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a  b  s  t  r  a  c  t

Combating  desertification,  a marked  problem  in  arid,  semi-arid  and  other  desertification-affected  areas
of the  world,  encompasses  the  management  of  water  resources  and the conservation  of  soil  properties.
Establishing  vegetation  on  land  and  reuse  of wastewaters  in  irrigation  may  be advantageous  as  a  strategy
to  mitigate  desertification  and biodiversity  loss.  In  this  context,  fiber  crop production  under  wastewater
irrigation  is  reviewed,  with  the  aim  of identifying  prospects  and  limitations.  Reports  of  laboratory,  pilot
and field  research  indicate  that bast  and  grass  fiber  crops  show  potential  simultaneously  to  deliver  high
yields,  restore  soil properties  and  promote  water  quality  improvement.  Their  production  in water-scarce
regions  could  provide  environmental  benefits  and  social  and  economic  opportunities,  safeguarding  fresh-
water resources.  Nevertheless,  this  practice  has  environmental  and  social  concerns  due  to  the  presence
of  harmful  substances  in  wastewater.  Several  technical  and  economic  barriers  should  also  be  considered
when  designing  and  managing  a  system,  such  as  wastewater  quality,  and  the quantity  and  quality  of
oil conservation
ustainable management
ustainable irrigation

biomass  produced.  In order  to  promote  the sustainable  reuse  of wastewater  for  irrigation  of  fiber  crops,
further research  is  needed,  factoring  in  issues  such  as  yields,  inputs  and  costs,  as  well  as  potential  envi-
ronmental  and  socio-economic  impacts.  It is recommended  that  site-specific  factors  should  be  accurately
assessed  to evaluate  the  adequacy  among  crop,  location  and  wastewater  irrigation,  in  order  to  overcome
negative  impacts  and  public  rejection.
. Introduction

Desertification is the process that leads to the loss of ecosys-
em services in arid, semi-arid and dry sub humid areas caused by
limatic variation and by anthropogenic activities, affecting one-
uarter of the world’s land surface, containing one-fifth of the
orld’s population (UNCCD, 1994). This process involves the loss of

iological or economic productivity and biodiversity, and has polit-
cal and socio-economic implications (Barbero-Sierra et al., 2013;
ang et al., 2005). The rapid spread of desertification is mainly due
o non-sustainable anthropogenic activities, such as overcultiva-
ion and overgrazing, fuel gathering, deforestation and ineffective
rrigation and land management practices. In areas suffering from
Please cite this article in press as: Barbosa, B., et al., Wastewater reuse 
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esertification, the main environmental consequences are a perma-
ent imbalance in water availability, damage to soil, increased flash
ooding, loss of riparian ecosystems, changes in vegetation pattern
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and structure, and deterioration of the ecosystem’s carrying capac-
ity (Millennium Ecosystem Assessment, 2005; Pereira et al., 2002;
Li et al., 2006).

More specifically, regions disturbed by desertification are char-
acterized by an imbalance between water needs and water
reserves, resulting in the frequent reuse of non-conventional
waters. Wastewater is any water that has been adversely affected
in quality by anthropogenic influence, and it has been used as
a source of irrigation water for centuries. Irrigation with treated
wastewater in agriculture combines several advantages, such as:
offering a low cost water source, eliminating part of the demand
for synthetic fertilizers by its fertilizing properties (fertirrigation),
increasing the available agricultural water resources and elimi-
nating the need for expensive tertiary treatment (Angelakis et al.,
1999). Nevertheless, its utilization may  involve many risks and
in some cases public acceptance is difficult. Wastewater quality
should satisfy agronomic and public health protection requisites
for fiber crops cultivation as a strategy to mitigate desertification.
07

and should not be a vehicle for harmful substances, especially if
these substances exacerbate desertification. According to Monte
and Albuquerque (2010), salinity and dissolved inorganic salts, sus-
pended solids, biodegradable organic matter, refractory organic
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ompounds, heavy metals, nutrients, pH, residual chlorine and
athogenic microorganisms, are the most important characteristics
f wastewaters to be controlled since they are associated with most
f the water quality problems derived from its reuse in agriculture.

One of the options to mitigate desertification is the introduc-
ion of alternative livelihoods that may  have less negative impacts
n dryland resources, or the creation of economic opportunities in
hese lands by introducing a vegetative cover that might restore
oil properties and increase biodiversity (Chiaramonti et al., 2000;
ortina et al., 2011; Hooke and Sandercock, 2012; Millennium
cosystem Assessment, 2005; Mohammad and Adam, 2010; Qadir
t al., 2007).

The demand for natural fibers has increased sharply due to their
iverse uses and industrial applications, such as textiles, papers,
oven clothes, mats, hats, ropes and cordage material, as well as in

omposite applications for the automotive and construction indus-
ries (Akil et al., 2011; Ardente et al., 2008; Faruk et al., 2012; Pandey
nd Gupta, 2003). Even though production of fiber crops sustains
mployment and income in many regions, the intensive use of land
ay  lead to soil nutrient and water depletion, as well as to degra-

ation and pollution. These impacts are very important, especially
n water-scarce regions, where the competition for land and water
mong agriculture, industry and urbanization are leading to envi-
onmental desertification (Barbero-Sierra et al., 2013; Portnov and
afriel, 2004). Therefore, fiber crop production in desertified areas
hould be established in a sustainable multiple-crop rotation sys-
em.

Additionally, water and land resources must be included in
n integrated management strategy in order to ensure food and
ater security, as well as biological and landscape diversity. In

his context, the use of non-conventional water, such as domes-
ic and agro-industry wastewaters, in the irrigation of fiber crops
ould reduce the cost of their cultivation, meet their growing water
emands, preserve freshwater supplies and reduce the contami-
ation of water bodies (Cirelli et al., 2012; Norton-Brandão et al.,
013; Qadir et al., 2007; Zema et al., 2012). In order to be sustainable
nd to conserve, mitigate or reverse desertification, the established
pecies should display low water and nutrient demands, present
ommercial value for a specific region, have few environmental
onstraints, no competition with food crops, and be integrated with
aste management (Laraus, 2004; Kassam et al., 2012; Norton-
randão et al., 2013).

This article reviews the potential of fiber crops to mitigate, con-
rol and reverse the desertification process in susceptible areas
hrough re-utilization of non-conventional sources of water. In the
iscussion, benefits and constraints of wastewater reuse in the

rrigation of fiber crops are highlighted and prospects and recom-
endations are presented.

. Production of fiber crops irrigated with wastewaters:
ase studies

There has been a growing interest in crops from which natural
bers are taken, resulting in a growing market for biodegradable
nd recyclable materials. In order for their cultivation to be sustain-
ble and economically viable, suitable fiber crops with low input
equirements should be selected.

Crops such as jute, hemp, kenaf and sisal are cultivated mainly
or their fiber content, while from other plants, such as pineap-
le, palm and coir, fibers are produced as by-products (Faruk et al.,
012). There are different types of natural fibers: (a) bast fibers
Please cite this article in press as: Barbosa, B., et al., Wastewater reuse 
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ade from the phloem of plants such as jute, flax, hemp, ramie and
enaf; (b) leaf fibers such as from abaca, sisal and pineapple; (c)
bers from seeds of plants, such as coir, cotton and kapok; (d) core
bers such as from kenaf, hemp and jute; (e) grass and reed fibers,
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such as from wheat, corn and rice, and (f) all other wood and roots
crops (Faruk et al., 2012).

In this work, the production of bast and grass fiber crops when
irrigated with wastewater is reviewed.

2.1. Wastewater reuse on bast fiber crops

Bast fiber crops are generally annual crops and when cultivated
in marginal, desertified and degraded lands can enhance soil fer-
tility and structure, increase soil organic matter content, help in
controlling erosion and increase biological and landscape diversity
(Fazio and Monti, 2011; Fernando et al., 2010; Finnan and Styles,
2013; Zegada-Lizarazu and Monti, 2011). Generally, they have low
establishment cost and can be cultivated under rotation systems
with other food or economically valuable non-food crops. Their
insertion into a crop rotation can improve yield and profitability
over time, control diseases and weeds, limit insect and other pest
infestations, provide an alternative source of nitrogen and increase
soil organic matter, reduce soil erosion and runoff of nutrients and
chemicals, and the potential for contamination of surface water. An
additional benefit is gained if the selected crop is simultaneously a
source of biomass for both fiber and bioenergy.

The effects of wastewater reuse on kenaf (Hibiscus cannabinus
L.), hemp (Cannabis sativa L.) and nettle (Urtica dioica L.) have been
reported (e.g., Adler et al., 2008; Fernando et al., 2011; Sinha et al.,
2006). These works focus mainly on the capacity of these crops
to remove contaminants from wastewaters, with information on
growth and yield responses. Especially in water-scarce regions, the
potential to reuse wastewaters in the irrigation of bast fiber crops
seems promising and will contribute to preserving freshwater sup-
plies.

The growth responses and the biomass quality and productiv-
ity of kenaf irrigated with wastewater with different ammonium,
nitrate and phosphate concentrations were studied (Fernando
et al., 2011, 2012, 2013). The results showed that irrigation with
wastewater enriched with nitrates (up to 100 mg  dm−3 NO3) or
phosphates (up to 2.4 mg  dm−3 P) did not affect the growth and
productivity of kenaf (with an average yield of ca.  700 g m−2 (dry
weight) for the aerial tissues). Wastewater with increased levels
of ammonium up to 30 mg  dm−3 NH4

+, did not affect the biomass
productivity either. In contrast, application of a higher amount
of ammonium ion, 60 mg  dm−3 NH4

+, negatively affected plant
biomass productivity. The bulk supply of ammonium ion and its
concomitant absorption by the plants may  lead to acidification of
the rhizosphere, affecting the availability of other nutrients, and the
enzymes of the cytosol. Concerning the biomass quality, irrigation
with wastewater correlated with an increased uptake of minerals,
nitrogen and phosphorus by the crop, a fact that may penalize its
use for combustion purposes but not for biomaterials, since the
total fiber content is not affected. These studies also suggested that
excess nitrates, phosphates and ammonium ion in wastewater are
easily trapped and accumulated by the kenaf root system, avoiding
contamination of groundwater resources. These findings are con-
sistent with those of Abe and Ozaki (1998, 2007) and Davison et al.
(2006), who also indicated that kenaf is a good candidate plant for
nutrient removal from wastewater in constructed wetland systems.
However, Abe and Ozaki (2007) stated that low dissolved oxygen
affects the rate of nutrient removal by kenaf. Moreover, kenaf is
described as opportunistic in relation to water availability, with
a high rate of stomatal conductance and transpiration rate when
water is not limited, and a markedly reduced stomatal conduc-
for fiber crops cultivation as a strategy to mitigate desertification.
07

tance and transpiration rate when water availability is restricted
(Fernando, 2013; Patanè and Sortino, 2010; Scordia et al., 2013).
This is a relevant trait of this crop to be explored in water-scarce
regions when wastewater availability (in terms of volume) is low.

dx.doi.org/10.1016/j.indcrop.2014.07.007
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Hemp was also tested for wastewater remediation purposes.
n constructed wetland systems, Davison et al. (2006) reported an
ptake of up to 239 kg N ha−1, and Nivala et al. (2007) described the
ffective treatment of landfill leachates through nutrient removal.
inha et al. (2006) also specified the ability of this crop to remove
eavy metals from tannery wastewater (presenting 3.2 mg  dm−3 Cr
mong other heavy metals).

Some studies reported nettle as a potential species for develop-
ng a low cost and energy-saving wastewater treatment technique
n combination with resource recycling and amenity functions.
ivala et al. (2007) utilized nettle in a constructed wetland sys-

em to treat landfill leachates for nutrient removal and Izydorczyk
t al. (2013) employed nettle in a vegetable buffer zone to reduce
iffuse phosphorus pollution (>3.0 mg  PO4 dm−3) in the Sulejow
eservoir of the Pilica River (Poland). In the Polish study, yield
as 134 g m−2 (dry weight) for the aerial tissues and the plants

emoved 32 kg ha−1 N and 8.8 kg ha−1 P during one growing season.
euchies et al. (2013) registered a productivity of 0.267 Mg  ha−1 in
ettle biomass in the Schelde estuary, a eutrophic area in Belgium
nd the Netherlands, characterized by high heavy metal concentra-
ions, suspended solids and sediments. Simultaneously, nettle was
apable of extracting the heavy metals and reducing the suspended
olids, thus improving water quality.

Adler et al. (2008) investigated the suitability of nettle in the
urification of nutrient-enriched wastewater and when exposed to

andfill leachates, and compared its response to other plant species.
he experimental treatments strongly affected plant growth. Com-
ared to the control (irrigation with a balanced nutrient solution),
otal plant growth was reduced by 77% when plants were irrigated
ith municipal wastewater, and by 85% when exposed to land-
ll leachates. Nettle had the lowest growth rate among the tested
pecies (Salix spp., Populus spp. and Phragmites australis).

In spite of the promising results obtained with annual fiber
rops, due to their short growing season and the need to replant
nnually, it has been suggested that perennial crops are better can-
idates for both nutrient removal and biomass production purposes
Davison et al., 2006; Fernando et al., 2010).

.2. Wastewater reuse on grass fiber crops

Halting soil degradation and desertification with cultivation of
rass fiber crops has been argued as a promising solution (Dauber
t al., 2012; Pidlisnyuk et al., 2014). Compared to annual bast fiber
rops, perennial crops offer additional environmental advantages
nd provide a wider range of ecosystem services such as: higher
round cover, longer permanence in the soil, limit erosion, lower
usceptibility to diseases, reducing pesticides needs, and due to
heir extensive rooting system they have high nutrient and water
fficiencies, thus minimizing nutrient and contaminant leaching
Fernando, 2005; Fernando et al., 2010; Zhang et al., 2011). Com-
ining these traits with wastewater recycling provides an efficient

ow-cost alternative to treating effluents and ensures economically
iable fiber production for industrial uses, especially in regions
here irrigation is required and freshwater supplies are limited.

Giant reed (Arundo donax L.) is highlighted by several authors
s a suitable crop for combining biomass production with waste-
ater treatment. Literature refers to experiments with saline
inery wastewater (9 dS m−1) in saline soils (Williams et al., 2008),
astewaters contaminated with Zn (10 and 20 mg  dm−3) or Cu

1 and 2 mg  dm−3) (Costa et al., 2013), water containing Cd and
i (5–100 mg  dm−3) (Papazoglou, 2007; Papazoglou et al., 2005,
007), synthetic wastewaters contaminated with As (100 �g dm−3)
Please cite this article in press as: Barbosa, B., et al., Wastewater reuse 
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Mirza et al., 2010), swine effluents in a closed gravel hydroponic
ystem (Mavrogianopoulos et al., 2002), dairy processing factory
astewater with a median electrical conductivity of 8.9 mS  cm−1

Idris et al., 2012), domestic treated wastewater (Barbagallo et al.,
 PRESS
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2011), pre-treated wastewater (Tzanakakis et al., 2009), high salin-
ity tannery wastewater in a wetland system (Calheiros et al., 2012),
etc. All these works indicate the high crop adaptability and toler-
ance to different levels and types of pollution. Contamination was
efficiently reduced and the biomass produced represented an addi-
tional opportunity for secondary income through its utilization.
Moreover, although giant reed is commonly associated with ripar-
ian and wetland systems, this crop adapts well to a wide variety
of ecological conditions, including water-stressed environments
under semi-arid climates (El Bassam, 2010).

Other grass fiber crops have shown potential simultaneously
to deliver high biomass yields, with high content of hemicellulose
and cellulose, remove nutrients from wastewater and act as a car-
bon sink. Miscanthus (Miscanthus spp.), bamboo (Bamboo sp.),  soft
rush (Juncus effusus L.), and papyrus (Cyperus papyrus L.) are some
candidate grasses, but they have been mostly used in constructed
wetlands for contamination removal and less for water-scarce and
semi-arid regions.

Bandarra et al. (2013) tested irrigation of Miscanthus (M.  sinen-
sis, M. giganteus and M. floridulus) with wastewater contaminated
with Zn (10 mg  dm−3) or Cu (1 mg  dm−3). Additionally, Zhao et al.
(2012) tested Miscanthus sinensis Anderss. in hypereutrophic water.
In both studies, growth and productivity were not affected and pol-
lutants were removed efficiently by the deep and extensive rooting
system of plants.

Miscanthus violaceus (K. Schum.) and Cyperus papyrus were stud-
ied by Mugisha et al. (2007) in Nakivubo and Kirinya wetlands in
Uganda. The Nakivubo wetland is dominated by both species and
has been receiving wastewater from Kampala city for more than
30 years; Kirinya wetland is dominated by papyrus. Both plants
were periodically harvested from both wetlands in order to obtain
nutrient removal, water quality improvement and biomass for fiber
purposes. Concerning the Nakivubo wetland, the re-introduction of
papyrus reversed the eutrophication that resulted from the replace-
ment of native papyrus by cocoyam and sugarcane cultivations
(Kansiime et al., 2005). This emphasizes the importance of the eco-
logical functions of papyrus, especially in environments where it is
native.

The capacity of papyrus to store nutrients in its tissues, particu-
larly when it is grown in nutrient-rich environments, seems to be
higher than that of other macrophytes (Chale, 1987). According to
Kyambadde et al. (2004), the root structure of C. papyrus provides
high microbial shelter, sufficient wastewater residence times, traps
suspended particles, provides adequate surface area for pollutant
adsorption and assimilation in plant tissues, and oxygen for organic
and inorganic matter oxidation in the rhizosphere. Papyrus is a crop
with an enormous potential for producing high quality fiber prod-
ucts under different types of wastewaters, providing improvement
of water quality, and high nutrient removal from domestic wastew-
aters, as well as from contaminated natural water bodies, swamps
and wetlands (Abe and Ozaki, 1998; Chale, 1987; Kyambadde et al.,
2004; Perbangkhem and Polprasert, 2010; Theophile et al., 2011).

Similar findings were described for bamboo and soft rush.
Arfi et al. (2009) reported efficient removal of organic matter
(99%) and nutrients (98%) by Semiarundinaria fastuosa, Phyllostachys
viridis and Phyllostachys viridis “sulfurea”, in a two-year exper-
iment in a constructed wetland receiving winery wastewaters
(8.7 g dm−3, COD and 6.4 g dm−3, BOD5) in France. Sharma et al.
(2005) also stated efficient removal of NPK by two-year old agro-
forestry plantations of bamboo developed in Australia, and irrigated
with wastewaters. Tanner (1996) tested the growth and nutrient
uptake of Juncus effusus in wetland systems enriched with ammo-
for fiber crops cultivation as a strategy to mitigate desertification.
07

nium organic wastewaters. Although the harvestable biomass was
low, J. effusus biomass removed NP and K. Rahman et al. (2011)
demonstrated the potential of J. effusus in the removal of As
by testing a constructed wetland system under laboratory-scale

dx.doi.org/10.1016/j.indcrop.2014.07.007
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orizontal-flow to treat synthetic wastewater, obtaining high As
etention capacity (59–61%) of the total As inflow. These studies
emonstrate the potential of these crops as an efficient treatment
echnique for contaminated wastewaters, combined with biomass
roduction and water and nutrient resources savings.

. Benefits and constraints of reuse of wastewater for fiber
rop cultivation

In water-scarce regions, marginal-quality waters will become
n increasingly important component of agricultural water sup-
lies (Angelakis and Durham, 2008; Qadir et al., 2007; Trinh
t al., 2013). Wastewater reuse for irrigation purposes counterbal-
nces the scarcity or seasonality of rainfall, ensures groundwater
echarge, allows the conservation of water resources (Kfir et al.,
012; Pereira et al., 2002; Plappally and Lienhard, 2012; Portnov
nd Safriel, 2004; Rebhun, 2004), reduces contamination of water
odies (Zema et al., 2012) and may  also contribute to reducing the
eed for fertilizers due to the presence of nutrients in the effluent,
ith both environmental and economic revenues.

Furthermore, increased plant growth and yields due to waste-
ater reuse for irrigation may  contribute to increase the amplitude

f the energy balance, carbon sequestration, reduction of green-
ouse gases, and net profit (Barbosa et al., 2013). The presence
f a vegetative cover and the incorporation of crop residues into
oils may  restore soil properties (fertility, structure, organic mat-
er), control erosion and increase biological and landscape diversity
Fernando et al., 2010). In addition, accumulated organic carbon
epresents an option for carbon credit programs (Williams et al.,
008).

Nevertheless, the reuse of wastewaters still involves much
ontroversy, and does not always have public and stakeholders’
cceptance. This is a fundamental precondition as support from
ocal authorities depends largely on the dedication and commit-

ent of local players. On the other hand, the production of fiber
rops in rural areas could be a way to combat rural exodus, being

 means of new employment and new opportunities (Barbosa
t al., 2013). Additionally, wastewater recycling is gaining signif-
cance both in developing and developed countries, since these

ater sources can contribute to maintaining current agricultural
ctivities, highlighting environmental and socio-economic oppor-
unities for these areas. In many regions, the reuse of wastewater
n agriculture is the only way to face eminent disaster induced by
esertification, and associated biodiversity loss and poverty (Habib
t al., 2013; Kharraz et al., 2012). This is particularly true in semi-
rid areas which are likely to be affected by severe drought and
ossible extreme weather events (e.g., prolonged heat waves, hail
nd storms), as recognized by Cosentino et al. (2012) for southern
urope, in view of forecasted climate change.

However, the reuse of wastewaters in the irrigation of fiber
rops can also present some technical and environmental obstacles.
hese systems require management practices in order to approxi-
ate the nutrient load and its potential assimilation by the crop

Tzanakakis et al., 2009). Reclaimed water can serve as a reser-
oir of nutrients essential for plant growth, but when applied to
he soil in excessive amounts may  cause many problems, such as
utrient imbalances in surface and groundwater, excessive runoff
nd eutrophication (Jampeetong and Brix, 2009; Rittmann et al.,
011; Rivett et al., 2008). The rise of the water table should also
e controlled by means of appropriate drainage when water load is
xcessive. Reuse of wastewaters may  also result in an accumulation
Please cite this article in press as: Barbosa, B., et al., Wastewater reuse 
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f contaminants in the soil, as observed by Bandarra et al. (2013).
t the same time, effluents should be applied at rates capable
f satisfying crop evapotranspiration in the tested region. Match-
ng hydraulic loading and nutrient uptake in order simultaneously
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to treat water and produce economically viable biomass can be
complex. Crops with high water-use efficiency should be used with
wastewaters of high nutrient load, if pre-application treatment
schemes to reduce nutrient concentration in the effluent is not an
option, or the adjustment of nutrient application rates is difficult
(Tzanakakis et al., 2009). Constructed wetlands comprising fiber
crops could be used as an additional treatment to reduce nutrient
loads, being introduced after secondary treatment in wastewater
treatment plants. Implementing this strategy could improve water
quality and reduce risks in the irrigation of fields, as well as produce
fiber crops in both systems (Tzanakakis et al., 2009).

Effluent availability in terms of volume, especially of domestic
wastewater from rural areas with low population, may  not match
the crop’s water needs. To adequately respond to this problem,
Barbagallo et al. (2011) and Costa et al. (2013) tested A. donax under
different irrigation regimes to evaluate the ratio of yield reduction
to wastewater load reduction. The variability of effluent production
and quality over time may  also be a barrier. In the Mediterranean
area, for example, there may  be an excess of water load in the
rainy season, from precipitation and pluvial waters from treatment
plants, with a shortage of water in the summer. Adjustment of the
growing season to the total yearly wastewater production is also
mandatory, especially for annual fiber crops, or when irrigation
is required on a supplementary basis only. Storage facilities may
be needed during the non-growing period/non-irrigation period
either at the farm or near the wastewater treatment plant.

In order to reuse wastewaters in the irrigation of fiber crops,
land should also be available for the crop’s cultivation, and land use
changes should be monitored to avoid negative environmental and
socio-economic impacts (Dauber et al., 2012; Fritsche et al., 2010).
The distance between the wastewater treatment plant and the field
is also a key point in systems design; the greater the distance, the
higher the costs associated with effluent transport. According to
Malveiro (2013) for the cultivation of A. donax and Miscanthus in
Portugal, the distance between the field and treatment plant should
be less than 3.82 km in order to cover the maintenance costs with
the biomass being produced.

Wastewater should satisfy the agronomic and public health
quality legislation and should not carry harmful substances. To
address these concerns, the World Health Organization (WHO)
developed guidelines for safe use of wastewater (WHO, 2006).
Many countries adopted WHO  guidelines or developed their own
policy and water management strategies which are closely depend-
ent on their own  crop systems needs and available technologies.

High concentrations of total suspended solids can cause block-
ages in watering systems (Monte and Albuquerque, 2010) and affect
soil hydraulic properties, such as by blocking water-conducting
pores (Lado and Ben-Hur, 2009). High salinity in wastewater ham-
pers the proper development of many plants. Sodium, boron and
chlorine can be toxic to plants, and, in particular, sodium can
induce soil pore blockage, and reduce soil permeability, leading to
waterlogging, poor plant performance, salinization and decreased
leaching (Muyen et al., 2011). Selection of more tolerant crops,
irrigation methods that reduce salt levels or crop exposure to salts,
or increase leaching (to prevent excess of salts in the root zone), and
other management practices, e.g., application of calcium-supplying
amendments, are some of the options to relieve salinity toxicity
(FAO, 1992). Desalination of reclaimed wastewater using mem-
brane processes may  prevent salinization of soils and groundwater,
but this process remains very expensive and does not represent
an appropriate option (Rebhun, 2004). pH is also important, since
it may  affect metal solubility and soil alkalinity. The presence of
for fiber crops cultivation as a strategy to mitigate desertification.
07

pathogens can also represent a barrier to the use of the wastewater
due to the risk of disease transmission.

The presence of persistent organic compounds, heavy metals,
chloride and excess nutrients, such as nitrogen, may  also limit the

dx.doi.org/10.1016/j.indcrop.2014.07.007
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Table  1
Overview of the main benefits and constraints related to the use of wastewater in the irrigation of fiber crops.

Benefits Constraints

• Fulfillment of growing water demands • Low effluent availability in terms of volume to match crop needs
•  Scarcity/seasonality of rainfall is counterbalanced • Matching hydraulic loading and contaminant remediation by the crop
•  Preservation of freshwater supplies
•  Groundwater recharge • Variability of effluent production and quality over time
•  Minimization of fertilizer needs
• Reduced energy use and chemical pollution from wastewater treatment • Distance between wastewater treatment plant and fields
•  Restoration of soil properties • Availability of land
•  Biological and landscape diversity increment • Land use change
•  Reduced contamination of water bodies • Matching effluent production with crop-growing season
•  Nutrient and water resource recycling • Need for a storage facility for wastewater
•  Increased plant growth and productivity • Leaching and runoff of contaminants to water bodies
•  Increased carbon sequestration
• Increased energy savings • Accumulation of contaminants in the soil
•  Reduction of GHG emissions
• Creation of economic opportunities in water-scarce regions • Wastewater quality may  limit its application
•  Economically viable use of biomass • Yields can be affected
•  Reduction of cultivation costs • Biomass quality may  limit its industrial use
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•  Reduction of water treatment costs
• Prevention of rural exodus 

•  Creation of employment

se of effluent for irrigation (FAO, 1992; Monte and Albuquerque,
010). In fact, the presence of toxic compounds, e.g.,  heavy metals,

n wastewater may  give rise to elevated levels in the soil and
roundwater, and lead to undesirable accumulation in plant tissue
nd reduction of crop growth. Furthermore, increased ash, metal or
itrogen content in the biomass due to irrigation with wastewater
ay  limit or dictate options for its industrial use.
Table 1 gives an overview of the main benefits and constraints

elated to the use of wastewater in the irrigation of fiber crops.

. Conclusions and recommendations

This study provides a scientific background in support of waste-
ater reuse for fiber crop cultivation as a strategy to mitigate
esertification. Review of the pilot and field work indicates that
he establishment of fiber crops in degraded lands, combined
ith wastewater irrigation, represents an opportunity to produce

ustainable biomass in water-scarce regions. Protection of fresh-
ater resources, with improvement of soil properties and of rural
evelopment, are some of the environmental and socio-economic
enefits that were identified. With extensive root systems, grass
bers (and to a lesser extent, bast fibers) are associated with
ontrol of soil erosion, minimization of nutrient leaching and car-
on sequestration. These features have considerable importance

n desertified areas, controlling and reversing the main drivers of
esertification. As part of an integrated management strategy to
everse desertification, fiber crops can improve wastewater and soil
uality, produce high quality biomass for industrial uses, guarantee
iological and landscape diversity and indirectly ensure food and
ater security.

Nevertheless, this study also indicates that constraints and their
mplications should be properly assessed and accounted for in
rder to avoid intensification of desertification. The challenges of
he sustainable reuse of wastewater for irrigation of fiber crops
equire use of existing knowledge and should be based on sci-
ntific understanding of the effects of the options undertaken
n different scales and their socio-economic and environmental
rade-offs. It is therefore recommended that site-specific factors
hould be properly assessed to evaluate the adequacy among
rop, location and wastewater irrigation. Besides removal effi-
Please cite this article in press as: Barbosa, B., et al., Wastewater reuse 

Ind. Crops Prod. (2014), http://dx.doi.org/10.1016/j.indcrop.2014.07.0

iency of the system and yields, information regarding biomass
uality, soil quality, and effects on hydrology, is needed, in order
o integrate knowledge concerning environmental appraisals. As
art of active planning, bench-scale treatability studies should
• Reduced public and stakeholders’ acceptance

be conducted prior to field implementation. These studies repre-
sent a cost–effective tool for simultaneously evaluating multiple
variables, optimizing performance and ultimately reducing envi-
ronmental, social and economic costs.

In addition, development of future options requires preparation
for uncertainty. It will become increasingly important to identify
species and varieties which can tolerate the changes likely to come
as a result of climate change, as well as to breed plants for stress
tolerance. As various stakeholders are involved in the planning and
establishment of fiber crop plantations, proper communication of
potential environmental and socio-economic impacts (positive and
negative) might be of equal importance to overcome public rejec-
tion and to boost the sustainable production of fiber crops irrigated
with wastewaters.
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de  Águas Residuais para irrigaç ão de culturas energéticas. Universidade Nova de
Lisboa, Lisbon, Portugal.

Mavrogianopoulos, G., Vogli, V., Kyritsis, S., 2002. Use of wastewaters as a nutrient
solution in a closed gravel hydroponic cultures of giant reed (Arundo donax).
Bioresour. Technol. 82, 103–107.

Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-Being:
Desertification Synthesis. World Resource Institute, Washington DC.

Mirza, N., Mahmood, Q., Pervez, A., Ahmad, R., Farooq, R., Shah, M.M., Azim, M.R.,
2010. Phytoremediation potencial of Arundo donax in arsenic-contaminated syn-
thetic wastewater. Bioresour. Technol. 101, 5815–5819.

Mohammad, A., Adam, M.,  2010. The impact of vegetation cover type on runoff and
soil erosion under different land uses. Catena 81, 97–103.

Monte, H.M., Albuquerque, A., 2010. Reutilizaç ão de Águas Residuais. Série Guias
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