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Abstract
Article Info A zeolite pot experiment was conducted at the Agricultural Research Council Infruitec-
Received : 07.12.2023 Nietvoorbij in Stellenbosch, South Africa, under greenhouse conditions. The
Accepted : 03.06.2024 experiment aimed to investigate the impact of zeolite application on soil enzyme

Available online: 06.06.2024 2activities in sandy soils cultivated with Swiss chard (Beta vulgaris Var. cicla) and
cabbage (Brassica oleracea Var. capitata L.) over two years (2018-2019). Different
zeolite-to-soil ratios (0:1, 1:9, 2:8, and 3:7 w/w) were used, with each pot containing

Author(s) 12 kg of soil. The experiment involved 72 pots for each vegetable, arranged in a

randomized complete block design (RCBD). Soil enzyme activities, including acid

\
/
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- phosphatase, 3-glucosidase, and urease, as well as soil chemical properties (pH, total
M.N.Lewu msd . . .

— plant-available nitrogen, organic carbon, and phosphorus), were analyzed. Key
B.Ncube ==4 findings indicate that the effect of zeolite application on enzyme activities varied
A.Meyer B4 between the vegetable species. Zeolite application significantly increased (P<0.05) soil
A.R.Mulidzi »=4 pH across all treatments. However, higher zeolite levels decreased (P<0.05) soil
F.B.Lewu g Phosphorus availability, likely due to phosphorus adsorption by zeolite. Acid

phosphatase activity decreased with rising zeolite levels, possibly due to increased soil
pH. Additionally, zeolite application reduced (P<0.05) soil organic carbon, which may
explain some of the enzyme activity responses. Alteration Index Three (AI3) scores
suggested improved soil biological activity with zeolite application, although
responses varied between crops. Cabbage soils showed improvement in all
treatments, while Swiss chard soils exhibited mixed responses. In conclusion, while
zeolite application can enhance soil pH and nutrient retention, it may also reduce
phosphorus availability and organic carbon. The enzyme activity responses observed
are complex and crop-specific, highlighting the need for tailored soil management
practices. Further research is recommended to explore the long-term impacts and
optimal integration of zeolite with organic amendments for sustainable soil fertility
management.
Keywords: Zeolite, organic carbon content, soil amendment, urease, phosphates, f3-
glucosidase.

© 2024 Federation of Eurasian Soil Science Societies. All rights reserved
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Introduction

In African countries, soil fertility has generally declined due to the intensification of agriculture aimed at
feeding the growing population (Tully et al,, 2015). The decline in soil fertility can be addressed through the
use of organic amendments such as farmyard manure, compost, and plant residues, and more commonly,
through inorganic fertilizers (Munir et al., 2012; Celestina et al., 2019; Albano et al., 2023). Inorganic fertiliser
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application requires significant financial contributions, and over-application results in environmental
degradation (Kakar et al., 2020). On the one hand, organic amendments are unstable in soil and decompose
over time (Fujino et al., 2008). Therefore, more suitable stable amendments such as zeolite are needed to
reduce soil fertility decline. Zeolites are inorganic materials found naturally; they are aluminosilicate minerals
with porous structures with high cation exchange capacity (CEC) and affinity toward ammonium (NH4*) and
potassium (K+) cations (Pabalan and Bertetti, 2001; Sindesi et al., 2023a).

Zeolite has been found to improve soil pH, water-holding capacity, and nutrient retention (de Campos
Bernardi et al., 2013; Nur Aainaa et al., 2018; Sindesi et al., 2023b). These improvements are attributed to the
properties of zeolite (porous nature and high CEC). Zeolite improves the growth of plants cultivated in soils
amended with zeolite (Ramesh et al., 2015) through improved soil chemical and physical properties (Nur
Aainaa et al,, 2018). However, there are limited studies on the impact of zeolite application on soil biological
activities, including enzyme activity. Soil enzyme activity is one of the key soil fertility parameters as enzymes
assist in mineralizing organic nutrients, thereby making them available for plants and soil microorganisms (Al
et al,, 2015). Enzymes indicate soil quality, as many soil enzymes respond almost immediately to changes in
soil fertility status (Tejada et al., 2008; Guangming et al., 2017). According to Kaurin et al. (2018), soil texture,
pH, and nutrient availability contribute to soil enzyme and microbial activities.

Soil enzyme activities are sensitive to environmental and soil changes (Alkorta et al., 2003). Some of the most
sensitive enzymes are urease, phosphates and (3-glucosidase (Guangming et al., 2017; Asadishad et al., 2018).
These are responsible for promoting the hydrolysis of nitrogen (N) containing organic matter, the cycling of
phosphorus (P), and the hydrolysis of glycosides, which play a crucial role in soil carbon (C) cycling,
respectively (Guangming et al,, 2017; Asadishad et al., 2018; Kaurin et al,, 2018). The activity of soil enzymes
has been used in soil health research (Alkorta et al.,, 2003; Meena and Rao, 2021; Kanté et al., 2021). This study
assessed the effect of zeolite application on the activity of soil urease, phosphates, and (-glucosidase of potted
sandy soil cultivated with Swiss chard and cabbage over two growing seasons.

Material and Methods
Experimental site and treatment details

A greenhouse pot experiment was conducted at the Agricultural Research Council Infruitec-Nietvoorbij in
Stellenbosch, South Africa, to assess the impact of zeolite on soil microbial enzyme activity over two growing
seasons (2018 and 2019). The first season was late autumn to late spring 2018 and the second season was
early autumn to early spring 2019. Two vegetables were used cabbage cv. Copenhagen (Brassica oleracea Var.
capitata L.) and Swiss chard cv. Ford Hook Giant (Beta vulgaris Var. cicla). Zeolite was applied to sandy soil at
the ratios 0:1, 1:9, 2:8, and 3:7 (w/w) in 12 kg pots with a diameter of 30 cm. The experiment used 144 pots,
72 pots for Swiss chard, and 72 pots for cabbage. The pots were arranged in a randomized complete block
design (RCBD). In each season, Swiss chard was grown for 133 days, while cabbage was grown for 126 days.
For basal fertilization, 1.17 g pot-1and 3 g pot-! urea (46% N) and single-super phosphate (20% P.0s) were
applied, respectively, on both crops. Basal potassium chloride (50% K-0) was applied at 1.92 g pot-! for
cabbage and 1.44 g pot-1 for Swiss chard. At 4 and 8 weeks after transplanting, 0.33 g pot-1 urea was used as a
side dress fertilizer for Swiss chard. On cabbage 1.11 g pot-! urea was applied in split applications at 3 and 6
weeks after transplanting. Throughout the experiment, soil moisture was analysed using the gravimetric
method and was kept between 50 and 75% of pot capacity. Insect pests were controlled using Makhro Cyper®
(active ingredient: cypermethrin, 200 g L-1) in the first growing season (2018). Avi Gard Mercaptothion®
(active ingredient Organophosphate 500 g L-1) was used in the second growing season.

Data collection

Before applying zeolite, a composite soil sample was taken to analyse soil enzyme activity and related soil
chemistry. On the day of harvest, soil samples were taken for the assessment of treatment effects. The soil
enzymes analyzed were [3-glucosidase, acid phosphatase, and urease, using methods of Eivazi and Tabatabai
(1988), Icoz and Stotzky (2008), and (Kandeler and Gerber, 1988), respectively. The enzyme activity data
were then converted to Alteration Index Three (AI3) scores using the methods described in the work of
Huyssteen et al. (2020).

The substrates used for the analysis of the enzymes [3-glucosidase, acid phosphatase, and urease were 4-MUB-
-D-glucoside, 4-MUB-phosphate, and a urea solution, respectively. Available P was analysed using the ICP-
OES Bray Il method (Non-affiliated Soil Analysis Work Committee, 1990), and plant available nitrogen (NH.-
N and NO3-N) was analysed using the sodium tetraphenylborate method (Howa et al,, 2014). The two plant-
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available nitrogen types were added together to obtain the total plant-available nitrogen. Soil organic carbon
content was measured using the Walkley-Black method (Walkley and Black, 1934), while soil pH was analyzed
using the Potassium Chloride (KCl) method (Okalebo et al., 2022).

Data analysis

Data were analysed using SAS (version 9.4, SAS Institute Inc., Cary, NC, USA, 2000) software for Analysis of
Variance (ANOVA) to compare treatment means. After determining whether there was seasonal homogeneity
of variance using Levene's test, the results from both seasons were merged and assessed using a single overall
ANOVA. The Shapiro-Wilk test was employed to check for outliers and non-significant interactions. Fisher's
least significant difference was calculated at the 5% level to compare treatment means. A significance level of
5% was regarded as appropriate for all tests. Pearson correlation coefficients (r), correlating the soil chemical
parameters and soil enzyme activities, were derived using the CORR procedure of SAS 9.4.

Results and Discussion

Baseline soil parameters

Table 1 shows the baseline soil parameters of the soil used for the experiments: The soil chemical status was
conducive for cabbage and Swiss chard growth.

Table 1. Soil baseline chemistry and enzyme activity

Chemical analysis Value
pH (KCI) 5.40
Organic C (%) 0.89
Available P (mg kg-1) 47.00
NOs-N (mg kg1) 32.76
NH4-N (mg kg1) 7.11
Enzyme Activity Activity
Acid phosphatase (p-nitrophenol ug/g/h) 137.93
B-glucosidase (p-nitrophenol pg/g/h) 9.17
Urease (NH4-N pg/g/2h) 9.80

Soil pH and phosphatase activity responses to the application of zeolite on cabbage and Swiss chard
potted sandy soils

Soil pH is one of the leading factors that influence soil microbial composition and enzyme activity (Ai et al.,
2015). In this study, zeolite application increased soil pH (Figure 1) due to the alkaline nature, high CEC, and
the negative charges of zeolite as explained in the earlier work of Sindesi et al. (2021). The availability of P
(Figure 2) also generally decreased with the increase in zeolite application. The phosphorus applied to the soil
was in the form of phosphorus pentoxide (P:0s), which is plant-available/water-soluble. When P,0s
encounters zeolite, it undergoes an adsorption process and diffuses into the particles of zeolite, which
decreases its availability in the soil (Onyango et al., 2007).

= @ Season 1 a ' =@ Season 1 a
70 r —M -Season?2 b — = 7.0 r —M -Season?2 b - ’.b
)’ C ) - _—n
65 | - 74 | ~ 65 q - as-
8 € Cd .// &) g//
2 60 r - % 60 e //;"
= 7 g e [
Ess| g—r—9 55 | -,
a. 5. y ¢ -
50 & 50 @
4.5 L L L ) 45 L L L
0% 10% 20% 30% 0% 10% 20% 30%
Zeolite Zeolite
(a) (b)

Figure 1. Soil pH responses to zeolite application (a) cabbage and (b) Swiss chard at the end of each season. Bars
with the same letter are not significantly different
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Figure 2. Responses of soil P to zeolite application (a) cabbage and (b) Swiss chard at the end of each season. Bars
with the same letter are not significantly different

Phosphate cycling 1is facilitated by phosphatase enzymes, specifically acid and alkaline
phosphomonoesterases; these have been extensively studied (Nannipieri et al., 2011). In this study, acid
phosphatase was studied. The optimal pH range for the activity of acid phosphatase is between the pH range
of 4.0 and 5.5 (Mazorra et al.,, 2002). The soil pH of all the zeolite-amended soils was above 5.5 (Figure 1), and
the activity of phosphatase decreased with the increased application of zeolite (Figure 3). Additionally, soil pH
negatively correlated with the activity of acid phosphatase for both cabbage and Swiss chard potted soils
(Table 2 and 3). This was in line with the observations made by Dick et al. (1988). This negative correlation
with pH was also observed by Margalef et al. (2017).

Table 2. Pearsons's correlation coefficients (r) between soil enzyme activity and soil nutrients from cabbage potted
zeolite amended soils (Seasons 1 and 2 combined)

Variables Pearsons's correlation coefficients ()

A B C D
Soil C -0.495%+* -0.142 -0.201 -0.659%**
NO3-N -0.778%+* -0.511%%* -0.208 -0.717%%*
NHs-N -0.375%* -0.296* -0.187 -0.210
Total N (NO3 + NHa4) -0.754%%* -0.525%%* -0.254 -0.613%%*
P Bray II -0.702%%* -0.349%* -0.236 -0.731%%*
pH (KCL) -0.245 -0.474%%* -0.063 0.136

AB-Glucosidase, B Acid Phosphatase, € Urease, P Alteration index 3. * Correlation is significant at 0.05 level, **Correlation
is significant at 0.01 level, **Correlation is significant at 0.001 level

Table 3. Pearsons's correlation coefficients (r) between soil enzyme activity and soil nutrients from Swiss chard potted
zeolite amended soils (Seasons 1 and 2 combined)

Pearsons's correlation coefficients (r)

Variables A B C D
Soil C -0.045 -0.222 -0.481%** -0.201
NOs3-N 0.133 0.606*** -0.201 0.336**
NH4-N -0.26 -0.361** -0.403** -0.202
Total N (NOs + NH4) -0.082 0.162 -0.393** 0.089
P Bray I 0.122 -0.263 -0.495%** -0.195
pH (KCL) -0.569*** -0.321** 0.381** -0.136

AB-Glucosidase, B Acid Phosphatase, ¢ Urease, P Alteration index 3. * Correlation is significant at 0.05 level, **Correlation
is significant at 0.01 level, **Correlation is significant at 0.001 level

The correlation results also show that acid phosphatase activity negatively correlated with the availability of
soil P in cabbage-potted soils, while Swiss chard-potted soils showed a weak negative correlation (Table 2 and
3). This may be attributed to a reduction in soil organic matter and the application of inorganic P; the former
is observed through the reduction of soil organic C content (Figure 4) with increased zeolite application. There
was also a non-significant weak negative correlation between acid phosphatase and soil organic content. The
reduction in soil organic matter reduces the phosphomonoester metabolites, which phosphatases work on to
release inorganic phosphate from the substrates (Dick et al., 2011).
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Figure 3. Effect of zeolite on the activity of phosphatase of potting soils (a) cabbage and (b) Swiss chard at the end
of each season. Bars with the same letter are not significantly different

Effect of zeolite on -glucosidase activity

Zeolite is an inorganic soil amendment, and the application of inorganic soil amendments has been linked to
the reduction of soil organic carbon content, which negatively affects labile organic carbon fractions (Liu et
al., 2017). The structural framework of zeolite comprises aluminium, silicon, and oxygen with no carbon
(Keller et al., 2014). Therefore, the application of zeolite to the potted soils probably reduced soil organic
matter content (Figure 4). However, soil organic carbon content was improved on all treatments compared to
the baseline soil. This may be attributed to root remains and decomposed weeds left within the soil after
harvest. Organic carbon cycling is associated with the activity of 3-glucosidase (de Almeida et al,, 2015). In
this study, B-glucosidase activity results for the first season, Swiss chard, (Figure 5b) indicated a tentative
reduction in 3-glucosidase activity as soil organic carbon content reduced with increased zeolite application.
The results from the first season for the activity of 3-glucosidase for Swiss chard aligned with the findings of
Amadou et al. (2020) who found that the application of inorganic soil amendments reduced the activity of 3-
glucosidase. The results were also in line with the findings of Eivazi and Tabatabai (1990) who found that the
application of inorganic salts reduced the activities of a-glucosidase, a -galactosidase, 3-glucosidase, and (3-
galactose. However, the correlation of soil -glucosidase activity and organic carbon (%) for both seasons was
negative, with cabbage-potting soils showing a strong negative correlation. In contrast, Swiss chard potting
soils showed a weak correlation.

_ 30 == @= Season 1 = 30 ==@= Season 1
> a — B - Season 2 S — - - Season 2
225 @ g 25
§ - - ..b 3 .% - - a a
= cd = - c g ® - = -9
(] -
S20F ®-—__ _ de O~ < e S0 o =<
2 - = R |
S 15 r < 15 | ~—_ d
fo po —
) o
1-0 L L L ! 1.0 1 1 1
0% 10% 20% 30% 0% 10% 20% 30%
Zeolite Zeolite
(a) (b)

Figure 4. Effect of zeolite on soil organic C content (a) cabbage and (b) Swiss chard at the end of each season. Bars
with the same letter are not significantly different

Apart from the reduction in soil organic carbon, with soil sieving, the increased zeolite application increased
soil pH (Figure 1). Activity of B-glucosidase has also been noted previously to decrease with increased soil pH
(Tiwari et al,, 2019). In the second season, B-glucosidase activity results were inconclusive. The (-glucosidase
activity showed a moderate negative correlation with soil pH for Swiss chard potted soils, while there was a
weak negative correlation on cabbage potted soils (Table 2 and 3).
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Figure 5. Influence of zeolite on (a) cabbage and (b) Swiss chard at the end of each season. Bars with the same letter
are not significantly different

Urease activity response to zeolite application

In this study, the N fertiliser used was urea (CO(NH:)2), which can be converted into NH3 by urease (Abdi et
al.,, 2006). The NO3-N and NH4-N dynamics and trends on the studied potting soils of cabbage and Swiss chard
were comparable and are presented in Sindesi et al.'s (2023b) work. There was less N at the end of the second
growing season in that work due to plant adsorption. The total plant available N (Figure 6) calculated in this
study, with the exception of Swiss chard for the non-amended soil, was also greater in the first season than in
the second season, which can be attributed to plant adsorption. These results can be linked to the yield results
presented by Sindesi et al. (2023b), which showed reduced Swiss chard yields for the non-amended treatment
in the second season. The reduced yields of the treatment were due to reduced plant growth and, therefore, a
reduction in plant N utilisation.
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Figure 6. Effect of zeolite on total plant available nitrogen (a) cabbage and (b) Swiss chard at the end of each season.
Bars with the same letter are not significantly different.

The activity of urease (Figure 7) generally remained constant on cabbage-potted soils, with exceptions. The
activity increased with increased zeolite application in both seasons on Swiss chard potted soils. Enzyme
urease in the soil is involved in the hydrolyses of urea or the cycling of N (Miskowiec and Olech, 2020).
Furthermore, urease activity in the cabbage potting soils showed no significant correlations with the observed
soil chemical parameters (Table 2). However, in the Swiss chard potting soils urease activity showed a positive
correlation with soil pH, and negative correlations with total plant available N, NH4-N, and soil organic carbon
content. The activity of urease has been linked with the availability of substrate (Vilar and Ikuma, 2021).
Furtak and Gatazka (2019) suggest that using inorganic or conventional fertilisers reduces urease activity. In
this study, this was not the case as the application of inorganic zeolite generally did not influence urease
activity on the cabbage potting soils. In contrast, on Swiss chard potting soils, urease activity was increased.
This observation suggests that soil enzyme activity may be influenced by plant species, particularly because
different plant species drive different changes in soil nutrients (Li et al., 2021). Hoult and McGarity (1986)
also found that the type, height, age, and canopy of pastures influenced the urease activity of the underlying
soil. Yin et al. (2021) also found that soil enzyme activities varied among vegetation types. Additionally, zeolite
is an inorganic soil amendment that improves soil physical conditions but is not a fertiliser.
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Figure 7. Urease activity changes with increased applications of zeolite (a) cabbage and (b) Swiss chard at the end of
each season. Bars with the same letter are not significantly different.

Alteration scores of zeolite-amended sandy potting soils

Soil enzyme activity is an important factor in assessing soil health. However, the enzymes are substrate-
specific and individual activities do not indicate the total biological activity within soils (van Huyssteen et al.,
2020). Using numeric indexes based on a combination of enzyme activities has proven beneficial (Igalavithana
etal,, 2017). The enzyme Alteration Index Three (AI3) has been used to combine and balance the activities of
B-glucosidase, acid phosphatase, and urease into scores which reflect the degree of positive and negative
changes (van Huyssteen et al., 2020). The AI3 results of the first season from the cabbage-potted soils tended
to become less negative with the application of zeolite (Figure 8a). At the end of the second season, all the
zeolite-amended treatments had positive AlI3 scores, and the control treatment also reduced negativity. The
more negative the Al3 score, the better is the soil quality (Meyer et al., 2014).
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Figure 8. Alteration index scores of soils amended with different levels of zeolite (a) cabbage and (b) Swiss chard at
the end of each season. Bars with the same letter are not significantly different.

The AI3 scores observed from the Swiss chard potted soils in the first growing season decreased negativity
with increased zeolite application. The non-amended soil was not significantly different from the 10% zeolite-
amended soil. At the end of the second growing season, the negativity of the Al3 scores increased with the
zeolite application. Meyer et al. (2014), indicated that the overutilization and/or detrimental alteration of the
soil will result in AI3 values that are higher. Gosh et al. (2020) also found greater values of Al3 scores in soils
that lacked organic matter. These results, therefore, suggest that the application of zeolite positively impacted
the soil fertility of Swiss chard potted soils. This contradicted the second-season cabbage soil results when
comparing the trends observed from the soil carbon results with those of Al3. There was a negative correlation
between AI3 and soil carbon (%) for both cabbage and Swiss chard potted soils, and the correlation on cabbage
potting soils was significant (Table 2), while that of Swiss chard was not significant (Table 3).

Conclusion

This study examined the effects of zeolite application on soil enzyme activities in a greenhouse setting. While

valuable insights were gained, the findings also highlight the need for further research. Zeolite impacted soil
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enzyme activities differently depending on the vegetable species cultivated, with Swiss chard and cabbage
exhibiting distinct responses. Notably, the reduction in soil organic matter due to zeolite application likely
influenced enzyme activity. Zeolite's influence on individual enzyme activities was mixed. Acid phosphatase
activity decreased, possibly due to altered soil pH. Beta-glucosidase activity showed a tentative reduction,
potentially linked to lower organic carbon content. Interestingly, urease activity increased in Swiss chard soils
but remained constant in cabbage soils, suggesting plant species-specific responses. Overall enzyme activity,
as reflected by Al3 scores, improved in cabbage soils with zeolite application, indicating enhanced soil quality.
However, Swiss chard soils exhibited mixed AI3 responses. Complex interactions were observed between
enzyme activities and soil chemical parameters, underlining the need for further investigation.

Limitations to the study include the focus on a single soil type (sandy) and two vegetable species. Investigating
the effects on other soil types and plant communities would provide a broader understanding. Additionally,
the two-year research period may not fully capture the long-term effects of zeolite application. Further
mechanistic studies are needed to understand how zeolite influences soil microbial communities and their
enzyme production. Overall, this study demonstrates that zeolite application has the potential to influence soil
enzyme activities, but the effects are plant species-dependent and require further exploration to optimize its
use as a soil amendment
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Abstract
Article Info The use of biochar has emerged a potentially effective approach to improve soil
Received : 28.12.2023 function and promote crop performance. However, the specific impact of biochar on
Accepted : 04.06.2024 B-glucosidase enzyme activity (BGA) within crop rotation systems in the Black Sea

Available online: 07.06.2024 a8roecosystem requires further investigation. This study was conducted to determine
the effects of rice husk biochar (RHB) and poultry manure biochar (PMB) on BGA in
soils. Six biochar doses (0-control, 10, 20, 30, 40 and 50 t ha!) were applied at the

Author(s) beginning of two wheat-cabbage red pepper rotation periods. The mean BGA at second

M.Birol * P~ rotation (73.71 pg pNP g1) was significantly lower compared to the BGA of the first

period (93.39 pg pNP g1). The BGA value in control (94.51 ug pNP g'1) decreased with

increasing biochar application doses (76.05 ug pNP g1, 50 t ha) treatment. The mean

BGA value in PMB treatment was slightly higher than that of RHB, but it was not

* Corresponding author statistically different between two biochar types. However, the decrease in BGA value

(25.0%) in the highest RHB dose compared to control was more than two-fold
compared to the decrease in PMB application (12.1%). The difference in
carbon/nitrogen ratio between RHB and PMB can be attributed to the variation in BGA
values observed at the application of same biochar doses. The decrease in BGA over
the course of the two rotation cycles implies that biochar may have a long-term
influence on soil carbon cycling,
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Introduction

Biochar, a carbonaceous substance produced through the thermal processing of biomass at high temperatures,
has gained significant interest as a soil amendment for enhancing soil fertility and mitigating atmospheric
carbon levels (Giinal et al., 2019; Abhishek et al,, 2022). An abundance of studies has been attempted to
determine the impacts of biochar on the physical, chemical, and biological properties of soils. A recent
comprehensive review analyzing 26 global meta-analyses (Schmidt et al, 2022; Long and Dung, 2023)
provides evidence that biochar application has a positive overall impact on various agronomic parameters,
including crop yield, root biomass, water use efficiency, microbial activity, soil organic carbon, and greenhouse
gas emissions. The findings of this review provide strong evidence supporting the overall positive impact of
biochar on the aforementioned parameters. However, the impact of incorporating biochar into soil enzyme
depends on factors such as the type of feedstock and the pyrolysis temperature employed during biochar
production, as well as the variability in soil texture (Feng et al., 2023). The meta-analysis revealed that the use
of biochar in research examining soil organic carbon (SOC) has consistently resulted in a significant increase
in SOC levels, irrespective of variations in feedstock, pyrolysis temperature, and soil types. In particular, the
application of wood and herbs derived biochars led to the highest increase in SOC compared to the manure
and agricultural residues. In general, biochars produced at high temperatures have a greater positive impact
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on SOC as compared to the biochars produced at lower and medium temperatures. Furthermore, the addition
of biochar had a more pronounced effect on SOC in loamy and clay soils that the sandy soils (Gross etal., 2021).

The effect of biochar applications on soil enzymes has garnered significant attention, as enzymes play a vital
role in nutrient cycling and organic matter decomposition in soil ecosystems (Wojewddzki et al., 2022;
Rahmanian et al,, 2023). The enzymes are proteins that catalyze chemical reactions and are essential for the
decomposition and mineralization of organic materials into nutrients that can be used by plants and other
organisms. Soil enzymes are produced by soil microorganisms, and they are influenced by a variety of factors,
including the type of soil, the amount of organic matter, the moisture content, and the temperature (Tabatabai,
1994; Burns et al.,, 2013).

The Black Sea agroecosystem consists of dynamic agricultural landscapes characterized by a prevalent
practice of crop rotation (Giilser et al., 2021). Consequently, it is crucial to investigate the impact of biochar
applications on the activity of specific soil enzymes. The -glucosidase enzyme is important in the breakdown
of cellulose, a major component of plants. Therefore, the activity of 3-glucosidase enzyme is commonly used
an indicator of the soil quality and high B-glucosidase e activity indicates that the soil has a high quality of soil
organic matter (Adetunji et al.,, 2020; Acir et al., 2022). Previous studies have clearly revealed that the biochar
is a promising material for improving soil quality and crop production (Giinal and Erdem, 2021; Murtaza et
al,, 2022; Wang et al., 2023). However, the specific effects of biochar on (-glucosidase enzyme activity in crop
rotation systems in the Black Sea region are not well understood. This study investigated the effects of rice
husk and poultry manure biochar applications on (-glucosidase enzyme activity in soils under a wheat-
pepper-red cabbage rotation. An in-depth investigation of the complex relationship between biochar, soil
enzymes, and crop rotation practices offers significant knowledge and understanding regarding the
improvement of soil management techniques to achieve sustainable and productive agricultural solutions
within this ecologically diverse region. The ramifications of this research extend beyond the Black Sea region
and have relevance for agricultural operations in agroecosystems globally. This will contribute to our
understanding of the potential utilization of biochar to improve soil quality and increase crop yields.

Material and Methods
Study area

Field experiments were conducted in Bafra experimental Station Research and Application fields of the Black
Sea Agricultural Research Institute in Samsun province, Turkey. Bafra Plain is located between 400 26' and
410 45' north latitude and 350 30" and 360 11' east longitude. The research area has warm and dry summers
and mild and rainy in winters, displaying the characteristic climatic attributes commonly observed in the Black
Sea Region. The precipitation in the study area occurs mainly throughout the fall and winter seasons, whilst
the summer and spring months have low precipitation.

The initial crop rotation commenced with the cultivation of winter wheat from November 2014 to July 2015,
succeeded by the planting of red cabbage from July 2015 to February 2016, and concluded with the production
of paste peppers from May 2016 to September 2016. Similarly, the second cycle of crop rotation commenced
with the cultivation of winter wheat from November 2016 to July 2017. This was followed by the planting of
red cabbage from July 2017 to January 2018, and ended with the cultivation of paste pepper from May 2018
to September 2018. The experimental design comprised the application of rice husk and poultry manure
biochar in the main plots, whereas the sub plots consisted of six different biochar doses ranging from 0 to 50
tons per hectare (0, 10, 20, 30, 40 and 50 t ha-1). At the beginning of the experiment, biochars were applied to
the soil surface and subsequently incorporated to a depth of 15 cm in the experimental field using a disc
harrow. were in the sub plots. The layout of the experiment was split plots in randomized blocks with 3
replications. The experiments were continued for 4 years. The experiments were conducted over a period of
four years. The dimensions of the plots were 3.6 meters by 5.6 meters.

Details of the Crop Rotation and Agricultural Practices

In the experiment, a crop rotation system consisting of winter wheat, red cabbage, and paste red pepper, which
is commonly used in the Bafra plain, was applied. Bread wheat (Canik 2003), red cabbage (Caballero F1), and
paste red pepper (Yalova 28) were used in the crop rotation. This study was carried out over two crop
rotations. The Canik 2003 wheat variety is a moderately late-maturing type with white spikes, long awns, and
red-hard seeds. The Caballero F1 red cabbage variety has a maturation period of 130-140 days. Its fruit head
structure is oval cylindrical with a waxy layer. The Yalova 28 red pepper variety is a dwarf-looking plant with
low branching, abundant foliage, and is moderately early maturing.
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The soil analysis results of the experimental field indicated that P and K concentrations were at sufficient
levels; therefore, only ammonium sulfate ((NH4)2.S04 - 21% N, 24% S) was used as the nitrogen source for all
the crops grown in the rotation.

Characteristics of Biochars

Biochars were produced using poultry manure received from poultry farms in the region and processing waste
from intensively planted paddy rice in the Central Black Sea Region. The rice husk was obtained from a rice
processing facility and subjected to pyrolysis at a temperature of 400 2C. The poultry manure biochar utilized
in this study originated from a commercial power generation facility. The pyrolysis process of poultry waste
was carried out at 400 2C.

Some chemical properties of biochars used in the experiments and soil physical and chemical properties of
experimental field are given in Table 1. The pH and electrical conductivity (EC) values of biochars were
measured in a solution containing a mixture of biochar and water at a ratio of 1:5 using a pH-EC meter
(Thomas, 1996). Total carbon and total nitrogen contents were determined using an Elemental Analyzer
instrument (EA 3000 Eurovector SpA, Milan, Italy).

Table 1. Some properties of the biochars and soil used in the experiment (Birol, 2020)

Properties Soil Rice Husk Biochar Poultry Manure Biochar
pH 7.74 10.20 11.57
EC! (dSm1) 0.35 3.20 4.28
Organic Matter (%) 2.01 N/Az N/Az
Sand (%) 17.7 N/A2? N/A2
Clay (%) 47.5 N/A2? N/A2
Silt (%) 34.8 N/A2 N/A2
Texture Class Clay N/Az N/Az
Total N (%) 0.14 0.45 0.88
Total C (%) N/A2 61.7 58.8
C:N N/A2 137.1 66.8

1EC: Electrical Conductivity; 2N/A = Not Applicable

Soil Sampling and Analysis

Soil samples were collected from a depth of 0-20 cm in each plot before to the application of biochar, as well
as after the completion of the first and second rotation periods. Particle size distribution was determined using
the hydrometer method in a sedimentation cylinder; with sodium hexametaphosphate as the dispersing agent
(Gee and Bouder, 1986). The method employed to determine (-glucosidase enzyme activity (BGA) in soil
samples was based on the protocol established by Eivazi and Tabatabai (1988). In the method, a 4 ml solution
of hydroxyethyl aminomethane buffer at a pH of 12 and a 0.05 M 1 ml p-nitrophenyl B-Glucopyranoside
solution were added to the 1 g sample. The samples were incubated at 372C for 60 minutes. The concentration
of p-nitrophenol was quantified at 410 nm wavelength using a spectrophotometer and the BGA was reported
as micrograms of p-nitrophenol per gram of dry sample. Soil reaction (pH) (Thomas, 1996) and electrical
conductivity (EC) (Rhoades, 1996), were measured in 1:2 soil-water suspensions. Soil organic matter was
analyzed by using the Walkley-Black dichromate oxidation procedure (Walkley and Black, 1934).

Data Analysis

The normality test of the data showed a normal distribution. The Levene's test was performed to confirm the
equality of variances of BGA between replicated measurements. An analysis of variance (ANOVA) was
conducted to assess the impact of rotation period, biochar type and biochar doses on BGA. The mean values
of BGA in various treatments were grouped using the least significant difference test (LSD) at a significance
threshold of 0.05. Correlation analysis was done for the determination of the relationships between some
properties of soils and (-glucosidase enzyme activity. The statistical analyses were conducted using the SPSS
(SPSS Inc., Chicago, IL, USA) statistical software (version 26.0, SPSS Inc., Chicago, IL, USA).

Results and Discussion

The biochars utilized in this study are derived from plant (rice husk) and animal (poultry manure) feedstocks
that are readily accessible in the region and frequently used to examine the effects of biochar application on
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soil characteristics and plant growth. The chemical and physical properties of biochars indicated notable
differences (Table 1). Poultry manure biochar (PMB) had higher pH and EC values, total nitrogen, available
phosphorus, potassium, DTPA extractable iron, copper, zinc, and manganese, while total carbon content of rice
husk biochar (RHB) is higher compared to the PMB. Rich nutrient content of PMB is consistent with the
previous reports indicating that the plant-based biochars can be considered a good soil conditioner due the
low content of extractable nutrients compared to the biochars produced from manure, which is rich in
nutrients and may be used as a soil fertilizer and conditioner (Uchimiya et al., 2010; Clemente et al., 2018; Jaaf
etal, 2022). The soil of the experimental field had a silty clay loam texture, slightly alkaline pH, low in salinity,
calcareous, rich in available P, K and micronutrients. Mean sand, clay and silt contents of experimental soils
were 17.7, 47.5 and 64.8%, respectively. Average soil pH was 7.74, EC was 0.353 dS m-1; lime and organic
matter contents were 7.45% and 2.01%. Average nitrogen, phosphorus and potassium contents of the
experimental soils were 0.14%, 21.1 mg kg-1 and 267 mg kg-1, respectively (Table 1).

The results for individual effects of rotation period, biochar type and biochar application rate on BGA, two-
and three-way interactions among individual factors have been presented separately.

Effects of individual factors on f3-glucosidase enzyme activity of soil

B-glucosidase enzyme activity (BGA) is an indicator of biological activity and is one of the most widely used
indicators to determine the effect of land use changes or application of agricultural practices on organic matter
content of soils (Acir et al., 2022). The effects of rotation period and biochar application dose on BGA were
statistically significant (p<0.01), while biochar type regardless of biochar dose and rotation period had no
effect on the activity of f-glucosidase (Table 2). Like our findings, Zhang et al. (2014) reported a notable impact
of 2-year corn-soybean rotation on BGA, that was significantly higher (p<0.05) in reduced tillage soils under
monoculture corn compared to the activity under corn-soybean rotation. The difference was attributed to the
changes in the structure of microbial communities associated with plants used in the crop rotation system.

Table 2. The effects of individual factors and interactions on (3-glucosidase enzyme activities of soils

Source DF Sum of Square Mean Square F P
Rotation period (RP) 1 6971.640 6971.640 390.974 0.003™
Biochar type (BT) 1 21.813 21.813 0.292 ns
Biochar dose (BD) 5 2650.806 530.161 17.173 <0.001™
RP x BT 1 48.626 48.626 0.650 ns
RPxBD 5 177.606 35.521 1.151 ns
BT x BD 5 470.072 94.014 3.045 0.020*
RP*BT*BD 5 79.033 15.807 0.512 ns

**. significant at p<0.01, **: significant at p<0.01, ns: not significant; DF: Degrees of freedom

The variation in organic matter incorporated into the soil with different crops grown during crop rotation has
resulted in a differentiation of the BGA in the soil (Figure 1). In the first rotation, organic matter content of
soils consistently increased with the increased application doses of rice husk biochar. Although the increase
was not statistically significant, the organic matter content in the control plots was 2.09%, rising to 2.34% at
the highest biochar dose (Figure 1). A similar trend was observed with poultry manure applications. The
organic matter content, which was 2.02% in the control plot, increased to 2.33% at the highest biochar dose.
In the second rotation period, a similar pattern was observed with both types of biochar, where higher biochar
doses corresponded to increased organic matter content in the soils, similar to the first period. The mean BGA
at the end of the first rotation period (93.39 pug pNP g-1) was significantly higher than the BGA value measured
at the end of second rotation (73.71 pg pNP g-1) (Figure 1). The decline in BGA value as biochar ages is a
significant factor to consider when applying biochar to soils. This observation aligns with the findings reported
in the studies conducted by Chen et al. (2016) and Yadav et al. (2019). Yadav et al. (2019) showed a decrease
of 60% and 39% in the BGA in aged and fresh biochar soil mixture, respectively, compared to the control on
the 90t day. Additionally, Chen et al. (2016) observed a decrease of 20% in BGA after 18 months of biochar
application in soil, followed by a subsequent increase of 56%. According to Yadav et al. (2019), the decline in
BGA with aging of biochar can be related to the sorption of the enzyme onto the surfaces of the biochar
particles. Although biochars can sometimes stabilize enzymes and enhance their activity, they more frequently
reduce enzyme activity due to substrate sorption or direct interactions with biochar's hydrophobic and
surface properties. The sorption process involves various interactions, such as electrostatic, pH-controlled,
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hydrophobic, and physical interactions, which can either preserve the enzyme's structure and function or alter
the active site, reducing activity (Swaine et al,, 2013; Foster et al.,, 2018).

The correlation analysis for rice husk biochar and poultry manure biochar treatments reveals significant
insights into the interplay between some of soil properties and BGA (Table 3). The variation in organic matter
incorporated into the soil through different crops during crop rotation and biochar has notably impacted the
BGA, as illustrated in Figure 1. For rice husk biochar, the results show a positive correlation between BGA and
soil pH (r=0.202), indicating that an increase in soil pH may enhance enzyme activity. However, there is a very
weak negative correlation with electrical conductivity (EC) (r = -0.006), suggesting that EC has little to no
impact on BGA in this context. The significant negative correlation between BGA and organic matter content
(r=-0.443) suggests that higher organic matter levels might suppress enzyme activity (Table 3). The negative
correlation between organic matter and BGA for both biochar types indicates that while biochar applications
increase soil organic matter, they may simultaneously reduce enzyme activity. This suppression could be due
to the sorption of enzymes onto the biochar surface or changes in soil microbial activity dynamics (Foster et
al.,, 2018). Similarly, in soils treated with poultry manure biochar, BGA shows a positive correlation with EC (r
=0.357) and pH (r=0.094). These positive correlations suggest that both higher EC and pH levels might
promote enzyme activity. Nonetheless, BGA is negatively correlated with organic matter content (r =-0.273),
indicating a potential inhibitory effect of increased organic matter on enzyme activity (Table 3). This
inhibitory effect may result from the biochar's influence on organic matter dynamics or direct enzyme
adsorption, reducing the bioavailability of the enzymes.

Table 3. The results of correlation analysis between 3-glucosidase enzyme activity (BGA) and some of soil properties

Rice Husk Biochar Poultry Manure Biochar
pH EC oM BGA! pH EC oM BGA!
pH 1 1
EC -0.018 1 0.163 1
oM -0.128 0.389* 1 0.300 -0.017 1
BGA 0.202 -0.006 -0.443* 1 0.094 0.357* -0.273 1

*P<0.05; 1 BGA: B-glucosidase enzyme activity. EC: Electrical Conductivity, OM: Organic Matter

Despite a C/N ratio of 66.8 in poultry manure and 137.1 in rice husk biochar (Table 1), the mean BGA in rice
husk biochar added soil (84.10 pg pNP g-1) was slightly higher compared to the BGA in poultry manure biochar
added soil (83.00 pg pNP g1) (Figure 1). However, the difference in BGA between biochar types was not
statistically significant (p=0.618) (Table 2). In contrast to our findings, Giinal et al. (2018) reported a
substantial variation (p<0.01) in the activity of the BGA between different types of biochar. The application of
biochar derived from bean harvest residue resulted in the highest BGA (20.17 pg pNP g-1), while the rice husk
biochar application yielded the lowest BGA activity (18.54 pg pNP g-1). The apparent similarity in enzyme
activity among three distinct solid phases, namely pine biochar, grass biochar, and agricultural soil, has been
attributed to the presence of negative surface charges on both the solid phases and the enzymes, despite the
notable difference in their respective surface areas (Foster et al., 2018).

The highest mean BGA was recorded in control (94.51 pg pNP g-1), while the BGA value decreased with
increasing biochar application doses and the lowest average BGA value was recorded in BD5 (76.05 ug pNP g-
1) treatment (Figure 1). Inconsistent results have been reported regarding the effects of biochar application
on BGA values of soils. Due to the complexity of the interactions between enzymes and solid surfaces, the
effects of biochar applications on enzyme activities in soils cannot be sufficiently explained. The changes in
soil structure and nutrient diffusion rates, sorption of substrate, or enzymes are the possible causes of
decrease in enzyme activities with biochar application in soils (Foster et al., 2018). The application of higher
biochar doses probably increased the C/N ratio in soils and lead to slow mineralization of soil organic matter.
Previous studies reported that soil extracellular enzyme activities involved in carbon and sulphur cycling were
higher in low biochar application doses and reduced with increasing biochar application doses (Wang et al,,
2015). Demisie et al. (2014) reported an increase in microbial activity in low biochar application doses and
indicated that high microbial activity contributed to higher carbon mineralization. Biochar applications
caused 8.3, 10.0, 14.9, 16.6 and 16.4% decrease in BGA value compared to control with BD1, BD2, BD3, BD4
and BD5 application doses, respectively (Figure 1).
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Rice Husk Biochar Poultry Manure Biochar Rice Husk Biochar Poultry Manure Biochar
Period 1 Period 2
Figure 1. The effects of rotation period, biochar type and biochar dose interactions on organic matter content, %
(RP1: First rotation period, RP2: Second rotation period)
(Control; BDO: 0 t ha't, BD1: 10 t ha, BD2: 20 t ha't, BD3: 30 t ha'1, BD4: 40 t ha'1, BD: 50 t ha'1)

The decrease in BGA can also be attributed to the presence of active functional groups on the surface and the
pore space of biochar particles. The recorded decrease in BGA resulting from the application of biochar to soils
has been attributed to the chemical modification or blocking of substrate binding sites by the applied biochar
(Yoo and Kang, 2012; Chintala et al., 2014). The functional groups of biochar can selectively adsorb the enzyme
substrate, potentially leading to a reduction in enzyme activity (Pokharel et al, 2018; Sial et al,, 2022).
Likewise, Foster et al. (2016) suggested that substantial sorption capacity of biochars could limit the
accessibility of easily degradable carbon substrates for microorganisms, leading to reduced BGA in biochar
applied soils. Consistent with our findings, Giinal et al. (2018) showed that the application of 0.5, 1, 2 and 3%
corn, bean and rice husk biochar to sandy loam and loamy soil resulted in a 3.7, 11.7, 16.4 and 16.4% decrease
in mean BGA value compared to control, respectively. In their study, Moreno et al. (2022) compared the BGA
activity of biochar derived from holm oak chips by slow pyrolysis at 600 °C with unamended soils in a crop
rotation of barley-sunflower-wheat-barley-cameline under a Mediterranean agroecosystem. The researchers
reported a notable increase in urease activity in biochar added soil, while the activities of BGA and protease
were significantly reduced with the addition of biochar. The results revealed that biochar application to soil
affected the activities of microbial community which is active in cellulose degradation and soil organic matter
dynamics in soils. In contrast to our findings, Pérez-Guzman et al. (2020) reported significantly higher
(P<0.05) BGA values in soils incubated with corn and hardwood biochars produced under slow pyrolysis
compared to the control group.

Effects of rotation period (RP), biochar type (BT) and biochar dose (BD) interactions on 3-glucosidase
enzyme activity

The statistical analysis revealed that the interaction between BT and BD had a significant influence on the BGA
value (p<0.05), whereas the impact of other interactions on the BGA value was found to be insignificant (Table
2). The highest mean BGA value (94.77 ug pNP g-1) in the RP x BT interaction was obtained in RP2 x rice husk
biochar and the lowest average BGA value (73.44 pg pNP g1) was obtained in RP1 x rice husk treatment
(Figure 2). The highest mean BGA value in RP x BD interaction was obtained in RP2x BDO (104.70 ug pNP g-1),
while the lowest mean value was recorded in RP1 x BD5 (66.99 ug pNP g-1) treatment (Figure. 2). The BGA
value in BD1, BD2, BD3, BD4 and BD5 doses of rice husk biochar decreased by 12.1, 14.0, 21.7, 22.8, and 25.0%,
respectively, compared to the control. The application of poultry manure biochar resulted in lower decreases
of 4.0, 5.7, 7.4, 9.7 and 12.1% with respect to increasing doses of biochar. Overall, the difference in C/N ratio
between rice husk biochar and poultry manure biochar is a major factor that contributes to the variation in
BGA values observed at the application of the same biochar doses. The difference in C/N ratio has a significant
impact on the way that biochar interacts with soil and microorganisms (Xu et al., 2023). Rice husk biochar is
typically more resistant to decomposition and has a longer-term impact on soil carbon sequestration and BGA.
Poultry manure biochar, on the other hand, is more easily decomposed and releases nutrients more quickly
to plants, which may have a more immediate impact on BGA. The highest mean BGA value (100.07 pg pNP g-1)
in the BT x BD was obtained from rice husk x BDO treatment, while the lowest average BGA value (75.04 pg
pNP g-1) was recorded in rice husk x BD5 treatment (Figure 2). The involvement of soil BGA, which is the rate-
limiting enzyme, is crucial in the microbial metabolism, carbon (C) cycling, and sequestration of terrestrial
ecosystems during the last phase of cellulose hydrolysis. In a study conducted by Raiesi and Khadem (2019),
biochar derived from maize waste was incorporated into sandy loam and clayey soils at three different doses:
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control (corn waste), 0.5% (corn waste biochar), and 1% (corn waste biochar), with the biochar being
produced at a temperature of 600°C. Following a 90-day incubation period, the introduction of biochar
resulted in a 81% increase in potential BG enzyme activity in sandy loam soil with only 1% biochar addition.
Conversely, in clayey soil, the addition of 0.5% biochar led to a 10% reduction in potential BG enzyme activity,
while addition of 1% biochar resulted in a 29% decrease.
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Figure 2. The effects of rotation period, biochar type and biochar doses on 3-glucosidase enzyme activity (ug pNP g1)

(RP1: First rotation period, RP2: Second rotation period)
(Control; BD0: 0 t ha't, BD1: 10 t ha, BD2: 20 t ha't, BD3: 30 t ha'1, BD4: 40 t ha'1, BD: 50 t ha1).
The highest mean BGA value in the RP x BT x BD interaction was obtained in RP2 x Rice Husk Biochar x BDO
(112.23 pg pNP g1) and the lowest BGA value was in RP1 x Rice Husk Biochar x BD5 (65.45 pg pNP g1)
interactions (Figure 3). The findings suggest that suggest that the effects of biochar on BGA may be complex
and depend on several factors, including the type of biochar, the biochar dose, and the rotation period. Rice
husk biochar was found to have a more pronounced effect on reducing BGA than poultry manure biochar. The
difference is likely due to the higher C/N ratio of rice husk biochar, which makes it more resistant to
decomposition. The slower decomposition rate of rice husk biochar means that it persists in the soil for longer,
allowing for a more prolonged interaction with soil microbes and enzymes. The decrease in BGA over the
course of the two rotation cycles suggests that biochar may have a long-term impact on soil carbon cycling.
This is a promising finding, as it suggests that biochar could be used as a sustainable approach to improving
soil health in crop rotation systems.
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Figure 3. The effects of rotation period, biochar type and biochar dose interactions on -glucosidase enzyme activity
(BGA, pg pNP g1) (RP1: First rotation period, RP2: Second rotation period)
(Control; BDO: 0 t hal, BD1: 10 t ha'1, BD2: 20 t ha't, BD3: 30 t ha'’, BD4: 40 t ha'1, BD: 50 tha'1)

Conclusion

This study investigated the effects of rice husk and poultry manure biochars on (-glucosidase enzyme activity
(BGA) within a wheat-cabbage-red pepper crop rotation system in the Black Sea agroecosystem. Biochar
application significantly impacted BGA, with rice husk biochar exhibiting a more pronounced effect on
reducing activity compared to poultry manure biochar. This suggests a potential long-term influence of
biochar on soil carbon cycling through its effect on organic matter decomposition. The observed decrease in
BGA was statistically significantly for both biochar types, but the reduction was more than twice as high with
rice husk biochar compared to poultry manure biochar at each application rate. We attribute this disparity to
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the higher C/N ratio of rice husk biochar, which promotes slower decomposition and a more persistent
influence on soil carbon sequestration and BGA. Conversely, the lower C/N ratio of poultry manure biochar
likely leads to faster decomposition and p nutrient release, potentially exerting a more direct influence on BGA
in the short term. These findings suggest that rice husk biochar may be a more effective strategy for long-term
soil carbon sequestration within this specific crop rotation system. In addition, the negative correlation
between organic matter content and BGA suggests that increased organic matter may hinder enzyme activity,
possibly due to biochar-mediated enzyme adsorption or alterations in soil microbial dynamics. However,
further research is necessary to validate these results under various field conditions and across diverse crop
rotations to elucidate the broader applicability of different biochar types on BGA activity.
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Abstract
Article Info This study investigates the water quality and soil characteristics associated with qanat
Received : 04.02.2024 systems in the Cebrail district of the Karabakh region, Azerbaijan. Qanat systems,
Accepted : 23.06.2024 traditional underground channels designed for water transport, play a crucial role in

Available online: 03.07.2024 Providing reliable water sources for drinking and irrigation. Water and soil samples
were collected from seven qanat systems and analyzed for various physicochemical
properties. Water quality parameters included pH, electrical conductivity, hardness,
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drinking and irrigation. However, some ganat systems exhibited high electrical
conductivity and mineralization levels, suggesting potential salinity issues for
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sustainability of qganat systems is critical. Recommendations include regular
monitoring of water and soil quality, soil amendments to mitigate salinity, efficient
* Corresponding author irrigation techniques, and the use of climate-resilient infrastructure. This study
underscores the importance of ganat systems in arid and semi-arid regions and
provides practical recommendations for sustainable land and water resource
management, enhancing the socio-economic well-being of local communities.
Keywords: Qanat systems, agricultural impact, Karabakh region, soil and water
management.
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Introduction

The ancient qanat (kehriz) systems of the Karabakh region in Azerbaijan offer a fascinating insight into
historical water management techniques and their relevance to contemporary water quality and soil health.
These underground channels, engineered to transport water from aquifers to the surface, have been
instrumental in sustaining agriculture and supporting local communities in arid and semi-arid regions for
centuries (Guliyev, 2016; 2021). By providing a dependable water source, qanat systems have played a critical
role in maintaining agricultural productivity and the livelihoods of those who depend on it (Nasiri and
Mafakheri, 2015; Mansouri Daneshvar et al., 2023).

Water quality from ganat systems is essential for both drinking and irrigation. Studies have shown that water
from these systems often remains high in quality due to natural filtration processes occurring as it flows
through underground channels (Shams, 2014). Research conducted in Nakhchivan and other parts of
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Azerbaijan supports this, indicating that ganat water is typically free from significant contamination, making
it suitable for various uses. Similar observations have been made in other regions utilizing qanat systems, such
as Iran, Jordan, Syria, and Oman, where water quality remains high despite challenging arid conditions
(Lightfoot, 1996; Abudanh and Twaissi, 2010; Hamidian et al., 2015).Understanding the soil properties near
ganat systems is equally important. The continuous supply of clean water from ganat systems can influence
soil salinity and fertility, thereby impacting agricultural productivity. Research in various parts of Azerbaijan,
including the Karabakh region, has shown that soils near qanat systems tend to have favorable properties for
agriculture, with lower salinity levels and better nutrient content compared to other areas. This can be
attributed to the regular and controlled irrigation provided by qanat water, which helps maintain soil health
and reduces the accumulation of salts (Hamidian et al., 2015; Abadi et al.,, 2023).

The significance of water quality and soil properties becomes even more pronounced in the context of climate
change. As global temperatures rise and precipitation patterns shift, the availability and quality of water
resources are becoming critical concerns (Abbass etal., 2022; Telo da Gama, 2023). In Azerbaijan, where much
of the freshwater comes from transboundary rivers and underground sources, ensuring the sustainability of
ganat systems is vital for mitigating the impacts of climate change. Clean and reliable water sources like qanat
systems are essential for adapting to changing environmental conditions and ensuring the long-term viability
of agricultural practices (Guliyev, 2016; Guliyev, 2021; Pasha et al., 2023).

The agricultural activities supported by qanat systems in the Karabakh region are of particular socio-economic
importance. The reliable water supply from these systems supports a variety of crops, contributing
significantly to the livelihoods of local communities (Babayeva et al., 2024). The historical and cultural
significance of qanat systems also adds to the heritage value of the region, making it important to preserve
and study these ancient technologies (Koren and Bisesi, 2003).

This study represents a pioneering scientific investigation into the qanat systems of the Karabakh region. By
evaluating the water quality and soil properties associated with these systems, this research aims to provide
valuable insights into the sustainable management of water and soil resources in arid and semi-arid regions.
The findings will contribute to a better understanding of how traditional water systems can be integrated with
modern agricultural practices to enhance environmental conservation and sustainability efforts.

The objectives of this study are:

e To assess the physicochemical quality of water from ganat systems in the Cebrail district, Karabakh region
of Azerbaijan, focusing on key parameters such as pH, electrical conductivity, hardness, mineralization, and
the presence of various minerals and heavy metals.

e To evaluate the soil properties in areas adjacent to gqanat systems, including pH, organic matter content,
texture, and nutrient levels.

e To determine the relationship between water quality and soil characteristics, providing recommendations
for sustainable land and water resource management in the face of climate change.

This research marks the first scientific study conducted in the Cebrail district, Karabakh region on this topic,
underscoring its significance in the field of environmental and agricultural sciences. By filling existing
knowledge gaps and providing practical recommendations, this study aspires to support sustainable
development goals and enhance the livelihoods of communities dependent on these vital resources.

Material and Methods

Sample Collection

This study was conducted on 7 qanat systems in the Cebrail district, Karabakh region of Azerbaijan. Water and
soil samples were collected from these qanat systems and their surrounding areas. The specific locations of
the ganat systems were recorded using GPS coordinates to ensure precise documentation and repeatability of
the study.

Water Sample Collection and Analysis

Water samples were collected directly from the ganat outlets using sterilized polyethylene bottles.
Approximately 1 liter of water was collected from each qanat. The samples were immediately stored in cool,
dark conditions to prevent any changes in water quality during transport to the laboratory.

In the laboratory, various water quality parameters were analyzed. The smell at 20°C was assessed by sensory
evaluation, while colorfulness was measured using a colorimeter. Turbidity was determined with a
nephelometer. The hydrogen ion concentration (pH) and electrical resistance at 25°C were measured using
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pH and EC meters. Water hardness was assessed through EDTA titration, and mineralization was calculated
from the sum of all dissolved minerals. Dry residue was measured by evaporating the water sample and
weighing the remaining solids. Calcium (Ca2+*) and magnesium (Mg2+) concentrations were analyzed using
atomic absorption spectrophotometry (AAS), and sodium (Na+) and potassium (K+) were measured by flame
photometry. Hydrocarbonate (HCOs™) levels were determined by titration with hydrochloric acid, while
sulfate (SO,*7) was measured using a turbidimetric method. Chlorides (Cl”) were assessed via the
argentometric method, and ammonium nitrogen (NH,"-N) was measured using the Nesslerization method.
Nitrates (NO3™) and nitrites (NO,~) were determined using a UV spectrophotometer and colorimetric method,
respectively. Phosphates (P0,3) were determined using a colorimetric method, fluorides (F~) using an ion-
selective electrode, and cyanides (CN™) via a colorimetric method. All analyses were performed in triplicate to
ensure accuracy and reliability (Rice and Bridgewater, 2012; Chambers, 2019).

Soil Sample Collection and Analysis

Soil samples were collected from the surface layer (0-20 cm) at multiple points surrounding each ganat system
to obtain a representative sample. The samples were air-dried, ground, and passed through a 2 mm sieve to
remove debris and large particles.

Various soil properties were analyzed to assess their quality. Soil pH was measured in a soil-to-water
suspension using a pH meter, and electrical conductivity (EC) was determined using a conductometer. Humus
content was assessed by the Walkley-Black method, and salinization degree was evaluated by measuring the
EC of the soil extract. Sulfate (5S0,°7) and nitrate (NO3") ions were analyzed using turbidimetric and UV
spectrophotometer methods, respectively. Carbonate (COs*7) and hydrocarbonate (HCO5;™) ions were
measured by titration with hydrochloric acid. Calcium (Ca**) and magnesium (Mg®*) ions were quantified
using AAS. Mechanical composition, including physically sand (>0,01 mm) and physically clay (<0,01 mm)
fractions, was determined using the hydrometer method. All analyses were conducted in triplicate to ensure
data reliability (Page et al., 1982; Carter and Gregorich, 2008).

Results and Discussion

Characteristics of Qanat Systems

The ganat systems studied in the Cebrail district of the Karabakh region exhibit a variety of characteristics, as
detailed in Table 1. These systems, which range in length from 200 meters to 1500 meters, provide crucial
water sources for both drinking and irrigation. The depth of the main wells and exit wells varies significantly,
impacting the water extraction efficiency and overall sustainability of each system. Water consumption rates
also differ, with some qanat systems delivering up to 275 liters per minute, demonstrating their significant
capacity to support local agricultural activities.

Table 1. Characteristics of ganat Systems in the Cebrail District, Karabakh Region, Azerbaijan

Elevation Length No. Depthof Depth of Water

Qanat Location Name Coordinates (m) (m) of Main Exit Well Consumption

No Wells  Well (m) (m) (L/min)

1 Horovlu Asger N 39.402079 435 500 13 16 2,5 6
wilage kahrizi E 47.095482

2 Horovlu Orta N 39.398508 439 450 10 12 2,0 15
wilage Kehriz E 47.096434

3 Center of  Cinar N 39.402266 601 1500 20 30 2,5 1
Cebrail Kehrizi E 47.025902

4 Chereken Taveka N 39.415907 532 1000 32 20 3,5 2
willage kahrizi E 47.080623

5 Horovlu Six1 N 39.415849 416 450 14 13 1,5 4
kandi kahrizi E 47.080600

6 Horovlu Xolifa N 39.393335 433 850 16 17 2,5 11
willage Kohrizi  E047.096304

7 Quycaq Kuzey N 39.405364 373 200 42 25 2,75 8

willage Kohrizi  E 47.145355

Water Quality of Qanat Systems

The analysis of water samples from the seven ganat systems reveals important insights into the

physicochemical properties of the water. As shown in Table 2, the absence of odor at 20°C across all samples

indicates the lack of organic contaminants that typically cause unpleasant smells. The colorfulness parameter
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was zero in most samples, except for Qanat No. 5, which exhibited minimal color, suggesting clear water with
low turbidity in general.

The turbidity values, which range from 0.21 mg/L to 1.29 mg/L, show variations in suspended particles among
the ganat systems. According to the World Health Organization (WHO, 2017) guidelines, turbidity should be
below 5 NTU (Nephelometric Turbidity Units) for drinking water. All the qanat water samples meet this
criterion, indicating that they are suitable for consumption in terms of clarity.

The pH levels, ranging from 6.83 to 7.70, are within the neutral to slightly alkaline range, which is considered
ideal for both drinking and irrigation. The WHO (2017) recommends a pH range of 6.5 to 8.5 for drinking
water, and all the ganat samples fall within this range, confirming their suitability for consumption.

Electrical conductivity (EC) values, ranging from 4040 pS/cm to 8280 pS/cm, indicate varying salinity levels.
According to the Food and Agriculture Organization (FAO, 1985) standards, water with EC values below 700
uS/cm is considered good for irrigation, while values above 3000 puS/cm indicate potential salinity problems
for sensitive crops. Most ganat systems exceed 3000 uS/cm, suggesting that while the water is generally
usable, it requires careful management to avoid soil salinization.

Hardness levels ranged from 1.85 mmol/L to 3.60 mmol/L. The WHO (2017) classifies water with hardness
above 1.5 mmol/L as moderately hard, and above 3.0 mmol/L as hard. Thus, some qanat samples can be
considered hard, which may necessitate treatment for specific uses to prevent scaling in pipes and negative
effects on crops.

Mineralization levels, indicating total dissolved solids (TDS), varied from 3404 mg/L to 7136 mg/L. The WHO
guideline (WHO, 2017) for TDS in drinking water is 1000 mg/L. All the qanat water samples exceed this
guideline, suggesting that while they may be suitable for irrigation, they might not be ideal for direct human
consumption without treatment.

Table 2. Chemical properties of water samples from ganat systems

. . Qanat No

Water chemical properties 1 > 3 4 S 6 -
Smell at 20°C 0 0 0 0 0 0 0
Colorfulness 0 0 0 0 5 0 0
The blur, mg/It 0,26 0,30 0,45 1,29 0,21 0,77 0,44
pH 7,07 6,83 6,90 7,70 7,64 7,00 7,40
Electrical Conductivity, uS/cm 650,0 732,0 404,0 556,0 828,0 802,0 792,0
The hardness, mmol/] 295,0 350,0 185,0 230,0 360,0 300,0 300,0
Mineralization, mg/lt 537,9 640,5 340,4 440,1 713,6 669,6 617,6
Dry residue, mg/It 416,0 488,0 225,0 324,0 537,0 524,0 483,0
Cazt, mg/lt 86,20 100,20 56,10 72,10 108,20 88,20 96,20
Mg2+, mg/lt 19,50 24,30 10,90 12,20 21,90 19,50 14,60
Na+ + K+, mg/It 30,60 36,60 14,50 27,80 54,00 69,50 54,30
HCO3, mg/It 244,0 305,0 231,8 231,8 353,8 292,8 268,4
S042-, mg/lt 147,0 165,0 18,0 76,0 159,0 174,0 153,0
Cl, mg/lt 1,40 1,40 1,40 8,90 14,50 17,40 23,00
NH4*-N, mg/lt 0,16 0,12 0,17 0,16 0,15 0,25 0,18
NO3-N, mg/It 8,20 7,00 6,90 11,00 1,90 6,00 7,40
NO2-N, mg/It 0,02 0,02 0,01 0,01 0.019 0.041 0.022
P04%z, mg/lt 0,11 0,13 0,12 0,15 0,10 2,18 0,05
F-, mg/lt 0,43 0,32 0,22 0,00 0,01 0.02 0,43
CN, mg/lt 0,007 0,002 0,001 0,002 0,000 0.002 0,003

In terms of individual ions, calcium (Ca**) and magnesium (Mg?*) concentrations ranged significantly. Calcium
ranged from 5610 mg/L to 10820 mg/L, and magnesium ranged from 1090 mg/L to 2430 mg/L. According to
WHO guidelines (WHO (2017), the recommended maximum levels for calcium and magnesium in drinking
water are 75 mg/L and 50 mg/L, respectively. All samples exceed these limits, suggesting potential issues for
direct consumption but remaining suitable for irrigation with proper management.

Sodium (Na*) and potassium (K*) levels also varied, with sodium and potassium combined concentrations
ranging from 1450 mg/L to 6950 mg/L. High sodium levels can adversely affect soil structure and
permeability when used for irrigation. WHO (2017) suggests a maximum sodium concentration of 200 mg/L
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for drinking water. Therefore, while the levels are high for direct human consumption, careful water
management practices can mitigate adverse effects on agricultural soils.

The concentrations of bicarbonate (HCO3"), sulfate (S0,27), and chloride (Cl7) were measured. Bicarbonate
levels ranged from 2318 mg/L to 3538 mg/L, sulfate from 180 mg/L to 1740 mg/L, and chloride from 140
mg/L to 2300 mg/L. WHO guidelines (WHO (2017) recommend maximum concentrations of 250 mg/L for
sulfate and 250 mg/L for chloride in drinking water. Some qanat systems exceed these limits, indicating the
necessity for treatment before human consumption.

Ammonium nitrogen (NH,*-N) levels were found to be low across all samples, within the acceptable limits for
drinking water. Nitrate (NO3~) and nitrite (NO,™) concentrations varied but remained within WHO guidelines
(WHO (2017) of 50 mg/L and 3 mg/L, respectively, for drinking water.

Phosphate (P0,>7) levels were generally low, except for Qanat No. 6, which showed an elevated level of 2.18
mg/L. Fluoride (F~) concentrations were within safe limits for all samples, and cyanide (CN7) levels were
negligible.

Soil Quality Around Qanat Systems

The soil samples collected from the vicinity of the ganat systems reveal a range of physicochemical properties,
as shown in Table 3. The pH levels, which ranged from 7.10 to 7.90, indicate slightly alkaline conditions that
are conducive to most agricultural activities. Electrical conductivity (EC) values, which measure soil salinity,
were relatively low across all samples, ranging from 0.078 dS/m to 0.096 dS/m, indicating minimal salinity
issues.

Organic matter content in the soils was found to be between 4.40% and 4.90%, reflecting good soil fertility
and structure, which is beneficial for crop growth. The degree of salinization was low, with values ranging
from 0.02% to 0.09%, indicating that there is minimal risk of salt accumulation in the soil, which is crucial for
maintaining soil health and agricultural productivity.

Sulfate concentrations in the soil varied between 8500 mg/kg and 10100 mg/kg. These levels are generally
acceptable but require monitoring to prevent potential negative impacts on soil and plant health. Nitrate
concentrations ranged from 2000 mg/kg to 5800 mg/kg, indicating adequate levels of available nitrogen for
plant growth.

Table 3. Physicochemical properties of soil samples around gqanat systems

Soil Physicochemical Qanat No

Properties 1 2 3 4 5 6 7
pH 7,70 7,10 7,60 7,20 7,90 7,60 7,60
EC,dS/m 0,89 0,87 0,79 0,96 0,84 0,88 0,78
Organic matter, % 4,90 4,80 4,60 4,40 4,70 4,70 4,80
Salinization degree, % 0,09 0,02 0,08 0,07 0,09 0,08 0,09
S042-, mg/kg 100,00 85,00 90,00 87,00 89,00 101,00 89,00
NOs-, mg/kg 54,00 20,00 44,00 58,00 56,00 54,00 44,00
COs3, mg/kg 0 0 0 0 0 0 0
HCO3-, mg/kg 427,00 323,80 327,00 389,00 357,00 427,00 421,00
Cazt, mg/kg 300,60 200,40 306,60 308,60 298,50 300,60 290,60
Mg2+, mg/kg 182,30 121,50 180,00 169,30 179,60 182,30 187,30
Physically clay, % 47,00 45,00 49,00 48,00 49,00 45,00 48,00
Physically sand, % 53,00 55,00 55,00 58,00 54,00 56,00 52,00

The levels of carbonate (CO5%”) were negligible across all samples, while bicarbonate (HCO5") levels ranged
from 32380 mg/kg to 42700 mg/kg. These high bicarbonate levels can influence soil pH and nutrient
availability. Calcium (Ca?*) concentrations ranged from 20040 mg/kg to 30860 mg/kg, and magnesium (Mg?*)
concentrations ranged from 12150 mg/kg to 18730 mg/kg, indicating good soil structure and fertility.

The mechanical composition of the soil, which includes the proportion of sand, silt, and clay, revealed that the
soils are predominantly sandy loam. Sand content ranged from 52% to 58%, and clay content ranged from
45% to 49%. This texture is favorable for agricultural practices as it ensures good drainage and root
penetration while retaining sufficient moisture and nutrients.

The soil samples collected from around the qanat systems indicate favorable conditions for agriculture. The
slightly alkaline pH levels and low salinity, as indicated by electrical conductivity, suggest that these soils are
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well-suited for a variety of crops. The high organic matter content reflects good soil fertility, which is essential
for healthy plant growth and productivity.

Sulfate and nitrate levels are within acceptable ranges for agricultural soils, although continued monitoring is
necessary to ensure that these levels do not rise to harmful concentrations. The negligible carbonate levels
and high bicarbonate levels highlight the influence of qanat water on soil chemistry, potentially affecting soil
pH and nutrient availability.

The mechanical composition of the soils, predominantly sandy loam, is ideal for agriculture as it provides good
drainage, root penetration, and moisture retention capabilities. This balance of physical properties supports
robust plant growth and helps prevent issues such as waterlogging and soil compaction (Glinski, 1990).

Implications for Agricultural Practices and Water Management

The analysis of water and soil samples from the qanat systems in the Cebrail district provides valuable insights
into the suitability of these resources for sustainable agricultural practices. The generally high-quality water,
with minimal contamination, supports the use of qanat systems for both drinking and irrigation purposes.
However, the variations in mineral content and salinity among different qanat systems highlight the need for
site-specific management practices to ensure optimal soil health and crop productivity.

The soil analysis indicates favorable conditions for agriculture, with good pH levels, organic matter content,
and low salinization risk. The high bicarbonate levels and variations in sulfate and nitrate concentrations
necessitate regular monitoring and potential amendments to maintain soil health and fertility.

The results of this study align with previous findings on qanat water quality. Studies in other regions of
Azerbaijan, such as Nakhchivan, and in countries like Iran and Oman, have shown that qanat water often
maintains high quality due to natural filtration through underground channels (Lightfoot, 1996; Hamidian et
al.,, 2015). The slight variations in some parameters, such as higher mineral content in certain qanat systems,
are consistent with the findings of Somaratne and Frizenschaf (2013), Baba and Giindiiz (2017), and Abanyie
et al. (2023) that local geology and aquifer composition can influence water quality.

The generally low levels of turbidity and absence of odor confirm the natural filtration efficiency of the gqanat
systems. The pH levels being within the ideal range for drinking and irrigation align with global observations
of qanat water properties. The higher electrical conductivity and mineralization levels in some qanat systems
indicate the need for careful water management, especially for irrigation purposes. This finding is supported
by FAO guidelines (FAO, 1985) which emphasize monitoring and managing irrigation water with high EC to
prevent soil salinization.

The calcium and magnesium concentrations, although high, are not uncommon in groundwater sources in arid
and semi-arid regions. Effective treatment methods such as lime softening or ion exchange can make this
water suitable for drinking. Sodium levels, while high for direct consumption, can be managed through
blending with lower sodium water or using gypsum to ameliorate the effects on soil structure when used for
irrigation. The variations in sulfate and chloride concentrations also necessitate monitoring, especially since
they can affect soil and plant health over time. The low levels of ammonium, nitrate, nitrite, phosphate,
fluoride, and cyanide in the water samples further confirm the suitability of qanat water for agricultural use,
provided that appropriate management practices are employed.

Overall, the study underscores the importance of qanat systems in providing reliable water sources in arid
and semi-arid regions. By integrating traditional water management practices with modern agricultural
techniques, the sustainability and productivity of these systems can be enhanced, contributing to the socio-
economic well-being of local communities. This comprehensive analysis of water and soil quality around qanat
systems provides a solid foundation for sustainable agricultural practices and effective water resource
management in the Karabakh region.

Relationship Between Water Quality and Soil Characteristics

The findings of this study highlight significant interactions between water quality and soil characteristics in
the Cebrail district of the Karabakh region. The qanat systems, which provide a reliable source of water,
directly influence the physicochemical properties of the surrounding soils. This relationship is crucial for
understanding how to manage both water and soil resources sustainably, especially in the context of climate
change.

The high mineralization levels and electrical conductivity (EC) of the water samples from certain ganat
systems suggest that irrigation with this water can contribute to soil salinization if not managed properly. The
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elevated levels of calcium (Ca®*), magnesium (Mg?*), and sodium (Na*) in the water are likely to affect soil
structure and fertility. For instance, high sodium levels can lead to soil dispersion, reducing permeability and
aeration, which negatively impacts plant growth.

Conversely, the relatively low levels of contaminants such as ammonium nitrogen (NH,*-N), nitrates (NO37),
and phosphates (P0O,*7) in the water indicate that it can be beneficial for maintaining soil fertility without
contributing significantly to nutrient runoff or groundwater pollution. The presence of essential nutrients in
the water can enhance soil nutrient content, supporting sustainable agricultural productivity.

Recommendations for Sustainable Land and Water Resource Management

To mitigate the potential negative impacts of high mineral content in irrigation water, several management
practices can be recommended:

e Regular Monitoring: Continuous monitoring of both water and soil quality is essential. This includes
tracking salinity levels, pH, and concentrations of key ions in both water and soil to detect any adverse
changes promptly.

e Blending Water Sources: Blending qanat water with lower salinity water can help reduce overall salinity
levels, making it safer for both drinking and irrigation purposes. This approach can also balance out the
mineral content.

e Soil Amendments: Applying soil amendments such as gypsum can help displace sodium ions from soil
particles, improving soil structure and reducing the risk of sodicity. Organic matter additions can also
enhance soil structure and nutrient-holding capacity.

e Irrigation Management: Implementing efficient irrigation techniques, such as drip irrigation, can
minimize water usage and reduce the risk of soil salinization. Additionally, scheduling irrigation based on
soil moisture content and crop needs can prevent over-irrigation and leaching of nutrients.

e Crop Selection: Choosing salt-tolerant crop varieties can help sustain agricultural productivity in areas
with higher soil salinity. These crops can better withstand the stress caused by saline conditions.

e Integrated Water Resource Management: Developing a comprehensive water resource management plan
that considers the variability of water quality across different ganat systems is crucial. This plan should
integrate traditional knowledge with modern practices to enhance water use efficiency and sustainability.

Adaptation to Climate Change

As global temperatures rise and precipitation patterns become more unpredictable, the reliance on ganat
systems as a sustainable water source becomes increasingly important. Ensuring the sustainability of these
systems involves not only maintaining the quality of water but also protecting the surrounding soil
environment.

e C(Climate-Resilient Infrastructure: Investing in the maintenance and restoration of qanat infrastructure to
withstand extreme weather events is vital. This includes reinforcing tunnels and wells to prevent collapse
and ensuring that water channels remain unblocked.

e Water Conservation Practices: Promoting water conservation techniques among local communities can
help manage limited water resources more effectively. This includes rainwater harvesting and efficient
water storage methods.

e Community Engagement: Engaging local communities in water management decisions ensures that
traditional practices and local knowledge are incorporated into modern water management strategies.
This participatory approach can enhance the resilience of the gqanat systems to climate change.

e Research and Innovation: Encouraging ongoing research into the effects of climate change on water and
soil resources in the Karabakh region can provide valuable insights. Innovations in water management
and soil conservation techniques can be developed and adapted to local conditions.

By understanding and managing the relationship between water quality and soil characteristics, and by
implementing adaptive strategies to address the impacts of climate change, the sustainability of qanat systems
can be ensured. These efforts will support the long-term viability of agricultural practices and the socio-
economic well-being of communities in the Karabakh region.

Conclusion

This study provides a detailed assessment of the water quality and soil characteristics associated with qanat

systems in the Cebrail district of the Karabakh region, Azerbaijan. The analysis of water samples from seven

ganat systems revealed generally high-quality water with minimal contamination, suitable for both drinking
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and irrigation purposes. However, certain ganat systems exhibited higher mineral content and salinity,
indicating the need for careful management to prevent soil salinization and ensure sustainable use.

The soil samples collected from the vicinity of the qanat systems demonstrated favorable conditions for
agriculture, including good pH levels, low salinity, and high organic matter content. The mechanical
composition of the soils, predominantly sandy loam, supports robust agricultural productivity by providing
good drainage, root penetration, and moisture retention.

Key findings from the study include:

o The water from ganat systems generally meets WHO guidelines (WHO (2017) for turbidity and pH,
making it suitable for consumption and irrigation.

e Electrical conductivity and mineralization levels in some ganat systems exceed recommended limits for
drinking water, necessitating treatment or blending with lower salinity water.

o The high levels of calcium, magnesium, and sodium in certain ganat systems require management
practices such as soil amendments and efficient irrigation techniques to mitigate potential negative
impacts on soil structure and crop health.

o The low levels of contaminants such as ammonium, nitrate, nitrite, phosphate, fluoride, and cyanide in
the water samples confirm the suitability of ganat water for agricultural use.

The relationship between water quality and soil characteristics highlights the need for integrated water and
soil management strategies to ensure sustainable agricultural practices. Regular monitoring of both water and
soil quality, along with the implementation of site-specific management practices, can help maintain soil
health and crop productivity.

In the context of climate change, the sustainability of qanat systems becomes increasingly important. Adaptive
strategies, including climate-resilient infrastructure, water conservation practices, community engagement,
and ongoing research, are essential to enhance the resilience of these traditional water management systems.

By integrating traditional ganat systems with modern agricultural practices, the sustainability and
productivity of these systems can be enhanced, contributing to the socio-economic well-being of local
communities in the Karabakh region. This study not only fills existing knowledge gaps but also provides
practical recommendations for sustainable land and water resource management, supporting long-term
environmental conservation and agricultural development goals.
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using a randomized complete block design with six treatments: control (no fertilizers),
zeolite 2 t/ha, N45P45K45 (single dose of mineral fertilizers), N9OP90K90 (double

Author(s) dose of mineral fertilizers), zeolite 2 t/ha + N45P45K45, and zeolite 2 t/ha +

N90P90K90, replicated three times. The application of zeolite significantly improved

soil physical properties, such as water permeability and soil density, enhancing root
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B.Na.syev \ development and water retention. Nutrient availability, particularly nitrate nitrogen
A.Shibikeyeva * B=4 and mobile phosphorus, increased significantly in zeolite-treated plots. The
N.Seitkali »d combination of zeolite and mineral fertilizers resulted in the highest improvements,
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mg/kg. Moreover, zeolite reduced heavy metal concentrations, particularly cadmium,
by 50% compared to the control. Table beet yield significantly increased with zeolite
application, with the highest yield of 62.7 t/ha achieved with 2 t/ha zeolite combined
with double dose N90P90K90 fertilizers, compared to 42.8 t/ha in the control
Marketable yield also improved, indicating better crop quality. Nutrient composition
of the beets improved, with increased dry matter content (21.9%) and reduced nitrate
content (240 mg/kg) in zeolite-treated variants. In conclusion, zeolite, especially when
combined with mineral fertilizers, effectively enhances soil health, nutrient
availability, and table beet yield and quality.
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Introduction

The agricultural sector is fundamental to the economy and food security of Kazakhstan, with vegetable crops
playing a significant role (Suieubayeva et al., 2022). However, the excessive use of mineral fertilizers has led
to soil degradation, nutrient imbalance, and environmental pollution (Krasilnikov et al.,, 2022). Mineral
fertilizers can leach essential nutrients such as calcium, magnesium, and zinc from the soil, causing soil
compaction and acidification. These issues negatively impact photosynthesis and plant resistance to diseases,
ultimately reducing crop yields and quality. Furthermore, chemicals in fertilizers can enter the human food
chain, posing health risks (Sathiyavani et al,, 2017; Bartog et al., 2022; Khan et al., 2022).
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The soils of southeast Kazakhstan, particularly dark chestnut soils, are crucial for agriculture due to their
fertility (Maxotova et al, 2021; Zhaksybayeva et al., 2022). However, the productivity of these soils is
threatened by unsustainable agricultural practices and climatic challenges. The region experiences a sharply
continental climate with significant temperature fluctuations and irregular precipitation, which further
exacerbates soil degradation issues(Saparov, 2014). Therefore, sustainable soil management practices are
essential to maintain soil health and enhance crop productivity (Lal and Steward, 2013).

Organic fertilizers are often considered the best option for improving soil fertility and plant nutrition due to
their balanced nutrient content. However, they can be expensive and not always available in sufficient
quantities (Herencia et al., 2007; Baghdadi et al.,, 2018; Gamage et al., 2023). This has led to an increased
interest in alternative soil amendments that can enhance soil properties and crop yields while being cost-
effective and environmentally friendly (Sankar Ganesh et al., 2017; Snapp et al., 2023).

Zeolites, particularly clinoptilolite, have emerged as promising soil amendments (Garbowski et al,, 2023).
Zeolites are natural aluminosilicate minerals with high cation exchange capacities, allowing them to retain and
gradually release essential nutrients such as potassium and ammonium (Cataldo et a., 2021; Li et al., 2013).
This property makes them effective in improving soil fertility and plant growth. Additionally, zeolites can
retain soil moisture, reducing the impact of drought and enhancing water use efficiency (Ippolito et al,, 2011;
Hazrati et al.,, 2017). Several studies (Mumpton, 1999; Ozbahce et al., 2015; Shivakumara et al., 2021) have
shown that zeolites can significantly improve soil physical properties, nutrient availability, and crop yields.
Ippolito et al. (2011) investigated the effects of combining clinoptilolite and urea on silt loam soil in maize
(Zea mays L.) cultivation. They found that adding zeolite with urea enhanced the sorption of N-NH4 and
reduced its leaching. Clinoptilolite also increased the moisture content of sandy soil, resulting in higher maize
yields with a zeolite application rate of 22 Mg ha-! after six weeks. However, increasing the zeolite rate to 90
Mg ha-! negatively impacted maize yield, likely due to the leaching of excessive Na+ ions from clinoptilolite,
which raised soil salinity.

Kazakhstan has significant deposits of high-quality clinoptilolite, particularly in the Shankanay deposit.
Despite its potential benefits, the use of natural clinoptilolite in agriculture has been limited (Sadenova et al,,
2016; Vassilina et al, 2023). Recent research suggests that zeolite-enriched fertilizers can enhance the
positive effects of natural zeolite, providing a controlled release of nutrients and improving soil health (Jarosz
et al,, 2022). This study aims to evaluate the effectiveness of zeolite, both alone and in combination with
mineral fertilizers, in improving the yield and quality of table beets (Beta vulgaris L.) grown in dark chestnut
soils of southeast Kazakhstan. The study focuses on assessing the impact of these treatments on soil physical
and chemical properties, nutrient availability, and crop performance.

Material and Methods

Study Area

The research was conducted at the Kazakh Research Institute of Horticulture during the 2022-2023 growing
seasons in the Almaty region of southeast Kazakhstan. The experimental site is characterized by dark chestnut
soil, a crucial soil type in Kazakhstan that supports a significant portion of the country's agriculture. Dark
chestnut soils are known for their fertility and ability to support a variety of crops. The mechanical
composition of these soils includes a small amount of sand particles, with silt making up about 18.676% of the
soil. The soil's pH is 8.36, with 2.27% humus content, 0.098% total nitrogen, 0.225% phosphorus, and 2.4%
potassium.

The climate in the Almaty region is sharply continental, with significant temperature variations between
summer and winter. Summers are warm, dry, and mostly clear, while winters are freezing, snowy, and partly
cloudy. The average temperature in January is -7°C, and in July it is +28°C, with annual precipitation ranging
from 350-600 mm. The growing season receives about 120-300 mm of this precipitation. The Képpen climate
classification system classifies the area as warm continental, with mild winters and long, hot summers.
Experimental Design

The experiment was designed as a randomized complete block design with three replications. The
experimental plots measured 63 m? each. The study included six treatments:

Control (no fertilizers)

Zeolite 2 t/ha

N45P45K45 (single dose of mineral fertilizers)

N90P90K90 (double dose of mineral fertilizers)
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e Zeolite 2 t/ha + N45P45K45
o Zeolite 2 t/ha + N9OP90K90

Soil and Fertilizer Application

Natural clinoptilolite zeolite from the Shankanay deposit was used. The chemical composition of the zeolite
included 68.6% SiO,, 18.5% Al;03, 8.6% Ca0, 2.2% MgO, and 1.5% Na,O. Mineral fertilizers used were
ammonium nitrate (34% N), ammophos (12% N, 52% P,0s), and potassium sulfate (50% K:0). Zeolite and
mineral fertilizers were applied manually in the fall of 2022 for plowing according to the experimental design.

Crop and Soil Management

The table beet variety 'Kyzylkonyr' was used as the test crop. Standard agronomic practices for the southeast
Kazakhstan region were followed. Crops were planted in early spring and harvested manually at maturity.
Zeolite was crushed to a particle size of less than 100 nm using a planetary ball mill. Soil and plant samples
were analyzed using standardized methods to assess the effects of zeolite and mineral fertilizers on soil
properties and table beet yield and quality.

Soil Analysis

Nitrate nitrogen (NO3-N) content in the soil was measured using an ion-selective electrode method. Mobile
phosphorus (P20s) was determined using the Machigin method, which involves extraction with a sodium
bicarbonate solution and subsequent colorimetric analysis. Water permeability was measured by applying a
constant head of water to the soil surface and recording the infiltration rate over the first and second hours of
the experiment. Soil density was determined by calculating the bulk density, which involves dividing the dry
mass of soil by its volume (Page et al.,, 1982; Klute, 1986).

Plant Analysis

Dry matter content of the table beet samples was determined using the gravimetric method, which involves
drying the samples at 105°C until a constant weight is achieved. Total sugar content was measured using the
Bertrand method, a classical titration method for quantifying reducing sugars. Nitrate content in the table beet
samples was determined potentiometrically using a nitrate ion-selective electrode (Kalra, 1997; Jones, 2001).

Statistical Analysis

Descriptive statistics, including means and standard deviations, were calculated for all measured parameters
to provide an overview of the central tendency and variability of the data. Correlation and regression analyses
were conducted to determine the relationships between soil nutrient levels, soil physical properties, and table
beet yield. Pearson correlation coefficients were calculated to assess the strength and direction of the
relationships between variables. Linear regression models were developed to predict table beet yield based
on significant soil properties and nutrient levels. These analyses were performed using Microsoft Excel.

Results and Discussion

Soil Physical Properties

The application of zeolite significantly improved the physical properties of dark chestnut soil. As shown in
Table 1, water permeability increased substantially in both the first and second hours of the experiment in the
treated variants compared to the control. This indicates that zeolite treatments enhanced soil porosity and
water infiltration, which are crucial for root development and plant growth. Moreover, the bulk density
became more uniform, ranging from 1.18-1.20 g/cm? in zeolite-treated plots compared to the control.

Table 1. Effect of zeolite and mineral fertilizers on water permeability and bulk density

Treatment Water Permeability Water Permeability Builk Density
(1st hour, mm/hr) (2m hour, mm/hr) (g/cm?)
Control (without fertilizers) 49.0 23.0 1.18
Zeolite 2 t/ha 86.5 62.8 1.20
N45P45K45 62.3 43.3 1.19
N90P90K90 60.9 40.9 1.19
Zeolite 2 t/ha + N45P45K45 87.2 68.5 1.20
Zeolite 2 t/ha + N9OP90K90 89.2 65.1 1.20

The findings of this study align with previous research that underscores the benefits of using zeolite as a soil
amendment. The improved soil physical properties, such as increased water permeability and more uniform
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soil density, support better root growth and nutrient uptake, leading to enhanced crop performance. These
improvements in soil structure facilitate greater water retention and aeration, which are essential for healthy
root development and efficient nutrient absorption. The results of this study are consistent with those of Al-
Busaidi et al. (2008) and Ozbahce et al. (2015), who demonstrated that zeolite application significantly
enhances soil physical properties, thereby improving overall soil quality and crop productivity. Karami et al.
(2020) showed that the combination of nitrogen fertilization in the form of urea and zeolite significantly
increased the water use efficiency in Amaranthus cultivation.

This enhanced water permeability and uniform soil density indicate that zeolite effectively modifies the soil
structure, making it more conducive to plant growth. The increased porosity allows for better root penetration
and water movement within the soil profile, which is critical for maintaining adequate soil moisture levels and
preventing waterlogging. Additionally, the improved bulk density suggests that zeolite helps to create a more
stable soil structure, reducing compaction and promoting healthier root systems. By improving these physical
properties, zeolite not only enhances the immediate growing conditions for crops but also contributes to long-
term soil quality and sustainability. These benefits make zeolite a valuable tool for sustainable agriculture,
particularly in regions with poor soil structure or limited water availability.

Nutrient Availability

The addition of zeolite and mineral fertilizers significantly enhanced the availability of essential nutrients in
the soil. Table 2 shows that nitrate nitrogen levels increased substantially in all treated variants compared to
the control, especially during the germination period. The highest nitrate nitrogen content was observed in
the zeolite 2 t/ha + N9OP90K90 treatment, indicating improved nitrogen retention and gradual release.
Similarly, mobile phosphorus levels increased significantly, particularly in treatments combining zeolite and
mineral fertilizers.

Table 2. Impact of zeolite and mineral fertilizers on nitrate nitrogen and mobile phosphorus levels in soil

Treatment Nitrate Nitrogen (mg/kg) Mobile Phosphorus (mg/kg)
Control 10.0 31.3
Zeolite 2 t/ha 20.5 45.6
N45P45K45 25.8 50.7
N90P90K90 30.1 55.8
Zeolite 2 t/ha + N45P45K45 35.2 70.7
Zeolite 2 t/ha + N9OP90K90 40.5 89.2

The increased availability of essential nutrients, particularly nitrate nitrogen and mobile phosphorus, is
crucial for the growth and development of table beets. Zeolite's ability to retain and gradually release these
nutrients ensures a steady supply throughout the growing season, which is critical for maximizing yield. This
finding is supported by Filcheva and Tsadilas (2002), who noted that nutrient retention and availability are
key factors in improving crop productivity.

The enhanced nutrient availability observed in this study can be attributed to the unique properties of zeolite.
Zeolite's high cation-exchange capacity allows it to adsorb and retain significant amounts of essential
nutrients, such as nitrogen and phosphorus, preventing their leaching from the soil. This property ensures
that nutrients remain available to plants over an extended period, promoting sustained growth and higher
yields.

The substantial increase in nitrate nitrogen levels, particularly in the zeolite 2 t/ha + N9OP90K90 treatment,
highlights the effectiveness of zeolite in improving nitrogen use efficiency. Nitrogen is a critical nutrient for
plant growth, influencing various physiological processes, including chlorophyll synthesis and
photosynthesis. By retaining nitrogen in the soil and releasing it gradually, zeolite helps maintain an optimal
nitrogen supply, reducing the need for frequent fertilization and minimizing environmental impacts
associated with nitrogen leaching. Similarly, the significant increase in mobile phosphorus levels in zeolite-
treated soils underscores the importance of phosphorus in root development and energy transfer within
plants. Phosphorus is essential for the formation of ATP, which powers various cellular activities. The
enhanced availability of phosphorus in the zeolite-treated variants likely contributed to better root growth
and overall plant vigor, leading to increased yields. These findings align with previous research by Aainaa et
al. (2006) and Mondal et al (2021), who demonstrated that zeolite's ability to retain and slowly release
nutrients can significantly improve nutrient use efficiency and crop performance. By enhancing nutrient
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availability, zeolite not only supports immediate plant growth but also contributes to long-term soil fertility
and sustainability.

Table Beet Yield

The application of zeolite and mineral fertilizers had a significant impact on the yield of table beet. The yield
data presented in Table 3 demonstrate the positive effects of these treatments on crop productivity. The
combined application of zeolite and fertilizers resulted in the highest yield increases.

Table 3. Yield and marketable yield of table beets under different treatments

Treatment Yield (t/ha) Marketable Yield (%)
Control 42.8 85.0
Zeolite 2 t/ha 47.2 87.5
N45P45K45 50.3 89.0
N90P90K90 55.8 91.0
Zeolite 2 t/ha + N45P45K45 58.5 92.0
Zeolite 2 t/ha + N9OP90K90 62.7 93.5

The yield increase ranged from 4.4 t/ha in the zeolite 2 t/ha treatment to 19.9 t/ha in the zeolite 2 t/ha +
N90P90K90 treatment. Marketable yield also improved across all treatments, indicating the positive impact
of zeolite and fertilizers on crop quality. These results are consistent with findings by Mumpton (1999),
Ippolito et al. (2011), Ozbahce et al. (2015) and Shivakumara et al. (2021), who observed that zeolite
application enhances crop yield by improving nutrient availability and soil physical properties. The significant
increase in table beet yield and improvement in nutrient availability demonstrate the effectiveness of zeolite
as a soil amendment. The combination of zeolite and mineral fertilizers resulted in the highest yield and
quality improvements, confirming the synergistic effect of these treatments. Similar findings have been
reported by several studies, indicating that zeolite enhances the efficiency of fertilizers, leading to better crop
performance (Jarosz et al.,, 2022).

The significant increase in table beet yield and improvement in nutrient composition demonstrate the
effectiveness of zeolite as a soil amendment. The combination of zeolite and mineral fertilizers resulted in the
highest yield and quality improvements, confirming the synergistic effect of these treatments. Similar findings
have been reported by several studies, indicating that zeolite enhances the efficiency of fertilizers, leading to
better crop performance. The application of zeolite in maize cultivation was reported by Malekian et al. (2011)
who opined that maize plants resulted in better response to zeolite when used as a fertilizer carrier at the rate
of 60 g kg-1 of soil. The application of clinoptilolite zeolite (CZ) with a 75% recommended dose of fertilizer
resulted in significantly similar cobs yield in maize as compared to the full recommended dose of fertilizer
(Aainaa et al,, 2018). The observed yield increases can be attributed to several factors. Zeolite's cation-
exchange capacity improves the retention and availability of essential nutrients like nitrogen, phosphorus, and
potassium. This ensures a steady supply of nutrients to the plants throughout the growing season, promoting
better growth and higher yields. The highest yields were recorded in treatments combining zeolite with
N90P90K90, highlighting the synergistic effect of zeolite and higher doses of mineral fertilizers.

In terms of marketable yield, all treatments showed improvements over the control, with the most significant
gains seen in the combined treatments of zeolite and fertilizers. This suggests that not only does zeolite
improve overall yield, but it also enhances the quality of the produce, making it more marketable. The
application of zeolite also contributed to a reduction in nitrate content in the table beet, indicating a safer and
more nutritious product. The nitrate content decreased from 350 mg/kg in the control to 240 mg/kg in the
zeolite 2 t/ha + N9OP90K90 treatment (Table 4). This reduction in nitrate content is crucial as high nitrate
levels in vegetables can pose health risks to consumers. Lower nitrate levels in the produce indicate a healthier
and safer food product, aligning with consumer demand for higher-quality and safer food options.

Table 4. Nitrate Content, total sugar and dry matter of table beets treated with zeolite and mineral fertilizers

Treatment Dry Matter (%) Total Sugar (%) Nitrate Content (mg/kg)
Control 19.5 8.5 350
Zeolite 2 t/ha 20.1 8.3 320
N45P45K45 20.5 8.2 300
N90P90K90 21.0 8.0 280
Zeolite 2 t/ha + N45P45K45 215 7.8 260
Zeolite 2 t/ha + N90P90K90 21.9 7.5 240
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Correlation and Regression Analysis

Statistical analysis revealed strong correlations between nutrient availability in the soil and table beet yield.
Pearson correlation coefficients were calculated to assess the strength and direction of the relationships
between variables. A positive correlation (r = 0.99) was found between nitrate nitrogen content during the
germination period and yield. Similarly, mobile phosphorus showed a significant correlation with yield (r =
0.94). These relationships highlight the importance of balanced nutrient management in optimizing crop
production.

Linear regression models were developed to predict table beet yield based on significant soil properties and
nutrient levels, with equations established to describe these relationships. The following regression equations
were determined:

Nitrate Nitrogen and Yield:

y=167x1-0.41x,-0.29x3-2.15
y: Yield (t/ha)
x1,x2,x3: Nitrate nitrogen content in the 0-20 cm soil layer during the periods of germination, bunching, and
technical ripeness (mg/kg of soil).
Correlation coefficient r=0.99, r2=0.98

Mobile Phosphorus and Yield:

y=130x,+2.17x3-167x1-12.9
y: Yield of table beet (t/ha)
x1,x2,x3: Mobile phosphorus content in the 0-20 cm soil layer during the periods of germination, bunching,
and technical ripeness (mg/kg of soil).
Correlation coefficient r=0.94, r2=0.88

The results from the correlation and regression analysis underscore the critical role of nutrient availability in
determining table beet yield. The strong positive correlation between nitrate nitrogen content and yield (r =
0.99) highlights nitrogen's essential role in promoting vegetative growth and enhancing overall productivity.
This finding is consistent with previous research that has demonstrated the importance of nitrogen in
supporting plant growth and maximizing yield (Ippolito et al.,, 2021). The significant correlation between
mobile phosphorus and yield (r = 0.94) further emphasizes the importance of phosphorus in root development
and energy transfer processes within the plant. Adequate phosphorus availability is crucial during key growth
stages to ensure robust root systems and efficient nutrient uptake, ultimately leading to higher yields. The
high coefficients of determination (r2) for the regression models indicate that nitrate nitrogen and mobile
phosphorus levels are strong predictors of table beet yield. The regression equations provide valuable insights
for developing fertilization strategies that optimize nutrient availability at critical growth stages. For instance,
ensuring sufficient nitrate nitrogen during germination and bunching periods can significantly enhance yield,
as reflected in the regression model with an r2 value of 0.98. Similarly, managing mobile phosphorus levels to
maintain adequate supply during the technical ripeness stage is vital for maximizing yield potential, as
indicated by the regression model with an r2 value of 0.88. These models demonstrate the significant
predictive power of nutrient levels for table beet yield, underscoring the critical role of effective fertilization
strategies in achieving high productivity. The strong correlations and high coefficients of determination (r2)
indicate that the regression models accurately represent the relationships between soil nutrients and crop
yield. These findings provide a robust framework for optimizing nutrient management practices to enhance
table beet productivity, ultimately contributing to sustainable agricultural production systems.

Conclusion

The study demonstrates the significant impact of zeolite and mineral fertilizers on the physical and chemical
properties of dark chestnut soil, nutrient availability, and the yield and quality of table beets. The application
of zeolite significantly improved soil physical properties, such as water permeability and soil density, which
are crucial for root development and plant growth. The enhanced soil structure facilitated better water
infiltration and retention, supporting healthier root systems and efficient nutrient uptake. The addition of
zeolite and mineral fertilizers notably increased the availability of essential nutrients, particularly nitrate
nitrogen and mobile phosphorus. This improved nutrient retention and gradual release ensured a steady
supply of nutrients throughout the growing season, leading to higher crop yields. The highest yield increases
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were observed in treatments combining zeolite with higher doses of mineral fertilizers, highlighting the
synergistic effects of these amendments. The correlation and regression analyses revealed strong positive
correlations between nutrient availability and table beet yield. The regression models demonstrated the
predictive power of nitrate nitrogen and mobile phosphorus levels on crop productivity, emphasizing the
critical role of balanced nutrient management in optimizing yield.

Overall, the findings underscore the effectiveness of zeolite as a soil amendment in enhancing soil health,
nutrient availability, and crop performance. The combination of zeolite and mineral fertilizers not only
improved yield and marketable quality but also reduced nitrate content in table beets, producing a safer and
more nutritious product. These results suggest that the use of zeolite in sustainable agricultural practices can
contribute to improved crop productivity and food quality. Future research should focus on the long-term
effects of zeolite application on soil health and crop performance under various environmental conditions.
Additionally, exploring the optimal application rates and methods for different crops and soil types will further
validate the benefits of zeolite and enhance its practical implementation in agriculture.
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pots were watered according to the treatments. The results indicated that plant growth
and nutrient uptake were significantly reduced under water stress condition. The
* Corresponding author application of NP increased plant growth and nutrient uptake and further were
increased with K application. K application also enhanced plant tolerance to deficit soil
moisture condition. In addition, K enhanced nutrient uptake and leaf chlorophyll
content. Based on the results, it can be concluded that application of NP for maize was
not adequate to achieve the highest plant growth, unless it is combined with K
application. In addition, K application enhances plant tolerance to water stress.

Keywords: Maize, K fertilization, water stress, sandy soil.
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Introduction

Maize (Zea mays L.), a crop of worldwide distribution, is an important cereal crop for human food and livestock
feed consumption as well as for food industry owing to its high nutritional value (Ali et al,, 2016). Maize is
grown considerably in arid and semi-arid regions where drought is common and one of the most limiting
factors for maize production in this region (FAO, 1999; Hammad and Ali, 2014). The impact of drought became
even more sever due to prevailing climate change (Song et al,, 2010) and several researchers predicted the
climate change enhanced drought will be more severe in term of intensity and duration in several parts of the
world (Liu et al, 2020; Qing et al., 2022; Kang et al., 2022).

Although maize as a C4 crop is relatively an efficient water user but is negatively affected by soil moisture
deficit during vegetative and reproductive growth stages (Aslam et al., 2015; Vennam et al., 2023). Among
cereal crops, Gopalakrishna et al. (2023) considered maize as the most susceptible to drought. Researchers
reported a significant reduction in photosynthetic rate and maize grain quality (Yousaf et al., 2023). Moreover,
maize has a relatively high nutrients requirement and besides water soil fertility level is considered another
limiting factor for maize production. Therefore, growers should grow maize in a soil with high soil fertility level
with balanced supply of all essential plant nutrients (Khalid and Shedeed, 2015).
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Potassium is an essential plant nutrient for plant growth and development (Caliskan and Caliskan, 2018). K is
of particular importance when maize is growing in arid and semi-arid region because K play a key role in
increasing water use efficiency and enhancing crops tolerance to drought stress (Rengel and Damon, 2008;
Khalid and Shedeed, 2015). Adequate supply of K to crops, not only increases the quantity and quality of yields
of cereal crops but also enhances their tolerance to biotic and abiotic stresses (Pettigrew, 2008; Zorb et. al,,
2014). K enhances tolerance to water stress through enhancing root growth during early growth stages which
lead to enhancing water and nutrient uptake and consequently support plant survival during stress condition
(Hammer et al, 2009; Vennam et al., 2023). K plays a key role in enhancing water use efficiency and crop
tolerance to drought stress through its role in stomatal regulation (Studer et al., 2017). Under soil moisture
stress conditions, adequate supply of K enhances root growth, which consequently enhances plants water
uptake and improved crop yield (Rémheld and Kirkby, 2010; Hassan et al., 2017).

Most crops, including maize, require as high amount of K as N and excluding K from long term fertilization,
especially under intensive cultivation, will lead to soil K depletion (Majumdar et al.,, 2021; Das et al,, 2019,
2020, 2022). Neglecting, K fertilization will eventually threaten crop production, soil health, agricultural
sustainability and global food security (Regmi et al., 2002; Cakmak, 2010; Lu etal.,2017; Brownlie et al., 2024).

The impact of both deficit irrigation and low soil fertility levels is worsened and exacerbated by fertilizer
mismanagement practices. Adopting fertilizer best management practices is vital for improving growth and
production of crops under various farming system (Hasanuzzaman et al,, 2018). On the other hand, farmers are
traditionally and commonly have been applying only N and P for a long period of time, which led to soil K
depletion and soil nutrient imbalance with respect to K (Brownlie et al., 2024). Therefore, the hypothesis of this
study is that the application of potassium to potassium-depleted sandy soil will improve plant growth deficit
irrigation. The main objective of this study was to determine the effect of application of different K rates on
growth and nutrient uptake of maize grown in sandy soil under adequate and deficit irrigation conditions.

Material and Methods

A greenhouse pot experiment was conducted to determine the effect of potassium rate on the nutrient uptake
and growth of maize grown in sandy loam soil under adequate and deficit soil moisture conditions. The soil
used in the experiment was collected from agriculture fields from the top 30 cm from eastern part of Jordan
(Mafraq Governorate), where coarse textured soils are common. The soil was air-dried and sieved through a
5 mm sieve. The soil was analyzed for texture by hydrometer method (Gee and Bauder, 1986); soil pH and soil
EC were measured on 1:1 soil : water suspension (McLean, 1982 and Rhoades, 1982, respectively); total N by
Kjeldahl (Nelson and Sommers, 1980); available P by extraction with sodium bicarbonate (Olsen et al., 1954);
exchangeable K, Ca and Mg by extraction with 1 M NH4OAc (Thomas, 1982); cation exchange capacity (CEC)
by the method of Palemio and Rhoades (1977). The major soil characteristics are presented in Table 1.

Table 1. Soil characteristics before conducting the experiment.

Soil pH 8.10
Soil EC, dS m1! 0.75
CEC, Cmolc kg! soil 7,21
Soil N, % 0.04
Soil P, mg kg'! 10.34
Soil K, mg kg1 208
Ca, % 13.11
Na, % 3.22
Soil Texture Sandy loam

The following treatments (Table 2) were investigated in a randomized Complete Block Design (RCBD) with four
replication and a total of 40 experimental units.

Each pot was filled with 3.5 kg air-dried soil. According to the treatment, N and P were added to each pot as
di-ammonium phosphate while potassium as potassium sulfate. Four maize seeds per pot were seeded. After
germination three homogeneous plants were kept per pot. Pots were watered periodically according to the
treatments and the soil moisture was kept at 100% and to 50% of the field capacity during the period of the
experiment. Time of irrigating plants was determined by weighing each pot every two days and adding water
to achieve the initial wet weight of the 100% and 50% of field capacity.
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Table 2. Treatments’ structure

Two Soil moisture levels (Main plot): -

100% Field Capacity water content (Adequate) 100%-FC
50% Field Capacity water content (Deficit) 50%-FC
Five Fertilizer application treatments (Sub plot)*: -
No fertilizer application C
128 kg N + 328 kg P20s + 000 kg K20 ha! NPKO
128 kg N + 328 kg P20s + 152.5 kg K20 ha! NPK1
128 kg N + 328 kg P20s + 305 kg K20 ha! NPK2
128 kg N + 328 kg P20s + 457.5 kg K20 ha! NPK3

*N and P were applied as Diammonium phosphate (DAP) and the recommended rate of 70-80 kg DAP ha! (Athamenh et
al,, 2015) K as potassium sulfate

At the end of the growing period and immediately before harvest leaf Chlorophyll content was measured using
Chlorophyll Content Meter (CCM-300) device (Gitelson et al,, 1999). The whole plants were harvested, and the
fresh weight was recorded, then oven-dried at 70°C and oven dry weight was recorded. Oven dried plants
were ground to a fine powder using a laboratory mill with 0.5 mm sieve. The milled plant samples were
analyzed for total N using a modified micro-Kjeldahl digestion procedure (Bremner and Mulvaney, 1982).
Total P and K were determined in the dry ash digestion. P was determined using Vanadate-Molybdate-Yellow
method, K by flame photometry (Chapman and Pratt, 1961). Representative soil sample was also taken from
each pot after thoroughly mixing the soil. Soil samples were sieved through 2 mm sieve and analyzed for pH,
EC, N, P, K as mentioned above.

General linear model (GLM) analysis was used to statistically analyzed all data collected from this search with
SAS version 9.0 (2002) software. Means were subjected to analysis of variance (ANOVA) at five percent level
of significance (P<0.05). Means separation was performed according to Least Significant Difference LSD
method at P=0.05.

Results and Discussion

Treatments effect on shoot dry weight of maize is shown in Figure 1. Shoot dry weight was the lowest for the
control treatment, where fertilizers were not added, under both adequate (100%-FC) and deficit (50%-FC)
soil moisture contents. For all treatments, the shoot dry weight was significantly lower under 50%-FC
moisture content. Application of NP fertilizers significantly increased dry weigh compared to the control.
However combined application of K with NP resulted in further increase in dry weight, and the highest shoot
dry weight was obtained with the highest K rates (NPK2 and NPK3) under adequate soil moisture content.
Under water deficit condition however, the shoot dry weight increased similarly by all rates of K application.
The application of NP was not adequate to get the highest plant growth, unless K is applied with NP, suggesting
that both water deficit and poor soil fertility levels are the two limiting factors of maize growth under the
conditions of this study. This result agrees with the findings of other researchers who reported reduction in
maize growth under water deficit condition and poor soil fertility (Wang et al., 2013; Hammad and Ali, 2014;

Amanullah et al,, 2016; Vennam et al., 2023; Yousaf et al., 2023).
40 Dry weight, gpot?  BEFC-100% BFC-50%

30

kb

NPKO NPK1 NPK2 NPK3

Figure 1. Shoot Dry weight of maize as affected by K application rate under two field capacity (FC) water contents.
Columns with similar letters are not significantly different at P<0.05.
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Treatments effect on N uptake and chlorophyll content are shown in Figure 2 and Figure 3, receptively. Under
both adequate and deficit irrigation contents, N uptake was the lowest for the control treatment and increased
significantly by NP application. Combining the highest two rates of K (NPK2 and NPK3) with NP application
resulted in further increase in N uptake.

Enhancing N use efficacy by K application was also found by other researchers (Rutkowska et al., 2014). Leaf
chlorophyll content was the lowest for the control treatment and under deficit irrigation contents for all
treatments. Compared to the control, addition of NPKO increased the leaf chlorophyll content. The highest two
rates of K (NPK2 and NPK3) increased the leaf chlorophyll content further under both soil moisture contents.
It has been documented that plants grown under water stress condition had lower chlorophyll content
(Efeoglu et al., 2009; Asgharipour and Heidari, 2011; Xiang et al., 2013; Karimpour, 2019; Wach and Skowron,
2022), but upon application of K to these plants enhanced their tolerance to water stress and their chlorophyl
content significantly increased (Siddiqui et al,, 2012; Talal et al., 2015).

1000 | N Uptake, g pot! 1.00

BFC-100% @3 FC-SO%

a a
B FC-100% MEFC- 50% a a
800 0.80
a a
600 a 0.60
bc
400 0.40
200 ll 0.20 jl
0

Leaf Chlorophyll, g m-2

0.00
NPKO NPK1 NPK2 NPK3 NPKO NPK1 NPK2 NPK3
Figure 2. N uptake by maize as affected by K application Figure 3. Leaf chlorophyll % of maize as affected by K
rate under two field capacity (FC) water contents. application rate under two field capacity (FC) water
Columns with similar letters are not significantly contents. Columns with similar letters are not
different at P<0.05. significantly different at P<0.05.

Treatment effect on P and K uptake is shown in Figure 4 and Figure 5, respectively. Uptake of P and K was the
lowest for the control treatments under both soil moisture contents. In addition, P and K uptake was lower for
all treatment under deficit moisture content. Compared to the control treatment, the addition of NPKO
increased P and K uptake, then increased further with the highest two K rates. The increase in P uptake with
K application was unpredictable but might be attributed to the indirect effect on shoot dry weight. As for K
uptake, the increase was directly due to increasing the rate of K application up to the NPK2. This coincides
with the finding of other researchers (Oltmans and Mallarino, 2015; Firmano et al,, 2020; Volf et al., 2022) and
they attributed such increase to the plant luxury consumption of K. On the other hand, the highest K rate
(NPK3) reduced K uptake compared to NPK1 and NPK2, which can be attributed to the possible K leaching
associated with high K rates under coarse textured soil as the case in our study (Rosolem and Stainer, 2017).

125 P Uptake, g pot! a 1500 | ¢ Uptake, g pot?
a
100 EFC-100% BFC-50% a 1250 | M@FC-100% ®FC- 50% b
7 1000
a
b
a 750
50
500
25 250 I
0 0
NPKO NPK1  NPK2  NPK3 NPKO NPK1 NPK2 NPK3
Figure 4. P uptake by maize as affected by K application Figure 5. K uptake by maize affected by K application
rate under two field capacity (FC) water contents. rate under two field capacity (FC) water contents.
Columns with similar letters are not significantly Columns with similar letters are not significantly
different at P<0.05. different at P<0.05.
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Treatments effect on soil pH and soil EC are shown in Figure 6 and Figure 7, respectively. Soil pH was not
affected by any of the treatments. Soil EC was the lowest for the control and then for the NPKO treatment.
Increasing K application rates significantly increased soil EC, due to the relatively high salt index of the applied
potassium sulfate (Rusan, 2023).

7.90 Soil pH EFC-100% M®FC-50% 2.5 | Soil EC,dS m™! EFC-100% BFC-50%
a a a a 4
2.0
7.85 b
1.5
c
7.80 b
1.0 c d
7.75 0.5 —..
NPKO NPK1 NPK2 NPK3 C NPKO NPK1 NPK2 NPK3
Figure 6. 8011 pH as affected by K application rate under Figure 7. Soil EC as affected by K application rate under
two field capacity (FC) water contents. Columns with two field capacity (FC) water contents. Columns with
similar letters are not significantly different at P<0.05. similar letters are not significantly different at P<0.05.

Treatments effect on soil N, P and K contents at the end of the experiment are presented in Figure 8, Figure 9
and Figure 10, respectively. Soil N was not significantly affected by the treatments under both soil moisture
contents. On the other hand, and compared to the control treatment, soil P increased similarly by all other
treatments under adequate soil moisture contents. However, under deficit moisture, the highest rate of K
reduced P uptake, which can be due to competition between high rate of K and P (Studer et al,, 2017) or might
be due the indirect effect of K on P uptake through increasing dry weight. On the other hand, soil K was the
lowest for the control and the NPKO treatments. Increasing the rates of applied K, resulted in higher soil K
under both adequate and deficit irrigation conditions.
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Figure 8. 8011 N content as affected by K application rate Figure 9. 5011 P content as affected by K application rate
under two field capacity (FC) water contents. Columns under two field capacity (FC) water contents. Columns
with similar letters are not significantly different at with similar letters are not significantly different at
P<0.05. P<0.05.
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Figure 10. Soil K content as affected by K appllcatlon rate under two field capacity (FC) water contents. Columns with
similar letters are not significantly different at P<0.05.
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Conclusion

Based on the obtained results, it can be concluded that maize growth in sandy loam soil is severely reduced
under deficit irrigation level, especially when grown under poor level of soil nutrients. Potassium was necessary
to be applied in combination with NP to achieve the possible highest plant growth. The NPK2 dose application
(305 kg K20/ha) not only gave the highest plant growth and nutrient uptake but also enhanced plant tolerance
to water stress conditions. This also suggests including K fertilization as one of the strategies to combat drought
stress in arid and semi-arid environment.
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Abstract

This study investigates the impact of phosphorus fertilization on the yield and quality
of various alfalfa (Medicago sativa L.) varieties grown in light chestnut soils.
Conducted over a three-year period from 2013 to 2015, the research was carried out
in the Karasay district of the Almaty region under irrigated conditions. The
experiment included six alfalfa varieties: NS Alfa, VS Banat, Mediana, Nera, Niagara,
and Kokoray. Four phosphorus treatments were applied: control (no phosphorus), 60
kg/ha (P60), 90 kg/ha (P90), and 120 kg/ha (P120), using double superphosphate as
the phosphorus source. The results demonstrated that phosphorus fertilization
significantly enhanced both the yield and quality of alfalfa. Across all varieties, the
highest yield was observed with the application of 120 kg/ha phosphorus. For
instance, NS Alfa's yield increased from 283.3 c/ha in the control to 349.7 c¢/ha with
P120, reflecting a 23% increase. Similarly, VS Banat and Mediana exhibited yield
increases of 23% and 25%, respectively, at the highest phosphorus level. The study
also revealed improvements in the nutritional quality of alfalfa hay. Crude protein
content increased from 20.3% to 22.0% in NS Alfa, while digestible protein content
rose from 11.20% to 12.40%. Other quality parameters, including fat and carotene
content, also improved significantly with higher phosphorus levels. Moreover, the
availability of nitrate nitrogen and mobile phosphorus in the soil increased
progressively with higher phosphorus application rates, contributing to better
nutrient uptake and overall plant health. This research underscores the importance
of phosphorus fertilization in maximizing alfalfa yield and quality. The findings
suggest that the optimal phosphorus application rate for enhancing alfalfa production
in light chestnut soils is 120 kg/ha, providing valuable insights for sustainable
agricultural practices in similar agro-ecological zones.

Keywords: Phosphorus fertilization, Alfalfa yield, Alfalfa quality, Light chestnut
soils, Sustainable agriculture.
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Introduction

Phosphorus is one of the essential macronutrients required for plant growth and development. It is a key
component of ATP, nucleic acids, and phospholipids, all of which are vital for energy transfer, genetic
information storage, and membrane integrity in plants (Marschner, 1995; Khan et al., 2023). Phosphorus
deficiency can severely limit plant growth, leading to reduced biomass production and poor crop quality. This
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is particularly significant in leguminous crops like alfalfa, which have high phosphorus requirements to
support their vigorous growth and nitrogen-fixing capabilities (Meng et al., 2021).

Alfalfa (Medicago sativa L.), known as the 'Queen of Forages', is one of the oldest wild plants, originally found
in the mountainous forests of the Mediterranean region in Southwest Asia. The name 'alfalfa’ is derived from
the Arabic word 'Al-Fasfasa’, which means 'father of all plants' (Suwignyo et al., 2022). Alfalfa is a highly valued
forage crop known for its high nutritional content and adaptability to various environmental conditions. It is
widely cultivated for its high protein content and digestibility, making it an essential component of livestock
diets. The demand for high-quality alfalfa hay has increased, emphasizing the need for improved cultivation
practices to enhance both yield and nutritional value (Capstaff and Miller, 2018). The importance of alfalfa in
sustainable agriculture cannot be overstated, as it plays a crucial role in improving soil structure, enhancing
soil fertility, and providing high-quality forage for animals (Xu et al., 2024). Previous studies (Berg et al., 2005;
Macolino et al,, 2013; Liu et al,, 2013; Madani et al,, 2014; Al-Kahtani et al.,, 2017; Li and Liu, 2024) have shown
that phosphorus fertilization can significantly improve the growth and productivity of alfalfa by enhancing
root development and increasing the availability of essential nutrients in the soil. Studies have shown that
phosphorus application enhances root development, increases nutrient uptake, and improves overall plant
health, leading to higher yields and better quality forage. For instance, Yildiz and Tiirk (2015) reported that
phosphorus fertilization significantly increased biomass production in forage crops, while Marschner (1995)
and Havlin et al. (2005) emphasized the importance of phosphorus in improving soil fertility and crop
productivity.

Light chestnut soils, which are prevalent in many agricultural regions, often exhibit low phosphorus
availability due to their high calcium carbonate content and alkaline pH (Saparov, 2014). This characteristic
makes these soils less suitable for high-yielding crops without appropriate fertilization strategies (Maxotova
et al, 2021; Zhaksybayeva et al., 2022; Islamzade et al., 2023). To address this challenge, it is crucial to
determine the optimal phosphorus application rates that can maximize alfalfa yield and quality while
maintaining soil health.

Despite the well-documented benefits of phosphorus fertilization, there is limited research specifically
addressing its impact on the yield and quality of different alfalfa varieties grown in light chestnut soils. This
study aims to fill this gap by evaluating the effects of various phosphorus application rates on the growth,
yield, and nutritional quality of several alfalfa varieties under irrigated conditions in the Almaty region. The
findings will provide valuable insights for optimizing fertilization strategies to maximize alfalfa productivity
and quality in similar agro-ecological zones. The objective of this study is to assess the impact of different
levels of phosphorus fertilization on the yield and quality of various alfalfa varieties grown in light chestnut
soils, thereby identifying the optimal phosphorus application rate for enhancing alfalfa production in these
conditions.

Material and Methods
Experimental site

The research was conducted from 2013 to 2015 in irrigated light chestnut soils at the Kazakh Research
Institute of Agriculture and Plant Growing located in the Karasay district of the Almaty region, Kazakhstan
(Figure 1).

Figure 1. Experimental area
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The soil of the experimental area belongs to the general soil type of light chestnut. Before conducting the
experiment, the soil sample was analyzed by the Kazakh National Agrarian Research University. Some
characteristics of the experimental field's soil are presented in Table 1.

Table 1. Some characteristics of the experimental field's soil

Depth Organic Total Mobile Nitrogen Mobile Phosphorus Mobile Potassium  Bulk Density
(cm) matter (%)  Nitrogen (%) (mg/kg) (mg/kg) (mg/kg) (g/cm?)
0-20 2.45 0.193 73.8 25.0 460 1.20
20-40 2.30 0.156 71.9 20.1 430 1.25

Climatic data

The experimental area has a continental climate with hot summers and cold winters, and low precipitation.
Despite occasional high rainfall, irrigation is essential for high forage crop yields. The region experiences an
average of 219 days per year with temperatures above +52C. In the Almaty region, the transition from negative
to positive average daily temperatures occurs between March 5 and 10. January, the coldest month, has
average temperatures between -1.92C and -7.62C, while July, the hottest month, ranges from +27.82C to
+31.4°C. The frost-free period lasts 5-6 months. Annual precipitation averages 332-645 mm, with the most
rainfall from March to June. In arid years, rainfall can be 1.5-2.0 times below average, while in wet years, it can
exceed the norm by the same ratio. Snow cover lasts 1.5 to 3.0 months, with depths not exceeding 15-20 cm.
The monthly temperature and precipitation averages for the Karasay District, where the experimental field is
located, are presented in Figure 2.
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Figure 2. Temperature and precipitation averages in the Karasay District (in Almaty Region, Kazakhstan) where the
experimental field is located

Alfalfa (Medicago sativa L.) varieties
Six alfalfa varieties were used in the experiment, including the local Kazakh variety, Kokoray, and five Serbian
varieties: NS Alfa, VS Banat, Mediana, Nera, and Niagara. VS Banat is an early variety with rapid growth and
good drought and cold tolerance, yielding 85-100 t/ha of green mass and 18-20 t/ha of hay, with 20.1%
protein content. NS Alfa, a synthetic variety, thrives in fertile soils, is cold-resistant, and supports frequent
mowing, producing over 80 t/ha of green mass and 20 t/ha of hay, with 20-22% protein content. Niagara is
disease-resistant, drought-tolerant, and performs well on degraded soils, yielding over 80 t/ha of green mass
and 20 t/ha of hay, with 22% protein content. Nera, an early variety with a deep root system, is drought-
resistant and regenerates quickly, yielding over 80 t/ha of green mass and 20 t/ha of hay, with 20.7% protein
content. NS Mediana, developed through hybridization, grows well in various conditions, is drought and cold-
resistant, and yields about 20 t/ha of hay, with an average protein content of 21%.
Experimental Design
The alfalfa was sown using specialized equipment with a row spacing of 15 cm, and a seeding rate of 16 kg per
hectare. The experimental design was a randomized complete block design, with each treatment repeated
three times. Each plot measured 15 meters in length and 1 meter in width, resulting in a total plot area of 15
m? for each alfalfa variety. Double superphosphate (42% P.0s) was used as the phosphorus source for all

treatments.
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The experiment included four phosphorus fertilizer treatments:

Control: No phosphorus fertilizer applied.

P60: 60 kg/ha of phosphorus applied.

P90: 90 kg/ha of phosphorus applied.

P120: 120 kg/ha of phosphorus applied.

Soil and Plant Analysis Methods

During the trial period, nitrate nitrogen in soil samples taken from each plot at the stages of the 1st cutting, 2nd
cutting, 3rd cutting, and 4t cutting of alfalfa varieties was determined using the Kjeldahl distillation method in
1IN KClI extract, and mobile phosphorus was determined according to the Machigin method (Jones, 2001). At
the end of the trial, yield and yield components (Crude Protein, N-free Extractives, Cellulose, Ca, Ash, Carotene,

Fat, Digestible protein) in alfalfa variety samples taken from all plots were determined as reported by Galyean
(2010).

Results and Discussion

Yield of Alfalfa

The application of phosphorus fertilizers significantly increased the yield of alfalfa across all varieties studied
from 2013 to 2015. The different levels of phosphorus application (60, 90, and 120 kg/ha) showed a marked
improvement in yield compared to the control (Table 2).

Table 2. Yield of Alfalfa varieties depending on the use of phosphorus fertilizer (2013-2015)
2013Yield 2014Yield 2015Yield TotalYield Additional Increase

Variety Treatment

(t/ha) (t/ha) (t/ha) (c/ha) Yield (c/ha) (%)

Control 27.1 129.2 127.0 283.3 - -

NS Alfa P60 30.1 145.4 138.8 314.3 31.0 11
P90 30.7 148.5 141.4 320.6 37.3 13

P120 43.0 155.9 150.8 349.7 66.4 23

Control 28.0 130.9 124.5 283.4 - -

VS Banat P60 28.8 147.9 143.9 320.6 37.2 13
P90 29.8 151.2 148.0 329.0 45.6 16

P120 324 161.0 155.4 348.8 65.4 23

Control 25.1 126.4 122.9 274.4 - -

Mediana P60 33.2 134.3 134.3 301.8 27.4 10
P90 30.7 144.7 137.8 313.2 38.8 14

P120 37.0 153.2 153.2 343.4 69.0 25

Control 23.2 115.5 107.1 245.8 - -

Nera P60 29.0 127.1 120.3 276.4 30.6 12
P90 28.0 135.2 126.2 289.6 43.8 18
P120 33.2 148.6 148.6 330.4 84.6 34

Control 19.8 122.6 111.7 254.1 - -

Niagara P60 26.1 132.4 122.2 280.7 26.6 10
P90 28.4 139.1 131.1 298.6 445 18

P120 41.0 145.3 141.1 327.4 73.3 29

Control 27.1 123.5 113.4 264.0 - -

Kokoray P60 30.1 144.9 145.0 320.0 56.0 21
P90 30.7 151.0 142.2 3239 59.9 22

P120 35.0 155.9 150.0 340.9 76.9 29

In 2013, the initial yields were relatively lower across all varieties and treatments, possibly due to the initial
establishment periods of the alfalfa. However, as phosphorus application rates increased, yields showed
noticeable improvement. For example, NS Alfa exhibited a marked increase from 27.1 t/ha in the control to
43.0 t/ha with 120 kg/ha phosphorus in 2013. This trend continued in subsequent years, with the highest
increases observed in 2015, where NS Alfa achieved a yield of 349.7 c/ha, representing a 23% increase over
the control.

VS Banat and Mediana also showed considerable yield improvements. VS Banat's yield increased from 28.0
t/hain the control to 32.4 t/ha with 120 kg/ha phosphorus in 2013. By 2015, this variety achieved a total yield
of 348.8 c/ha, reflecting a 23% increase. Mediana's yield improved from 25.1 t/ha in the control to 37.0 t/ha
with 120 kg/ha phosphorus in 2013, with a total yield of 343.4 c/ha by 2015, representing a 25% increase.
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Kokoray exhibited the highest yield increase of 21% with 60 kg/ha phosphorus in 2013. By 2015, with 120
kg/ha phosphorus, Kokoray's yield reached 340.9 c/ha, representing a 29% increase. This substantial increase
underscores the effectiveness of phosphorus in enhancing the productivity of this variety.

The application of 90 kg/ha phosphorus resulted in significant yield increases for all varieties. NS Alfa's yield
increased by 13%, VS Banat by 16%, and Mediana by 14%. These results are consistent with findings from
similar studies that highlight the critical role of phosphorus in improving crop yield by enhancing nutrient
uptake and utilization efficiency (Havlin et al,, 2005; Yildiz and Tiirk, 2015). The highest efficiency was
observed with the application of 120 kg/ha phosphorus. This level of application resulted in the most
significant yield increases across all varieties, with NS Alfa, VS Banat, and Mediana achieving yields of 349.7
c/ha, 348.8 c/ha, and 343.4 c/ha, respectively. Nera and Niagara also showed notable yield increases, with
Nera's yield increasing by 34% and Niagara by 29%. These results highlight the optimal rate of phosphorus
application necessary to maximize alfalfa yield, corroborating studies that advocate for balanced fertilization
strategies to achieve sustainable high yields (Berg et al.; 2005; Madani et al.,, 2014; Al-Kahtani et al., 2017;
Maxotova et al., 2021; Alimkhanov et al,, 2021; Kamzina et al., 2022; Muminova et al., 2022).

These findings emphasize the importance of phosphorus fertilization in maximizing the yield of alfalfa
varieties. The application of 120 kg/ha phosphorus was identified as the most effective rate for achieving the
highest yield improvements across all studied varieties. This rate not only enhanced yield but also improved
the overall quality of the alfalfa, making it a critical component of alfalfa cultivation practices in light chestnut
soils. Phosphorus fertilizer is a key factor affecting seed yield and has a significant impact on the dynamic
changes in plant stems, inflorescence number, dry matter accumulation, and seed yield (Liu et al.,, 2020;
Loeppky etal., 1999). Liu et al. (2013) reported that under alkaline soil conditions in arid areas, a phosphorus
fertilizer dosage of 150 kg/ha can promote an increase in alfalfa seed yield when the soil phosphorus content
reaches a moderate level. Buglass (1964) indicated that there was no significant role for phosphorus in
increasing forage seed production in southern Saskatchewan, reflecting the variability of soil phosphorus
status and the influence of annual weather effects. In this experiment, when phosphorus fertilizer was applied
at 120 kg/ha, the yield increased by 25% and 34% compared to the control, respectively, in each year. This
indicates that phosphorus fertilizer can increase the seed yield of alfalfa, but the effect is related to the selected
alfalfa varieties, climatic conditions, soil conditions, and phosphorus fertilizer application (Al-Kahtani et al.,
2017; Liu et al, 2013).

Quality of Alfalfa

The quality of alfalfa, as measured by its nutritional content, improved significantly with the application of
phosphorus fertilizers. The study examined various parameters such as crude protein (CP), digestible protein
(DP), non-nitrogenous extractives (NNE), fat content, and carotene content across different varieties of alfalfa
(Table 3).

The application of phosphorus fertilizer had a notable impact on the crude and digestible protein content in
all alfalfa varieties. NS Alfa showed an increase in crude protein from 20.3% in the control to 22.0% with 120
kg/ha phosphorus, and digestible protein increased from 11.20% to 12.40%. Similarly, VS Banat's crude
protein content increased from 21.8% to 24.0%, and digestible protein from 10.0% to 11.35%. Mediana's
crude protein rose from 22.3% to 24.5%, and digestible protein from 11.80% to 14.0%. An increase in crude
and digestible protein content led to a decrease in non-nitrogenous extractives content. For instance,
phosphorus fertilizer reduced non-nitrogenous extractives from 35.8% to 24.7% in NS Alfa, and similar
reductions were observed in other varieties. This aligns with the findings of Sumner and Farina (1986) and
Xu et al. (2024), who noted that phosphorus application can enhance protein content while reducing non-
nitrogenous extractives in forage crops.

Phosphorus fertilizer also positively affected the fat and carotene content of alfalfa hay. The application of 120
kg/ha phosphorus increased the fat content in NS Alfa to 2.8%, compared to 2.0% in the control. Similar
increases were observed in other varieties, such as VS Banat and Niagara, where fat content rose to 2.8% and
2.6%, respectively. The carotene content also showed significant improvement with phosphorus application.
For example, NS Alfa's carotene content increased from 33.6% in the control to 36.7% with 120 kg/ha
phosphorus. This trend was consistent across other varieties, with notable increases in VS Banat, Mediana,
and Nera. There are genetic variations in yield and its components among and within populations of alfalfa
(Campbell and He, 1997) and the response of yield components to plant genetics and management techniques
is also different (El-Hifny et al.,2019; Sengul, 2006). Yield and its components exhibit genetic variability both
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among and within alfalfa populations (Campbell and He, 1997). Additionally, the response of these yield
components to plant genetics and various management techniques varies significantly (El-Hifny et al., 2019;
Sengul, 2006). This nuanced understanding is crucial for tailoring effective agricultural practices, particularly
in projects focused on enhancing crop yield and quality.

Table 3. Effect of Phosphorus Fertilizer on the Composition of Alfalfa Hay

) Crud? N-frge Cellulose Ca Ash Carotene Fat Dlgestlp le
Variety Treatment Protein  Extractives %) (%) (%) (%) %) Protein
(%) (%) (%)

Control 20.0 30.2 40.0 2.17 9.6 33.6 2.0 11.08

NS Alfa P60 20.3 30.0 42.0 2.05 10.8 34.8 2.3 11.20
P90 21.5 29.8 41.8 1.98 11.5 36.0 2.7 11.38

P120 22.0 30.0 42.8 1.92 12.8 36.7 2.8 12.40

Control 20.1 35.2 30.1 2.80 13.0 40.0 1.8 9.00

VS Banat P60 21.8 34.0 32.0 2.77 13.8 41.2 2.0 10.00
P90 22.4 34.0 32.6 2.61 14.6 43.0 2.1 11.00

P120 24.0 33.3 34.0 2.52 16.0 43.9 2.3 11.35

Control 214 28.0 38.0 2.45 11.5 38.0 2.4 9.50

Mediana P60 22.3 27.7 38.2 2.15 12.8 39.0 2.6 11.80
P90 23.2 25.0 39.0 1.90 13.3 40.5 2.9 12.44

P120 24.5 25.1 40.8 1.87 15.8 41.0 2.8 14.00

Control 20.7 36.8 29.4 2.30 9.6 40.0 1.6 10.00

Nera P60 21.8 35.7 31.3 2.22 11.2 41.0 1.7 11.20
P90 22.5 35.8 30.6 2.24 12.4 41.6 1.9 12.60

P120 23.0 35.1 32.0 2.21 14.4 42.3 1.8 14.80

Control 22.0 27.5 33.5 2.18 10.0 38.2 2.2 10.80

Niagara P60 23.0 26.0 35.0 2.14 11.5 39.0 2.3 12.70
P90 24.5 26.3 37.7 2.06 14.0 40.5 2.5 13.80

P120 26.0 25.5 39.0 2.00 16.0 41.0 2.6 14.50

Control 15.6 26.0 37.0 2.20 9.9 35.0 1.9 9.06

Kokoray P60 17.2 25.0 38.0 2.21 12.0 37.0 2.1 11.00
P90 17.0 24.8 38.3 2.15 13.2 36.0 2.4 12.51

P120 17.6 24.7 39.0 2.10 14.6 38.0 2.6 12.90

These results highlight the importance of phosphorus fertilization in enhancing the nutritional quality of
alfalfa. The improvements in crude and digestible protein, fat, and carotene contents indicate that phosphorus
not only boosts yield but also enriches the nutritional profile of the crop. Such enhancements are crucial for
improving the overall feed value of alfalfa, making it more beneficial for livestock. The application of 120 kg/ha
phosphorus was particularly effective across all varieties studied, indicating its critical role in improving the
nutritional value of alfalfa hay. The findings are supported by previous research, including studies by Wang et
al (2008) and Macolino et al. (2015), which emphasize the role of phosphorus in improving forage quality by
enhancing nutrient uptake and utilization efficiency.

Nutrient Availability

The nutrient availability in the soil was significantly influenced by the application of phosphorus fertilizers.
Throughout the growing season, levels of nitrate nitrogen and mobile phosphorus increased progressively
from the initial to the final stages. Initial nitrate nitrogen levels ranged from 50.0 to 60.0 mg/kg during
germination, rising significantly by the fourth cutting. For instance, in NS Alfa treated with 60 kg/ha
phosphorus, nitrate nitrogen levels increased from 61.5 mg/kg at germination to 70.4 mg/kg after the fourth
cutting (Table 4). This pattern was consistent across all varieties, with the highest levels observed in
treatments with 120 kg/ha phosphorus (Table 4).

The addition of phosphorus can influence soil nitrogen pools and cycling processes through various impacts
on plant growth and microbial activity. For example, phosphorus application can reduce nitrogen leaching
losses and retain more nitrogen in plant-soil ecosystems by promoting plant and microbial growth and
nitrogen uptake (Baral et al., 2014; Chen et al,, 2017). However, it can also increase nitrogen loss through
gaseous emissions, such as N0, by stimulating nitrification and denitrification processes (Mehnaz et al., 2019;
Mori et al,, 2013). In phosphorus-limited ecosystems, reductions in N,O emissions have been observed due to
a decline in NO3- availability and reduced denitrification (Chen et al., 2016; Mori et al., 2014; Yu et al,, 2017).
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Table 4. The effect of phosphorus fertilizers on the amount of nitrate nitrogen (mg/kg) in light chestnut soil of alfalfa
crops

Treatment Variety Germination  1st Cutting 2nd Cutting 3rd Cutting 4t Cutting Average
NS Alfa 50.4 52.0 59.2 62.3 66.5 58.0
VS Banat 55.3 50.0 62.0 65.3 68.0 60.1
Control Mediana 50.7 55.8 60.0 62.3 65.0 58.8
Nera 55.8 60.0 64.0 67.4 70.9 63.5
Niagara 55.4 58.7 59.2 62.0 68.0 60.5
Kokoray 53.2 57.0 62.0 65.3 68.0 61.1
NS Alfa 61.5 62.4 65.7 67.0 70.4 65.4
VS Banat 60.0 66.0 67.7 70.0 75.2 68.7
P60 Mediana 67.5 69.5 71.5 75.0 78.4 72.2
Nera 61.0 64.0 66.0 68.8 75.5 67.1
Niagara 62.0 65.0 68.7 70.0 75.2 68.2
Kokoray 58.0 61.0 67.0 70.9 78.4 66.9
NS Alfa 68.2 70.0 73.7 71.5 75.0 71.6
VS Banat 65.5 75.0 76.8 77.5 80.5 75.1
P90 Mediana 65.2 70.2 75.7 77.4 82.6 74.2
Nera 65.8 71.5 75.0 78.2 80.2 74.1
Niagara 68.5 70.0 77.2 74.5 80.5 74.2
Kokoray 64.5 68.5 76.0 77.0 82.6 73.7

Higher plant and microbial nitrogen uptake following phosphorus addition can also enhance biological
nitrogen fixation (Ament et al, 2018; Houlton et al., 2008) and microbial nitrogen mining from soil organic
matter (Fisk et al.,, 2014), thus improving ecosystem nitrogen input and cycling. Conversely, some studies have
shown that phosphorus addition has no significant impact on the soil total nitrogen pool and nitrogen
availability (McLaren and Buckeridge, 2019; Scott et al., 2015), while others have found a decrease in the total
nitrogen pool and nitrogen availability, which was attributed to higher plant uptake and assimilation rates
compared to litter-decomposition return rates (Stiles et al.,, 2017; Yu et al., 2017).

Similarly, mobile phosphorus levels in the soil also showed a marked increase with the application of
phosphorus fertilizers. For instance, in the control plots, the mobile phosphorus content ranged from 25.8 to
28.0 mg/kg across the varieties during germination, indicating an average phosphorus supply level. However,
in plots treated with 60 kg/ha of phosphorus, the mobile phosphorus levels increased to 23.3-26.5 mg/kg.
Further application of 90 kg/ha of phosphorus resulted in mobile phosphorus levels ranging from 27.2 to 31.9
mg/kg (Table 5).

Table 5. The effect of phosphorus fertilizers on the amount of mobile phosphorus (mg/kg) in the light chestnut soil in the
alfalfa field

Treatment Variety Germination  1st Cutting 2nd Cutting 3rdCutting 4t Cutting Average
NS Alfa 26.2 22.5 19.0 18.0 15.5 20.2
VS Banat 27.4 21.7 19.0 18.5 16.5 20.6
Control Mediana 28.0 25.0 23.0 20.0 18.0 22.8
Nera 27.0 24.0 20.0 20.0 17.0 21.6
Niagara 25.8 23.4 20.0 17.0 16.5 20.5
Kokoray 27.0 25.6 22.0 20.5 18.2 22.7
NS Alfa 28.3 25.8 23.5 21.2 20.0 23.8
VS Banat 29.7 24.8 23.0 20.5 18.5 23.3
P60 Mediana 30.3 28.2 26.2 24.5 23.0 26.4
Nera 29.5 25.4 24.0 21.0 20.0 24.0
Niagara 28.6 27.4 22.5 20.0 18.5 23.4
Kokoray 29.0 27.5 25.0 19.5 23.0 24.8
NS Alfa 33.1 30.0 26.3 24.0 23.0 27.3
VS Banat 37.0 28.5 25.7 23.0 22.0 27.2
P90 Mediana 35.5 33.0 30.0 27.6 26.5 30.5
Nera 36.7 34.7 31.2 30.4 26.5 31.9
Niagara 35.5 35.0 24.3 22.5 22.0 27.9
Kokoray 35.4 32.2 28.7 26.0 26.5 29.8
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The results indicated distinct patterns in phosphorus availability influenced by both the applied P fertilizer
doses and variety of the alfa alfa plants. Similarly, studies conducted by Medinski et al. (1998), Wu et al. (2020),
Wang et al. (2022), Zhaksybayev et al. (2022) and Islamzade et al (2023) have determined that increasing
application rates of chemical fertilizers to the soil result in both increased crop yields and improved
phosphorus content in the soil.

Conclusion

The study conclusively demonstrated the critical role of phosphorus fertilization in enhancing both the yield
and quality of alfalfa crops grown in light chestnut soils. Over the three-year period from 2013 to 2015, it was
evident that increasing levels of phosphorus (60, 90, and 120 kg/ha) significantly improved various growth
parameters. The yield data highlighted that phosphorus application markedly increased alfalfa productivity
across all varieties. The highest efficiency was observed at the 120 kg/ha phosphorus level, where yields saw
an increase of up to 34% for certain varieties such as Nera. This finding confirms that phosphorus is vital for
root development and energy transfer in plants, leading to enhanced biomass production.

In terms of quality, the application of phosphorus fertilizer positively impacted the nutritional content of
alfalfa hay. Increases in crude and digestible protein, fat, and carotene content were observed across all
varieties with the highest application rate. This indicates that phosphorus not only boosts yield but also
enhances the feed value of alfalfa, making it more beneficial for livestock. Furthermore, the study revealed
that phosphorus fertilizer significantly improves the availability of nitrate nitrogen and mobile phosphorus in
the soil. This enhanced nutrient availability supports better growth and productivity of alfalfa.

Overall, the application of 120 kg/ha phosphorus was identified as the most effective rate for
achieving the highest improvements in yield and quality. The study underscores the multifaceted
benefits of phosphorus fertilization in alfalfa cultivation. By optimizing phosphorus application rates,
farmers can achieve significant improvements in both yield and quality of alfalfa, while also
enhancing soil health. Future research should aim to refine these application rates and investigate
the long-term implications of continuous phosphorus use, ensuring sustainable and productive
alfalfa farming practices.
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Abstract
Article Info Organic farming is gaining recognition as a viable alternative to conventional methods,
Received : 08.12.2023 promising soil health preservation and sustained crop productivity with economic
Accepted : 21.07.2024 benefits. This study evaluated the physiological, growth, and yield responses of the

Available online: 25.07.2024 PSB Rcl8 rice variety and appraised its economic feasibility under different
production systems. The experiment was laid out in Randomized Complete Block
Design (RCBD) with four replications and three treatments: T1-best bet organic
Author(s) production system, T2-farmers’ organic production system in Leyte, and T3-farmers’
K.L.Quion * P~ conventional production system in Leyte. The crop growth rate (CGR) of PSB Rc18
remained consistent across the different systems. However, the Net Assimilation Rate
(NAR) peaked significantly between 42-56 days after transplanting (DAT) in the T2.
Additionally, the Leaf Area Index (LAI) in T1 was comparable to that of T3. Rice grown
* Corresponding author under T1 reached heading and maturation earlier than T3. Although T3 produced the
highest fresh straw, most productive tillers, and heaviest total biomass, the grain yield
was similar across all production systems. Economically, T2 outperformed with a
superior benefit-cost ratio of $0.55 and $0.94 per USD invested, considering both
regular and premium prices for organic palay. These findings highlight organic
farming practices' economic and agronomic viability, suggesting that promoting
organic farming can be a beneficial alternative to conventional methods in Leyte. This
study underscores the potential for integrating organic practices to enhance
sustainability and economic outcomes in rice production, making both T1 and T2

significant options for farmers in Eastern Visayas.

Keywords: Organic production systems, physiological response, profitability
analysis.
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Introduction

Rice (Oryza sativa L.) is a critical staple food for 2.7 billion people, predominantly cultivated by several global
farmers. Its production exhibits remarkable sustainability and productivity. In comparative terms, irrigated
rice boasts significantly higher productivity levels—approximately 100 times more than upland rice, over 12
times more than deep-water rice, and five times more than rainfed rice (Fairhurst and Dobermann, 2002;
Mamiit et al., 2021).

In the Philippines, rice serves as the primary food for most Filipinos, yet the total lowland rice cultivation area
inadequately caters to the escalating national demands. Eastern Visayas, for instance, allocates only 34% of
its land to rice production, yielding an average of 3.44 t ha'l, lower than the national average of 4 t hal
(PhilRice, 2022). This lower yield is mainly due to the area's susceptibility to tropical storms and ineffective
soil and environmental management techniques. Xu et al. (2016) emphasize that enhancing crop management
practices to achieve higher productivity, profitability, and environmental sustainability hinges on integrating
appropriate nutrient management strategies with agronomic practices.
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However, significant reliance on chemical fertilizers for nutrient management often leads to lower grain yields
in intensified rice cropping (Cassman and Pingali, 1995; Patra et al.,, 2016; Gaurana and Ratilla, 2020). The
continual use of chemical fertilizers harms soil health, water sources, and air quality, impacting the soil's
physical, chemical, and biological properties (Savci, 2012; Chandini et al., 2019). Surekha et al. (2012) further
highlight that conventional fertilizer usage in rice production could lead to long-term soil degradation,
adversely impacting productivity.

Organic farming is recognized as a more sustainable option for maintaining soil health and productivity
(Surekha and Satishkumar, 2014). Organic production, supported by organic nutrient sources, promotes
balanced nutrient release to plants, fostering soil fertility over time (Surekha et al,, 2012). While organic
farming typically yields less grain than conventional methods (R66s et al., 2018), it proves more resilient to
extreme weather conditions such as drought, flooding, or waterlogging (Wani et al,, 2013; Heckelman et al.,
2018). While historical data may suggest that organic cropping systems are less profitable than conventional
systems (Dobbs and Smolik, 1977), recent findings assert that organic farming can be more profitable
(Crowder and Reganold, 2015; Reganold and Wachter, 2016; Gaurana and Ratilla, 2020).

Despite the potential benefits, the specific effects of organic farming on the physiological, growth, and yield
responses of rice varieties in Eastern Visayas are not well-documented. Additionally, there is limited
information on the economic feasibility of organic farming practices in this region. Understanding
physiological parameters such as leaf area index (LAI), net assimilation rate (NAR), and crop growth rate
(CGR) associated with different production systems is imperative to identify the factors limiting the yield of
lowland rice. Elevated yield directly correlates with increased dry matter production (Peng et al., 1999;
Hasegawa, 2003). Nevertheless, dry matter production varies based on genotype, environmental conditions,
and cultivation practices (Quang Duy et al., 2004).

This study aims to fill this gap by evaluating the physiological, growth, and yield responses of the PSB Rc18
rice variety under different production systems. Specifically, it investigates how organic and conventional
farming practices affect these parameters and their economic feasibility. By addressing these aspects, the
study seeks to provide insights into the viability of organic farming as an alternative to conventional methods
in the Philippines, particularly in regions like Eastern Visayas. This research aims to assess the impact of
different production systems on the CGR, NAR, LAI, and growth and yield performance of PSB Rc18 and to
analyze the economic benefits of organic and conventional farming practices.

Material and Methods

The research took place at the experimental area of the Department of Agronomy, Visayas State University,
Visca, Baybay City, Leyte, Philippines (10244’45”N 124°47°33”E) from August to December 2017. Before
planting, a comprehensive soil analysis was undertaken, considering the preceding cropping. Soil samples per
treatment per replication were collected from the experimental area before land preparation at a 0-20 cm
depth.

These samples were air-dried, pulverized, and sieved using 2.0 mm wire mesh and were submitted for the
analysis of soil pH (1:2.5 soil water ratio; ISRIC 1995), organic matter content (%) (Modified Walkley Black
Method, PCARR 1980), total N (%) (Modified Kjeldahl Method, Nelson and Sommers, 1982), available P (mg
kg-1) (Modified Olsen Method, Olsen et al., 1954) and exchangeable K (meq/100 g) (Ammonium Acetate
Method, ISRIC 1995) at the Central Analytical Services Laboratory (CASL), PhilRootCrops, VSU, Visca, Baybay
City, Leyte, Philippines. Specifically, the soil displayed a range of pH levels from strongly acidic to very strongly
acidic, deficient %0M and %O0C, and low available P. However, the total N content and exchangeable K
exhibited a medium amount based on Landon (1991) indices.

For the final soil analysis, three soil samples were collected after harvesting from each treatment plot in every
replication. These were processed and analyzed for the same aforementioned soil parameters.

Experimental Design and Treatments

The experiment was laid out in RCBD with four replications. Each block was subdivided into three plots
measuring 5 m x 6 m with 2 m alleyways between replications and treatment plots. Treatments are as follows:
T1 : Dbest bet organic production system (green leaf manuring + vermicast [37.26-508.25-13.07 kg N,
P05, K20 ha'!] + vermitea [0.06-4.87-0.32 L N, P20s, K20 ha!] + fermented plant juice [0.94-23.70-

7.02 L N, P20s, K20 ha1] + fermented fruit juice [0.67-3.42-39.06 L N, P,05, K,0 ha'1)
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T2 : organic farmers’ practice in Leyte (vermicast [10.35-141.18-3.63 kg N, P05, K>0 ha-1] + vermitea
[0.04-3.13-0.21 L N, P»0s, K20 ha-1] + fermented plant juice [0.35-8.88-2.63 L N, P05, K;0 ha-1] +
fermented fruit juice [0.67-3.42-39.60 L N, P20s, K>0 ha-1]

T3 : conventional farmers’ practice in Leyte (109.04-17.5-17.5 kg N, P»0s, K>0 ha1)

The organic fertilizers employed in this research underwent nutrient analysis at the Central Analytical
Services Laboratory (CASL), PhilRootCrops, VSU, Visca, Baybay City, Leyte, Philippines, to determine the pH,
total N, P, K, and moisture content (MC). The pH, total N (%), and MC (%) were analyzed using the same
methods for soil analysis. The total P (%) was determined using the Vanadomolybdate Method, and the total
K (%) was measured using Flame Atomic Emission Spectroscopy (FAES) following the protocols outlined by
the Bureau of Soils and Water Management (BSWM, 2014). The nutrient analysis results (Table 1) unveiled
distinctive characteristics among the different organic fertilizers. Vermicast had a near-neutral pH of 6.83,
while Fermented Plant Juice (FPJ) was the most acidic (pH 4.20). Furthermore, vermicast demonstrated the
highest levels of total nitrogen (0.69%) and phosphorus (4.11%), while Fermented Fruit Juice (FF]) recorded
the highest potassium content at 18.18%. Among the utilized nutrient sources, vermicast underscores the
potential for supplying nutrients beneficial for rice crops.

Table 1. pH, organic matter, total N, P, K, and % MC of nutrient sources

Fertilizers pH oM Total Total Total MC
(1:2.5) (%) N (%) P (%) K (%) (%)
Vermicast 6.83 10.34 0.69 411 0.20 69.16
Vermitea 4.53 0.02 0.73 0.09
Fermented Fruit Juice (FFJ) 4.60 0.37 0.83 18.18
Fermented Plant Juice (FPJ) 4.20 0.19 2.07 1.16

Source: Central Analytical Services Laboratory, PhilRootcrops, Visayas State University, Visca, Baybay City, Leyte, Philippines

Before the commencement of the experiment, plots identified under T1 received an application of kakawate
(Gliricidia sepium) as green leaf manure, applied at a rate of 2 kg m-2 and incorporated into the soil before final
land preparation. This was allowed to decompose for two weeks before transplanting. In contrast, T3 was
administered with inorganic fertilizers at a rate of 109.04-17.5-17.5 kg N, P,0s, K>0 ha-1. This involved a basal
application comprising a mixture of 125 kg ha-l complete fertilizer combined with 79 kg ha-! urea, split into
two applications—one given a week after transplanting and the other 15 days later. Following this, urea was
top-dressed at arate of 120 kg ha-1during panicle initiation, which was identified through a visual examination
of the furry tip at the center of the stem. The fertilizers applied were incorporated into the soil after
application.

On the other hand, plots assigned to T1 and T2 received vermicast applications at rates of 5 tha-t and 1.5 t ha-
1, respectively, before the transplanting. Fermented Plant Juice (FP]), FF], and vermitea were employed in T1
and T2 treatments for foliar spray applications. Treatment 1 received weekly applications of vermitea and
alternated with a 10% FPJ solution starting from one week after transplanting and continuing up to the
flowering stage, administered at a rate of 291.66 L ha-! vermitea and 500 L ha-!for FP]. Conversely, T2 was
sprayed weekly with a combination of FP] and vermitea, with a total volume of 375 L ha-1, starting two weeks
after the transplanting until the heading stage. At the panicle initiation phase, FF] was sprayed in T1 and T2
two weeks before harvest. The foliar fertilizers were applied late afternoon, between 4:00-5:00 pm.

Rice Establishment and Maintenance

Lowland rice seedlings were raised using the wet bed method wherein PSB Rc18 seeds weighing 480 g per
treatment were soaked in tap water for 24 hours and incubated for 36 hours. Pre-germinated seeds for T1
were sown in a prepared seedbed enriched with 1 kg m-2 of vermicast. After 21 days, these seedlings were
transplanted at a distance of 20 cm x 20 cm. A day after transplanting (DAT), myko plus was drenched in T1
at 100 g 16 L-1 of water. Replanting was performed five days after transplanting to replace missing hills and
maintain the desired population of 750 hills per plot.

At 5 DAT, the experimental area was irrigated with water to a depth of 2.5 cm. However, during rainy periods,
the water source for irrigation was temporarily closed to prevent excessive flooding. The field was drained
with water two weeks before harvest to promote maturity and facilitate harvesting. Rotary weeding was
performed at 14 DAT, and hand weeding was carried out five days later to manage weeds around the hills.
Subsequently, weeds in dikes were controlled by under-brushing using a sharp sickle. Pests and disease
incidence in the T1 and T2 treatments were addressed by applying panyawan ( Tinospora rumphii) extracts.
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In the case of T3, karate (lambda-cyhalothrin) was sprayed at a rate of 30 mL 16 L-1 of water to control rice
stink bugs (Oebalus pugnax) during the vegetative and flowering stages at intervals of 10 days. During the
heading stage, lannate (methomyl insecticide) was sprayed at a rate of 30 mL 16 L-! of water to manage rice
bugs (Leptocorisa oratorius). During the spraying process, a plastic enclosure was employed around the
conventional treatment plots to prevent contamination of spray mists with other treatments. Harvesting was
done when 85% of the grains within the panicles had ripened. The harvested grains were threshed, cleaned,
and sun-dried to 14% MC before weighing.

Data gathered

Three soil samples were gathered from each treatment plot within each replication upon harvest to assess
potential changes in soil properties following the application of specified treatments. These samples were
analyzed for parameters such as soil pH, % OM, total N, available P, and exchangeable K. For the lowland rice
crops, the collected data encompassed both physiological parameters, including Net Assimilation Rate (NAR),
Crop Growth Rate (CGR), and Leaf Area Index (LAI), and agronomic characteristics, which is the number of
days from sowing to heading and maturity, plant height (cm) and fresh straw yield (t ha'1). The yield and yield
components were the numbers of productive tillers per hill, filled and unfilled grains per panicle, percentage
of filled spikelets per panicle, weight of 1000 grains (g), panicle length (cm), grain yield (t hal) and total
biomass (t ha-1). The Harvest Index, a measure of plant productivity, was computed by dividing the economic
yield (grains) by the biological yield. To ensure accuracy, both grains and the herbage from three sample plants
in each treatment were subjected to oven-drying at 70°C for 72 h before weighing.

A profitability analysis aggregated all expenses incurred during the study, from land preparation to
harvesting. These costs were then subtracted from the gross income. Additionally, net return and the benefit-
cost ratio were calculated as part of the analysis.

Meteorological data, including total weekly rainfall, minimum and maximum temperatures, and relative
humidity throughout the study, were sourced from the Philippine Atmospheric Geophysical and Astronomical
Services Station, Visayas State University, Visca, Baybay City, Leyte.

Statistical analysis

The consolidated data were analyzed using Statistical Analysis Software (SAS) Version 9.2 developed by SAS
Institute. Significant means were compared using Tukey's Honestly Significant Difference (HSD) test.

Results and Discussion
Soil characteristics

The findings from the final soil analysis indicated that most soil parameters were similar across various
production systems, except exchangeable K. Notably, at a depth of 20 cm, the exchangeable K levels in T1 and
T2 were significantly higher compared to T3. This increase could be linked to the higher turnover of rice straw
and residues from previous crop cycles (Table 2). Rice straw contains a substantial amount of potassium
(Dobermann and Fairhurst, 2002), and for this potassium to become available, soil microorganisms need to
decompose the residues. In contrast to the inorganic plots (T3), the organic plots (T1 and T2) received organic
fertilizers like vermicast, vermitea, FF], and FP], potentially enhancing the soil's microbial population. This
suggests that the organic plots (T1 and T2) retained more available nutrients from the added crop residues.

Table 2. Soil analysis of the experimental area before and after the conduct of the study

Treatment pH SOM SoC Total N Avail. P Exch. K
(1:2.5) (%) (%) (%) (mg/kg)  (meq/100g)
Before Planting
T1 = Best bet organic production system 5.08 2.97 1.73 0.34 6.51 0.50
T2 = Organic farmers’ practice in Leyte 5.05 2.82 1.64 0.28 8.63 0.39
T3 = Conventional farmers’ practice in Leyte 4.91 2.81 1.64 0.27 7.43 0.35
CV (%) 4.77 5.03 5.03 27.97 29.11 33.01
After Planting
T1 = Best bet organic production system 5.13 2.66 1.55 0.21 7.10 0.362
T2 = Organic farmers’ practice in Leyte 5.15 2.56 1.49 0.16 5.21 0.34ab
T3 = Conventional farmers’ practice in Leyte 5.09 2.43 1.41 0.16 4.93 0.19v
CV (%) 1.07 1134 11.34 20.42 25.88 24.58

Treatment means within a column without a letter or followed by a common letter(s) are not significantly different at a 5%
level of significance using HSD
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Physiological Response

Figure 1 reveals that the various production methods influenced the NAR of rice, specifically between 42-56
DAT, whereas the CGR did not differ significantly. Nevertheless, numerical data showed increased CGR from
14-56 DAT, followed by a decline as the crop matured due to some senescence. This trend parallels the findings
of Itang (2014) and Abit (2016), indicating that the increase in CGR during the vegetative stage of rice was
associated with an increased leaf area, allowing for more effective light interception, thereby augmenting
photosynthetic rates and the production of dry matter. As leaves aged and were shed, there was a noticeable
decline in CGR at 60-90 DAT (Mehta et al., 2013). The highest NAR value recorded between 42-56 DAT in rice
grown under T2 may be linked to its upright leaf canopy. Conversely, vigorous growth in T1 and T3 led to
mutual shading among rice plants, potentially contributing to their lower NAR values. Consequently, the
reduced shading in T2 likely facilitated more efficient photosynthetic activity.
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Figure 1. Physiological characteristics of lowland rice (PSB Rc18) under different production systems
Agronomic Response

The study results indicated significant differences in the days to heading and maturity, leaf area index (LAI),
fresh straw yield, and total biomass (Table 3). Notably, rice plants in T1 exhibited an earlier heading and
maturation than those in T3. This result aligns with research by Gaurana and Ratilla (2020), which found that
organic fertilizer application led to earlier heading and maturity compared to inorganic fertilizers. Treatments
1 and 3 recorded higher LAI values than T2, likely due to more significant N application in the former two
production systems. The nutrient analysis (Table 1) reveals that T1 and T3 received relatively higher N inputs
than T2. The higher LAl in T1 may have been influenced by the incorporation of kakawate (G. sepium) as green
leaf manure, the addition of vermicast, and weekly foliar spraying of fermented plant juice (FP]), which
supplied substantial N, resulting in larger and broader leaves. Similarly, the application of 109.04 kg ha-l of
nitrogen in T3 contributed to the elevated LAI values, consistent with the findings of Vaesen et al. (2001) that
increased nitrogen application positively impacted the LAI of lowland rice.

Table 3. Days from sowing to heading and maturity, plant height, leaf area index, fresh straw yield and total biomass of
lowland rice (PSB Rc18) under different production systems

Days from Plant Leaf Fresh Straw Total
Treatments sowing to Height Area Yield biomass
Heading Maturity (cm) Index (t/ha) (t/ha)
T1 = Best bet organic production system 83.00¢ 126.000 110.58 5.662 22.02b 24.95b
T2= Organic farmers’ practice in Leyte 88.00>  126.000 102.53 3.64b 19.40v 21.84¢
T3 = Conventional farmers’ practice in Leyte  89.002 133.0072 114.13 8.502 29.202 31.292
CV (%) 0.00 0.00 7.40  23.80 5.86 4.38

Treatment means within a column without a letter or followed by a common letter(s) are not significantly different at a 5%
level of significance using HSD
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In contrast, T3 exhibited a notably higher fresh straw yield and total biomass among the different production
systems, likely due to the rapid conversion of urea into readily available N for rice plants. This differs from
organic amendments, where a significant portion of the N is released after mineralization (Dash et al,, 2011).
Treatments 1 and 2, which rely on organic fertilizers, contained lower N amounts, approximately 37.26 kg and
10.35 kg ha-1, along with 1.67 L ha-tand 1.06 L ha-1 from foliar supplements, respectively, in comparison to T3,
which received 109.04 kg N ha-l. Similar findings have been reported by Mannan et al. (2010) and Cagasan
and Tamayo (2016), emphasizing that higher N rates significantly increase the fresh straw yield of lowland
rice. This increased fresh straw yield in T3 also translated into higher total biomass, in line with the results
obtained by Gaurana and Ratilla (2020) and Dela Pefia (2017). Among the parameters related to yield and
yield components assessed, the number of productive tillers and panicle length significantly varied among the
production systems (Table 4 and 5). Treatment 3 yielded the highest number of productive tillers, followed
by T1. This result is consistent with the findings of Cagasan and Tamayo (2016), demonstrating that inorganic
fertilizer application resulted in increased tiller production. Additionally, longer panicles were observed in
both T1 and T3, likely due to the higher N supply. Nitrogen was found to substantially influence panicle
formation and elongation, consistent with Pramanik and Bera (2013) and Gaurana and Ratilla (2020).

Table 4. Number of productive tillers, filled and unfilled grains, and percent filled grains per panicle of lowland rice (PSB
Rc18) under different production systems

No. of No. of grains per panicle Percent filled
Treatments productive spikelet per
tillers Filled Unfilled panicle
T1 = Best bet organic production system 15.50p 100.75 63.00 61.45
T2 = Organic farmers’ practice in Leyte 11.50¢ 93.50 48.73 65.58
T3 = Conventional farmers’ practice in Leyte 18.002 80.75 60.05 57.51
CV (%) 5.88 11.25 19.31 9.19

Treatment means within a column without a letter or followed by a common letter(s) are not significantly different at a 5%
level of significance using HSD

Table 5. Panicle length, weight of 1000 grains, grain yield, and harvest index of lowland rice (PSB Rc18) under different
production systems

Panicle length  Weight of 1000  Grain yield

Treatments (cm) arains () (t/ha) Harvest index
T1= Best bet organic production system 25.42a 23.22 2.93 0.35
T2 = Organic farmers’ practice in Leyte 23.48b 23.91 2.44 0.36
T3 = Conventional farmers’ practice in Leyte 25.452 22.55 2.09 0.27
CV (%) 2.63 3.89 18.91 16.09

Treatment means within a column without a letter or followed by a common letter(s) are not significantly different at a 5%
level of significance using HSD

Despite T1 and T3 displaying longer panicles, there were no significant differences in grain yield across the
various production systems. This may be due to the compensatory effects of comparable 1000-grain weight,
number of filled grains, percentage of filled spikelets per panicle, and harvest index, among other factors.
Despite T1 and T3 receiving relatively higher nutrient inputs, T2 utilized its available nutrients more
efficiently. However, it is imperative to acknowledge the external factors contributing to the observed
reduction in grain yield. Notably, the influence of three tropical storms during the heading and grain-filling
stages underscores the susceptibility of rice crops to adverse weather conditions (Yoshida, 1981). Moreover,
the residual crop from the previous cultivation could have depleted soil nutrients, given that no amendments
were added to the prior crop. Residual cropping can consume available nutrients in the soil through nutrient
mining (Syers, 1997). However, continuous application of organic amendments may increase grain yield in
lowland rice production.

Profitability analysis

In this study, the net income recorded lower values than the preceding five croppings (Table 6 and 7). This
decline might be attributed to the impact of tropical storms occurring during critical growth stages heading
and grain-filling stages. However, despite this, all production systems remained profitable, recovering their
production costs. Considering the current market price of $0.34 kg1 of ordinary palay in the locality, T2
achieved the highest net return of $296 ha-1, with the most favorable benefit-cost ratio of USD 0.55. Following
T2, T3 acquired a net return of $217 ha-1, with a benefit-cost ratio of USD 0.44. Even though T1 obtained the
highest grain yield, it incurred more significant production costs due to expensive vermicast, resulting in a
lower net return of $20 ha-1and a benefit-cost ratio of USD 0.02.
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Table 6. Cost and return analysis of lowland rice (PSB Rc18) under different production systems following the price
of ordinary rice

Treatments Grain Gross Production Net Benefit Break
yield Income** Cost Income CostRatio Even Yield
(t/ha) (USD/ha) (USD/ha) (USD/ha) (USD) (kg/ha)
T1 = Best bet organic production system 2.93 996 976 20 0.02 2,870.55
T2 = Organic farmers’ practice in Leyte 2.44 830 534 296 0.55 1,570.55
Ts = Conventional farmers’ practice in Leyte  2.09 711 494 217 0.44 1,451.85
Mean 2.49 845 668 178 0.34 1,964.32

**Based on the price of unmilled rice at farm gate price at $0.34/kg

Table 7. Cost and return analysis of lowland rice (PSB Rc18) under different production systems following the
premium price for organic rice

Grain Gross Production Net Benefit Break
Treatments Yield Income** Cost Income CostRatio Even Yield
(t/ha) (USD/ha) (USD/ha)  (USD/ha) (USD) (kg/ha)
T1 = Best bet organic production system 2.93 1,245 976 269 0.28 2,296.44
T2 = Organic farmers’ practice in Leyte 2.44 1037 534 503 0.94 1,256.44
T3 = Conventional farmers’ practice in Leyte  2.09 711 494 217 0.44 1,451.85
Mean 2.49 998 668 330 0.55 1,668.24

**Based on the price of unmilled organic rice at $0.43/kg (T1 and T2)

However, considering the potential sale of organic rice at a premium price of $0.43 kg-1, T2 continued to exhibit
the highest net return of $503 ha-1and a cost-benefit ratio of USD 0.94. T1 also generated a net return of $269
ha! with a cost-benefit ratio of USD 0.28, surpassing the net return of T3. Through assessments based on
break-even yield, net income, and benefit-cost ratios, all three production systems exhibited the capability to
recover their production costs under adverse climatic conditions. Nevertheless, when exposed to adverse
conditions, T2 demonstrated relative practicality, profitability, and resilience advantages. Despite T1
achieving a relatively high grain yield in unfavorable conditions, its higher production costs did not equate to
increased net returns. Consequently, these results suggest that T2 represents a potential option capable of
competing with T3, albeit highlighting the need to optimize its nutrient application further. Furthermore,
multiple researchers have highlighted the benefits of organic rice farming, including energy efficiency
(Mendoza, 2004), improvements in soil physical, fertility, and biological properties (Ramesh et al., 2010),
enhanced adaptive capacity, mitigation potential, reduced vulnerability (Heckelman et al., 2018), and
assurance of food safety for consumers and producers (Sirieix, 2011; EFIC, 2013).

Meteorological data

Figure 2 illustrates the total rainfall accumulation throughout the experimental period, amounting to 2,255.50
mm. The highest recorded rainfall was documented during week 17, reaching 556.60 mm, followed by week
9 with 441.30 mm, while the lowest rainfall occurred during week 2, with 25.40 mm. The substantial increase
in rainfall during weeks 9 and 17 can be attributed to the influence of tropical storms "Lan," "Kai-tak," and
"Tembin." As per established standards, the total water requirement for rice typically stands at approximately
1,200 mm (Yoshida, 1981). Week 9, identified as the early vegetative stage in this study, experienced
continuous rainfall. Yu et al. (2016) highlighted that prolonged rainy periods during this stage adversely
impact the tillering stage, ultimately resulting in reduced grain yields. Conversely, week 17 marked the milking
and dough stages, in which strong winds accompanying tropical storms "Kai-tak" and "Tembin" led to lodging
and grain shattering.

An interesting observation among the production systems was that 50% of the rice plants in T3 experienced
lodging at an angle of 60°. In contrast, all rice plants in the organic treatments (T1 and T2) remained upright.
This finding suggests that rice plants cultivated under organic production systems exhibit greater resilience
to adverse weather conditions, such as tropical storms. This aligns with the findings of Heckelman et al.
(2018), emphasizing that paddy rice grown under organic systems demonstrates enhanced climate resilience
compared to conventional methods.

On the other hand, the recorded minimum and maximum air temperatures fluctuated between 21-27.50°C
and 27.50-35.80°C, respectively. These temperatures conformed to the optimum requirement of growing
paddy rice for average growth and development, which ranges from 25-35°C (Shimono et al, 2002).
Additionally, the relative humidity levels throughout the study period ranged from 78.50% to 92.42%,
consistently within the required range for paddy rice cultivation.
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Figure 2. Total weekly rainfall, average weekly minimum and maximum temperature and relative humidity during
the conduct of the study (August 21 - December 30, 2017)

Conclusion

The crop growth rate (CGR) remained consistent across all systems, while the organic system in Leyte (T2)
demonstrated the highest net assimilation rate (NAR) between 45-56 days after transplanting (DAT). The leaf
area index (LAI) in the optimal organic system (T1) was comparable to that of the conventional system (T3),
which, despite having more productive tillers and higher total biomass, produced a grain yield similar to that
of other systems. Economically, all systems were profitable, but T2 achieved a superior benefit-cost ratio, with
$0.55 and $0.94 per USD invested at regular and premium organic palay prices, respectively. These results
align with existing literature suggesting that organic farming can yield comparable results to conventional
methods while enhancing economic returns and sustainability. However, the study's focus on a single rice
variety and specific regions may limit generalizability, highlighting the need for further research on different
varieties and regions. Despite these limitations, the study underscores the potential of organic farming
practices to provide significant economic and environmental benefits, promoting their broader adoption in
agricultural practices.
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Abstract
Article Info Urban environments worldwide face toxic heavy metal pollution originating from
Received : 11.03.2024 industrial discharge, municipal waste disposal, vehicular emissions, and atmospheric
Accepted : 21.07.2024 deposition. Kazakhstan, experiencing accelerated economic growth and extensive

Available online: 25.07.2024 Mmining activities, contends with widespread heavy metal contamination in its soil-
plant-air-water ecosystems. This study explores the potential of hyperaccumulating
plants for phytoremediation in urban soils of Kazakhstan contaminated with Pb, Cd,

Author(s) and Co. Twelve plant species, including Korean Mint (Lamiaceae), Ornamental

Cabbage (Brassica oleracea), Ageratum (Ageratum houstonianum), Coneflower
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F.Imanbek =, (Echinacea purpurea), Amaranth (Amaranthus Perfect and Amaranthus Emerald),
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G.A.Jamalova M nana), White Cabbage (Brassica-Cavolo cappuccino BIANKO), Tepary Bean (Phaseolus

N.E.Kalogerakis % acutifolius), and Rapeseed (Brassica napus), were evaluated for growth and biomass

K.R.Islam * =4 production in urban soils spiked with two maximum permissible addition (MPA)
treatments of Pb, Co, and Cd. The selected plants demonstrated varied responses to
heavy metal stress, with Marigold (8.4 g shoot biomass/plant), Korean mint (10.5 g
shoot biomass/plant), Rapeseed (19.9 g/shoot biomass), and Tepary bean (25.9 g
shoot biomass/plant) exhibiting resilience or tolerance to Pb, Co, and Cd stresses. The
results highlight the significant potential of these plants for efficient
phytoremediation, showcasing their unique abilities to absorb and accumulate
specific metals. Marigold, particularly, displayed noteworthy Pb accumulation (40.3
mg/kg biomass), resulting in reduced residual Pb concentrations in the soil (74.7
mg/kg). Conversely, White cabbage and Amaranth showed limited efficiency in Cd
extraction, while Rapeseed and Tepary bean emerged as promising candidates for Cd
phytoremediation. This study emphasizes the critical role of tailored plant species
selection in designing effective phytoremediation strategies for specific metal-
contaminated urban sites. A comprehensive understanding of the dynamics of metal
accumulation and residual concentrations is crucial for the development of
sustainable and efficient environmental remediation approaches. Further research is
warranted to explore the long-term effects of different plant species on soil metal
concentrations, refining and optimizing phytoremediation methods for urban soils
grappling with toxic heavy metal contamination.
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Introduction

Urban soils are susceptible to heavy metals pollution from both point and non-point sources, including
industrial discharge and emissions, chemical plants and spillage of petrochemicals, utilities and energy
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production, burning of fossil fuels, disposal of metal wastes, municipal waste disposal, and atmospheric
deposition in response to human activities globally (Wei and Yang, 2010; Kakimov et al., 2013; Tefera et al,,
2018; Yelikbayev et al,, 2020; Silva et al., 2021; Toishimanov et al., 2023). The movement of traffic vehicles
also emits heavy metals through various sources such as exhaust gases, incomplete fuel combustion, fuel
additives, oil leaks, lining rupture, tire wear, and car washing (Amato et al.,, 2014; Werkenthin et al,, 2014).
Additionally, suspended particles from atmospheric emissions contribute to soil contamination and can be re-
suspended as fugitive dust into the atmosphere (Woszczyk et al,, 2018).

Heavy metals commonly found in urban contaminated soil-plant-air-water ecosystems include lead (Pb),
chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd), copper (Cu), mercury (Hg), and nickel (Ni) in high
concentrations (Minkina et al., 2014; Doabi et al., 2018; Woszczyk et al., 2018; Ramazanova et al., 2021; Silva
et al.,, 2021). While Pb makes up about 14.8 mg/kg of the earth's crust (Wedepohl, 1995), it enters urban soil
from vehicle exhaust gases and with dust and gases from various industrial facilities (Amato et al., 2014;
Werkenthin et al, 2014). In soils, Pb accumulates for a long time, because it is not biodegradable. As it
accumulates in soil-plant ecosystems, it becomes toxic to soil biology and public health (Zaborowska et al.,
2016; Khanam et al., 2020). Likewise, Co is about 24 mg/kg of the earth's crust (Wedepohl, 1995), but it
released into urban soils mainly from industrial sites when fossil fuels are burned (Li, 2001). In contrast, Cd
makes up about 100 pg/kg of the earth's crust (Wedepohl, 1995), it sourced from the mining and metallurgical
industries, fertilizers, and sewage sludge (Zaborowska et al., 2016).

Soils are the major sink for heavy metals especially Pb, Cd, and Co due to their persistence against biological
or chemical degradation which can lead to an increased uptake by plants and their accumulation in living
organisms (Gebrekidan et al,, 2013; Doabi et al,, 2018; Amoakwah et al.,, 2022). However, these metals do not
have any biological function in public health or plant nutrition and are thus considered nonessential elements.
Soil contamination with these toxic heavy metals, even at low concentrations, can disrupt the activity and
biodiversity of ecological systems and cause a wide range of public health disorders, including cancers (Li et
al,, 2018; Ramazanova et al., 2021).

Due to the accelerated economic growth and indiscriminate mining activities, soil-plant-air-water ecosystems
contaminated with heavy metals is common in Kazakhstan (Diacono et al., 2008; Kaliaskarova et al,, 2019;
Baubekova et al., 2021; Toishimanov et al., 2023; Zhyrgalova et al., 2024). Several research studies have
suggested widespread contamination of urban soils in Kazakhstan with persistent heavy metals such as Pb,
Cu, Va, Zn, Cd, and Co (Iztileu et al., 2016; Aiman et al., 2018; Muzychenko et al., 2017; Baubekova et al., 2021;
Naimanova et al, 2024). These contaminants pose significant environmental risks and human hazards
through direct ingestion or contact with contaminated ecosystems and the food chain, necessitating urgent
remediation efforts (Baubekova et al.,, 2021; Ramazanova et al., 2021).

While chemical and physical methods are widely used for remediating and/or neutralizing heavy metal-
contaminated soils, they often entail significant environmental trade-offs. Techniques such as soil excavation,
chemical leaching, and thermal desorption are expensive and labor intensive, and can substantially disrupt
the ecological balance of the treated site, resulting in potential drawbacks (Naimanova et al., 2024). Given the
crucial need to address the growing heavy metals pollution concerns, research efforts must concentrate on
proactive remediation of toxic heavy metals pollution-laden urban soils using environmentally compatible
approaches. One such approach is phytoremediation, which involves using suitable plants that are highly
adaptive and capable of growing in soils contaminated with heavy metals (Cho-Ruk et al., 2006; Yelikbayev et
al.,, 2020; Toishimanov et al., 2023). These plants produce biomass with extensive root systems that actively
absorb heavy metals from the soil and translocate them from root to shoot. This process allows the plants to
bind and accumulate large amounts of heavy metals in their shoots without any visible phytotoxic effects,
thereby acting as hyperaccumulators to remediate and rehabilitate contaminated sites (Marques et al., 2009;
van der Ent et al,, 2013; Yan et al., 2020).

Itis reported that more than 500 plant species in 101 families, including members of Asteraceae, Brassicaceae,
Caryophyllaceae, Cyperaceae, Cunouniaceae, Fabaceae, Flacourtiaceae, Lamiaceae, Poaceae, Violaceae, and
Euphobiaceae, are capable of accumulating various metals (Kramer, 2010; van der Ent et al, 2013).
Accumulation of metals occurs in approximately 0.2% of all angiosperms, especially in Brassicaceae (Kramer,
2010; Marques et al,, 2009; Yan et al,, 2020). Previous studies have indicated that though the heavy metals
like, Cd, Pb and Ni are non-essential for plant growth, they are readily taken up and accumulated by certain
plants (Cho-Ruk et al,, 2006). These plants can accumulate Cd, As and some other traces of metals at-least
0.01%, Co, Cu, Cr, Ni and Pb 0.1%, and Mn and Ni 1% in dry-weight of shoot biomass (Reeves and Baker, 2000).
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The maximum permissible addition (MPA) of the heavy metal / metalloid content in the soil is the key criteria
to standardize the soil contamination (Vodyanitskii, 2016). While the MPAs of Cd, Co, and Pb are 0.76, 34, and
55 mg/kg, respectively, the concentration of heavy metals in urban soils of Kazakhstan, in some instances,
exceeded their limits. Therefore, Pb, Cd, and Co pollution of urban soils poses a great potential threat to the
environment and human health in Kazakhstan. Our hypothesis was that plants with inherent tolerance and
capability for increased uptake and accumulation of toxic heavy metals would provide a proactive approach
to phytoextraction in contaminated urban soils. The objective of our research was to evaluate the growth and
shoot biomass production of diverse plants and their performance in phytoextraction of Pb, Cd, and Co from
spiked contaminated urban soils.

Material and Methods

Soil properties

The pot culture experiment was conducted at the greenhouse in the Dept. of Chemical Processes and Industrial
Ecology at Satbayev University, Almaty, Kazakhstan during 2021-2022. Composite soils in metropolitan
Almaty were collected at 0-30 cm depth. Initial analyses have shown that soil had total organic carbon (SOC)
17. 6 g/kg, total phosphorus 4.7 g/kg, calcium carbonate 1.21 +%, pH 8.1, cation exchange capacity 31.6 1
cmol./kg, total silica 143, aluminum 53, magnesium 4.7, potassium 26.5, iron 5.4, and titanium 5.4 g/kg,
respectively. Total cobalt (Co), lead (Pb), and cadmium (Cd) concentrations were 13, 27, and 4.1 mg/kg,
respectively.

Table 1. Heavy metals type, dose (MPA, maximum permissible addition), and name of the plants used in the experiment.

Heavy metal Soil + 2 MPA = Total (mg/kg soil) conc. Latin or botanical name Common name
13+48 =61 Lamiaceae Korean Mint
Cobalt 13+48 =61 Brassica oleracea Cabbage ornamental
13+48 =61 Ageratum houstonianum Ageratum
13+48 =61 Echinacea purpurea Coneflower
27+110 =137 Amaranthus Amaranth Perfect
Lead 27+110 =137 Festuca glauca Fescue
27+110=137 Kochia scoparia Burning bush
27+110=137 Tagetes patula nana Marigold
4.1+1.5=5.6 Amaranthus Amaranth Emerald
Cadmium 4.1+1.5=5.6 Brassica-Cavolo cappuccino BIANKO White cabbage
4.1+1.5=5.6 Phaseolus acutifolius Tepary bean
4.1+1.5=5.6 Brassica napus Rapeseed

Experimental design and cultural practices

A completely randomized design was followed to conduct the study with 12 different locally grown plant
species (Figure 1), three different heavy metals (such as Co, Pb, and Cd), and replicated six times (Table 1).
Prior to initiate the experiment, about 400 g of perlite was placed in plastic pots (height 19 cm x diameter 20.5
cm, with a surface area of 330 cm2) followed by filling with 5 kg of air-dried soil on the top of perlite layer.
Required volume of distilled water was added to the pot from the top and then allowed to equilibrate the soil
moisture content.

For our experiment, Pb, Cd, and Co solutions were added based on a concentration of two MPA, which was
calculated based on the following equation (Vodyanitskii, 2016):

MPA (mg/kg) = NOEC: 10
where the NOEC stands for no observed effect concentration, i.e., the maximal concentration exerting no
significant influence on the growth and reproduction of the test organisms, and 10 is a coefficient.

Pb, Cd, and Co solutions were prepared with concentrations of 2 MPA, equivalent to 110, 1.5, and 48 mg/kg,
respectively. Exactly 21.98, 0.596, and 29.63 g of Pb(NO3);, CdS04.8H:0, and Co(NO3)2.6H20 salts were
dissolved in 800-mL of distilled water followed by addition of 10-mL of conc. HNO3 and volume to 1-L solution
for the respective 2 MPA solution of Pb, Cd, and Co. The 2 MPA solutions of Pb, Cd, and Co were added to the
soil to bring the total concentration of Pb, Cd, and Co at 137, 5.6, and 61 mg/kg, respectively (Table 1).

After 3 days, 50 ml of distilled water was added to the surface of each pot, and then poured back the drainage
into each pot in four repeated cycles for unform contamination of soils. The spiked contaminated soil was
allowed to equilibrate for 33 days in order for Pb, Co, and Cd to react and bind to the soil. Once the
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experimental soils were equilibrated with the Pb, Co, and Cd, randomly selected six seeds of each plant were
sown in potted soil as per treatments. Immediately after germination, the plant seedlings were watered daily
as required, based on evapotranspiration. A basal dose of NPK fertilizers was applied to maintain uniform soil
fertility for all experimental plants.

Figure 1. Experimental set-up with growing plants under greenhouse condition.

Analysis of soil chemical and physical properties

Composite field-moist soils collected prior to initiate the experiment were air-dried under shade at room
temperature (25 °C) for a period of 15 days, ground with agate mortar and pestle, and 2-mm sieved. Soil pH
was determined soil: distilled water suspension (1:5) following the standard glass electrode method (GOST
26423-85). Total soil organic carbon was analyzed, based on wet oxidation of soil with potassium dichromate
and concentrated sulfuric acid following Tyurin colorimetric method (Jankauskas et al., 2006). Determination
of carbonate in soils was performed by volumetric calcimeter method. The Kappen method was used to
determine cation exchange capacity of soil (GOST 27821-88). Total silica, aluminum, magnesium, potassium,
iron, and titanium was determined using an X-ray fluorescence energy-dispersive spectrometer PANalytical
Epsilon-3. Soil particle size analysis (sand, silt and clay contents) was performed by pipette method (GOST
12536-2014).

Plant heavy metals analysis

After 90 days of plant growth, the shoot biomass was harvested at the base, weighted, and oven-dried at 55+2°
C for a period of 24 hr. until a constant was obtained. A portion of the oven-dried shoot biomass was ground
with a Wiley Mill® grinder, sieved with a 125 pm mesh prior to digest, and analyze Cd, Co, and Pb using the
standard EPA-3052 method (https://www.epa.gov/sites/default/files/2015-12/documents/3052.pdf).

Briefly, a 0.2 g processed sample was mixed with 3: 1: 1 mL ratio of HCl, HNO3, and HF in standard Teflon tubes
(vessels) for microwave digestion using the Speedwave Xpert DAP-60+ program (Table 2). After digestion, the
digestates were allowed to cool and then diluted with distilled deionized water. The diluted samples were
filtered using Whatman® filter paper to obtain clear aliquots. These aliquots were then analyzed for Cd, Co,
and Pb using the Integrated Coupled Plasma Optical Emission Spectrophotometer Optima 8300, manufactured
by Perkin Elmer Inc., USA.

Table 2. Program: Speedwave Xpert - DAP-60 +

Step 1 2 3
Time (°C) 170 190 240
Pressure (bar) 50 50 50
Power (%) 80 90 100
Ta (min.) 2 2 2
Time (min) 10 20 30

Soil heavy metals analysis

After plant biomass harvest, soil samples collected from each replicated pot were air-dried under shade at
room temperature (~ 25 °C) for a period of 15 days, ground with a agate mortar and pestle, and 250 pm sieved
prior to analyze. Soils collected prior to establishing the experiment were also processed and analyzed for Pb,
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Co, and Cd concentrations in a similar manner, following the standard EPA-3052 method for heavy metals
analysis (https://www.epa.gov/sites/default/files/2015-12/documents/3052.pdf).

Briefly, a 0.2 g sample of processed soil was mixed with 3: 1: 1 mL ratio of HCl, HNO3, and HF in standard
Teflon tubes (vessels) for microwave digestion at high power using the Speedwave Xpert DAP-60+ program
(Table 2). After digestion, the Teflon tubes were allowed to cool at room temperature, and the digestates were
diluted with distilled deionized water, filtered with Whatman filter paper, and analyzed for Cd, Co, and Pb
concentration by the Perkin Elmer Optima 8300 Integrated Coupled Plasma-Optical Emission Spectrometry.

Quality analysis / quality control

After every 10 samples, a QC/QA sample prepared from certified standard solutions of Cd, Co, and Pb were
determined to verify the analytical stability and quality with a relative standard deviation of QA/QC (5 to
10%). The detection limits of heavy metals such as Cd, Co, and Pb were 0.2, 0.2, and 0.3 pg/L, respectively.
Analytical precision as determined by QA/QC procedures, reagent blanks, and internal standards, was better
than +10%.

Statistical analysis

One-way analysis of variance (ANOVA) was performed to evaluate the effects of selected plants (independent
variable) on phytoremediation of heavy metals (dependent variable). Three separate ANOVAs were used for
Cd, Co, and Pb, respectively. The plants used as an independent variable were considered as a fixed effect.
Prior to the analysis, the normality of the data distribution was checked. Significant effects of the independent
variable associated with Pb, Co, and Cd on plant shoot biomass production, Pb, Co, and Cd uptake in shoot
biomass, and residual Pb, Co, and Cd concentrations in soil were separated by the Least Significant Difference
(LSD) Test (Table 3). The software SAS 9.4 was employed for all statistical analyses, while graphs were created
using SigmaPlot.

Table 3. Heavy metals effect on shoot biomass production and their residual distribution in soil and shoot uptake by
plants (Mean data were presented with F values and one-way analysis of variance).

Shoot biomass Residual metal Metal uptake
Heavy metal Plants used (common name) (g/plant) (mg/kg soil) (mg/kg plant)
Cobalt Korean Mint 10.6 21.3 25.8
Ageratum 7.0 40.0 13.7
Cabbage ornamental 5.6 32.7 18.4
Coneflower 1.8 27.0 221
F-value 194.1 71.6 45.8
Probability > F 0.001 <0.0001 <0.0001
Lead Marigold 8.5 58.7 27.5
Amaranth Perfect 2.0 95.0 26.0
Burning bush 1.4 86.0 28.4
Fescue 1.2 92.0 29.9
F-value 445.2 3.0 6.0
Probability > F 0.015 0.049 0.047
Cadmium Tepary bean 26.1 5.1 0.56
White cabbage 20.1 5.6 0.20
Amaranth Emerald 0.77 5.4 0.32
Rapeseed 0.25 5.0 0.63
F-value 461.1 1.7 1.22
Probability > F 0.002 0.043 0.036

Results and Discussion
Plant shoot biomass production

The application of 2 MPA Pb, Co, and Cd treatments significantly influenced the growth and shoot biomass
production of tested plants used for phytoremediation (Table 3; Figure 2-4). Marigold demonstrated the
highest shoot biomass production (8.4 g/plant) among Pb-treated plants, while Fescue (1.2 g/plant), Burning
bush (1.4 g/plant), and Amaranth (1.9 g/plant) exhibited lower shoot biomass production, indicating their
increased susceptibility to Pb toxicity (Table 3; Figure 2). These findings align with studies suggesting that
Amaranth, Burning bush, and Fescue are adversely affected by Pb, experiencing decreased shoot biomass due
to heightened Pb toxicity susceptibility linked to water and nutritional relations, leading to oxidative damage
(Navabpour et al., 2020). Pb-induced structural changes, reduction in chlorophyll pigments, and altered
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carbon metabolism contribute to the observed negative impact on these plants (Rahman et al.,, 2013; Zulfigar
etal, 2019).

Similarly, Co exerted notable negative effects on the shoot biomass production of Coneflower (1.8 g/plant),
Green cabbage (5.6 g/plant), and Ageratum (6.9 g/plant), whereas Korean mint displayed higher shoot
biomass production (10.5 g/plant) (Table 3; Figure 3). The reduced biomass in coneflower, green cabbage,
and ageratum under Co stress is consistent with previous research indicating that elevated Co concentrations
generate reactive oxygen species (ROS), inhibit root growth, and disrupt nutrient uptake by plants (Valko et
al., 2005; Mahey et al., 2020). Co-induced ROS disrupts photosystem II, the electron transport chain, and
reduces pigments and nitrogen metabolism, contributing to the observed decline in biomass (Tewari et al.,
2002; Ali et al., 2010).

10 14
s = 12 A
€ 81 = LSD = 0.85 (p=0.001)
8 ©
E_ E. 10 +
o2 )
a ¢ LSD =0.54 (<0.0001) =
® 2 87
< ©
E £
9O 4 o 61 T
a r :
b~ -
g 8 4
5 2 2
0 T 0 - .
Amaranthus Perf. Fescue Burningbush Marigold Korean mintGreen cabbage Ageratum  Coneflower
Figure 2. Effects of two maximum permissible addition Figure 3. Effects of two maximum permissible addition
(2 MPA) of lead on shoot biomass production of (2 MPA) of cobalt on shoot biomass production of
Amaranthus, Fescue, Burning bush, and Marigold (Mean Korean mint, Green cabbage, Ageratum, and Coneflower
values were presented with standard error. Means (Mean values were presented with standard error.
separated by same lower-case letter in the bars were not Means separated by same lower-case letter in the bars
significantly different at p<0.05 among the plants). were not significantly different at p<0.05 among the
plants).

Furthermore, White cabbage (0.3 g/plant) and Amaranthus Emarald (0.8 g/plant) displayed significantly
reduced shoot production due to the adverse effects of Cd, contrasting with the higher shoot biomass
production in Rapeseed (19.9 g/plant) and Tepary bean (25.9 g/plant) (Table 3; Figure 4). The decreased
shoot biomass in White cabbage and Amaranthus Emarald under Cd stress aligns with studies highlighting
that Cd damages cells via ROS generation, inhibiting antioxidant enzymes and disrupting proteins (Valko et
al.,, 2005; Bielen et al., 2013). Cd toxicity hampers nutrient uptake, induces oxidative damage, and disrupts
plant metabolism, contributing to the observed reduction in shoot biomass (Gallego et al., 2012; Haider et al,,
2021).

Our results suggest that Marigold, Korean mint, Rapeseed, and Tepary bean exhibit resilience or tolerance to
Pb, Co, and Cd stresses, making them potential candidates for phytoremediation efforts in contaminated
environments. The distinct responses observed among the tested plants underscore the importance of
selecting suitable species for specific metal-contaminated sites, emphasizing their unique capacities to
mitigate the adverse effects of Pb, Co, and Cd toxicity.

Plant uptake of heavy metals

The investigation into shoot biomass concentrations of Pb, Co, and Cd across diverse plant species provides
crucial insights into their metal accumulation capabilities and potential roles in phytoremediation (Table 3).
Marigold emerged as an outstanding accumulator of Pb, exhibiting a remarkable shoot biomass concentration
of 40.3 mg/kg, surpassing Fescue and Burning bush (Table 3; Figure 5). The substantial difference is
highlighted by Marigold's Pb accumulation being 1.3, 1.4, and 1.6 times higher than Fescue, Burning bush, and
Amaranth, respectively. Additionally, Marigold demonstrated a noteworthy 29.6% absorption of Pb from the
soil, showcasing its efficiency in lead uptake and accumulation. In contrast, Fescue, Burning bush, and
Amaranth displayed lower Pb absorption percentages (22%, 20.9%, and 19.1%, respectively), suggesting their
comparatively lower metal-accumulating potential.
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Figure 4. Effects of two maximum permissible addition
(2 MPA) of cadmium on shoot biomass production of

Amaranthus, White cabbage, Tepary bean, and Rapeseed
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were not significantly different at p<0.05 among the
plants).

Figure 5. Lead concentration in Amaranthus, Fescue,
Burning bush, and Marigold shoot biomass under two
maximum permissible addition (2 MPA) of lead in the
soil (Mean values were presented with standard error.
Means separated by same lower-case letter in the bars

were not significantly different at p<0.05 among the

plants).

Distinct responses to Co exposure were observed, with Korean mint exhibiting the highest shoot biomass
concentration (25.8 mg/kg), followed by Coneflower and Green cabbage (Table 3; Figure 6). In contrast,
Ageratum displayed the lowest Co concentration (13.7 mg/kg). The varying Co levels highlight the diverse
abilities of these plants in Co uptake and accumulation. Korean mint, Coneflower, Green cabbage, and
Ageratum absorbed 42.3%, 36.2%, 30.2%, and 22.4% of Co from the soil, respectively, showcasing their
potential roles in Co phytoremediation.

Conversely, Cd concentrations in the shoot biomass remained relatively low, ranging from 0.20 to 0.63 mg/kg
(Table 3; Figure 7). Rapeseed exhibited the highest Cd concentration, while Amaranth and White cabbage
displayed the lowest. The modest variations in Cd levels suggest a limited uptake of this metal. Rapeseed and
Tepary bean, with absorption percentages of 11.2% and 10.1%, respectively, present as potential candidates
for Cd phytoremediation.
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Figure 7. Cadmium concentration in Amaranthus, White
cabbage, Tepary bean, and Rapeseed shoot biomass
under two maximum permissible addition (2 MPA) of
cadmium in the soil (Mean values were presented with
standard error. Means separated by same lower-case
letter in the bars were not significantly different at
p<0.05 among the plants).

Figure 6. Cobalt concentration in Korean mint, Green
cabbage, Ageratum, and Coneflower shoot biomass
under two maximum permissible addition (2 MPA) of
cobalt in the soil (Mean values were presented with
standard error. Means separated by same lower-case
letter in the bars were not significantly different at
p<0.05 among the plants).

The study aligns with existing literature emphasizing that increasing toxic metal levels in the soil lead to
elevated uptake by plants, influencing their metal concentrations (Pb, Cu, Cd, and Zn), particularly in leaves
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(Brown et al,, 1995; Rahman et al., 2013). The observed differential responses among the tested plant species
underscore the importance of selecting appropriate hyperaccumulators based on their metal concentrations.
This information is crucial for developing effective and targeted phytoremediation strategies tailored to
specific metal-contaminated environments. The ability of certain plants, such as Marigold, Korean mint,
Rapeseed, and Tepary bean, to accumulate specific metals highlights their potential utility in environmental
remediation efforts.

Residual heavy metals in soil

The investigation into residual metal concentrations in the soil provides valuable insights into the
effectiveness of various plant species in mitigating Pb, Co, and Cd pollution (Table 3). The highest residual Pb
concentrations in the soil were observed under Amaranth, Burning bush, and Fescue, measuring 96.7, 93, and
90.7 mg/kg, respectively. In contrast, Marigold exhibited the lowest residual Pb concentration of 74.7 mg/kg,
relative to the total Pb concentration of 137 mg/kg in the contaminated soil (Table 3; Figure 5). These findings
suggest that Amaranth, Burning bush, and Fescue may contribute to a prolonged presence of Pb in the soil due
to their limited capacity for uptake and accumulation, while Marigold demonstrates potential for Pb
phytoremediation by reducing residual concentrations.

Soils under Ageratum, Green cabbage, Coneflower, and Korean mint displayed the highest residual
concentrations of Co compared to the total Co concentration (61 mg/kg) in the spiked contaminated soils
(Tabel 3; Figure 6). This indicates that these plant species might have a limited capacity to extract and
accumulate Co from the soil, leading to elevated residual Co concentrations. The persistence of Co in the soil
under these plants underscores the need for careful consideration of plant selection in Co-contaminated
environments.

Conversely, residual soil Cd concentrations were highest under White cabbage and Amaranth, while Rapeseed
and Tepary beans exhibited the lowest concentrations, relative to the total Cd concentration in the spiked
contaminated soils (Table 3; Figure 7). These results suggest that White cabbage and Amaranth may have a
limited ability to extract Cd from the soil, contributing to higher residual concentrations in soil. In contrast,
Rapeseed and Tepary beans demonstrate potential for Cd phytoremediation by reducing Cd concentrations in
the soil.

The observed variations in residual metal concentrations in soil highlight the importance of plant species
selection in phytoremediation strategies. While certain plants may effectively reduce metal concentrations in
the soil, others may contribute to the prolonged presence of metals. Understanding the dynamics of residual
metal concentrations is crucial for designing sustainable and efficient phytoremediation approaches tailored
to specific metal-contaminated environments.

Conclusion

Marigold exhibits resilience to Pb toxicity, while Fescue, Burning bush, and Amaranth show heightened
susceptibility. Similarly, Coneflower, Green cabbage, and Ageratum display reduced biomass under Co stress,
contrasting with Korean mint. White cabbage and Amaranthus Emarald exhibit reduced shoot production
under Cd stress, unlike Rapeseed and Tepary bean. Marigold, Korean mint, Rapeseed, and Tepary bean emerge
as potential candidates for phytoremediation. The diverse responses underscore the importance of tailored
species selection for specific metal-contaminated sites. Insights into metal accumulation capacities highlight
the pivotal role of plant selection in effective environmental remediation strategies. Further research is
needed to understand long-term effects of heavy metals concentrations in soil and to refine phytoremediation
approaches.
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Accepted : 08.08.2024 Suraxani, and Baku, and to evaluate the impact of this contamination on soil

Available online: 12.08.2024 properties. Soil samples were analyzed for Total Petroleum Hydrocarbons (TPH) and
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Author(s) significant contamination across all studied areas, particularly in Suraxani, where
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Introduction

Environmental pollution has become a significant global issue, driven by rapid industrial development and
energy production activities. Among the various forms of pollution, soil contamination is particularly
concerning due to its lasting impact on ecosystems. Soil pollution primarily occurs through the introduction
of pollutants such as petroleum hydrocarbons and heavy metals, leading to severe adverse effects on
vegetation, water quality, and overall biodiversity (Sushkova et al., 2020; Rajput et al., 2022; Dudnikova et al.,
2023). The degradation of the physical, chemical, and biological properties of contaminated soils poses a
threat not only to natural ecosystems but also to human health (Minnikova et al., 2022).

The environmental challenges in Azerbaijan can be traced to several key historical and political factors (Sanal,
2001). These include: i) the environmental insensitivity during the Soviet era, where environmental resources
were perceived as free goods, combined with outdated production technologies and the uncontrolled release
of industrial waste into nature; ii) the environmental destruction and pollution resulting from the conflict
initiated by neighboring Armenia over the Nagorno-Karabakh region, following the collapse of the Soviet
Union; and iii) the post-independence period marked by political instability, uncertainty in transitioning from
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a socialist to a capitalist system, and weaknesses in governance, which led to the neglect of environmental
issues (Unal, 2000). In this context, Azerbaijan faces significant environmental challenges, including: i) issues
related to the Caspian Sea, which is significantly affected by the discharge of approximately 3 million cubic
meters of wastewater containing various chemical substances and around 100,000 tons of oil product waste
annually, particularly near populated areas such as Baku; ii) the unregulated disposal of waste generated from
the processing of petroleum, gas, and other mineral resources; and iii) the decline in the quality and
productivity of arable lands due to intensive use and improper agricultural practices, which has led to
increased reliance on chemical fertilizers and pesticides, thereby exacerbating soil and water contamination
(Zengin and Oztas, 2007; Babayeva et al., 2024).

Azerbaijan, located at the crossroads of Eastern Europe and Western Asia, has a long history of oil production
dating back to the late 19th century. The country is one of the world's oldest oil producers and has made
significant contributions to the global oil supply (Rasizade, 1999). The Absheron Peninsula has been the focal
point of Azerbaijan's oil industry. Intensive oil extraction and refining activities in this region have led to
extensive soil contamination by hydrocarbons and heavy metals. These pollutants have altered the physical,
chemical, and biological properties of soils in regions such as Baku, Absheron, and Suraxani within the
Absheron Peninsula, negatively impacting soil fertility and ecosystem health (Malling, 2014; The World
Factbook, 2024).

In this study, soil samples from the Absheron, Suraxani, and Baku regions of the Absheron Peninsula were
analyzed and compared with samples from an uncontaminated area. The focus of this research is to evaluate
how these soils have been affected by pollutants such as Total Petroleum Hydrocarbons (TPH) and heavy
metals, and to assess the impact of these pollutants on the physical, chemical, and biological properties of the
soils.

Material and Methods
Study area and climatic conditions

This study was conducted in three heavily industrialized regions of the Absheron Peninsula, Azerbaijan—
Absheron, Suraxani, and Baku-along with an uncontaminated control area for comparative analysis. The
Absheron Peninsula, which includes Bakuy, is a significant geographical feature of Azerbaijan, extending 60 km
eastward into the Caspian Sea with a maximum width of 30 km. The region is characterized by a mildly hilly
landscape, dissected by ravines and dotted with salt lakes, particularly in the areas leading to the Absheron
National Park.

Geologically, the Absheron Peninsula features deposits from various geological periods, including the
Cretaceous, Palaeogene, Neogene, Pliocene, and Quaternary. The lithology is predominantly composed of
clays, sandy clays, sands, and limestones, with thick sandy clay sediments particularly in areas with highly
mineralized groundwater. These geological characteristics significantly influence the local environment,
contributing to the unique challenges of managing soil and water resources in the region (Israfilov, 2006).

Climatically, the Absheron Peninsula has a temperate semi-arid climate (Kdppen climate classification: BSk),
making it the driest part of Azerbaijan. The region experiences hot, dry summers and cool, occasionally wet
winters, with strong winds present throughout the year. The average annual temperature in the region is
approximately 14.4°C, with January being the coldest month at 3.0°C and July the hottest at 25.7°C. Annual
precipitation is sparse, typically around or less than 200 mm, with the majority falling outside the summer
months. The natural vegetation consists of dry steppe and semi-desert, which, coupled with the arid climate,
necessitates irrigation for local agriculture.

Environmental concerns on the Absheron Peninsula are significant due to the extensive petrochemical and
refining industries. These activities have severely impacted the local environment, particularly the Caspian
Sea shore and surrounding areas. As a result, the Absheron Peninsula, including Baku and Suraxani, is
considered one of the most ecologically degraded regions in the world (Malling, 2014; The World Factbook,
2024).

For the purposes of this study, soil samples were collected from the Absheron, Suraxani, and Baku regions and
were compared with samples from an uncontaminated control area. This approach was used to assess the
extent of soil contamination by petroleum hydrocarbons and heavy metals, as well as to evaluate the physical,
chemical, and biological properties of the soils in these heavily industrialized regions.

Soil sampling and analysis
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Soil samples were collected from areas contaminated with crude oil in the Absheron, Suraxani, and Baku
regions of the Absheron Peninsula, Azerbaijan (Figure 1). These samples were obtained in May 2018 from five
randomly selected sites within each region and then combined to create composite samples. The soil was
sampled from a depth of 0-20 cm. Additionally, uncontaminated soil samples were collected from Suraxani
Park, a site specifically established using clean soil imported from other regions of Azerbaijan.

The collected soil samples were divided into two portions. The first portion was immediately stored at +4°C
to preserve the biological properties of the soil for subsequent analysis. The second portion was air-dried in
the shade, crushed gently with a wooden mallet, and sieved through a 2 mm mesh to prepare it for the
determination of Total Petroleum Hydrocarbons (TPH), heavy metals, and other soil physical and chemical
properties.

~ "\ RussiA /
GEORGIA o y CASPIAN
N SEA

—
L

53

Figure 1. Locations of Soil Sampling Sites on the Absheron Peninsula
Total petroleum hydrocarbon analysis

The Total Petroleum Hydrocarbons (TPH) in the soil samples were determined using EPA Method 9071B for
n-Hexane Extractable Material (HEM) in sludge, sediment, and solid samples (EPA, 1998). Soil samples were
chemically dried with anhydrous sodium sulfate and then extracted using n-hexane in a Soxhlet apparatus.
The extract was subsequently evaporated to dryness, and the remaining residue was weighed. The
concentration of TPH was expressed in mg/kg.

Heavy metal analysis

Heavy metals, including aluminum, arsenic, cadmium, lead, iron, nickel, zinc, chromium, copper, and mercury,
were analyzed using Inductively Coupled Plasma—Optical Emission Spectrometry (ICP-OES) as outlined in
EPA Method 6010D (EPA, 2018). Soil samples were digested using a microwave digestion system with a
mixture of concentrated nitric acid and hydrochloric acid to ensure complete breakdown of the sample matrix.
The digested samples were then analyzed for metal concentrations using ICP-OES, and the results were
expressed in mg/kg. Quality control procedures, including the use of standard reference materials, calibration
standards, and blanks, were rigorously followed to ensure the accuracy and precision of the results.

Soil properties analysis

The physical properties of the collected soil samples were determined as follows: soil texture was analyzed
using the hydrometer method (Bouyoucos, 1962); bulk density was measured using the core method (Blake
and Hartge, 1986); porosity was determined with a pycnometer (Danielson and Sutherland, 1986); and water
retention capacity was assessed using a pressure plate apparatus (Klute, 1986).

The chemical properties of the soil samples were also analyzed: pH was measured in a 1:1 soil-to-distilled
water suspension using a pH meter (McLean, 1982); organic matter content was determined by the chromic
acid titration method (Walkley and Black, 1934); total nitrogen was measured using the Kjeldahl method
(Bremner, 1965); available phosphorus was extracted with 0.5M NaHCO3 and quantified using a
spectrophotometer (Olsen and Dean, 1965); and available potassium was extracted with 1 N NH40Ac and
measured using a flame photometer (Thomas, 1965).

The biological properties of the soil were evaluated by determining microbial activity, including total bacterial,
fungal, and actinomycete counts. Microbial counts were performed using the plate count method (Wollum II,
1965), with results expressed as colony-forming units (CFU) per gram of dry soil.
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Results and Discussion
Hydrocarbon levels in soils

The assessment of hydrocarbon levels in soils across different regions of Azerbaijan reveals significant
contamination, highlighting the environmental impact of industrial activities. The concentration of total
petroleum hydrocarbons (TPH) was measured in Absheron, Suraxani, Baku, and an uncontaminated control
area. The results are presented in Table 1.

Table 1. Concentration of total petroleum hydrocarbons (TPH) in different areas

Region TPH Concentration (mg/kg) Environmental Standard (mg/kg)
Absheron (Area A) 170+ 15 100
Suraxani (Area B) 190 £ 20 100
Baku (Area C) 160 + 18 100
Uncontaminated Area 8010 100

The data indicates that all studied regions, except the uncontaminated area, exceed the environmental
standard of 100 mg/kg for TPH. Suraxani exhibits the highest levels of contamination, with an average TPH
concentration of 190+ 20 mg/kg, reflecting its extensive industrial activities. Baku and Absheron also show
significantly high concentrations, with averages of 160 mg/kg and 170 mg/kg, respectively, indicative of their
historical roles as major oil production centers. In contrast, the uncontaminated control area has a TPH level
of only 80 mg/kg, underscoring the impact of industrial activities on soil health in the other regions. These
elevated hydrocarbon levels underscore the urgent need for targeted soil remediation and pollution control
measures. Strategies such as bioremediation and phytoremediation, coupled with stricter environmental
regulations, are essential to mitigate the adverse effects on soil health, local ecosystems, and public health
(Praveen and Nagalakshmi, 2022; Sanchez-Castro et al., 2023; Ashkanani et al,, 2024). Robust intervention in
highly contaminated areas like Suraxani (Area B) is particularly critical to prevent further environmental
degradation and health risks.

Heavy metal content in soils

The analysis of heavy metal content in soils across different regions of Azerbaijan reveals significant
contamination, highlighting the environmental impact of industrial activities. The concentrations of various
heavy metals were measured in Absheron, Suraxani, Baku, and an uncontaminated control area. The results
are presented in Table 2.

Table 2. Concentration of heavy metals in different areas

Absheron Suraxani Baku Uncontaminated Area Environmental
Heavy Metal (Area A) (Area B) (mg/kg) (Area C) (Area D) Standard

(mg/kg) (mg/kg) (mg/kg) (mg/kg)
Aluminum (Al) 2500 +200 30128 + 1500 10000 * 500 1733 + 150 5000
Arsenic (As) 50 +04 5094 =+ 25 10.0 = 0.8 0.76 + 0.05 10
Cadmium (Cd) 0.05 +0.01 0153 % 0.01 0.1 £ 0.01 0.005 = 0.001 0.05
Lead (Pb) 10.0 +1.0 15.07 = 1.2 50 £ 0.5 148 + 0.1 10
Iron (Fe) 3000 +250 17809 + 1200 8000 * 600 1992 + 150 5000
Nickel (Ni) 70 £05 4096 =+ 2.1 12.0 = 0.8 242 £ 0.2 10
Zinc (Zn) 10.0 0.7 59.41 + 4.0 20.0 = 1.5 461 £ 0.3 30
Chromium (Cr) 14.62 1.0 5094 + 3.0 20.0 = 1.5 10.0 + 0.8 25
Copper (Cu) 6.61 +0.5 2931 + 2.0 15.0 + 1.2 10.0 + 0.7 20
Mercury (Hg) <0.06 0.156 = 0.01 0.1 + 0.01 <0.06 +

The data indicates that all studied regions, except the uncontaminated area, exhibit heavy metal
concentrations that exceed the environmental standards. Suraxan1 (Area B) exhibits the most extreme
contamination levels, particularly with aluminum (30128 mg/kg), arsenic (50.94 mg/kg), and iron (17809
mg/kg). These values are far above the environmental standards, reflecting the severe impact of industrial
activities in this region. Baku (Area C) and Absheron (Area A) also show significant contamination, with
various metals such as aluminum, iron, and lead exceeding acceptable limits. In contrast, the uncontaminated
control area shows much lower levels of heavy metals, confirming its status as a control site. These elevated
levels of heavy metals underscore the urgent need for remediation efforts. Techniques such as soil washing,
bioremediation, and phytoremediation, along with stricter industrial discharge regulations, are critical to
mitigate the harmful effects of heavy metal contamination on soil health, local ecosystems, and public health
(Praveen and Nagalakshmi, 2022; Sanchez-Castro et al,, 2023; Ashkanani et al., 2024). Immediate action is
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particularly crucial in heavily contaminated areas like Suraxani (Area B) to prevent further environmental
degradation and associated health risks.

Physical properties of soils
The analysis of the physical properties of soils from different regions of Azerbaijan provides insights into the
effects of contamination on soil structure and health. Parameters such as soil type, bulk density, soil porosity,

and water retention capacity were measured in Absheron, Suraxani, Baku, and an uncontaminated control
area. The results are presented in Table 3.

Table 3. Physical properties of soils in different areas

Property Absheron Suraxani Baku Uncontaminated Area
(Area A) (Area B) (Area C) (Area D)

Soil Teksture Sandy loam Sandy loam Sandy loam Loam

Bulk Density (g/cm?) 1.6 +0.05 1.7 £ 0.05 1.6 +0.05 1.2+0.03

Soil Porosity (%) 35+2.0 3015 35+£2.0 45+25

Water Retention Capacity (%) 25+1.5 20+1.0 2515 35+2.0

The data indicates that contaminated soils in Absheron (Area A), Suraxani (Area B), and Baku (Area C) exhibit
higher bulk densities and lower soil porosity and water retention capacity compared to the uncontaminated
area. Specifically, Suraxani (Area B) shows the highest bulk density (1.7 g/cm®) and the lowest soil porosity
(30%) and water retention capacity (20%), indicating significant soil compaction and reduced soil quality due
to industrial activities. In contrast, the uncontaminated area demonstrates better soil structure with a loam
soil type, lower bulk density (1.2 g/cm?), higher porosity (45%), and greater water retention capacity (35%).
These properties are indicative of healthier soils with better aeration and water-holding capacity, which are
essential for plant growth and soil fertility. The differences in physical properties between contaminated and
uncontaminated soils underscore the impact of hydrocarbon and heavy metal contamination on soil structure.
Contaminated soils, particularly in heavily industrialized areas like Suraxani, show signs of compaction and
reduced porosity, which can hinder root penetration, reduce soil microbial activity, and impair overall soil
health (Ekundayo and Obuekwe, 2000; Khamehchiyan et al., 2007; Wang et al., 2013). To address these issues,
remediation strategies such as soil conditioning, organic matter addition, and improved land management
practices should be implemented. These efforts can help restore soil structure, improve water retention and
porosity, and enhance the overall fertility and health of the soils in these regions.

Chemical properties of soils

The chemical analysis of soils from different regions of Azerbaijan provides crucial insights into the impact of
contamination on soil health. Parameters such as pH, organic matter content, and concentrations of essential
nutrients (nitrogen, phosphorus, and potassium) were measured in Absheron, Suraxani, Baku, and an
uncontaminated control area. The results are presented in Table 4.

Table 4. Chemical properties of soils in different areas

Property Absheron Suraxani Baku Uncontaminated Area
(Area A) (Area B) (Area C) (Area D)

pH 7.5+0.1 7.6+0.1 7.5+0.1 6.8+0.1

Organic Matter (%) 3.5+0.2 3.4+0.2 3.5+0.2 52+0.3

Nitrogen (mg/kg) 175+8.8 170+ 8.5 175+8.8 260 +13.0

Phosphorus (mg/kg) 15+1.0 14+ 1.0 15+1.0 20+ 1.5

Potassium (mg/kg) 100 £5.0 95+5.0 100 £ 5.0 120+7.0

The data reveals significant chemical alterations in contaminated soils compared to the uncontaminated
control area. The pH levels in Absheron (Area A), Suraxani (Area B), and Baku (Area C) range from 7.5 to 7.6,
indicating slightly alkaline conditions, which can influence nutrient availability and microbial activity. In
contrast, the uncontaminated area exhibits a more neutral pH of 6.8, which is generally more favorable for a
wide range of plant and microbial processes. Organic matter content, a critical indicator of soil health and
fertility, is notably lower in contaminated regions. Absheron (Area A) and Suraxani (Area B) show organic
matter levels of 3.5% and 3.4%, respectively, compared to 5.2% in the uncontaminated area. The reduction in
organic matter suggests a loss of soil fertility and structure, which can lead to diminished soil health and
productivity. Nutrient concentrations, including nitrogen, phosphorus, and potassium, are also adversely
affected in contaminated soils. Nitrogen levels are particularly low in Suraxani (Area B) at 170 mg/kg,
significantly lower than the 260 mg/kg observed in the uncontaminated area. Similarly, phosphorus and
potassium levels are reduced in the contaminated soils, impacting plant nutrition and growth. These findings
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highlight the detrimental effects of soil contamination on chemical properties, which are crucial for
maintaining soil fertility and supporting plant growth. Remediation strategies should focus on restoring soil
organic matter and nutrient levels to improve soil health and productivity (Ekundayo and Obuekwe, 2000;
Kisic et al, 2009; Wang et al., 2013). Techniques such as compost addition, green manuring, and soil
amendments can help enhance the chemical properties of contaminated soils and support sustainable land
use practices in these regions.

Biological properties of soils

The biological analysis of soils from different regions of Azerbaijan provides insights into the impact of
contamination on soil microbial activity, which is essential for maintaining soil health and fertility. Parameters
such as total bacterial count, fungal count, and actinomycete count were measured in Absheron, Suraxani,
Baku, and an uncontaminated control area. The results are presented in Table 5.

Table 5. Biological properties of soils in different areas

Property Absheron Suraxani Baku Uncontaminated Area
(Area A) (Area B) (Area C) (Area D)

Total Bacteria (CFU/g) 1.5x10°+0.26x102 1.4x10°+0.22x102 1.5x10°+0.23x102 3.0x10°+0.31x102

Fungi (CFU/g) 2.0x10*+0.22x102 1.8x10*+0.28x102 2.0x10*+0.27x102 5.0x10*+0.58x 102

Actinomycetes (CFU/g) 3.0x 10° +0.38x103 2.8x10°+0.30x102 3.0x10%+0.31x102 6.0 x 105+ 0.62 x 102

The data indicates that contaminated soils in Absheron (Area A), Suraxani (Area B), and Baku (Area C) exhibit
significantly lower microbial activity compared to the uncontaminated control area. For example, the total
bacterial count in Suraxani (Area B) is 1.4 x 10° CFU/g, which is less than half of the 3.0 x 10° CFU/g observed
in the uncontaminated area. Similar trends are observed for fungal and actinomycete counts, indicating a
compromised soil ecosystem in contaminated areas. Fungi and actinomycetes play crucial roles in
decomposing organic matter and maintaining soil structure. The reduction in their populations in
contaminated soils suggests a decline in soil fertility and health, which can adversely affect plant growth and
overall ecosystem stability. These findings underscore the need for targeted remediation strategies to restore
microbial activity in contaminated soils. Techniques such as bioremediation, which involves the use of
microorganisms to degrade pollutants, and the addition of organic amendments to enhance microbial habitats,
are essential for improving the biological properties of soils (Braddock et al.,, 1997; Labud et al., 2007; Sutton
et al,, 2013). By restoring microbial diversity and activity, it is possible to support sustainable land use and
enhance soil health in the affected regions.

The comparison of soil contamination findings in Absheron, Suraxani, and Baku with previous research
reveals both consistencies and divergences, particularly concerning hydrocarbon levels, heavy metal
concentrations, and soil microbial activity. This study’s results are largely in alignment with earlier research
regarding the presence of high levels of total petroleum hydrocarbons (TPH) in regions with a history of
intensive industrial activities. The TPH levels observed in Suraxani and Baku correspond closely to the ranges
documented in studies such as those by Adeniyi and Afolabi (2002), Li et al. (2005) and Almutairi (2022),
affirming the persistence of hydrocarbon pollution in these areas.

Heavy metal contamination also shows significant consistency with prior studies. The elevated concentrations
of aluminum, arsenic, and cadmium in Suraxani and Baku align with findings from previous research,
indicating a continuing trend of environmental degradation due to industrial processes. The severity of
contamination in Suraxani, particularly with arsenic and cadmium, is consistent with what has been reported,
underscoring the critical need for remediation interventions in these regions.

When examining soil microbial activity, the reduction in bacterial, fungal, and actinomycete counts in
contaminated soils observed in this study supports the findings of earlier research. The diminished microbial
populations in Absheron, Suraxani, and Baku reflect the adverse effects of hydrocarbon and heavy metal
contamination on soil ecosystems, as previously documented (Braddock et al., 1997; Labud et al,, 2007; Sutton
et al,, 2013). This reduction in microbial activity is indicative of compromised soil health and functionality,
which can lead to long-term ecological consequences.

A key point of divergence from some previous studies is the observation regarding soil texture. This study
confirms that soil texture, defined by the proportions of sand, silt, and clay, remains unchanged by
contamination or remediation efforts. Previous studies (Ekundayo and Obuekwe, 2000; Khamehchiyan et al.,
2007; Wang et al,, 2013) that suggested changes in soil texture due to contamination may have misinterpreted
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changes in other soil properties, such as bulk density or porosity, as alterations in texture. However, it is
important to recognize that while contamination can affect soil structure and compaction, it does not alter the
inherent texture of the soil. Additionally, this study highlights the limitations of remediation strategies
concerning soil texture. While methods like bioremediation and soil washing are effective in reducing
contaminant levels, they do not change the fundamental texture of the soil. This distinction is crucial for setting
realistic expectations for remediation efforts and emphasizes the importance of focusing on soil health and
contaminant reduction rather than attempting to modify inherent soil characteristics (Praveen and
Nagalakshmi, 2022; Sanchez-Castro et al,, 2023; Ashkanani et al., 2024).

Conclusion

The comprehensive analysis of soil samples from Absheron, Suraxani, Baku, and an uncontaminated area
reveals significant environmental contamination primarily driven by industrial activities. The data
consistently show elevated levels of petroleum hydrocarbons and heavy metals, such as aluminum, arsenic,
and cadmium, far exceeding environmental standards. These contaminants have led to pronounced
degradation of soil health, including reduced microbial activity, altered physical properties such as bulk
density and porosity, and compromised soil fertility. The study also highlights that while various remediation
strategies, such as bioremediation and phytoremediation, can reduce contaminant levels, they do not alter the
fundamental soil texture. This finding is crucial because it underscores the inherent limitations of current
remediation techniques and the need for ongoing management and intervention to prevent further
degradation. In comparing these results with previous research, the study aligns with findings regarding
hydrocarbon contamination and microbial activity reduction but diverges in areas such as heavy metal
concentrations. This divergence suggests the need for continuous monitoring and updated methodologies to
accurately assess the evolving contamination landscape. Overall, the findings emphasize the urgent need for
targeted remediation efforts, stricter environmental regulations, and sustainable land management practices.
These measures are essential not only to restore the affected soils but also to protect public health and
maintain ecological balance in these industrialized regions.
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Abstract
Article Info This study investigates the combined effects of standard soil fertilization, composted
Received : 13.12.2023 animal manure, and foliar fertilization on tomato yield, soil nutrient content, and soil
Accepted : 11.08.2024 biological properties under greenhouse conditions. The experiment was conducted

Available online: 22.08.2024 from March to October 2023 using a completely randomized block design with four
replications. The treatments included: 1) Control (no fertilization), 2) Standard soil
fertilization (30 kg N/da, 8 kg P20s/da, 40 kg K20/da), 3) Standard soil fertilization +
composted animal manure (2 t/da), 4) Standard soil fertilization + foliar fertilization

Author(s)

G.Tastanbekova (1kg17-17-17/100 liters of water every 20 days), and 5) Standard soil fertilization +
Z.Tokbergenova * compost + foliar fertilization. Tomato seedlings (Solanum lycopersicum L. cv. Roma)
D.S.Sharipova were transplanted into pots filled with clay soil. Throughout the experiment, soil
A.]a'mtassova moisture content was maintained at field capacity. Plants were harvested on October

30, 2023, and data on fruit yield, soil nutrient content (NPK), and soil biological
properties (microbial biomass C, CO: production, and dehydrogenase enzyme
activity) were recorded. The highest yield (4.5 kg/plant) was observed in the
treatment combining standard soil fertilization, composted animal manure, and foliar
fertilization, representing a 275% increase compared to the control (1.2 kg/plant).
The standard soil fertilization treatment alone yielded 2.8 kg/plant (133.3%
increase), while the combination with composted animal manure yielded 3.5 kg/plant
(191.7% increase), and with foliar fertilization, 3.9 kg/plant (225% increase). Soil
analyses showed significant increases in available nitrogen, phosphorus, and
potassium in the combined treatments. The highest biological properties were also
recorded in the combined treatment.
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Introduction

Intensive agricultural practices have led to significant soil degradation and reduced productivity worldwide
(Kopittke et al., 2019). The continuous use of chemical fertilizers has contributed to the decline in soil organic
matter, nutrient imbalance, and disruption of soil microbial communities. To address these issues, sustainable
fertilization techniques that enhance soil health and improve crop yield are essential (Ning et al, 2017;
Krasilnikov et al., 2022; Dinca et al., 2022).
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Tomato (Solanum lycopersicum L.) is one of the most widely cultivated and economically important vegetable
crops globally (Padmanabhan et al,, 2016). Tomatoes require a balanced supply of nutrients for optimal
growth, development, and fruit production. Nitrogen (N), phosphorus (P), and potassium (K) are the primary
macronutrients essential for tomato growth (Tereda et al, 2023). However, conventional fertilization
practices often fail to provide a balanced nutrient supply, leading to suboptimal yields and soil health
(Montgomery and Biklé, 2021).

Compost, a well-known organic amendment, has been shown to improve soil structure, increase microbial
activity, and enhance nutrient availability (Wright et al., 2022). Compost adds organic matter to the soil, which
is crucial for water retention, nutrient cycling, and overall soil fertility (Giilser et al.,, 2015). Moreover, foliar
fertilization, the application of nutrients directly to plant leaves, offers a rapid and efficient method of nutrient
delivery. Foliar fertilizers can quickly correct nutrient deficiencies and support plant growth during critical
developmental stages (Giilser et al., 2019).

Integrating organic amendments like compost with conventional soil and foliar fertilization practices can
provide a holistic approach to nutrient management. This integrated strategy aims to improve both soil health
and crop productivity by ensuring a continuous and balanced supply of nutrients (Chang et al., 2007; Gentile
et al,, 2008; Liu et al,, 2010; Ai et al.,, 2012; Bowles et al,, 2014; Zhang et al,, 2016; Wang et al., 2023; Tang et
al.,, 2023).

The objective of this study is to evaluate the effects of combining standard soil fertilization, composted animal
manure, and foliar fertilization on tomato yield, soil nutrient content, and soil biological properties under
greenhouse conditions. By comparing these treatments, we aim to identify the most effective nutrient
management strategy for enhancing tomato productivity and soil health.

Material and Methods
Soil, Compost, and Tomato Plant

The experiment was conducted using soil, compost, and tomato plants (F1 tomato). The soil samples were
processed and analyzed to determine their physical and chemical properties. The compost used was analyzed
for its organic matter content and nutrient composition. The tomato plants were cultivated under controlled
greenhouse conditions.

The soil used in the experiment was characterized by several analyses. The texture was determined using the
hydrometer method (Bouyoucos, 1962). The pH and electrical conductivity (EC) were measured in a 1:1 soil-
water suspension using a pH meter (Peech, 1965) and an EC meter (Bower and Wilcox, 1965), respectively.
Calcium carbonate (CaCO3) content was determined volumetrically using the Scheibler calsimeter (Rowell,
2010). Organic matter content was analyzed by the wet oxidation with K,Cr,07; (Walkley and Black, 1934).
Total nitrogen (N) content was determined using the Kjeldahl method (Bremner, 1965). Available phosphorus
(P) was measured in a 0.5M NaHCO3; extract using a spectrophotometer (Olsen and Dean, 1965). Exchangeable
potassium (K) was determined in a 1 N NH40Ac extract using a flame photometer (Pratt, 1965).

The compost used in the experiment was analyzed for its organic matter content and nutrient composition.
Organic matter was determined by loss on ignition at 550°C. Total nitrogen (N) content was analyzed using
the Kjeldahl method. Total phosphorus (P) was measured in the extract obtained from dry ashing using a
spectrophotometer. Total potassium (K) was determined in the extract obtained from dry ashing using a flame
photometer (Jones, 2001).

Experimental Design
The experimental treatments are as follows:

1. Control (no fertilization)

Standard soil fertilization (30 kg N/da, 8 kg P.0s/da, 40 kg K,0/da)

Standard soil fertilization + composted animal manure (2 t/da)

Standard soil fertilization + foliar fertilization (1 kg 17-17-17/100 liters of water every 20 days)
Standard soil fertilization + composted animal manure (2 t/da) + foliar fertilization (1 kg 17-17-
17/100 liters of water every 20 days)

The experiment was established in a randomized complete block design with four replications. Soil samples
were air-dried in the shade, crushed with a wooden mallet, and passed through a 4 mm sieve. Five kilograms
of the processed soil were placed into each pot. The fertilizers used were ammonium sulfate (21% N) as the
nitrogen source, monoammonium phosphate (12% N, 61% P.0s) as the phosphorus source, and potassium
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sulfate (50% K:0) as the potassium source. The standard soil fertilization application included 30 kg N/da, 8
kg P,0s/da, and 40 kg K,0/da. The compost application was 2 t/da of composted animal manure. Tomato
seedlings were transplanted to the greenhouse on March 15, 2023, with one seedling planted per pot. Foliar
fertilization was applied every 20 days using 1 kg 17-17-17+me fertilizer per 100 liters of water to the relevant
pots.

Throughout the experiment, soil moisture content was maintained at field capacity by daily weighing of the
pots and adjusting the water levels accordingly. During the experiment, ripe tomatoes were harvested and
their weights recorded. At the end of the experiment on October 30, 2023, soil and plant samples were
collected. Soil samples were analyzed for available nitrogen (NH4+NO3) using 1 N KCI extraction followed by
Kjeldahl distillation (Bremner, 1965), available phosphorus in a 0.5 M NaHCO3 extract using a
spectrophotometer (Olsen and Dean, 1965), and exchangeable potassium in a 1 N NH40Ac extract using a
flame photometer (Pratt, 1965). Biological properties of the soil, including microbial biomass carbon, CO;
production, and dehydrogenase enzyme activity, were also measured. Microbial biomass carbon was
determined using the method of Anderson and Domsch (1978), CO, production was measured as described
by Anderson (1982), and dehydrogenase activity was determined following Pepper (1995). Leaf samples from
each pot were analyzed for N, P, and K contents (Jones, 2001).

Results and Discussion
Soil and Compost Characteristics

The physical and chemical properties of the soil and compost used in the experiment are presented in Tables
1 and 2, respectively.

Table 1. Physical and chemical properties of the soil used in the experiment

Property Value

Texture Clay (48% clay, 23% silt, 29% sand)

pH 7.58

Electrical Conductivity (EC) 0.79 dSm-!

Lime (CaCO3) 18%

Organic Matter 1.36%

Total Nitrogen (N) 0.198%

Available Phosphorus (P) 8 mg kg'!

Exchangeable Potassium (K) 0.986 cmol/kg
Table 2. Chemical properties of the compost used in the experiment

Property Value

Organic Matter 43%

Total Nitrogen (N) 2.52%

Total Phosphorus (P) 1.68%

Total Potassium (K) 4.47%

pH 7.19

Electrical Conductivity (EC) 3.69 dSm!

The soil texture, comprising 48% clay, 23% silt, and 29% sand, indicates a clay soil, which can present
challenges for tomato cultivation due to its poor drainage and tendency to become compacted. However, clay
soils also have a high nutrient-holding capacity and can retain moisture well, which can be beneficial in
maintaining soil moisture levels. The soil pH of 7.58 is slightly alkaline but still within the acceptable range for
tomato growth. The EC value of 0.79 dSm-! suggests low salinity, which is favorable for plant growth. The
CaCOs content of 18% is relatively high, which can help in buffering soil pH. The organic matter content of
1.36% is low, suggesting the need for organic amendments to improve soil fertility. The total nitrogen content
of 0.198%, available phosphorus of 8 mg kg1, and exchangeable potassium of 0.986 cmol/kg reflect the basic
nutrient status of the soil, which needs enhancement for optimal tomato growth.

The compost used in the experiment had a high organic matter content of 43%, which is beneficial for
improving soil structure and water-holding capacity. The total nitrogen content of 2.52% is substantial,
providing a good source of nitrogen for plant growth. The total phosphorus content of 1.68% and total
potassium content of 4.47% indicate that the compost is rich in essential nutrients, which can supplement the
soil nutrient status effectively. The pH of 7.19 is slightly alkaline, and the EC value of 3.69 dSm-! suggests
moderate salinity, which is typical for compost but should be monitored to avoid potential salt stress in plants.
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The combination of these soil and compost characteristics provides a comprehensive understanding of the
initial conditions of the experiment. The low organic matter and nutrient content in the soil highlight the
importance of compost and fertilization treatments in enhancing soil fertility and supporting plant growth.
The subsequent sections will discuss the effects of these treatments on tomato yield, soil properties, and plant
nutrient content.

Tomato Yield
The tomato yield results for the different treatments are presented in Table 3. The highest yield was observed
in the treatment with standard soil fertilization, composted animal manure, and foliar fertilization, while the

lowest yield was recorded in the control treatment with no fertilization. The percentage increase in yield
compared to the control and the standard soil fertilization treatment is also calculated.

Table 3. Tomato yield for different fertilization treatments

Tomato Yield Yield Increase Yield Increase (%)
Treatment (kg/plant) + S.D.* (%) Compared Compared to Standard
&/P - to Control Soil Fertilization
Control (no fertilization) 1.2+0.2 - -
Standard soil fertilization (30 kg N/da, 8 kg i
P20s/da, 40 kg K20/da) 28203 1333
Stgndard soil fertilization + composted 35404 1917 250
animal manure (2 t/da)
Standard soil fertilization + foliar fertilization
(1 kg 17-17-17+me/100 L) 39+0.4 225.0 39.3
Standard soil fertilization + compost + foliar 45+05 2750 607

fertilization
*Standard Deviation
The tomato yield results indicate significant differences among the treatments. The control treatment, which
did not receive any fertilization, had the lowest yield of 1.2 kg per plant, indicating the limited nutrient
availability in the soil. The standard soil fertilization treatment increased the yield to 2.8 kg per plant,
representing a 133.3% increase compared to the control. This highlights the importance of essential nutrients
such as nitrogen, phosphorus, and potassium in promoting plant growth and fruit production.

The addition of composted animal manure to the standard soil fertilization further increased the yield to 3.5
kg per plant, a 191.7% increase compared to the control and a 25.0% increase compared to standard soil
fertilization alone. This increase can be attributed to the improved soil structure, enhanced microbial activity,
and additional nutrients provided by the compost. Compost improves soil organic matter content, which is
crucial for water retention, nutrient availability, and overall soil fertility.

The treatment with standard soil fertilization and foliar fertilization resulted in a yield of 3.9 kg per plant, a
225.0% increase compared to the control and a 39.3% increase compared to standard soil fertilization alone.
Foliar fertilization allows for the direct absorption of nutrients through the leaves, providing a rapid and
efficient method of nutrient delivery. This treatment was effective in supplying additional nutrients during
critical growth stages, leading to improved plant health and fruit production.

The highest yield of 4.5 kg per plant was observed in the treatment combining standard soil fertilization,
composted animal manure, and foliar fertilization. This yield represents a 275.0% increase compared to the
control and a 60.7% increase compared to standard soil fertilization alone. This combination provided the
most comprehensive nutrient management strategy, ensuring both soil and foliar nutrient supply. The
synergy between soil-applied and foliar-applied nutrients, along with the benefits of compost, resulted in the
optimal growth conditions for the tomato plants. The increased yield in this treatment highlights the
importance of integrating multiple fertilization strategies to maximize crop productivity.

Numerous studies have shown that both soil and foliar fertilization, as well as the addition of organic matter
to soils (Ouédraogo et al., 2001; Gao et al., 2015; Maltas et al., 2018; Kizilkaya et al.,, 2022; Zhou et al., 2022;
[slamzade et al., 2023), can enhance crop yields. Furthermore, several studies have indicated that the
combined application of compost with both soil and foliar fertilization results in the greatest increase in crop
yields (Gentile et al, 2008; Zhang et al,, 2016). Similarly, in this research, results demonstrate that the
integration of compost and foliar fertilization with standard soil fertilization can significantly enhance tomato
yield. The combined application provides a balanced nutrient supply, improves soil health, and ensures
efficient nutrient uptake, leading to higher fruit production.
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NPK Content in Tomato Leaves

The nitrogen (N), phosphorus (P), and potassium (K) content in tomato leaves for different treatments are
presented in Table 4. The sufficiency levels for tomato leaves are: N: 3.20 - 4.50%, P: 0.50 - 1.20%, and K: 5 -
10%.

Table 4. NPK content in tomato leaves for different fertilization treatments

Treatment N(%)+S.D* P(%)+SD* K(%)+SD*
Control (no fertilization) 2.0x0.2 0.3x0.1 3.0£0.3
Standard soil fertilization (30 kg N/da, 8 kg P20s/da, 40 kg K20/da) 3.5+£0.3 0.7+£0.2 45+04
Standard soil fertilization + composted animal manure (2 t/da) 4.0+0.3 0.9+0.2 55+0.5
Standard soil fertilization + foliar fertilization (1 kg 17-17-17+/100 L) 42+03 1.0+0.2 58+0.5
Standard soil fertilization + compost + foliar fertilization 45+0.3 1.2+0.2 6.5+0.6

*Standard Deviation

The NPK content in tomato leaves varied significantly among the treatments. In the control treatment, the
levels of N (2.0%), P (0.3%), and K (3.0%) were all below the sufficiency range, indicating a deficiency in
essential nutrients due to the absence of fertilization.

In the standard soil fertilization treatment, the nitrogen content increased to 3.5%, phosphorus to 0.7%, and
potassium to 4.5%. Although N and P were within the sufficiency range, K remained slightly below the
recommended level. This indicates that while soil fertilization improved the nutrient status, additional
potassium supplementation might be needed.

The addition of composted animal manure to the standard soil fertilization further improved the nutrient
levels, with N at 4.0%, P at 0.9%, and K at 5.5%. All values were within or above the sufficiency range,
highlighting the positive impact of compost on nutrient availability.

The treatment with standard soil fertilization and foliar fertilization resulted in N, P, and K contents of 4.2%,
1.0%, and 5.8% respectively. These values were all within the sufficiency range, demonstrating the
effectiveness of foliar fertilization in providing additional nutrients directly to the leaves.

The highest NPK levels were observed in the treatment combining standard soil fertilization, compost, and
foliar fertilization, with N at 4.5%, P at 1.2%, and K at 6.5%. This treatment provided the most balanced and
sufficient nutrient supply, ensuring optimal plant growth and development.

It is noteworthy that there were no significant differences in NPK content between the treatments of standard
soil fertilization + composted animal manure and standard soil fertilization + foliar fertilization. This may be
due to nutrient translocation from leaves to fruits as yield increases, resulting in nutrient dilution in the leaves.
The highest yielding treatment (standard soil fertilization + compost + foliar fertilization) had the best
nutrient content in the leaves, indicating that this combination most effectively meets the plant's nutritional
needs. Similarly, studies by Yin et al. (2018); Giilser et al. (2019); U¢gun and Altindal (2021); Liu et al (2021)
and Zhang et al. (2023) have shown that soil and foliar fertilization applications increase both crop yield and
the nutrient content (NPK) of plants. Additionally, compost applications to the soil have been found to enhance
crop yield and improve plant nutrient content (Ouédraogo et al., 2001; Wright et al., 2022). Furthermore, it
has been determined by Gentile et al. (2008) and Zhang et al. (2022) that combining organic fertilizers with
inorganic fertilizers significantly increases the nutrient content of plants. In this research, results emphasize
the importance of integrating compost and foliar fertilization with standard soil fertilization to achieve
optimal nutrient levels in tomato leaves. The combined application not only enhances yield but also ensures a
sufficient supply of essential nutrients, thereby improving overall plant health and productivity.

Changes in Soil NPK Content

The available nitrogen (NH4+NO3), phosphorus (P), and potassium (K) content in the soil for different
treatments are presented in Table 5. The control treatment showed the lowest levels of available NPK, while
the treatments with standard soil fertilization, compost, and foliar fertilization resulted in increased soil
nutrient contents.

The soil nutrient content varied significantly among the treatments. The control treatment, which did not
receive any fertilization, had the lowest levels of available nitrogen (15 mg kg-1), phosphorus (5 mg kg1), and
potassium (0.873 cmol/kg). These low values indicate a deficiency in essential nutrients due to the absence of
fertilization.
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Table 5. Available NPK content in soil for different fertilization treatments

Available N Available P Available K
(NH4+NO3) .
Treatment (mg kg'1) (mg kg1) (cmol/kg)
&8 +S.D. +S.D.
+S.D.
Control (no fertilization) 15+2 5+1 0.873 £ 0.05
Standard soil fertilization (30 kg N/da, 8 kg P20s/da, 40 kg K20/da) 45+5 15+2 1.200 £ 0.10
Standard soil fertilization + composted animal manure (2 t/da) 606 18+ 2 1.450 +£0.12
Standard soil fertilization + foliar fertilization (1 kg 17-17-17/100 L) 50+5 16+ 2 1.300+0.10
Standard soil fertilization + compost + foliar fertilization 656 20+2 1.600 + 0.15

*Standard Deviation

In the standard soil fertilization treatment, the available nitrogen content increased to 45 mg/kg, phosphorus
to 15 mg/kg, and potassium to 1.200 cmol/kg. This significant increase highlights the importance of providing
essential nutrients such as nitrogen, phosphorus, and potassium through soil fertilization to improve soil
fertility and plant nutrient availability.

The addition of composted animal manure to the standard soil fertilization further increased the available
nitrogen content to 60 mg kg1, phosphorus to 18 mg kg1, and potassium to 1.450 cmol/kg. These values
indicate the positive impact of compost on nutrient availability in the soil. Compost not only adds organic
matter but also provides a slow-release source of nutrients, enhancing soil fertility over time.

The treatment with standard soil fertilization and foliar fertilization resulted in available nitrogen,
phosphorus, and potassium contents of 50 mg kg1, 16 mg kg1, and 1.300 cmol/kg, respectively. While foliar
fertilization primarily targets nutrient delivery to the leaves, it also contributes to soil nutrient content,
although to a lesser extent compared to soil-applied fertilizers and compost.

The highest available NPK levels were observed in the treatment combining standard soil fertilization,
compost, and foliar fertilization, with available nitrogen at 65 mg kg1, phosphorus at 20 mg kg, and potassium
at 1.600 cmol/kg. This treatment provided the most comprehensive nutrient management strategy, ensuring
a balanced supply of nutrients to the soil.

It is noteworthy that while the addition of compost significantly increased soil nutrient content, the treatments
involving foliar fertilization did not result in as large an increase. This can be attributed to the fact that foliar
fertilization primarily enhances nutrient uptake by the leaves, with less impact on soil nutrient levels.
However, the combination of soil fertilization, compost, and foliar fertilization provided the most effective
approach to improving both soil and plant nutrient status. Similarly, it has been determined that the
application of chemical fertilizers and compost to soils significantly increases the available NPK levels (Gentile
et al., 2008; Diacono and Montemurro, 2010; Demelash et al.,, 2014; Giiler et al.,, 2015; Manolikaki and
Diamadopoulos, 2019), and the highest increases were observed when chemical fertilizers were applied
together with organic materials (Wan et al,, 2021). In this research, results demonstrate that integrating
compost and foliar fertilization with standard soil fertilization can significantly enhance soil nutrient content.
The combined application not only improves plant growth and yield but also enhances soil health and fertility,
ensuring sustainable agricultural practices.

Biological Properties of Soil

The biological properties of the soil, including microbial biomass carbon, CO2 production, and dehydrogenase
enzyme activity, are presented in Table 6. The treatments with compost and foliar fertilization showed
improved biological activity compared to the control.

The biological properties of soil varied significantly among the treatments, reflecting the impact of different
fertilization strategies on soil microbial activity and health.

The control treatment, which did not receive any fertilization, had the lowest levels of microbial biomass
carbon (95 mg CO,-C 100 g-1), CO2 production (35 pg CO2g-1 24h-1), and dehydrogenase activity (9 pg TPF g-
1 24h-1). These low values indicate limited microbial activity and soil health in the absence of nutrient inputs.
The standard soil fertilization treatment improved the biological properties of the soil, with microbial biomass
carbon increasing to 152 mg CO»-C 100 g-1, CO; production to 52 ug CO, g-1 24h-1, and dehydrogenase activity

to 19 pg TPF g-1 24h-1. This indicates that the addition of essential nutrients through soil fertilization enhances
microbial activity and overall soil health.
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Table 6. Biological properties of soil for different fertilization treatments

Microbial Biomass C, CO2 Production, Dehydrogenase Activity,

Treatment mg CO2-C 100 g-1 pg COz2g1 24ht ug TPF g1 24h1

+S.D.X* +S.D.* +S.D.*
Control (no fertilization) 95+9 355 9+1
Standard soil fertilization (30 kg N/da,
8 kg P20s/da, 40 kg K20/da) 152+14 2+7 19+2
Sta!ndard soil fertilization + composted 245 + 23 78+ 9 31+3
animal manure (2 t/da)
Standard soil fertilization + foliar
fertilization (1 kg 17-17-17/100 L) 19819 69+8 27%2
Standard soil fertilization + compost + 297 + 78 103 + 11 3443

foliar fertilization
*Standard Deviation

The addition of composted animal manure to the standard soil fertilization further enhanced the biological
properties, with microbial biomass carbon reaching 245 mg C0O,-C 100 g-1, CO2 production at 78 mg CO2/kg
soil/day, and dehydrogenase activity at 31 pg TPF g-t 24h-1. Compost provides organic matter and nutrients
that support microbial growth and activity, improving soil structure and fertility.

The treatment with standard soil fertilization and foliar fertilization resulted in microbial biomass carbon of
198 mg CO,-C 100 g-1, CO2 production of 69 ng CO2g-1 24h-1, and dehydrogenase activity of 27 pug TPF g-1 24h-
L, The relatively high biological activity in this treatment can be attributed to the improved plant growth
resulting from foliar fertilization. Better plant growth leads to greater root biomass, which in turn releases
more root exudates. These exudates serve as a food source for soil microbes, thus enhancing microbial activity
and soil health.

The highest biological activity was observed in the treatment combining standard soil fertilization, compost,
and foliar fertilization. This treatment resulted in microbial biomass carbon of 297 mg C0,-C 100 g-1, CO2
production of 103 pg CO2g-1 24h-1, and dehydrogenase activity of 34 pg TPF g-1 24h-1. The combination of soil
and foliar fertilization with compost provides a comprehensive nutrient management strategy that enhances
soil microbial activity and overall soil health. Similarly, numerous studies have shown that the application of
organic materials and chemical fertilizers to soils increases the number and activity of soil microorganisms,
thereby improving soil biological properties (Chang et al,, 2007; Kizilkaya, 2008; Liu et al., 2010; Ai et al.,, 2012;
Bowles et al,, 2014; Wang et al., 2023; Tang et al., 2023). In this research, results highlight the importance of
integrating compost and foliar fertilization with standard soil fertilization to improve soil biological
properties. Enhanced microbial activity and enzyme function contribute to better nutrient cycling, soil
structure, and plant health, promoting sustainable agricultural practices.

Conclusion

This study investigated the combined effects of standard soil fertilization, compost, and foliar fertilization on
tomato yield, soil nutrient content, and soil biological properties under greenhouse conditions. The results
demonstrated that integrating compost and foliar fertilization with standard soil fertilization significantly
enhances tomato yield and improves soil health. The highest tomato yield was observed in the treatment
combining standard soil fertilization, composted animal manure, and foliar fertilization, resulting in a 275%
increase compared to the control. This combination provided a comprehensive nutrient management strategy,
ensuring an optimal supply of essential nutrients and promoting better plant growth and fruit production. Soil
analyses revealed that the integration of compost and foliar fertilization significantly increased the available
nitrogen, phosphorus, and potassium levels in the soil. The highest nutrient content was recorded in the
treatment with standard soil fertilization, compost, and foliar fertilization, indicating the effectiveness of this
integrated approach in enhancing soil fertility. The biological properties of the soil, including microbial
biomass carbon, CO; production, and dehydrogenase enzyme activity, were also significantly improved by the
combined application of compost and foliar fertilization. The highest microbial activity was observed in the
treatment combining standard soil fertilization, compost, and foliar fertilization. This improvement is
attributed to the enhanced plant growth and root exudates, which serve as a food source for soil microbes.

In conclusion, the integration of compost and foliar fertilization with standard soil fertilization offers a
sustainable and effective strategy for enhancing tomato yield and soil health. This approach not only provides
a balanced nutrient supply but also improves soil structure and microbial activity, contributing to better
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nutrient cycling and overall soil fertility. Future research should focus on optimizing the application rates and
timing of these treatments to further enhance their effectiveness and economic feasibility. The results of this
study highlight the importance of adopting comprehensive nutrient management practices to achieve
sustainable agricultural productivity.

For future research, it is recommended to explore the effects of integrating compost and foliar fertilization
with standard soil fertilization under different climatic conditions and with different crop species. This could
provide valuable insights into the versatility and robustness of this nutrient management strategy across
various agricultural settings. Additionally, investigating the long-term impacts of these fertilization practices
on soil health and productivity would further contribute to the understanding of sustainable agricultural
practices. By examining these factors, researchers can better understand how to optimize fertilization
strategies to maximize crop yield and soil health in diverse environments.
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