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a  b  s  t  r  a  c  t

Farmers  in  peri-urban  areas  of  developing  countries  depend  on wastewaters  for  their  livelihood  but  with
grave health  and  environmental  risks. An  8-year  field  experiment  compared  food  grain  (FGPS),  agro-
forestry  (AFS),  fodder  (FPS)  and  vegetable  (VPS)  production  systems  and  quantified  responses  to  fertilizers
(NP 25–100%)  when  irrigated  with  sewage  (SW;  EC 1.3 ± 0.3  dS  m−1 BOD 82  ±  11,  NO3–N  3.2  ±  0.4,  NH4–N
9.6  ± 0.5,  P 1.8  ± 0.3, K 6.4  ±  0.4  mg L−1) vis-à-vis  groundwater  (GW).  Productivity  improved  with  SW  by
14–28%  while  trends  were  negative  with  sub-optimal  NP  under  GW.  Partial  factor  productivity  (PFP)
averaged  18.0,  11.1,  157  and  149  kg kg−1 NP  with  GW  in  FGPS,  AFS,  FPS  and  VPS,  respectively.  Counter
figures  were  13.8,  8.8, 96  and  56 kg kg−1 NP  with  SW. Paddy-wheat  equivalent  yields were  5.5,  1.8  and
19.9  fold  under  AFS,  FPS  and  VPS  with SW.  About  40, 33,  75 and  20%  of  fertilizer  NP with  SW  was  sufficient
for  similar  production  as  with recommended  NP  and  GW  in FGPS,  AFS,  FPS  and  VPS,  respectively.  Quality
of  produce  improved  in  terms  of  crude  protein  and  the micronutrients  in  edible  parts  with  SW  while  toxic

metals  were  within  the permissible  limits.  However,  the keeping  quality  of  vegetables  was  lowered  due  to
faster  decay  with  pathogens  contamination  (Aerobic  bacterial  plate  counts  5 ×  105–4.2  ×  108 cfu  g−1 and
Escherichia  coli <2  ×  102–7  ×  105). Thus,  the  sewage  proved  as a vital  resource  in  improving  productivity,
sustainability  and  saving  fertiliser  costs  but  this  may  pose  health  risks  because  of  pathogenic  infestation
that  need  to  be  regulated.
. Introduction

Disposal of increasing volumes of wastewater, due to rapidly
rowing urban agglomerations, escalating industrialization and
conomic development, is becoming a major problem, which the
eveloping countries are now struggling to address (Minhas and
amra, 2004; Corcoran et al., 2010). It is since the technologies for
Please cite this article in press as: Minhas, P.S., et al., Lo
rates: I. Performance, sustainability and produce quality of pe
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reating wastewaters are often considered as unaffordable luxuries
uited only to affluent countries (Paranychianakis et al., 2006; Levy
t al., 2011). Thus the safe and sustainable use of wastewaters in
griculture serves as a low cost alternative to treatment and helps
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in preventing uncontrolled dumping of wastewaters into lakes and
streams (Drechel et al., 2010). In fact the use of raw, diluted or
partially treated wastewater in agriculture creates both the oppor-
tunities and problems. Opportunities exist in terms of disposal of
wastewaters, reliable irrigation resource in water scarce condi-
tions and addition of valuable nutrients and organic matter to soils
and therefore millions of urban and peri-urban farmers depend on
these waters for their livelihood (Hoeks et al., 2002; Qadir et al.,
2007). On the other hand, the irrigation practices being primitive,
unscientific and more of disposal oriented, these pose threat to
farmer’s/consumer’s health and the environment through trans-
mission of diseases from excreta related pathogens and vectors,
skin irritants and irreversible accumulation of toxic chemical like
heavy metals, pesticides etc. in soils and groundwater (Yadav et al.,
2002; Rattan et al., 2005; Qadir et al., 2007, 2010; Minhas and Lal,
2010; Murtaza et al., 2010).
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

In addition to their irrigation potential for high value vegetable,
food and fodder crops, the interests of farmers in the peri-urban
areas are to utilize sewage water for supplementing nutrients. Ben-
efits of these nutrients depend on their concentrations in sewage

dx.doi.org/10.1016/j.agwat.2015.03.012
dx.doi.org/10.1016/j.agwat.2015.03.012
http://www.sciencedirect.com/science/journal/03783774
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aters, the quantities of water applied, the time of its application,
he type and target yields of crops grown, and the inherent fertility
f the soil (Minhas and Samra, 2004). Though the nutrient supplying
apacity is considered to be the major driver for sewage irrigation,
aintaining adequate levels is also a major task because of possi-

le negative effects by overuse through inducement of succulence,
odging and the resultant loss of crop yields. Since the fertiliza-
ion is inseparable from irrigation with sewage; the farmers using
ewage do loose freedom with respect to rate, proportions and
iming of nutrient application. It is since the irrigation frequency
ith wastewaters usually depends on crop water requirements

nd not the nutrient needs (Janssen et al., 2005; Gog-Raj et al.,
006; Erni et al., 2010). Therefore, deciding about the correct doses
f fertilizers and their timing is an important issue and the rec-
mmendations to the farmers concerning the use of fertilizers
specially nitrogen and phosphorus have to be different for waste-
ater irrigated crops. Additionally, the organic loads in sewage

esults in accumulations of organic matter vis-à-vis nutrient sup-
lying capacity of soils, its contents become a critical factor for
eciding on the quantities of nitrogenous fertilizers (Friedel et al.,
000; Gog-Raj et al., 2006; Simmons et al., 2010). Considering these
acts, the objectives of the present experiment were to evaluate the
ustainability of the most common cropping systems in peri-urban
reas viz. food grain, vegetable, fodder based systems with sewage
rrigation and quantifying the nutrient savings (N and P) with long
erm usage of sewage. Since almost all the crops in peri-urban agri-
ulture are the water profligate but shallow rooted the consequence
isks of groundwater contamination especially with nitrates always
xist. Therefore, an agroforestry systems having deeper rooted tree
omponent was also included for comparisons.

. Materials and methods

.1. Location, soil and climate

The experiment was conducted at Research Farm of Central Soil
alinity Research Institute, Karnal, India located at 75◦57′E longi-
ude and 29◦43′N latitude and 243 m above mean sea level during
ctober 2000 to April 2008. The climate at the site is subtropical

emi-arid monsoonal type with about 80% of rainfall occurring dur-
ng the months of July to September. In general the evaporation is
igh during April to June and low during November to February. The
ean monthly maximum temperature is recorded in May  or June

nd the minimum during January. Open pan evaporation of the area
enerally exceeds rainfall except during rainy season (Fig. 1). The
oil at the site, silt-loam at the surface, is an ex-improved sodic land
till having high pH (8.7–9.2) in sub-surface layers and calcareous
ard pan layer of variable thickness at a depth of 0.9–1.2 m.  Some
f the physico-chemical characteristics for different depths of the
nitial soil are included in Table 1.

.2. Treatments and crop culture

The experiment was laid out in a double-split plot design with
our replications. The 32 treatments comprised of combinations of;
A) four of the most prevalent cropping sequences of peri-urban
reas of north-west India in main-plot, viz. (i) food grain produc-
ion system (FGPS, paddy-wheat), (ii) vegetable production system
VPS, okra/gourds during summer and cabbage/cauliflower dur-
ng winter), (iii) fodder production system (FPS, sorghum-Egyptian
lover) and (iv) agroforestry system (AFS, poplar–paddy–wheat);
Please cite this article in press as: Minhas, P.S., et al., Lo
rates: I. Performance, sustainability and produce quality of pe
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B) two qualities of irrigation water in sub-plots, viz. (i) sewage
ffluent (SW) and ii) good quality ground water (GW) and C) four
ertilizer levels in sub-subplots viz. (i) 25, 50, 75 and 100% dose of
ecommended fertilizer nitrogen (N) and phosphorus (P). The plot
 PRESS
anagement xxx (2015) xxx–xxx

size was  7.5 m × 4.0 m.  To avoid the side effects on the adjoining
annual crops, a separate block was assigned to agro-forestry sys-
tem. Only the recommended doses of NP were applied to the first
year crops i.e. during 2000–2001 and thereafter the fertilizer (N:P)
doses were; 50:50, 100:50, 50:100 and 100:100% of recommended
until winter season of 2003–2004. Due to low use efficiency of
added nutrients particularly P, the effects of various fertilizer treat-
ments were not conspicuous during 2001–2002 and 2002–2003.
Therefore, the NP 50:100, 100:50 treatments were changed to
25:25 and 75:75. The recommended doses of fertilizer N, P and
K were 120, 26 and 33 kg ha−1 for both paddy and wheat. One-
third of N and total P and K were applied as basal dose in both
paddy and wheat while the rest of N was top-dressed in two  equal
splits at 30 and 50 days after transplanting in paddy and 25 and
55 days after sowing in wheat crop. The recommended doses of
N, P and K for sorghum fodder were also 120, 26 and 33 kg ha−1,
whereas these were 20, 31 and 33 kg ha−1 for Egyptian clover. Sim-
ilarly the recommended doses of N, P and K for winter vegetables
(cabbage/cauliflower) were 150, 35 and 50 kg ha−1 while for sum-
mer  vegetables, these were 120, 26, and 33 kg ha−1 in okra, 80, 26
and 42 kg ha−1 in bottle gourd, sponge gourd and ridge gourd.

All the crops were grown under irrigated conditions as per
quality of water. The composition of both SW and GW was  ana-
lyzed at monthly interval. Measurements for biochemical oxygen
demand (BOD5) and chemical oxygen demand (COD) were carried
by using standard methods as proposed by APHA (1988). Nitro-
gen content in water samples was determined through nitrogen
analyser. The P content was measured by ascorbic acid method
using colorimeter, whereas K was measured using flame photome-
ter. Besides this, total trace metal (Fe, Mn,  Zn, Cu, Cd, Cr, Ni, and
Pb) concentrations in di-acid (HNO3 and HClO4) digested water
samples were estimated with atomic absorption spectrophotome-
ter. The SW had BOD 82 ± 11 mg  L−1 and COD 136 ± 14 mg  L−1

while these were below detectable levels in GW.  Faecal col-
iforms in sewage were 1.5 ± 0.3 × 106 cfu mL−1. The EC of SW was
1.3 ± 0.3 dS m−1 while NO3–N, NH4–N, P and K contents averaged
3.2 ± 0.4, 9.6 ± 0.5, 1.8 ± 0.3 and 6.4 ± 0.4 mg  L−1, respectively. EC
of GW was 0.6 ± 0.2 dS m−1 and its P and K contents were 0.03 and
3.5 ± 0.3 mg  L−1. Fe, Zn and Cu contents in sewage averaged 0.9, 0.2
and 0.1 mg  L−1, respectively whereas contents of Cd, Ni, Pb and Cr
were in traces.

Each year, paddy (cv. Pusa 44) was  transplanted during the first
week of July using two seedlings per hill at 0.20 m × 0.15 m spac-
ing in puddled plot. For subsequent irrigations, plots were flooded
with 40 mm deep standing water when surface soil reached the
saturation level i.e. no standing water. The crop required 28 to 33
irrigations for maturity (882 cm for 7 crops). After harvest of paddy
during October, wheat (cv. PBW 343) was  sown during the first
fortnight of November using a seed rate of 100 kg ha−1 in rows
25 cm apart. In addition to a pre-plant irrigation, wheat was irri-
gated five times (7.0 cm water) at crown root initiation (21 days
after sowing, DAS), maximum tillering (55 DAS), jointing (75 DAS)
ear emergence (100 DAS) and milking (130 DAS) stages (273 cm for
8 crops). Crops were harvested manually by sickle. The net plot size
was 6.4 m × 2.2 m in paddy and 6.0 m × 2.0 m in wheat. The grains
were separated from straw using a plot thresher. Similarly, fod-
der sorghum (cv. PC-23) was planted during June in rows 0.30 m
apart and harvested at about 65 days after planting. Multi-cut
sorghum (cv. MFSH-4) was sown during 2003 onwards. Egyptian
clover (cv. Muscavi) was  planted during second week of October
through broadcasting seed (25 kg ha−1) in standing water. Egyp-
tian clover received 8–9 irrigations (480 cm for 8 crops) while
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

the sorghum required 5 irrigations (168 cm for 7 crops). Fod-
der crops were also cut manually with sickles and above ground
biomass were recorded for each plot as fresh fodder yield. Samples
were drawn for drying in oven at 60 ◦C to a constant weight for

dx.doi.org/10.1016/j.agwat.2015.03.012
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ig. 1. Mean monthly rainfall (mm),  annual open pan evaporation (OPE, mm)  and r
September 2000–August 2008).

onversion into dry forage yield. Summer vegetables (cv. Pusa Sum-
er  Prolific Long for bottle gourd, Pusa A-4 in case of okra and Pusa

upriya of sponge gourd, Pusa Nasdar of ridge gourd) were seeded
ostly during March–April while in case of winter vegetables, 4
eek old seedlings of cauliflower (cv. Snow ball) were transplanted
uring the during second week of October keeping spacing of
.45 m × 0.30 m while cabbage (cv. Pride of India) was  transplanted
uring first week of December with spacing of 0.40 m × 0.25 m.
he appropriately matured vegetables were picked up/harvested
anually. The lots were weighed individually and then pooled for

otal yields. In case of winter vegetables, cabbage and cauliflower
equired 5 and 4 irrigations (350 cm for 8 crops), respectively while
mong the summer vegetable, okra required 10 irrigations and 4–5
rrigations (255 cm for 7 crops) were sufficient for gourds (bottle
ourd, ridge gourd and sponge gourd). Data on production of dif-
erent crops were subjected to analysis of variance for judging the
ignificance of differences between means of different treatments
sing least significant difference (LSD) computed at 5% level of
ukey’s adjustment as per procedures given by Gomez and Gomez
1984).

.3. Sustainability indices

The sustainability of sewage irrigation and nutrient doses was
easured using five indices namely, yield trends, sustainable yield

ndex (SYI), equivalent yield, partial factor productivity (PFP),
nd the produce quality parameters (protein content, micronu-
rient and metal accumulation, pathogen load and average daily
ecay and physiological weight loss). Sustainable production sys-
ems are characterized by non-negative trends in yield over an
xtended period, so the linear regression of yield (Y) with time
Please cite this article in press as: Minhas, P.S., et al., Lo
rates: I. Performance, sustainability and produce quality of pe
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t): Y =  ̨ + ˇt was taken as an appropriate measure of sustaina-
ility of the system where  ̌ is slope or magnitude of yield trend
yield changes per year). The SYI suggested by Singh et al. (1990)
as also used for defining sustainability of a cropping system i.e.

able 1
hysico-chemical characteristics using standard techniques.

Depth (m)  Sand(%) Silt(%) Clay(%) BDa(cm3cm−3) W

0–0.15 40.5 46.3 13.2 1.48 1
0.15–0.30  41.0 45.4 13.6 1.47 1
0.30–0.60  41.4 45.8 14.3 1.45 1
0.60–0.90  40.2 44.9 14.9 1.44 1
0.90–1.20  39.3 44.3 16.4 1.42 2
1.20–1.50 44.5 45.8 9.7 1.55 1
1.50–1.80  45.2 43.0 11.8 1.52 1

a BD and WHC  denote bulk density and water holding capacity, respectively.
ce evapo-transpiration (ETref Penman-Montieth, mm)  for the experimental period

SYI = (−1/ȳ − �n−1)Ym−1; where (−1/ȳ) is mean yield, �n−1 the
standard deviation, and Ym the maximum yield obtained under a
set of management practices. Since the sustainable management
practices imply more than maintaining yields, partial factor pro-
ductivity (PFP) that provide useful information on the efficiency
of the inputs used was also computed. The PFP of applied fertil-
izer is the ratio of the grain yield to applied fertilizer (Dawe and
Dobermann, 1999) i.e. PFP = YFn

−1; where Y is the grain yield and
Fn is the amount of fertilizer (NP) applied, both expressed in the
same units. In long-term fertilizer experiments, the grain yield of
a fertilized plot at a given time represents the sum of the yield
without fertilizer input (Y0) plus the incremental increase in yield
that results from fertilizer application (�Y): Y = Y0 + �Y, where Y
is the grain yield of a fertilized plot, Y0 the grain yield in unferti-
lized (control) plots, and �Y  the yield increment due to fertilizer.
By substituting Y in above equation from the equation (Y = Y + �Y);
PFP = {Y0 + �Y}Fn

−1 or PFP = {Y0 Fn
−1} + {�YFn

−1}. Since the exper-
iment did not include the treatment without fertilizer input, the
grain yield for zero fertilizer input was back calculated from the sec-
ond degree polynomials fitted to the data. PFP is a useful measure
of nutrient-use efficiency providing an integrative index that quan-
tifies total economic output relative to the utilization of indigenous
and applied nutrients. However, farmers are concerned mostly with
overall returns. Therefore, the produce (grain/fodder/fruit) under
different cropping systems was  converted into paddy-wheat equiv-
alent yields (PWEY) on the economic value basis. PEY = [(Yk × Pk/Pp)
and WEY  = (Yr × Pr/Pw)] where Yk and Yr refer to the yield of kharif
(summer) and rabi (winter) season crops, respectively while Pk,  Pr,
Pp and Pw refer to unit price of produce from kharif (summer), rabi
(winter), paddy and wheat crop, respectively. The market value of
produce (per 100 kg) of different crops used for computations was:
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

INR 1056 and 1174 for grains of paddy and wheat; INR 137 and 158
for green fodder of sorghum and Egyptian clover; INR 1178, 906,
689, 607, 327 and 277 for okra, ridge gourd, bottle gourd, sponge
gourd, cabbage and cauliflower; INR 630 and 190 for poplar timber

HCa(%) pHs ECe(dSm−1) Avail-N (kg ha−1) Org-C(%)

9.17 8.27 1.28 167 0.43
9.43 8.34 1.09 148 0.34
9.58 8.41 1.13 114 0.24
8.92 8.68 1.21 98 0.18
0.12 9.12 0.63 74 0.18
6.38 9.23 0.58 63 0.12
7.94 9.37 0.61 47 0.14

dx.doi.org/10.1016/j.agwat.2015.03.012
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nd twigs for fuel, respectively. The PEY and WEY  for each system
ere added to determine total system productivity (TSP). For agro-

orestry system, the financial value of timber and other economic
arts at final harvest was also considered for computing TSP.

.4. Produce quality indices

At the crop harvest, samples were drawn from the edible parts
f the produce of crops i.e. bolls of cabbage, curd of cauliflower,
ruits of okra and gourds, grains of paddy and wheat, plants of Egyp-
ian clover and sorghum. These were analyzed for total bacterial
ounts, Faecal coliform and fungi. The determinations for coliform
ere initiated within 2 h of collection. The plate counts for aero-

ic bacteria were analyzed using standard nutrient agar medium
hile fungi were monitored by Martin rose Bengal medium as
escribed by Subba-Rao (1986). Total and Faecal coliforms were
ested using 10-fold serial dilution by multiple tube fermentation
rocedure using lauryl tryptose broth, brilliant green lactose bile
roth (BGLB) and EC medium tubes. The density of total and faecal
oliform was reported as most probable number (MPN 100 g−1).

ompactness was computed by recording the volume of water
isplaced by known fresh weight of the produce and expressed
s g cm−3. Physiological loss of weight (PLW) was calculated by
ubtracting the final weight of the vegetables (Wf) from that mon-
tored at regular intervals (Wt1..n) and dividing by the initial fresh

eight at harvest (Wi) as: PLW (%) = [(Wt1..n − Wf)/Wi] × 100. Simi-
arly, decay loss (%) of fresh weight was recorded by discarding the
ecaying part every day for 5 days. Sub-samples were also drawn
rom fresh biomass and dried to a constant weight (60 ◦C) for deter-

ining dry matter (DM). Dried samples were finely ground and a
nown amount (0.5 g) of different plant parts was digested in nitric
cid and subjected to metal (Fe, Mn,  Zn, Cu, Cd, Cr, Ni and Pb) ion
eterminations using atomic absorption spectrophotometer. Simi-

arly, dried and finely ground economic parts of each crop (grain in
ice and wheat, above ground part of sorghum and Egyptian clover,
abbage boll, curd of cauliflower, fruits of okra and gourds) were
igested in H2SO4 and subjected to nitrogen analysis using nitro-
en analyser. Nitrogen content was converted into crude protein
y multiplying it by 6.25 and expressing it on fresh weight basis.

. Results

.1. Crop yields

.1.1. Food grain production system (FGPS)
The grain yields of wheat and paddy over the 8 years are given

n Table 2. On the whole, the yields of wheat were considerably
mproved both with SW and NP doses. The average yield obtained

ith SW and GW was 4.9 and 4.0 Mg  ha−1, respectively. Both with
W and SW,  the maximum yield was obtained with recommended
ose of N and P. The increment in grain production decreased with
P levels but the yields obtained with SW and 50% NP were almost
qual to GW and 100% NP. Similarly the yields of paddy were almost
ustained with SW and averaged 6.0 Mg  ha−1 as compared with
.9 Mg ha−1 for GW.  Initially wheat and paddy responded to graded

evels of NP fertiliser applied in conjunction with SW but from 4th
ear onwards, the NP levels above 50% showed little advantage.
he highest yields of 6.9 and 5.8 Mg  ha−1 were recorded during 3rd
ear with SW and GW,  respectively and thereafter, these declined
specially when irrigated with GW.  The rate of annual decline with
W equalled −0.22, −0.14, −0.14 and −0.08 Mg  ha−1 when the NP
Please cite this article in press as: Minhas, P.S., et al., Lo
rates: I. Performance, sustainability and produce quality of pe
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pplied was 25, 50, 75 and 100% of the recommended whereas
he figures ranged between −0.01 to −0.05 Mg  ha−1 with SW.  The
ate of decline was higher in yields of wheat that ranged between
0.28 to −0.34 and −0.07 to −0.12 Mg  ha−1 under GW and SW,
Fig. 2. Growth and yield of Poplar under agroforestry system (GW and SW denote
irrigation with groundwater and sewage water).

respectively. The interactive effects of water quality and fertilizer
levels were non-significant except during later years (5th and 6th
year) when the crop response to added NP was higher with GW
than SW.

3.1.2. Agro-forestry system (AFS)
Due to competition for radiation, nutrients and water, the yields

of wheat and paddy were lower under agro-forestry in compar-
ison with sole crops. Moreover, the planted area under annual
crops in agro-forestry system was 82% of the sole crops. The
overall grain yields of wheat and paddy under the agro-forestry
system averaged 61 and 33% of those under sole crops (Table 3).
The drop in production increased with age of Poplar trees and
became severe after 3 years when the yields of paddy and wheat
ranged between 1.1–1.4 and 1.7–2.4 Mg  ha−1, respectively. Even
the increased doses of fertilizer NP did not show benefit though
about 12% higher yields were obtained with SW when compared
with GW.  The progressive reduction in paddy and wheat yields with
advancement in poplar age was  mainly ascribed to the increased
canopy and root competition for light, moisture and nutrients. The
yield trends showed higher decline rates in both paddy and wheat
under agroforestry than their sole crops. These averaged −0.577
and −0.695 Mg  ha−1 yr−1 in paddy with GW and SW whereas the
counter figures for wheat were −0.394 and −0.454 Mg  ha−1 yr−1,
respectively indicating a higher impact of Poplar trees on paddy.
Latter was  obviously due to deciduous nature of Poplar trees those
shed their leaves during winter and the new leaves emerged during
late February-early March. By that time wheat was in the repro-
ductive stage and heading towards the completion of growth cycle.
Therefore, wheat could escape the shade effects though the litter
fall at its sowing did interfere with seedling emergence and their
initial growth. The growth and biomass production by Poplar trees
was almost similar with GW and SW (Fig. 2) and even the differen-
tial fertilization (NP) to the understory paddy and wheat crops did
not show any effect.

3.1.3. Fodder production system (FPS)
Egyptian clover being a leguminous crop, basal dose of

20 kg N ha−1 and two levels of P viz. 50 and 100% of the recom-
mended dose (31 kg P ha−1), were applied during 2nd and 3rd year.
Fodder yield increased with P application but the overall response
became non-significant from 4th year onwards though the fodder
yields improved with SW (Table 5). The average yields obtained
with GW and even 100% NP did not match those obtained with
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

SW (Table 5). During 2003–2004 onwards, its yield obtained with
75% NP with GW was  at par with that obtained with SW and 25%
NP indicating 50% saving of NP with SW.  The interaction effects of
water quality and fertilizers were non-significant.

dx.doi.org/10.1016/j.agwat.2015.03.012
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Table  2
Grain yield (Mg  ha−1) of paddy and wheat as affected by sewage irrigation and NP fertilisers under food grain production system (FGPS), their trend values (ˇ) and sustainability
yield  index (SYI).

Fertiliser (% NP) Paddy during the year Wheat during year

2 3 4 5 6 7 Mean � SYI 2 3 4 5 6 7 8 Mean � SYI

Groundwater irrigation (GW)
25 3.9 5.1 5.0 3.4 3.8 3.4 4.1 −0.22 0.65 4.0 4.0 3.2 2.4 2.8 2.2 2.2 3.0 −0.28 0.55
50  4.1 5.6 5.5 4.2 4.4 4.2 4.7 −0.14 0.71 4.9 4.7 3.8 3.0 3.7 2.8 3.1 3.7 −0.24 0.59
75  4.9 5.8 6.2 4.6 5.1 4.7 5.2 −0.14 0.79 5.3 5.2 4.1 3.9 4.1 3.7 3.9 4.3 −0.33 0.69
100  5.9 6.1 6.5 4.9 5.7 5.2 5.7 −0.08 0.84 5.8 5.5 4.5 4.7 4.5 4.5 4.7 4.9 −0.34 0.75

Mean 4.7 5.7 5.8 4.3 4.7 4.4 4.9 −0.14 0.75 5.0 4.8 3.9 3.5 3.8 3.3 3.5 4.0 −0.30 0.66

Sewage irrigation (SW)
25 4.8 6.0 6.1 4.8 5.6 5.5 5.5 −0.03 0.81 4.7 4.7 4.1 4.1 3.9 4.1 3.9 4.2 −0.14 0.82
50  5.3 6.1 7.0 5.3 5.9 5.9 5.9 −0.02 0.87 5.2 5.4 4.6 4.5 4.6 4.8 4.8 4.8 −0.09 0.86
75  5.7 6.2 7.2 5.7 6.2 6.4 6.2 −0.05 0.92 5.6 5.7 4.8 4.7 4.6 5.2 5.3 5.1 −0.07 0.84
100  6.1 6.7 7.3 5.8 6.4 6.2 6.4 −0.01 0.88 6.0 5.9 5.1 5.1 4.8 5.3 5.4 5.4 −0.14 0.82

Mean 5.5 6.3 6.9 5.4 6.1 6.0 6.0 −0.03 0.87 5.4 5.4 4.6 4.6 4.5 4.8 4.8 4.9 −0.10 0.84
LSD(p = 0.05)
WQ  0.4 0.1 0.7 1.5 0.7 0.4 0.3 0.7 0.5 0.4 0.4 0.7 0.5
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Fert.  0.6 0.4 0.4 0.6 0.4 0.6 

WQxFert NS NS NS 0.7 0.6 NS 

.1.4. Vegetables production system (VPS)
Vegetable crops showed similar trends in response to SW and

he fertilizer NP as were noticed in paddy–wheat but the over-
ll improvements in productivity were higher. The improvement
n the yields with SW was about 28% both in winter and sum-

er  vegetables (Table 4). The vegetable crops also responded to
ncreased doses of fertilizer NP though to a lesser extent when
rrigated with SW.  The successive increments in the production of
ummer vegetables irrigated with GW were 3.0, 1.5 and 1.8 Mg  ha−1

ith addition of 50, 75 and 100% NP while the counter figures were
.7, 0.9 and 0.6 Mg  ha−1 with SW,  respectively. Similarly in case
f winter vegetables, the increments in yields with GW were 5.8,
.6 and 4.3 Mg  ha−1 with 50, 75 and 100% NP while the counter
gures with SW were 4.2, 1.1 and 1.4 Mg  ha−1, respectively. The
egetable production obtained with SW and 50% NP was  even more
han that obtained with GW and 100% NP. The interaction between
ater quality and fertilizer levels was non-significant for all the

egetables and years.
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.2. Yield sustainability and response functions

The sustainable yield index (SYI) is a quantitative measure of
ustainability that helps to establish minimum guaranteed yield

able 3
rain yield (Mg  ha−1) of paddy and wheat as affected by sewage irrigation and NP fertiliz

ndex [SYI].

Fertiliser (% NP) Paddy during year 

2 3 4 5 6 7 Mean  ̌ SYI

Groundwater irrigation (GW)
25 3.1 2.5 1.1 0.8 0.9 0.9 1.5 −0.66 0.17
50  3.7 3.0 1.3 0.9 1.1 1.1 1.9 −0.64 0.18
75  4.2 3.2 1.6 0.9 1.2 1.1 2.0 −0.55 0.16
100  4.5 3.2 1.8 1.0 1.3 1.2 2.2 −0.46 0.17

Mean 3.9 3.0 1.4 0.9 1.1 1.1 1.9 −0.58 0.17

Sewage irrigation (SW)
25 4.1 3.2 1.4 1.0 1.2 1.2 2.0 −0.60 0.17
50  4.5 3.8 1.6 1.3 1.4 1.3 2.3 −0.67 0.19
75  4.9 3.4 2.4 1.3 1.4 1.6 2.5 −0.68 0.22
100  5.3 4.2 2.5 1.3 1.5 1.4 2.7 −0.83 0.19

Mean 4.7 3.6 1.9 1.2 1.4 1.3 2.4 −0.70 0.19
LSD(p = 0.05)
WQ  0.4 0.5 0.5 0.2 0.2 0.1 

Fert. 0.5 0.4 0.7 0.2 0.2 0.3 

WQxFert NS NS NS NS NS NS 
0.6 0.6 0.4 0.4 0.3 0.4 0.6
NS 0.6 0.4 0.6 NS NS NS

that can be obtained relative to the maximum observed yield. The
SYI differed considerably between the cropping systems, water
quality and with fertilizer rates (Tables 2–5). Amongst the crops,
the highest SYI was  recorded in Egyptian clover (0.90) with SW
while it was lowest for paddy (0.17) with GW in AFS. As of variable
vegetables grown during summer i.e. okra-ridge gourd-smooth
gourd-bottle gourd each for two years, their SYI could not be com-
puted. Nevertheless, SYI for winter vegetables was quit high (0.78).
On the whole, the SYI improved with SW;  figures being 0.86, 0.33
and 0.75 under FGPS, AFS and FPS against 0.71, 0.31 and 0.72
under respective production systems with GW.  SYI also improved
consistently with application of NP with GW whereas with SW,
improvements occurred only with increasing fertilizer from 25 to
50% NP with SW and thereafter SYI was almost at par.

The second degree polynomials were fitted for developing pro-
duction functions of different crops with applied NP (Fig. 3). The
partial factor productivity (PFP) computed using zero fertilizer
yields differed markedly amongst the cropping systems and also
crops within the cropping systems (Table 6). Specifically the FPS
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

and VPS showed very high PFP. The values averaged 16.5, 8.1, 152
and 197 kg kg−1 NP with GW in summer crops of FGPS, AFS, FPS and
VPS, respectively while the counter figures were 19.4, 14.1, 159 and
102 kg kg−1 NP for the winter season crops. However, the PFP was

ers under agroforestry system (AFS), their trend values (ˇ) and sustainability yield

Wheat during year

 2 3 4 5 6 7 8 Mean � SYI

 3.6 3.1 2.5 1.6 1.7 1.8 1.7 2.3 −0.33 0.41
 4.1 4.1 2.9 2.1 1.9 2.3 2.2 2.8 −0.37 0.46
 4.5 4.5 3.2 2.5 2.3 2.5 2.3 3.1 −0.41 0.47
 4.9 4.6 3.2 2.8 2.5 2.4 2.3 3.3 −0.46 0.44
 4.3 4.1 2.9 2.3 2.1 2.2 2.1 2.9 −0.39 0.45

 4.3 4.1 3.2 1.8 1.9 2.2 2.0 2.8 −0.44 0.39
 4.6 4.5 3.5 2.4 2.5 2.5 2.3 3.2 −0.42 0.47
 4.8 4.8 3.4 2.9 2.8 2.5 2.4 3.4 −0.44 0.49
 5.1 5.1 4.2 3.1 2.9 2.5 2.4 3.6 −0.52 0.48
 4.7 4.6 3.6 2.5 2.5 2.4 2.3 3.2 −0.45 0.46

0.9 0.3 0.5 0.4 0.2 0.4 0.3
0.5 0.2 0.7 0.3 0.2 0.3 0.4
NS NS NS NS NS NS NS
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Table 4
Fresh yield (Mg  ha−1) of vegetables as affected by sewage irrigation and NP fertilizers under vegetable production system (VPS).

Fertiliser (% NP) Summer vegetables (Okra/Gourds) during the year Winter vegetables (Cabbage/Cauliflower) during the year

2 3 4 5 6 7 Mean 2 3 4 5 6 7 8 Mean

Groundwater irrigation (GW)
25 11.9 8.2 6.0 7.1 17.3 15.5 11.0 17.4 15.5 20.1 19.3 19.1 20.0 22.5 19.1
50  13.8 8.5 7.1 8.5 24.2 22.0 14.0 28.9 24.0 21.0 24.1 22.8 25.2 28.4 24.9
75  15.0 8.8 7.9 9.8 27.0 24.7 15.5 23.8 21.0 23.2 26.3 27.5 28.6 32.6 26.1
100  20.6 9.7 8.8 10.3 27.8 26.3 17.3 35.0 30.5 23.4 28.0 30.0 31.4 34.8 30.4

Mean  15.3 8.8 7.4 8.9 24.1 22.1 14.4 26.2 22.8 21.9 24.4 24.9 26.3 29.6 25.1

Sewage irrigation (SW)
25 16.5 8.8 8.1 10.1 29.0 26.5 16.5 26.3 22.0 25.0 26.0 29.2 30.2 34.9 27.7
50  18.9 9.1 9.4 11.0 31.9 29.0 18.2 35.3 32.5 25.2 29.7 30.2 34.5 36.1 31.9
75  21.3 9.4 11.1 11.9 31.3 29.9 19.1 30.3 36.8 28.2 31.1 34.6 33.2 36.7 33.0
100  23.8 10.8 11.3 11.8 31.0 29.5 19.7 38.2 37.3 28.9 31.6 34.0 34.3 37.5 34.5

Mean  20.1 9.5 10.0 11.2 30.8 28.7 18.4 32.5 32.1 26.8 29.6 32.0 33.1 36.3 31.8
LSD(p = 0.05)
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WQ  2.3 2.2 1.2 1.4 6.6 5.2 

Fert.  2.1 1.3 1.2 1.6 3.0 2.8 

WQxFert. NS NS NS NS NS NS 

onsiderably reduced with SW.  The PFP of summer crops under FPS
nd VPS were 101 and 75 37 kg kg−1 NP, respectively and 91 and
7 kg kg−1 NP for winter crops. A decline in PFP was also noticed
ith increments in fertilizer NP particularly with GW.  Considering

he yields of crops obtained with 100% NP with GW as reference,
he computations show that these yields could be attained with
6 and 50% fertilizer NP in paddy and wheat as sole crop; 18 and
0% NP in paddy and wheat under agroforestry; with 0 and 63%
P in fodder crops of Egyptian clover and sorghum and 22% NP

n both bottle gourd and cabbage. Thus on an average, three-fifth,
ne-fourth, two-third and four-fifth saving in NP could be achieved
ith continuous SW compared with GW in FGPS, AFS, FPS and VPS,

espectively.
The paddy–wheat equivalent yield (PWEY), calculated consider-

ng the financial value of produce from paddy and wheat as unity,
lso differed distinctly for various cropping systems. The highest
WEY (21.6) was recorded for VPS with SW and 100% NP while the
verage values with GW and SW were 15.5 and 19.9, respectively.
hough, the productivity of paddy and wheat was quite low under
FS, the PWEY averaged 5.3 times when the price of Poplar trees
Please cite this article in press as: Minhas, P.S., et al., Lo
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as added. Even the PWEY was about 1.7 times under FPS. Consid-
rable improvements in PWEY were monitored with NP fertilizers
specially in VPS where these increased from 12.0 to 19.0 under
W and from 17.5 to 21.6 under SW.

able 5
odder yield (Mg  ha−1) of sorghum and Egyptian clover as affected by sewage irrigation a
heir  sustainability yield index (SYI).

Fertiliser (% N P) Sorghum fodder during the year 

2 3 4 5 6 7 8  ̌

Groundwater irrigation (GW)
25 29.6 30.9 51.4 48.5 52.5 44.1 42.8 -1.81
50  33.2 36.3 60.5 56.3 61.0 52.0 49.9 -2.07
75  37.8 39.8 66.8 59.6 64.7 57.0 54.3 -2.40
100  40.5 43.9 73.3 64.6 65.9 64.2 58.7 -2.59
Mean  35.3 37.7 63.0 57.3 61.0 54.3 51.4 -2.22

Sewage  irrigation (SW)
25  34.0 36.4 62.4 55.9 66.2 56.1 51.8 -0.85
50  40.0 39.0 67.8 60.0 69.7 60.8 56.2 -1.14
75  37.3 40.9 76.3 66.0 73.0 69.6 60.5 -1.30
100  43.3 45.8 81.0 70.3 73.4 71.3 64.2 -2.59
Mean  38.6 40.5 71.9 63.1 70.6 64.4 58.2 -1.47

LSD  (p = 0.05)
WQ  3.2 3.7 5.2 9.7 11.2 2.9 

Fert.  4.0 4.5 6.5 5.7 3.4 7.6 

WQxFet. NS NS NS NS NS NS 
3.4 1.2 5.2 5.0 6.5 9.3 3.1
3.4 1.0 6.5 5.9 4.2 6.4 5.0
NS NS NS NS NS NS NS

3.3. Produce and soil quality

Pathogens present in wastewaters usually adhere to the sur-
face or penetrate in the produce and even multiply depending
on prevailing conditions. Aerobic plate counts and the number
of coliform bacteria for marketable parts of crops and vegetables
raised on sewage irrigated soils are given in Table 7. The aer-
obic bacterial plate counts were highest in vegetables followed
by fodders and grain crops. Similarly, the vegetables especially
gourds coming in direct contact with sewage had the maxi-
mum coliform contamination (7 × 105 MPN  100 g−1) followed by
Egyptian clover (3.5 × 105 MPN  100 g−1) and it was least in grain
of food crops (<2 × 102 MPN  100 g−1). Wastewater irrigation also
affected the keeping quality though other physiological param-
eters like compactness; weight loss etc. remained unaffected
(Table 8).

Nevertheless, marked improvements in the produce quality
were monitored with SW in terms of protein and micronutrient
contents (Table 9). The protein content in grains of wheat irrigated
with GW averaged 10.5 and 9.9% under FGP and AFP system while
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

it was 8.4 and 8.5% in paddy grains, respectively. The contents
increased to 11.5 and 10.8% in wheat and 8.9 and 9.0% in paddy
irrigated with SW (Table 9). Since the protein content is being
given on fresh weight basis of edible parts, its values seems to

nd NP fertilizers under fodder production system (FPS), their trend values (ˇ) and

Egyptian clover during the year

SYI 4 5 6 7 8 Mean  ̌ SYI

 0.64 69.5 59.7 63.0 59.6 59.5 65.6 -2.01 0.81
 0.62 71.3 63.7 66.5 60.8 63.1 68.9 -1.93 0.81
 0.63 72.3 66.9 71.7 62.7 64.9 70.3 -1.88 0.84

 0.62 74.0 66.8 75.4 61.1 67.2 72.8 -1.93 0.78
 0.63 71.8 64.3 69.1 61.0 63.7 69.4 -1.94 0.81

 0.61 75.5 73.6 78.5 70.4 70.7 74.6 -1.28 0.94
 0.63 74.0 76.5 86.0 72.0 69.1 78.0 -1.43 0.85

 0.57 76.3 74.3 84.0 75.0 72.4 77.4 -0.70 0.96
 0.60 84.0 77.3 88.5 75.8 71.9 82.3 -2.58 0.84
 0.60 77.4 75.4 84.2 73.3 71.0 78.1 -1.50 0.90

5.2 9.2 7.2 3.2 8.5
6.5 NS 4.8 3.5 6.9
NS NS NS NS NS

dx.doi.org/10.1016/j.agwat.2015.03.012
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Fig. 3. Average response of crops (Mg  ha−1; 2000–2008) to fertilizer NP rates.

b
1
a
t
i

e low and these ranged between 2.59 and 2.80, 1.68 and 1.85,
Please cite this article in press as: Minhas, P.S., et al., Lo
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.70 and 1.87, 0.74 and 0.85% in Egyptian clover, sorghum, winter
nd summer vegetables, respectively but the contents were rela-
ively higher with SW.  Crude protein in wheat and paddy grains also
mproved with fertilizer doses and was the maximum with 100%
recommended doses of NP under SW while it was not affected in
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

fodder and vegetable crops. The contents of Zn, Cu, Fe and Mn  also
improved with sewage irrigation (Table 10). But being domestic
sewage, the contents of toxic metals like Cd, Pb, Ni, Cr were very
low and also remained below traceable levels in the produce.
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Table 6
Partial factor productivity (PFP, kg kg−1 NP) and paddy-wheat equivalent yields (PWEY) for different cropping sequences and nutrient rates.

Fertilizer (% NP) PFP (kg kg−1 fertilizer) PWEY

Summer crop Winter crop GW SW

GW SW GW SW

Food grain production system (FGPS)
Paddy Wheat

25  19.2 16.2 22.6 18.3 0.7 0.9
50  16.2 13.3 19.4 15.6 0.8 1.0
75 16.7 12.7 19.4 14.2 0.9 1.1
100  13.8 9.4 16.2 10.8 1.0 1.1
Mean  16.5 12.9 19.4 14.7 0.8 1.0

Agroforestry system (AFS)
Paddy Wheat

25  9.9 9.3 18.1 11.5 5.2 5.4
50  8.5 8.0 14.8 10.3 5.2 5.5
75  7.8 7.7 13.7 9.3 5.3 5.5
100  6.0 6.2 9.9 7.6 5.3 5.5
Mean  8.1 7.8 14.1 9.7 5.2 5.5

Fodder production system (FPS)
Sorghum Clover

25  170 107 223 119 1.4 1.6
50  164 102 172 89 1.5 1.7
75  141 100 143 89 1.6 1.8
100  131 95 98 66 1.7 1.9
Mean  152 101 159 91 1.6 1.8

Vegetable production system (VPS)
Gourd Cabbage

25  253 105 121 45 12.0 17.5
50  222 90 109 47 15.3 19.8

4

o

T
M

T
P

A

75  174 62 

100  139 44 

Mean  197 75 
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. Discussion

Wastewater irrigation by the small holders of peri-urban areas
f developing countries is increasing with their volumes, but the

able 7
ean values of micro flora on marketable produce of sewage irrigated crops.

Cropping system Crop Bacteria (cfu g−1) 

Food grain
Wheat 5 × 105

Paddy 7 × 105

Fodder
Egyptian clover 3 × 107

Sorghum 2 × 107

Vegetables
Cauliflower 7 × 107

Cabbage 4.2 × 108

Okra  5.8 × 106

Ridge-gourd 3 × 107

able 8
hysiological parameters for crop quality as affected by sewage irrigation.

Crops Compactness (g cm−3) ADP

SW GW SW 

Cabbage 0.98 0.89 9.9
Cauliflower 1.08 1.12 9.4
Okra  0.84 0.88 6.3
Ridge  gourd 0.93 0.91 9.9
Bottle  gourd 1.18 1.07 7.8
Spinach 1.23 1.28 14.3
Sorghum – – 12.7
Clover – – 15.6
Mean  1.04 1.03 10.7

DPWL: Average daily physiological weight loss for 10 days; ADDL: Average daily decay 
95 29 16.5 20.7
82 26 19.0 21.6

102 37 15.7 19.9
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

assessment of the livelihood benefits and the losses continue to be
complex. Ideally sustainable irrigation with wastewaters, in addi-
tion to their effluent quality, requires information on a number of
parameters like crop types, soil quality and climatic considerations.

Faecal Coliforms (MPN 100 g−1) Fungi (cfu g−1)

<2 × 102 Nil
<2 × 102 Nil

3.5 × 105 3 × 105

7 × 102 2 × 103

3 × 104 2.4 × 104

3.2 × 103 Nil
<2 × 102 3.8 × 105

7 × 105 3.7 × 107

WL (%) ADDL (%)

GW SW GW

2 10.38 7.46 6.88
8 8.84 9.18 8.56
7 7.12 5.69 5.28
5 10.14 9.72 9.41
2 8.17 8.98 8.12
5 13.28 16.38 15.06
9 11.91 14.24 12.32
4 14.88 19.12 16.21
9 10.59 11.35 10.23

loss (%) of fresh weight for 5 days.

dx.doi.org/10.1016/j.agwat.2015.03.012
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Table  9
Protein content (%) of economic parts of crops as affected by sewage irrigation and nutrient rates.

Fertilizer (% NP) Food Grains Agro-forestry Fodder Vegetables

Wheat grain Rice grain Wheat grain Rice grain Clover (Plant) Sorghum (Plant) Cabbage/Cauliflower Okra/Gourd

Groundwater (GW)
25 9.97 8.11 9.60 8.14 2.59 1.70 1.80 0.74
50  10.45 8.22 9.79 8.35 2.62 1.68 1.79 0.76
75  10.69 8.62 10.01 8.68 2.60 1.70 1.76 0.77
100  10.84 8.75 10.18 8.78 2.59 1.73 1.70 0.79

Mean 10.49 8.43 9.90 8.49 2.60 1.70 1.76 0.77

Sewage water (SW)
25 11.14 8.79 10.69 8.89 2.75 1.78 1.75 0.82
50  11.27 8.74 10.77 8.98 2.74 1.81 1.78 0.84
75  11.68 9.02 10.83 8.98 2.73 1.84 1.84 0.84
100  11.74 9.11 10.91 9.08 2.80 1.85 1.87 0.85

Mean 11.46 8.92 10.80 8.98 2.76 1.82 1.81 0.84

LSD  (p = 0.05)
WQ 0.33 0.22 0.20 0.16 0.08 0.03 NS 0.04
Fert.  0.35 0.13 0.28 0.11 NS NS NS NS
WQxFert. NS 0.18 NS 0.15 NS NS 0.13 NS

Table 10
Metal contents (mg  kg−1on dry wt. basis) in crops grown with sewage (SW) and groundwater (GW).

Cropping system Crop Part Zn Cu Fe Mn

SW GW SW GW SW GW SW GW

Food grain Wheat Grain 37 ± 5 29 ± 5 19 ± 3 17 ± 4 176 ± 20 134 ± 16 68 ± 10 62 ± 8
Straw 46 ± 8 39 ± 6 14 ± 3 10 ± 2 123 ± 16 130 ± 14 56 ± 7 47 ± 5

Paddy Grain 31 ± 4 27 ± 5 22 ± 5 19 ± 3 142 ± 15 134 ± 11 76 ± 8 89 ± 11
Straw 46 ± 7 43 ± 6 18 ± 5 12 ± 4 102 ± 10 89 ± 10 144 ± 20 121 ± 15

Agroforestry Wheat Grain 31 ± 6 34 ± 7 20 ± 5 16 ± 3 193 ± 21 154 ± 13 58 ± 9 55 ± 5
Straw 51 ± 7 43 ± 5 12 ± 3 12 ± 2 138 ± 16 120 ± 25 52 ± 10 49 ± 6

Paddy Grain 37 ± 6 32 ± 4 18 ± 5 19 ± 3 135 ± 15 121 ± 10 80 ± 10 86 ± 12
Straw 41 ± 8 33 ± 7 20 ± 5 15 ± 3 122 ± 10 111 ± 11 128 ± 15 125 ± 15

Fodder  Clover Plant 38 ± 6 37 ± 8 9 ± 3 8 ± 2 590 ± 66 603 ± 50 27 ± 5 22 ± 3
Sorghum -do- 29 ± 4 26 ± 4 7 ± 2 7 ± 2 96 ± 15 84 ± 9 38 ± 5 33 ± 6

Vegetable Cabbage Boll 62 ± 8 53 ± 6 19 ± 5 15 ± 3 286 ± 52 234 ± 40 36 ± 6 26 ± 3
11 
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Cauliflower Curd 53 ± 10 46 ± 6 

Okra Fruit 34 ± 5 28 ± 5 

Gourds -do- 37 ± 7 28 ± 6 

owever, little information is available on these aspects due to
eneral lack of systematic and long term experimental data. The
orldwide inferences are usually based on surveys on wastewater-

elated activities which indicate that these waters, because of ready
vailability, are used for all types of cereal, vegetable and fodder
rops, fruit orchards and floriculture (Minhas and Samra, 2004;
cott et al., 2004; Raschid-Sally and Jayakody, 2008; Murtaza et al.,
010; Qadir et al., 2010). Vegetable crops are by far the com-
onest, because these provide quick and high economic returns

o peri-urban farmers. The long-term crop yields obtained in terms
f the paddy-wheat equivalent yields (PWEY) under this exper-
ment were also the maximum in VPS (19.9*PWEY) followed by
he AFS(5.5*PWEY) and even the performance of FPS was bet-
er (1.8*PWEY) than the most prevalent FGPS in the area. Sewage
nhances production of vegetables because of abundance of organic
atter and nutrients. Leafy vegetables like cauliflower, cabbage,

pinach, etc. show luxurious growth when irrigated with sewage
ater (Murtaza et al., 2010), therefore are preferred in peri-urban

griculture. A yield advantage of 20–25% in vegetable yields from
astewater irrigation at farmers’ fields in Karnataka, India was

ecorded by Bradford et al. (2003). In another case study on waste-
ater use along Musi river of Hyderabad, cultivation of fodder and

egetables was more remunerative than the other crops and dairy
ainly because of their shorter self-life and proximity to the market
Please cite this article in press as: Minhas, P.S., et al., Lo
rates: I. Performance, sustainability and produce quality of pe
http://dx.doi.org/10.1016/j.agwat.2015.03.012

Keremane, 2009). Market demand of the area also plays a key role
n shaping the choice of crops e.g. with the influence of high indus-
ry, high labour costs and unavailability of labour caused a shift in
ropping from paddy to fodder production (Mahesh et al., 2015)
± 4 9 ± 2 228 ± 25 210 ± 18 25 ± 4 24 ± 5
± 4 13 ± 3 216 ± 22 194 ± 17 48 ± 9 33 ± 7
± 3 10 ± 3 88 ± 15 73 ± 11 22 ± 6 19 ± 4

Another well-established advantage of wastewater is their
nutrient content and recycling of organic matter. The nutrients
of major concern in recycled water are nitrogen and phosphorus.
The nutrients contained in SW boosted the growth of plants and
resulted in improvement in the crop productivity by 22, 14, 18, and
28% in FGPS, AFS, FPS and VPS, respectively. While the trends in pro-
ductivity were negative even with optimal levels of NP with GW,
the sustainability yield index (SYI) was  better with SW irrigation.
The overall improvements in yields of crops irrigated with sewage
waters have been reported earlier (Chakrabharti, 1995; Minhas
and Samra, 2004; Drechel et al., 2010). However, in a long term
(25–30 years) field study from Pakistan, Simmons et al. (2010)
reported no effect of wastewater irrigation on wheat yields because
of elevated soil electrical conductivity. Plants irrigated with SW
may also suffer due to nutrient imbalances, especially with induce-
ment of succulence with excessive nitrogen supplies and thereby,
these becoming prone to damage by lodging with wind throw
and pathogens (Minhas and Samra, 2004). But such damage was
not apparent during this long term experiment except that lodg-
ing of wheat did occur during second year of cropping. Almost all
the crops also showed considerable response to the applied NP.
The partial factor productivity (PFP) averaged 15.6, 11.1, 155.5 and
149.5 kg kg−1 NP with GW in FGPS, AFS, FPS and VPS, respectively.
But with enrichment of soils with nutrients, PFP with SW irrigation
ng term impact of waste water irrigation and nutrient
ri urban cropping systems. Agric. Water Manage. (2015),

was reduced to 13.8, 8.8, 96.0 and 56.0 kg kg−1 NP, respectively.
The production functions developed with long term data indicate
saving in NP fertilizer with SW to the extent of 80, 75, 66 and
20% of those recommended for GW irrigated soils in case of VPS,

dx.doi.org/10.1016/j.agwat.2015.03.012
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PS, FPS and AGF, respectively. Gog-Raj et al. (2006) has earlier
eported the response to N vis-a-vis saving in nitrogen to depend
pon the accumulated organic carbon contents in soils as a result
f sewage irrigation. However, to be on safer side, farmers often go
n for fertilisers as recommended for normal water irrigated soils.
his demands for proper guidelines and awareness of the growers
egarding the adjustment of inorganic fertilisers considering the
omposition of wastewater used for irrigation.

It is also generally feared that the excessive concentrations of
utrients especially the nitrogen and some of the toxic elements

ower the quality of produce with sewage irrigation (Jimenez, 2006;
adir et al., 2007; Minhas and Lal, 2010). However, the changes

n quality of the produce with SW remained non-significant;
ather there were improvement in the contents of protein and the
icronutrients as well. Since the sewage water was of domestic

rigin the toxic elements were also not traceable in produce. Nev-
rtheless, the pathogenic contamination was recorded in produce
oming in direct contact e.g. gourds, fodders. But the pathogens
eing exo-genic, the adaption of low cost farm based options for
heir reductions can be quite effective in lowering their levels
ithin the permissible limits (Minhas et al., 2006; Keraita et al.,

007). Moreover, measures like regulating crops e.g. avoiding crops
here edible portion is eaten raw, and shift to drip irrigation system
ave been recommended to minimize pathogenic effects (WHO,
006; Levy et al., 2011).

. Conclusions

Wastewater irrigation is now widespread and growing fur-
her in developing countries but carries varying degree of risks.
he 8-year performance of various cropping sequences corrobo-
ates that due to near ness to the markets, peri-urban farmers risk
or the perishable but high value vegetable production e.g. PWEY
veraged 19.9. The other option can be the agro-forestry systems
5.5 × PWEY) with additional benefits of environmental sanitation
nd eco-restoration but the peri-urban farmers seem to prefer
odder production (1.8 × PWEY) for better returns from urban
ivestock. The wastewaters have considerable nutrient-supplying
apacity and thereby fertilisers have to be adjusted accordingly.
xperimental evidences generated further show that at least half
he NP fertilisers can be saved with sewage irrigation though the
roportions would vary with cropping sequence. Thus the aware-
ess of the growers to adjust NP fertilisers would not only reduce
he production costs but also the potential of environmental pollu-
ion. To make wastewater irrigation safer from pathogens, both on
nd off-farm interventions should be of help. Continued research
nd development on these aspects should further help in increasing
he use of wastewater for irrigation and address the environmental
oncerns of the general public.
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