantly the quality parameters of the
obtained olive oil. In a study conducted in Jordan, it was  reported
that olive oil produced from trees irrigated with reclaimed wastew-
ater was not inferior in terms of chemical and sensory properties
to oil produced from rain-fed or fresh water irrigated trees (Ayoub
et al., 2013).

A Tunisian study demonstrated that the use of treated wastew-
ater increased vegetative growth and olive yield in comparison
to non-irrigated regime (Charfi et al., 1999). Another Tunisian
study showed that irrigation of olive trees with treated wastewater
caused limited vegetative growth retardation but a highly signifi-
cant increase in the yield. The application of treated wastewater
significantly increased concentration of total N, P and K in the
leaves, also caused an increase of Zn and Mn  in soil and leaves but
within the usual range noticed in plants (Bedbabis et al., 2010). Fur-
thermore, the effect of irrigation with saline water on olive tree was
reported. Irrigation of olive trees with moderate saline water (EC
4.2 dS m−1) led to significant increase in tree productivity and oil
yield as compared to the high salinity and the control treatments
(Wiesman et al., 2004). High salinity of irrigation water generally
reduces olive yield, fruit weight and oil content and increasing the
moisture content of the fruits (Chartzoulakis, 2011).

The aim of this research was to study the effect of using treated
wastewater for irrigation of ‘Nabali Muhassan’ olive trees on soil
chemical properties, tree growth and yield in comparison to irriga-
tion with fresh water and rain-fed conditions.

2. Materials and methods

The experiment was conducted on four successive years 2008,
2009, 2010 and 2011 on ‘Nabali Muhassan’ olive cultivar grown at a
private olive orchard located in the northern part of Jordan (Ramtha
area) (altitude 484 m,  latitude 32◦35′ N and longitude 35◦59′ E),
with an average annual rainfall of about 275 mm,  the textural class
of the soil was silty clay.

Fourteen-year-old ‘Nabali Muhassan’ olive trees spaced 6 × 6 m
were selected for the experiment. A randomized complete block
design with five replications and three treatments was  used. Each
experimental plot consisted of nine trees for each treatment pro-
viding one “inner” tree for monitoring and for data collection and
surrounded by border trees receiving the same treatment. Experi-
mental treatments were carried out to compare between rain-fed
trees (not irrigated), and irrigation with fresh water and with
reclaimed wastewater.

Reclaimed wastewater was supplied from Ramtha wastewater
secondary treatment plant located near the experiment orchard. It
was pumped from the treatment plant through a main pipeline

to the drip irrigation system at the olive orchard. Underground
well water (fresh water treatment) was  brought by tanker vehicle
and reserved in tanks at the experiment location, and then it was
pumped through the drip irrigation system. Rain-fed olive trees at
the same orchard were taken as the control treatment.

Quantity of irrigation water was  determined according to the
maximum crop evapotranspiration (ETc), using the FAO method
(Doorenbos and Pruitt, 1997; Allen et al., 1998) based on refer-
ence crop evapotranspiration (ETo) multiplied by crop coefficient
(Kc) and a plant cover factor measured as percentage of surface
covered by trees in the orchard and determined by measuring
shaded area at solar noon. Irrigation water (fresh and reclaimed)
was provided 2 days per week by drip irrigation method (7 emitters
per tree; 8 L/h). Distances between emitters were 40 cm and were
equally spaced around the Tree 50 cm from the main trunk. Irriga-
tion scheduling and monitoring was  controlled manually through
opened valves according to a time schedule. Irrigation was  started
on April and finished on October for each growing season.

Total quantity of fresh water and reclaimed wastewater applied
were similar during the irrigation period. The total quantity of
applied water for each type of irrigation water was  3820, 3080, 2950
and 2880 m3 ha−1 year−1 for 2008, 2009, 2010 and 2011 seasons,
respectively. Samples of fresh water and reclaimed wastewater
were taken each year during the irrigation period and analyzed
for chemical characteristics and for biochemical oxygen demand
(BOD) and chemical oxygen demand (COD) according to standard
methods (American Public Health Association, 1998).

Soil samples were taken at two  depths (0–25 cm and 25–50 cm),
air-dried at room temperature and grounded to pass a 2-mm sieve.
Soil samples were analyzed for pH, EC, Ca, Mg  Na, Cl, SO4, SAR, ESP,
N, P, K, Fe, Cu, Mn,  Zn, B, Cd, Pb, As, organic matter, fecal coliform and
soil texture according to standard methods of soil analysis (Klute,
1994).

Composite olive leaf samples were collected in July from the
periphery of each tree in the plot. Olive leaf contents of specific
elements and heavy metals were analyzed according to official
methods of analysis of AOAC (Horwitz, 2000).

Seasonal shoot growth was  measured during April and
September. Four shoots per each tested tree was  labeled and mea-
sured for the increase in shoot length. Fruit set level was  monitored
using labeled inflorescence two  months after flowering.

Olive fruits were harvested by hand during November of each
growing season at a maturity index around 4. Each inner tree from
the experimental plot was harvested separately. Oil extraction was
performed within 2 days using small-scale olive mill (two- phase
centrifugal system, Model BuonOlio Campagnola, Italy). Fruit sam-
ples were taken from each tree in the plot for measurement of fruit
weight, stone weight, flesh/stone ratio, fruit moisture content and
oil content. Fruit oil content was  measured as fresh and dry weight
bases using Soxhlet extraction method.

Data were analyzed using two-way analysis of variance
(ANOVA) using SAS statistical software. Means were compared
using Duncan’s multiple range tests at (p ≤ 0.05) probability level.

3. Results and discussion

3.1. Characteristics of irrigation water

Analysis of irrigation water showed higher electric conductiv-
ity (EC) value for reclaimed wastewater (2.6 dS m−1) as compared
to fresh water (1.22 dS m−1) (Table 1). The mean values of pH, TSS,
cations, anions, N, NO3, B, heavy metals, BOD5, COD and fecal col-
iform in reclaimed wastewater were within the Jordanian standard
for treated wastewater use in irrigation of fruit trees. However, val-
ues of EC, Sodium adsorption ratio (SAR), Cl and Na, were higher
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