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Abstract: The proper management of treated agricultural wastes (e.g., composts) contributes to the
protection of water and soil quality by reducing the use of chemical fertilizers, lowering leachate, and
protecting renewable and nonrenewable resources. Natural zeolites, particularly clinoptilolite, can be
used in agriculture to improve soil quality and increase yields due to their unique properties. The
objective of the study was to test the effects of the co-addition of compost, zeolite and ammonium-
based fertilizer on the Above-ground Fresh Weight (AFW) of lettuce (Lactuca sativa L.), leaf nutrients
and soil fertility. To this aim, a soil pot experiment was carried out at the Department of Soil
Science of Athens, which is located in the region of Attica, in the area of central Greece. Two levels
of olive compost originated from olive leaves (0% and 10% v/v), three levels of zeolite (0%, 2%,
and 5% w/w) and two levels of chemical fertilization (no fertilization and NPK fertilization) were
combined. Furthermore, two different soils were introduced, one moderately acidic (pH = 5.6)
and sandy loam in texture (Ac-LT), and the other slightly alkaline (pH = 7.7) and sandy clay in
texture (Al-HT). Results showed that the response of lettuce yield to chemical fertilization and zeolite
application is soil type-dependent, whereas compost application significantly improved AFW in both
soil types. The availability of macronutrients (P, K, and Na) in the soil, as well as their concentration
in leaves, were significantly increased by NPK fertilization in most cases. Conversely, the impact
of inorganic fertilization on DTPA extractable micronutrients and leaf micronutrient contents was
found to be associated with the type of soil. The study recorded a significant reduction in available
Fe, Cu, and Mn in AL-HT soil, whereas DTPA-Mn and -Zn were significantly enhanced in Ac-LT soil.
Comparable patterns were also documented for the micronutrient concentration in leaves. In most
cases, compost application had significant and beneficial effects on plant nutrients. On the contrary,
different responses of soil properties to compost addition were registered. The main effect of compost
treatment on soil pH, EC, SOM, total N, and available P was significant and positive in both soil types,
except for pH and EC in Al-HT soil. On the other hand, exchangeable K and Na were significantly
reduced by compost. Zeolite substantially increased the availability of P, K, and Na in soil and plants,
whereas the concentrations of DTPA-extractable micronutrients and leaf macronutrients were largely
unaffected. In addition, the results of our study indicated that co-additions of organic and inorganic
amendments did not yield any significant impact on the lettuce yield, leaf nutrient content and
soil fertility. It is suggested that the degree of changes in main soil properties (e.g., pH, EC, SOM)
as a result of amendment application as well as the interaction of the amendments with nutrient
availability are strongly related to soil type.

Keywords: lettuce; zeolite; clinoptilolite; compost; chemical fertilization; soil properties; leaf
nutrients; fresh weight
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1. Introduction

Vegetable production in Mediterranean countries is an important agricultural activity.
There is an increasing concern in Mediterranean countries about conventional agricultural
practices, such as excessive use of synthetic agrochemicals and luxury irrigation that
cause degraded soils, polluted water resources, and air pollution [1,2]. The use of NPK
fertilizers promotes the vigorous growth of vegetables (lettuce, cucumber, tomato, etc.) and
enhances the absorption of other essential plant nutrients, transpiration rate and stomata
conductance [3]. The balanced supply of nitrogen, phosphorus and potassium resulted in
the greatest lettuce yield and quality [4]. On the other hand, the application of high rates
of nitrogen-based fertilizers is a common practice in lettuce cultivation, and lettuce crops
exhibit increased yields and improved quality in response to N fertilization. More than fifty
percent of nitrogen inputs are lost to the environment when used in excess, causing severe
environmental problems such as air and water pollution, soil acidification, ozone depletion,
biodiversity loss, and climate change. Additionally, the high dosages of N leads to the
accumulation of nitrate (NO3

−) in leaves, as well as nitrogen losses through leaching [5].
Moreover, excessive fertilization can lead to yield losses and product quality decline [6].
The efficient use of fertilizer and water is highly critical to maintaining or increasing crop
yields of high quality and to eliminating environmental concerns over the production of
food that does not endanger health.

Therefore, an increase in alternative cultivation practices such as crop rotation systems,
intercropping mixtures, germplasm, tillage systems, mulching, manures, composts, zeo-
lites, etc., is required [2,7,8]. Sustainability concerns on the waste management scenarios in
Europe for various organic wastes, in combination with the policy-driven priorities at the
EU and the subsequent adoption of EU policy at national levels, have given momentum for
the diversion of organic wastes away from landfills and ultimately onto the land. Proper
management of agricultural wastes contributes to the protection of the quality of water and
soil by reducing the use of chemical fertilizers, thus reducing leachate and protecting re-
newable and nonrenewable resources. According to Zdruli et al. [9], almost 75% of the soils
in Southern Europe may have topsoils containing very low (≤1%) or low (≤2%) amounts
of organic carbon. In this context, increasing soil organic matter becomes critical. Indeed,
compost, when applied as an organic amendment in field trials, can improve the physic-
ochemical properties of the soil, leading to a positive effect on plant yield [10]. Different
composts derived from agricultural by-products, such as olive stone or olive leaves, grape
and tobacco wastes, which are abundant in Mediterranean countries, have been success-
fully applied to ameliorate soil physical and chemical properties [11,12]. Particularly, the
utilization of compost derived from olive mill by-products as a soil amendment can serve as
a significant agricultural practice in improving soil quality [13]. Additionally, this practice
can aid in the reuse of by-products, thereby mitigating their detrimental environmental
effects, as stated by Bechara et al. [14]. Among agricultural field by-products in the Mediter-
ranean region, olive tree leaves are a major source of agricultural residues. Olive tree leaves
represent the largest contributor to olive oil mill waste generation, while their availability
without any cost makes them a favorable organic material for compost production [15].
The application of the final product to soil had positive effects on soil’s capacity to retain
water, on aggregate stability, on soil organic carbon, as well as on nitrogen, phosphorus and
potassium availability. Michailides et al. [16] produced a compost using only olive leaves
and olive pomace. With a C/N ratio of 27.1 and high nutrient concentrations (N = 1.79%;
P = 0.17%; K = 4.97%; Na = 2.8%), the final product proved to be a high-quality amendment.
The germination index was greatest (198%) for mature compost. In addition, 31.5 tons
of compost per hectare increased lettuce yield by 145%. Manios et al. [17] demonstrated
that compost prepared from fresh olive tree leaves has very low phytotoxicity. Moreover,
mature compost with a C/N ratio of 12.50, N = 2.87% and Organic Carbon 36.50% dw,
pH = 7.48 and EC = 3.66 mS cm−1 [18] can be a valuable source of organic fertilizer.

According to Gao et al. [19], the combined use of organic fertilizers can lead to a
reduction in chemical fertilizer usage, through a synergistic interaction between the sources.
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This can also result in an enhancement of the microbial community composition, ultimately
leading to improved plant growth and development. In addition, organic fertilizers will
have an important role in overcoming soil degradation, due to highly intensive crop pro-
duction. Reis et al. [20] concluded that the lettuce yield increased with compost application
up to the maximum value tested (60 t ha−1). SPAD readings revealed a quicker effect of
inorganic fertilization on plant growth, which was eventually counteracted by the effect of
compost fertilization. This increase in SPAD values may explain why compost has a more
permanent effect on soil, particularly delayed nutrient release, sustaining plant growth for
a longer duration than organic NK fertilization.

Zeolite is one of the most common minerals used to increase crop production [8]. Their
combination with organic amendments, such as compost derived from agricultural wastes,
could improve the efficiency of organic fertilizers. Indeed, in the context of increasing
the efficiency of agricultural waste application practices, one of the main measures that
was considered highly effective, biologically justified and environmentally safe, especially
on degraded soils, is the use of natural zeolites [21]. Natural zeolites have physical and
chemical properties suitable for a wide range of industrial, agricultural and commercial
applications, due to their unique physical and chemical properties (crystallinity, thermal
stability, well-defined cage structure of molecular size, ion-exchange, etc.). Natural zeolites
are generally considered to be low-cost, safe and environment-friendly materials, suitable
for a vast variety of uses, such as soil remediation, land erodibility control and soil condi-
tions’ improvement in arid and semiarid environments, particularly in sandy and clay-poor
soils [22].

The most common zeolite for agricultural applications, out of more than 40 natural
zeolite species, is clinoptilolite, which acts as a soil amendment for crop production, due
to its exceptionally high ion-exchange capacity [23,24], while improving available water
to the plants and increasing water use efficiency [25,26]. Zeolites have been successfully
used in cultivating different crops. The application of zeolites in the range of up to 20% of
the soil weight was found to be the best medium for tomato plants [27,28]. The addition of
clinoptilolite increased yields of barley, potato, clover and wheat, after adding 15 t/ha in a
sandy loam soil [29,30]. It was found that in the field the zeolite clinoptilolite reduced corn
yields, while in the greenhouse this material appeared to act as a slow-release fertilizer,
increasing the growth of radish after three successive harvests.

With regards to soil properties, the application of natural zeolite to the soil, to control
pH, increased the availability of macronutrients [26] and improved ammonium reten-
tion [31]. The main use of zeolites in agriculture is for nitrogen capture, storage and slow
release. Natural zeolites have a high tendency toward ammonium selectivity [32]. There are
several reports in the literature showing that the addition of zeolite to the source of N can
improve nitrogen use efficiency [33–36]. Zeolite, when mixed with nitrogen, phosphorus
and potassium compounds, enhances the action of such compounds as slow-release fertil-
izers, both in horticultural and extensive crops [37,38]. Ammonium-charged zeolites have
also been tested successfully for their ability to increase the solubilization of phosphate
minerals. Studies, conducted to examine solubility and cation-exchange relationships in
mixtures of rock phosphate and NH4

+ and K+ saturated clinoptilolite, revealed that mix-
tures of zeolite and phosphate rock have the potential to provide slow-release fertilization
of plants in synthetic soils, by dissolution and ion-exchange reactions [39]. Furthermore,
natural zeolites showed high affinity to heavy metals such as Cd, Pb, Cr, Zn, Cu, etc. [40,41],
due to their high cation-exchange capacity. In some cultivations the use of heavy metals
is a common practice. For example, Cu-based fungicides have been extensively applied
to vineyards and as a result, there is a high potential risk for soil contamination with
Cu [42,43]. Zeolites can mitigate this contamination by adsorbing Cu+ ions [44].

It has been reported that zeolites can enhance the efficiency of organic fertilizers, and
particularly that of composts, with regards to its beneficial effects on soil physicochemical
properties, soil acidity and salinity, and plant growth [8]. Zeolites can take up ammonium
due to their specific selectivity for specific cations, from either farmyard manure, composts,
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or ammonium-bearing fertilizers, thereby reducing losses of nitrogen to the environment.
Rodriguez et al. [45] confirmed that zeolite, mixed with manure, increases the effectiveness
of organic fertilizers on meadowland soils. Chuprova et al. [46] found the beneficial effect
of zeolite fertilizers on the mobile humus substances of Chernozem and on the biological
productivity of maize. Natural zeolites can bind humic acid through the action of the surface
extra-framework cations and this ability is markedly enhanced if the zeolitic material is
enriched with divalent cations, especially Ca2+ [47]. Nevertheless, despite their very good
properties and benefits for agriculture, zeolites have not received wide acceptance and
application, mainly due to the lack of specific guidelines and application practices.

Lettuce (Lactuca sativa L.) is one of the most intensively produced vegetables in Mediter-
ranean countries. Intensive cultivation practices in lettuce production require high amounts
of fertilizers and pesticides, resulting in a serious contamination risk to plants, soils and
groundwater. The main objective of this study was to test the benefits of the co-addition of
compost from olive leaves, zeolite and NPK fertilizer on lettuce yield, nutrient composition
and on soil fertility. Additionally, the soil-plant interaction, as induced by the combined
use of the above amendments, was also addressed.

2. Materials and Methods

Two soil pot experiments were conducted with a romaine-type lettuce (Lactuca sativa
L.) cv. Corsica, at the farm of the Department of Soil Science of Athens, prefecture of Attica,
central Greece (latitude 23◦46′35” E, longitude 38◦4′9” N; altitude: 202 m). The growth
period lasted from 9 April to 25 June 2015 and throughout the trial, the average day and
nighttime temperatures were 24.3 ◦C and 12.4 ◦C, respectively. Relative humidity was 54.6%
on average. The pot experiments involved two soil types: (a) moderately acid (pH = 5.6)
soil and sandy loam in texture (Ac-LT) and (b) slight alkaline (pH = 7.7) soil and sandy clay
in texture (Al-HT). Initial soil physio-chemical analyses of the experiment before seedling
planting are presented in Table 1. Plastic pots of 4 L in volume and 24 cm in diameter
were used. Lettuce seedlings were planted directly in pot soil. Based on preliminary pot
experiments, conducted as part of the ARIDWASTE project [48], it was demonstrated that
compost and zeolite applications above 10% v/v and 5% w/w, respectively, significantly
inhibited growth of lettuce plants. Two rates of olive leaves composts (C0: 0% and C10:
10% v/v), three rates of natural zeolite (clinoptilolite) (Z0: 0% and Z2: 2% and Z5: 5%,
w/w) and two chemical fertilization regimes (F0: no chemical fertilization, F: chemical
fertilization) were factorially combined. Treatment combinations are presented in Table 2.
The experimental design was completely randomized with six replicates (6 pots) per
treatment combination. Therefore, there were in total 72 pots for each soil type experiment:
2 compost rates × 3 zeolite rates × 2 fertilization rates × 6 replications.

Table 1. Soil properties before application of the amendments.

Soil
Type Texture pH

E.C.
mS

cm−1

Org.
Matter
g kg−1

CaCO3
%

N
mg
g−1

P-Olsen
mg kg−1

Exchangeable
Cations

DTPA Extractable
Micronutrients

K Mg Ca Na Zn Mn Fe Cu

cmol kg−1 mg kg−1

Ac-LT SL 5.6 0.79 15.07 - 0.95 47 0.44 1.1 0.87 0.11 2.99 7.21 57.2 20.1
Al-HT SC 7.7 1.31 7.82 11.6 0.71 14 0.72 1.8 2.38 0.12 1.64 18.54 19.3 2.47

Before planting to pots, fertilization with an ammonium-based fertilizer (COMPLET
12-12-17-2 MgO) at a dose of 0.25 g/kg dry soil for each nutrient was applied. Nitrogen was
mainly given in the form of NH4-N (11%). Zeolite was applied at two different amounts of
20 g/kg dry soil (2% w/w) and 50 g/kg dry soil (5% w/w). Compost was applied at a dose
of 290 g/pot or 6.4 t/ha (10% v/v).
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Table 2. Combinations of chemical fertilization, compost and zeolite.

Treatment Combinations a/a Chemical Fertilization Compost Zeolite

1 F0 C0 Z0
2 F0 C10 Z0
3 F0 C0 Z2
4 F0 C10 Z2
5 F0 C0 Z5
6 F0 C10 Z5
7 F C0 Z0
8 F C10 Z0
9 F C0 Z2
10 F C10 Z2
11 F C0 Z5
12 F C10 Z5

Compost and zeolite properties are presented in Tables 3 and 4, respectively. Pots were
irrigated up to 70% of field capacity, with the aid of tensiometer readings and gross pot
weights. Hand weeding was done regularly to prevent weed growth on the surface. During
harvest, the fresh weight of above ground biomass (AFW) was measured and leaf samples
were taken for nutrient analysis (total N, P, K, Na, Fe, Cu, Zn, and Mn). In addition, soil
samples from each pot were selected and different soil parameters were measured, such as
pH, electrical conductivity, organic matter, total N, available P, exchangeable cations (K,
Na) and DTPA extractable metals (Fe, Cu, Zn and Mn).

Table 3. Compost characteristics.

pH (1:5) 8.2 Total Mg, (%) 0.32

Organic carbon, % 49.4 Total Na, (%) 0.02

Solids, % 46 Total Fe, (mg/kg) 1495

EC, mS cm−1 (1:5) 0.95 Total Cu, (mg/kg) 65

Total N, (%) 2.31 Total Zn, (mg/kg) 79

Total K, (%) 2.9 Total Mn, (mg/kg) 120

Total P, (%) 0.53 Total B, (mg/kg) 654

Table 4. Clinoptilolite zeolite characteristics.

pH 7.31

CEC 187 cmol(+)/kg

Size of Granules 0–0.15 mm

Moisture content 11.9%

Content of clinoptilolite 87%

Residue on Sieve 0.15 mm 0.8%

2.1. Physical and Chemical Analysis of Soils

Soil physical and chemical properties were analyzed before treatments and after the
termination of the experiments. All soil analyses were carried out on four replicates per
treatment. The preparation of samples for analysis was performed according to the [49].
Laboratory determinations were performed according to the usual methods for soil char-
acterization [50]. Particle-size distribution analysis was carried out by the Bouyoucos
hydrometer method; the pH and the electrical conductivity (EC) were measured in paste
extract with a pH/EC meter equipped with a glass electrode; carbonates by using a Bernard
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calcimeter; total N by the Kjeldahl method [51]; Soil organic C was determined by sul-
fochromic oxidation [52]; available P was determined by sodium hydrogen carbonate
extraction [53], exchangeable K, Mg using BaCl2 extraction [54]. Available Fe, Cu were
determined by DTPA extraction [55].

2.2. Chemical Analysis of Leaves

Lettuce leaves were first cleaned with washing powder and then washed with tap
water and distilled water. The samples were dried in the oven at 70 ◦C until constant
weight and were ground to pass through a mesh screen, to achieve sample homogeneity
before mineral concentration analysis. Dried samples were ground in a stainless “Fritch”
pulverisette mill to pass through the 1-mm round whole sieve. Ground samples were stored
at room temperature in acid-washed glass jars. Leaf samples were analyzed for total N, P,
K, Na, Zn, Mn, Fe and Cu. Total N was determined by the Kjeldahl method. Prior to the
measuring of the other nutrients, leaf subsamples were subjected to dry ashing at 520 ◦C for
5 h then were diluted with hydrochloric acid (HCl) in a 1:1 ratio v/v [56]. Phosphorus was
determined by the vanadomolybdophosphoric yellow color method. Total K, Na and metal
contents (Zn, Mn, Fe and Cu) through atomic absorption spectrophotometry (PerkinElmer
AAnalyst 100 atomic absorption spectrometer, Waltham, MA, USA).

2.3. Statistical Analysis

The combined effect of zeolite, compost and chemical fertilization to soil and plant was
evaluated by using factorial ANOVA procedure with SPSS version 21. The experimental
design used in the soil pot experiments (Ac-LT and Al-HT experiments) was Completely
Randomized Designed (CRD). Before performing analysis of variance (ANOVA), Shapiro–
Wilk (p ≤ 0.05) and Bartlett (p ≤ 0.05) tests were applied to test normality and homogeneity
of variances respectively. Duncan’s multiple-range test was used to test differences among
means (p < 0.05). A correlation analysis was also conducted, to determine the relations
between soil and plant nutrients. The Pearson correlation coefficient was used to perform
bivariate correlation analysis on the measured soil and plant nutrient concentrations, to
identify the significant relations between soil and plant nutrients.

3. Results
3.1. A. Bove Fresh Weight (AFW)

Chemical fertilization (F) significantly increased the Above Fresh Weight (AFW) of
lettuce plants in Ac-LT soil, while decreasing significantly the AFW of plants grown in
Al-HT soil (Table 5). A significant FXC interaction (F: 8.25 *, p < 0.05) was observed
(Figure 1A(a)), showing that inorganic fertilization enhanced the AFW of plants growing
without the addition of compost (C) in Ac-LT soils. Compost application was likewise
significantly and positively related to AFW in both soil types. Zeolite amendment (Z) at
a dosage of 2% w/w significantly increased AFW in Ac-LT soil relative to the other two
zeolite rates, while having no effect on yield in Al-HT soil. Moreover, a significant F × Z
interaction (F: 5.58 **, p < 0.01) in Ac-LT soils demonstrated that, the addition of zeolite
improved the AFW of plants grown without chemical fertilizers compared to fertilized
plants (Figure 1A(b)).

Table 5. Effects of chemical fertilization (F), application of compost (C) and zeolite (Z) and their
interactions on above fresh weight of lettuce (AFW), soil pH, electrical conductivity (EC), organic
matter (SOM) and total N (TN), in Ac-LT and Al-HT soils.

F Value

AFW (b) pH (b) EC (b) SOM (b) TN (b)

Source (a) df Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT

Fertilization
(F) 1 11.70 ** 10.107 ** 457.143

***
101.769

*** 327.07 **** 150.388
*** 0.04 NS 21.951 ** 0.55 NS 3.224 NS
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Table 5. Cont.

F Value

AFW (b) pH (b) EC (b) SOM (b) TN (b)

Compost
(C) 1 23.03 *** 24.328 *** 257.143

*** 3.769 NS 8.58 * 0.078 NS 9.35 * 19.608 ** 20.36 ** 157.742
***

Zeolite (Z) 2 1.54 NS 1.641 NS 0.018 NS 2.026 NS 27.11 *** 2.015 NS 2.74 NS 5.390 * 1.26 NS 1.862 NS

F × C 1 8.25 ** 0.096 NS 18.286 *** 7.410 * 0.31 NS 0.015 NS 0.82 NS 1.160 NS 0.37 NS 0.469 NS

F × Z 2 5.58 ** 1.999 NS 0.768 NS 7.154 * 26.61 *** 1.743 NS 0.65 NS 6.226 * 0.37 NS 0.125 NS

C × Z 1 0.57 NS 0.308 NS 0.375 NS 5.769 * 2.60 NS 0.209 NS 0.27 NS 1.472 NS 0.95 NS 0.807 NS

F × C × Z 2 1.22 NS 0.542 NS 1.839 NS 7.410 * 2.54 NS 0.441 NS 0.35 NS 1.489 NS 0.70 NS 2.302 NS

Main factor Mean values ± std

Fertilization
(F)

F0 40.3±8.37
b (c)

27.4±3.65
a

6.65±0.39
a

7.60±0.14
a

1.0±0.27
b

1.5±0.19
b 2.4±1.1 1.7±0.79

b 1.09±0.36 1.09±0.57

F 45.8±6.64
a

23.0±5.02
b

5.31±0.68
b

7.30±0.08
b

4.7±1.75
a

6.9±1.50
a 2.3±1.4 3.5±2.04

a 1.01±0.30 1.15±0.50

Compost
(C)

C 0% 39.2±7.57
b

21.5±4.59
b

5.43±0.84
b 7.46±0.20 2.2±2.27

b 4.1±1.12 1.6±1.34
b

1.8±1.46
b

0.82±0.17
b

0.59±0.15
b

C 10% 47.9±6.16
a

28.0±4.82
a

6.48±0.57
a 7.53±0.15 3.8± 2.36

a 4.3±2.98 3.0±0.72
a

3.4±1.68
a

1.28±0.28
a

1.55±0.25
a

Zeolite (Z)
Z 0% 41.6±9.99

b 26.3±4.87 5.98±0.87 7.40±0.22 2.0±1.20 c 3.7±1.47 2.1±0.78 1.7±1.17
b 0.40±040 1.14±0.54

Z 2% 46.1±5.12
a 22.9±2.82 5.98±0.95 7.44±0.20 2.9±2.0 b 4.2±1.98 3.1±1.55 3.1±2.06

a 0.33±0.33 1.10±0.62

Z 5% 42.4±7.44
ab 25.7±3.97 5.97±0.90 7.46±0.10 3.8±3.06

a 4.8±1.69 1.8±1.14 3.0±1.80
a 0.24±0.24 0.97±0.48

(a) GLM model. Values of F: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; NS: no significant differences;
(b) AFW in g, EC in mS cm−1, SOM in % and TN in mg g−1; (c) Mean values for each measured parameter within
each main factor and soil type with the same letter are not significantly different (p < 0.05).

3.2. Soil pH and Electrical Conductivity (EC)

Chemical fertilization significantly reduced pH in both soil types (Table 5). The
significant FxC interaction (F: 18.28 **, p < 0.01) suggested that the decline in pH of Ac-LT
soil was more apparent in soil without the addition of compost compared to compost-
amended soil (Figure 1A(c)). Compost addition significantly increased soil pH in Ac-LT
soils but had little effect on pH in AL-HT soils. Furthermore, the application of zeolite
had no noticeable impact on soil pH. Significant interactions were also recorded in Al-HT
soil, although there was no apparent effect on soil pH. All treatments (F, C, Z) significantly
increased the electrical conductivity of Ac-LT soil. The positive effect was also recorded
in Al-HT soil, but only chemical fertilization had a significant impact on it. In addition, a
sharp increase in the EC of chemically fertilized Ac-LT soil, following the addition of zeolite
compared to soil without NPK fertilization, led to a significant FXZ interaction (F: 26.61 ***,
p < 0.001) (Table 5 and Figure 1A(d)).

3.3. Soil Organic Matter (SOM)

Only compost application significantly influenced SOM in Ac-LT soil in a positive
manner (Table 5). Interactions between amendments were negligible. The main treatment
effects (F, C, Z) on SOM in Al-HT soils were significant and positive. The effect of zeolite
was more pronounced in fertilized soil than in soil without fertilization, as indicated by the
significant F × Z interaction (F: 6.3 *, p < 0.05) (Figure 1B(d)).

3.4. Soil Nitrogen (TN) and its Uptake (LN)

The main effect of inorganic fertilization and zeolite additions on TN content was
negligible in both soil types (Table 5), whereas the application of compost significantly
improved it. Concerning plant uptake, chemical fertilization significantly enhanced leaf
N concentration (LN) in both soil types (Table 6), whereas zeolite treatments had no
appreciable effect on LN. Application of compost raised N uptake, but the effect was only
significant in Ac-LT soil. A strong FxC interaction (F: 46.69 **, p < 0.01) in Ac-LT soil was
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also recorded indicating that the increase in leaf N concentration due to NPK fertilization
was more pronounced in plants grown in the absence of compost (Figure 2A(a)).
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Figure 1. Significant interaction effects of the use of chemical fertilizer, compost and zeolite in Ac-LT
soils (A): (a,b) for above fresh weight (AFW; g.), (c) for soil pH, (d) for electrical conductivity (E.C.;
mS/cm), (e) for exchangeable Na (Na exch.; cmolc kg−1) and in Al-HT soils (B): (a–c) for pH, (d) for
soil organic matter (SOM; %), (e) for exchangeable K (K exch.; cmolc kg−1), (f–h) for exchangeable Na
(Na exch., cmolc kg−1). Chemical fertilization regimes (F: NPK fertilization and F0: without chemical
fertilization), Compost rates (C0: 0% and C10: 10% v/v), Zeolite rates (Z0: 0% and Z2: 2% and Z5:
5%, w/w). The results of ANOVA (F values) were shown at the top of each figure. *, **, *** indicated
significant interactions at p < 0.05, 0.01, 0.001, respectively.

Table 6. Effects of chemical fertilization (F), application of compost (C) and zeolite (Z) on concentra-
tion of N, P, K and Na in lettuce grown in Ac-LT and Al-HT soils.

F Value

LN (b) LP (b) LK (b) LNa (b)

Source (a) df Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT

Fertilization
(F) 1 92.461 *** 5.612 * 3.513 NS 0.042 NS 1.999 NS 0.106 NS 11.449 * 0.039

Compost (C) 1 9.536 ** 1.749 NS 1.273 NS 14.439 ** 5.020 * 24.156 *** 0.496 15.011 *

Zeolite (Z) 2 1.282 NS 1.447 NS 4.265 * 4.440 * 9.293 ** 5.807 * 5.320 * 9.821 *

F × C 1 46.695 *** 2.634 NS 7.670 * 0.482 NS 8.937 * 0.413 NS 5.577 * 2.151

F × Z 2 3.304 NS 1.933 NS 1.284 NS 3.206 NS 3.754 NS 2.902 NS 2.248 2.606

C × Z 1 0.324 NS 1.104 NS 2.994 NS 0.274 NS 7.547 * 0.379 NS 0.357 1.174
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Table 6. Cont.

F Value

LN (b) LP (b) LK (b) LNa (b)

F × C × Z 2 0.337 NS 1.163 NS 8.200 ** 0.143 NS 12.172 ** 0.360 NS 1.513 1.835

Main factor Mean values ± std (c)

Fertilization
(F)

F0 2.72 ± 0.63 b 2.75 ± 0.63 b 0.09 ± 0.03 0.18 ± 0.01 11.04 ± 2.19 5.43 ± 1.99 0.205 ± 0.11a 0.20 ± 0.05
F 3.76 ± 0.34 a 3.16 ± 0.22 a 0.12 ± 0.05 0.17 ± 0.02 13.43 ± 4.15 5.68 ± 0.48 0.409 ± 0.19 b 0.23 ± 0.06

Compost (C) C 0% 3.07 ± 0.97 b 2.84 ± 0.69 0.10 ± 0.05 0.10 ± 0.08 b 10.34 ± 5.11 b 2.82 ± 0.60 b 0.33 ± 0.15 0.15 ± 0.04 b
C

10% 3.41 ± 0.33 a 3.07 ± 0.18 0.12 ± 0.03 0.25 ± 0.21 a 14.13 ± 5.56 a 8.18 ± 1.69 a 0.29 ± 0.18 0.31 ± 0.05 a

Zeolite (Z)
Z 0% 3.21 ± 0.64 3.09 ± 0.27 0.08 ± 0.05 b 0.13 ± 0.12 b 8.02 ± 6.15 b 4.53 ± 0.40 b 0.17 ± 0.081 b 0.20 ± 0.045 b
Z 2% 3.16 ± 0.95 2.75 ± 0.74 0.14 ± 0.04 a 0.11 ± 0.14 b 16.90 ± 10.79 a 3.88 ± 1.54 b 0.35 ± 0.11 a 0.14 ± 0.025 b
Z 5% 3.36 ± 0.64 3.03 ± 0.39 0.13 ± 0.05 a 0.25 ± 0.11 a 11.78 ± 2.53 b 8.10 ± 2.54 a 0.40 ± 0.15 a 0.35 ± 0.06 a

(a) GLM model. Values of F: * p < 0.05; ** p < 0.01; *** p < 0.001; NS: no significant differences; (b) LN, LP, LK and
LNa in %; (c) Mean values for each measured parameter within each main factor and soil type with the same letter
are not significantly different (p < 0.05).
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Figure 2. Significant interaction effects of the use of chemical fertilizer, compost and zeolite on
leaf nutrient content in lettuce grown in Ac-LT soils and Al-HT soils. Macronutrient content (A):
(a) for leaf N (LN; %), (b) for leaf P, (LP; %), (c,d) for leaf K (LK; %) and (e) for leaf Na (LNa; %);
Micronutrient content (B): (a,b) for leaf Zn (LZn; mg kg−1) and (c–e) for leaf Mn (LMn; mg kg−1);
Chemical fertilization regimes (F: NPK fertilization and F0: without chemical fertilization), Compost
rates (C0: 0% and C10: 10% v/v), Zeolite rates (Z0: 0% and Z2: 2% and Z5: 5%, w/w). The results of
ANOVA (F values) were shown at the top of each figure. *, **, *** indicated significant interactions at
p < 0.05, 0.01, 0.001, respectively.

3.5. Soil Available P (Pavail.) and Its Uptake (LP)

Chemical fertilization and compost addition significantly increased available P (Pavail.)
in both soil types, whereas zeolite rates did not significantly influence the availability of
phosphorus in soils (Table 7). The interactions between inorganic and organic amendments
were not significant. Regarding leaf concentrations (LP), chemical fertilization and compost
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application were significantly related to leaf P content (LP) in both soil types, apart from
compost treatment in Al-HT soils (Table 6). Moreover, the addition of zeolite significantly
enhanced the LP of plants grown in both soil types. Although a significant FxC interaction
(F = 7.67 *, p < 0.05) was observed in Ac-LT soil, the combined application of inorganic and
organic amendments did not increase leaf P content, because NPK application favored LP
without the addition of compost (Figure 2A(b)).

Table 7. Effects of chemical fertilization (F), application of compost (C) and zeolite (Z) and their
interactions on available P (P-Olsen), exchangeable K (K exch.) and exchangeable Na (Na exch.), in
Ac-LT and Al-HT soils.

F Value

P-Olsen (b) K Exch (b) Na Exch(b)

Source (a) df Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT

Fertilization (F) 1 58.869 *** 429.170 *** 332.569 *** 16.670 ** 4283 11.121 *

Compost (C) 1 7.056 * 399.925 *** 21.786 ** 4.680 * 6.967 * 12.847 *

Zeolite (Z) 2 0.546 NS 1.525 NS 4.912 * 14.637 ** 20.315 *** 222.721 ***

F × C 1 0.101 NS 0.176 NS 0.497 NS 0.023 NS 0.972 12.089 *

F × Z 2 0.149 NS 0.272 NS 0.572 NS 17.07 *** 0.407 58.634 ***

C × Z 1 0.014 NS 0.450 NS 0.122 NS 0.241 NS 5.900 * 16.497 ***

F × C × Z 2 0.333 NS 0.076 NS 1.292 NS 2.215 NS 0.550 5.536 *

Main factor Mean values ± std (c)

Fertilization (F)
F0 56.4 ± 8.01 b 23.14 ± 10.77 b 1.10 ± 0.87 b 0.96 ± 0.91 b 1.27 ± 0.59 1.41 ± 0.41 a
F 89.3 ± 12.13 a 44.64 ± 11.34 a 1.84 ± 1.01 a 2.04 ± 1.50 a 1.52 ± 0.48 1.74 ± 0.24 b

Compost (C) C 0% 67.2 ± 17.14 b 23.51 ± 11.17 b 1.64 ± 1.12 a 1.81 ± 1.47 a 1.65 ± 0.68 a 1.73 ± 0.32 b
C 10% 78.6 ± 20.83 a 44.26 ± 11.71 a 1.25 ± 0.81 b 1.32 ± 1.12 b 1.20 ± 0.31 b 1.32 ± 0.34 a

Zeolite (Z)
Z 0% 72.2 ± 21.29 34.20 ± 15.51 0.52 ± 0.25 c 1.49 ± 0.89 b 1.02 ± 0.16 a 0.62 ± 0.11a
Z 2% 70.6 ± 18.86 32.66 ± 15.78 1.32 ± 0.52 b 2.36 ± 1.18 a 1.24 ± 0.28 a 1.31 ± 0.94 b
Z 5% 75.9 ± 20.68 34.81 ± 16.98 2.41 ± 1.10 a 0.85 ± 1.18 c 1.92 ± 0.60 b 2.86 ± 0.60 c

(a) GLM model. Values of F: * p < 0.05; ** p < 0.01; *** p < 0.001; NS: no significant differences; (b) P-Olsen in mg
kg−1, Kexch and Naexch. in cmol kg−1; (c) Mean values for each measured parameter within each main factor
and soil type with the same letter are not significantly different (p < 0.05).

3.6. Exchangeable K (K exch.) and Its Uptake (LK)

Exchangeable K (K exch.) was significantly increased by NPK application in both
soil types, while compost application significantly reduced the availability of potassium
(Table 7). The addition of zeolite significantly increased K exch. in Ac-LT soils. In Al-HT soils,
application of 2% (w/w) zeolite significantly increased K exch. compared to the control (0%
w/w), whereas the opposite effect was recorded at 5% zeolite. As indicated by the significant
FXZ interaction (F: 17.07 **, p < 0.01) (Figure 1B(e)), this decrease was more pronounced in
soil amended with chemical fertilization, compared to soil without fertilization.

Concerning potassium uptake (LK), chemical fertilization did not significantly in-
fluence LK, whereas the addition of compost or zeolite significantly increased K uptake
(Table 6). Combinations of treatments (F, C, Z) had no effect on the leaf K content of plants
cultivated in heavy textured soil (Al-HT), as interaction effects were not significant. In
Ac-LT soils, however, significant interactions were observed. The significant F × C interac-
tion (F: 8.93 *, p < 0.05) indicated that NPK fertilization significantly increased K uptake in
plants without compost addition, compared to plants that received compost (Figure 2A(c)).
Furthermore, the application of 2% zeolite to soil without the addition of compost favored
LK over plants receiving compost (C × Z: 7.54 *, p < 0.05; Figure 2A(d)).

3.7. Availability of Soil Na (Na exch.) and Its Uptake (LN)

Chemical fertilization increased the content of exchangeable Na (Na exch.); neverthe-
less, the effect was only significant for Al-HT soil (Table 7). In both soil types, compost
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had a significant negative impact on Na exch., whereas the application of zeolite had a
significant positive effect.

Furthermore, treatment combinations (F, C, Z) produced significant interactions in
Al-HT soils (F × C, F × Z, C × Z). Indeed, NPK fertilization or zeolite addition increased
Na exch. in soils without the addition of compost (Figure 1B(f,h) for F × C: 12.08 *, p < 0.05
and C × Z: 16.49 ***, p < 0.001, respectively). In addition, the beneficial influence of zeolite
was stronger in unfertilized soil, following the addition of a higher dose than in fertilized
soil (F × Z: 58.63 ***, p < 0.001) (Figure 1B(g)). The combined effect of F with Z or with C
was not significant in Ac-LT soil; however, a significant C × Z interaction (F: 5.90 *, p < 0.05)
was noticed, where the positive effect of zeolite addition on Na exch. was more pronounced
in soil without the use of compost than in soil amended with compost (Figure 1A(e)).

Concerning leaf Na content (LNa), it was significantly and positively related to fertil-
izer and zeolite treatments in Ac-LT and Al-HT soils (Table 6).

3.8. Availability of Micronutrients
3.8.1. Soil Available Fe (DTPA-Fe) and Its Uptake (LFe)

Chemical fertilization did not alter the Fe availability (DTPA-Fe) in Ac-LT soil, whereas
it significantly lowered DTPA-Fe in Al-HT soil (Table 8). Compost application significantly
decreased DTPA-Fe in Ac-LT soils, while it significantly increased in Al-HT soils. Zeolite
treatments were significantly and negatively correlated with Fe availability in Al-HT soil.
In addition, treatment combinations produced significant interactions in Ac-LT soils (FxC
and FXZ; Figures 3a and 3b, respectively). Fertilization increased DTPA-Fe in unamended
soil, while the opposite was observed in soil amended with compost (FXC: 10.55 *, p < 0.05).
In addition, zeolite amendments decreased Fe availability in unfertilized soils, while
increasing DTPA-Fe in fertilized ones (FxZ: 17.30 **, p < 0.01). In terms of Fe uptake (LFe),
it was unaffected by treatments in both soil types, except for Al-HT soils, where chemical
fertilization significantly reduced LFe (Table 9).

Table 8. Effects of chemical fertilization (F), application of compost (C) and zeolite (Z) and their
interactions on available (DTPA) micronutrients (Fe, Cu, Zn, Mn) in Ac-LT and Al-HT soils.

F Value

DTPA-Fe (b) DTPA-Cu (b) DTPA-Zn (b) DTPA-Mn (b)

Source (a) df Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT

Fertilization
(F) 1 0.139 NS 25.222 *** 3.409 NS 9.547 * 18.078 ** 0.932 NS 67.875 *** 28.883 ***

Compost
(C) 1 10.191 ** 14.106 ** 13.610 ** 2.451 NS 2.175 NS 10.594 * 31.816 *** 3.224 NS

Zeolite (Z) 2 2.481 NS 5.767 * 0.974 NS 1.403 NS 0.332 NS 0.660 NS 6.271 * 3.067 NS

F × C 1 10.558 ** 0.422 NS 0.033 NS 1.257 NS 0.090 NS 0.831 NS 15.430 ** 0.188 NS

F × Z 2 17.301 *** 0.611 NS 0.976 NS 0.087 NS 2.770 NS 0.168 NS 7.096 ** 0.483 NS

C × Z 1 2.194 NS 0.191 NS 0.908 NS 0.583 NS 1.839 NS 0.444 NS 15.780 *** 0.806 NS

F × C × Z 2 0.323 NS 0.167 NS 0.286 NS 1.560 NS 0.577 NS 0.751 NS 24.316 *** 0.602 NS
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Table 8. Cont.

F Value

DTPA-Fe (b) DTPA-Cu (b) DTPA-Zn (b) DTPA-Mn (b)

Main Factor Mean Values ± std (c)

Fertilization
(F)

F0 54.82 ± 9.22 20.44 ± 3.31 a 21.7 ± 3.00 2.20 ± 0.31
a 2.2 ± 0.31 b 1.9 ± 0.40 1.94 ± 1.23

b
17.1 ± 3.32

a

F 55.71 ± 14.64 14.52 ± 4.40
b 23.7 ± 3.47 1.67 ± 0.52

b 3.8 ± 0.26 a 2.1 ± 0.42 6.43 ± 1.42
a

11.8 ± 1.66
b

Compost
(C)

C 0% 59.54 ± 12.11
a

15.27 ± 3.42
b

24.8 ± 2.61
a 2.15 ± 0.53 3.1 ± 0.39 1.8 ± 0.37 b 5.72 ± 1.55

a 13.6 ± 1.16

C 10% 51.04 ± 10.6
b 19.69 ± 5.19 a 20.7 ± 2.74

b 1.78 ± 0.45 3.3 ± 0.33 2.4 ± 0.28 a 2.64 ± 0.56
b 15.4 ± 0.97

Zeolite (Z)

Z 0% 53.72 ± 11.17 19.73 ± 3.64 a 22.4 ± 2.70 2.13 ± 0.35 3.4 ± 0.39 1.9 ± 0.40 5.06 ± 1.45
a 16.2 ± 1.12

Z 2% 52.76 ± 8.24 17.84 ± 4.48
ab 22.0 ± 3.63 1.80 ± 0.51 3.2 ± 0.29 2.2 ± 0.47 4.66 ± 2.07

a 13.6 ± 1.54

Z 5% 59.41 ± 15.77 14.87 ± 5.53
b 23.8 ± 3.7 1.86 ± 0.60 3.1 ± 0.44 1.9 ± 0.36 2.84 ± 0.81

b 13.7 ± 1.24

(a) GLM model. Values of F: * p < 0.05; ** p < 0.01; *** p < 0.001; NS: no significant differences; (b) DTPA-Fe, DTPA-
Cu, DTPA- Mn, DTPA-Zn in mg kg−1; (c) Mean values for each measured parameter within each main factor and
soil type with the same letter are not significantly different (p < 0.05).

Table 9. Effects of fertilization (F), application of compost (C) and zeolite (Z) on leaf concentration of
iron (LFe), copper (LCu), zink (LZn) and manganese (LMn) in lettuce plants grown in Ac-LT and
Al-HT soils.

F Value

LFe (b) LCu (b) LZn (b) LMn (b)

Source (a) df Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT Ac-LT Al-HT

Fertilization
(F) 1 3.848 NS 4.498 * 1.820 NS 3.881 NS 9.230 * 4.863 * 192.236 *** 3.574 NS

Compost
(C) 1 3.955 NS 1.895 NS 1.324 NS 1.093 NS 21.378 ** 0.470 NS 228.966 *** 3.533 NS

Zeolite (Z) 2 0.836 NS 0.800 NS 0.607 NS 1.120 NS 2,946 0.401 NS 1.734 NS 0.023 NS

F × C 1 2.037 NS 2.596 NS 1.429 NS 0.102 NS 4.795 * 0.023 NS 17.507 *** 7.129 *

F × Z 2 0.431 NS 0.914 NS 0.024 NS 2.003 NS 4.595 * 0.745 NS 4.796 * 1.638 NS

C × Z 1 0.027 NS 0.498 NS 0.039 NS 1.475 NS 2.8 NS 1.794 NS 2.818 NS 0.359 NS

F × C × Z 2 0.011 NS 0.580 NS 0.387 NS 1.349 NS 4.808 * 0.199 NS 5.270 * 0.405 NS

Main factor Mean values ± std (c)

Fertilization
(F)

F0 503 ± 88 20.4 ± 3.31
a 16.263.59 2.2 ± 0.31 44.4 ± 10.3

b
36.7 ± 4.37

a 77 ± 29.2 b 103 ± 12.3

F 383 ± 72 14.5 ± 2.40
b 18.53 ± 3.61 1.7 ± 0.52 61.3 ± 23.1

a
25.7 ± 1.41

b
417 ± 84.4

a 126 ± 6.0

Compost
(C)

C 0% 382 ± 86 15.2 ± 3.42 16.43 ± 3.51 2.1 ± 0.53 65.6 ± 3.32
a 32.9 ± 4.55 430 ± 38.5

a 103 ± 13.4

C 10% 503 ± 95 19.6 ± 1.19 18.36 ± 3.79 1.8 ± 0.45 40.0 ± 4.77
b 29.5 ± 2.30 62 ± 11.2 b 126 ± 3.3

Zeolite (Z)
Z 0% 450 ± 39 19.7 ± 3.64 18.69 ± 3.93 2.1 ± 0.35 56.9 ± 28.2 34.3 ± 4.9 266 ± 118 110 ± 6.4
Z 2% 487 ± 44 17.8 ± 2.48 16.57 ± 3.21 1.8 ± 0.51 58.3 ± 27.4 29.9 ± 4.4 261 ± 110 115 ± 16.7
Z 5% 391 ± 28 14.8 ± 3.53 16.03 ± 4.01 1.9 ± 0.60 43.4 ± 17.8 29.3 ± 4.1 215 ± 85 112 ± 13.4

(a) GLM model. Values of F: * p < 0.05; ** p < 0.01; *** p < 0.001; NS: no significant differences; (b) LFe, LCu, LZn
and LMn in mg kg−1; (c) Mean values for each measured parameter within factors and soil type with the same
letter are not significantly different (p < 0.05).
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3.8.2. Soil Available Cu (DTPA-Cu) and Its Uptake (LCu)

Chemical fertilization significantly reduced the Cu concentration in Al-HT soil (DTPA-
Zn) (Table 8). There was a significant negative response of DTPA-Cu to the addition
of compost in Ac-LT soil. Zeolite treatments had no impact on the availability of Cu.
Regarding Cu uptake (LCu), there was no effect of treatments (Table 9).

3.8.3. Soil Available Zn (DTPA-Zn) and Its Uptake (LZn)

Inorganic fertilization and compost application increased Zn availability in soil (DTPA-
Zn). Nevertheless, the positive effect was significant in Ac-LT soils and Al-HT soils,
respectively (Table 8). Concerning Zn uptake (LZn), the concentration of Zn in leaves was
significantly increased by chemical fertilization in Ac-LT soils (Table 9) and the increase
was more pronounced in plants grown without the addition of compost, than in compost
amended plants (F × C: 4.79 *, p < 0.05) (Figure 2B(a)). In contrast, LZn was drastically re-
duced in Al-HT soil. Compost treatment decreased Zn uptake, but the effect was significant
in Ac-LT soils. Zeolite had no effect on the LZn concentration in either soil type; however,
there was a significant FxZ interaction (F = 4.59 *, p < 0.05) in which the addition of 5%
zeolite reduced the LZn in fertilized plants compared to unfertilized ones (Figure 2B(b)).

3.8.4. Soil Available Mn (DTPA-Mn) and Its Uptake (LMn)

With reference to Ac-LT soils, fertilization significantly increased available Mn (DTPA-
Mn) (Table 8). On the other hand, additions of compost and zeolite significantly decreased
it. A significant F × C interaction (F: 15.43 **, p < 0.01) revealed that the positive effect of
fertilization on soil Mn availability was more pronounced in soil without compost addition,
compared to compost-amended soil (Figure 3e). Significant interactions F × Z (F: 7.09
**, p < 0.01) and C × Z (F: 15.78 ***, p < 0.001) indicated that differences in DTPA Mn in
soils with and without chemical fertilization, as well as in soils with and without organic
fertilization (Figure 3c,d), were reduced at the highest dosage of zeolite (5% w/w). Chemical
fertilization significantly decreased the amount of available Mn in Al-HT soil (Table 8).
The NPK fertilization significantly increased leaf manganese content (LMn) in Ac-LT soils,
whereas compost substantially decreased it (Table 9). A significant FXC interaction in both
soil types (F: 17.5 ***, p < 0.001; F: 7.12 *, p < 0.05) revealed that 10% compost lessened
the differences between fertilizer regimes (Figure 2B(c,e)). As in the case for DTPA-Mn
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in Ac-LT soil, differences in LMn of plants grown without and with chemical fertilization
were reduced at the highest rate of zeolite (F × Z: 4.8 *, p < 0.05, Figure 3B(d)).

3.9. Correlations between Soil and Plant Nutrients

In Ac-LT soil, soil with available Mn was significantly and positively correlated with
plant Mn (R2: 0.56, p < 0.01). No additional significant relationships were identified (data
not displayed). Significant negative relationships were recorded in Al-HT soils between
soil exchangeable K and plant K (R2 = 0.32, p < 0.01) and between soil available Zn and
plant Zn (R2 = 0.28, p < 0.05). No additional significant relationships were identified.

4. Discussion
4.1. Above Fresh Weight (AFW)

Considering the variance analysis (Table 5), the response of AFW to chemical fertiliza-
tion depended on the type of soil. The NPK fertilization significantly increased the AFW of
plants cultivated in Ac-LT soil, whereas the AFW of plants cultivated in Al-HT soil was
significantly decreased. The adverse response may be attributed to the high soil EC value
(6.94 mS cm−1), which greatly exceeded the threshold value of 1.3 mS cm−1 for lettuce
grown in soil [57].

The application of compost had a significant and positive effect on AFW for both soil
types. Many authors have documented positive effects of compost addition on various
yield attributes [16,58–60]. According to Michailides et al. [16], the addition of compost
made from olive leaves and pomace at a rate of 31.5 t/ha can increase lettuce yield by
145%. Hernández et al. [59] reported that soils treated with various types of compost
produced lettuce yields that were comparable to, or higher than, conventional inorganic
fertilization-treated soils.

As in the case with NPK fertilization, the response of lettuce yield to the application of
natural zeolite is also related to soil type. The addition of zeolite, significantly improved
AFW in Ac-LT soil, while the yield response in Al-HT soil was negligible. Differences
in soil CEC and available water may be responsible for the differential response of plant
growth to zeolite application. Zeolite may influence coarse-textured soils to a greater
degree than fine-textured soils, due to a significant change in CEC and soil’s water-holding
capacity and its availability to crops, due to their porous structure [61,62]. Ferguson
and Pepper [63] proposed that the effects of zeolite on plant growth varied with soil
type and maximum benefit (e.g., improved nutrient retention, availability, and water
holding capacity) would be expected on coarse textured soils with low CEC. According
to Wiedenfeld [64], the slight effect of zeolite application on crop yield suggests that its
potential benefit might be achieved under poor soil conditions, in terms of nutrient retention
and moisture holding capacity.

The co-addition of compost and zeolites did not favor crop yield (non-significant CxZ).
Litaor et al. [43] tested the potential benefits of the use of compost and zeolite on the fertility
of peat soil where the potato, desired cultivar was cultivated. Compost and zeolites did not
improve total crop yield, or the number of large tubers, compared with compost addition
alone and this was attributed to the low dosages of zeolite (≤5% w/w). Most of the crop
yield improvement, due to co-addition reported, has occurred after adding high dosages of
zeolites (7%, 14% and 21%) [62].

In addition, despite registering significant interactions (F × C **, p < 0.01 and F × Z
**, p < 0.01) in Ac-LT soils, the co-addition of chemical fertilization with either compost
or zeolite did not increase crop yield. The high values of soil electrical conductivity after
the addition of compost, and especially fertilizer or zeolite, are the main cause of the yield
response. Indeed, the co-application of fertilizer and compost increased the soil ECe above
the threshold level for soil salinity (4 mS cm−1) and the lettuce’s tolerance threshold ECe of
1.3 mS cm−1 (57). Moreover, concerning the co-application of fertilizer and zeolite, EC in
NPK-fertilized soil increased dramatically with increasing zeolite dosage, attaining a value
of 6.7 mS cm−1, which was well above the aforementioned threshold values. In contrast,
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numerous researchers have observed that the combination of compost and inorganic
fertilizer reduces the need for chemical fertilization, while achieving comparable or even
higher vegetable yields [59,65], as well as enhanced growth, when zeolite is combined with
chemical fertilizer [66–68].

4.2. Soil pH and Electrical Conductivity (EC)

For both soil types, the significant decrease in pH after chemical fertilization (Table 5)
could be attributed to the form of nitrogen fertilizer (NH4-N), where fertilization with
nitrogen in ammonium form causes soil acidification via nitrification of the ion. The
reduction was more pronounced in soil without the addition of compost (significant F ×
C interaction, Figure 1A(c),B(a)), which could be attributed to the high pH (pH: 8.2) of
compost. Similarly, Ac-LT soil pH significantly increased after the addition of compost,
due to its alkaline pH, whereas Al-HT soil pH was not affected by compost application,
because the high calcium carbonate content and clay content acted as buffers and resisted
any considerable change in soil pH [69].

The application of zeolite to each type of soil did not significantly alter soil pH, nor did
the combination of zeolite with fertilizer or compost. Numerous studies [70–75] indicate
that the addition of zeolite typically results in an increase in soil pH, because zeolites
are marginally alkaline. Ravali et al. [76] noted that higher pH values, recorded after
the combination of N fertilizer with various zeolite concentrations, may be the result of
higher zeolite rates, which was able to retain ammonium ions from the soil within its pores.
Milosevic and Milosevic [77] also proposed that zeolites, which have a moderately alkaline
reaction, can be combined with mineral fertilizers to maintain soil buffering and indirectly
control soil pH.

Due to the presence of salts in the amendments, the application of chemical fertilizer,
compost and zeolite significantly increased Ac-LT soil’s EC (Table 5). With zeolite applica-
tion, Ramesh et al. [75] and Li et al. [78] observed an increase in EC. Positive effects were
also observed in Al-HT soils; however, only inorganic fertilization had a significant impact.
The differences in clay content between the two soil types may account for their distinct
behaviors. It is well-known that ion adsorption is related to clay content and in general, EC
increases as clay content increases and as porosity (soil moisture content) increases, EC also
increases. Furthermore, significant F × Z interaction in Ac-LT soil suggested that zeolite
increases EC when combined with chemical fertilizer (Figure 1A(c)). This is because, when
zeolites are combined with chemical fertilizers, they help retain nutrients in the root zone,
thereby enhancing nutrient assimilation and enhancing the soil’s long-term quality [79].
The increase is directly proportional to the quantity of minerals present in the zeolite or
to its capacity to retain salt. According to Ravali et al. [76], the high exchange capacity of
zeolites increases soil EC, because zeolites can introduce cations into the soil solution.

4.3. Soil Organic Matter (SOM)

The application of compost significantly increased SOM, in both soil types (Table 5).
In general, the application of organic fertilizers increases SOM. [80,81]. Many authors
have stated that the presence of clay in soil may serve as a safeguard against organic
matter mineralization in soils amended with compost [82,83]. As documented in studies by
Ladd et al. [84] and Amato and Ladd [85], there is a positive correlation between clay content
and the preservation of soil organic carbon. Zeolite application did not influence SOM in Ac-
LT soils. Similarly, Filcheva and Tsadilas [71], reported that there was no significant effect
of zeolite on the organic carbon of a silty loam acid soil poor in organic matter. On the other
hand, zeolite significantly increased SOM in Al-HT soils. The application of natural zeolite
improves carbon sequestration by increasing the organic carbon contents of soil particularly,
when it is used with organic materials such as plant residues [86,87]. In our trial, the increase
in SOM was more pronounced in combination with chemical fertilization (F × Z *, p < 0.05,
Figure 1B(d)). In fact, inorganic fertilization significantly improved SOM in heavy textured
soil (Al-HT), which may be attributed to increases in net primary productivity (NPP), [88]
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mainly via inorganic N fertilization [89]. The increase in NPP reduces soil moisture and
temperature, due to changes in transpiration and shading, respectively resulting in the
reduction of SOM mineralization [90–92]. Moreover, Mahal et al. [89] suggested that
microbes may be mineralizing SOM to meet N demand in soils, due to the suppressive
effect of inorganic N fertilizer application on gross ammonification.

4.4. Macronutrient (N, P, K, Na) Content in Soil and Plants

Inorganic NPK fertilization failed to improve TN content in both soil types (Table 5),
either indicating nitrogen losses or that the N application rate was below the optimal
level without therefore increasing residual nitrogen [93]. In contrast, the application of
inorganic fertilizers significantly enhanced the uptake of nitrogen in both soil types (Table 6),
especially in the Ac-LT soil lacking compost amendment (F × C ***, p < 0.001, Figure 2A(a)).
The application of compost significantly improved TN, as compost contains significant
amounts of valuable plant nutrients [94–96], including N. It should be noted that the
increase in soil TN was complemented by significant increases in SOM, indicating that
the organic N was tied up in organic matter. In addition, the application of zeolite did
not significantly influence TN, as well as LN, probably because zeolite has the capacity to
reduce nitrate and ammonium from soil solution, due to its high ion-exchange capacity [73].
Ahmed et al. [70] investigated the effect of inorganic fertilizers together with zeolite on the
uptake of NPK by maize. They stated that soil TN was marginally enhanced by zeolite
treatments, due to the specific characteristics of zeolites. Plant N uptake was also not
affected by zeolite treatments. Medoro et al. [97] proposed that zeolite increased the N
retention time in the soil, allowing for better exploitation by plants, which led to the same
N uptake as the control, notwithstanding the reduction in the N inputs.

Chemical and organic fertilization substantially increased the availability of phospho-
rus in both soil types (Table 7), as both amendments contained substantial amounts of
this nutrient. Specifically, crop residues with a greater P content (>0.24%) promoted net P
mineralization [98]. In our investigation, the P concentration in the organic amendment ex-
ceeded the minimum threshold, indicating high P mineralization. However, combinations
of inorganic (F, Z) and organic (C) amendments had no effect on soil available P or leaf P
content (Table 6). Since zeolites effectively absorb P [70], they had no appreciable effect on
P availability in the soil. This was not the case for P uptake, which improved considerably
in both soil types when zeolite was added. Pickering et al. [99] investigated the effect
of the zeolite mineral clinoptilolite in conjunction with rock phosphate on sunflower P
absorption. Their experiments clearly demonstrated significantly increased plant uptake
of phosphorus. Natural zeolites are preferable due to their high exchange ability, which
increases phosphorus uptake while decreasing this element’s pollution load [100].

Inorganic NPK fertilization favored exchangeable K in both soil types (Table 7), how-
ever, the positive effect was not reflected in K uptake, indicating fixation or adsorption of K
ions. Wihardjaka et al. [101] stated that, when the exchangeable K is relatively high, it will
be fixed partly in the clay mineral lattice and will be leached to deeper layers. Although
the addition of composted olive tree leaves (rich in K [16]) significantly improved K uptake
by lettuce, the exchangeable K was significantly reduced by compost treatment in both
soil types, indicating K losses via leaching. By contrast, many authors have reported that
organic fertilization increases the availability of K in soil [102,103], due to the dissolution of
some of the soil minerals containing potassium via organic acids (humic and fulvic) [104].

It is well known that clinoptilolite is highly selective for potassium [96] and that
exchangeable K is enhanced by zeolite additions [12,71]. Moreover, improvement in K
uptake due to zeolite addition was reported in many studies [70,105]. Similarly in our trials
the addition of zeolite significantly raised K uptake in both soil types (Table 6), as well as
exchangeable K in Ac-LT soils (Table 7). Potassium is among the nutrients with the highest
ion-exchange capacity [106] and therefore it is very easily released from zeolite into the soil
solution, increasing the K content in the soil [77]. The results are of paramount importance
for light-textured soils, when considering the lower availability of K in these soils and
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particularly when lowering pH [107]. On the contrary, in Al-HT soils, the addition of 5%
zeolite significantly reduced soil K exch compared to 0% and 2% w/w dosages, which may
reflect the high tendency of zeolite for K adsorption [108].

Nevertheless, the combination of inorganic and organic amendments did not improve
the uptake of K (F × C *, p < 0.05, and C × Z *, p < 0.01, interactions, Figure 2A(c,d)
respectively). Compost application, alone or in combination, has a liming effect due to
its richness in alkaline cations, suggesting that the low K uptake may be related to the
soil pH changes (Table 5). Additionally, zeolites minimize the rate of nutrient release
from both organic and inorganic fertilizers [73,109] and thereby making them available
for plant uptake in the long run. Conversely, improvements in N, P, K uptake and use
efficiency of maize were recorded in studies using inorganic fertilizers mixed with zeolite
or compost [70,105,110].

As for Na content in soil, NPK fertilization increased Na exch. in Al-HT soil and
particularly in soil without the addition of compost (F × C *, p < 0.05, Figure 1B(f)). The
addition of organic materials (e.g., compost) lowers the soil SAR [111] and can accelerate
the leaching of Na and decrease the ESP [112–114], while compost absorbs Na [69]. Indeed,
the application of compost caused a significant and negative effect on exchangeable Na in
both soil types (Table 7), because the addition of organic matter can absorb Na, reducing
its phytoavailability [69]. The use of compost demonstrates very good potential for Na
containment in problem soils. On the other hand, the application of zeolite was significantly
and positively related to Na exch. in both soil types. Although the crystalline structure
of the zeolite allows it to readily absorb cations [115], natural zeolites contain major pro-
portions of sodium, so their addition increases the availability of sodium in soil. Besides
the high content of sodium in clinoptilolite, Trinchera et al. [116] reported that this type of
zeolite behaved as a sort of physical stimulant for roots during the seedling stage of maize
plants, because it was able to create a micro-environment, in which excreted mucigel could
solubilize the organic compounds, consequently promoting the nutrients availability and
uptake. Similarly, enhanced Na uptake due to soil amendments was registered in our trials
(Table 6).

4.5. Availability of Micronutrients (Fe, Cu, Zn and Mn)

Ammonium-based fertilization significantly reduced Fe availability in Al-HT soil
(Table 8) and that was also reflected in LFe (Table 9). It is well known that ammonium
(NH4

+) can be held on cation exchange sites and is not susceptible to leaching, although it
can interact negatively with metal cations [117]. On the other hand, DTPA-Fe increased in
Al-HT soils probably since: (a) soil pH did not respond to compost application because of
its relatively higher buffer capacity, and (b) olive leaf compost was rich in Fe, resulting in
the enhancement of Fe availability. In relatively high pH soils, the complexation of organic
matter with metals, such as Fe, will promote the maintenance of Fe in dissolved forms,
increasing the availability of this element in soils [118].

The DTPA-Fe in Ac-LT soils was significantly reduced by compost application maybe
due to the respective change in soil pH, where a large increase of approximately one pH
unit (from 5.43 to 6.48) was registered. Organic amendments may increase the solubility of
Fe through their effects on the soil redox potential [119]. According to Asaye et al. [120],
compost application is related to the effect of colloid dynamics, strongly altered by the
change in pH. Moreover, Carstens et al. [121] stated that the mobility of colloidal Fe-oxides
is governed by soil conditions such as pH and organic matter content.

Natural zeolites are generally used for heavy metal sequestration (Cd, Pb, Cr, Zn, Cu,
Fe, etc.) because they have a high cation-exchange capacity [40], thereby reducing their
availability in the soil and therefore the uptake by the plant [122,123]. Clinoptilolite can
adsorb heavy metals that are in easily available fractions, while it can also exchange sodium
and potassium [124]. In our trials, zeolite addition did not significantly affect Fe availability
in Ac-LT soils, although according to Sheta et al. [125], sorbed or freshly precipitated Fe
on zeolite in acid soils could be a source for increasing available iron. However, several
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studies reported that the direct application of zeolites to the soil did not reveal any effect
on soil properties, nor on traits found in plants [126]. On the other hand, a significant
negative effect was determined by the application of zeolite in Al-HT soil, suggesting
that the addition of zeolite favors metal sorption into their exchange places. It seems that
zeolite’s adsorption mechanism is a major contributing factor to the low concentrations of
Fe in soil solutions, particularly in alkaline soils rich in clay minerals.

As in the case of DTPA-Fe, the ammonium-based fertilizer significantly reduced the
availability of Cu in Al-HT soil (Table 8). There was a negative response of Cu in soils due to
compost addition; however, the effect was significant in Ac-LT soils. Organic amendments
have a high specific surface area and functional groups that increase the sorption potential
for cationic metals such as Cu [127,128]. Moreover, there was no significant response to
Cu in soil types as a result of zeolite addition. Many studies concerning the addition of
natural zeolites to soil have shown little or no effect on the availability of copper [129–131].
With regards to Cu uptake, no significant effect was recorded, although other authors have
reported inhibition of Cu and other PTEs (e.g., Cr, Zn and Cd) uptake by lettuce, spinach
and parsley after zeolite application [132,133].

Concerning the availability of soil Zn and its plant content, it was favored by chemical
fertilization in Ac-LT soil (Table 8). The positive impact may be related to the decrease in
soil pH from 6.65 to 5.31 (Table 5) after NPK fertilization. The soil pH is the most important
factor controlling Zn availability, which increases with a decrease in pH [134]. On the other
hand, inorganic fertilization did not significantly affect DTPA-Zn in Al-HT soils, since a
neutral pH value was recorded (from 7.57 to 7.30) after the application of ammonium-based
fertilizer. Nevertheless, LZn was significantly reduced by NPK fertilization (Table 9). In
fact, phosphorus fertilization can affect Zn uptake by plants since both nutrients show
antagonistic behavior in plant nutrition [135,136]. Further, ammonium (NH4

+) would
influence the uptake and translocation of Cd and Zn to mediate their interactions in
wheat [137].

Compost application was also positively related to DTPA-Zn, particularly in Al-HT
soil (Table 8). The concentration of Zn in soil increases under the influence of organic matter
because Zn forms labile organic mineral complexes [138,139]. Angelova et al. [140] reported
that the quantities of zinc extracted with DTPA increase with the rate of compost application
to soils. The high amount of organic matter in compost and its oxidation and degradation
increases the availability of micronutrients such as Fe, Mn, Zn and Cu in soil [141]. Similar
findings have been reported by Antoniadis and Alloway [142]. On the other hand, Zn
uptake was significantly reduced by compost application in Ac-LT soils (Table 9). This
decrease at high compost doses might be attributed to the dilution effect of increasing the
plant biomass (Table 5). Furthermore, zeolite addition did not have any significant effect on
Zn content in both soil types and plants, although natural zeolite-amended soil can reduce
metal bioavailability [8,143,144]. In our trials, the absence, in most cases, of a significant
effect of zeolite on micronutrient availability could be the cause of the short duration of
the experiments.

As in the case of iron and copper, ammonium-based fertilization significantly reduced
the availability of Mn in Al-HT soils, indicating the antagonistic effect of NH4

+ ions on Mn
for retention on cation exchange complexes. Both DTPA-Mn and LMn, were significantly
enhanced by mineral fertilization in Ac-LT soils and the increase was more pronounced
in soils without the addition of compost (F × C **, p < 0.01, Figure 2B(c) and Figure 3(e)).
Compost could primarily immobilize metals via humus, microorganisms and inorganic
components [145] and the formation of stable metal complexes may reduce metal ion
solubility in soils [146]. Hence, the availability of Mn is enhanced due to the pH decrease
due to ammonium-based fertilization. On the other hand, DTPA-Mn was significantly
decreased by zeolite and compost treatments, since compost and natural zeolites effectively
sorb Mn in soils [147,148], reducing therefore metal availability [122,140]. Additionally, it
seems that there is a close relationship in acid light texture soil between available Mn in the
soil and plant Mn, as indicated by the significant positive correlation (R2: 0.56, p < 0.01).
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5. Conclusions

Soil type influences the response of lettuce yield to chemical fertilization and zeolite
application. In fact, our results indicate that changes in soil EC due to NPK fertilization
are more pronounced in coarse-textured soils than in fine-textured soils and that this
differential response is closely related to lettuce yields. Additionally, clinoptilolite may
have a greater impact on coarse-textured soils than fine-textured soils. In contrast, the
application of compost significantly increased AFW in both soil types. Furthermore, the
treatment combinations did not favor the above fresh weight of lettuce, because they caused
a significant increase in the EC of the soil, which exceeded the soil salinity threshold.

Regarding chemical fertilization, ammonium-based fertilization significantly decreased
soil pH, while significantly enhancing EC, particularly in Al-HT soil. Fertilization also
significantly improved organic matter in Al-HT soil. The availability of macronutrients (P,
K and Na) in the soil was significantly increased in most cases. Similarly, leaf macronutrient
content increased, with N and Na exhibiting significant responses. On the other hand,
the response of DTPA-extractable micronutrients to ammonium-based fertilization was
dependent on soil type, as available Fe, Cu, and Mn were significantly reduced in AL-HT
soil, whereas DTPA-Mn and -Zn were significantly increased in Ac-LT soil, mainly as a
result of a decrease in pH. Our findings suggested that the antagonistic effect of NH4

+ ions
on metals for retention on cation exchange complexes is more pronounced in fine-textured
soils than in coarse-textured soils. Leaf micronutrient content exhibited similar trends to
soil micronutrient content.

In most cases, compost application had a significant and positive influence on plant
nutrients. Conversely, the addition of compost was found to affect soil properties dif-
ferently., The compost treatment had a significant and positive impact on soil pH, EC,
SOM, TN and Pavail. was with the exception of pH and EC in Al-HT soil. This effect was
observed in both soil types. On the other hand, compost significantly reduced K exch. and
Na exch. The use of composts demonstrates very good potential for Na containment in
problem soils such as sodic soils. Soil type also influenced the effect of compost application
on micronutrient availability. Extractable Fe, Cu and Mn were significantly reduced by
compost application in Ac-LT soil, whereas the availability of Fe and Zn increased in Al-HT.
The results presented above suggest that the degree of changes in soil conditions, such as
pH and organic matter, caused by soil amendment application as well as the interaction of
the amendments with nutrient availability, are strongly related to soil type.

Concerning zeolite effects, the application of zeolite to Ac-LT and Al-HT soils signifi-
cantly increased EC and SOM, as well as the availability of K and Na. Although natural
zeolites are generally used for heavy metal sequestration, micronutrient availability was
not affected by zeolite, with the exception of a significant negative effect on DTPA-Fe
and DTPA-Mn in Al-HT and Ac-LT soils, respectively. Zeolite significantly increased
leaf concentrations of macronutrients, particularly P, K and Na, but had no effect on leaf
micronutrient levels. Moreover, our results showed that combinations of organic and
inorganic amendments did not substantially affect soil properties and plant nutrient status.

In order to establish conclusive evidence regarding the influence of the co-addition
of inorganic and organic amendments on soil fertility and productivity, it is necessary to
conduct field-based, long-term trials utilizing soil types that are representative of those
used for intensive lettuce cultivation.
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