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Pennisetum glaucum L. cv. Babala (pearl millet) established as a summer catch crop followed by Avena 
sativa L. cv Palinup (oats) established as a winter catch crop were irrigated with winery wastewater 
diluted to eight chemical oxygen demand (COD) levels ranging between 100 mg/L and 3 000 mg/L. The 
diluted wastewater treatments were compared to irrigation with river water. The dry matter production 
(DMP) of oats, if not preceded by pearl millet, tended to improve when irrigated with winery wastewater. 
Growth of pearl millet peaked during the period when 91% of the diluted winery wastewater was applied. 
Winery wastewater improved the DMP of pearl millet. No trends were observed in the nutrient levels of 
the above-ground growth of the two interception crops. However, Na levels increased over time. Using 
both species, too high levels of macro-nutrients were intercepted, but insignificant amounts of Na were 
removed. Irrigation with winery wastewater with COD levels between 1 500 mg/L and 2 500 mg/L may 
be sustainable if only pearl millet is employed as an interception crop. Fertiliser needed to maintain the 
nutrient balance in the soil resulted in an additional cost of approximately R2 800/ha/yr. However, the 
fodder may provide an income in excess of R15 000/ha/yr.

INTRODUCTION
Untreated winery wastewater is not permitted to be disposed 
of in natural water resources (Van Schoor, 2001). The South 
African wine grape industry produced approximately 1 095 
million litres of wine during 2012 (SAWIS, 2013). Every 
litre of wine produced results in two to 14 litres of effluent 
(Lagoudi et al., 2004). Therefore, cellars in the local industry 
are estimated to generate between 2 190 million and 15 330 
million litres of effluent per annum. Currently, wine cellars 
in South Africa are processing cellar effluent by means of 
aerated ponds, aerobic facultative lagoons and high-rate 
system bioreactors (Lagoudi et al., 2004). More recently, 
constructed wetlands were also considered (Mulidzi, 
2005), the latter being the most biologically active natural 
ecosystems on earth (Shepherd & Grismer, 1997). Although 
the cost of constructed wetlands is low in comparison to 
other treatment systems, the construction of a 56.7 m3 pore 
volume wetland still amounted to approximately R51 000, 
excluding VAT and labour (Mulidzi, 2008).

According to Lagoudi et al. (2004), land surface 
applications such as vineyard and field irrigation are also 
disposal methods to be considered. Irrigation with winery 
wastewater is a practice increasingly applied by grape 
growers (Kumar & Christen, 2009, in Laurenson et al., 2012). 

Wastewater from agricultural sources can function as a source 
of organic matter and nutrients (Cameron et al., 1996) that 
may enhance crop growth and yield (Al-Jaloud et al., 1995; 
Vasquez-Montiel et al., 1996). However, it may also increase 
soil salinity, result in an undesirable soil pH, cause excessive 
leaching of nutrients and heavy metals and adversely affect 
the physical properties of the soil (Shainberg & Oster, 1978; 
Cameron et al., 1996; Wang et al., 2007).

The characteristics of winery wastewater fluctuate 
considerably and are determined by the size of the winery, 
treatment processes, as well as the pre-vintage, vintage 
and post-vintage activities in the cellar. The potassium (K) 
content of grape juice (2 000 to 3 000 mg/L) and cleaning 
products (potassium hydroxide) used in the cellar may cause 
the K concentration in winery wastewater to be as high as 
1 000 mg/L during the vintage season (Arienzo et al., 2009a). 
This is classified by Mulidzi et al. (2009) as being high 
(above 200 mg/L). However, Arienzo et al. (2009b) suggest 
that sodium (Na)-based cleaning agents should be replaced 
by K-based cleaning agents, due to the greater potential for 
K uptake and removal by crops grown on land application 
sites. Most of the K in wastewater is in mineral form and 
therefore immediately available for plant uptake (Mengel 
et al., 2001).
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When using winery wastewater for irrigation, an 
application strategy that will minimise leaching from the 
crop root zone needs to be developed (Arienzo et al., 2009a). 
This can be done by synchronising wastewater applications 
to maximise nutrient uptake by the crop. However, irrigation 
with winery wastewater caused a decline in the nutrient 
status of grapevines (Neilsen et al., 1989; McCarthy, 2010, 
in Laurenson et al., 2012). A progressive increase in soil 
salinity resulted in nutrient deficiencies (McCarthy, 1981; 
Paranychianakis et al., 2006) and may cause osmotic stress, 
lower photosynthetic activity, lead to poor nutrient utilisation 
and a reduction in shoot and root growth, as well as result in a 
decline in bunch number and berry weight (McCarthy, 1981; 
Prior et al., 1992; Leske et al., 1997; Stevens & Walker, 
2002; Paranychianakis et al., 2006).

Grasses have a high K removal potential (Arienzo 
et al., 2009a). Lolium species (ryegrass) have the potential 
to remove between 484 and 708 kg/ha K from the soil 
(Gamroth & Moore, 1995, in Arienzo et al., 2009a). 
However, the species have developed resistance to two 
non-selective broad-spectrum herbicides, namely paraquat 
and glyphosate (Busi & Powles, 2011). It therefore should 
not be considered as a catch crop for the interception of 
excess nutrients applied by means of irrigation with winery 
wastewater. According to Pederson et al. (2002), Avena 
sativa L. (oats) has the potential to be used as a catch crop, 
with hay production and sale off-farm as a viable method 
for removing excess nutrients. Pennisetum glaucum L. (pearl 
millet) is also widely used as fodder in developing countries 
(Blümmel et al., 2003; Al Suhaibani, 2011; Khan et al., 
2012). It also can be an important summer cereal crop that 
does not require a lot of irrigation due to its short growing 
season (Khan et al., 2012). Al-Jaloud et al. (1995) indicated 
that the irrigation of sorghum plants with wastewater did 
not increase the mineral concentrations in the plants, while 
Albassam (2001) observed that the negative effect of a high 
concentrations of Na in irrigation water on the growth of 
pearl millet could be restored partially by the application 
of nitrogen (N). In general, pearl millet is considered to be 

fairly saline tolerant (Krishnamurthy et al., 2007), which can 
be associated with a reduced N content in the shoots and an 
increase in the K and Na content.

The aim of this study was (1) to determine whether 
irrigation with winery wastewater at different COD levels 
affected the performance and nutrient content of oats and 
pearl millet, and (2) to determine the ability of these two 
species to intercept sufficient amounts of Na and K as a catch 
crop on a sandy soil.

MATERIALS AND METHODS
Experiment vineyard and layout
The field trial was executed in an eight-year-old micro-
sprinkler-irrigated Cabernet Sauvignon/99 Richter vineyard 
near Rawsonville, South Africa (33° 41’ latitude) established 
on a sandy soil. Details of the irrigation infrastructure, 
dilution procedures, trellis system, climate, soil preparation 
and the type of soil have been reported by Myburgh et al. 
(2014).

The summer catch crop Pennisetum glaucum L. hybrid 
Babala (pearl millet), followed by the winter catch crop 
Avena sativa L. cv. Pallinup (oats), was irrigated with winery 
wastewater diluted to eight chemical oxygen demand (COD) 
levels ranging between 100 mg/L and 3 000 mg/L (T2 to 
T9) (Table 1), as described by Myburgh et al. (2014). These 
treatments were compared with a treatment in which pearl 
millet and oats were irrigated with river water throughout the 
season (T1). The diluted winery wastewater was applied from 
mid-February to either mid-April or the beginning of May 
(Howell et al., 2014). The irrigation volumes, water quality 
and amount of mineral elements applied via the irrigation 
water during the 2009/2010, 2010/2011, 2011/2012 and 
2012/2013 seasons are discussed in detail by Howell et al. 
(2014).

All treatments were replicated three times in a randomised 
block design. Each experiment plot consisted of two rows 
of six grapevines each, with two buffer grapevines between 
plots in the same vine rows, three grapevine inter-rows and 
two buffer vine rows between plots in different rows.

TABLE 1
Dry matter production (DMP) of the winter growing cover crop, Avena sativa L. cv. Pallinup (oats), established on a sandy soil 
near Rawsonville and irrigated with cellar effluent diluted to different chemical oxygen demand (COD) levels, as measured 
during 2010, 2011, 2012 and 2013.

Treatment No. & 
target COD (mg/L)

DMP (t/ha)
2010 2011 2012 2013

29 July 29 Sept Total 22 Sept 4 Sept 11 Sept
T1 - Control(1) 4.08 a(2) 1.35 a 5.43 a 2.75 b 8.27 a 8.59 a
T2 - 100 3.30 a 2.45 a 5.75 a 4.01 ab 4.76 a 7.27 a
T3 - 250 3.24 a 1.98 a 5.22 a  4.68 ab 7.08 a 7.36 a
T4 - 500 4.04 a 1.71 a 5.75 a 6.26 a 7.72 a 7.29 a
T5 - 1 000 3.44 a 1.97 a 5.41 a 4.42 ab 6.78 a 7.58 a
T6 - 1 500 3.62 a 1.92 a 5.54 a 5.64 a 7.21 a 8.30 a
T7 - 2 000 2.56 a 2.62 a 5.18 a 5.36 a 7.26 a 9.12 a
T8 - 2 500 2.70 a 2.03 a 4.73 a 4.46 ab 6.05 a 6.02 a
T9 - 3 000 3.35 a 2.02 a 5.37 a 4.45 ab 4.84 a 5.99 a

(1) Water extracted from the Holsloot River. (2) Values followed by the same letter within a column do not differ significantly (p ≤ 0.05)
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Seeding density, seeding date and seedbed preparation
Oats were sown as a winter interception crop at a seeding 
density of 100 kg/ha (Fourie et al., 2001) on 2010-04-14 
and 2011-04-07, as suggested by Fourie et al. (2006b), to 
maximise production. Seedbed preparation was done with a 
disc harrow approximately six weeks before the seeding date 
to allow for the breakdown of any mulch material on the soil 
surface that may have a negative effect on seed germination 
and the growth of the young seedlings. During 2012 and 
2013 the oats had to be sown during the last week of April 
due to the second (final) harvest of pearl millet occurring 
on 2012-04-23 and 2013-04-22. This did not allow for any 
seedbed preparation. However, the pearl millet residues were 
incorporated into the soil just before the seeds were sown. 
After sowing by hand, the seeds were covered with soil 
using a disc harrow. Pearl millet was sown on 2010-11-23 
at a seeding density of 30 kg/ha as suggested by the supplier 
(Agricol, Brackenfell) to ensure effective germination and 
sufficient growth during the 2011 grape harvest period. An 
irrigation of 16 mm, using river water, was applied weekly 
up to four weeks after sowing and fortnightly thereafter 
until the wastewater treatments started. However, the pearl 
millet grew prolifically under the conditions prevalent in 
the trial and completed its life cycle on 2011-02-24, when 
only the second irrigation with diluted winery wastewater 
was applied during the 2011 harvest period. Therefore, it was 
sown approximately six weeks later (10 January) in 2012 
and 2013.

Fertiliser applied
The amounts of fertiliser applied to supply nutrients to the 
two cover crop species are shown in Table 2. Phosphate 
(P) was applied just before seedbed preparation on two 
occasions, namely March 2010 and the end of November 
2011 for oats and pearl millet respectively. This was done to 
ensure a sufficient supply of P to the cover crops in the top soil 
layer. Both species received N during the two- to four-leaf 
stages as proposed by Van Huyssteen and Van Zyl (1984). In 
contrast to the 2010 and 2011 seasons, an additional 28 kg/ha 
of N was applied just after the oats were sown during the 
fourth week of April 2012 to prevent a N deficit from 
developing in the top soil due to the incorporation of the 
pearl millet residues just before the oats were sown, as well 
as to compensate for the significant amounts of N removed 
by the pearl millet. To avoid excessive vegetative growth of 
the grapevines, this was not repeated in April 2013. Both the 
P and N were broadcast by hand.

Weed control
Full-surface post-emergence weed control was achieved at 
the end of September (after the oats had been slashed and 
harvested) by applying glyphosate at a rate of 1.44 kg/ha by 
means of a covered sprayer. During the grapevine growing 
season, post-emergence weed control was achieved in the 
vine row by applying paraquat at a rate of 1.25 kg/ha with 
knapsack sprayers as soon as the weeds reached a height of 
approximately 300 mm.

Measurements
Cover crop growth
Cover crop dry matter production (DMP) was determined 
from a sample by harvesting the above-ground vegetative 
growth in a 0.5 m2 sub-plot randomly chosen in each plot 
(replicate). Samples were oven-dried for 48 h at 70 ºC. In 
2010 the oats were slashed and harvested twice, namely 
2010-06-29 and 2010-09-29, whereas in the following three 
years it was harvested only during September. Pearl millet 
was harvested twice in a season throughout the study. As 
no harvester small enough to be utilised in a vineyard was 
available, the cover crops were slashed full surface directly 
after sampling. Thereafter the whole surface was raked 
and the residues removed to prevent the mineral elements 
absorbed by the above-ground growth from being returned 
to the soil through decomposition.

Mineral element content of the cover crops
A sample was collected by harvesting the above-ground 
growth in a 0.5 m2 sub-plot randomly chosen in each 
experimental plot. The samples were analysed by a 
commercial laboratory (BEMLAB, Somerset West) for 
macro- and micro-elements throughout the study and for 
heavy metals during the 2010/2011 season. After sampling, 
the leaf blades were washed with a Teepol® solution, rinsed 
with de-ionised water and dried overnight in an oven at 
70°C. The dried leaves were then milled and ashed at 480°C, 
shaken up in a 50:50 hydrochloric acid (HCl) (32%) solution 
for extraction through filter paper (Campbell & Plank, 1998; 
Miller, 1998). The K, magnesium (Mg), calcium (Ca), Na, 
boron (B), iron (Fe), zinc (Zn), copper (Cu) and manganese 
(Mn) content of the extracts was measured with a Varian ICP-
OES optical emission spectrometer (Agilent Technologies).

The total N content of the ground leaves was determined 
by a commercial laboratory (BEMLAB, Somerset West) 
through total combustion in a Leco N-analyser (Leco 
corporation, USA). For analysis of cadmium (Cd), chromium 

TABLE 2
The amounts of phosphate (P) and nitrogen (N) applied to 
supply in the needs of the two cover crop species.
Date Fertiliser applied 

(kg/ha)
2009/2010 harvest season:
2010-03-30 40.5 P
2010-06-17 28.0 N
2010/2011 harvest season:
2010-12-07 28.0 N
2011-05-12 28.0 N
2011/2012 harvest season:
2011-11-30 40.5 P
2012-01-10 28.0 N
2012-04-24 28.0 N
2012-06-06 28.0 N
2012/2013 harvest season:
2013-02-05 28.0 N
2013-05-31 28.0 N
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(Cr), lead (Pb), arsenic (As) and mercury (Hg), 5 g of the 
dried and milled leaves were digested with 20 mL HNO3 
(55%) and 5 mL hydrogen peroxide (30%) on a heated 
sandbed (180°C) until the solution turned clear, after which 
it was filtered using Whatman filter paper (Whatman 2). The 
heavy metal content of the extract was measured with the 
Varian ICP-OES optical emission spectrometer at different 
wavelengths for the different metals, i.e. Cd: 214.4 nm; 
Cr: 267.7 nm; Pb: 220 4 nm; As: 193.7 nm; and HG: 184.9 
nm, as described in Chapman and Pratt (1961).

Amounts of the macro-elements intercepted by pearl millet 
and oats 
The amounts of K, Mg, Ca, P and N intercepted by the cover 
crops were estimated by employing the following formula:

A = DMP x 103 x B x 0.8                                             (Eq. 1)

where A is the amount of the element intercepted by the cover 
crops in kg/ha, DMP is the amount of dry matter produced 
in t/ha, 1 000 is the conversion factor from t/ha to kg/ha, B 
is the amount of the element present in the fibre of the cover 
crops expressed as a percentage, and 0.8 is the percentage of 
the total surface area (1) covered by the interception crop.
 The amount of Na intercepted by the cover crops 
was estimated by employing the following formula:

A = DMP x 103 x (C/106) x 0.8                                    (Eq. 2)

where C is the amount of Na present in the fibre of the cover 
crop in mg/kg, and 106 is the conversion factor from mg/kg 
to kg/kg. The other symbols/factors are the same as those 
used in equation one.

Statistical analyses
The experiment was a complete randomised block design 
with nine treatments replicated three times. The experiment 
was repeated for four consecutive seasons. DMP and the 
analysis of the above-ground growth were measured from 
samples collected randomly within each experimental plot. 
The data were tested for normality (Shapiro & Wilk, 1965), 
found to be acceptably normally distributed and subjected to 
analysis of variance. Analyses of variance were performed 
for each season separately, using SAS (SAS, 1990). Student’s 
t least significant difference (LSD) was calculated at the 5% 
and 10% significance levels to facilitate comparison between 
treatment means.

RESULTS AND DISCUSSION
Oats
Yield
The irrigations applied from March to May 2010 with winery 
wastewater diluted to different COD levels had no effect on 
the vegetative growth of the oats from 2010-04-14 to 2010-
09-29 (Table 1). However, the winery-enriched water applied 
from 2011-02-01 (one month before seedbed preparation) to 
2011-04-14 (one week after the oats were sown) improved 
the performance of the oats in T4, T6 and T7 compared to 
T1. This supports the results of Rusan et al. (2007) in a trial 
in which barley was irrigated with municipal wastewater. 
The DMP of the oats in the other treatments irrigated with 
winery-enriched water also tended to be higher than that 

of T1. This could be attributed to the winery wastewater 
supplying additional K and N to the oats during the first 
six weeks of growth. During both seasons, the DMP of oats 
was similar to that reported for a sandy soil near Lutzville 
(31º35’S, 18º52’E) (Fourie et al., 2005), a sandy loam soil 
near Stellenbosch (33º55’S, 18º52’E) (Fourie et al., 2006a) 
and a sandy clay loam near Robertson (33º50’S, 19º54’E) 
(Fourie et al., 2006b).

Despite the fact that the oats were established 
approximately three weeks later in 2012 (2012-04-26 vs. 
2011-04-07) and harvested approximately three weeks 
earlier (2012-09-04 vs. 2011-09-26), the oats produced on 
average 42% more in 2012 than in 2011 (Table 1). This was 
attributed to the additional 28 kg/ha N applied on 2012-04-24 
just after the oats were sown. In contrast to 2011, the winery 
wastewater applied from March to May 2012 did not improve 
the performance of the oats in the treatments irrigated with 
diluted winery wastewater (T2 to T9) in comparison with 
the treatment irrigated with river water (T1). This trend was 
attributed to the additional N applied just after the seeds 
were sown, probably eliminating the effect of the N in 
the diluted winery wastewater. Although the DMP did not 
differ significantly between treatments, the DMP in T2 and 
T9 was approximately 41% less than that measured in T1. 
The reason for this is not clear. Similar to 2012, the DMP 
of oats measured on 2013-09-11 did not differ between 
treatments and exceeded that of 2011. It seems that some of 
the N applied on 2013-02-05 (compared to 2010-12-07) may 
have been available to the oats during the first six weeks of 
growth, overriding the effect of the N in the diluted winery 
wastewater.

Chemical composition
Throughout the study, the levels of K in the above-ground 
growth did not differ between treatments (data not shown). 
During 2010, the mean K content was 2.76 ± 0.25% after 
106 days of growth (2010-07-29), which was similar to that 
reported by Bezuidenhout (2012). The mean percentage 
K present in the leaves harvested on 2010-09-29 (second 
harvest) was 1.59 (± 0.21). This is an indication that oats 
take up more K during the early growing stages, which 
supports the results of Palazzo (1981). During September 
2011, September 2012 and September 2013, the mean K 
contents amounted to 1.47 ± 0.24%, 2.00 ± 0.34% and 1.47 ± 
0.15% respectively. The levels observed in the current study 
were comparable to those reported by Whitehead (2000, in 
Arienzo et al., 2009a) to be typical for grasses.

Similar to K, Na did not respond to the level of winery 
wastewater dilution in 2010 and 2011 (data not shown). 
The mean Na of the July harvest (187 ± 46 mg/kg) was 
comparable to the values reported by Bezuidenhout (2012), 
but nearly 40% less than that of the September harvest (306 ± 
109 mg/kg). Although the results of the current study indicate 
that oats accumulate more Na during the later growing stages, 
Bezuidenhout reported a higher uptake during the first seven 
weeks after emergence. These contradictory trends indicate 
that the uptake of Na by oats needs clarification. Although the 
Na content differed significantly between some treatments in 
2012 and 2013 (data not shown), there were no consistent 
trends that could be related to the level of dilution. During 
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2011, 2012 and 2013, the mean Na contents amounted to 
415 ± 51 mg/kg, 1 941 ± 708 mg/kg and 1 078 ± 598 mg/kg 
respectively, indicating an increase over time, especially 
from 2011 to 2012. Although the level of Na declined from 
2012 to 2013, it remained higher than the values reported for 
2011. This trend was attributed to higher levels of Na present 
in the top layers of the soil compared to the baseline values 
(Howell & Myburgh, 2014).

Although the N content of the oats did differ between 
treatments in the 2010 (29 July), 2011 and 2013 seasons, 
no definite trends were observed (data not shown). The 
percentage N measured in the leaves of oats during July 2010, 
September 2010, September 2011, September 2012 and 
September 2013 amounted to 2.05 ± 0.29%, 1.32 ± 0.17%, 
1.44 ± 0.23%, 1.55 ± 0.23% and 1.13 ± 0.14% respectively. 
This was between 16% and 70% lower than that reported by 
Bezuidenhout (2012). Compared to the other seasons, the N 
applied just after sowing during 2012 did not affect the N 
levels in the leaves.

The levels of P did not differ between treatments or 
seasons throughout the study, despite the fact that additional 
P was applied during March 2010 and November 2011 (data 
not shown). The percentage P measured in the leaves of 
oats during July 2010, September 2010, September 2011, 
September 2012 and September 2013 amounted to 0.41 ± 
0.03%, 0.35 ± 0.05%, 0.34 ± 0.04%, 0.30 ± 0.03% and 0.24 
± 0.01%, respectively. These results were comparable to the 
levels reported by Bezuidenhout (2012).

Both the Ca and Mg contents of the oats did not differ 
between treatments throughout the study (data not shown). 
The percentage Ca measured in the leaves of oats during 
July 2010, September 2010, September 2011, September 
2012 and September 2013 amounted to 0.32 ± 0.03%, 0.17 
± 0.02%, 0.16 ± 0.01%, 0.16 ± 0.03% and 0.17 ± 0.01% 
respectively. This was 50% lower than those reported by 
Bezuidenhout (2012). The percentage Mg measured in the 
leaves of oats during July 2010, September 2010, September 
2011, September 2012 and September 2013 amounted to 
0.18 ± 0.02%, 0.15 ± 0.02%, 0.22 ± 0.01%, 0.15 ± 0.03% and 
0.13 ± 0.01% respectively. This was 40% lower than those 
reported by Bezuidenhout (2012). The levels of Ca and Mg 
in crops growing in the Western Cape tend to be lower than 
those reported for other regions due to the fact that the Ca 
and Mg content of soils in the Western Cape generally tend 
to be lower (W.J. Conradie, personal communication, 2014). 
No specific trends were observed in the present study as far 
as the micro-elements were concerned (data not shown).

Pearl millet
Yield
The winery wastewater applied in February 2011 did not 
affect the growth of pearl millet negatively (Table 3). The 
pearl millet grew prolifically and, despite being slashed and 
harvested on 2011-01-12, went into the reproductive phase 
earlier than anticipated, namely mid-February 2011. During 
the first 50 days of growth, between 1.47 t/ha and 2.76 t/ha 
of fibre was produced, whilst more than 7 t/ha was produced 
during the following 43 days. Although the DMP achieved in 
this study was much lower than that reported by Ayoub et al. 
(2009), it was still sufficient to allow pearl millet to function 

as a catch crop. To prevent the species from completing its 
life cycle too early, as well as to minimise competition with 
the grapevines for nutrients, it was sown on 10 January (six 
weeks later) during the following two seasons (2011/2012 
and 2012/2013). Although pearl millet was established 
later, the first harvest (2012-03-01) still occurred one week 
before the first irrigation with winery wastewater could be 
applied. This harvest was executed to ensure that pearl millet 
remained in the vegetative phase for a longer period of time, 
as well as to prevent the upright growing interception crop 
from hampering the picking of the grapes. Another reason 
was that the grapes in the region ripened later compared 
to the previous season, resulting in sufficient amounts of 
winery wastewater only becoming available one month later.

Similar to 2011, the DMP did not differ between 
treatments (Table 3), indicating that the winery wastewater 
had no effect on the performance of pearl millet. The DMP of 
the second harvest (after a re-growth period of 54 days) was 
higher than that of the first harvest (after a growing period of 
49 days), irrespective of the treatments applied. This supports 
the trend observed in the previous season. During 2012, the 
average growth rate of pearl millet up to the first harvest was 
31.7 kg dry matter/ha/day, compared to 81.8 kg dry matter/
ha/day between the first and second harvests. Despite the 
fact that seasonal variation makes it extremely difficult to 
determine the optimal seeding date for the summer-growing 
interception crop, the pearl millet remained in the vegetative 
phase, with the peak growth period occurring when 91% 
of the winery wastewater was applied, namely 2012-03-08 
to 2012-04-18. Although the trends were similar during 
both seasons, the average DMP of pearl millet declined 
from 10.42 t/ha in the 2010/2011 season to 5.97 t/ha in the 
2011/2012 season. This decline occurred despite the fact that 
the growth period was 10 days longer in 2011/2012 than in 
2010/2011. Sowing 48 days later than the generally accepted 
seeding date could have caused this decline.

With the exception of T3 and T9, the dry matter produced 
by pearl millet during 2013 was more than in the previous 
season (Table 3). The diluted winery wastewater applied on 
2013-02-15 and 2013-02-27 in treatments T2 to T9 had no 
effect on the performance of the pearl millet compared to 
T1 (first harvest 2013-03-05). The fertiliser N applied on 
5 February helped to ensure acceptable cover crop growth 
in all the treatments. The cover crop dry matter produced 
in T2, T3, T6, T7 and T9 from 2013-03-05 to 2013-04-23 
exceeded that of T1, whilst in the case of T4, T5 and T8 it 
was significantly higher. The total seasonal growth of pearl 
millet showed a similar trend, with the dry matter produced 
in T4, T5, T6, T7 and T8 being significantly higher than that 
of T1. This is an indication that the pearl millet did benefit 
from the amounts of macro- and micro-elements applied by 
means of the diluted winery wastewater used for irrigations 
from February to April 2013 on this sandy soil. This supports 
the data of Rusan et al. (2007) in a trial in which barley was 
irrigated with municipal wastewater.

Chemical composition
With the exception of the harvest on 2011-02-24, the 
percentage K in the above-ground growth of pearl millet 
did not differ between treatments (data not shown). Despite 
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treatments, no definite trends were observed for Mg 
throughout the study (data not shown).

The levels of macro- and micro-elements in the current 
study did not differ between treatments, thus supporting 
the results of Al-Jaloud et al. (1995), which indicated 
that wastewater irrigation did not increase the mineral 
concentrations of macro- and micro-elements in sorghum 
plants.

Calculated amounts of elements removed by interception 
crops
April to September 2010
The amounts of K, P, Ca and Mg intercepted by oats did 
not differ between treatments (data not shown). A similar 
trend was observed for the amounts of N and Na intercepted 
from 14 April up to the first harvest (July). From 29 July 
to 29 September (second harvest), oats tended to remove 
more N from the treatments irrigated with diluted winery 
wastewater (T2 to T9) than from the treatment irrigated with 
water from the Holsloot River (Table 5). In the case of T6 
and T7, the differences were significant. From the first to the 
second harvest, more Na was intercepted in T3 than in T1. 
Although not significant, this trend was also observed for T2 
and T5 to T9. The observed trends were attributed to the fact 
that the oats in T2 to T9 tended to produce more dry matter 
than that in T1 (Table 1).

The average rate at which N was intercepted by oats from 
the seeding date to the first harvest amounted to 526 g/ha/day 
compared to 348 g/ha/day (34% less) from the first harvest 
to the second harvest. This was attributed to the 28 kg/ha N 
applied 42 days after the oats were sown, making more N 
available to the cover crop. Although not as pronounced, a 
similar downward trend was observed in the average rate at 
which P was intercepted. In contrast to N and P, the average 
rate at which Na was intercepted increased from 4.72 g/ha/
day (from the seeding date to first harvest) to 20.81 g/ha/day 
(from the first to second harvest). Despite the 440% increase 
in the rate at which Na was intercepted, the amounts of Na 
removed by oats were still insignificant (Table 5).

TABLE 5
Calculated amounts of nitrogen (N) and sodium (Na) removed 
by Avena sativa L. cv. Pallinup (oats) from 2010-07-29 to 
2010-09-29.
Treatment no & target 
COD (mg/L)

Calculated amount (kg/ha)
N Na

T1 - Control(1)    15 b (2)   0.99 bc
T2 - 100   25 ab   1.19 bc
T3 - 250   19 ab 2.43 a
T4 - 500   18 ab 0.81 c
T5 - 1 000   18 ab   1.12 bc
T6 - 1 500 27 a   1.32 bc
T7 - 2 000 27 a   1.15 bc
T8 - 2 500   23 ab   1.03 bc
T9 - 3 000   22 ab 1.59 b

(1) Water extracted from the Holsloot River. (2) Values followed by 
the same letter within a column do not differ significantly (p ≤ 0.05).

the differences observed for the harvest on 2011-02-24, no 
definite trends could be detected. On 2011-01-12, 2011-
02-24, 2012-03-01, 2012-04-23, 2013-03-05 and 2012-
04-22, the mean K contents amounted to 5.33 ± 0.20%, 
2.58 ± 0.64%, 3.52 ± 0.39%, 1.94 ± 0.57%, 2.61 ± 0.17% 
and 2.13 ± 0.21%, respectively. Throughout the study, the 
concentration of K during the first harvest of a season tended 
to be higher than that of the second harvest. This supports 
the results of Palazzo (1981). The levels of K measured 
during the second harvest corresponded with those reported 
by Whitehead (2000, in Arienzo et al., 2009a), while those 
measured during the first harvest were higher than the range 
reported for the species in general (Whitehead, 2000, in 
Arienzo et al., 2009a). This is an indication that pearl millet 
is a heavy K consumer during its early growing stages.

The Na levels in T9 were higher than those of T1 during 
the harvests of 2011-02-24 and 2013-03-05 (Table 4). The 
percentage Na in all the treatments irrigated with diluted 
winery wastewater also tended to be higher than in T1 at the 
2011-02-24 and 2013-04-22 harvests. With the exception of 
T1 in 2011 and 2012, as well as T2, T7 and T9 in 2012, the Na 
levels tended to increase from the first to the second harvest. 
These results indicate that the diluted winery wastewater did 
affect Na uptake by pearl millet, albeit very slightly.

Throughout the study, irrigation with diluted winery 
wastewater did not affect the N status of pearl millet (data 
not shown). On 2011-01-12, 2011-02-24, 2012-03-01, 
2012-04-23, 2013-03-05 and 2013-04-22, the mean N 
contents amounted to 3.04 ± 0.28%, 1.02 ± 0.0.19%, 2.87 
± 0.42%, 1.56 ± 0.20%, 3.40 ± 0.26% and 2.24 ± 0.38%, 
respectively. Throughout the study, the concentration of N 
during the first harvest of a season tended to be higher than 
that of the second harvest, indicating that pearl millet needs 
more N during its early growing stages.

With the exception of 2012-03-01, irrigation with 
diluted winery wastewater did not affect the P status of pearl 
millet (Table 4). The percentage P in the T5, T6, T7 and T9 
treatments of the 2012-03-01 harvest was lower than that in 
T1. This occurred despite the fact that 40.5 kg/ha of fertiliser 
P was broadcast in all the treatments on 2011-11-30, which 
ensured a sufficient supply of P to the interception crop (Al-
Suhaibani, 2011). The reason for the observed differences is 
not clear.

The percentage of Ca in the above-ground growth of 
pearl millet did not differ between treatments, except in the 
harvests on 2011-01-12 and 2012-03-01 (data not shown). 
Despite the differences observed, no definite trends could be 
detected. In both cases, the seasonal application of diluted 
winery wastewater had not yet occurred. Therefore, the 
differences could not be attributed to irrigation with winery 
wastewater. On 2011-01-12, 2011-02-24, 2012-03-01, 
2012-04-23, 2013-03-05 and 2013-04-22, the mean Ca 
contents amounted to 0.70 ± 0.10%, 0.41 ± 0.06%, 0.60 
± 0.16%, 0.39 ± 0.04%, 0.72 ± 0.08% and 0.53 ± 0.08%, 
respectively. Throughout the study, the concentration of Ca 
during the first harvest of a season tended to be higher than 
that of the second harvest.

Although the Mg levels present in the pearl millet 
harvested on 2011-01-12 differed significantly between 
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October 2010 to September 2011
The application of winery wastewater diluted to different 
COD levels did not have an effect on the amounts of N, K, 
Na, P, Mg and Ca that were removed by pearl millet and oats 
(Tables 6 & 7). However, the amounts removed by oats in T2 
to T9 tended to be higher than that of T1. With the exception 
of K in T7 (Table 6) and P in T2 and T4 (Table 7), a similar 
trend was observed for pearl millet as far as K, Na and P 
were concerned (Tables 6 & 7). The amounts of Mg and Ca 
removed by pearl millet in T4 to T9 also tended to be higher 
than that removed in T1 (Table 7). These trends were less 
prominent than those detected for oats. This was attributed 
to pearl millet receiving only two irrigations with diluted 
winery wastewater 24 days and four days before the end of 
its growing season, i.e. on 2011-02-01 and 2011-02-20.

The two crops combined intercepted more N, K, P, Mg 
and Ca than those added by means of the winery wastewater 
and fertilisers, but very little Na (Tables 6 & 7). The large 
amounts of N and K removed by pearl millet were attributed 
to the vigorous growth of the species (producing on average 
163 kg of dry matter per hectare per day). In treatments T4 
and treatments T6 to T9, oats removed more N than those 
applied by means of the winery wastewater and fertiliser. 
Oats intercepted too much K in treatments T1 to T4. The 
species alone, however, removed too little K in treatments 
T5 to T9. The potentially positive balance of 30 kg/ha to 
55.8 kg/ha in T5 and T6, in which oats alone was used as a 
catch crop, may be beneficial on these sandy soils and serve 
as fertiliser for the grapevines. It seemed that pearl millet 
alone could remove acceptable amounts of Ca and Mg, while 
oats on its own may have removed acceptable amounts of P 
in T9.

October 2011 to September 2012
Similar to the previous season, the diluted winery wastewater 
had no effect on the amounts of N, K, Na, P, Mg and Ca 
removed by oats (Tables 8 & 9). In contrast to the previous 
season, however, the amounts of N, Na, P, Mg and Ca 
removed by oats in T2 to T9 tended to be lower than that in 
T1, with the exception of N in T7. No trends were detected 
for K (Table 8). The observed changes in the trends were 
attributed to the oats being sown 16 days later, which resulted 
in the species demand for nutrients probably peaking later 
than in the previous season, thereby reducing the effect that 
the winery wastewater might have had on nutrient uptake.

As far as pearl millet is concerned, the amounts of 
Na, Mg and Ca removed did not differ between treatments 
(Tables 8 & 9). However, with the exception of T5, the Na 
and Mg removed from treatments T2 to T9 tended to be 
higher than those of T1. Although differences did occur 
between treatments as far as P was concerned, no trends 
were observed (Table 9). With the exception of T5, more N 
was removed by pearl millet from T2 to T9 than from T1 
(Table 8). However, the N removed from T5 also tended to 
be higher than that from T1. More K was removed from T3, 
T4, T6, T7 and T8 than from T1. The K removed by pearl 
millet from T2, T5 and T9 also tended to be higher than that 
removed from T1.

The pearl millet grew less vigorously during the 
2011/2012 season than during the 2010/2011 season 

(Table 3). The trend observed for oats was just the opposite 
(Table 1). This resulted in pearl millet removing less of the 
macro-nutrients, whilst oats removed more, compared to 
the previous season (Tables 6 to 9). Therefore, similar to 
the trends observed for the previous season, the two crops 
combined intercepted more N, K, P, Mg and Ca than that 
added by means of the diluted wastewater and fertiliser, 
but less Na. With the 84 kg/ha of fertiliser N applied to 
promote cover crop growth during the 2011/2012 season, the 
amount of N added to the soil was similar to or more than 
that removed by pearl millet alone, with the exception of T3 
and T7 (Table 8). As far as oats are concerned, the amounts 
added to the soil were similar or more than those removed, 
with the exception of T1, T4 and T7. This is an indication 
that additional fertiliser N needs to be applied where a catch 
crop is employed to maintain a balance. In the case of K, the 
best balance was achieved with pearl millet alone in T8. The 
potentially positive balance of 37.5 kg/ha to 59.7 kg/ha in 
T8 and T9, where oats alone was used as a catch crop, may 
be beneficial on these sandy soils and serve as fertiliser for 
the grapevines. Excluding the fertiliser P applied, the best 
balance may be achieved in T9 by using either pearl millet 
or oats alone as a catch crop (Table 9). The amount of Ca 
extracted by pearl millet and the amount applied by means of 
the diluted winery wastewater was approximately the same 
for T4 and T5 (Table 9). The oats removed approximately 
the same amount of Mg that was applied via irrigation in 
all the treatments, while the interception by pearl millet was 
excessive.

October 2012 to September 2013
Similar to the 2010/2011 and 2011/2012 seasons, diluted 
winery wastewater had no effect on the amounts of N, K, 
Na, P, Mg and Ca removed by oats (Tables 10 & 11). The 
amounts of these macro-nutrients intercepted by oats from 
treatments T2 to T9 tended to be lower than those from T1, 
with the exception of N in T5 and T6, K in T6 and T7, Na 
in T3, as well as P in T4 and T7. With the exception of K, 
these trends supported those observed during the 2011/2012 
season.

The effect that the treatments had on the amounts of 
macro-nutrients removed by pearl millet supported the trends 
observed during the 2011/2012 season, with the exception of 
N (Tables 8 to 11). In contrast to the previous two seasons, 
no definite pattern could be observed for the interception of 
N by pearl millet (Table 10). Pearl millet intercepted more 
Mg in T4 than T1 and also tended to remove more Mg from 
T2, T5, T6, T7 and T8 (Table 11).

Similar to the trend observed for the previous two 
seasons, the two cover crops combined intercepted more N, 
K, P, Mg and Ca than those applied via the diluted winery 
wastewater and fertiliser, but intercepted very little Na 
(Tables 10 & 11). With the 56 kg of fertiliser N applied 
to promote cover crop growth, the amounts of N added 
to the soil were similar to that removed by oats in T2, T3, 
T8 and T9 (Table 10). However, the N removed by pearl 
millet exceeded the N applied via the winery wastewater 
and fertiliser. The amounts of K removed by pearl millet 
in T7 and T8 were similar to the amounts added to the soil 
by irrigation with diluted winery wastewater. This was also 
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observed for Ca in T7 to T9 (Table 11).
The above-mentioned results indicate that the two 

species should not be used as follow-up interception crops. 
In an effort to balance the nutrients added with the nutrients 
extracted, only one of the species should be used as an 
interception crop. The exclusion of oats as interception crop 
(not harvesting and removing it from the vineyard) whilst 
employing only pearl millet as an interception crop could 
be a sustainable practice where winery wastewater diluted 
to CODs of between 2 000 (T7) and 2 500 (T8) is used for 
irrigating grapevines. To neutralise the N removed by pearl 
millet, an average of 120 kg/ha of fertiliser N needs to be 
applied. This will increase the input cost by R2 311/ha. As 
in the case of N, the deficits created by the extraction of 
excess P by pearl millet can be corrected by fertilising with 
approximately 9.6 kg/ha P at a cost of R504/ha. However, 
with an average of 433 bales per hectare being produced 
by pearl millet, an income of R45 per bale will amount to 
R19 485.

CONCLUSIONS
In general, the DMP, element content and the amounts of the 
elements intercepted by both oats and pearl millet were not 
affected by the application of winery wastewater. Using both 
species to intercept the elements deposited by the winery 
wastewater resulted in more N, K, P, Mg and Ca being 
removed from the soil than was applied by means of the 
winery wastewater and fertiliser. However, the amounts of 
Na removed were insignificant. The wine industry therefore 
should consider using K-based cleaning agents rather than 
Na-based cleaning agents, as especially pearl millet showed 
the ability to intercept large amounts of K.

Managing oats as a cover crop (not harvesting and 
removing it from the vineyard), whilst employing only 
pearl millet as an interception crop during the period when 
winery wastewater is likely to be applied to the vineyard, 
could be a sustainable practice. It seems, however, that the 
COD level of the winery wastewater should preferably be 
between 2 000 mg/L and 2 500 mg/L. The growing season 
of the oats being shortened by as much as six weeks due to 
the pearl millet being grown during harvest did not affect 
the vegetative growth of the species negatively. The oats 
therefore should produce enough fibre to create quality 
summer mulches for pre-véraison weed control in vineyards.

As interception crop in grapevines, pearl millet should 
be sown in early January to help ensure its growth peaks 
when the winery wastewater needs to be applied and that the 
species does not complete its life cycle too early. By doing 
this, competition between pearl millet and the grapevines 
for N and P also will be minimised. Although an additional 
expense of approximately R2 800 was required for the 
fertiliser that was applied to compensate for the excess N 
and P intercepted by pearl millet, the potential income of 
R19 485 more than compensates for this.

As the use of an interception crop in the disposal of 
winery wastewater is a financially viable option, the use 
of N-fixers with a spreading habit as interception crops 
in vineyards irrigated with winery wastewater should be 
researched. The possibility of using species normally planted 
for grazing should also be investigated.
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