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a b s t r a c t

The ability to reuse winery wastewater would be of significant benefit to the wine industry, as it could
potentially be a cost-effective method of wastewater management, whilst at the same time providing
a valuable water resource. This study investigated the effects of different dilutions of a semi-synthetic
winery wastewater on the growth and germination of four common crop species in a glasshouse study;
barley (Hordeum vulgare), millet (Pennisetum glaucum), lucerne (Medicago sativa) and phalaris (Phalaris
eywords:
inery wastewater

hytotoxicity
ermination
lant growth

aquatica). The wastewater caused a significant delay in the germination of lucerne, millet and phalaris,
although overall germination percentage of all species was not affected. Vegetative growth was signifi-
cantly reduced in all species, with millet being the most severely affected. The germination index of barley
correlated very highly (r2 = 0.99) with barley biomass, indicating that barley seed germination bioassays
are highly relevant to plant growth, and therefore may be of use as a bioassay for winery wastewater
ioassay toxicity.

. Introduction

Worldwide agricultural production is likely to increase in com-
ng years to meet the needs of an expanding global population
1]. This increase in population will further add to the pressure
n already over-utilised water resources, from urban, industrial
nd agricultural practices. This situation is likely to be further
xacerbated in many regions of the world, with current climate pro-
ections predicting that many regions of the world will have lower
nd more sporadic rainfall, and increased severity of droughts [2].
ogether, these factors are major driving forces behind efforts to
mprove water use efficiency in all sectors, including the agriculture
ector.

Processing of raw agricultural products creates significant
astewater streams, and the effective management of these wastes
s perceived as a major component of achieving agricultural sus-
ainability [3]. One such wastewater stream is the processing of
rapes to wine. It has been estimated that the annual worldwide
roduction of wine was 2.6–3.0 billion L between 2003 and 2007

Abbreviations: GI, germination index; MTG, mean time to germination; RDW,
oot dry weight; SDW, shoot dry weight; WWW, winery wastewater.
∗ Corresponding author at: School of Applied Sciences and Engineering, Monash
niversity, Churchill, Vic. 3842, Australia. Tel.: +61 400556347.

E-mail address: kim.mosse@sci.monash.edu.au (K.P.M. Mosse).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.02.069
© 2010 Elsevier B.V. All rights reserved.

[4]. Whilst the amount of winery wastewater (WWW) produced
varies greatly between different wineries, average values are ca.
1.6–2.0 L/L wine [5], indicating that winery wastewater is a major
wastewater stream.

Winery wastewater has a high organic load, generally low pH,
high salinity and low nutrient levels, all of which indicate that
the wastewater poses an environmental risk. Winery wastewa-
ter arises mostly from cleaning operations within the winery, and
therefore primarily contains wine, grape juice and solids (vintage
season only) and cleaning agents. The carrier for these wastes is
water sourced from the mains, groundwater or rainwater. The
wastewater in most wineries is of high organic strength, con-
taining, in approximate order of abundance sugars, organic acids
(acetic, tartaric, propionic), esters and polyphenols [6]. Inorganic
ions present are predominantly potassium and sodium, with low
levels of calcium and magnesium [7].

The combination of high organics and inorganics, as well as
the variability in wastewater composition, makes the treatment
of winery wastewater challenging [8]. There are numerous dif-
ferent treatment options for winery wastewater, but all aim to

achieve a significant reduction in the level of organic matter and
solids, and some also to reduce inorganic load. Whilst there are
several effective treatment options available, costs associated with
the construction, maintenance and operation of such facilities
are often seen as prohibitive, especially for smaller wineries [8].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kim.mosse@sci.monash.edu.au
dx.doi.org/10.1016/j.jhazmat.2010.02.069
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onsequently, most winery wastewater, treated to greater or lesser
egrees, is disposed of either by way of municipal sewerage in
opulated areas, or to land irrigation in rural areas [6].

Land disposal of winery wastewater onto field crops, tree lots,
astures and vineyards is a widely used means of wastewater
anagement [9]. It is simple, low cost, and requires minimal

echnical expertise; however there is limited understanding of
he consequences of such a practice, and variable success. Sev-
ral components of winery wastewater, particularly sodium and
olyphenols, have been shown to have phytotoxic effects on plants
10,11] and soil microorganisms [12]. Whilst WWW is anecdo-
ally known to restrict plant growth, there are few rigorous studies
hat have been performed to date. Furthermore, whilst winery
astewater is currently a waste stream requiring management,

t may be considered a potentially valuable resource if phyto-
oxic compounds and other adverse chemical characteristics can
e readily removed and/or counteracted. Wastewater reuse in agri-
ulture has the potential to both treat a waste product at the same
ime as harnessing a valuable water source. Whilst climate change
orecasts are variable, they generally agree that rain and snow-
all patterns will be altered, which is likely to affect the water
llocation system in many winegrowing areas [13], meaning that
he ability to reuse WWW is highly relevant to water limited
ine regions such as south-eastern Australia, California and South
frica.

Here, we present the results of a diagnostic glasshouse study
n which we investigated the effects of semi-synthetic winery

astewater application on the germination and growth of four
ommonly grown crops or pasture species: barley (Hordeum vul-
are), millet (Pennisetum glaucum), lucerne (Medicago sativa) and
halaris (Phalaris aquatica). These crops assessed could potentially
e used as cover crops within a vineyard, or could be grown in a sep-
rate area as a method of wastewater utilisation. The key aim of the
tudy was to develop a rapid assessment methodology for assess-
ng winery wastewater toxicity, by investigating the toxicity of the

astewater to both seed germination and vegetative plant growth,
nd determining whether any relationships between plant growth
nd seed germination exist. Other rapid assessment tools for win-
ry wastewater have used onions and cress in bioassays [14]. These
re not necessarily a good surrogate for field grown crops, however;
s such a range of typical crops on which winery wastewater could
e applied were tested here.

. Experimental

.1. Semi-synthetic winery wastewater preparation

A semi-synthetic winery wastewater was used to assess the
mpacts of WWW on plants. This approach was selected due
o the high variability in industrially generated wastewater,
nd the need to use a WWW with consistent properties that
ould be used across experiments. A controlled wastewater,
onsistent with industrial output, was generated by combin-
ng 2.5% (v/v) wine (Cabernet Sauvignon, Morris, Australia),
.5% (v/v) grape juice (P&N, Australlia), and a combination
f sodium salts with appropriate counterions to achieve a
otal sodium concentration of 200 mg/L in deionised water.
he counterions of these salts also provided anions of organic
cids, which are found in significant quantities in WWW.
he sodium salts added were 110 mg/L sodium hydroxide,

aOH (Sigma); 350 mg/L sodium tartrate dibasic dehydrate,
4H4Na2O6·2H2O (Sigma); and 285 mg/L sodium citrate tribasic
ehydrate, HOC(COONa)(CH2COONa)2·2H2O (Sigma).

The final wastewater had a pH of 6.0, electrical conductivity (EC)
f 0.88 dS/m and chemical oxygen demand (COD) of 14,600 mg/L.
us Materials 180 (2010) 63–70

These are consistent with typical values reported in the litera-
ture for WWW [15,16]. In the experiments described below, the
wastewater was used undiluted (i.e. 100% WWW), and at concen-
trations of 75%, 50%, 25%, 10% and 0% (control). Dilutions were
performed using reverse osmosis (RO) water.

2.2. Seed germination and plant growth studies

The effects on WWW on the germination and growth of four
plant species were considered. The species assessed were: barley
(H. vulgare; supplied by De Bortoli), millet (P. glaucum; supplied by
Queensland Agricultural Seeds, Toowoomba, Queensland), lucerne
(M. sativa, SARDI 10; supplied by Heritage Seeds, Mulgrave, Vic-
toria) and phalaris (P. aquatica; supplied by Smyth Seeds, Benalla,
Victoria)

WWW effects on seed germination were assessed in two sepa-
rate experiments. In both experiments, seeds of each species were
placed on a filter paper moistened with 2 mL of the appropri-
ate WWW (0–100%, see above) concentration in a 90 mm Petri
dish. Dishes were placed in a controlled temperature facility
(15/25 ◦C min/max) in the dark. In the first experiment, germi-
nation, defined as the seed having a radicle of ≥5 mm [17], was
assessed 12-hourly over a 13-day period. The total percentage ger-
mination and mean time to germination (MTG) of the seeds that
germinated were calculated, as described previously [18]:

MTG =
∑ n × d

N

where n is the number of seeds that germinated between scoring
intervals, d is the incubation period in days at that time point and
N is the total number of seeds germinated in the treatment.

In the second experiment, seeds were germinated (as above),
and the percentage germination and radicle length were measured
at 48 h for millet, lucerne and barley, and 72 h for phalaris. These
data were used to calculate the germination index [19].

Germination index(GI) = 100 × Gs

Gc
× Ls

Lc

where Gs and Gc are the number of seeds germinated in the sample
and the control (distilled water, dH2O), and Ls and Lc are the root
lengths in the sample and the control, respectively; the germination
index is measured as % of control.

The effects of WWW addition on the plant growth was assessed
in a glasshouse study. Seeds of each of the four study species were
sown into separate plastic, free-draining pots containing 660 g of a
coarse textured seed raising mix constituted of sand and pine bark,
with no additional nutrients (Debco, Australia). Seedlings were
thinned to one per pot within 3 weeks of planting. A total of 24 pots
of each species were established. Four replicate pots were watered
with each WWW concentrations (described above) to field capac-
ity as required, typically three times per week. Plants were grown
in a glasshouse (Monash University, Clayton Campus), where the
temperature range was maintained between 15 and 25 ◦C. Supple-
mental lighting was provided, giving an average light intensity of
460 �mol s−1 m−2 with a 16 h photoperiod. The pots were arranged
in a randomised complete block design.

Plants were destructively harvested 11 weeks after sowing. At
the time of harvesting, plants were removed from the pots, and
the soil was gently washed away from the roots and rinsed with
RO water. The roots and shoots were separated, and fresh weights
determined. Tissue samples were dried at 65 ◦C for >48 h, and dry

masses recorded. Dry samples were then ground to a fine powder,
and stored in airtight vials prior to digestion using a microwave
digester (Anton Parr Multiwave 3000). Briefly, samples (0.1 g) were
digested using 5 mL HNO3, 1 mL HCl and 2 mL H2O2, as described
previously [20]. The temperature was ramped up to 175 ◦C over a
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ig. 1. Mean time to germination of (a) barley, (b) phalaris, (c) millet and lucerne (d
etter are not significantly different at the P < 0.05 level, as determined by Tukey’s H

min period, held for 25 min, and cooled at a maximum cooling
ate. The samples were diluted to 100 mL using Milli-Q H2O prior
o analysis by inductively couple plasma optical emission spec-
roscopy (ICP-OES) (Varian ICP-OES Vista-Pro, CCD simultaneous,
ith axial torch orientation).

.3. Data analysis

Data were analysed using one-way analysis of variance (ANOVA)
o determine whether there were any differences between the

eans of the different treatments. Where significant differences
ere found, treatment means were compared using Tukey’s HSD

est. ANOVA and Tukey’s analyses were performed using SPSS 16.0
SPSS, Chicago, IL). The concentration required to effect a 50%
eduction in plant biomass, the EC50 value, was determined using
igmaPlot 11 (Sysstat, Chicago, IL).

. Results

.1. Seed germination

In the first germination experiment, the total proportion of seeds
hat germinated was not affected by WWW concentration (data
ot shown); however, the mean time to germination (MTG, Fig. 1)

ncreased with increasing WWW concentration for all species
xcept barley.

Phalaris seeds showed a significant increase in MTG between
0% WWW and concentration of 50%, or greater. Furthermore, there
as no significant difference between the dH2O control and any of
he WWW treatments. Lucerne and millet seeds showed a signifi-
ant increase in the MTG (compared with the dH2O control) when
reated with WWW at concentration ≥75%.

In the second germination experiment, the germination index
GI, Fig. 2) decreased with increasing WWW concentration for all
presence of increasing WWW concentrations. Means (±S.E.) followed by the same
st.

species. For the species considered here, the GI was significantly
lower where seeds were treated with high WWW concentrations
in comparison with the dH2O control, with decreases of 2-, 11- and
25-fold recorded for barley, millet and lucerne, respectively; the
fold decrease for phalaris was unable to be calculated due to the GI
value of zero in the 100% WWW treatment.

3.2. Plant biomass

WWW had a phytotoxic effect on all species studied here (Fig. 3),
with all species showing a similar trend of decreasing biomass
(roots and shoots) with increasing WWW concentrations. The dry
weights of barley shoots and roots steadily decreased over the range
of WWW concentrations tested here. For shoot dry weights, there
was a 4-fold decrease between the 0% and 100% WW treatments,
and the EC50 value was 54%. Similarly, for root dry weights there
was an 11-fold decrease between 0% and 100% WWW, and an EC50
value of 14%.

The shoot and root biomass of millet and phalaris plants
decreased with increasing WWW concentrations. In response to
WWW addition millet exhibited EC50 values of 13% and 15% for
root and shoot dry weights, respectively, and a biomass decrease
of 10-fold for both root and shoot biomass. Phalaris showed an 8-
and 7-fold decrease in shoots and roots, respectively; the EC50 val-
ues calculated were unreliable due to the variability in the samples
(data not shown).

Lucerne was very sensitive to WWW application with a sharp
decrease in shoot and root biomass between the 0% and 10% WWW

treatments, but there were no significant differences in biomass at
higher WWW concentrations. EC50 values were not significantly
different for shoots, however, the EC50 value for lucerne roots was
11% WWW; decreases in biomass were 8- and 7-fold, respectively
for shoots and roots.
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Fig. 2. Germination index of (a) barley, (b) phalaris, (c) millet and lucerne (d) in the presence of increasing WWW concentrations. Means (±S.E.) followed by the same letter
are not significantly different at the P < 0.05 level, as determined by Tukey’s HSD test.

Fig. 3. The effect of synthetic wastewater application on shoot (above x-axis) and root (below x-axis) biomass (g dry weight) of (a) barley, (b) millet, (c) phalaris and (d)
lucerne plants. Means (±S.E.) followed by the same letter are not significantly different at the P < 0.05 level, as determined by Tukey’s HSD test (P < 0.05).
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.3. Plant tissue inorganic analysis

The concentration of sodium in the shoots (Table 1) of barley and
halaris increased significantly with increasing WWW concentra-
ions. Whilst a similar trend was evident for millet and lucerne, the
ifferences were not significant. There was a significant increase in

ucerne root sodium concentrations, but not for any other species.
he phosphorus concentration in the shoots of millet and phalaris,
nd the roots of barley and lucerne, increased with increasing
WW concentration. Calcium concentrations increased in barley

oots, but decreased in phalaris roots. Magnesium concentrations
n barley and millet roots decreased significantly with increasing

astewater concentrations, and concentration decreases were also
een for chromium in phalaris and lucerne roots, potassium in mil-
et roots and iron in phalaris roots.

. Discussion

These studies showed that winery wastewater has inhibitory
ffects on both seed germination and vegetative growth of millet,
arley, phalaris and lucerne. This demonstrated toxicity therefore
eans that the release of WWW into the environment needs to be

arefully considered and monitored in order to prevent environ-
ental degradation. The data presented here provides some insight

nto the basis of this toxicity, and the opportunity to develop a rapid
ssessment tool that can be used in monitoring WWW prior to land
pplication.

.1. Effects of winery wastewater application on seed germination

Winery wastewater significantly reduced the mean time to ger-
ination but not the overall rates of germination. Such delays in

ermination have been reported in studies of olive mill wastewa-
er [10] and diesel oil [21] but not, to our knowledge, WWW. The
elay in germination differed between species and is likely due to
ariation in seed size, seed coat permeability, differential uptake
f nutrients and toxins and metabolism [22]. The mechanisms of
he phytotoxicity are difficult to ascertain, due the inherent com-
lexities of a wastewater sample. Nevertheless, both phenols and
alts have both been shown to be responsible for delaying seed ger-
ination [23,24], and are likely to be involved here. In addition to

ffects on MTG, the germination index (an indicator of early plant
rowth) was significantly reduced with increasing WWW concen-
ration. Taken together, these data indicate that winery wastewater
s negatively affecting the early growth and development of the
pecies tested.

Seed germination and emergence were shown to be affected by
inery wastewater, indicating that germination assays are a suit-

ble method for determining toxicity. Germination studies have
een commonly used as a basis for other toxicity assays [17,25,26].
ased on the results of the tests performed, overall seed germina-
ion does not distinguish between different wastewater treatments
nd therefore would not be suitable for ascertaining toxicity; the
ermination index does, however, have sufficient sensitivity to
etermine phytotoxicity [19]. In an applied sense, it is important
o know the effects of wastewater application at different growth
tages, to determine whether there are certain growth stages where

WW should be avoided. If seeds were to be irrigated using WWW,
he time to emergence is likely to be affected, but the overall emer-
ence is unlikely to be impacted upon.
.2. Effects of winery wastewater application on plant growth
nd inorganic composition

The application of increasing winery wastewater to plants
esulted in a significant decline in plant biomass production across
us Materials 180 (2010) 63–70 67

all species, with 50% reduction in plant growth (i.e. EC50 values)
noted at dilutions ranging from 54% WWW (barley shoots) to as
low as 11% (lucerne, shoots and roots). Such a marked decrease
in plant growth at relatively low WWW concentrations indicates
that dilution of winery wastewater is not likely to be adequate to
mitigate the phytotoxic effects observed here. Dilution has been
shown to be effective in some cases, including reducing ammonia
volatilisation following land application of animal manures [27].
However, since dilution is not a viable option in the case of WWW,
efforts need to focus on the identification of the toxic components
of WWW and treatment methods to eliminate or mitigate their
toxic effects. Identifying the causal components of this diminished
plant growth is essential if the wastewater is to be managed in a
way that facilitates sustainable reuse.

It is not yet known which component(s) of the wastewater are
likely to be responsible for the chronic phytotoxicity observed,
however there is some evidence suggesting that sodium [28],
ethanol [29] and polyphenols [10] are all potentially phytotoxic
constituents. The detailed analysis of inorganic components in
the root and shoot tissue, presented here, provide some insights.
Phosphorus and sodium concentrations showed a fairly consis-
tent increase with WWW concentration, in both roots and shoots.
The increase in phosphorus concentration is unlikely to be asso-
ciated with toxicity [30], and therefore is more likely a reflection
of reduced plant biomass due to other factors, leading to a tissue
concentration effect. Co-transport of phosphorus with sodium may
also be important [31], as phosphorus is only elevated in the tis-
sues where sodium is also elevated. Concentrations of some other
inorganic elements showed decreases with increasing WWW con-
centrations, however effects across species and tissue types were
not consistent, and none are likely to be associated with toxicity
[30].

High sodicity levels in soils are known to result in inhibited plant
growth [28], and this is likely to be consistent with the increased
sodium levels observed in most species tested here. However, the
highest sodium concentrations in phalaris shoots was determined
to be approximately 6 mg/g (100%WWW, corresponding to 88%
reduction in growth). In similar studies investigating the effects of
salinity alone, using approximately 15-fold higher sodium concen-
trations, shoot Na concentrations ranged from 13 to 25 mg/L, and
corresponded with between 0% and 63% shoot biomass [11]. Thus,
the large reduction in growth of phalaris cannot be attributed to
Na toxicity alone. Sodicity impacts on plant growth are complex,
however, and elevated soil sodium levels can limit plant growth
by affecting soil structure and plant water and oxygen uptake [32].
Although the concentrations of inorganic elements observed are
unlikely to be causes of immediate plant toxicity, the long term
effects of WWW application on sodium accumulation in soils, and
the resultant impacts on soil health and potential groundwater con-
tamination are important areas to consider. Longer term studies are
required to identify and quantify any such changes.

Whilst polyphenols are commonly present in WWW, this
synthetic sample had relatively low polyphenol concentrations
(<0.04 mg/L), thereby suggesting that polyphenols are also not
solely responsible for the observed phytotoxicity. As such, it is
highly likely that the phytotoxicity arises from the complex com-
bination of organic matter in the wastewater, which has also been
demonstrated in the case of olive mill wastewater [33].

4.3. Seed germination as a predictor of plant growth
Given the phytotoxic nature of WWW reported here, it is essen-
tial that land discharge onto crops be carefully considered. Due to
the highly variable nature of WWW throughout the year, there may
be times when the WWW is not phytotoxic. To this end, the ability
to rapidly assess the toxicity of WWW would be very valuable to
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Table 1
Inorganic element concentrations (mg/g) of roots and shoots at different concentrations of WWW. Means (±S.E.) followed by the same letter are not significantly different
at the P < 0.05 level, as determined by Tukey’s HSD test (no letter indicates that there is no significance at any level).

% WWW

0 10 25 50 75 100

Barley Shoots Ca 3.41 ± 0.18 a 2.91 ± 0.38 a 3.58 ± 0.16 a 4.07 ± 0.20 ab 4.32 ± 0.09 ab 5.79 ± 0.033 b
Cr 0.04 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.03 ± 0.00 0.04 ± 0.01
Fe 0.23 ± 0.09 0.015 ± 0.04 0.13 ± 0.03 0.14 ± 0.01 0.18 ± 0.02 0.28 ± 0.04
K 24.3 ± 2.06 20.6 ± 1.87 21.3 ± 1.16 16.9 ± 2.34 16.9 ± 1.82 19.4 ± 1.62
Mg 3.11 ± 0.10 3.26 ± 0.33 3.28 ± 0.13 3.41 ± 0.20 3.35 ± 0.13 3.59 ± 0.15
Mn 0.23 ± 0.03 0.24 ± 0.03 0.23 ± 0.01 0.20 ± 0.03 0.17 ± 0.02 0.20 ± 0.01
Na 0.98 ± 0.34 a 0.70 ± 0.09 a 1.11 ± 0.05 a 1.96 ± 0.45 a 1.94 ± 0.23 a 4.64 ± 0.59 b
P 0.18 ± 0.04 0.33 ± 0.17 0.17 ± 0.03 0.24 ± 0.03 0.25 ± 0.01 0.28 ± 0.03
Zn 0.06 ± 0.01 0.06 ± 0.00 0.06 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.05 ± 0.01

Roots Ca 4.91 ± 0. 18 3.39 ± 0.16 3.13 ± 0.49 3.05 ± 0.58 3.28 ± 0.65 2.95 ± 0.21
Cr 0.05 ± 0.01 0.03 ± 0.01 0.07 ± 0.01 0.07 ± 0.02 0.06 ± 0.01 0.08 ± 0.01
Fe 1.47 ± 0.11 0.93 ± 0.12 0.95 ± 0.15 0.75 ± 0.15 0.56 ± 0.07 0.72 ± 0.12
K 2.79 ± 0.78 1.28 ± 0.19 1.31 ± 0.31 4.74 ± 1.07 4.46 ± 0.55 2.20 ± 0.74
Mg 1.00 ± 0.07 a 0.83 ± 0.02 a 0.61 ± 0.07 a 0.50 ± 0.04 a 0.57 ± 0.11 a 0.54 ± 0.03 b
Mn 0.20 ± 0.02 0.18 ± 0.01 0.14 ± 0.02 0.15 ± 0.19 0.14 ± 0.01 0.17 ± 0.02
Na 0.85 ± 0.15 ab 0.58 ± 0.06 a 0.70 ± 0.12 a 1.45 ± 0.14 ab 1.91 ± 0.20 b 1.61 ± 0.51 a
P 0.34 ± 0.01 a 0.33 ± 0.01 ab 0.34 ± 0.01 a 0.48 ± 0.03 b 0.51 ± 0.03 bc 0.51 ± 0.03 bc
Zn 0.09 ± 0.02 0.05 ± 0.01 0.04 ± 0.01 0.04 ± 0.00 0.05 ± 0.01 0.06 ± 0.01

Millet Shoots Ca 1.39 ± 0.17 1.24 ± 0.16 1.68 ± 0.26 2.40 ± 0.12 1.75 ± 0.25 1.89 ± 0.16
Cr 0.02 ± 0.00 0.01 ± 0.00 0.03 ± 0.01 0.04 ± 0.00 0.01 ± 0.00 0.00 ± 0.00
Fe 0.16 ± 0.02 0.09 ± 0.01 0.18 ± 0.06 0.22 ± 0.02 0.04 ± 0.01 0.04 ± 0.00
K 12.8 ± 0.24 12.82 ± 0.29 12.60 ± 0.31 12.73 ± 0.44 13.06 ± 1.00 12.70 ± 0.42
Mg 2.29 ± 0.19 1.98 ± 0.13 2.04 ± 0.18 2.46 ± 0.12 1.95 ± 0.21 2.21 ± 0.11
Mn 0.09 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.09 ± 0.01 0.04 ± 0.01 0.10 ± 0.01
Na 0.00 ± 0.02 0.03 ± 0.01 0.11 ± 0.02 0.40 ± 0.09 0.36 ± 0.05 0.89 ± 0.23
P 0.70 ± 0.04 a 0.79 ± 0.05 a 0.93 ± 0.11 a 1.37 ± 0.09 a 1.78 ± 0.30 a 1.84 ± 0.15 b
Zn 0.06 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 0.05 ± 0.00 0.03 ± 0.00 0.04 ± 0.01

Roots Ca 1.90 ± 0.24 1.91 ± 0.17 2.46 ± 0.51 2.23 ± 0.41 1.20 ± 0.14 1.44 ± 0.39
Cr 0.08 ± 0.05 0.03 ± 0.01 0.18 ± 0.05 0.44 ± 0.22 0.00 ± 0.00 0.00 ± 0.00
Fe 0.50 ± 0.29 0.23 ± 0.03 0.86 ± 0.09 1.31 ± 0.32 0.03 ± 0.01 0.07 ± 0.02
K 15.7 ± 0.68 a 13.9 ± 0.62 ab 14.8 ± 0.36 ab 13.0 ± 1.39 ab 10.5 ± 0.85 ab 8.38 ± 0.90 b
Mg 3.80 ± 0.16 ab 4.19 ± 0.26 ab 5.12 ± 0.26 ab 4.15 ± 0.62 ab 2.12 ± 0.28 b 2.52 ± 0.07 b
Mn 0.04 ± 0.00 0.04 ± 0.00 0.05 ± 0.01 0.07 ± 0.00 0.03 ± 0.01 0.03 ± 0.00
Na 2.01 ± 0.20 2.40 ± 0.25 1.79 ± 0.11 2.09 ± 0.44 0.78 ± 0.26 1.52 ± 0.24
P 0.42 ± 0.02 0.42 ± 0.01 0.48 ± 0.02 0.50 ± 0.08 0.57 ± 0.15 0.36 ± 0.24
Zn 0.04 ± 0.01 0.03 ± 0.00 0.04 ± 0.00 0.03 ± 0.01 0.02 ± 0.00 0.02 ± 0.00

Phalaris Shoots Ca 1.68 ± 0.11 1.42 ± 0.19 1.83 ± 0.21 2.33 ± 0.16 3.67 ± 0.71 3.95 ± 0.46
Cr 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.11 ± 0.01 0.01 ± 0.01
Fe 0.09 ± 0.01 a 0.10 ± 0.02 a 0.12 ± 0.01 a 0.19 ± 0.06 0.57 ± 0.04 b 0.09 ± 0.04
K 19.1 ± 1.63 15.3 ± 1.00 14.0 ± 0.52 14.5 ± 1.46 16.2 ± 0.42 21.0 ± 2.47
Mg 1.88 ± 0.18 1.73 ± 0.15 1.88 ± 0.09 2.69 ± 0.12 2.99 ± 0.78 3.10 ± 0.30
Mn 0.11 ± 0.01 0.11 ± 0.02 0.13 ± 0.01 0.19 ± 0.02 0.28 ± 0.05 0.29 ± 0.04
Na 0.71 ± 0.09 a 0.88 ± 0.10 a 1.47 ± 0.20 ab 2.99 ± 0.50 bc 4.03 ± 0.65 c 6.27 ± 0.58 d
P 0.68 ± 0.05 a 0.64 ± 0.04 a 0.82 ± 0.04 a 1.36 ± 0.13 b 2.09 ± 0.19 c 2.17 ± 0.14 c
Zn 0.07 ± 0.00 0.07 ± 0.01 0.07 ± 0.01 0.09 ± 0.01 0.13 ± 0.03 0.09 ± 0.02

Roots Ca 3.89 ± 0.31 ab 3.29 ± 0.30 ab 3.49 ± 0.34 ab 4.09 ± 0.63 a 1.78 ± 0.22 ab 1.21 ± 0.46 b
Cr 0.08 ± 0.03 ab 0.07 ± 0.02 ab 0.11 ± 0.01 ab 0.19 ± 0.02 a 0.04 ± 0.01 b 0.00 ± 0.00 b
Fe 1.23 ± 0.23 a 0.73 ± 0.13 ab 0.91 ± 0.10 ab 1.23 ± 0.17 a 0.35 ± 0.02 ab 0.11 ± 0.04 b
K 8.06 ± 1.08 9.27 ± 1.37 13.19 ± 1.36 16.47 ± 1.05 14.6 ± 2.17 11.0 ± 3.74
Mg 1.23 ± 0.05 1.28 ± 0.16 1.31 ± 0.19 1.29 ± 0.03 1.19 ± 0.35 0.58 ± 0.19
Mn 0.19 ± 0.01 0.18 ± 0.02 0.15 ± 0.03 0.19 ± 0.02 0.15 ± 0.03 0.13 ± 0.05
Na 0.97 ± 0.17 a 1.42 ± 0.28 2.60 ± 0.71 2.29 ± 0.32 1.66 ± 0.35 0.96 ± 0.33
P 0.95 ± 0.06 a 0.93 ± 0.11 a 0.90 ± 0.07 a 1.39 ± 0.10 ab 1.43 ± 0.09 b 0.96 ± 0.31 b
Zn 0.08 ± 0.00 0.06 ± 0.01 0.06 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.05 ± 0.02

Lucerne Shoots Ca 17.9 ± 2.79 19.0 ± 2.89 14.9 ± 2.76 11.3 ± 2.16 12.1 ± 1.19
Cr 0.01 ± 0.00 0.04 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Fe 0.21 ± 0.05 0.35 ± 0.11 0.05 ± 0.01 0.04 ± 0.04 0.08 ± 0.03
K 21.1 ± 1.03 22.5 ± 3.18 22.2 ± 1.34 21.8 ± 5.14 25.1 ± 2.26
Mg 5.61 ± 1.10 7.37 ± 0.42 6.46 ± 1.08 5.44 ± 0.88 5.70 ± 0.77
Mn 0.11 ± 0.01 0.11 ± 0.01 0.06 ± 0.01 0.06 ± 0.02 0.06 ± 0.01
Na 0.32 ± 0.11 a 0.46 ± 0.02 a 1.15 ± 0.22 ab 2.37 ± 0.72 b 2.17 ± 0.26 b
P 0.80 ± 0.09 0.95 ± 0.07 0.86 ± 0.06 2.31 ± 0.75 1.92 ± 0.35
Zn 0.09 ± 0.01 0.09 ± 0.01 0.06 ± 0.00 0.09 ± 0.02 0.07 ± 0.01

Roots Ca 1.72 ± 0.13 2.05 ± 0.21 2.17 ± 0.08 2.35 ± 0.22 2.05 ± 0.20
Cr 0.02 ± 0.00 a 0.02 ± 0.00 a 0.05 ± 0.01 b 0.00 ± 0.00 a 0.00 ± 0.00 a
Fe 0.32 ± 0.04 0.44 ± 0.04 0.57 ± 0.08 0.36 ± 0.05 0.31 ± 0.07
K 10.7 ± 0.42 12.6 ± 0.76 9.84 ± 1.31 11.1 ± 1.30 12.1 ± 1.00
Mg 11.8 ± 1.83 12.9 ± 0.67 11.3 ± 0.77 11.8 ± 2.81 12.3 ± 1.76
Mn 0.25 ± 0.05 0.33 ± 0.06 0.33 ± 0.07 0.36 ± 0.10 0.50 ± 0.19
Na 0.29 ± 0.08 a 0.35 ± 0.09 a 1.12 ± 0.26 b 0.97 ± 0.14 ab 1.23 ± 0.06 b
P 0.87 ± 0.02 a 0.96 ± 0.05 a 0.98 ± 0.10 a 1.25 ± 0.19 a 1.88 ± 0.13 b
Zn 0.25 ± 0.03 0.30 ± 0.03 0.20 ± 0.02 0.34 ± 0.08 0.39 ± 0.09

Note: The biomass of lucerne in the 100% WWW treatment was insufficient for the determination of elemental concentrations.
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ndustry. Plant growth studies, such as those undertaken here, are
ime-consuming, and are clearly not a viable option for rapid WWW
hytotoxicity assessment. Conversely, the seed germination assays,
pecifically the GI, were rapid and showed a similar response to the
lant growth experiments.

In an attempt to develop a rapid assessment tool, we sought
o determine whether there were any correlations between
eed germination and biomass parameters. Whilst germination
nd vegetative growth involve different physiological processes,
he growth experiment incorporated the germination stage, and
herefore may be considered to be linked to the germination exper-
ments. There was no overall correlation between germination and
iomass if the datasets were not first separated on the basis of
pecies.

If the species were considered separately, the most meaning-
ul correlations between germination and vegetative growth data
linear) were found to exist in barley and phalaris, relating the
ermination index to respective total plant biomass (r2 = 0.99 and
.91, respectively). There were no good correlations using the ger-
ination indices determined for millet or lucerne (0.51 and 0.49,

espectively), suggesting that these species would not be suitable
or using in a bioassay type situation. However, the relationship
etween the GI of barley and the total biomass of all species tested,

s good (Fig. 4; r2 = 0.89, 0.97, 0.97 and 0.99 for lucerne, millet,
halaris and barley, respectively). As such, it seems that barley
ermination could be used as a rapid WWW bioassay for all of
hese crops rather than having to undertake individual germina-
ions, thus simplifying the test. On the basis of these results, barley
ermination could be tested for a greater range of crops to assess
ts predictive power for a greater range of crops.

. Conclusions

This study has demonstrated that winery wastewater delays
he germination and inhibits vegetative growth of barley, lucerne,
halaris and millet. Whilst overall germination was not affected,
WW was shown to increase the time to germination, and restrict

arly growth. Furthermore, WWW was shown to be toxic to plant
rowth, and with EC50 values ranging from 10% to 50%, high levels
f dilution with fresh water would be required if WWW were to
e used to irrigate such crops. The use of WWW with dilution is
herefore practically limited based on freshwater availability and
ost, in conjunction with overall volumes of wastewater produc-

ion. A high correlation of barley seed germination index with total
iomass following 11 weeks of growth was found, suggesting that
arley seed germination tests could be a potential useful tool for
se in industry, to determine whether the wastewater is suitable
o use for irrigation at any given time.
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