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Abstract

Dietermine how plant age mfluences the effcet of short-term wastewalter irrigation on growth and nuiricnt uptake, soil available
and N and P concentration. Sandy soil was lefl unplanted or planted with wheat and then watered with reverse osmosis (RO
water for 20 days. Wheat was planted so that plants were 7, 14 or 21 days old when half of the pots were irrigated with wastewater
from days 20 to 35; the other pots received RO water until day 35. Similarly, unplanted pots received either RO or wastewater
water from days 20 to 35, Iirigation with wastewater had little effect on plant dry weight, shoot N and P concentration or available
Nand P, and microbial biomass N and P in soil in both planted and unplanted treatments. Wastewater imrigation increased shoot N
uptake compared with RO treatments only in plants that were 21 days old at the start of wastewater addition. Presence of plants
reduced available nitrate up to 30-fold compared with unplanted soil. In this sandy soil, short-term wastewater irrigation had little
effect on wheat growth, N and P uptake, and N and P concentration in soil. However, presence of plants reduced available N and
P in soil compared with unplanted soils which would reduce potential of nutrient leaching after wastewater irrigation.
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1 Introduction

Wastewater derived from anthropogenic activities is an envi-
ronmental concem worldwide (Bedessem et al. 2005; Gibert
et al. 2008). Wastewater generated from domestic, indusirial
and commercial activities has increased with population and
economic development (Qadir et al. 2010). Reuse of waste-
water for irrigation of cropland is a common practice, espe-
cially in developing countries where technologies for waste-
waler freatment are limited (Castro et al. 2013) and in semi-
arid and arid zones where fresh water supply is scarce
(Avnimelech et al. 1993; Jalali et al. 2008). According to the
FAQ, approximately 10% of the world’s irrigated land area
receives partially treated or untreated wastewater {Cooper

2007).
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Wastewater irrigation can change soil properties (Biswas
et al. 2017). For example, it can reduce soil bulk density and
increase soil water holding capacity, pH, EC, organic C, total
N, available P and S and exchangeable cations (Na, K, Ca,
Mg) compared with freshwater irrigation (Biswas etal. 2017).

However, wastewater irrigation can also result in salt and
metal accumulation and nutrient leaching into ground and
surface water (Avnimelech et al. 1993; Castro et al. 2013;
Howarth et al. 2002; Jalah et al. 2008; Siebe and Cifuentes
1995), Wasiewater application to sandy soils is particularly
problematic becanse sandy soils have low water holding ca-
pacity, low specific surface area for adsorption and low cation
exchange capacity (Hamarashid et al. 2010). Therefore, treat-
ment of wastewater prior to irrigation, alternative irrigation
and water managemeni praclices are importand 0 avoid im-
balanced nutrient supply and mitigate the harmful effecis of
wastewater irrigation {Castro et al. 2013; Girdends et al.
2005).

Wastewater can be a source of nutrients for plant growth
(Siebe and Cifuentes 1995) with the nutrient concentration
depending on the source of effluent (Barreto et al. 2013; Liu
and Haynes 20113, Nitrogen is high in wasiewater generated
by agricultural activities (Boyer et al. 2002), while P is mostly
derived from industrial and residential sources (Ruzhitskaya
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and Goging 20171 The main forms of MW oin waslewaler are
ammonium (NHLT-MN), nitrate (MO =N and organic ™
(Sedlak [99]; Sotirakou ¢t al. 1999, Crthophosphate.
polvphosphate and organic compounds are (he main P orms
(Sotrakou et al. 1999 Therefore, imigation with reclaimed
wastewater can increase crop vield and reduee the need for
chermeal foriilisers wlich lowers produciion costs (Marbines
et al. 2013).

Wastewater has been applied to a wide range of crops
(Akhtar ot al, 2002; Cereti et al, 20040, Nuirient uptake by
crops can reduce the polental o nulrient leaching aller
wastesvater irrigation (Ehdaie et al. 2010, But wastewater
irmigation does net necessarily inercase nutricnt uptake com
pared with ground water irvigation {Segura et al. 20071 )
mutrient uptake varies with zrowth stage because it depends
on scveral factors such as nuttiont demand of crops and size of
ol system (Bhdage el al, 20010; Satelmacher el al, 1993),
Crop nutrient uptake can influence murienl concentration in
soil and leaching potential when wastewarter is used for
irrigation,

Litle is known about the effect of shor-term wastewater
irrigation on early growth stages of crops and mutrient avail-
ability 1 sol, Short-tenn imgation may be necessary o situ-
aticms where (here 15 a himiled supply o wastewaler, Tammers
would then need to know how to maximise the effect of waste-
witer irmigation on plant nuirient uptake while minimising
nulrient leaching.

The aim of this study was to determing the effect of (1)
wastcwater irrigation at different stages of carly wheat growth
o wheal diy biomass, shool M and P eoncentration, M oand P
uptake and available & and " concentration in seil, and (2)
presence of wheat plants at different growth stages on avail-
able N and P eonventration in soil,

The hypotheses were (1) waslewaler irrigalion increases
wheat prowth Imespective of growth stage compared with
clesn water irrigation, (2) N and P uptake by wheal and avail-
able ™ and P in soil are higher with wastewater than clean
water imrigation and (3) with wastewater irrigation, mutrient
concentrations in seil arc lower in planted than unplanted soil.

2 Materials and Methods
2.1 Materials

As deseribed in Le et al. (20019}, wastewater was collecisd]
from the Gilenelg Sewage Trearment Plant in South Australia
ilongrude 135% 30° 34.77 E latitude 34° 56" 44.3" 30, Efflucnt
for the cxperiments was collected after primary sedimentation
and passage through active shudge bioreactors (SA Waler
wastewater treatment plants and catchments 2013). MNitrate
N, ammonivm N and inorganic P eoncentrations in the waste-
wader (pd 700 were T5.H, (001 and 2.1 mg 1. ! respectively.

@ Springer

A sandy Toam from Monaro in South Avsiralia (35° 04° 5
139 07" E) was usad. The soil was air-dried and sieved o
particle size = 2 mum prior to the cxperinent. It has the follow-
ing properlies: sand T4%, sill 17%, ¢lay 9%, 1ol P
.35 g kg b, pH (1:5) 7.6, wtal organic C 6.3 g ke 7, total N
1.57 g kg !, available N 14.7 mg kg *, available P
34 mg kg ' and maximum water holding capacity (WHC)
188 g kg L

2.2 Experimental Design

There were eight treatments with five replicates each.
Treatment factors were watcning with reverse osmaosis water
(RO o wastewater (W) lrom day 21, presence or absence of
plants and age of plants. On day 0, 400 2 soil (dry weight
couivalent) was adjusted to 75% WHC before placing into
S00-ml pots lined with plastc bags, This soil water conlent
is oplimal Gor micrebial activity in soils of this texiure accond-
ing to a previous smdy using a sandy loam (Alamgir er al.
2012

The pots were left either unplanted {LIP) or were planted
{I"1. For the planted treatments, 15 pre-germinated wheat seeds
(Triticam aqestivien L. vanety Axe) were planted por pot on
das 0, 7 or 14, Aller | week, the planis were thinned 1w [0
plants per pot. All pots were placed in a glasshouse with nat-
ural light where the temperature ranged from 25 w 30 °C,
Fromm ey O 1o 20, sodl water content of all pols was adjusied
daily by weighting and adding RO water. From day 21 to day
35, half of the pots with wheat plants that wore cither 7, 14 or
21 days ald wene watersd with wasiewater {W),

The treatments are referred toas P7-W, P14 and P21-W .
The other half was watcred with RO water, reforred to as P7-
B0, P14-BO and P2 1-RO, The unplanted pots were used (o
assess the ellect ol added waslewater on soil nuirient congen-
tration over time inabsenes of plants, The unplanted pots were
walered with RO water (UP-RaO) from day 060 35 or received
ROy weater until day 20 and then wasiewater from day 21 1o day
35 (UP-WOL The same amount of wastewater was added daily
to the respective pots (7.7 ml day™ ") with a total application of

115 ml.

O day 36, the plants were harvested; roots were carcfully
remeoved from the soil and washed, Then, soil in all treatments
was destructively samplad w determing available N (amrmao-
nium, nitrate), available P, pH, microbial biomass N (MBN)
and microbial biomass ' (MBP).

2.3 Analyses

Analyses of soil texture, pH, maximum water holding capac-
iy, tolal orgame carbon, nitrogen, phosphonis, available ™
{ammaoninm, nitrate), available P extraction and microbial
biomass N and P owere camied out as deseribed in Marschner
et al, {20150 (Table 1),
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Table 1 Analvzes as described in Marschner et al, (20013}
Parameter Tharails Retorence
Sl rexmure Hydrometer method Cioe and O (2002)
Soil pH 1:5 sml:water ratio, 1-h shoking Fayrnent and Higrinson {19692}
Soll maxmmun water holding At matne potential — 10 kPa Wilke (2005

capacily
Total organic 7 Wet axidation and titretion Walkley and Black (1934)
Tivtal ™ Drigestion with H50, measurement by modified Kjeldahl method Bremner and Mubeancy (1952)
l'otal P Lrigestion with 1:3 HMNO), and HUL measurement by phosphovanado-molybdate Hanson (19500

Available W extraction
Araroniom N

Mitrae ™

Avvalable Poeximsciion Amiom exchimge nesin
Available P mevsumement
Blicrubaul blvmass extruchon
Microbial binmass N

Mlicrobizal biomass T

Chlorofom [umapsbon amd eximcton wath 05 M ELS0,
Arnmoniam X in extract, biomass M = {fumigated-unfumigated) = 0.57
At exchange resin with hexancl, biomazs T = Domi gated-unfurmigated

20 BT ata 1:10 soil extractant ratio, 1-h shaking

Willis ot al. (19
Melianda e al, (20017
Fooumm el vl {1995y
Murphy e Bilew (1962}
Vimce el al. (1987}
hlowome ot al. (204000
Fooaiin e al, { 1995}

Shoot and root dry welzght were determined after drving at
35 °C for 48 h. [norganic N (nitrate and smmoniom) and P in
the applicd wastewsler wers delermined using the same col-
onmetric methods as for available & and available P.

2.4 Statistical Analysis

Adfter confirming normal distibution, the data of planted pots
inclucding shool and rool dey weight, available W and P, MBN
and MBI in soil and leachate inoeganic M and I*were analysed
by two-way analysis of varianee (ANOVA) with age of plants
and water source as tactors, Inounplanted soil, diferences
between waler sources were lested by lest, For a given water
source, data of vunplanted soil and planted freatments were
compared by lest Siabistca] analysis was carried oul in
IBM SPSS Seatistics 24,

3 Results

Shoot dov weight mercased with the agse of plants at onset of
woaslewaler addition, Compared wilh P7-W (7 days ol growth
prior to wastewater addition), shoot dry weight was twotold
higher in '14-W {14 days prior growth) and fivefold higher in
P21I-W (21 davs prior growih) (Fig, Tah, Rool dry weight
was lowest in P7 where it was about taotold lower than in P14
and P21 (Fig. 1(b¥. There was no significant difference in
shoot and reot dry weight between W and BEO water
Lresalimenl s,

Shoat ™ and P concentration generally decreased with age
of plants, Compared with P7-W, shool N conceniration was
235 lower in P14-W and 505 lower in P21-W (Fig. 1(c)h

Shoot I* concentration was highest in PT treatments where it
was 30-40% higher than in P14 and P21 treatments (Fig.
Tieh. Shool N oand P eonceniration did nol diller betweesn W
and RO treatments.

Shoot N and P ouptake zencrally was lowest in P7 treat-
ments, Shaol Noupiake i PYowas 30305 lower than in P14
and P21 (Fig. 1(d)). Shoot W uptake differed between W and
RO only in treatments P21 where it was 23% higher in P21-W
Than P21-ROY, Shool Puplake was about 10-1o0d lower than W
uptake (Fig. 1(f}). It was highest in P21 where it was about
40% higher than in P7 and 209 higher than in P14, Shoot P
uptake differed between W and BO reatments only in PY
where P7T-W was 18% higher than in P7-RO.

Available nitrate in planted soils was low (=2, me kg™ ")
and did not differ between RO and Wireatments (Table 23, In
unplanted soil, available niteate was 1095 higher with W than
with 0 water. Mitrate in unplanted soil was 13 30 times
higher than in planted soil. Available smmoenium was not
allecied by plant age al the onsel of wastewsler irrigalion
{Takle 2}, Available ammenium in both planted soil and
unplanted soil was Low (= 1.4 me k') and did not differ
between treatments with RO and with W Available ammoni-
urm in planted soil was 20% higher than in unplantsd soil in
the RO treatments, but was not affected by plants in the W
Ireatrments, Available Powas 245 higher in P7-% than P14-W
{Table 2). It did not differ between W and RO treatments.
Available I in unplanted soil was about 25% higher than in
planted soil,

MIP and MBMN were nol allected by the age ol the planis
prior to wastewater irvigation. MBI did not differ betweeen W
and RO reantments (Table 20 MBN was not affected by the
source of The irdgation waler excepl in P21 where it was 205

-—*‘=|“ Speinger
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14 days, Bags with dillerenl lelers 2 N z
are significant differences be- g 02 5 0.
o signiticant ditforences be B 07 Bz
wesen ireulments (nee of plunts in =
swater source) (e= 3, P<0.03) a : it
7 14 21 7 14 21
Ape of plants when watered with W Age of plants when watered with W
el ]
a0 .
bl E dae
—E‘n " | 2.3 futs | d
b A ) =
== td
5 k- 5 be
LT -
m AN ab :.' ab =
= 15
[= E a
8 a o
c * 210
: £
Z 0.5
a =
] =
& Bos
u} EBa
7 14 21 e 7 14 21

Age of plants when watered with W

(8]

Shoot P concentration [z kg'l)

Age of plants when watered with W

Apge of plants when watered with W

higherin P21-RO than in P21-W (Table 2), MBN and MEP in
planted soil were about 200% higher than in unplanted soil,

Soil pH (Table 2) ranged from 7.7 w0 8.4 and was not
allected by plant age, 10 dillered Tilde between W oand RO
reatments. Soil pH was about 0.3-0.6 units higher in planted
than unplanted soil.

4 Discussion

Based on this study, some hypolheses can be conlimmed
but not for all measured parameters. In this experiment,
4.5 mg kg ! inorganic N {with = 95% as NO, -N} and
6 mg kg ! inorganic Powere added with wastewater

@ Springer
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(1153 ml), This wastewater addition was not enough o
increase plant growth compared with RO irrigation in
this sandy soil which was relatively in high available
MW oand P. Therelore, the [rst hypothesis (waslewaler
irrigation increases growth of wheat plants irmespective
of growth stage compared with clean water irrigation) is
desclined,

Wastewater irrigation increased N uptake by about 2008 in
P21-W compared with P21-RO, but had no effeet on N uptake
i the plants that were younger when imgated with wastowa-
fer. This is Tikely due tooa greater ool sysiem ol 3-wesk-old
plants which allowed them to access more nutrients from soil
hat recerved wastewaler than the younger planls, Previous
sludies have also shown thatl root biomass and plant growth
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Table 2 Nilrle, arunonivm, okl morsaie X, avatlible P, micoebial
hiomass ™~ (MBM) and P (MBF) and soil pH before leaching in soil
witered with reverse osmosis water or with wastewaler that was
unplanted (TT-ROC amd TITW amd or planted wil 7=, 14 and 21-day
old wheat (P-REY and P-W) in =5, P=0.051 In planted soil, ditferent
letress indicate significant ditferences between treatments (age of plants

* wiler sourted, In voplaoted suil. dilferent letters indicate sipmfcan
differences hetween reverse nsmosis (RO} and wastcwratcr (W) treat-
s, For a piven woler souree, asterisk (41 meicates sipnuficamily hipher
value aikd hash (%) indicates a significanly Tower value in planted com
mared with wrplanted treatments

Age of plants when Plantedanplanted  Nitrare Ammcnium Availahls T MEBR FE™ Soil pH
wabered with W img kg1 img kg ") {mg kg i (me ke ") img ke
RO} W Rl W R} W RO W Ri} W Ri) W
7 F7 21b#  15ub# 1.2a 12u 32ub# 37 3% 32a Afw* 52a% B5ub* Habe
14 P14 luf  13ub# 132 12u ditabs  2Had FMa* 3Ta® 5Tub* 54a% HE2ub* HZah®
) P21 Ilag 1u# 142 1.3a 2 - Flab#  3Ha* F6w* A6h® 532 K2a® Hdbd
up Ih4a 322Ib 1da 1.1z 432a 1ta lda  1la 454 442 TTa THb

rate influence W uptake (Ehdaie e al, 2000; Gas=tal and
Leamaire 2002],

However, there was little difference in soil available ™ and
P between the wastewaler and RO ireatments, This sugoests
that mineralisation of N and P of native soil organic matter
was much greater than inorzanic N and " added with waste-
witer, Henee, the sceond hyvpothesis (N and P ouptake by
wheat and available N and Poinsodl are higher with wastewaler
than clean water irmigation) can only be confirmed for N up-
take of the 3-woeck-old planis,

O the ather hand, soil avadlable W oand Powere lower in
planted than unplanted soil. This is cansed by nutrient uptake
of both wheat plants and soil microorzanisms in planted soil.
Previous studies also showed that plants reduce nutrien

leaching (Ehdaie et al. 2011k, Castal and Lemaire 2002). In this
study, we showed that this already occurs In young plants.
Wheat planis absorh nuirients from soil for growth, educing
the nulrient concentralion in sail. Further, plants also provide
organie C (a3 roots and exudates) for microbes leading to higher
rmicrobial biomess M oand Poin planied than unplanted sodl, The
lack of difference in MIEN and MRBP between RO and W treal-
ments suggests that microbes took up mainly N and I*
mineralised from the native SOM. Henee, the third hypothesis
(with weastewenler irrigalion., nuirient conceniraions in soil are
lower in planted than unplanted soil) can be confirmed for both
witstowater and RO water imigation. This suggests that the
presence of @ven young plants can signilicanily reduce the risk
of mitrient leaching after wastewater irmgation.

In previous studics, we showed that addition of wheat straw
Ly sand leached wilh wastewater can reduce nitrate leaching
(Le and Marschner 2018: Le et al. 2009). In sand with wheat
straw, lcachate nitratc was at least 60-fold lower than in un
amended soil, The reduction can be cxplamed by dissimilatory
milrale reduction o ammonium and ammomum somplion i
wheat strawe. Hence, the results ofthis and o previous smdies
sugzest that inclusion of suitable crops andfor orzanic amend-
meims should be considered when wastewater is applied 1o

sandy soils, Field tmals could be undertaken to confirm these
alTects, including assessing nuirient retention over a longer
time period than in this laboratory smdy.

The ellecl of waslewaler immgalion on plant growlh and
available M and P omay vary with soil type. It may increase
plant growth in nutrient-poorer soils which have insufficient
nutricnt available to plantz. Further, the impact of wastewater
o 511 nuirient coneenirations and leaching potential depends
on a number of factors, such as quality of the wastewater, soil
charactenistes and type of mgated crops (Mopd and Whseone
20137 as well as length o application,

5 Conclusion

This atudy showed that short-lerm wastewater irrigation hac
little effect on wheat plant biomass, soil MBMN and MBI*, and
available ™ and P, but increased N uptake of older plants
compared with RO water irvigation. 1L increased shoot N up-
take only in plants that were 21 days when wastewater irriga-
tion started. likely beeause only the older plants had sufficient
rools o ake up N om wastewaler, Nuinent uplake by older
plants and soil microorganism strongly redoced the risk of N
and I* leaching in this sandy soil.

Further studies are required 1w invesigate the ellfecl of
wastewater irvigation on wheat plant growth and leaching po-
tential in mutrient-poorer setls. In addition, studies on metal
accumulation m sel and wheat plants affer wastewsater wriga-
fion ane needed o evaluate benelils and risks of wasiewaler
irrigation.
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