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Abstract: Biochar can influence bioavailability of micronutrients and crop yields in sewage
sludge-treated soils, but the mechanisms of its effects remain poorly understood. Therefore, this field
experiment was conducted on a Luvisol and Cambisol to investigate the bioavailability and uptake of
some micronutrients and spinach (Spinacia oleracea L.) yields grown in soil amended with biochar
and sewage sludge. Ten treatments arranged in randomized complete block design with three levels
of biochar (0, 2.5, 5 t/ha) and sewage sludge (0, 6, 12 t/ha) and combinations thereof were applied.
High rate of sole sewage sludge, and its combination with biochar significantly (p < 0.05) increased
yield on the Luvisol. On the Cambisol, only marginal yield increase resulted from high rates of sole
organic amendments and chemical fertilizer, while co-applications decreased yields. Co-amendments
generally increased bioavailability of micronutrients relative to sole amendments in the order Fe
> Cu = Zn, with greater increase on the Cambisol, but uptake of micronutrients decreased with
co-application rates of amendments. Contents of micronutrients in plant leaves were within the
normal range, except for a combination of highest dosage of co-amendments on the Cambisol (Fe;
560 mg/kg), which resulted in leaf necrosis and 7% yield depression. The results showed greater yield
response of spinach to co-application of amendments on the Luvisol.
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1. Introduction

Recently, large quantities of sewage sludge are generated from wastewater treatment plants in
Botswana as more wastewater treatment facilities are being developed. Application of the sludge and other
organic wastes to croplands for production of important vegetable crops (e.g., spinach (Spinacia oleracea L.),
cabbage (Brassica oleracea var. capitate), tomato (Solanum lycopersicum L.), etc.) is gaining popularity as
a waste disposal option, and low-cost fertilizer [1]. However, there are concerns about the risks of soil
pollution and elevated concentrations of heavy metals in plants grown on sewage sludge-treated soils [2–4].

Although micronutrients such as Cu, Fe, and Zn are essential for plant physiological processes and
plant productivity, they become toxic at high contents in soil [5]. The frequency, level of contamination
and rates of sewage sludge applications to agricultural soils determines the bioavailability and
uptake of micronutrients [3]. Important soil factors affecting the bioavailability of these elements
and their leaching potential include soil pH, organic matter content, soil texture, redox potential,
nutrient interactions, and Al, Fe, and Mn hydroxides contents and temperature [6–8]. Moreover,
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plant roots’ association with rhizosphere microbes can regulate the bioavailability and plant uptake of
heavy metals [5,9,10]. The strong influence of soil pH on bioavailability of heavy metals is illustrated
by the fact that the permissible limits for total heavy metals in sewage sludge are also based on the
prevailing soil pH [11].

The uncertainty in bioavailability of heavy metals under fluctuating soil pH and diminishing soil
organic matter levels over long time-scale in the field remains a concern by scientists [12]. This concern
is due to rapid decomposition of sewage sludge in the soil, which can reduce the retention sites for
heavy metals over time, ultimately increasing risk of toxicity and mobility of heavy metals [13,14].
The retention of heavy metals in the soil profile can be enhanced by co-application of sewage sludge
with biochar, maintaining adequate levels of bioavailable micronutrients in the soil, without inducing
plant deficiency and crop yield losses. Negative priming effects of biochar on sludge organic matter
may also moderate the rate of micronutrients release, thus maintaining a steady supply for plant
growth [15,16].

Biochar application as a blending agent during sewage sludge composting [17–19], or mixed into
matured composts [20,21] significantly increased plant growth and yields, and had contrasting effects
on bioavailability of heavy metals in different soils [22–24]. Enhanced oxidation of biochar surfaces
and cation exchange capacity (CEC) in the presence of sewage sludge increases retention sites for heavy
metals to levels greater than other organic matter in soils [25–27], while the biochar liming effects
promote precipitation of heavy metals [28,29]. However, the majority of these studies were conducted
under controlled greenhouse and laboratory conditions, or were based on application of biochar to
polluted soils [17]. Thus, there is limited research on the potential effects of direct co-application of
biochar and sewage sludge on reducing phytoavailability and uptake of heavy metals by vegetable
crops in agricultural soils [30].

The hypothesis was that co-application of biochar and sewage sludge would significantly improve
the bioavailability and plant uptake of selected micronutrients (Cu, Fe and Zn) and improve spinach
yields. The objective of this study was to determine whether the interactive effects of co-application of
the biochar and sewage sludge on bioavailability and uptake of trace metals and spinach yields was
more favorable than sole amendments in texturally different soils.

2. Materials and Methods

2.1. Experimental Design and Trial Management

The experiment comprised 10 different treatments (Table 1) with three replicates and so each
site comprised 30 plots (1.8 × 1.5 m2) arranged in a randomized complete block design (RCBD).
Mineral fertilizer (CHEM) treatments received a pre-sowing basal dressing of 18.9 kg ha−1 N, 28 kg/ha P,
and 18.9 kg/ha K, which was applied as 2:3:2 (NPK, 22%) at 300 kg/ha. Furthermore, ammonium sulfate
(46% N) was top-dressed on CHEM plots at 92 kg N/ha after 2 weeks of transplanting and after the
first harvest, hence these plots received a total of 200 kg N/ha/season.

Both sites were disk plowed to about 30 cm depth before the study. Sewage sludge and biochar
(in suitable doses) were manually incorporated into the soil using hand-hoes. Spinach (variety;
Fordhook Giant) (Sakata, Morgan Hill, CA, USA) seedlings were propagated on garden compost for
3–4 weeks before transplanting after 1 day of irrigation. The trials were drip-irrigated based on soil
moisture conditions for about 2 h per irrigation.

The spinach crop in the first season was planted on the 5 March and first harvested on 29 April 2018.
The second harvest was done on 5 June 2018. In the second season, the plots were cleared of crop
residues, but the soil was not plowed. The planting lines and treatment plots were maintained as
during the first season. Similar amendments were applied before the plots were re—planted in the
second season with spinach seedlings on the 5 July 2018. The first and second harvests were done on
9 September and 29 October 2018, respectively. The mean temperature and total rainfall were 24.8 and
120 mm, and 19.5 and 24 mm in the first and second season, respectively.
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Table 1. Treatments, their application amounts per season and abbreviations.

Treatment Sewage Sludge
(t/ha) Biochar (t/ha) Chemical Fertilizer

(kg/ha)

CONT (Control) * 0 0 0
2.5BC 0 2.5 0
5BC 0 5 0

CHEM (NPK) 0 0 N—200, P—28, K—18.9
6SS 6 0 0

6SS + 2.5BC 6 2.5 0
6SS + 5BC 6 5 0

12SS 12 0 0
12SS + 2.5BC 12 2.5 0
12SS + 5BC 12 5 0

* Symbols represent additions of; CONT—no amendment (control); 2.5BC—2.5 t/ha biochar; 5BC—5 t/ha biochar;
CHEM—NPK mineral fertilizer at 300 kg/ha; 6SS—6 t/ha sewage sludge; 6SS + 2.5BC—6 t/ha sewage sludge and
2.5t/ha biochar; 6SS + 5BC—6 t/ha sewage sludge and 5 t/ha biochar; 12SS—12 t/ha sewage sludge; 12SS + 2.5BC—12
t/ha sewage sludge and 2.5 t/ha biochar; 12SS + 5BC—12 t/ha sewage sludge and 5 tons t/ha biochar.

2.2. Soil, Plant, Sewage Sludge and Biochar Analysis

Biochar was produced from chipped mixed-wood debris through a home-made pyrolysis unit
with two drums. The smaller drum with the feedstock had a lid to ensure low oxygen concentration,
while the space between the drum was filled with the chipped wood for heating the pyrolysis tank.
After pyrolysis biochar samples were ground and sieved to a particle size of <2 mm. Air-dried soil
samples (0–15 cm) were sieved (<2 mm). Random samples of sewage sludge and wood biochar (535 ◦C,
6 h) were obtained by scoping and stored for laboratory analysis or soil application. Bioavailable trace
metals (Cu, Fe, Zn) were determined following the Mehlich-3 extraction procedure as described by [31]
(pp. 81–88). Briefly, 3 g of soil samples (2 mm) were extracted in 30 mL of M-3 extracting solution (0.2 M
CH3COOH + 0.015 M NH4F + 0.013 M HNO3 + 0.001 M EDTA+ 0.25 M H4NO3). Extractions were
done in an orbital shaker (120 oscillations/min) for 5 min and in triplicate for each soil. Extracts were
filtered through a Whatman No. 42 filter paper into plastic vials and then stored at 4 ◦C until analysis.
Exchangeable cations and soil CEC were determined using the ammonium acetate method (pH 7),
using a mechanical extractor on a 2.5 g sample [32]. Exchangeable cations were quantified using a 4210
MP-AES (Agilent Technologies, Santa Clara, CA, USA). Soil pH was potentiometrically determined in
a 1:5 distilled water and 0.01 mol/L CaCl2 solution. The pH of sewage sludge samples was determined
in a 1:5 of 0.01 mol/L CaCl2 solution. Biochar pH was measured on a 1:20 (w/v) biochar-to-water ratio
via an Orion benchtop pH meter after shaking the samples on an end-to-end shaker for 1 h and settling
the mixtures for another hour [33].

Total nitrogen (TN) of soil, sewage sludge, plant and biochar samples was analyzed according
to the micro—Kjeldahl procedure [34]. Plant-available phosphorus was determined following the
Mehlich III protocol as described by Ziadi and Tran [31] (pp. 81–88). For total content of P and
bases in sludge and plant, 1.25 g of sample was wet digested in 2.5 mL of sulphuric acid—selenium
mixture [35]. Determination of the total content of P, K, S, Mg and Ca in biochar was done after dry
combustion by heating the biochar samples for 2 h at 500 ◦C as described by Enders and Lehmann [36].
Basic cations were determined in the diluted digests via 4210 MP-AES. The samples were maintained at
500 ◦C for 8 h, before adding 5 mL of concentrated HNO3 to each sample vessel and further digesting
the residues at 120 ◦C until dry. After cooling, 1.0 mL HNO3 and 4.0 mL H2O2 were added to the
vessels. Furthermore, the samples were heated at 120 ◦C until dryness. Subsequently, the mixture
was dissolved in concentrated HNO3 (1.4 mL) before the volume was adjusted with deionized water
(18.57 mL), then filtered (Whatman No. 42 (Sigma-Aldrich, St. Louis, MO, USA)). Soil organic carbon
(SOC) was determined in 1 g samples digested with 0.167 mol/L K2Cr2O7 (10 mL) in presence of 98%
concentrated H2SO4 (20 mL) according to the Walkley-Black method [37]. The organic C concentrations
were determined spectrophotometrically at 570 nm after calibration with sucrose standards solutions.
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Total carbon (TC) of the biochar and sewage sludge was characterized by ashing in muffle furnace at
500 ◦C for 48 h.

Trace metals (Cu, Fe and Zn) in plant leaf tissues were quantified after digestion of samples in
concentrated nitric acid (HNO3). To 1 g of each dry plant sample, 10 mL of trace metal grade nitric acid
(65% w/v) (Merck, Darmstadt, Germany) was added and the mixture was allowed to stand overnight,
then heated for 1 h at 100 ◦C in a microwave digester. The mixture was then diluted to 100 mL in
borosilicate volumetric flasks with distilled water and filtered through Whatman No. 42 filter papers.
Concentrations of Cu, Fe and Zn in the diluted samples were determined by using a 4210 MP-AES.

2.3. Biomass Yields

The spinach plants were grown for about 60 days from the date of transplanting. Harvesting was
done on plot basis, disregarding the outer rows of each plot. At physiological maturity, randomly selected
plants were cut at about 5 cm above the soil surface on each plot. Biomass yields were determined by
taking fresh weight of leaves each plot at each harvest stage.

2.4. Statistical Analysis

Data were subjected to 2-way ANOVA using SAS version 9.4 (SAS Institute Inc, Cary, NC, USA) after
employing the Shapiro-Wilk test for normal distribution of the data for each variable. Duncan’s multiple
range test was performed to test the significance of the difference between the treatments.

3. Results

3.1. Soil, Sewage Sludge and Biochar Properties

The physicochemical properties of the surface soils (0–15 cm), sewage sludge and biochar used in
this study are presented in Table 2. The sewage sludge used in this study was characterized by low
heavy metal contents (115 mg Cu/kg and 314 mg Zn/kg) which were within the maximum permissible
limits for the EU Council Directive for Cu (1000–1750 mg/kg) and Zn (2500–4000 mg/kg, dry basis) in
sludge for agricultural use [11]. Fe content in sewage sludge was the highest among the other heavy
metals, and greater than in biochar.

3.2. Effects of Amendments on Mehlich III Extractable Micronutrients

The ANOVA model was significant (p = 0.04; r2 = 0.52) and soil type had significant effects on
Mehlich-extractable Cu (p = 0.0027). Treatments with sewage sludge slightly increased extractable
Cu on the Cambisol relative to the control (CONT) (Figure 1a), but there was marginal decrease in
Cu contents in the control compared to the baseline Cu concentrations, possibly due to plant uptake.
Treatments had no significant (p > 0.05) effects on extractable Cu on the Luvisol. Significant (p < 0.05)
increase in extractable Cu on the Cambisol was observed under sole and combined applications of
organic amendments, the largest values of 6.6 mg/kg resulting from high rates of both amendments
(12SS + 5BC) (Figure 1a).

Furthermore, combined application of amendments at high rates (12SS + 5BC) on the Luvisol
significantly (p < 0.05) increased extractable Cu compared to application of sole amendments at the
same rates. Mineral fertilizer marginally increased Cu content compared to the un-amended control
on both soils. Cu bioavailability had significant correlations with soil pH (r2 = −0.33; p = 0.0099),
CEC (r2 = 0.44; p = 0.0004) and soil organic carbon (r2 = 0.53; p < 0.0001) (Table 3).
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Table 2. Pre-crop planting soil properties and basic characteristics of sludge and biochar used in
the study.

Properties Luvisol Cambisol Biochar Sewage Sludge

pH (CaCl2) 7.5 ± 1.5 6.8 ± 1.3 7.7 ± 1.1 6.3 ± 0.3
CEC (cmolc/kg) 8.4 ± 1.1 26.2 ± 3.2 12± 2.5 38 ± 6

Organic Carbon (%) 1.0 ± 0.2 1.8 ± 0.3 nd * nd *
Total p (mg/kg) 103 ± 27 91.3 ± 14.3 824 ± 123 5753 ± 525

Available p (mg/kg) 42.3 ± 5.1 24.0 ± 4.1 51 ± 8 272 ± 38
Total N (%) 0.08 ± 0.01 0.04 ± 0.01 1.1 ± 0.6 4.5 ± 1.2

Mehlich III (mg/kg)
Cu 6.0 ± 2.4 5.2 ± 1.6 nd * nd *
Fe 13.2 ± 1.53 22.4 ± 3.2 nd * nd *
Zn 2.6 ± 1.0 3.9 ± 1.0 nd * nd *

Total metals (mg/kg)
Cu nd * nd * 69 ± 8 115 ± 23
Fe nd * nd * 9270 ± 309 3365 ± 127
Zn nd * nd * 95 ± 28 314 ± 29

Exchangeable bases
(cmolc/kg)

Ca 6.4 ± 2.3 17.4 ± 5.6 128 ± 22 159 ± 47
Mg 2.3 ± 1.0 8.5 ± 3.3 34 ± 8 66 ± 13
Na 0.06 ± 0.01 0.17 ± 0.02 3 ± 1 13 ± 4
K 0.06 ± 0.01 0.18 ± 0.07 153 ± 13 51 ± 7

Sand (%) 73.3 ± 8.7 48.5 ± 5.4 nd * nd *
Clay (%) 16.4 ± 2.9 39 ± 3 nd * nd *
Silt (%) 10.3 ± 1.1 12.6 ± 1.4 nd * nd *

Bulk density (g/cm3) 1.60 ± 0.29 ± 0.66 nd * nd *

* nd—not determined, (±, standard deviation, n = 3).

Table 3. Pearson’s correlation matrix of heavy metals concentrations, crop yields and soil properties.

pH Yield CEC OC ¶ M3Cu M3Fe M3Zn Leaf Cu Leaf Fe Leaf Zn

0.4409 *
(0.0015)

−0.8347 *
(<0.0001)

−0.6553 *
(<0.0001)

−0.3305 *
(0.0099)

−0.7286 *
(<0.0001)

0.0494
(0.7079)

−0.0804
(0.5451)

−0.4358 *
(0.0006)

−0.3238 *
(0.0124)

−0.4738 *
(0.0006)

−0.3135 *
(0.0283)

−0.1037
(0.4784)

−0.2963 *
(0.0387)

0.2156
(0.1369)

0.1271
(0.3841)

−0.3615 *
(0.0107)

−0.0796
(0.5866)

0.8148 *
(<0.0001)

0.4427 *
(0.0004)

0.8729 *
(<0.0001)

−0.15752
(0.2294)

−0.08492
(0.5225)

0.33504 *
(0.0095)

0.2706 *
(0.0382)

0.5305 *
(<0.0001)

0.8250 *
(<0.0001)

0.2391
(0.0658)

−0.0793
(0.5506)

0.2323
(0.0767)

0.2428
(0.0638)

0.6471 *
(<0.0001)

0.3995 *
(0.0016)

−0.0444
(0.7386)

0.1156
(0.3834)

0.1818
(0.1681)

0.1016
(0.4399)

−0.0626
(0.6374)

0.1529
(0.2476)

0.2083
(0.1134)

0.0706
(0.5953)

0.0114
(0.932)

−0.0153
(0.9086)

0.3109 *
(0.0166)

0.3479 *
(0.0069)
0.3764 *
(0.0033)

¶ M3Cu, M3Fe, M3Zn represent three Mehlich-extractable heavy metals. * Correlation significant at 5% level of
significance Values in parentheses are p-values at 5% level of significance.
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Figure 1. Mehlich-extractable contents of (a) Mehlich Cu, (b) Mehlich Fe, (c) Mehlich Zn at the end of
the season. For each variable, columns for both soil types with different letters are significantly different
(p < 0.05) according to Duncan’s multiple range test. Comparison of treatment means for both soil
types indicate the statistics were done simultaneously. Error bars denote standard error of the mean
(SEM) (n = 3).

Available Fe was significantly (p < 0.05) higher on the Cambisol (mean = 159.7 mg/kg) relative to
the Luvisol (mean = 92 mg/kg). Results of ANOVA showed that treatments (p = 0.006) and soil type
(p < 0.001) had significant effects on the levels of Mehlich-extractable Fe. All amendments increased
available Fe above the control on both soil types, but the differences on the Luvisol were statistically
insignificant (Figure 1b). Contrastingly, on the Cambisol, application of mineral fertilizer, low rate of
sewage sludge (6SS), combination of 6 t/ha of sewage sludge and 5 t/ha biochar (6SS + 5BC), and high
rates of both amendments (12SS + 5BC) caused significant increases in available Fe above the control.
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The highest Fe content was caused by co–applications of 6SS + 5BC and 12SS + 5BC for the Luvisol
and Cambisol, respectively (Figure 1b).

Treatments resulted in higher mean extractable Zn on the Luvisol (5.9 mg/kg) compared to the
Cambisol (4.3 mg/kg). Generally, co-applications had greater effects on increasing plant-available Zn
than sole applications, and this effect was consistent on the Cambisol (Figure 1c). Co–application of
6 t/ha sewage sludge and 5 t/ha biochar significantly increased Mehlich-extractable Zn on the Luvisol
to 11.7 mg/kg relative to the control (2.5 mg/kg). Combined application of high rates of amendments
led to the highest available Zn on the Cambisol (8.8 mg/kg) compared to the control (2.3 mg/kg).

3.3. Effects of Amendments on Micronutrients in Leaf Tissues

Cu and Zn contents in the spinach tissues were in the normal range and did not reach the
phytotoxic levels (mg/kg): Cu (20–100) and Zn (100–400) [38] (pp. 304–363), mainly due to the low
heavy metal contents in the sewage sludge used in this study. Similarly, except for co-application of
6SS+5BC (Fe; 559 mg/kg), leaf Fe was within the normal range (<500 mg/kg). Furthermore, the contents
of heavy metals in leaf tissues were generally higher on the Cambisol than on the Luvisol, for the
respective treatments (Figure 2a–c).
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Figure 2. Leaf contents of (a) Mehlich Cu, (b) Mehlich Fe, (c) Mehlich Zn at the end of the season.
For each variable, columns for both soil types with different letters are significantly different (p < 0.05)
according to Duncan’s multiple range test. Comparison of treatment means for both soil types indicate
the statistics were done simultaneously. Error bars denote standard error of the mean (SEM) (n = 3).

Fe contents of leaf tissues were also generally higher on the Cambisol. In both soils, leaf Fe
contents were above the sufficiency levels, including for the control plots. Leaf Fe contents were
independent (p > 0.05) from Mehlich Fe. Co–applications of 6 t/ha sewage sludge and 2.5 t/ha biochar
(6SS + 2.5BC) caused the greatest increase in leaf Fe content on both soils, with the highest values
determined on the Cambisol (559 mg/kg) compared to the Luvisol (338 mg/kg).

Highest leaf Zn concentrations were generally found under high rate of sole sewage sludge (12SS)
while combined application of high rates of amendments (12SS + 5BC) significantly (p > 0.05) decreased
Zn contents compared to 12SS on the Cambisol only (Figure 2b). Furthermore, co-application of 6 t/ha
sewage sludge and 2.5 t/ha biochar (6SS + 2.5BC) marginally decreased leaf Zn compared to the same
rate of sole sludge on the Cambisol.

3.4. Effects of Amendments on Spinach Yields

In general, there was a greater yield response to treatments on the Luvisol compared to the
Cambisol (Figure 3). Applications of sole amendments and co-amendments consistently produced
significantly (p < 0.05) greater yields on the Luvisol compared to the same treatments on the Cambisol.

A slightly insignificant (p = 0.056) linear regression between yields and biochar was determined.
Increasing the application rate of sole sewage sludge increased crop yields on both soil types,
with significant effects determined at high rate (12 t/ha) on the Cambisol only. Interestingly, except for
12SS + 2.5BC, other co-applications decreased yields on the Cambisol. Yields had significant but weak
linear correlation to pH (r2 = 0.44; p = 0.0015), CEC (r2 = −0.47; p = 0.0006), soil organic matter content
(r2 = −0.36; p = 0.0283), Mehlich-3-extractable Fe (r2 = −0.30; p = 0.0387), and leaf Fe content (r2 = −0.36;
p = 0.01) (Table 3).
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4. Discussion

4.1. Effects of Amendments on Bioavailability of Micronutrients

Higher bioavailability and uptake of micronutrients on the Cambisol, which had a relatively
lower soil pH, confirm findings from previous studies that the solubility and plant uptake of heavy
metals are enhanced under acidic pH conditions [39,40]. Furthermore, these findings show that soil
acidity was more significant than soil texture in regulating bioavailability of Cu and Fe. Our results
support the results from previous studies which showed that soil acidity and coarse soil texture
increased bioavailability and uptake of heavy metals by food plants [41,42]. This also corroborates the
findings from a long-term study on soils previously amended with sewage sludge by Sauerbeck [43].
The author reported that soil pH was more important than soil texture in regulating the availability of
Cd, Cu, Ni and Zn to several plant species. It is well known that Cu bioavailability is inversely related
to soil pH [44], hence the significant (p < 0.05) negative correlation between available Cu and soil pH
(Table 3). This was confirmed in this study as available Cu was higher for each of the corresponding
treatments on the Cambisol.

Except for extractable Zn, the bioavailable micronutrients contents in soil and leaf tissues had
significantly (p < 0.05) negative correlations with soil pH, CEC, and crop yield (Table 3). The treatments
on the Cambisol had greater CEC values than the corresponding treatments on the Luvisol (Table 4).
Therefore, higher clay and SOC contents of the Cambisol provided more sorption sites, which explains
negative correlation between available micronutrients and the other soil parameters (CEC, SOC) [45].
Thus, the relatively lower soil pH of the Cambisol plots, increased bioavailability and uptake of
micronutrients. Furthermore, the comparatively higher crop yields on the Luvisol probably resulted in
higher uptake of Cu, Fe and Zn, but a dilution effect may explain the negative correlations between
yield, and concentrations of micronutrients in the soil and leaf tissues (Table 3).
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Table 4. Effects of different treatments on post-harvest soil chemical properties.

Treatments pH (CaCl2) Organic C (%) CEC (cmolc/kg)

Luvisol Cambisol Luvisol Cambisol Luvisol Cambisol

CONT 7.7 ± 1.1 a 6.7 ± 1.6 e 1.0 ± 0.1 cd 1.7 ± 0.4 abcd 8.7 ± 3.1 d 26 ± 4.9 bc

2.5BC 7.5 ± 2.3 bc 6.9 ± 1.1 d 1.3 ± 0.3 abcd 1.9 ± 0.3 abcd 7 ± 2.7 d 30.6 ± 3.2 ab

5BC 7.3 ± 1.4 c 6.5 ± 1.8 f 1.0 ± 0.1 cd 2 ± 0.2 abcd 9 ± 3.1 d 26.5 ± 2.9 abc

CHEM 7.6 ± 2.1 ab 6.9 ± 2.5 d 1.2 ± 0.2 abcd 1.8 ± 0.3 abcd 8 ± 1.9 d 31.8 ± 2.6 a

6SS 7.7 ± 1.8 a 6.9 ± 1.9 d 1.1 ± 0.1 bcd 2.2 ± 0.5 ab 7.9 ± 2.3 d 31 ± 4.1 ab

6SS + 2.5BC 7.3 ± 1.5 c 6.5 ± 0.8 f 1.1 ± 0.1 bcd 2.1 ± 0.4 abc 10 ± 1.8 d 27.9 ± 5.2 abc

6SS + 5BC 7.4 ± 1.2 c 6.8 ± 1.3 de 1.5 ± 0.2 abcd 2.1 ± 0.5 abc 8.6 ± 1.4 d 29.7 ± 4.9 ab

12SS 7.6 ± 2.3 ab 7 ± 1.8 d 0.9 ± 0.1 d 1.9 ± 0.3 abcd 9.2 ± 2.9 d 24 ± 3.3 c

12SS + 2.5BC 7.3 ± 1.5 c 7 ± 1.1 d 1.2 ± 0.4 abcd 1.9 ± 0.4 abcd 8 ± 2.1 d 27.7 ± 2.8 abc

12SS + 5BC 7.4 ± 1.8 c 7 ± 1.7 d 1.3 ± 0.2 abcd 2.3 ± 0.6 a 8.4 ± 1.7 d 29.8 ± 3.3 ab

For each variable, columns for both soil types with different letters are significantly different (p < 0.05) according to
Duncan’s multiple range test. Comparison of treatment means for both soil types indicate the statistics were done
simultaneously; given error is standard error (n = 3).

At the end of the season, extractable Cu and Zn in the control plots on both soil types decreased
as compared to the baseline values presumably due to plant uptake [2]. In contrast, available Fe in the
control plots significantly increased over 5-fold on both soil types (Figure 1b). These results suggest
high Fe concentrations in the irrigation water; therefore Fe toxicity could be a serious problem for
sensitive crops over the long term. Application of more alkaline biochar might be a sustainable strategy
to keep solution Fe concentrations below toxic levels. Further research is needed to explore optimum
pyrolysis conditions to optimize biochar moderation of Fe bioavailability in the study sites.

Significant (p < 0.05) positive correlation between SOC and available Cu (Table 3) confirms previous
observations indicating that SOC has a strong positive influence on Cu bioavailability. Beesley et al. [46]
reported that Cu availability in an acidic soil obtained from a contaminated site increased with the
concentrations of dissolved organic carbon (OC) increased in the pore water. However, contrasting
results have been reported by Gomez-Eyles et al. [47] who reported that Cu mobility and water soluble
carbon simultaneously decreased after application of wood biochar to soil samples obtained from a
contaminated site. It should, therefore, be presumed that increasing concentrations of SOC does not
always reduce Cu bioavailability.

The values for extractable Zn ranged from 1.99 to 11.7 mg/kg at the end of the season (Figure 1c).
Combined applications of 6SS + 5BC and 12SS + 5BC on the Luvisol and Cambisol, respectively
resulted in significant (p < 0.05) increase of available Zn above the control. Notably, while both
rates of sole sewage sludge did not result in substantial changes in available Zn, co-applications
of amendments generally increased Zn, regardless of the rate on both soil types. Simultaneously,
on the Cambisol, co-application of amendments significantly (p < 0.05) increased SOC relative to sole
amendments. These results suggest greater soil microbial activities and decomposition rates resulting
from co-amendments, leading to release of higher amounts of Zn and other nutrients from the sewage
sludge. This is plausible because previous studies have reported that biochar retention of pollutants in
the soil can promote microbial activities [48–50].

On both soil types, bioavailable Fe increased due to organic amendments (Figure 1b).
Corresponding treatments had higher Fe on the Cambisol relative to the Luvisol, mainly due to
the lower soil pH in the former soil type. Since the Luvisol was under long-term effluent water
irrigation, accumulation of carbonates from the wastewater possibly precipitated Fe and reduced its
solubility compared to the Cambisol which was recently brought under cultivation.

Bioavailable Fe was also most increased by combined applications of high rates of sewage sludge
and biochar on both soils. Greater production of organic acids as shown by higher SOC under
co-applications on the Cambisol may have accentuated available Fe via chelation [38] (pp. 304–363).
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This theory is supported by the observation of significant correlation between SOC and available Fe
(Table 3). Greater Fe uptake on the Luvisol due to higher biomass production may have decreased
bioavailable Fe hence the significant (p < 0.05) negative correlation between yield and available Fe.

The observed general trend of increasing extractable Cu, Fe and Zn levels under high rates of
co-applications of sewage sludge and biochar shows indicates synergistic effects of amendments,
and that the quantity of micronutrients in the organic amendments was important in increasing their
bioavailability. In addition, extractable Cu and Fe were inversely related with soil pH suggesting that
soil pH was an important determining factor in controlling bioavailability of these metals. This is
further illustrated by the higher extractable metal contents (Cu, Fe, Zn) on the Cambisol which had
comparably lower pH (Tables 2 and 3), possibly due to less exchange sites for metal retention caused
by higher contents of exchangeable cations.

4.2. Effects of Amendments on Leaf Micronutrients’ Contents

The mean Cu and Fe contents in the dry matter of spinach leaves were higher on the Cambisol
(Figure 2a,b), following the same trend as Mehlich-extractable concentrations. Values for leaf Cu and
Zn across all the treatments were below the maximum permissible limits; 20 and 50 mg/kg, respectively.
Leaf contents of Cu, Fe and Zn were not significantly (p < 0.05) correlated with bioavailable contents
(Table 3). The disconnect between bioavailable and plant uptake of micronutrients is possibly due to
accumulation of heavy metals in the roots while suppressing translocation to the leaves which has
been reported for spinach [4].

The consistent trend in elevated leaf Fe contents due to combined applications of medium rates of
amendments, followed by very low concentrations at high rates of combined applications on both soils
is noteworthy (Figure 2b). These changes are attributed to the increased soil pH due to co-applications
of higher rates of amendments (Table 4), leading to precipitation of Fe on hydroxides of Fe, Mn, and Al.
As can be seen in Figure 2b, 12SS + 5BC had a significantly (p < 0.05) lower leaf Fe compared to 6SS
+ 2.5BC, for both soil types. This phenomenon is paramount to mitigate leachability of both macro-
and micronutrients due to over-irrigation to leach out excess salts from the root zone. Thus, further
field-based research is required to optimize sorption properties of biochar for nutrients and heavy
metals from both the wastewater and fertilizers [51,52].

4.3. Effects of Amendments on Spinach Yields

Significant (p < 0.05) yield improvements due to co-application of biochar and sewage sludge,
particularly on the Luvisol (i.e., 6SS + 5BC and 12SS + 2.5BC) is probably linked to enhanced microbial
decomposition of sewage sludge and consequent release of plant nutrients [49,53]. Our findings
corroborate results from a pot study by Jatav et al. [23] which showed that complimentary effects
of biochar and sewage sludge on rice (Oryza sativa L.) yields grown on an Inceptisol (pH = 7.4).
The greater spinach yield response to co-amendments on the Luvisol also support results from
previous studies regarding greater biochar effects on crop productivity on infertile soils with low
organic matter contents [54]. Inconsistent biochar effects on crop biomass yields has been highlighted
in many reports [55–57].

As sole sewage sludge dose increased from 6 to 12 t/ha, spinach yields increased significantly
(p < 0.05) from 19.4 to 24.4 t/ha on the Cambisol, while the increase on the Luvisol was marginal (Figure 3).
This trend is linked to increased nutrient availability at higher sludge application rates. Increase in
spinach yields with the application of sewage sludge has also been reported [58]. Application of
sole biochar significantly increased yields over the control (CONT), but the yield decreased with
biochar dose on both soils (Figure 3) possibly due to nutrient deficiency caused by biochar retention of
some nutrients.

Treatments on both soils showed sufficiency levels of leaf Fe contents (50–250 mg/kg); [38]
(pp. 304–363), whereas on the Cambisol, Fe toxicity (560 mg/kg) (Eid et al. 2017) was caused by
co-application of 6 t/ha sewage sludge and 2.5 t/ha biochar (6SS + 2.5BC). Brown spots on young
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leaves (necrosis) of plants grown in 6SS + 2.5BC treatments on the Cambisol were observed, and this
treatment also had the lowest yields (16.5 t/ha, Figure 3). Thus, Fe toxicity possibly contributed to
depressed yields under this treatment. The tendency of higher leaf Fe on the Cambisol is consistent
with trend for greater extractable Fe on this soil type, mainly due to lower soil pH.

5. Conclusions

Results of this study shows that co-applications of sewage sludge and biochar generally increased
bioavailability of heavy metals, with greater increase determined for the Cambisol which had a lower
soil pH. Mehlich III extractable Fe was high, followed by similar levels of Cu and Zn. Leaf tissue
nutrient contents were in the order of Fe > Zn > Cu. The contents of micronutrients were more
critical in regulating their bioavailability as the solution concentrations tended to increase with sewage
application rates.

Biochar—sewage sludge complimentary effects on yields were significant on the Luvisol, with 6SS
+ 5BC resulting in the highest yields in this study. This study recommends that combined application
of 6 t/ha sewage sludge and 5 t/ha biochar (6SS + 5BC) on the Luvisol and sole application of 12 t/ha of
sewage sludge on the Cambisol.
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