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The in-field fractional use (augmentation) of undiluted alkaline winery wastewater (WW) with raw water
for the irrigation of grapevines can reduce the abstraction of water from natural resources and mitigate
global water shortages. However, undiluted WW could pose a threat to soil function and enzyme activities,
which are early soil quality indicators. Hence, this study used a pot experiment to compare changes in
physicochemical properties and enzyme activities of four different soils irrigated with undiluted WW and
municipal water (MW) over three simulated irrigation seasons. The soils were collected from the top 0 cm
to 30 cm soil layer to which no WW had previously been applied — in the Stellenbosch (sandy loam and
sand), Robertson (clay loam) and Lutzville (sand) regions. The water sources were MW, which served as
the control, and undiluted WW, and they were both analysed before each irrigation event. Irrigation with
undiluted WW resulted in larger increases in soil pH, electrical conductivity (EC) and exchangeable K
and Na for all soils and simulated irrigation seasons. The activities of acid phosphatase, -glucosidase and
urease were negatively affected by the addition of undiluted WW. Changes in acid phosphatase activity
were negatively correlated with changes in soil pH and EC, while changes in B-glucosidase activity were
negatively correlated with changes in soil pH, EC and exchangeable K, Na and Mg. The pH had a dominant
effect because of its influence on enzyme activities, precipitation reactions and the development of saline-
sodic soils. Root exudates, acidification from nitrogen fertiliser and the uptake of K by crops can mitigate
the potential risk of using undiluted alkaline wastewater.

INTRODUCTION

Irrigating crops with large volumes of low-quality wastewater
generated from various agricultural industries can reduce
the abstraction of water from natural resources and mitigate
global water shortages, which are expected to become severe
over the coming years (Howell et al., 2018; Portner et al.,
2022; Vlotman et al., 2022). Water shortages have also
recently been experienced in the Western Cape province, a
wine-producing region in South Africa, and measures are
needed to mitigate these shortages when they occur again in
the future. Supplementing vineyard irrigation with the large
volumes of low-quality winery wastewater (WW) produced
by the wineries — up to 6 million m* during vintage — will
reduce pressure on natural water resources (Vlotman et al.,
2022). The benefits of WW being an additional water source,
supply of organic matter (OM) and a source of nutrients, is
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often counteracted by the salinity and sodicity risks; high
chemical oxygen demand (COD); and eutrophication hazard
from the leaching of nitrates and phosphates (Bond 1998;
Papini, 2000; Myburgh & Howell, 2014; Howell et al., 2016;
Howell et al., 2018).

The WW is often diluted to targeted COD levels for the
irrigation of vineyards and also to reduce the eutrophication
hazard and salinity-sodicity risks (Mulidzi et al., 2015;
Mulidzi & Wooldridge, 2016; Howell ef al., 2018). However,
the dilution of WW to a targeted parameter to use for
irrigation is impractical, because it is difficult to continuously
monitor WW quality and adjust the volumes of raw and
wastewater to achieve the required level of dilution. A more
practical approach would be to use the in-field fractional use
(augmentation) of WW with raw water for irrigation (Howell
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2 Physicochemical Properties and Enzyme Activities in Winery Wastewater-Irrigated Soils

et al., 2022). According to this approach, grapevines are
irrigated as follows: for each irrigation, a certain percentage
of the irrigation requirement is applied as undiluted WW.
Raw water is then applied for the other part of the irrigation
requirement. The risks associated with this approach need to
be assessed under a controlled environment, with repeated
applications, and using sensitive indicators.

Enzymes are rapid indicators of the changes in soil
quality that could be brought about by undiluted WW
(Adetunji et al., 2017). They are also preferred, because they
are related to important soil quality parameters such as soil
organic matter, soil physicochemical properties, microbial
activity and biomass (Alkorta et al., 2003). In this way they
are an integrated soil quality indicator and reflect the impact
of amendments and management practices on soil biology
(Ghosh et al., 2020). Despite the conflicting literature on
the effects of environmental factors on enzyme activities,
they play a crucial role in nutrient cycling, particularly
B-glucosidase, phosphatase and urease, which are involved in
carbon, phosphorus and nitrogen cycling, respectively (Xing
et al., 2020). A decrease in the activity of these enzymes
indicates low cycling of these nutrients from soil organic
matter (Alkorta ef al., 2003). A previous study reported an
increase in B-glucosidase, phosphatase and urease activities
following the application of diluted WW (Mulidzi &
Wooldridge, 2016). However, the interaction between soil
chemical properties and enzyme activities, which would
give a broad understanding of the effects of WW, was not
considered. This limits the prediction of what would happen
with the in-field augmentation of undiluted alkaline WW or,
any wastewater with varying water quality. Hence, the aim
of this study was to evaluate the effects of undiluted alkaline
WW on selected chemical properties and enzyme activities.
The effect of irrigation with undiluted WW and municipal
water (MW) on the changes in soil pH, EC, exchangeable
cations and enzyme activities of four different soils were
compared in a pot experiment over three simulated irrigation
seasons. In addition, the relationship between changes in soil
chemical properties and enzyme activities were explored.

MATERIALS AND METHODS

Experimental study and design

The study was conducted as a pot study at ARC Infruitec-
Nietvoorbij with an experimental design of 4 x 2 x 3 factorial
experiment fitted in a randomised complete block design
(RCBD). The first factor was soil, where four soils that
differed in their physicochemical parameters were used. The
second factor was the irrigation water source, where two
water sources were used. The third factor was the simulated
irrigation season, which had three levels, namely season 1,
season 2 and season 3. A season consisted of six irrigations.
This resulted in 24 treatments that were replicated four
times, and each treatment was randomly assigned within
each replicate. Three pots were fitted within each treatment
for destructive soil sampling after each irrigation season.

Soil selection, collection and preparation for pot trial

The four different soils used for this study were collected from
the grape-growing regions in the Western Cape province. The
soils were collected at selected sites near Stellenbosch (two
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soils), Robertson (one soil) and Lutzville (one soil) where
no WW had previously been applied. The soils differed in
their physicochemical properties, particularly clay contents,
OM and pH (Table 1). Soils are herein named after the
location from where they were collected and their texture,
i.e. Stellenbosch sandy loam (SSL), Stellenbosch sand (SS),
Robertson clay loam (RCL) and Lutzville sand (LS).

Soil samples were collected from the top 0 cm to 30 cm
soil layer at each site and placed in plastic bags for transport
and storage. Each composite sample consisted of seven
sampling points for each soil. The soils were sieved using
a 6 mm mesh sieve to remove large fragments of OM and
stone fractions. The soils were put in pots with a diameter
of 15.2 cm and a height of 20 cm after they had been sieved.
The pot experiment was carried out under a fiberglass rain
shelter at ARC Infruitec-Nietvoorbij. The soils were also
sent to a commercial laboratory for determination of the
initial basic physicochemical properties (Table 1).

Collection and characterisation of irrigation water

The two water sources used for this experiment were MW,
which served as the control, and undiluted WW. The MW
used for the control treatments was obtained from the tap
at the lysimeter facility at ARC Infruitec-Nietvoorbij.
The undiluted WW was collected from a winery near
Stellenbosch and was stored in a 2 500 L plastic tank adjacent
to the lysimeter facility. Samples of both water sources were
collected for each irrigation event and analysed for N, P, K,
Ca, Mg, Na, SO42-, HCO3-, CI-, F-, Mn, Zn, Fe, Cu, B, pH,
EC and COD by a commercial laboratory. The composition
of each water source varied widely (Table 2), and the pH
of undiluted WW was consistently alkaline. Although both
water sources differed in their composition, they both had
low concentrations of heavy metals, indicating low pollution
risk.

Irrigation

The simulated irrigation season consisted of six irrigations,
which, according to Myburgh (2013), is the number of
irrigations a vineyard would require during the harvest
period. Therefore, a total of 18 irrigations were applied over
the three irrigation seasons. Irrigation of the pots started at
the end of May 2020 and ended in February 2021. Soils were
irrigated to field capacity (FC) with either MW or WW, using
pumps by which water was distributed using a network of
pipes and applied evenly to each pot using a 2 L/h pressure-
compensating button dripper. The weight of the pot was
recorded prior to filling it with the soil. The weight of the
pot with the soil at FC (WMfc) was calculated using the
formulae described by Mulidzi (2016). Pots were irrigated
when the soil moisture content of the four representative
pots per soil/water treatment dropped to 50% FC. The pots
were weighed every two days using an electronic balance
until 50% FC was reached for irrigation. This intermediate
depletion level was designed to ensure sufficient soil
aeration between irrigations. This aeration was considered
crucial because of the high COD of the WW (Table 2), and
could lower the chance of anaerobic conditions developing
(Howell & Myburgh, 2018). The braces bearing the micro-
tubes were removed before weighing these pots. When pots
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TABLE 1
Selected soil physicochemical properties for the Stellenbosch sandy loam, Stellenbosch sand, Robertson clay loam, and Lutz-
ville sand soils.

Parameter Stellenbosch Stellenbosch  Lutzville Robertson
sandy loam sand sand clay loam
Particle size distribution (%) Clay 16.00 6.000 2.000 35.00
Silt 5.000 5.000 5.000 24.00
Sand 79.00 89.00 93.00 41.00
Textural class Sandy loam Sand Sand Clay loam
Ammonium acetate extractable Ca 5.45 3.25 3.50 10.66
cations (cmol /kg) Mg 0.86 037 1.45 2.60
K 0.59 0.19 0.63 1.13
Na 0.41 0.17 0.53 0.40
AMBIC extractable P (mg/kg) 65.10 55.50 32.00 99.90
Chemical parameters Soil pH 5.920 6.190 7.870 6.880
Soil OC (%) 0.660 0.380 0.250 0.730
Soil EC (mS/cm) 0.730 0.250 0.550 2.430
CEC' (cmol /kg) 7.290 3.980 6.110 14.79
ExSP? (%) 5.610 4.340 8.750 2.740
ExPP? (%) 8.170 4.860 10.36 7.630
Soil density (kg /L) 1.050 1.390 1.270 1.160

! Based on the sum of extractable cations

% Calculated by dividing extractable sodium by CEC and multiplying by 100
* Calculated by dividing extractable potassium by CEC and multiplying by 100

were removed for soil chemical analysis at the end of each
simulated irrigation season, their irrigation water was stored
and discarded in 500 mL glass beakers. The same irrigation
system flow rate was maintained throughout the experiment.
An example of the progression of the soil water content of
the Lutzville soil is given in Fig. 1. The cumulative rate
of element application in kg/ha for season 1 to season 3 is
presented in Table 3.

The data includes maximum and minimum temperatures
and daily maximum and minimum relative humidity for each
month from May 2020 to February 2021 (Table 4). Generally,
the 2020/2021 season showed slight variations from the
long-term mean (LTM) across most parameters. Maximum
temperatures in the 2020/2021 season were marginally higher
in some months (May, June and July), and lower in others
(such as August and September) than the LTM. Minimum
temperatures followed a similar pattern, with some months
showing slightly lower values in 2020/2021 compared to
the LTM. Maximum relative humidity from May 2020 to
February 2021 were similar to the LTM values, with only
minor fluctuations. Notably, there were significant drops in
minimum relative humidity for October and February in the
2020/21 season compared to LTM.

End of simulated season soil sampling and analyses

Following each simulated irrigation season, a pot for each
treatment within each replicate was destructively sampled.

S. Afr. J. Enol. Vitic., Vol. 46, 2025

Soil samples were collected from the 0 cm to 18 cm layer in
the pots of all the replications. Cored (1.5 cm diameter) was
used as a sampling technique. Soil samples were air-dried
and passed through a 2 mm mesh sieve. All soil chemical
analyses were carried out by a commercial laboratory
(Labserve Mycro, Stellenbosch). Triplicate samples were
collected from the composited soils. Soil pH was measured
in KCI extract (Thomas, 1996), and soil EC, in water
(Longenecker & Lyerly, 1964). The Ca, Mg, K and Na were
extracted with 1 M ammonium acetate buffered at pH 7
(AgriLASA, 2004), and their concentrations in the extract
were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer Optima
7300 DV, Waltham, MA). The S-value obtained by summing
the extractable cations was used to estimate cation exchange
capacity (CEC), mainly because the process of determining
CEC is tedious (Conradie, 1994; Mulidzi, 2016). Given the
above-mentioned, the exchangeable potassium percentage
(EPP) and exchangeable sodium percentage (ESP) of the soil
could not be calculated. However, the extractable potassium
percentage (ExPP) was calculated as the ratio of extractable
potassium over CEC, multiplied by 100. Similarly, the
extractable sodium percentage (ExSP) was calculated as the
ratio of extractable sodium over CEC, multiplied by 100.
The designation ExPP includes both the adsorbed K and K
in solution; therefore, it should not be confused with EPP.
Similarly, the designation ExSP includes both the adsorbed
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TABLE 2

The range, average and median values of the macronutrients (N, P, K, Ca and Mg), Na, anions (SO,*, HCO,,, CI and F),
micronutrients (Mn, Zn, Fe, Cu and B) and chemical parameters (pH, EC and COD) in the municipal wastewater (MW) and
undiluted winery wastewater (WW).

MW WwW

Range Average Median Range Average Median
N! 1.21-4.43 2.49 1.56 2.76 - 47.0 23.4 19.5
P 0.1-0.15 0.10 0.10 0.24-17.30 4.19 4.11

0.8-13 3.60 2.10 148 — 1032 824 932
Ca 2-31 8.92 3.40 25.0-276 102 73.0
Mg 05-12 0.85 0.80 19.0 -28.0 22.7 20.0
Na 6—-28.8 7.36 7.15 128 - 199 155 144
SO 1-22 1.46 1.50 6.90-33.0 9.69 8.40
HCO; 1-25 13.3 15.0 11871808 1473 1438
Cr 6.1 —10.7 8.41 8.10 119 -203 179 198
F 0.04-0.11 0.10 0.10 0.34-1.00 0.73 0.78
Mn 0.01 -0.02 0.01 0.01 0.01-0.14 0.07 0.07
Zn 0.03-1.1 0.31 0.18 0.01 -0.07 0.03 0.02
Fe 0.04-0.2 0.09 0.08 0.21-9.30 2.51 1.25
Cu 0.02-0.06 0.04 0.04 0.01 -0.03 0.02 0.02
B 0.06-1.1 0.24 0.18 0.56-1.10 0.81 0.82
pH 7.16 —7.67 7.40 7.42 7.27-9.00 8.17 8.10
EC? 0.06 -0.18 0.09 0.08 2.70-5.16 4.34 4.85
COD? 0-0 0.00 0.00 250 — 7900 1128 288

! Units for concentration are mg/L
2 Units for EC are dS/m
3 Units for COD are mg/L

June July Aug Sep Oct Nov Dec Jan Feb
Month

FIGURE 1

Variation in soil water content (SWC) of the Lutzville soil during the application of the 18 irrigations to the pots in the trial
(I is application of an irrigation).
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TABLE 3

The cumulative amounts of elements (kg/ha) in irrigation water (MW and WW) applied per simulated irrigation season to the
four different soils. Values for season 2 were obtained by adding total amounts from season 1 and season 2, and those for season

3 by adding total amounts from season 1, season 2 and season 3.

Amount applied (kg/ha)
Element Season Stellenbosch sandy loam Stellenbosch sand Lutzville sand Robertson clay loam
MW WwW MW WwW MW WwW MW Ww
1 4.300 36.70 3.300 32.40 3.300 32.40 2.700 29.90
N 2 7.500 96.60 7.700 100.4 7.700 76.50 6.900 98.30
3 9.700 114.7 10.00 127.0 10.00 103.1 9.200 124.9
1 0.200 7.800 0.200 8.200 0.200 8.300 0.200 8.300
P 2 0.400 16.70 0.400 17.30 0.400 17.80 0.400 17.80
3 0.600 26.60 0.600 27.10 0.600 27.60 0.600 27.60
1 2.900 1671 3.000 790.0 3.000 790.0 3.400 1 683
K 2 11.20 3615 13.50 2709 13.50 2709 10.10 3709
3 22.70 5750 25.90 4833 25.90 4833 22.50 5832
1 5.100 336.8 5.000 372.5 5.000 372.5 4.900 383.1
Ca 2 15.50 438.0 15.80 469.8 15.80 469.8 15.10 494.5
3 37.60 512.0 45.60 555.2 45.60 555.2 44.90 579.9
1 1.500 46.50 1.500 48.10 1.500 48.10 1.600 50.20
Mg 2 3.500 91.4 3.600 92.60 3.600 92.60 3.600 95.50
3 6.200 136.6 6.300 137.8 6.300 137.8 6.300 140.7
1 13.20 3133 13.30 3213 13.30 3213 14.00 334.1
Na 2 27.30 597.5 27.80 606.8 27.80 606.8 27.80 618.2
3 45.60 915.4 45.80 923.1 40.20 923.1 45.80 934.5
1 1.400 302.81 1.350 302.8 1.350 302.8 1.100 302.6
HCO, 2 5.700 590.78 5.050 604.2 5.050 604.2 3.730 610.9
3 9.200 876.48 8.820 897.5 8.820 897.5 7.500 904.1
1 1572 103 050 1531 103 113 1531 103 113 1614 103 197
Salts 2 3942 179 179 3438 183 162 3438 183162 3438 183 456
3 6101 258 704 5598 262353 5598 262353 5598 262 667

Na" and Na“ in solution; it therefore should not be confused
with ESP.

Soil enzyme analysis was performed at the Soil
Microbiology Laboratory of the ARC Infruitec-Nietvoorbij
for the three soil enzymes of interest. -glucosidase was
measured by a simple assay performed in the laboratory
according to the Eivazi and Tabatabai (1988) process.
Phosphatase was analysed by the procedure used by Icoz and
Stotzky (2008). Urease activity (EC 3.5.1.5) was analysed
by a 2 h incubation of a reaction mixture of 5.0 g of the
field-moist soils and 2.5 mL of 80 mM urea solution at 37°C
(Kandeler & Gerber, 1988).

S. Afr. J. Enol. Vitic., Vol. 46, 2025

Statistical analyses

Changes in soil physicochemical properties and enzyme
activities were computed to standardise the data and allow
comparisons between soils. This was achieved by subtracting
initial values from those measured after each simulated
irrigation season. The data was subjected to analyses of
variance (ANOVA) using jamovi (jamovi version 2.3, 2023),
and Tukey’s HSD was calculated at the 5% level to compare
treatment means. Box plots were then plotted to visualise
the variations in the changes of soil physicochemical
properties and enzyme activities. A correlation matrix was
also computed using jamovi (The jamovi project, 2023).

DOI: https://doi.org/10.21548/46-1-6624



6 Physicochemical Properties and Enzyme Activities in Winery Wastewater-Irrigated Soils

TABLE 4

Comparison between long-term mean (LTM) and the maximum and minimum temperature, daily maximum and minimum
relative humidity, and wind speed in the 2020/2021 season measured by ARC-ISCW at Infruitec.

Month T, (°C) T, (°C) RH_(%) RH_ (%)

LTM 20/21 LTM 20/21 LTM 20/21 LTM 20/21
May 22.77 23.83 10.22 9.77 91.39 91.74 41.77 40.05
June 19.95 20.52 9.10 9.80 89.74 90.21 44.74 47.05
July 19.18 20.84 7.61 7.36 90.68 89.58 44.53 39.27
Aug 19.36 18.17 7.91 6.99 91.78 91.18 44.54 44.00
Sep 21.29 20.42 9.08 7.95 90.70 91.96 40.32 43.08
Oct 25.41 24.36 10.92 10.32 89.58 88.81 34.00 11.17
Nov 26.79 26.20 12.19 11.82 88.46 87.61 32.05 34.37
Dec 28.82 28.59 14.15 13.78 88.08 88.33 32.38 33.58
Jan 30.93 31.41 15.69 15.08 86.55 86.52 32.00 31.13
Feb 30.80 30.06 15.47 14.56 88.08 85.58 31.50 16.53

1. T, is the average daily maximum temperature
2. T, is the average daily minimum temperature
3. RH_ is the average daily maximum relative humidity
4. RH_ is the average daily minimum relative humidity

RESULTS AND DISCUSSION

Soil pH and electrical conductivity

Changes in soil pH ., induced by the application of WW
were large, ranging between 0.63 and 3.95, compared to
-1.03 and 0.44 induced by MW (Fig. 2a). Changes in soil
pH induced by the application of MW were not different
among the seasons for all soils. However, changes in soil pH
induced by the application of WW increased from season 1
to season 2, and then plateaued for all soils except SS. The
changes in soil pH induced by the different water sources and
in different seasons reflect the accumulation of bicarbonates,
which are known to increase soil pH (Laurenson ef al., 2012;
Mulidzi et al., 2015; Howell & Myburgh, 2018; Howell et al.,
2018). Undiluted WW had higher bicarbonates compared to
MW, and increased with increasing seasons (Table 4). In
terms of soils, changes in soil pH induced by the application
of MW were not different between the soils, except for LS,
which had lower changes in soil pH. In contrast, changes in
soil pH induced by the application of WW were higher in
SS, followed by SSL and LS, and then lower in RCL. This
is probably caused by the initial soil pH and pH-buffering
capacity. The RCL has high clay and CEC, which cause high
pH-buffering capacity, and is the reason for small changes in
soil pH values and low variability. In addition, both RCL and
LS had high initial soil pH values and both had low changes
in soil pH. The SS, on the other hand, had the lowest CEC,
which is indicative of low buffering capacity.

The soil pH of WW-irrigated soils ranged from 7.5 in
season 1 for the Stellenbosch sandy loam soil to 10.1 in
season 3 for Lutzville sand, and most of the values were
above 8.0. These high pH values have implications for
nutrient availability, microbial activity and soil structural
stability. The pH value of 8.0 favours the precipitation of Ca
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and Mg carbonates (Laurenson et al., 2012). The moderate
correlation between changes in soil pH and exchangeable
Ca, and the lack of correlation between changes in soil pH
and exchangeable Mg could be highlighting a reduction
in exchangeable Ca and Mg arising from the precipitation
of carbonates. This is concerning, because these high pH
values also favour the development of saline-sodic soils,
which, when coupled with the increasing ExSP and ExPP
(see section below), can increase the risk of clay dispersion.
Lastly, alkaline pH is also expected to favour soil biological
properties (Deru et al., 2021), which could promote organic
carbon and nutrient cycling.

Higher changes in soil EC, were induced by WW
compared to WW in season 2 and 3 for SSL, SS and LS
(Fig. 2b). Changes in soil EC induced by WW ranged
between 0.86 and 2.65 dS/m compared to-1.09 and 1.09 dS/m
induced by MW. Changes in soil EC, induced by WW were
larger in season 2 compared to season 1. In contrast, changes
in soil EC, induced by MW were not different among the
seasons and the soils. Changes in soil EC, induced by WW
were larger in SS and LS and lower in RCL. Changes in soil
EC, were influenced by initial soil EC values and reflect the
accumulation of salts from the application of undiluted WW
over three simulated irrigation seasons. The consequence
of the accumulation of salts is twofold. On the one hand,
high soil EC_, may mitigate the negative impact of Na on soil
structure (Laurenson ef al., 2012), while on the other hand,
high soil EC can have a negative effect on crop productivity.
The soil EC, values in season 2 and season 3 of the undiluted
WW exceeded the threshold value of 1.5 dS/m in vine-
growing soils and may negatively influence their growth
(Petousi et al., 2019; Suarez et al., 2019). Furthermore, a
high soil EC, value of 0.88 dS/m of WW has been reported

S. Afr. J. Enol. Vitic., Vol. 46, 2025
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FIGURE 2

Changes in a) soil pH

KCl

and b) electrical conductivity induced by the application of municipal water (MW) and winery

wastewater (WW) over three simulated irrigation seasons in four different soils. LS = Lutzville sand; RCL = Robertson clay
loam; SS = Stellenbosch sand; SSL = Stellenbosch sandy loam. Levels not connected by the same letter are significantly
different.

to inhibit the germination of lucerne, millet and phalaris
seeds (Mosse et al., 2010). This is probably the most limiting
aspect of WW, particularly with the uncertain future climate
and the expected droughts (Howell ez al., 2018; Portner et al.,
2022; Vlotman et al., 2022). With these anticipated droughts,
the rainfall that could help leach salts will be limiting, and
irrigation water will also be limiting.

S. Afr. J. Enol. Vitic., Vol. 46, 2025

Soil extractable calcium, magnesium, potassium and
sodium

Changes in exchangeable Ca were not different between the
water sources, the seasons or the soils (Fig. 3a). The lack
of response could indicate that the changes in exchangeable
Ca were not influenced by initial soil properties, such as
texture, soil pH, exchangeable Ca or CEC, and that Ca
did not accumulate with repeated application. The lack of
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FIGURE 3

Changes in a) soil exchangeable calcium (Ca) and b) magnesium (Mg) induced by the application of municipal water (MW) and

winery wastewater (WW) over three simulated irrigation seasons in four different soils. LS = Lutzville sand; RCL = Robertson

clay loam; SS = Stellenbosch sand; SSL = Stellenbosch sandy loam. Levels not connected by the same letter are significantly
different.

accumulation of Ca could be attributed to the formation
of Ca hydroxides and carbonates at the elevated soil pH
measured in this study (Laurenson et al., 2012). These
results are worrisome because Ca as a divalent cation
has high flocculating capacity which could improve soil
structure and water infiltration (Rengasamy & Marchuk,
2011). Similar results notably have been reported by Mulidzi

DOI: https://doi.org/10.21548/46-1-6624

et al. (2015) despite using acidic WW in a pot study, and
this was attributed to the formation of Ca carbonates with
increasing soil pH.

As in the case of the soil Ca, changes in exchangeable
Mg induced by MW and WW were not different (Fig. 3b).
There also was a lack of seasonal response. There was a
general decrease in exchangeable Mg where MW and WW
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had been applied. The changes in exchangeable Mg are
confounding and difficult to explain, particularly since WW
had larger concentrations of Mg compared to MW, and yet
the effect of water source was not significant. In addition,
there is seasonal accumulation of Mg despite the lack of
significant response to the water source. The only clear
distinction relates to the soil response, where exchangeable
Mg decreased in LS, which was characterised by initially
high Mg saturation (24%) and soil pH. These conditions are

favourable for the precipitation of carbonates.

Changes in exchangeable K induced by the application
of MW were not different across seasons and soils (Fig. 4a).
Changes in exchangeable K induced by the application
of WW were larger than those induced by MW across all
seasons and soils. Changes in exchangeable K induced by the
application of WW ranged between 0.89 and 6.90 cmolc/kg
compared to 0.25 and 0.80 cmolc/kg induced by the MW.
Changes in exchangeable K induced by the application of

(a

—
N}

gh

efg

de

cd

[ ab ab ab ab ab ab

Changes in exchangeable potassium (cmolc/kg)

SSL SS

Season 1| Season 2| Season 3 | Season 1| Season 2 | Season 3 | Season 1| Season 2| Season 3 | Season 1| Season 2| Season 3

fg

efg

bc

ab ab

Ls RCL

(b) 45

40 [
: gh
35
: fg fgh
30 [ f
25
20
15

10

Changes in ExPP

-10

SSL SS

Season 1| Season 2 | Season 3 | Season 1| Season 2 | Season 3| Season 1|Season 2 | Season 3 [ Season 1| Season 2 | Season 3

MW @ww

hi
fghi

Ls RCL

FIGURE 4
Changes in a) soil exchangeable potassium (K) and b) extractable K percentage (ExPP) induced by the application of municipal
water (MW) and winery wastewater (WW) over three simulated irrigation seasons in four different soils. LS = Lutzville sand;
RCL = Robertson clay loam; SS = Stellenbosch sand; SSL = Stellenbosch sandy loam. Levels not connected by the same letter
are significantly different.
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WW increased from season 1 through to season 3 for all
soils. Changes in exchangeable K reflect the accumulation
of K from the application of undiluted WW over the three
simulated irrigation seasons. The observed results were
expected, given the high K in the WW and weak interaction
of K with the anions that are dominant at high soil pH.
Similar results were reported in a pot study with four soils
of varying texture, and a linear relationship was observed
between exchangeable K and the cumulative applied K
through the diluted WW (Mulidzi et al., 2015).

Changes in exchangeable K induced by the application
of WW were larger in LS, SS and SSL and lower in RCL.
Similar trends were observed for ExPP (Fig. 4b). The
changes in both exchangeable K and ExPP seem to be
influenced by CEC, and consequently K-buffering capacity.
In this instance, RCL has high K-buffering capacity followed
by SSL. High K-buffering capacity is important in regulating
exchangeable K (Elephant et al., 2019) and might mitigate
the negative effects of high K inputs from undiluted WW,
which are associated with increased K uptake. This reduces
grape juice quality and leads to deterioration of the soil
structure (Kodur, 2011; Rengasamy & Marchuk, 2011;
Hirzel et al., 2017). Soils thus are crucial when devising a
strategy for handling undiluted WW. However, in the current
study, ExPP increased and exceeded the threshold of 15, at
which the deterioration of the soil structure begins (Levy &
Torrento, 1995; Mulidzi et al., 2019).

Changes in exchangeable Na induced by the application
of MW were not different across seasons and soils (Fig. 5a).
Changes in exchangeable Na and ExSP induced by the
application of WW were larger than those induced by MW
across all seasons and soils (Fig. 5a and 5b). Changes in
exchangeable Na induced by the application of ranged
between -0.14 and 1.56 cmolc/kg compared to -0.36 and
0.27 cmolc/kg induced by MW. Changes in exchangeable
Na induced by the application of WW increased from season
1 through to season 3 for all soils. Similar to K, the larger
changes in exchangeable Na were likely caused by high Na
in the WW and the lack of precipitation of Na, with anions
dominant at high pH. In a previous study of a pot trial with
four soils of varying texture and in which WW diluted to
3000 mg/L COD was used for irrigation, Mulidzi et al. (2015)
reported a linear relationship between exchangeable Na and
the cumulative applied Na through the diluted WW. Changes
in exchangeable Na and ExSP induced by the application of
WW were larger in RCL and lower in LS and SSL. The results
reflect the adsorption of Na on exchange sites by soils with a
high clay content. Similar results were reported by Mulidzi
et al. (2015), who found the ratio of extractable to applied
Na to increase with increasing clay content. These results
are concerning, because high exchangeable Na is known to
cause sodic soils, which disperse clay particles and result in
the deterioration of soil structure. The high pH measured in
the current study is conducive to the development of sodic
soils (Qadir et al., 2007). Nonetheless, exchangeable Na did
not reach detrimental levels by the termination of the study,
and the highest ExSP values in WW-irrigated LS, RCL, SS
and SSL were 11.3, 6.6, 10.7 and 8.6, respectively. These
values are all below the critical threshold of 15% (Laker,
2004; Qadir et al., 2007; Seilsepour et al., 2009).

DOI: https://doi.org/10.21548/46-1-6624

Soil B-glucosidase, acid phosphatase and urease activity
The activities of acid phosphatase, B-glucosidase and urease
enzymes decreased from the initial values, as observed by
negative values for changes in their activities (Fig. 6). This
may be associated with the equilibration of the enzymes
after the soils were collected, dried and prepared for the pot
experiment (Mulidzi & Wooldridge, 2016; Rao ef al., 2003).
In this instance, the more negative the value of changes in
enzyme activity, the larger the deviation from the initial
values.

Decreases in acid phosphatase activity induced by the
application of WW were larger than those induced by MW
for all season of SSL and SS (Fig. 6a). In terms of seasons,
decreases in acid phosphatase activity were larger in season
3 for both water sources, but only for SSL and SS. The
decrease in acid phosphatase where undiluted WW was used
might be caused by increasing pH and EC from WW, even
though the correlations were weak (Table 4). However, the
effects are also linked to soils, because differences between
water source and seasons were only observed on SSL and
SS. Furthermore, decreases in acid phosphatase activity
were larger in SSL, followed by SS, LS, and RCL. The initial
soil pH of SSL and SS was lower and greatly affected by
the addition of WW compared to LS and RCL, which had
alkaline soil pH initially. The soils with initial alkaline pH,
namely RCL and LS, had lower changes in acid phosphatase
activity. Furthermore, changes in acid phosphatase were
smaller in RCL, which initially had higher EC, and showed
no changes in EC after the application of undiluted WW.
These results highlight the negative impact that the high pH
and EC of undiluted WW may have on acid phosphatase
activity and, consequently, on phosphorus cycling.

Decreases in [B-glucosidase activity induced by the
application of WW were larger than those induced by
MW for season 1 and season 2 in SS only (Fig. 6b). In
terms of seasons, decreases in -glucosidase activity were
larger in season 3 for both water sources, but only for SS.
Decreases in p-glucosidase were larger in SS, followed by
RCL, SSL and LS. The decrease in B-glucosidase activity
where undiluted WW was used might be caused by the
increased soil pH and EC from WW, even though the
negative correlations were weak (Table 4). This relationship
has been observed in other studies (Rietz & Haynes, 2003;
Wang & Lu, 2006). Unexpectedly, there was also a negative
correlation between changes in B-glucosidase activity and
changes in exchangeable Mg, K and Na (Table 5). Although
this is uncommon, it is possible that B-glucosidase activity
is linked to soil structural changes. This might be supported
by the negative correlation between B-glucosidase activity
and sodicity (Rietz & Haynes, 2003), which causes the
deterioration of soil structure, and a positive correlation
between B-glucosidase activity and organic matter (Wang
& Lu, 2006), which improves soil structure. Deteriorating
soil structure may be unfavourable to soil organisms and
consequently have a negative effect on 3-glucosidase activity.

Changes in urease activity induced by MW and WW
were similar across the seasons and soils (Fig. 6¢). Changes
in urease activity were only positively correlated with
changes in soil EC, (Table 5). The relationship between
urease activity and soil physicochemical properties remains
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unclear. Several studies have reported a positive correlation
between urease and activity and organic carbon and
total nitrogen (Guangming et al., 2017; Xie et al., 2017,
Sudhakara et al., 2019). However, in relation to soil pH
and EC, contradicting results have been reported. Both a
negative correlation (Guangming et al., 2017; Xie et al.,
2017) and no correlations (Pan ef al., 2013; Sritongon et al.,
2022) between urease activity and both soil pH and EC

have been reported. In some studies, urease activity was
negatively correlated with soil pH, but positively with soil
EC (Antil et al., 1992; Medina et al., 2012). More studies
investigating the interaction of undiluted alkaline WW are
needed to further understand the relationship between urease
activity and soil pH and EC, and to indicate the influence of
WW on nitrogen cycling.
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FIGURE 5
Changes in a) soil exchangeable sodium (Na) and b) extractable Na percentage (ExSP) induced by the application of municipal
water (MW) and winery wastewater (WW) over three simulated irrigation seasons in four different soils. LS = Lutzville sand;
RCL = Robertson clay loam; SS = Stellenbosch sand; SSL = Stellenbosch sandy loam. Levels not connected by the same letter
are significantly different.
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Principal component analysis

Principal component analysis revealed that the changes in
soil physicochemical and enzyme activities measured after
irrigation with MW and undiluted WW in three simulated
irrigation seasons of four soils accounted for 62.5% variation
from Dim1 (49.5%) and Dim2 (13.0%) (Fig. 6). Principal
component 1 (Diml) was positively correlated with soil
pH, EC, exchangeable K, Na, Ca, Mg, ExPP and ExSP, and
negatively correlated with acid phosphate and B-glucosidase
activity. Principal component 2 (Dim2), on the other hand,
was positively correlated with B-glucosidase activity, urease
activity, EC and ExPP, and negatively correlated with ExSP
and exchangeable Mg. The MW cluster was smaller than the
WW cluster, indicating that changes in soil physicochemical
and enzyme activities varied widely with the application of
WW (Fig. 7a). The changes in soil pH, EC, exchangeable
K, Na, Ca, Mg, ExPP, ExSP and urease activity were
largely influenced by undiluted WW. The season 1 cluster

was smaller than the season 3 cluster, which corresponds
to a wider variation in the changes in soil physicochemical
and enzyme activities (Fig. 7b). The changes in soil pH,
EC,, exchangeable K, Na, Ca, Mg, ExPP, ExSP and urease
activity were larger in season | and season 2. Similarly, the
SSL cluster was smaller, followed by RCL and SS, and the
largest cluster was observed for LS (Fig. 7c¢).

CONCLUSIONS

The overarching results of using undiluted alkaline WW
for irrigating soils in a pot study were the increasing soil
pH(,, EC,, exchangeable K and Na, and a negative effect
on acid phosphatase and B-glucosidase activity. The pH
had a dominant effect because of its influence on enzyme
activities, precipitation reactions, and the development of
saline-sodic soils. The risks associated with soil pH and
high exchangeable K may be mitigated in the field, where
there would be acidification from nitrogen fertiliser and root
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FIGURE 7

Principal component analysis (PCA) and cluster analysis of changes in soil physicochemical properties and enzyme activities

of four different soils irrigated with municipal (MW) and undiluted winery wastewater (WW) over three simulated irrigation

seasons. LS = Lutzville sand; RCL = Robertson clay loam; SS = Stellenbosch sand; SSL = Stellenbosch sandy loam. K

= potassium; Na = sodium; Ca = calcium; Mg = magnesium; EC = electrical conductivity; ExPP = extractable potassium
percentage; ExSP = extractable sodium percentage; AP = acid phosphatase; BG = -glucosidase.
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TABLE 5

Correlation matrix between soil enzyme activities and soil physicochemical properties. K = potassium; Na = sodium; Ca =
calcium; Mg = magnesium; EC = electrical conductivity; AP = acid phosphatase; and BG = -glucosidase.

pH EC Ca Mg K Na AP BG Urease
pH —
EC 0.75%**%  —
Ca 0.53%#*  (.53%**
Mg 0.19 0.03 0.26* —
K 0.87*** Q. 71*%**  0.49%*%* (.13 —
Na 0.78%**  Q.55%**%  047*%*x  (27%* 0.91 %% —
AP -0.33%* -0.25% -0.05 -0.10 -0.19 0.14 —
BG -0.42%%* - .0.33%* -0.20 -0.46%**  -0.25% -0.34%* 0.19 —
UREASE 0.08 0.23* 0.07 -0.06 0.20 0.12 0.01 0.02 —

ns = not significant; * significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001

exudates, and from the uptake of K by crops. Furthermore,
root exudates may counteract the negative effects of high
pH and EC on acid phosphatase and p-glucosidase activity.
It is recommended that this experiment is repeated using
lysimeters with an indicator crop to better simulate field
conditions and risks associated with undiluted alkaline WW.
Furthermore, using lysimeters with an indicator crop would
allow for the collection of the leachate. The lysimeter study
could also assess the impact of irrigating with undiluted
alkaline WW on plant growth. This approach would also
provide a more realistic assessment of the long-term impacts
of undiluted WW irrigation on soil quality, and the reliability
of enzyme activities as indicators in this specific context.
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