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ABSTRACT: The use of organic fertilizers can be an opportunity to increase crop yield and improve soil fertility in
semi-arid regions, since soils from these regions usually have unfavourable conditions for plant growth. This research
investigates the effects of organic and mineral fertilization on the impact of soil properties (pH, electrical conductivity
and organic matter), availability of macro- (N, P and K), micro-nutrients (Fe, Mn, Cu and Zn) and the accumulation
of heavy metals (Pb, Cd, Cr) in soil and potato tubers grown under semiarid conditions. A field experiment was
conducted in Raqqa Governorate (Syria) using a randomized complete block design with six treatments: control,
mineral fertilizer, fermented cow manure, municipal compost, sewage sludge and olive oil solid waste. At harvest, soil
and plant samples were analyzed to assess nutrient dynamics in the soil and potato tubers, including metal uptake.
The results showed that the highest yields were obtained with mineral fertilizer (22.87 t ha−1) and sewage sludge
(22.15 t ha−1). Organic amendments significantly improved soil organic matter, total nitrogen, and the bioavailability
of phosphorus, potassium, and micronutrients after harvest. Compost and sewage sludge notably enhanced the soil
and plant contents of Mn and Cu. However, these amendments also increased the amounts of Pb and Cd in soils
and their uptake by plants, with Cd contents exceeding the Codex Alimentarius limit for potatoes (>0.1 mg kg−1).
These findings highlight the potential of treated organic waste as a valuable nutrient input for potato cultivation,
especially in resource-limited areas. However, continuous monitoring is required due to the risk of heavy metal
accumulation. Integrating organic fertilizers with mineral sources appears to be an effective strategy for improving
crop productivity, soil health, and environmental sustainability.

KEYWORDS: Organic fertilizers; heavy metals; nitrogen; micronutrients; protein; soil fertility; food security;
sustainable agriculture

1 Introduction

Potato (Solanum tuberosum L.) is the largest non-cereal crop and is ranked as the world’s fourth most
important food crop after rice, wheat, and maize in more than 150 countries. Potatoes are typically regarded
as a food security crop due to their high mineral and vitamin content, high productivity per cultivated area,
and short crop cycle, as well as their adaptability to grow in various environments and under different
farming systems [1–5]. In general, potato cultivation requires larger amounts of macronutrients, including
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N, P, and K, as well as significant quantities of other macro- and microelements, such as Mg, Ca, S, Fe, and
Zn. However, the potato crop has a relatively low ability to take up available soil mineral nitrogen [6–10].

Conventional agricultural farming practices use high amounts of mineral fertilizers to enhance crop
yield and quality. Still, these practices usually can provoke a long-term degradation of soil quality,
especially due to nutrient imbalances for excessive fertilization or accumulation of heavy metals due
to phosphate fertilizers (e.g., Cd and Pb) [6,8,11,12]. Excessive N fertilization can lead to excessive plant
growth, accompanied by low tuber quality and yield [13], a similar issue observed with excessive K
fertilization, primarily due to nutrient imbalances involving macro- and micronutrients [14]. Therefore,
effective fertilization management practices are necessary.

In this sense, organic fertilization practices (farmyard manure, compost, treated sewage sludge, olive
oil mill residual solid wastes, etc.) can represent a more sustainable way to obtain moderate to high crop
yields, with an improved long-term fertilization for plants, improving soil properties (e.g., soil structure,
water-holding capacity or nutrient cycling) and reducing potential issues by nutrient imbalances [9,15,16].
However, the composition and quality of organic fertilizers are highly variable and depend on feedstock
origin, treatment processes, and application rate. Some materials, particularly sewage sludge and municipal
composts, may contain elevated levels of potentially toxic elements such as Cd, Cr or Pb, among others,
which can accumulate in soils and enter the food chain over time [16,17]. In this sense, the accumulation of
heavy metals in edible plant sections has grown to be a major concern, and potatoes have been advised as
an interest crop due to their vulnerability to heavy metal uptake because of their high transpiration rates
and direct soil contact [18].

In semiarid regions, the use of organic fertilizers presents an opportunity to increase crop yield and
improve soil fertility, as soils from these regions typically have a low organic carbon content [16,19]. In
these areas, naturally calcareous soils can occur, typically found in regions with limited rainfall, high
presence of calcium carbonate (CaCO3) and low availability of nutrients and heavy metals. However, the
repeated use of inorganic fertilizers and contaminated organic materials can nevertheless lead to a gradual
accumulation of heavy metals [16].

Despite the research on organic amendments, data from semi-arid Mediterranean environments remain
limited. In these areas, naturally calcareous soils can occur, typically found in regions with limited rainfall,
high presence of calcium carbonate (CaCO3) and low availability of nutrients and heavy metals [16]. Most
previous studies in semi-arid areas have focused either on yield response or soil fertility, with few integrating
both agronomic and food-safety dimensions. Understanding these relationships is crucial for developing
practical recommendations tailored to local conditions.

This study aims to evaluate the effects of organic and mineral fertilizers on the soil properties, potato
yield, and quality in a field experiment carried out in Raqqa Governorate (Syria), focusing on the availability
of micronutrients and the accumulation of heavy metals in soils and their uptake by potato tubers. Therefore,
this study aims to evaluate the effects of mineral and organic fertilizers on soil fertility, potato yield, and
heavy-metal accumulation under semi-arid field conditions in Raqqa Governorate, Syria. We specifically
hypothesize that: (i) organic amendments applied at nitrogen-equivalent rates can enhance soil fertility
and potato yield relative to unfertilized control; (ii) different organic fertilizers have distinct effects on
soil nutrient availability and heavy-metal (Cd, Pb) concentrations; and (iii) sewage sludge and municipal
compost may increase Cd and Pb accumulation beyond permissible limits in soil and tubers. By addressing
these hypotheses, the study provides evidence to guide the safe agricultural reuse of organic wastes and
inform national policies for sustainable fertilization in semi-arid cropping systems.
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2 Materials and Methods

2.1 Crop Selection

The potato (Solanum tuberosum L. cv. Spunta) was used in this experiment. This cultivar was provided
by the General Organization for Seed Multiplication (Damascus, Syria). It is characterized by medium
maturity, vigorous vegetative growth, and large, round tubers. The average yield is moderate, and the
cultivar is known for its drought resistance. It is widely cultivated in Raqqa Governorate.

2.2 Experimental Site

The field experiments were conducted during the summer growing season of 2024 in the Al-Halah
village (Raqqa Governorate, Syria). The experimental site is situated at an elevation of 742 m above sea
level, with an average annual rainfall of approximately 200 mm. The soil was classified as a sandy-loam
Typic Calciorthid with a slightly alkaline pH (7.8) and low organic matter content.

2.3 Soil Analysis

Soil sampling of each subplot was conducted at the beginning and end of the field experiment. Soil
samples from each subplot treated with conventional and organic fertilizers were thoroughly characterized
at the beginning and end of the trial. The following soil characteristics were analyzed in the 0–20 cm
depth: soil texture by the hydrometer method [20], bulk density and total soil porosity by the cylinder
method [21], soil pH and electrical conductivity were measured in a 1:5 soil-to-water suspension [22,23].
Calcium carbonate was measured using the calcimeter method, and the active lime (active calcium carbonate
equivalent) was determined using the NH4-oxalate method [24]. The organic matter content was determined
via wet oxidation with potassium dichromate [25]. The total nitrogen was analyzed using concentrated
sulfuric acid and then determined by Kjeldahl distillation [26]; the available phosphorus was analyzed by
the Olsen method [27]. The available potassium (AK) was determined by flame photometry after ammonium
acetate extraction [28]. The available contents of micronutrients and heavy metals (Fe, Mn, Cu, Pb, Cd, Cr)
were extracted by DTPA extraction [29] and analyzed by Atomic Absorption Spectroscopy (AAS) (Varian
SpectrAA-880/GTA100 Atomic Absorption Spectrometer).

2.4 Mineral and Organic Fertilizers Used in the Experiment

Conventional fertilizers were supplied by a local company, and three fertilizers, supplying N, P, or
K, were used. Mineral fertilizers included urea (46% N), triple superphosphate (46% P2O5), and potassium
sulfate (50% K2O).

Four organic fertilizers were used in this study: (i) fermented cow manure (FCW) obtained in a
fermented form from local livestock farms; (ii) olive oil solid waste (OSW) collected in a semi-fermented
state from a nearby olive press in the study area; (iii) sewage sludge (SW) collected from the wastewater
treatment plant in Raqqa City (Syria); and (iv) municipal solid waste compost (MSWC), acquired from a
municipal waste processing facility. Organic fertilizers were characterized before the experiment. The pH
and ECwere measured in a 1:5 dilution of the fertilizer in water. The total nitrogen (N) was determined using
the Kjeldahl method. The total phosphorus (P) was determined after dry ash and quantified colourimetrically
using the ammonium molybdate–vanadate method with a UV–Vis spectrophotometer [30]. The organic
matter was determined by the loss-on-ignition method at 600◦C [31], while the organic carbon was estimated
using the dichromate oxidation method [25]. Total contents of selected micronutrients and heavy metals
were determined after dry ashing (450◦C, digested with HCl and HNO3) and analyzed by AAS [32]. Microbial
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safety (total coliforms, E. coli) and organic-contaminant checks were conducted according to USEPA 503
standards [33]; the results were below the permissible limits.

Organic fertilizers were applied on a nitrogen-equivalent basis (120 kg N ha−1). Although small
variations in P and K inputs existed among treatments, these were recorded and statistically evaluated to
account for nutrient imbalance effects.

2.5 Experimental Design and Agronomic Practices

The experiment followed a Randomized Complete Block Design (RCBD) with three replicates, providing
sufficient representation under field heterogeneity. Each plot (3 × 5 m; 15 m2) included four rows spaced 0.8
m apart and 0.25 m between tubers, Mineral fertilizers were applied following national recommendations
(180 kg N, 120 kg P2O5, 120 kg K2O ha−1). Phosphorus and potassium fertilizers were applied entirely
before planting. Nitrogen was split into three doses: pre-planting, post-emergence, and flowering. Organic
fertilizers were incorporated 15 days before planting. The respective application rates were: (i) 9.23 t ha−1
(fermented cow manure), 12.85 t ha−1 (olive oil solid waste), 6.43 t ha−1 (sewage sludge) and 13.23 t ha−1
(municipal solid waste compost).

The fields were irrigated using a micro-sprinkler (microjet) system, with water applied every four days.
All treatments received equal amounts of water to ensure consistency across plots and between replicates.
Irrigation was withheld two weeks before harvest to facilitate tuber maturation.

2.6 Potato Harvesting and Analysis

The potato harvesting was conducted manually using traditional methods on August 15th,
approximately 100 days after planting. All potato tubers were collected from each experimental plot,
and yield was calculated with fresh tuber weight [34]. The potato plants were also analyzed. First, the total
N, P and K were analyzed in the leaves using the Kjeldahl method, ammonium molybdate–vanadate method
and dry ash and flame photometric analysis, respectively, following the methods previously described
for organic fertilizers. The potato tubers were randomly collected from each sampling plot (five per plot)
and leaf samples (at flowering), washed with tap water, analyzed (without peeling), and dried at 70◦C
until a constant weight was reached [35]. Once dried, the total nitrogen was determined by the Kjeldahl
method [36]. Total phosphorus was measured after dry ashing using a spectrophotometer and through
the molybdate reactive P method, and total potassium was determined after ashing and analyzed using
a flame photometer [35]. Finally, the crude protein content was estimated by multiplying total nitrogen
(from Kjeldahl analysis) by a conversion factor of 6.25 [36]. The micronutrient and heavy metal contents
in leaves and tubers were also analyzed by aqua regia digestion and measured by AAS. As Syria has no
specific standard for heavy metals in foodstuffs, heavy metals found in the potato samples were compared
with limit and critical values according to FAO [37].

2.7 Statistical Analysis

All chemical analyses were carried out in triplicate. Certified reference materials (NIST 2711a), blanks,
and duplicates were used for quality control. Metal recoveries ranged from 92 to 106%. Data were tested
for normality (using the Shapiro–Wilk test) and variance homogeneity (using the Levene test). One-way
ANOVA + Tukey’s HSD (p < 0.05) were used to assess treatment effects. All statistical analyses were
performed with GraphPad Prism 8 (GraphPad software, San Diego, CA, USA).
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3 Results

3.1 Physicochemical Characterization of the Field Area and Organic Amendments

The soil physicochemical characteristics before the field experiment are presented in Table 1. The
results indicated that the soil has a silty-clay texture (USDA classification), good porosity, and is slightly
alkaline pH and non-saline conditions, with a high percentage of calcium carbonate, along with a moderate
content of organic matter, macronutrients, and a low available content of heavy metals (Cd, Cr, and Pb),
that indicates a minimal contamination risk before fertilizer application.

Organic fertilizers were characterized before the experiment (Table 2). The fermented cow manure
(FCW) has a neutral-alkaline pHwith relatively high EC (3.3 dS m−1), good organic matter content, moderate
content of N, P and K, and a balanced C/N ratio with low content of heavy metals. The olive oil solid wastes
(OSW) have a slightly acidic pH, with low EC and a high content of OM and N, moderate contents of P
and K, and a high C/N ratio. As in the case of FCW, the OSW have low to moderate contents of heavy
metals, especially Pb and Cr, similar to those indicated by other studies [16]. Both sewage sludge (SW) and
municipal solid waste compost (MSWC) have a slightly acidic or neutral pH, with a high content of organic
matter, but a low C/N ratio and low P and K contents. Very high concentrations of all studied heavy metals
were found in both materials, exceeding the limits set by Chinese and European legislations, but similar to
those reported in other studies [38,39]. Although both materials can be applied to soils due to their high
organic matter content and nutrients, they should be applied at low rates to avoid excessive input of heavy
metals into agricultural soils [38].

Table 1: Soil properties of the field area before the plant experiment.

Soil Properties Units Value

Sand % 20
Silt % 40
Clay % 40

Texture classification Silty clay
Bulk density g cm−3 1.27
Total porosity % 51.71
pH (1:10, H2O) 8.20

Electrical conductivity dS m−1 0.25
Organic matter % 1.56

CaCO3 % 45
Active lime % 9.00

Total nitrogen % 0.082
Available P mg kg−1 6.24
Available K mg kg−1 263
Available Cd mg kg−1 0.03
Available Cr mg kg−1 0.01
Available Cu mg kg−1 0.51
Available Pb mg kg−1 2.61
Available Mn mg kg−1 3.04

Table 2: Chemical properties of the organic fertilizers used in this study.

Fertilizer Type Units Fermented Cow
Manure

Olive Oil
Solid Waste Sewage Sludge Municipal Solid

Waste Compost

pH (1:5) (H2O) 7.50 6.74 6.50 7.20
EC (1:5) dS m−1 3.30 1.40 3.70 3.70

Organic Matter % 51.80 84 40 40
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Table 2: Cont.

Fertilizer Type Units Fermented Cow
Manure

Olive Oil
Solid Waste Sewage Sludge Municipal Solid

Waste Compost

Total N % 1.95 1.40 2.80 1.36
Total C % 30.08 52.20 23.20 23.20
C/N ratio 15.42 34.80 8.28 17.05
Total P % 0.70 0.60 2 0.20
Total K % 1.49 0.74 0.50 0.60
Total Fe mg kg−1 3908 128 5100 2700
Total Mn mg kg−1 250 78 150 369
Total Cu mg kg−1 29.52 14 168 560
Total Pb mg kg−1 7.24 3.75 150 104
Total Cd mg kg−1 0.51 0.35 4.50 2.20
Total Cr mg kg−1 5.10 5.50 238 226

Average values (n = 3). Values in bold are over the permissible limits for organic fertilizers according to European [40] and Chinese
standards [41]: Cd (3 and 3 mg kg−1, respectively), Cr (2 and 150 mg kg−1, respectively), Cu (600 mg kg−1, only covered by European
legislation) and Pb (120 and 50 mg kg−1, respectively).

3.2 Effect of Fertilizer Application on Soil Properties after Harvest

Soil properties after fertilizer application are shown in Table 3. In general, mineral and organic
fertilizations significantly increased the EC, TN, AP and AK contents compared to their values before the
plant experiment, while a significative reduction in soil pH was also observed (from 8.2 to ~8.0) across all
treatments (Table 3). At the end of the plant harvest, no significant differences were found among the
different treatments for soil pH and total N (Table 3).

In contrast, significant differences were found between treatments for EC, OM, AP, and AK. Both
mineral (MF) and municipal solid waste compost (MSWC) significantly increased the soil electrical
conductivity regarding the control treatment (no addition). Control and mineral fertilizers treatments
reduced the organic matter content of the soils at the beginning of the experiment, whereas organic
fertilizers (MSWC, FCW, OSW, and SW) significantly increased the organic matter content of the control
treatment (no addition) and prior to the experiment (Table 3). Similarly, the available P (AP) and K (AK)
were increased under fertilization treatments, especially under organic treatments, such as sewage sludge
(SW) for AP, and FCW for AK.

Table 3: Soil chemical properties before and after plant harvest.

Treatment Soil
pHH2O

Electrical
Conductivity

Organic
Matter

Total
Nitrogen

Available
Phosphorous

Available
Potassium

dS m−1 % % mg kg−1 mg kg−1

Before experiment 8.20 a 0.25 c 1.56 c 0.08 a 6.24 e 263 c
Control treatment 8.05 b 0.27 c 1.38 d 0.09 a 7.15 d 213 d

Mineral fertilizer (MF) 8.04 b 0.37 a 1.39 d 0.10 a 11.60 c 270 b
Fermented cow manure (FCW) 8.04 b 0.32 b 1.72 a 0.11 a 12.35 b 275 a
Olive oil solid waste (OSW) 8.01 b 0.26 c 1.64 b 0.10 a 12.15 b 268.75 bc

Sewage sludge (SW) 8.03 b 0.33 b 1.58 c 0.13 a 13.95 a 265 c
Municipal solid waste compost

(MSWC) 8.02 b 0.38 a 1.78 a 0.11 a 11.20 c 267 bc

Mean values (n = 3). In the same column, values sharing the same letter are not significantly different at p < 0.05 according to
Tukey’s HSD test.

3.3 Effect of Fertilizer Application on Soil Available Micronutrient Content

Table 4 shows the effects of different fertilizer treatments on the available micronutrient content in the
field soil. A significant increase in available micronutrients (Cu, Fe and Mn) was observed under organic
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fertilizer application, especially with SW and MSWC, compared to control and mineral fertilizer treatments
(Table 4). The reduced amounts in the control treatment compared to the treatments before the experiment
and fertilizations are explained by the removal of micronutrient by potato growth, as these micronutrients
are essential for potato growth (Table 4).

Table 4: Soil available micronutrients before and after plant harvest.

Treatment
Available Cu Available Fe Available Mn

mg kg−1 mg kg−1 mg kg−1

Before experiment 0.51 e 2.49 f 3.04 d
Control treatment 0.49 e 2.40 f 3.01 d

Mineral fertilizer (MF) 0.81 d 2.70 e 3.07 d
Fermented cow manure (FCW) 1.22 c 3.70 c 3.25 c
Olive oil solid waste (OSW) 1.29 b 2.83 d 3.20 c

Sewage sludge (SW) 1.31 b 4.50 a 3.60 b
Municipal solid waste compost (MSWC) 1.42 a 4.10 b 4.00 a

Mean values (n = 3). In the same column, values sharing the same letter are not significantly different at p < 0.05 according to
Tukey’s HSD test.

The municipal compost had the highest Mn contents, followed by SW > FCM > OSW > MF > Control
(Table 4). Copper levels also significantly increased with organic fertilization compared to the control and
MF treatment, being the highest value also under municipal compost and followed by SW > OSW > FCM >
MF > Control (Table 4). Iron (Fe) levels also significantly increased after organic fertilizers incorporation,
with the highest contents under SW and followed by > MSWC > FCM > OSW > and MF > Control (Table 4).

3.4 Effect of Fertilizer Application on Soil Available Heavy Metals

Table 5 shows the effects of different fertilizer treatments on the available heavy metals in the soil. No
significant differences were observed between the pre-treatment, control treatment (no addition), and plots
treated with MF, FCM, and OSW (Table 5). However, both sewage sludge and municipal compost treatments
significantly increased the available heavy metals, especially sewage sludge, when compared with the
control and mineral fertilization treatments (Table 5). Although still moderate, these concentrations could
be a potential accumulation risk under repeated use.

Table 5: Soil available heavy metals before and after harvest.

Treatment
Available Cd Available Cr Available Pb

mg kg−1 mg kg−1 mg kg−1

Before experiment 0.03 c 0.01 c 2.61 c
Control treatment 0.02 c 0.02 c 2.59 c

Mineral fertilizer (MF) 0.02 c 0.02 c 2.60 c
Fermented cow manure (FCW) 0.02 c 0.02 c 2.58 c
Olive oil solid waste (OSW) 0.02 c 0.02 c 2.61 c

Sewage sludge (SW) 0.08 a 0.14 a 6.95 a
Municipal solid waste compost (MSWC) 0.05 b 0.05 b 4.89 b

Mean values (n = 3). In the same column, values sharing the same letter are not significantly different at p < 0.05 according to
Tukey’s HSD test.
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3.5 Effect of Different Fertilizers on Potato Yield

Significant differences between fertilization treatments were found for potato yields (Table 6). The
mineral fertilizer treatment yielded the highest potato yield (22.87 t Ha−1), followed by sewage sludge,
fermented cow manure, municipal solid waste compost, olive oil solid waste, and no fertilization.

Table 6: Potato yields after fertilization treatments.

Treatment
Potato Yield

t ha−1

Control 14.35 f
Mineral fertilizer (MF) 22.87 a

Fermented cow manure (FCW) 19.44 c
Olive oil solid waste (OSW) 17.30 e

Sewage sludge (SW) 22.15 b
Municipal solid waste compost (MSWC) 18.05 d

In the same column, values sharing the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.

3.6 Effect of Different Fertilizers on Total Macronutrients in Potato Leaves

All treatments increased the macronutrient content on potato leaves compared to the control treatment
(no addition) (Table 7). In general, application of fermented cow manure and mineral fertilizers increased
the content of N, P and K on potato leaves (Table 7). Heavy metal contents were not measured.

Table 7: Total macronutrients in potato leaves after fertilization treatments.

Treatment
Total N Total P Total K

% % %

Control 3.85 d 0.20 c 1.30 e
Mineral fertilizer (MF) 4.30 b 0.32 ab 1.95 c

Fermented cow manure (FCW) 4.90 a 0.32 ab 2.25 a
Olive oil solid waste (OSW) 4.10 c 0.29 b 2.10 b

Sewage sludge (SW) 5.00 a 0.34 a 1.96 c
Municipal solid waste compost (MSWC) 4.10 c 0.27 b 2.00 d

Mean values (n = 3). In the same column, values sharing the same letter are not significantly different at p < 0.05 according to
Tukey’s HSD test.

3.7 Effect of Different Fertilizers on Total Macronutrients, Protein Content and Heavy Metals on
Potato Tubers

All treatments significantly increased N levels in the tubers compared to the control, with significant
differences among them (Table 8). The highest contents were observed under mineral fertilization and
sewage sludge application, followed by FCM, MSWC, OSW, and finally the control treatment. The same
pattern was observed for protein content, which ranged between 8.75 and 11.50% for mineral and organic
treatments, twice that of the control treatment (around 4.30%) (Table 8). In any case, protein content in
potato tubers was within the expected range for dry potato tubers (4.5–13.6%) [42].

All treatments increased P content in potato tubers compared to the control, with sewage sludge
recording the highest P level. This was closely followed by FCM, MSWC, OSW and MF, with significant
differences between treatments. Similarly, organic fertilizer treatments, mainly FCM, significantly increased
the K content in potato tubers (Table 8).

Chromium contents were not detected, while Cd and Pb levels were significantly increased under
sewage sludge and municipal solid waste compost treatments compared to the control (Table 8). In contrast,
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neither mineral fertilizers, fermented cow manure, nor olive oil solid waste significantly increased Cd
contents; however, they did with Pb (Table 8). All values were higher than safe levels for potato tubers
according to Codex Alimentarius [37], with 0.1 mg kg−1 for Cd and Pb. However, in this case, Codex
Alimentarius refers to peeled potatoes, whereas in our case, whole potatoes, after being washed, were
analyzed, which can explain these differences.

Table 8: Total macronutrients and heavy metals in potato tubers after fertilization treatments.

Treatment
Total N Total P Total K Cd Cr Pb Protein Content

% % % mg kg−1 mg kg−1 mg kg−1 %

Control 0.7 e 0.35 d 3.53 d 0.14 b Not detected 0.20 c 4.30 e
Mineral fertilizer (MF) 1.85 a 0.37 d 3.92 c 0.15 b Not detected 0.25 b 11.50 a
Fermented cow manure

(FCW) 1.59 b 0.75 b 4.52 a 0.14 b Not detected 0.28 b 9.92 b

Olive oil solid waste (OSW) 1.40 d 0.43 c 4.23 b 0.15 b Not detected 0.27 b 8.75 d
Sewage sludge (SW) 1.81 a 0.87 a 4.26 b 0.20 a Not detected 0.39 a 11.30 a
Municipal solid waste
compost (MSWC) 1.47 c 0.44 c 3.97 c 0.19 a Not detected 0.36 a 9.20 c

Safe levels range (FAO) 0.1 0.1
Mean values (n = 3). In the same column, values sharing the same letter are not significantly different at p < 0.05 according to Tukey’s
HSD test. Permissible values according to Codex Alimentarius [37] for peeled potatoes: Cd (0.1 mg kg−1) and Pb (0.1 mg kg−1).

4 Discussion

4.1 Effect of Different Fertilizers on Soil Properties after Plant Harvest

The soil pH was slightly reduced compared to the soil before the experiment, which is within the
expected range due to the inorganic and organic fertilization treatments [43]. However, the lack of significant
differences between treatments may result from the buffering capacity of the calcareous soil and its high
CaCO3 content, which neutralizes acidity or also can be attributed to the reduced amounts of organic
fertilizers used or the time required to induce such changes. In calcareous soils, the carbonate system can
limit pH fluctuations even after organic matter addition [16,44]. Moreover, organic fertilizers can have
CaCO3 added, such as in cattle diets, which are excreted in manure [43]. Changes in EC were statistically
significant, especially when municipal compost, sewage sludges and fermented cow manure were applied.
This increase is attributed to the high content of soluble salts in the organic amendments, which contributed
to an increase in the soil’s soluble salt levels [43]. However, the olive mill waste treatment did not differ
significantly from the control, likely due to its relatively low salt content compared to other organic
fertilizers. Mineral fertilizers, being highly soluble, also significantly increased the soil EC [43]. Despite
these increments, all EC values were within the non-saline soils (0–2 dS m−1).

As expected, organic amendments increased the OM content in soils after harvest (FCM > MSWC
> OSW > SW), while no significant differences were found between control and mineral fertilizers [43].
No changes in total N can be attributed to the amounts of fertilizers adjusted based on their nitrogen
content and the nitrogen needs of the potato crop. Ozlu and Kumar [43] observed that an increase in
total N only occurred under high N rates or beyond the crop’s uptake capacity. Both mineral and organic
fertilizers significantly increased the available contents of P and K (Table 3). These results align with studies
demonstrating that sewage sludge amendments enhance phosphorus availability, primarily due to the
presence of organic compounds and humic acids that facilitate phosphorus mobilization. The advantage of
sewage sludge is attributed to its low C/N ratio (~8.2), which facilitates rapid decomposition and enhances
soil properties. Overall, organic fertilizers significantly boosted soil phosphorus levels compared to the
control, as they are rich sources of phosphorus [44,45].
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Additionally, the mineralization of organic matter produces organic acids that compete with phosphate
ions for binding sites on Ca, Fe and Al, thus decreasing the formation of insoluble calcium phosphate
compounds. Similarly, organic amendments increased the available potassium (K) content compared to
inorganic fertilizers [4]. In the case of available K contents, the control treatment (no addition) had lower
values than the treatment before the experiment, probably due to nutrient removal by potatoes without
nutrient input.

Despite these increments, the available P contents were still below the optimum levels for achieving
high potato yields, as higher yields are typically achieved under 17–25 mg kg−1 of available P [46]. In
contrast, the available K contents were too high to achieve good potato yields, as the highest potato yields
are usually achieved between 150–250 mg kg−1 of available K [14]. In our case, only the control treatment
(no addition) was within this range.

4.2 Effect of Different Fertilizer Applications on Soil Nutrients and Heavy Metals after Harvest

Observed results aligned with previous studies [44] showing that organic fertilization practices can
improve micronutrient availability for plants. In any case, these contents appear lower for plant growth
and are compared with similar studies [47], but are expected to have lower micronutrient availability on
calcareous soils [16].

Safe levels of DTPA-extractable heavy metals in soil have not been universally established [48].
Kabata-Pendias [49] reviewed that safe levels of available heavy metals for plant growth are below 0.2 and
0.5 mg kg−1 for Cd and Pb, respectively. Yu et al. [50] suggested that the safe levels of Cr for extractable
levels in crops are below 0.7 mg kg−1. In our case, only available Pb values exceeded the safe levels
for plant growth, especially under sewage sludge and municipal solid waste compost (Table 5). These
findings align with previous studies, which have shown an increase in heavy metal availability following
the incorporation of organic residue [51–54]. The rise in heavy metal content with organic amendments,
particularly sewage sludge and compost, can be attributed to their composition and relatively initial high
concentrations of beneficial and potentially toxic elements in used amendments and also to the formation
of soluble metal-organic complexes during decompositon [51].

The findings highlight the need for stricter regulatory monitoring in regions like Syria, where threshold
values are not well defined. Under long-term applications, the metal incorporation to the soil-plant systems,
will lead to reduce soil microbial activity, plant phytotoxicity and risk foro food web, including human
health risk.

4.3 Effect of Different Fertilizer Applications on Potato Yield

Potato yields were in line with expectations under alkaline soils, as high potato yields are typically
achieved under acidic soil pH values (5.5–6) [55]. In any case, these findings were aligned with similar
studies [44,56–58], which reported higher yields under conventional fertilization practices. This is because
inorganic fertilizers typically maximize yield due to the rapid availability of N, P, and K in forms that are
easily accessible for plant uptake. Organic fertilizers can improve potato productivity through their positive
effects on the physical, chemical, and biological properties of the soil (e.g., improved soil structure, aeration
or nutrient retention, among others). The observed yield increase with sewage sludge can be attributed
to its low C/N ratio and rich N and P contents, supporting rapid mineralization [59]. Tyasmoro et al. [60]
found that organic fertilizers can significantly increase potato yield, but when applied in liquid form instead
of solid waste, reinforcing that nutrient availability for plant uptake plays a significant role in potato
growth. Nevertheless, yields under organic fertilization were slightly lower than those under mineral inputs,
reflecting slower nutrient release and possible competition with microbial immobilization. Similar yield
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patterns were also reported by [61], who found that mixed fertilization improved both productivity and
nutrient use efficiency. Further studies should evaluate the mixture of inorganic and organic fertilization
to achieve high yields and optimal nutritional parameters, in conjunction with both short- and long-term
fertilization for plants [56], as well as with liquid applications [57].

4.4 Effect of Different Fertilizer Applications on Potato Leaves and Tubers’ Chemical Composition

In the current study, the levels of N, P, and K in leaves were significantly enhanced by inorganic and
organic fertilization, with results within the expected values and those reported by similar studies [62,63].
This enhancement is consistent with the findings that increasing NPK levels in soils through fertilization
also increases the nutrient content in leaves.

According to [64], the N, P, and K contents in potato tubers usually are around 0.33, 0.037–0.059,
and 0.36–0.42%, respectively. In our case, the macronutrients found were within these ranges for all
macronutrients and across all treatments, suggesting a potential for excessive fertilization and, potentially,
a reduction in potato yield [59]. Among the treatments, mineral fertilizers produced the highest nitrogen
content in tubers, followed closely by sewage sludge. The ranking of treatments by effectiveness in
increasing tuber nitrogen content was MF > SW > FCM > MSWC > OSW > Control (Table 8). The high
nitrogen content and low C/N ratio of sewage sludge likely explain its effectiveness, as these factors promote
rapid decomposition and provide more nitrogen to the plant. Considering that sewage sludge performed
nearly as well as mineral fertilizer in boosting tuber nitrogen content, there is potential to replace some or all
mineral nitrogen fertilizers with sewage sludge as a sustainable nitrogen source for potato farming. These
results suggest that the application of organic manures is a more suitable source of available potassium (K)
for potato tubers than inorganic inputs. Farmyard manure may be preferable due to its higher content of
exchangeable potassium and desirable pattern of nutrient release. In fact, organic amendments can improve
soil structure and microbial activity, thereby enhancing nutrient uptake efficiency, as reported by [64] for K
uptake, once organic residues can release exchangeable K during decomposition [14].

Both Cd and Pb can easily accumulate in agricultural soils, primarily due to the uncontrolled use of
phosphate fertilizers (Cd) [65–67], pesticide application, or polluted irrigation waters (Pb) [66,68,69], and
can be taken up by crops. In the case of potatoes, they are considered an important source of cadmium
(Cd) in human diets in several countries, as they can easily accumulate Cd [49]. According to [49], Cd
concentrations in potato tubers are within the range of 0.016–0.3 mg kg−1, and Pb concentrations are
0.5–3 mg kg−1. Our values fall within the range for Cd and are below the range for Pb.

Similar observations were made by [70], who reported that Cd levels in potatoes often increase in
calcareous soils due to higher metal availability under alkaline conditions. Similar trends were also found
with inorganic and organic fertilizers, with an increase in metal contents under organic fertilization [57,
71–76] or under overused phosphate-fertilized soils [66]. Ashrafzadeh et al. [47] reviewed Cd contents in
potato tubers from eight countries (Australia, Belgium, Canada, New Zealand, Norway, Poland, Switzerland,
and Sweden), with median values ranging between 0.04 and 0.16 mg kg−1 (0.01–1.16 mg kg−1), which is
similar to our samples. In any case, Cd contents exceeded the Codex Alimentarius limit (0.1 mg kg−1) [37],
suggesting that unregulated application of such materials could pose a potential human health risk, that
needs detailed study.

Musilova et al. [77,78] also reported a similar trend for Pb, not for Cd, in potato tubers grown under
alkaline soil and with low organic matter, such as our soils. They indicated that under these conditions,
the uptake of Cd and Pb by tubers could be increased. If, under these conditions, contaminated irrigation
waters are also applied, the risk will increase, as reported by [79] for potatoes in Pakistan.
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However, it’s necessary to consider that metal accumulation in potatoes varies significantly among
cultivar species [80] or with changes in soil temperature [81]. In fact, [82] found that the Spunta cultivar,
the same cultivar that was used in our study, it’s known to exhibit moderate-to-high Cd translocation
potential [81]. Therefore, future studies should evaluate cultivar selection, irrigation quality, and
pre-treatment of organic fertilizers to minimize contamination. In the long term, sustainable management
practices such as blending organic and inorganic inputs, heavy-metal stabilization, and monitoring of soil
thresholds are necessary to ensure safe agricultural production in Syria.

5 Conclusion

Our results confirm a positive effect of organic and mineral fertilizers on potato yield and soil fertility,
with municipal compost and sewage sludge yielding the best response among the organic fertilizers.
However, these amendments also increased the heavy metal content in the soil and the uptake of potatoes.
To ensure sustainable use, the application of sewage sludge and compost should be limited to rates below
6–8 t ha−1 and accompanied by pre-treatment or mixed with mineral fertilizers to reduce heavy metal
inputs to the soil-plant system. The results also underscore the importance of periodic monitoring of
soil and plant metal content, as well as the establishment of national regulatory thresholds for organic
waste application in Syria. The novelty of this research lies in providing the first integrated assessment of
agronomic performance and food safety implications of organic waste fertilization in Syrian calcareous soils.
Future studies should focus on multi-season trials to evaluate the cumulative impacts of these amendments
on soil health, crop productivity, and heavy metal accumulation, ultimately contributing to the development
of safe and sustainable nutrient management strategies for arid and semi-arid agricultural systems.
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