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Abstract

Agricultural soil health and quality centre around the ability of the soil to cycle nutrients to
growing crops. However, soil biological properties focusing on microorganisms and their
contribution to soil health are also important. This study was established at Syferkuil and
Ofcolaco to determine the effect of cover crop, combined nano Zn and Cu, and nitrogen
fertiliser on soil biological properties. Sunn hemp was planted, slashed, and incorporated
into the soil, followed by winter canola in a split split-plot design with sixteen treatments.
Key factors analysed after harvest included bacterial and fungal populations, active carbon,
microbial activity measured by Fluorescein Diacetate (FDA), organic matter, urease, and
pH. Statistical analysis was conducted using JASP 0.19.3. Cover crop, nano Zn and Cu, and
nitrogen fertiliser enhanced bacterial populations, active carbon, urease, organic matter,
and pH at Syferkuil, most particularly in 2023, while 2024 showed minor improvements.
Ofcolaco showed improvements in fungal populations, organic matter and urease in 2023,
whereas 2024 exhibited marginal changes. Nitrogen fertilisation increased POxC, ranging
from 10% to 22% and urease at 31% to 111% in both locations, although this varied across
application rates. Treatment interactions showed improvements in some of the measured
parameters but varied across seasons and locations. In conclusion, sunn hemp cover crop,
combined nano zinc and copper and nitrogen fertiliser have the potential to enhance soil
microbial activity through the application of 60 and 120 kgN ha−1, thus reducing heavy
inputs of synthetic fertilisers in canola production.

Keywords: bacteria; fungi; urease; soil fertility; nano fertilisers

1. Introduction
In agriculture, soil health refers to the capacity of soil to function within an ecosystem,

to sustain plant and animal productivity, as well as maintaining water and air quality [1].
The biological aspect of soil, particularly the role of microorganisms in contributing to soil
health, is of equal or greater significance. The evaluation of soil microbial activity includes,
but is not limited to, soil organic matter, soil respiration, soil and plant nutrient content, and
microbial enzyme assays [2]. Given the extreme changes in climate, modern day agriculture
is confronted with the challenges of ensuring global food security through increased
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crop yields while simultaneously mitigating environmental ramifications arising from the
increased competition for land, water, and energy [3]. This hastens the need to evaluate
soil health indicators given the vulnerability of ecosystems to environmental changes
which may negatively affect nutrient distribution and availability [4]. The evaluation and
maintenance of soil health necessitates a holistic assessment of its interdependent chemical,
as well as the physical and biological properties contributing directly or indirectly to soil
system functionality. However, with the growing human population and demand for food,
soil health has become compromised in order to sustain livelihoods. This is seen by the
excessive use of chemical fertilisers, especially N, to enhance the soil’s productivity and
ultimately the crop yields [5,6]. The farming community often justifies this practice by
highlighting the detrimental effects of nutrient deficiency or depletion on the overall soil
performance and soil microbial growth [7]. Unfortunately, this kind of management practice
negatively impacts soil enzyme and microbial activity [8]. However, Bebber and Richards
(2022) [9] stipulated that the use of organic soil amendments showed a superior impact on
soil microbial population and diversity enhancement relative to synthetic fertilisers. This
could be attributed to the availability of organic substrates under organic amendments
which provide energy and carbon to soil microorganisms, thus enhancing their activity
and functionality [10].

With a crop such as canola (Brassica napus), which depends heavily on N fertilisation,
a limitation of the nutrient can result in severe yield losses. Moreover, synthetic fertilisers
such as nitrogen are integral to maintaining global food security, which explains their
decadal use across various crop production systems [5,11]. However, the extensive and
prolonged use of synthetic fertilisers in agroecosystems has compromised the soil and
environment, negatively affecting soil fertility and overall productivity [12]. Land use
changes affect soil microbial communities such as bacteria, fungi, and enzyme activity,
which serve as indicators of soil ecosystem quality shifts and overall soil health. This is
due to their role in diverse soil processes and extreme sensitivity to disturbances, which
reflects the soil’s current condition [13].

Soil management practices that can restore and enhance soil microbial activity, abun-
dance, and diversity would be suitable alternatives to mitigate the adverse effects of
conventional fertilisers. The use of cover crops such as sunn hemp (Crotalaria juncea) for
sustainable agriculture in cropping systems has the potential to improve soil microbial
activity, abundance, and diversity relative to conventional fertilisers [14]. Sunn hemp
is commonly used in rotations due to its allelopathic effects on weed seed germination
and also because it has been found to provide 100–200 kg ha−1 of nitrogen upon residue
incorporation, although this differs across locations [15]. Koudahe et al. (2022) [14] further
stipulated that cover crops are able to maintain and improve soil fertility and lessen the
need for excess chemical fertiliser inputs. These crops can mitigate the effects of climate
change on soil fertility through biological N fixation as well as carbon sequestration, thus
curbing their losses to the atmosphere [16–19].

Additionally, numerous research studies have elucidated the benefits of nanofertilisers
on crop yields and soil productivity due to their nanoscale [12,20]. Nanoformulations
are reported to be 20 to 30% more efficient in enhancing crop growth and yield relative
to conventional fertiliser inputs, further reducing the frequency of chemical fertiliser
application [21,22]. Elizabath et al. (2019) [23] also reported that agricultural applications
supported by nanofertilisers tend to show improved management and conservation of
inputs attributed to their greater absorbance and high reactivity. Global adoption of
nanofertilisers could be pivotal in achieving sustainable agriculture because of their high
bioavailability [24] and slow-release mechanisms, among other characteristics [25].



Sustainability 2025, 17, 9407 3 of 30

Current studies on canola production vary, including nitrogen fertiliser management
strategies to improve yield, as well as soil, chemical, and biological properties’ responses
to crop rotations and residue management [26]. A study by Elsawy et al., (2022) [27] also
noted the enhancement of soil biological properties such as catalase and dehydrogenase
enzymes and soil microbial biomass carbon through the use of recycled nanomaterials
in canola production. This current study is the first to evaluate soil biological properties
under canola production using sunn hemp cover crop and combined nano Zn and Cu
foliar micronutrients. The study was prompted by the high nitrogen fertilisation during
canola production, which is accompanied by the loss of fertiliser to the environment
necessitating regular application [28]. This negatively affects the soil ecosystem through
nutrient imbalances, resulting in compromised soil microbial activity and diversity, to
name a few [29]. However, the use of cover crops, nanofertilisers, and N fertiliser presents
favourable residual effects in the soil, potentially contributing to sustainable farming
practices. Therefore, assessing the residual effects of the treatments serves as a guide for
managing soil amendment inputs such as N fertiliser to avoid unnecessary fertilisation.
The study hypothesis posits that the combination of cover crop, nano Zn and Cu, and N
fertiliser will not vary in their effects on soil microbial populations and activity. In view
of this, the study was established to assess the combined effect of sunn hemp cover crop,
nano Zn and Cu, and N fertiliser on soil microbial population and activity as indicators of
soil health after canola production.

2. Materials and Methods
2.1. Study Site Description

The study was conducted at two agro-ecologically diverse locations in the Limpopo
province of South Africa, namely, the University of Limpopo experimental farm (Syferkuil)
and a Cooperative Farmers’ field at Ofcolaco in Capricorn and Mopani Districts, respec-
tively, in the 2022 and 2023 growing seasons (Figure 1). The Syferkuil farm is in the
Polokwane Local Municipality at geographical coordinates of 23◦51′0′′ S, 29◦42′0′′ E. The
Ofcolaco farmers’ field is in the Maruleng Local Municipality, approximately 120 km
southeast of Syferkuil at coordinates of 23◦56′ S, 31◦07′ E. Syferkuil receives an average
annual rainfall of 450 mm, while the semi-arid zone of Ofcolaco, located in the Maruleng
municipality, receives approximately 700 mm of annual rainfall, predominantly during the
summer season. Both areas are dominated by Hutton soil form [30], with Syferkuil topsoil
containing 26% clay and Ofcolaco having 32% clay.

 

Figure 1. Study sites description map [31].
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2.2. Weather Conditions for the 2023 Growing Season

The monthly average maximum temperatures at Syferkuil ranged from 21.28 ◦C to
29.83 ◦C in 2023, whereas in 2024, it ranged from 28.93 ◦C to 30.49 ◦C. On the other hand,
minimum temperatures ranged from 1.85 ◦C to 16.67 ◦C in 2023 and 18.18 ◦C to 18.74 ◦C in
2024. For the duration of the growing season, the location received 272 mm and 403 mm
total rainfall in 2023 and 2024, respectively (Figure 2a). On the other hand, Ofcolaco
had monthly average temperatures with a maximum range of 27.23 ◦C to 34.78 ◦C and a
minimum of 12.22 ◦C to 21.65 ◦C. The total seasonal rainfall was 165 mm for the duration
of the 2023 season, with the highest rainfall received in February (Figure 2b).
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Figure 2. Monthly average rainfall, maximum, and minimum temperatures at Syferkuil (a) and
Ofcolaco (b) during 2023 and 2024.

2.3. Experimental Layout and Treatments

Both study sites used similar land preparation and weeding techniques, which were
disking and manual weed control. After this, the field was demarcated into equal portions,
with one half used for cover cropping, while the other remained fallow for the duration
of cover crop growth. Prior to planting canola in winter, sunn hemp was planted on the
experimental units assigned to the cover crop in summer (December to February for 2022
and 2023), slashed at the onset of flowering, and left in situ at Syferkuil and Ofcolaco. The
covered and non-covered plots were disked and allowed a resting period of 4 weeks before
the canola was planted. The canola trial was established in winter (April to September for
2023 and 2024) as a split split-plot design with sixteen treatments, three replications and
three blocks.

The main plot treatment was assigned to cover crop (with (C1) and without (C0)), the
subplot was combined with nano Zn and Cu micronutrient (with and without), and the sub-
subplot was applied N fertiliser rates (0, 60, 120, and 180 kgN ha−1) labelled as N0, N60, N120,
and N180 respectively (Figure 3). The combined nano Zn and Cu micronutrient fertiliser
is a clear blue solution containing Cupric Nitrate·3H2O (54.8 g L−1), Zinc Nitrate·6H2O
(262 g L−1), and Silver Nitrate (1.66 g L−1). The pH of the undiluted solution is <1.5. This
was applied as a foliar spray once weekly for 4 weeks after emergence and then biweekly
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until flowering with a dose of 20 mL/100 L of water using a knapsack with a flat fan nozzle.
Canola was planted within experimental units measuring 3 m × 4 m, with 90 cm inter-row
spacing and 15 cm intra-row spacing, with a buffering space of 1 m and 1.5 m between
plots and replications. Nitrogen fertiliser was applied as Lime ammonium nitrate (LAN)
(28% N) at Ofcolaco and Urea (46-0-0) at Syferkuil in split application—half at planting and
the other half at flowering.

 
 

Replication 1 Replication 2 Replication 3
With cover crop Without cover crop

4 m 1.5 m 1.5 m 1.5 m
1 5 9 13 17 21 25 29 33 37 41 45

120 kgN          3 m ZnCu ZnCu 60 kgN ZnCu ZnCu 0 kgN ZnCu ZnCu

2 6 10 14 18 22 26 30 34 38 42 46
60 kgN ZnCu ZnCu 0 kgN ZnCu ZnCu 180 kgN ZnCu ZnCu

1.5 m
3 7 11 15 19 23 27 31 35 39 43 47

0 kgN ZnCu ZnCu 180 kgN ZnCu ZnCu 60 kgN ZnCu ZnCu

4 8 12 16 20 24 28 32 36 40 44 48
180 kgN ZnCu ZnCu 120 kgN ZnCu ZnCu 120 kgN ZnCu ZnCu

2.5 m 2.5 m

Without cover cropWith cover crop Without cover cropWith cover crop

Figure 3. Field layout of the experimental site, where ZnCu indicates plots with combined nano Zn
and Cu application.

2.4. Soil Sampling and Analysis

Eight soil samples were collected randomly from each study area at a depth of 0–30 cm
and composited into two for pre-plant soil analysis. After the canola trial, 48 soil samples
were collected per plot in each location. The soil samples and devoid of any crop residues
and stored in a sterile zip-lock plastic bag and refrigerated at 4 ◦C and later analysed for soil
biological properties. For chemical properties, the soil was air-dried and passed through a
2 mm mesh sieve prior to analysis.

Total N was measured using a block digester (SC154 Hot Block Digester, Environmen-
tal Express, Charleston, SC, USA) following the Kjeldahl method by Bremner (1996) [32],
where 1 g of air-dried soil sample was sieved through a 2 mm mesh into a 100 mL digestion
tube. A catalyst mixture of 1–2 g was added, then followed by 3–5 mL of concentrated
sulphuric acid (in fume hood), and the contents were swirled until thoroughly mixed.
Digestion tubes were placed in the block digester at 390 ◦C, ensuring not to exceed 410 ◦C.
The mixture was boiled until clear and then removed from the digester to cool. About
20 mL water was added to each tube, and then 20 mL H3BO3 was also added and distilled
at 22 ◦C. A few drops of indicator (0.10 g Bromocresol green and 0.07 g methyl red in 100 mL
ethanol (96%)) were added, and the solution was titrated with 0.01 mol L−1 sulphuric acid.
The solution was then read on a gallery analyser.

Available phosphorus (P) was extracted using a 1% citric acid extraction method by
Blanck (1931) [33]. A soil sample of 5 g was used, where 50 mL of 1% citric acid solution
(dissolved 11 g citric acid in distilled water to make 1 L) was added to the sample and
placed on a reciprocating shaker for two hours. This mixture was allowed to stand for 20 h
and then placed on the shaker for an additional hour and then filtered. After filtering, 1 mL
of the filtrate was poured into a 100 mL volumetric flask, and 80 mL of distilled water and
10 mL of mixed reagent (dissolved 1.5 g ascorbic acid in 100 mL stock solution) were added.
This solution was allowed to stand for an hour, and then absorbance was read on a UV/VIS
spectrophotometer (Thermo Fischer Scientific, Helide Gamma, New York, NY, USA) at a
wavelength of 882 or 720 nm.

The extractable cations (K, Ca, and Mg) were measured using 1 M NH4OAc [34], while
micronutrients (Cu and Zn) were extracted using 0.25 M ethylene diamine tetra-acetic acid
(EDTA) [35]. They were analysed using an ICP–9000 emission spectrometer.

Soil pH was extracted by adding 50 mL deionised water to 10 g soil and stirring the
mixture for 10 min and then allowed to stand for 30 min, followed by a 2 min stirring,
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after which pH in the suspension was measured using a pH meter (HI2002-01 edge, Hanna
instruments, Bedfordshire, UK) following the electrode method [36].

Organic carbon (OC) was determined by following the Walkley–Black chromic acid
wet oxidation method [37]. A 10 mL K2Cr2O7 solution was added to 1 g of sample, and then
20 mL sulphuric acid was added and allowed to cool for 30 min. After cooling, 150 mL of
de-ionised water and 10 mL concentrated orthophosphoric acid were added, and the excess
K2Cr2O7 was titrated with iron (II) ammonium sulphate after adding 1 mL of indicator
(barium diphenylamine sulphonate). Organic carbon content was then calculated using the
following formula:

[
Fe(NH4)2(SO4)2 moldm−3

]
=

[
10cm3 K2Cr2O7 × 0.167 × 6

]
[cm3 Fe(NH4)2(SO4)2]

% OC =

[
cm3 Fe(NH4)2 blank − cm3 Fe(NH4)2 sample

]
× [M × 0.3 × f]

g sample

where M = concentration of Fe (NH4)2(SO4)2, and f = 1.3
Aggregate stability (MWD) determination was carried out by placing 100 g of dry soil

sample on a set of sieves (4, 2, 0.212 and 0.50 mm) stacked in descending order [38]. The
stacked sieves containing a soil sample were placed on a sieve shaker for 5 min, allowing the
vibrations to separate the aggregates according to different size fractions. Each aggregate
size was weighed, excluding those greater than 4 mm, and the mean weight diameter was
calculated using the following formula:

MWD =
n

∑
i=1

xiwi

where MWD = mean weight diameter, xi = mean diameter of each fraction size (mm),
wi = proportion of total sample weight (g), n = number of size fractions

Total bacterial and fungal counts: A pour plate method was used to enumerate soil
bacterial and fungal isolates [39]. One gram of soil was added to a test tube containing 9 mL
distilled water and a serial dilution of 105. Nutrient agar and Potato dextrose agar were
both prepared in distilled water and autoclaved at 121 ◦C for 15 min and left to cool. Then,
1 mL from the last dilution was poured into a sterile petri dish followed by molten agar,
mixed, and left to solidify before incubating in a growth chamber (Scientific: model 358)
at 37 ◦C and 23 ◦C for 2 and 7 days, respectively, for bacteria and fungi. Present colonies
were examined and counted, and then the coliform units per millilitre (CFU/mL) were
transformed into logarithm base 10 (i.e., Log10) units.

CFU =
number of colonies

(ml plated × dilution factor)
(1)

Active carbon (POxC) was measured following the method by Weil et al. [40] by
weighing 2.5 g of air-dried soil sample into a 50 mL falcon tube in triplicate and then
adding 18.0 mL of deionized water, and 2.0 mL of 0.2 M KMnO4 stock solution was added
and then placed on a reciprocating shaker for 180 oscillations for 2 min. After this, the
samples were inverted to remove soil on the sides of the tube and were allowed to settle
for 10 min. Following the completion of the settling time, 0.5 mL of the supernatant was
transferred to a separate Falcon tube containing 49.5 mL of deionised water and mixed
thoroughly. The active carbon was measured on a spectrophotometer at 550 nm wavelength
and calculated using the following formula:
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POxC
(

mg.kg−1 soil
)
=

[
0.02

mol
L

− (a + b × Abs)
]
×

(
9000 mg

C
mol

)
× (0.02 L ÷ Wt) (2)

where 0.02 mol L−1 = initial solution concentration, a = intercept of the standard curve,
b = slope of the standard curve, Abs = absorbance of unknown, 9000 = mg of carbon
oxidized by 1 mole of MnO4, 0.02 L = volume of stock solution reacted, and Wt = weight of
air-dried soil sample in kg.

Total microbial activity in the soil was measured by monitoring the hydrolysis of
fluorescein diacetate (FDA), as described by [41]. A 1 g sample was placed into a 150 mL
plastic bottle, and 50 mL of THAM buffer (0.1 mol L−1, pH 7.6) was added to each flask
with 0.5 mL of 47.6 mmol L−1 FDA. A control sample was included for each sample, in
which only acetone was added. After the samples were incubated for three hours at 37 ◦C,
2 mL of acetone was added to each sample, and the FDA was then added to the controls.
Samples were then centrifuged and filtered, and the yellow green colour was measured
using a T60 UV-Visible spectrophotometer (PG instruments Limited, Leicestershire, UK) at
490 nm wavelength. The samples were analysed in triplicate, and FDA hydrolytic activity
was then expressed as micrograms of fluorescein released per gram of dry weight of soil
per hour and calculated as

FDA =
(S − C)

DM
(3)

where S is the mean concentration of fluorescein in the sample, C is the concentration of
fluorescein di-acetate, and DM is the dry mass.

Urease activity determination was conducted through the non-buffered short-term
assay by [42]. Soil samples collected from a depth of 0–30 cm were processed using a 2 mm
mesh sieve and subsequently stored at 4 ◦C before analysis. Subsequently, 5 g of soil was
placed in a 100 mL Erlenmeyer flask, followed by the addition of 2.5 mL of urea solution.
The flasks were closed with a stopper and incubated for 2 h at 37 ◦C, after which 50 mL KCl
solution was added, and the contents were shaken for 30 min. The blanks were done as
described above, but with 2.5 mL distilled water, and the 2.5 mL urea solution was added
at the end of incubation and immediately before 50 mL KCl addition. The suspension was
filtered using Whatman no. 42 filter paper (Whatman, Buckinghamshire, UK) and diluted
10 times with distilled water. Ammonium concentration was determined by pipetting
1 mL of clear filtrate into a 50 mL Erlenmeyer flask and adding 9 mL distilled water, 5 mL
Na-salicylate/NaOH solution, and then 2 mL sodium dichloroisocyanurate solution. The
solution was allowed to stand for 30 min at room temperature before measuring ammonium
content at 690 nm optical density using a T60 ultra-violet (UV) visible spectrophotometer.
Urease activity was calculated by determining the amount of ammonium nitrogen given
by the equation below:

Urease activity
(
µg NH4− N g−12 h−1

)
=

[(S − B)× V × 10]
2 × dwt

(4)

where S is the ammonium-N concentration (µg NH4-N ml−1) in the sample; B is the NH4-N
concentration (µg NH4-N ml−1) in the blank; V is the total volume of the extract; 10 is the
dilution factor; 2 is the duration of the incubation; dwt is the mass of dry soil.

2.5. Statistical Analysis

Analyses of variance (ANOVA) were conducted to detect the least significant differ-
ences and interactions within the treatments for the selected soil biological properties. The
Tukey HSD pairwise comparison test was also used to compare treatment means at the
probability level p < 0.05. Pearson correlations were carried out to compare treatments
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and establish the extent of relationships among measured parameters. The normality and
homogeneity tests have been conducted using skewness and kurtosis, as well as Levene’s
test for equality of variance. All statistical analyses were completed using Jefrey’s Amazing
Statistical Program (JASP) version 0.19.3.

3. Results
3.1. Pre-Sown Soil Properties of the Experimental Field

The pre-sown soil test results indicate that Syferkuil had a moderately alkaline pH,
while Ofcolaco had slightly alkaline to very slight acidity after sunn hemp. Sufficient to
slightly high concentrations of P, K, Mg, Cu, and Zn were observed at both locations as per
the critical soil test limits, both before and after sunn hemp incorporation. Based on the
critical soil test limits, there was also an observed difference before and after sunn hemp
incorporation at Syferkuil, indicating an improvement in Mg, P, Zn, total N, OC, and MWD;
in contrast, pH, Ca, K, and Cu declined. Similarly, the Ofcolaco data also revealed improved
Zn, total N, OC, and MWD status, while pH, Ca, Mg, K, P, and Cu decreased (Table 1).

Table 1. Pre-sown soil physicochemical properties of the two experimental sites.

Syferkuil Ofcolaco * Soil Limits

Before
Sunn Hemp

After
Sunn Hemp Difference Before

Sunn Hemp
After

Sunn Hemp Difference

pH (H2O) 8.88 8.70 - 7.91 6.78 - -
¥ Ca 846 799 - 1208 728 - >2000
¥ Mg 619 629 + 394 163 - 84–600
¥ K 316 261 - 220 143 - 80–200
¥ P 64 69 + 117 104 - >15
¥ Cu 4.61 3.73 - 7.41 5.19 - 0.75–100
¥ Zn 5.98 6.76 + 7.43 8.88 + 3–150
N (%) 0.08 0.09 + 0.06 0.07 + 0.15
OC (%) 0.77 0.85 + 0.75 1.15 + -
MWD 1.11 1.21 + 1.32 1.70 + -
Texture Sandy clay loam Clay loam

* Critical soil test limits adapted from FSSA-MVSA (2007) [43]; Landon (1991) [44]; Havlin et al. (2013) [45]; and
Horneck et al. (2011) [46]. ¥ nutrients in (mg. kg−1). Aggregate stability: MWD in (mm), OC: Organic carbon. Soil
biological properties as affected by cover crop, combined nano Zn and Cu, and N fertiliser.

3.2. Treatment Effects on Soil Bacterial Populations
3.2.1. Syferkuil

The bacterial populations at Syferkuil were significantly affected by cover crop, com-
bined nano Zn and Cu, and their respective interactions in 2023 (Table 2 and Figure 4a).

Table 2. Effects of cover crop, combined nano Zn and Cu, and N fertiliser on bacterial populations
after canola production at Syferkuil.

Bacterial Populations (Log CFU mL−1)
2023 2024

Cover cropping (C)
C0 7.77 b (0.07) 7.25 b (0.38)
C1 7.82 a (0.08) 8.11 a (0.45)
HSD (p < 0.05) *** *
Nano Zn and Cu (S)
S0 7.82 a (0.09) 7.70 a (0.45)
S1 7.77 b (0.07) 7.65 a (0.47)
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Table 2. Cont.

Bacterial Populations (Log CFU mL−1)
2023 2024

HSD (p < 0.05) ** ns
Nitrogen (N)
N0 7.82 ab (0.07) 7.75 a (0.47)
N60 7.83 a (0.09) 7.76 a (0.46)
N120 7.78 bc (0.07) 7.71 a (0.46)
N180 7.74 c (0.07) 7.50 a (0.49)
HSD (p < 0.05) *** ns

Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; ns means not significant. Means separated by different
letters in each column are significantly different.

 

Figure 4. Effects of cover crop, combined nano Zn and Cu, and N fertiliser on bacterial populations
at Syferkuil for 2023 (a) and 2024 (b); p < 0.05. S0: no combined nano Zn and Cu; S1: with combined
nano Zn and Cu.

In 2024, the bacterial populations were significantly affected by cover crop incorpora-
tion, while combined nano Zn and Cu, N fertiliser, and all interactions had no influence
(Table 2 and Figure 4b).

In 2023, the findings at Syferkuil indicated a 0.6% increase in bacterial populations
under cover crop incorporation compared to its absence. In contrast, combined nano Zn
and Cu resulted in a 0.6% decrease in bacterial populations relative to conditions without
the nano micronutrients at the same location (Table 2). Nitrogen fertiliser enhanced the
bacterial population by 0.9% under 60 kgN ha−1 compared to the average of 120 and
180 kgN ha−1; however, the population was not different from 0 kgN ha−1 (Table 2). A
3% population increase was recorded in the absence of cover crop and combined nano Zn
and Cu, which was under 60 kgN ha−1 compared to the average count at application of
120 and 180 kgN ha−1. The application rate of 60 kgN ha−1 did not vary from 0 kgN ha−1

(Figure 4a). Without cover crop, no population difference was observed upon the applica-
tion of combined nano Zn and Cu, irrespective of N fertiliser (Figure 4a). Incorporating
cover crop led to a 2% higher population when N fertiliser was applied at 60 kgN ha−1

than 180 kgN ha−1 without combined nano Zn and Cu, although the former rate did not
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differ from 0 and 120 kgN ha−1. With cover crop, combined nano Zn and Cu, and N
fertiliser, a 2% bacterial population increase was recorded under 0 kgN ha−1 compared
to 60 kgN ha−1. Similarities in populations were also observed among the 0, 120, and
180 kgN ha−1 fertiliser rates (Figure 4a).

During the 2024 season, cover crop incorporation resulted in a 12% improvement in
populations relative to treatments without it (Table 2).

3.2.2. Ofcolaco

During the 2023 season, bacterial populations were significantly affected by the appli-
cation of combined nano Zn and Cu, while cover crop and N fertiliser and their respective
interactions had no impact at Ofcolaco (Table 3). Combined nano Zn and Cu reduced bacte-
rial populations by 1.7 percentage points compared to plants receiving no micronutrient
application (Table 2). No interaction effect was observed on the bacterial population count,
but it ranged from 7.79 to 8.29 Log CFU mL−1.

Table 3. Effects of cover crop, combined nano Zn and Cu, and N fertiliser on bacterial populations
after canola production at Ofcolaco.

Bacterial Populations (Log CFU mL−1)
2023 2024

Cover cropping (C)
C0 7.99 a (0.19) 7.25 b (0.49)
C1 8.04 a (0.25) 8.40 a (0.87)
HSD (p < 0.05) ns ***
Nano Zn and Cu (S)
S0 8.09 a (0.19) 7.74 a (0.78)
S1 7.95 b (0.24) 7.54 a (0.83)
HSD (p < 0.05) * ns
Nitrogen (N)
N0 7.95 a (0.19) 7.20 b (0.49)
N60 7.97 a (0.17) 7.80 ab (0.79)
N120 8.12 a (0.27) 7.95 a (1.02)
N180 8.02 a (0.23) 7.62 ab (0.71)
HSD (p < 0.05) ns *

Significance levels: * p < 0.05; *** p < 0.001; ns means not significant. Means separated by different letters in each
column are significantly different. Values in parentheses are standard deviation.

In 2024 bacterial populations were significantly affected by cover crop and N fertiliser
but not by combined nano Zn and Cu (Table 3). No interaction effects were observed, with
the exception of cover crop × N fertiliser (Figure 5a). Bacterial populations under cover
crop were 16% higher than those without cover crop (Table 3). Furthermore, 10% greater
populations were found under 120 kgN ha−1 than under 0 kgN ha−1. The aforementioned
N fertiliser rates did not differ from 60 and 180 kgN ha−1 (Table 3). Though cover crop and
N fertiliser interaction affected bacterial populations, no variation was observed without
cover crop, regardless of N fertiliser. However, with cover crop, 20% more populations
were found under 120 kgN ha−1 relative to 0 kgN ha−1 (Figure 5a).

3.3. Treatment Effects on Soil Fungal Populations
3.3.1. Syferkuil

At Syferkuil, fungal populations did not vary under cover crop, combined nano Zn
and Cu, and N fertiliser in 2023 (Figure 6a). Significant interactions were only observed
for combined nano Zn and Cu × N fertiliser (Figure 6b). Therefore, an average 1.6%
fungal population increase occurred when combined nano Zn and Cu interacted with
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N fertiliser at 60 kgN ha−1 compared to 0 and 120 kgN ha−1 (Figure 6b). Application rates
of 60 kgN ha−1 and 180 kgN ha−1 showed no variation in fungal populations.
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Figure 5. Effects of cover crop × N fertiliser on bacterial populations at Ofcolaco for 2023 (a) and
2024 (b); p < 0.05. C0: without cover crop; C1: with cover crop.

 

Figure 6. Effects of cover crop (a), combined nano Zn and Cu × N fertiliser on fungal populations
at Syferkuil for 2023 (b) and 2024 (c); p < 0.05; Means separated by different letters are significantly
different. C0: without cover crop; C1: with cover crop; S0: no combined nano Zn and Cu; S1: with
combined nano Zn and Cu.

In 2024, the results at Syferkuil revealed significant effects of cover crop on fungal
populations, while combined nano Zn and Cu, N fertiliser, and all interactions had no
effect (Figure 6a,b). As such, cover crop incorporation increased fungal populations by 11%
compared to treatments without it (Figure 6a).

3.3.2. Ofcolaco

Ofcolaco fungal populations for the 2023 season were significantly affected by com-
bined nano Zn and Cu and N fertiliser application, while cover crop had no impact.
Significant interaction effects were also recorded, except for nano Zn and Cu × N fer-
tiliser (Figure 7a). In 2024, fungal populations did not respond to any treatment or their
interactions (Figure 7b).

During the 2023 season, the absence of cover crop and combined nano Zn and Cu
had no interactive effects on fungal populations, irrespective of N fertiliser application
(Figure 7a). However, with combined nano Zn and Cu application, the population count
under 0 kgN ha−1 was 10% greater than 60 kgN ha−1 without cover crop incorporation but
similar to 120 and 180 kgN ha−1 application rates under the same condition. With cover
crop incorporation and no application of combined nano Zn and Cu, fungal populations
showed no differences regardless of N fertilisation. Under the three-factor interaction with
cover crop and combined nano Zn and Cu, 11% higher fungal populations were recorded
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at 60 kgN ha−1 relative to 180 kgN ha−1 (Figure 7a). The fertilisation rate of 60 kgN ha−1

was similar to 0 and 120 kgN ha−1.

 

Figure 7. Effects of cover crop × combined nano Zn and Cu × N fertiliser on fungal populations at
Ofcolaco for 2023 (a) and 2024 (b); p < 0.05. S0: no combined nano Zn and Cu; S1: with combined
nano Zn and Cu.

3.4. Treatment Effects on Soil Active Carbon (POxC)
3.4.1. Syferkuil

Active carbon at Syferkuil was significantly influenced by cover crop, combined nano
Zn and Cu, N fertiliser, and their respective interactions in 2023 (Table 4 and Figure 8). In
2024, POxC was significantly affected by cover crop and N fertiliser, while combined nano
Zn and Cu and all interactions were not significant (Table 4 and Figure 8b).

Table 4. Effects of cover crop, combined nano Zn and Cu, and N fertiliser on POxC after
canola production.

POxC (mg kg−1)
2023 2024

Cover crop (C)
C0 622 b (208) 783 b (98)
C1 811 a (250) 888 a (104)
Pr > F (C) *** **
Nano Zn and Cu (S)
S0 669 b (232) 827 a (118)
S1 764 a (258) 845 a (110)
Pr > F (S) *** ns
N fertiliser (N)
N0 717 a (120) 768 b (100)
N60 735 a (339) 862 ab (100)
N120 769 a (128) 891 a (105)
N180 645 b (325) 823 ab (120)
Pr > F (N) *** *

Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; ns means not significant. Means separated by different
letters in each column are significantly different. Values in parentheses are standard deviation.
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Figure 8. Effects of cover crop × combined nano Zn and Cu × N fertiliser on POxC at Syferkuil for
2023 (a) and 2024 (b); p < 0.05. S0: no combined nano Zn and Cu; S1: with combined nano Zn and Cu.

Table 4 shows that in 2023, POxC increased by 30% under cover crop relative to
treatment without cover and by 14% when nano Zn and Cu was applied compared to the
unfertilised treatments. Regarding the impact of N fertiliser application, an application rate
of 180 kgN ha−1 reduced POxC by 10% compared to 0 kgN ha−1 (Table 4). Additionally,
in the absence of cover crop and combined nano Zn and Cu, the 0 kgN ha−1 fertiliser rate
resulted in POxC values that were 85% higher than those observed with 180 kgN ha−1

while being equivalent to the values for 60 and 120 kgN ha−1 (Figure 8a). In contrast, the
application of combined nano Zn and Cu alongside N fertiliser at a rate of 180 kgN ha−1

resulted in an average improvement of 97% compared to 0 and 120 kgN ha−1 without cover
crop and was comparable to the results observed at 60 kgN ha−1. In the presence of cover
crop, the non-fertilised plots resulted in an average increase of 84% in POxC compared
to other rates lacking combined nano Zn and Cu. Conversely, POxC exhibited a further
increase of 30% when cover crop, combined nano Zn and Cu, and N fertiliser were applied
at 180 kgN ha−1 compared to 0 kgN ha−1, although both rates were comparable to those
at 60 and 120 kgN ha−1 (Figure 8a). Soil active carbon (POxC) at Syferkuil displayed an
increasing trend associated with combined nano Zn and Cu application, especially under
cover crop incorporation, while a decline occurred in treatments without combined nano
Zn and Cu (Figure 8a).

The 2024 season at Syferkuil had a 13% higher POxC recorded under cover crop than
treatments without it, while 120 kgN ha−1 led to 16% greater POxC than 0 kgN ha−1

(Table 4). Both rates were similar to 60 and 180 kgN ha−1.

3.4.2. Ofcolaco

Soil POxC at Ofcolaco was not influenced by the main effects and their interaction in
2023 (Table 5). However, the treatments had POxC that ranged from 822 to 1104 mg. kg−1,
though no significant variation was observed.

In 2024, POxC was significantly affected by cover crop and N fertiliser, while combined
nano Zn and Cu and all interactions had no impact (Table 5). A 30% improvement in
POxC was recorded under cover crop incorporation compared to treatments without
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it. Additionally, POxC increased by 22% when N fertiliser was applied at 180 kgN ha−1

compared to 0 kgN ha−1, although both rates were similar to 60 and 120 kgN ha−1 (Table 5).

Table 5. Effects of cover crop, nano Zn and Cu, and N fertiliser on POxC after canola production.

POxC (mg kg−1)
2023 2024

Cover crop (C)
C0 932 a (165) 587 b (131)
C1 982 a (121) 762 a (103)
Pr > F (C) ns ***
Nano Zn and Cu (S)
S0 967 a (151) 680 a (129)
S1 945 a (141) 668 a (164)
Pr > F (S) ns ns
N fertiliser (N)
N0 1000 a (92) 609 b (109)
N60 939 a (149) 634 ab (142)
N120 950 a (161) 716 ab (148)
N180 937 a (174) 741 a (156)
Pr > F (N) ns *

Significance levels: * p < 0.05; *** p < 0.001; ns means not significant. Means separated by different letters in each
column are significantly different. Values in parentheses are standard deviation.

3.5. Treatment Effects on Soil Organic Matter (SOM)
3.5.1. Syferkuil

There were significant effects of cover crop, combined nano Zn and Cu, N fertiliser,
and all interactions observed at Syferkuil for the 2023 season. In 2024 the main factors and
interactions were not significant, except for the combined nano Zn and Cu × N fertiliser.

In 2023, the SOM results regarding the absence of cover crop and combined nano Zn
and Cu, at 60 kgN ha−1, resulted in a 0.23 percentage points increase in the SOM relative to
the average of the other rates (Figure 9b). Still without cover crop, the 60 kgN ha−1 rate
influenced a 0.17 percentage points improvement in the SOM compared to the average of
0 and 180 kgN ha−1 with combined nano Zn and Cu. The optimal rate of 60 kgN ha−1

did not vary from 120 kgN ha−1. Incorporating cover crop without combined nano Zn
and Cu application resulted in a 0.31 percentage points increase in SOM at 120 kgN ha−1

compared to the average of 0, 60, and 180 kgN ha−1 (Figure 9b). When cover crop and
combined nano Zn and Cu were applied, the SOM increased by 0.25 percentage points
under 60 kgN ha−1 fertiliser application compared to the average of 0 and 120 kgN ha−1.
However, 60 kgN ha−1 was comparable to 180 kgN ha−1.

Figure 9. Interactive effects of combined nano Zn and Cu × N fertiliser (a) and cover crop × combined
nano Zn and Cu × N fertiliser (b) on SOM at Syferkuil for the 2024 and 2023, respectively; p < 0.05.
S0: no combined nano Zn and Cu, S1: with combined nano Zn and Cu.
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The results in 2024 revealed a 0.33 percentage point increase in the SOM when
120 kgN ha−1 was applied without combined nano Zn and Cu, exceeding 60 kgN ha−1.
On the contrary, the application of combined nano Zn and Cu improved the SOM by
0.07 percentage points under 60 kgN ha−1 relative to 120 kgN ha−1 (Figure 9a).

3.5.2. Ofcolaco

Soil organic matter in 2023 was significantly affected by cover crop and N fertiliser,
while combined nano Zn and Cu was not. Interactive effects were significant for cover
crop × combined nano Zn and Cu, as well as cover crop × combined nano Zn and Cu × N
fertiliser only. In 2024, the SOM was significantly affected by cover crop incorporation,
whereas combined nano Zn and Cu, N fertiliser, and all interactions did not yield significant
effects (Figure 10a,c).

Figure 10. Effects of cover crop (a) and interaction of cover crop × combined nano Zn and Cu × N
fertiliser (b,c) on SOM at Ofcolaco for the 2023 and 2024 season; p < 0.05; Means separated by different
letters are significantly different. C0: without cover crop; C1: with cover crop; S0: no combined nano
Zn and Cu, S1: with combined nano Zn and Cu.

The results for 2023 showed that cover crop incorporation at Ofcolaco resulted in
a 0.46 percentage point increase in the SOM compared to those without it (Figure 10a).
Furthermore, without cover crop incorporation and combined nano Zn and Cu, the SOM
was not affected regardless of N fertiliser (Figure 10b). However, combined nano Zn and Cu
application without cover crop resulted in a 1.28 percentage points increase in SOM under
120 kgN ha−1 compared to the average of 0 and 60 kgN ha−1. On the other hand, cover crop
incorporation without combined nano Zn and Cu led to a 1.83 percentage point increase
in SOM under 120 kgN ha−1 compared to the average of 0 and 60 kgN ha−1 (Figure 10b).
Moreover, no variation in the SOM was observed when cover crop and combined nano Zn
and Cu were both applied, irrespective of N fertiliser application.
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In 2024, SOM under cover cropping increased by 0.26 percentage points compared to
plots without cover crop incorporation (Figure 10a).

3.6. Treatment Effects on Soil Microbial Activity (FDA)
3.6.1. Syferkuil

In 2023, the microbial activity (FDA) at Syferkuil was significantly affected by cover
crop, while combined nano Zn and Cu and N fertiliser were not. Interactive effects were
not observed, except for cover crop × combined nano Zn and Cu × N fertiliser.

An improvement of 68% FDA occurred upon incorporation of cover crop relative to
treatments without it (Figure 11a). Regarding the interaction of combined nano Zn and Cu
in 2023, there was no variation in FDA under no cover crop, irrespective of combined nano
Zn and Cu and N fertiliser application. The same trend was observed under cover crop
incorporation. However, the treatments under cover crop exceeded those without cover
crop, where 120 kgN ha−1 without nanofertiliser was 108% higher than the average of all
treatments without cover crop, except for 120 kgN ha−1 under combined nano Zn and Cu
application (Figure 11a).

Figure 11. Interactive effects of cover crop × combined nano Zn and Cu × N fertiliser on FDA at
Syferkuil for the 2023 (a) and 2024 (b) season, p < 0.05. S0: no combined nano Zn and Cu, S1: with
combined nano Zn and Cu.

In 2024, FDA activity was significantly impacted by N fertiliser, while cover crop and
combined nano Zn and Cu had no effect. The interaction effects of main factors were also
observed for cover crop × N fertiliser and cover crop × combined nano Zn and Cu × N
fertiliser, with the exception of combined nano Zn and Cu × N fertiliser. The absence of
cover crop and combined nano Zn and Cu resulted in no variation in the FDA, regardless of
N fertiliser application (Figure 11b). On the contrary, an average 124% FDA improvement
was detected under 120 kgN ha−1 compared to the average of 0, 60, and 180 kgN ha−1

when combined nano Zn and Cu was applied without cover crop. Moreover, the FDA had
no variation when cover crop and N fertiliser were applied without combined nano Zn and
Cu. However, with combined nano Zn and Cu, the 180 kgN ha−1 rate had a 96% greater
FDA than the 120 kgN ha−1 rate, but both rates were similar to 0 and 60 kgN ha−1 under
cover crop incorporation (Figure 11b).
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3.6.2. Ofcolaco

Soil FDA at Ofcolaco was significantly affected by cover crop and N fertiliser for the
2023 and 2024 season, with no significant interactions.

The microbial activity (FDA) for the 2023 season increased by 52% with cover crop
incorporation compared to treatments without it (Figure 12a). Nitrogen fertiliser at
180 kgN ha−1 was among the highest performing rates, resulting in a 72% increase in
FDA compared to 0 kgN ha−1. The optimal FDA performance rate was comparable at 120
and 60 kgN ha−1 (Figure 12b).
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Figure 12. Effects of cover crop incorporation (a) and N fertiliser (b) on FDA at Ofcolaco for the 2023
and 2024 season; p < 0.05; Means separated by different letters are significantly different. C0: no cover
crop, C1: with cover crop. N0: 0 kg ha−1, N60: 60 kg ha−1, N120: 120 kg ha−1, N180: 180 kg ha−1

fertiliser application.

In 2024, treatments with cover crop increased the FDA by 40% relative to treatments
without (Figure 12a), On the other hand, N fertiliser application of 180 kgN ha−1 also
increased the FDA by 48% compared to the average of 0 and 60 kgN ha−1 (Figure 12b).
Similarities in the FDA were observed between 180 kgN ha−1 and 120 kgN ha−1.

3.7. Treatment Effects on Urease Enzyme Activity
3.7.1. Syferkuil

Combined nano Zn and Cu and N fertiliser significantly affected the urease activity
at Syferkuil in 2023, while cover crop had no impact (Table 6). Additionally, significant
interactions were observed on the parameter.

The results for 2023 revealed a 21% increase in activity under combined nano Zn
and Cu compared to treatments without it. On the other hand, the N fertiliser rate of
120 kgN ha−1 increased the urease activity by 31% compared to the average of 0 and
60 kgN ha−1. The fertiliser rate of 120 kgN ha−1 was similar to the 180 kgN ha−1 rate
(Table 6). Moreover, the absence of cover crop and combined nano Zn and Cu resulted in
95% higher activity under 180 kgN ha−1 compared to 0 kgN ha−1 (Figure 13). Nonetheless,
in the absence of cover crops, the application of combined nano Zn and Cu did not influence
the urease activity, irrespective of nitrogen fertiliser rates. An additional 74% more activity
was found when cover crop was incorporated with N fertiliser at 180 kgN ha−1 in the
absence of combined nano Zn and Cu, exceeding 60 kgN ha−1. Furthermore, the interaction
of cover crop, combined nano Zn and Cu, and N fertiliser resulted in 117% higher urease
activity under 120 kgN ha−1 relative to the average of 0 and 60 kgN ha−1 (Figure 13).

In 2024, the urease activity was significantly affected by the combined nano Zn and
Cu and N fertiliser application, while cover crop and all interactions were not. Upon
application of combined nano Zn and Cu, the urease activity increased by 21% compared
to treatments without nanofertiliser. Meanwhile, N fertiliser resulted in 42% higher urease
activity under 60 kgN ha−1 compared to the average of 120 and 180 kgN ha−1 (Table 6).
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Table 6. Effects of cover crop, combined nano Zn and Cu, and N fertiliser on urease activity after
canola production.

Urease (µg NH4-N g−1 2 hr−1)
2023 2024

Cover cropping (C)
C0 65 a (27) 35 a (13)
C1 68 a (16) 39 a (13)
Pr > F (C) ns ns
Nano Zn and Cu (S)
S0 60 b (18) 34 b (12)
S1 73 a (24) 41 a (13)
Pr > F (S) *** *
N fertiliser (N)
N0 53 b (34) 37 ab (14)
N60 62 b (12) 46 a (12)
N120 76 a (12) 33 b (6)
N180 75 a (13) 32 b (13)
Pr > F (N) *** *

Significance levels: * p < 0.05; *** p < 0.001; ns means not significant. Means separated by different letters in each
column are significantly different. Values in parenthesis are standard deviation.
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Figure 13. Interactive effects of cover crop × combined nano Zn and Cu × N fertiliser on urease
activity at Syferkuil for 2023; p < 0.05. S0: no combined nano Zn and Cu, S1: with combined nano
Zn and Cu.

3.7.2. Ofcolaco

During the 2023 and 2024 season, the urease activity at Ofcolaco significantly varied
due to N fertiliser, while cover crop and combined nano Zn and Cu had no impact. Also,
interactive effects were observed under cover crop × N fertiliser and combined nano Zn
and Cu × N fertiliser only.

In 2023, a result of 60% urease activity was observed without cover crop incorporation
when 180 kgN ha−1 fertiliser was applied relative to the average of 0 and 60 kgN ha−1

(Figure 14a). The application rate of 180 kgN ha−1 did not vary from 120 kgN ha−1. On the
other hand, with cover crop incorporation, no variation occurred, regardless of N fertiliser
application rates (Figure 14a). On the other hand, without combined nano Zn and Cu, N
fertiliser at 180 kgN ha−1 resulted in 43% higher urease activity than the average of 0 and
120 kgN ha−1 but maintained similarities with 60 kgN ha−1 (Figure 14b). The application of
combined nano Zn and Cu also resulted in 51% greater activity at 120 kgN ha−1 averaged
between 0 and 60 kgN ha−1, although there was no variation between 180 kgN ha−1 and
120 kgN ha−1 (Figure 14b).
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Figure 14. Interactive effects of cover crop × N fertiliser (a) and combined nano Zn and Cu × N
fertiliser (b) on urease activity at Ofcolaco for 2023 and 2024; p < 0.05. C0: without cover crop;
C1: with cover crop; S0: no combined nano Zn and Cu, S1: with combined nano Zn and Cu.

In 2024, the interaction without cover crop did not affect the urease activity, regard-
less of N fertiliser application (Figure 14a). However, with cover crop, 180 kgN ha−1

resulted in 111% higher urease activity than 0 kgN ha−1, but the optimum rate did not
vary from 60 and 120 kgN ha−1. Also, without combined nano Zn and Cu, N fertiliser at
180 kgN ha−1 resulted in an average 59% higher urease activity than the average of 0 and
60 kgN ha−1 (Figure 14b). Alternatively, the application of combined nano Zn and Cu and
N fertiliser at 180 kgN ha−1 resulted in one of the highest activities, surpassing 0 kgN ha−1

by 69%. However, fertiliser application rates of 60 and 120 kgN ha−1 did not differ from
180 kgN ha−1 (Figure 14b).

3.8. Treatment Effects on Soil pH
3.8.1. Syferkuil

The 2023 season at Syferkuil revealed the significant effects of cover crop, combined
nano Zn and Cu, and N fertiliser on soil pH. Interactive effects were also significant, with
the exception of cover crop × combined nano Zn and Cu × N fertiliser.

The interaction of cover crop × N fertiliser resulted in 2.4% lower soil pH at
180 kgN ha −1 relative to 60 kgN ha−1 without cover crop. Meanwhile, with cover crop,
the soil pH was 3.9% lower under the average of 60, 120, and 180 kgN ha−1 compared
to 0 kgN ha−1, whereas 60 and 180 kgN ha−1 were similar (Figure 15a). Furthermore, an
average pH decline of 3% was observed without combined nano Zn and Cu application
when N fertiliser was applied at 60 and 180 kgN ha−1 relative to 0 kgN ha−1 (Figure 15b).
However, similarities in pH were observed for 0 and 120 kgN ha−1. Meanwhile, combined
nano Zn and Cu application resulted in an average 3% decline under N fertiliser rates 120
and 180 kgN ha−1 compared to 0 kgN ha−1 (Figure 15b).
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Figure 15. Interactive effects of cover crop × N fertiliser (a,c) and combined nano Zn and Cu × N
fertiliser (b) on soil pH at Syferkuil, respectively; p < 0.05; Means separated by different letters are
significantly different. C0: without cover crop; C1: with cover crop; S0: no combined nano Zn and Cu;
S1: with combined nano Zn and Cu.

In 2024, soil pH was significantly affected by N fertiliser, whereas cover crop, com-
bined nano Zn and Cu, and all interactions were not significant, except for cover crop × N
fertiliser. The absence of cover crop decreased pH by 2% under 180 kgN ha−1 com-
pared to 0 kgN ha−1 (Figure 15c). No variation in soil pH was observed under 0, 60, and
120 kgN h−1. However, incorporating cover crop did not affect the soil pH, despite the
application of N fertiliser (Figure 15c).

3.8.2. Ofcolaco

The soil pH at Ofcolaco was not affected by cover crop, combined nano Zn and Cu,
and N fertiliser nor their interactions, except for cover crop × N fertiliser in 2023. On
the contrary, the soil pH in 2024 was not affected by the main treatment factors nor their
interactions (Figure 16b).
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Figure 16. Interactive effects of cover crop × N fertiliser on soil pH at Ofcolaco for 2023 (a) and
2024 (b), respectively; p < 0.05; Means separated by different letters are significantly different.
C0: without cover crop; C1: with cover crop.

In 2023, the soil pH declined by 6.9% under 180 kgN ha−1 compared to 60 kgN ha−1

without cover crop incorporation (Figure 16a). However, both application rates had a
similar pH values to those of 0 and 120 kgN ha−1. The incorporation of cover crop reduced
the soil pH by 8.4% under 60 kgN ha−1 compared to 0 kgN ha−1, and both rates did not
vary between 120 and 180 kgN ha−1 (Figure 16a).

3.9. Correlation Relationships Between the Selected Soil Biological Properties
3.9.1. Syferkuil

The 2023 season in Figure 17a shows a significant positive correlation among the
SOM, bacterial populations, and POxC at Syferkuil. However, a negative correlation
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was observed between the POxC and soil pH, while the FDA and SOM had a positive
correlation. Fungal populations had varied correlations with the selected parameters but
were not significant (Figure 17a).

Figure 17. Correlation heat map for selected soil biological properties at Syferkuil (a,b) and Ofcolaco
(c,d) for 2023 and 2024. Blue hue means positive correlation; Red hue means negative correlation.
Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001.

During the 2024 season, there was a significant positive correlation between bacterial
and fungal populations as well as urease activity (Figure 17b). The other parameters had
either positive or negative correlations among them but were not significant.

3.9.2. Ofcolaco

The heat map for 2023 indicates a significant positive correlation between bacterial and
fungal populations, as well as a positive correlation between SOM and bacterial populations
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(Figure 17c). Soil POxC exhibited a significant positive correlation with pH. The remaining
parameters exhibited either positive or negative correlations, but these were not statistically
significant.

In 2024, significant positive correlations were also observed for bacterial and fungal
populations, as well as POxC (Figure 17d). Soil POxC was further correlated positively to
FDA, whereas urease activity had a significant positive correlation to bacterial populations.
Positive correlation was also recorded between SOM and pH, while the latter was negatively
correlated to fungal populations (Figure 17d).

4. Discussion
4.1. Bacterial Populations

The literature has emphasised that cover crops can improve microbial populations
and their activities, among other benefits [47,48]. This study found that the addition of
sunn hemp cover crop at Syferkuil for both seasons enhanced microbial populations and
their activities, but the high soil pH at the location hindered further improvement. Ofcolaco
had a contrasting outcome, with cover crop not affecting microbial populations during the
2023 season and a positive outcome in 2024. This aligns with Ropper [49], who observed
inconsistent results regarding soil microbial activities and biological properties, especially
under short term cover cropping practices. The non-responsive bacterial populations under
cover crop could be due to lower SOM and the competition between soil microorgan-
isms for the C source. The observed differences in bacterial populations and the other
measured parameters between the two study sites could also be attributed to variation in
climatic conditions when considering the hot and dry conditions at Ofcolaco. Furthermore,
nanofertilisers have been found to negatively influence some biological soil properties,
such as bacterial populations, possibly due to higher doses or poor interaction between the
fertiliser and the plant [50]. The elevated soil pH could explain the results of the present
study, which recorded a reduction in bacterial populations following the application of
combined nano Zn and Cu. This, however, contradicts the findings by [51–54], who em-
phasised that the type of nanofertiliser and the status of soil fertility, among other factors,
significantly influence their effects on soil properties. Kumar et al. [55] also reported that
the positive influences of the nano fertilisers are attributed to their absorption efficiency,
consequently releasing organic acids which enhance microbial populations. Regarding N
fertiliser application, Basak et al. [56] also observed improved bacterial populations with
N fertiliser input, although at slightly higher rates than 60 kgN ha−1. However, other
studies cautioned that excessive or long-term fertilisation threatens microbial activity and
populations through reduced SOM [57,58]. The bacterial population at Syferkuil showed
an increase in response to the interaction between cover crop and nitrogen fertiliser in
2023, while Ofcolaco had increases in bacterial populations during 2024 due to nitrogen
fertiliser application. The marginal increase in both locations could result from a reduction
in microbial biomass due to elevated nitrogen concentration, which significantly exceeds
the population increase, thereby decreasing the overall microbial population [59]. Seasonal
variations in temperature and rainfall tend to affect soil microbial populations, as evidenced
by the outcome in both study sites. Moreover, the method and duration of soil sample
storage can also alter soil biological properties. A combination of cover crop, combined
nano Zn and Cu, and N fertiliser had a positive effect on bacterial populations at Syferkuil
in 2023, which could be attributed to the collective effects of all the treatment factors. To
date, no research has examined the synergistic impact of cover crops, combined nano Zn
and Cu, and N fertiliser rates on soil microbial populations and enzyme activity.
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4.2. Fungal Populations

Soil fungal populations are significantly inhibited by elevated soil pH and low soil
organic matter, which was somewhat evident in this study. Hence, no response was
detected following the incorporation of cover crops in 2023 at Syferkuil and 2023 and 2024
at Ofcolaco. Fungal populations in this study were negatively impacted by combined
nano Zn and Cu application, especially at Ofcolaco in 2023, which contrasted with an
observation by Nibin et al. [53], where greater microbial populations with foliar application
of nano NPK were reported. Though the nanofertiliser combination was different from
this current study, this highlights the overall impact of nanofertilisers on soil bacterial
and fungal populations. Additionally, Yadav et al. [60] indicated that nanoformulations
often have unintended effects on some beneficial soil microorganisms that preserve soil
fertility. This agrees with the results of this study, indicating a reduction or no response of
fungal populations following the application of combined nano Zn and Cu. When applied
judiciously, N fertiliser can positively influence microbial activity, hence the observed
increase in fungal populations in this study during the 2023 season, a finding that was also
observed by Basak et al. [56]. Further enhancement of the fungal populations was found in
both locations when N fertiliser was applied alongside cover crop or combined nano Zn
and Cu. In relation to the combination of nano fertiliser with N fertiliser, Meena et al. [52]
also observed positive effects on microbial populations and activity. Each of the three
treatment factors has been documented to benefit soil fertility and health in one way or
another. Although their combined effect on soil properties has not been documented, high
fungal populations were recorded under the combination.

4.3. Active Carbon (POxC)

Soil active carbon (POxC) quantifies the biologically active and readily decomposable
portion of soil organic matter, serving as a carbon source for soil microbes and closely
associated with microbial activity and nutrient cycling [61]. The enhanced POxC observed
with cover crop incorporation in this study may be attributed to the immediate contribu-
tion of residues, which serve as a carbon source upon the onset of decomposition. Howe
et al. [62] highlighted higher POxC under crop residue incorporation than fertilisation. On
the other hand, it is not clear why POxC did not vary under all treatments and their inter-
actions at Ofcolaco for the 2023 season, but Rayne and Aula [63] stated that management
practices such as weeding and fertiliser application can cause a setback in SOM build-up,
consequently affecting POxC derived from crop residues. Additionally, Abdalla et al. [64]
suggested that increases in OC are usually observed over longer periods with consistent
application of crop residues or organic manure, without which POxC diminishes. The
differences in locations and their respective environmental conditions could also be a factor,
an observation that was highlighted by Calderon et al. [1], perhaps also supporting the
interactive outcome of cover crop, combined nano Zn and Cu, and N fertiliser observed
at Syferkuil in 2023. The favourable response of POxC to the combined application of
combined nano Zn and Cu observed in this study is corroborated by multiple literature
sources. Nibin et al. [52–54] reported enhancements in soil properties after the application
of nano fertilisers, despite variations in the types utilised in their research relative to this
study. With the results of this study showing a decline in POxC at a higher N fertiliser rate,
Vilakazi et al. [65] suggested that excess fertilisation tends to impede biological processes
occurring through enzyme oxidation, ultimately affecting POxC and other soil parameters.
At higher fertilisation rates, POxC tends to increase, indicating stimulated root growth and
rhizodeposition by the crop. A suggestion by Howe et al. [62] called for further studies that
focus on the interactive and individual effects of cover crop and fertilisation, among others,
on POxC, as the information is lacking.
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4.4. Microbial Activity (FDA)

Soil microbial activity usually improves upon incorporation of residues, which are
a source of C [66,67]. Hence, the higher FDA observed under the cover crop during
this study is justified, with the exception of Syferkuil in 2024. Sunn hemp is a high
residue legume which, through N fixation, can enrich the rhizosphere with carbohydrates,
organic acids and soil organic matter, subsequently stimulating the growth and activity of
soil microbiota [68,69]. The crop residues tend to improve microbial activity by creating
a suitable environment for the proliferation of soil microbes [8,62]. Additionally, the
increased FDA upon N fertilisation could be attributed to enhanced root growth and the
subsequent C inputs through root biomass and exudates, which are favourable to microbial
growth [59,66]. Furthermore, the increased soil microbial activity could also be attributed
to the high POxC, which is a source of structural and energy components and also provides
a habitat for soil microorganisms [61]. Howe et al. [62] further highlighted that optimum
fertiliser rates are key in establishing the build-up or loss of OC, which could explain
the high FDA under 180 kgN ha−1. Monocropping has also been found to significantly
affect the metabolic activity of soil microbes because of recalcitrant organic inputs that
are returned to the soil as well as lower root exudates due to less root density, among
other things [66,70]. The interactive effects of cover crop combined nano Zn and Cu, and
N fertiliser were not significant throughout except for Syferkuil in 2023. This outcome
could be due to several factors, but the primary reason could be that the organic matter
from cover crop incorporation was not sufficient to enhance the FDA activity. This may
also be supported by an observation from Gupta and Prakash [50], who observed that
nanofertiliser often affects soil biological properties negatively, perhaps also influencing
the outcome in this study when applied individually or in combination with cover crop
and/or N fertiliser.

4.5. Soil Organic Matter

Although cover crops are known for their benefits on soil health and fertility, their
effect varies with location and climatic conditions [71], which explains the varied effects on
SOM in this study. The soil organic matter in this study responded differently to cover crop
for the two seasons, with Ofcolaco responding positively in 2023 and 2024, while Syferkuil
showed an improvement only in 2023 showing. The outcome at Syferkuil is similar to
that of Pokhrel [72], who did not observe any improvement in SOM upon cover crop
incorporation in a two-year study. According to Nascente et al. [73], the low SOM could be
due to limited time for accumulation, since this is a process that takes place over longer
periods, whereas the timeframe for this study was relatively short. The variations in climate,
vegetation, and agricultural practices unique to each location may also be significant factors.
Dinca et al. [57] also highlighted that excessive or long-term fertilisation has recurring
negative effects on SOM accumulation due to reduced microbial activity, which could
explain the lack of improvement at Ofcolaco and Syferkuil during the 2024 growing season.
Additionally, Khardia et al. [51] found that the application of chemical fertilisers tends to
reduce SOM content, an observation that was noted in this study at Syferkuil under higher
N fertiliser application. The application of nanofertilisers has been shown to enhance plant
growth, hence augmenting soil organic matter (SOM) production [74]. However, this was
not evident for Ofcolaco in 2023 and 2024 and Syferkuil in 2023, as indicated by the absence
of variation and a reduction in SOM content. This finding aligns with that of Pruthviraj
et al. [75], who reported no impact on SOM following the application of nanofertilisers.
However, an increasing trend in SOM was observed when cover crop, nano Zn and Cu and
N fertiliser were combined at 60 and 120 kgN ha−1, although no study has been conducted
regarding the effect of the aforementioned treatments on SOM or any other soil properties.
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4.6. Urease Activity

This study found no significant difference in urease activity between cover crop incor-
poration and its absence for both locations and seasons. Enzyme activities are primarily
influenced by carbon and organic matter sources, and factors such as N fertiliser, pH
and soil properties [76,77]. The non-significant variation observed may be attributed to
various properties that influence urease activity, which are not solely dependent on the
incorporation of organic matter [77]. Ofcolaco exhibited no observable response to cover
crop and combined nano Zn and Cu application, while Syferkuil showed elevated urease
activity with combined nano Zn and Cu, aligning with the findings of Nibin et al. [53]. The
positive response could also be attributed to the fact that nanofertilisers tend to enhance the
production of humic acids, root exudates, and nitrogen availability, subsequently bolstering
soil microbial growth and activity [78]. This further explains the increased urease activity
under nano Zn and Cu, suggesting the availability of substrates and energy to promote
the production of urease enzymes. The two study locations had increased urease activity
when cover crop was incorporated alongside N fertiliser, showing greater potential than
when applied individually, although this differed per season. This supports the findings
of Dotaniya et al. [79], who highlighted that cover crops enhance urease activity in the
soil. Having resulted in the highest urease activity at Syferkuil in 2023, the combination
of sunn hemp cover crop, combined nano Zn and Cu, and N fertiliser appears to have
been beneficial to urease enzyme activity, further indicating the crucial potential impact
of the treatment combination. The individual treatments had varied effects on urease
enzyme activity, however, their interaction revealed positive benefits. This was indicative
of synergies where decomposing cover crop enriches soil life through enhanced nutrient
cycling along with root exudates, which are also observed in nanofertilisers [6,80]. Nitro-
gen fertilisation further complements the use of cover crop and nanofertilisers through
enhanced crop growth and biomass production [81], subsequently promoting healthier
soil. Meena et al. [52] also found that the interaction of conventional and nanofertilisers
improved microbial populations, consequently influencing soil enzymatic activities. To
some extent, this validates the significant interactive outcome of combined nano Zn and Cu
and N fertiliser regarding the urease activity in this study. Soil physicochemical properties,
including pH, aggregate stability, and organic carbon, could explain the varied results
observed in enzyme activity and microbial populations. The positive correlation between
bacterial and fungal populations indicates their synergistic association relating to soil
processes [82]. Meena and Rao [76] further indicated that the positive correlation between
bacterial and fungal populations and FDA is due to their function in the soil being critically
dependent on soil organic matter and nutrients.

4.7. Soil pH

Studies by Guo et al., [83]; Liang et al., [84] have shown that inorganic fertilisers can
lower soil pH through the release of H+ ions. Concurrently, Liang et al. [84] noted that
manure or cover crop residues may either decrease or increase soil pH, depending on
the presence of organic acids, carbonates, and bicarbonates. The inconsistent pH results,
irrespective of cover crop, combined nano Zn and Cu, N fertiliser, and their interactions,
align with these findings. The highest soil pH was observed under cover crop without
N application, while soil at Syferkuil remained generally alkaline, but a reduction was
observed with increments in fertiliser rates. In contrast, soil pH at Ofcolaco remained
unchanged, except for cover crop × N fertiliser in 2023. Basically, soil amendments such as
cover crops and inorganic fertilisers have an impact on soil properties, but the impacts can
either be positive, negative, or neutral, as is the case in this study with soil pH and several
other soil parameters. The soil pH outcome at Ofcolaco for 2024 was corroborated by
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Liebig et al. [85] and Kutamahufa et al. [86], who reported no change in soil pH, especially
in the short-term, due to low organic matter accumulation. Kumar, et al. [55] also found that
applying nanofertilisers did not affect soil pH, which was partly the case for both seasons
except Syferkuil in 2023. However, it is worth noting that soil pH is determined primarily
by the parent material and does not usually exhibit change under short periods [87].

5. Conclusions and Recommendations
The study has proven the potential of sunnhemp cover crop, combined nano Zn

and Cu and nitrogen fertiliser to improve bacterial populations, urease activity, FDA,
POxC, soil organic matter, and soil pH. Furthermore, the study also revealed that lower
doses of N fertiliser combined with sunn hemp cover crop and nano Zn and Cu are
suitable for improving soil biological parameters and thus promoting soil health and
sustainable farming practices. The results reflected positive outcomes of soil biological
properties obtained in the shorter time frame further highlighting the potential for greater
soil health improvements and reduced N fertiliser inputs upon continuous cover cropping.
Therefore, future research should consider monitoring the spatio-temporal changes of
the soil biological properties over longer periods with regard to cover crop incorporation
and varied doses of nano Zn and Cu. Additionally, extensive evaluation of the residual
effects of the treatment combinations on crop productivity and soil health across diverse
agroecological regions is suggested.
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