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Abstract: The use of humic substances in agriculture has increased in recent years, and leonardite
has been an important raw material in the manufacture of commercial products rich in humic and
fulvic acids. Leonardite-based products have been used to improve soil properties and to help plants
cope with abiotic and biotic stresses. In this study, the effects of two commercial leonardites and
an organic compost, in addition to a control treatment, were assessed for pot-grown olive plants
over a period of fourteen months on soil properties, tissue elemental composition and dry matter
yield (DMY). Three organic amendments were applied at single and double rates of that set by the
manufacturer. The study was arranged in two experiments: one containing the seven treatments
mentioned above and the other containing the same treatments supplemented with mineral nitrogen
(N), phosphorus (P) and potassium (K) fertilization. Overall, organic compost increased soil organic
carbon by ~8% over the control. In the experiment without NPK supplementation, N concentrations
in shoots and P in roots were the highest for the compost application (leaf N 12% and root P
32% higher than in the control), while in the experiment with NPK supplementation, no significant
differences were observed between treatments. Total DMY was ~10% higher in the set of treatments
with NPK in comparison to treatments without NPK. Leonardites did not affect significantly any
measured variables in comparison to the control. In this study, a good management of the majority
of environmental variables affecting plant growth may have reduced the possibility of obtaining
a positive effect on plant nutritional status and growth from the use of commercial leonardites.
The leonardites seemed to have caused a slight effect on biological N immobilization. This is not
necessarily an advantage or a drawback; it is rather a feature that must be understood to help farmers
make better use of these products.

Keywords: plant biostimulants; humic substances; organic compost; Olea europaea L.

1. Introduction

Soil organic matter is the most widely used soil fertility index and a measure of its
suitability for plant growth. Organic matter improves physical, chemical and biological
soil properties, resulting in increased water holding capacity and aeration, pH stabilization,
trace element immobilization and enhanced microbial activity and nutrient bioavailabil-
ity [1]. For centuries, the use of farmyard manure and other organic materials in agricultural
fields was the main method of improving soil fertility and maintaining crop productivity.
Currently, the addition of organic amendments continues to be a recommended practice to
restore fertility and to increase crop growth and yield, particularly in degraded soils [2,3].

In recent years, agriculture has undergone increasing specialization, and the rearing
of livestock has tended to separate itself from crop production. There are regions of the
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world where landless livestock production systems are dominant, which create complica-
tions in waste management, sometimes resulting in serious problems of environmental
contamination [4,5]. In other regions, animals and their associated farmyard manures
are practically nonexistent. Although organic materials resulting from agro-industrial
activities are sometimes available, which can be composted and used in agriculture [6,7],
their availability is always limited given the extent of cultivated areas that need them. This
is one of the primary causes of the low levels of organic matter in soils, especially when
associated with other inadequate soil management practices, such as excessive tillage [8,9].

In recent years, the use of plant biostimulants in agriculture has increased greatly.
Plant biostimulants are materials of a diverse nature, the most salient of which are protein
hydrolysates and other N-containing compounds, seaweed extracts, inorganic compounds,
chitosan, humic and fulvic acids and beneficial microorganisms [10,11]. Although commer-
cial uses and specifications may vary depending on the nature of the plant biostimulant,
they are not characterized by providing nutrients directly to the plants due to the low rates
in which they are used but rather by favouring processes in the soil or in the plants that
result in increased nutrient use efficiency and/or tolerance to several abiotic and biotic
stresses [12,13].

Products rich in humic substances (HS) are an important group within the category of
plant biostimulants [10,11]. HS includes humic acid, fulvic acid and humin fractions. Due
to the insoluble nature of humin fractions, the commercial biostimulant activity of HS is
focused on humic and fulvic acids [14]. They are normally applied to the soil as fertigation
and less directly to the crop as a foliar spray. The reduced availability of conventional
organic amendments has increased interest in such products, since it is expected that they
have an effect on soil properties that can make up for the lack of manure or compost [15,16].

Commercial HSs are complex mixtures of distinct types of biomolecules which render
their mode of action difficult to understand. The mechanisms by which HS elicit biostimu-
latory activity on plants remain elusive despite great efforts made over recent years [14,17].
Although positive results from the use of humic substances are not guaranteed, since they
seem to be dependent on several agro-ecological variables that are difficult to optimize, a
great number of positive results in soils and/or plants has been recorded [18,19]. Enhance-
ment of plant growth by the application of humic substances has often been attributed to
increased nutrient use efficiency and nutrient cycling due to the stimulus of microbial activ-
ity [13,20]. HSs have also been related to crop protection against environmental stresses,
since they can enhance the activity of key enzymes in the metabolism of phenylpropanoids,
which play a central role in the production of phenolic compounds involved in secondary
metabolism, providing a strong argument for stress response modulation [17,21]. The nega-
tive action of HS has been associated with inordinate interactions with essential proteins
or with the presence of entrapped small soil phenols exhibiting strong phytotoxicity in
plants [22].

Commercial HSs are obtained from different raw materials, such as composted
by-products, vermicomposts, peat and leonardite. Due to natural abundance and cost-
effectiveness and because it contains high amounts of humic acids, leonardite has become
an important raw material for the manufacture of commercial products [16,23]. Some of the
positive effects of HS contained in leonardite may be ascribed to a general improvement in
soil fertility, resulting in higher nutrient availability for plants. However, more consistent
results from the use of HS tend to be recorded when plants are subjected to some form of
environmental stress [20,24].

Nursery-grown and potted plants are very demanding in their requirements, giving
rise to many difficulties in managing the salinity of the medium and the availability of water
and nutrients for plants [25,26]. Due to ease and low cost with which HS can be added to a
growing medium, it was hypothesized for this study that the use of two HS-rich leonardites
in potted olive cuttings could benefit plant growth and make the cultivation process
easier to implement. Thus, the main goal of the study was to compare two commercial
leonardites rich in humic and fulvic acids with a composted organic amendment and a
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control treatment. An experiment was carried out using pre-rooted olive cuttings and
growing them until they reached commercial size. Two commercial leonardites and the
organic amendment were applied at single and double rates of that set by the manufacturer.
The experimental apparatus was arranged as two independent experiments: In one, organic
materials were used alone; in the other, they were used as a supplement to mineral NPK
fertilization. This experimental design allowed the integration of a considerable number of
treatments, 14 in total, without excessively complicating the interpretation of results.

2. Materials and Methods
2.1. Experimental Setup

This study reports the results of two experiments that took place in Braganca, northeast-
ern Portugal. According to the Koppen—Geiger climate classification, the region benefits
from a warm summer Mediterranean climate (Csb). The mean annual temperature is
12.3 °C, and annual precipitation is 758.3 mm [27].

Pot experiments were carried out indoors in a greenhouse covered by a double-wall
polycarbonate panel. Lateral and zenith openings ensured aeration of the greenhouse
and thermal conditions suitable for cultivation. The greenhouse was also equipped by a
reflective screen to assist in the regulation of internal temperature, which automatically slid
across when the temperature reached 28 °C.

The pots were filled with 3 kg of dried and sieved (2 mm mesh) soil and mixed with
50 g of perlite. The soil used in these experiments was collected from the surface layer
(0.0-0.20 m) in a plot left fallow during the previous year. It is classified as a Regosol of
colluvial origin, and the texture is sandy-clay loam (24.2% clay, 21.7% silt and 54.2% sand).
Soil organic carbon is low (11.7 g kg’l), and pH(H,O) is close to neutrality (6.8). The levels
of extractable P and K (Egnér-Riehm) are both classified as medium, 85.7 mg P,Os 1<g’l
and 94.0 mg K,O kg !, respectively. Cation exchange capacity is 17.9 cmol. kg ! (11.63,
4.24,0.45 and 1.58 cmol. kg ! of Ca, Mg, K and Na, respectively).

In these experiments, three organic amendments (Nutrimais®, Humitec® and Humic
gold®) and a compound NPK (10% N, 10% P,0Os, and 10% K;O) fertilizer were used.
Nutrimais is a dehydrated and pelletized product, resulting from composting forestry, agro-
industrial and domestic waste. It is recommended for agricultural use at rates of 3500 to
7000 1 ha~!. Humitec and Humic gold are two commercial formulations of leonardite,
obtained from fossilized forest wood from about 40 to 60 million years ago, and recom-
mended as soil conditioners. Humitec is recommended for direct application to the soil
at rates of 75 to 275 kg ha~!. Humic gold is recommended for application in fertigation
at rates of 2 to 6 kg ha—!. The most relevant properties of these fertilizing materials are
presented in Table 1.

Table 1. Properties of the organic amendments used in these experiments (data provided by the

manufacturers).
Humitec Humic Gold Nutrimais
Moisture (%) - - 10.5
Organic matter (%) 55 - 52.5
Total organic carbon (%) 23.2 - 29.2
Total humic extract (%) 40 72 -
Humic acids (%) 30 56 -
Fulvic acids (%) 10 16 -
Total N (%) 2 - 2.4
Sulfur (SO3) (%) 5 - -
Silicon (SiO3) (%) 24 - -
Potassium (K,O) (%) - 8 1.8
Phosphorus (P,0s) (%) - - 1.5
Calcium (CaO) (%) 15.2

Magnesium (MgO) 0.7
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The experiments were conducted on a completely randomized design, with seven
treatments each and four replicates. Nutrimais® (Nu), Humitec® (Ht) and Humic gold®
(Hg) were applied at two rates (a single and a double rate of those set by the vendor).
Thus, the rates used were 5 (Nul) and 10 (Nu2) t ha=!, 250 (Ht1) and 500 (Ht2) kg ha™!
and 5 (Hgl) and 10 (Hg2) kg ha~!. The conversion of the rates of organic amendments
recommended for use in the field to those used in pots took into account the individual
area occupied by each pot. The pots were placed in a square with a 0.267 m side, each
pot occupying the equivalent of 0.071 m?. Thus, each pot received organic amendments
in an amount equivalent to a fraction of 1/140,000 of a hectare. Thus, each pot received
35.7 (Nul), 71.4 (Nu2), 1.79 (Ht1), 3.57 (Ht2), 0.036 (Hg1) and 0.071 (Hg2) g of commercial
product. A non-fertilized control (C) was also included in the experimental design.

The second experiment was arranged in the same manner. The seven treatments
described for the first experiment were supplemented with mineral NPK fertilization.
Thus, the treatments of this experiment were named as Nul+, Nu2+, Htl+, Ht2+, Hgl+,
Hg2+ and C+. These pots received the same rates of organic amendments reported for the
first experiments in addition to 5 g pot™! of NPK fertilizer, which corresponds to a field
fertilization of ~70 kg ha=! of N, P,O5 and K;O.

Rooted cuttings of homogeneous size (~10 cm in height) of the cultivar Cobrangosa
were used in this study. The trials were set up on 4 August 2019. Subsequently, the pots
were kept free of weeds and watered regularly with 200 mL of water. Irrigation frequency
was dependent on phenological stages and environmental conditions. The experiment was
completed on 7 October 2020.

2.2. Sample Collection and Analysis

Soil samples were taken by carefully recovering all soil from the pots and by trying
to avoid breaking the roots. Soil samples were then properly homogenized and 200 g
subsamples sent to the laboratory. Afterwards, the roots were washed with a low-pressure
water jet in a metallic box with a 1 mm mesh in an attempt to recover as many roots as
possible. The plant was divided into roots, stems and leaves, and the three parts were dried
and weighed separately. Plant tissues were oven-dried at 65 °C to a constant weight and
then ground in a 1-millimetre mesh mill.

Soil samples were oven-dried at 40 °C and analyzed for pH (H,O and KCI) (soil:
solution, 1:2.5), cation-exchange capacity (ammonium acetate, pH 7.0), organic carbon (wet
digestion, Walkley—Black method) and extractable P and K (Egnér—Riehm method). Soil
boron (B) was extracted by hot water, and the extracts were analysed by the azomethine-H
method. For more details on these analytical procedures, the reader is referred to van
Reeuwijk [28]. The availability of other soil micronutrients (copper (Cu), iron (Fe), zinc (Zn)
and manganese (Mn)) was determined by atomic absorption spectrometry after extraction
with ammonium acetate and EDTA, according to the method previously described by
Lakanen and Ervio [29].

Elemental tissue analyses were performed by Kjeldahl (N), colorimetry (B and P),
flame emission spectrometry (K) and atomic absorption spectrophotometry (Ca, Mg, Cu,
Fe, Zn and Mn) methods after nitric digestion of the samples [30].

2.3. Data Analysis

Data were analysed for normality and homogeneity of variances using the Shapiro—
Wilk and Bartlett’s test, respectively. Thereafter, one-way ANOVA was performed. When
significant differences were found among treatments, the means were separated by Tukey
HSD (x = 0.05) test.

3. Results

In the experiment without NPK supplementation, significant differences (p < 0.05)
between treatments were found (Figure 1). The application of Nutrimais increased DMY
in comparison to the control and other treatments such as Hul and Hg1. The differences



Soil Syst. 2022, 6,7

50f12

were mainly due to the contribution of leaves to total DMY. In the experiment in which
the application of organic amendments was supplemented with NPK, significant differ-
ences between treatments (p < 0.05) were not found; however, overall the DMY of these
treatments was ~10% higher than that of treatments without NPK supplementation. In
both experiments, the contribution of roots to DMY was approximately one-third of the
contribution of stems and leaves.
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Figure 1. Dry matter yield (DMY) in roots, stems, leaves and total in response to the application of
organic amendments (C, Control; Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two
rates (1,2)) in experiments (a) without and (b) with NPK(+) mineral fertilization. Lowercase letters
show the results of analysis of variance and means separation (Tukey HSD, & = 0.05) for each plant
part and uppercase letters for total DMY.

In the experiment without NPK addition, Nutrimais applied at the rate 2 (Nu2)
produced the highest average leaf N concentration (23.7 g kg™ !), a value significantly
higher than that of the control (20.9 g kg~—!) and other treatments such as Ht2 (17.5 g kg ~!)
and Hg2 (18.6 g kg’l) (Table 2). Comparing the two rates of Humitec and also the two rates
of Humic gold, it seems that the higher rate reduced leaf N concentration, although without
significant differences. In the experiment without NPK supplementation, no significant
differences between treatments were found for any of the other nutrients. Leaf P and
K, the other nutrients applied in the experimental design, varied from 1.5 to 2.0 g kg ™!
and 8.2 to 9.2 g kg™, respectively. In the experiment with NPK supplementation, no
significant differences were recorded for any of the elements determined. The effect of
organic amendments on leaf nutrient concentration was less than experimental variability.
The range of variation of the macronutrients N, P and K was 23.4-24.5gkg ™!, 1.6-2.3 g kg !
and 8.7-9.7 g kg1, respectively.

Stem N concentrations, although lower than those of the leaves, followed a somewhat
similar pattern when comparing treatments (Table 3). The highest values were recorded
for Nu2 (9.8 g kg~ !), which were significantly higher than those of the Ht2 treatment
(79 gkg™1). As in the leaves, there seems to be a tendency for higher rates of Humitec
(Hu2) and Humic gold (Hg2) to produce stem N concentrations lower than those recorded
in Hul and Hg]1 treatments. For the other nutrients and for all nutrients in the experiment
with NPK supplementation, significant differences between treatments were not observed.
As mentioned for leaf nutrient concentration, the effect of organic amendments was not
enough to stand out from experimental variability.



Soil Syst. 2022, 6,7

6 of 12

Table 2. Leaf nutrient concentration in response to the application of organic amendments (C, Control;
Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two rates (1,2)) in the experiments
without and with NPK(+) mineral fertilization. For each independent experiment, means followed
by the same letter are not significantly different by Tukey HSD test (x = 0.05).

N P K Ca Mg B Fe Mn Zn Cu
Treatments g kg*1 mg kg*1

C 209b 15a 82a 39a 09a 20.6 a 186.8 a 39.1a 124 a 9.0a
Nul 21.3 ab 20a 92a 45a 1.0a 18.8 a 158.2 a 294 a 17.0a 85a
Nu2 23.7 a 2.0a 9.0a 48a 1.0a 21.8a 161.8 a 41.0a 203 a 83a
Htl 20.2 be 19a 89a 4.7 a 1.0a 21.7 a 182.3 a 344 a 16.7 a 81la
Ht2 175 ¢ 20a 92a 45a 1.1a 199 a 180.8 a 30.7 a 18.6 a 74 a
Hgl 21.0 ab 19a 92a 4.6a 1.1a 20.7 a 149.1 a 32.1a 15.2a 81la
Hg2 18.6 bc 1.7 a 82a 43a 1.3a 18.7 a 151.0 a 312a 15.0a 8.1a

Prob. <P <0.0001 0.6929 0.4674 0.8649 0.7053 0.1134 0.0866 0.1066 0.1220 0.9852
Std error 0.58 0.24 0.45 0.46 0.17 0.85 10.28 3.00 1.77 1.23
NPK
addition
C+ 245a 16a 8.8a 45a 1.1a 189 a 160.3 a 30.1a 20.5a 74a
Nul+ 239a 23a 93a 49a 12a 22.7 a 1358 a 44.0a 18.7 a 8.0a
Nu2+ 243 a 23a 9.6 a 48a 12a 193 a 1329 a 375a 16.0a 79a
Htl+ 240a 19a 8.7 a 5.0a 12a 21.1a 191.0 a 426 a 16.5a 8.6a
Ht2+ 244 a 19a 95a 4.6a 12a 20.6 a 168.1 a 51.0a 17.2a 7.8a
Hgl+ 234 a l6a 8.7 a 45a 1.0a 21.8a 151.0a 409 a 13.3a 79a
Hg2+ 239a 1.8a 9.7 a 4.6a 1.1a 223a 192.0 a 475 a 13.2a 112 a
Prob. <P 0.3391 0.2545 0.4550 0.6578 0.4789 0.0727 0.1397 0.1171 0.2014 0.1519
Std error 0.35 0.24 0.44 0.24 0.07 0.93 17.06 4.69 2.06 0.93
Table 3. Stem nutrient concentration in response to the application of organic amendments (C,
Control; Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two rates (1,2)) in experiments
without and with NPK(+) mineral fertilization. For each independent experiment, means followed
by the same letter are not significantly different by Tukey HSD test (x = 0.05).
N P K Ca Mg B Fe Mn Zn Cu
Treatments gkg™! mg kg !

C 9.3 ab 13a 53a 25a 0.7a 169 a 2929 a 145a 11.8a 9.6a
Nul 9.3 ab 13a 73a 2.7a 0.7a 143 a 285.1 a 154 a 12.1a 89a
Nu2 9.8a l6a 74 a 3.0a 0.8a 158 a 2226 a 145a 15.8 a 82a
Htl 8.1ab 14a 6.9 a 2.7 a 0.7 a 16.2 a 262.1a 149 a 14.7 a 6.9 a
Ht2 79b 15a 6.7 a 2.6a 0.7 a 16.6 a 2613 a 13.8 a 16.0a 82a
Hgl 9.2ab l4a 70a 28a 0.7a 159a 209.5a 12.6a 14.1a 8.4a
Hg2 8.6 ab 13a 7.0a 24a 0.6a 17.1a 2069 a 9.5a 11.8a 82a

Prob. <P 0.0225 0.4461 0.6957 0.7196 0.8532 0.2151 0.1490 0.2690 0.0967 0.3281

Std error 0.38 0.12 0.86 0.24 0.10 0.75 25.73 1.67 1.23 0.73
NPK

addition

C+ 9.8a 13a 6.6 a 2.7 a 0.7a 143 a 1949 a 143 a 11.1a 96a

Nul+ 10.6 a 15a 74 a 2.8a 0.8a 16.2 a 2173 a 13.8a 102 a 109 a
Nu2+ 10.2a l4a 6.9 a 2.6a 0.7 a 16.2a 187.5a 10.7 a 9.8a 114 a
Htl+ 10.0 a 15a 73a 2.7 a 0.7a 16.2a 279.3 a 146a 116a 12.8a
Ht2+ 10.0 a 15a 6.9 a 2.7 a 0.7 a 16.3 a 219.0 a 164 a 12.2a 99a
Hgl+ 10.2a 1.6a 69a 30a 0.7a 148 a 200.1 a 13.7 a 8.7 a 11.0a
Hg2+ 9.7 a 15a 72a 24a 0.6a 159a 208.2a 9.7a 10.6 a 120a

Prob. <P 0.7240 0.1978 0.8315 0.5016 0.8007 0.1754 0.1422 0.4308 0.3428 0.2483

Std error 0.39 0.07 0.37 0.17 0.06 0.61 21.86 2.25 1.05 0.91
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As in aboveground tissue, average root N concentration was the highest in the
Nu2 treatment (16.3 g kg~1), a value significantly higher than that of the Ht2 treatment
(13.3 g kg~!) (Table 4). Moreover, as in the aboveground tissue, the average values of treat-
ments Ht2 (13.3 g kg 1) and Hg?2 (13.7 g kg~ !) were lower than those of Ht1 (14.1 g kg™ 1)
and Hgl (15.6 g kg~ !). Root P concentrations varied significantly between treatments,
Nut2 displaying the highest value (2.5 g kg ') and C, Ht1 and Ht2 displaying the lower
one (1.7 g kg™!) in the experiment without NPK addition. Root Mg concentration was
significantly higher in Nu2 (4.3 g kg’l) in comparison to the control (3.1 g kg’l). For
the other nutrients and for all nutrients in the experiment with NPK supplementation,
significant differences between treatments were not found. Root N, P and K concentrations
in the experiment with NPK addition were in the ranges 15.4-18.4 g kg1, 1.8-2.4 g kg !
and 12.0-14.1 g kg_l, respectively.

Table 4. Root nutrient concentration in response to the application of organic amendments (C,
Control; Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two rates (1,2)), in experiments
without and with NPK(+) mineral fertilization. For each independent experiment, means followed
by the same letter are not significantly different by Tukey HSD test (a = 0.05).

N K Ca Mg B Fe Mn Zn Cu
Treatments g kg_1 mg kg_1
C 15.0 ab 1.7b 11.3a 4.8a 3.1b 19.8 a 5152.6 a 132.5a 31.8a 909 a
Nul 16.2 ab 1.9 ab 11.3a 5.6a 3.6 ab 19.1a 5902.8 a 1459 a 35.5a 924a
Nu2 16.3 a 25a 112 a 5.7a 43a 205a 6920.9 a 167.6 a 43.1a 95.7 a
Htl 14.1 ab 1.7b 114 a 45a 3.2ab 18.0a 5906.6 a 145.6 a 36.6a 79.8 a
Ht2 13.3b 1.7b 11.0a 48a 3.3 ab 18.0a 6759.6 a 156.6 a 41.7 a 974 a
Hgl 15.6 ab 1.8 ab 12.6 a 5.1a 3.3 ab 17.7 a 6463.0 a 1426 a 344 a 959 a
Hg2 13.7 ab 1.9 ab 114 a 4.7 a 3.6 ab 20.7 a 6026.7 a 166.7 a 43.1a 101.1a
Prob. <P 0.0471 0.0486 0.9233 0.0615 0.0462 0.1199 0.4635 0.4365 0.5449 0.5921
Std error 0.71 0.18 0.93 0.28 0.24 0.87 604.96 12.75 4.92 7.66
NPK
addition
C+ 154 a 1.8a 13.3 a 5.8a 3.7a 17.6 a 5636.2 a 1478 a 334 a 69.8 a
Nul+ 17.1a 20a 139 a 55a 3.8a 20.7 a 4973.9 a 142.8 a 35.5a 82.2a
Nu2+ 184 a 24 a 12.6 a 59a 39a 20.6 a 5545.7 a 160.3 a 415a 91.6a
Htl+ 174 a 20a 13.3a 52a 34a 19.0a 4042.7 a 152.0 a 33.6a 809 a
Ht2+ 17.7 a 22a 14.1a 5.1a 33a 179 a 5119.3 a 149.3 a 40.8 a 95.6 a
Hgl+ 174 a 19a 12.7 a 5.7a 34a 20.1a 4531.8 a 1514 a 33.2a 87.5a
Hg2+ 169 a 20a 12.0a 5.1a 34a 174 a 4767.0 a 108.6 a 37.7 a 99.1a
Prob. <P 0.1968 0.3780 0.8096 0.0682 0.1098 0.0558 0.5068 0.1070 0.1771 0.2304
Std error 0.72 0.14 1.09 0.19 0.15 0.86 583.17 11.32 2.64 7.99

Soil organic carbon varied significantly between treatments in the experiments without
and with NPK addition (Table 5). Higher values were found in Nu2 (12.3 g kg~ !) and
Nu2+ (12.6 g kg 1) treatments in each of the experiments. Extractable P varied also
between treatments, and Nu2 (167.6 mg P>0O5 kg’l) and Nu2+ (226.0 mg P,0s kg’l)
showed higher values of each experiment. Overall, the values of extractable P in the
experiment with NPK addition were higher than those of the experiment where only
organic amendments were applied. Extractable K followed a trend similar to extractable P.
The higher values of the experiments were found in treatments Nu2 (163.3 mg K,O kg™1)
and Nu2+ (264.0 mg K,O kg ~1). No significant differences were found between treatments
for exchangeable Ca** and Mg** and CEC, as well as for extractable micronutrients. The
effect of the treatments on these variables was poor and less than experimental variability.
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Table 5. Selected soil properties in response to the application of organic amendments (C, Control;
Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two rates (1,2)), in experiments without
and with NPK(+) mineral fertilization. For each independent experiment, means followed by the
same letter are not significantly different by Tukey HSD test (« = 0.05).

Extractable Exchangeable Extractable
Cooon PH (P21:)5) (KIz(O) Ca**  Mg"  CEC B Fe Zn Cu Mn
Treatments gkg! H,O mg kg~! cmol, kg1 mg kg~!

C 11.0 be 6.7a 789 c 95.3 be 88a 58a 153 a 09a 109.0 a 38a 428a 168.8 a
Nul 10.8 be 68a 123.8b 122.0b 93a 62a 16.4a 0.8a 109.1a 40a 45.7 a 175.8 a
Nu2 123a 69a 167.6 a 163.3 a 8.5a 53a 149a 10a 110.3 a 42a 294 a 167.7 a
Htl 104 ¢ 6.9a 57.6¢ 90.3 ¢ 84a 51a 141a 0.8a 1013 a 32a 320a 1674 a
Ht2 104c 6.9a 589¢ 86.3 ¢ 78a 42a 126 a 0.8a 99.6a 34a 33.7a 161.3a
Hgl 111b 69a 718 ¢ 103.0 be 83a 54a 145a 09a 110.2 a 43a 446a 170.2 a
Hg2 10.8 be 69a 59.5¢c 89.7 ¢ 90a 70a 16.6 a 07a 98.7a 33a 299a 157.8 a

Prob. <P <0.0001  0.0774  <0.0001  <0.0001 0.7194 0.1133 0.2865 0.3813 0.0902 0.1177 0.0997 0.1473

Std error 0.17 0.05 7.98 6.41 0.62 0.60 1.16 0.08 3.48 0.32 4.82 4.26
NPK

addition

C+ 10.7 ¢ 6.7a 132.3b 163.3 a 94a 6.3a 16.5a 0.8a 109.2 a 38a 309a 156.9 a

Nul+ 11.5bc 6.8a 158.4b 2187 a 93a 6.6a 17.1a 10a 104.5 a 39a 321a 1512 a
Nu2+ 126a 6.7a 2260a  264.0a 8.5a 6.0a 159a 09a 102.7 a 41a 28.6a 158.8 a
Htl+ 11.1bc 6.7 a 139.8b 190.7 a 79a 56a 145a 0.8a 100.1a 44a 410a 160.2 a
Ht2+ 11.6b 6.7 a 181.6ab  214.3a 8.6a 5.6a 153 a 09a 1293 a 46a 482a 186.0 a
Hgl+ 11.5bc 69a 136.8 b 153.3 a 9.0a 58a 158a 09a 110.5a 46a 424a 167.6 a
Hg2+ 11.3 be 68a 142.1b 190.0 a 78a 55a 142 a 0.8a 94.1a 39a 334a 158.1a

Prob. <P <0.0001  0.0542 0.0004 0.0827 0.6668 0.8893 0.7648 0.0805 0.1807 0.1151 0.1341 0.4111

Std error 0.17 0.04 11.24 24.07 0.74 0.69 1.40 0.06 8.47 0.24 5.11 10.85

4. Discussion

In the experiment without the addition of NPK, the application of Nutrimais increased
DMY in comparison to the control. In the experiment with NPK addition, differences
between treatments were not found, and the average values were ~10% higher than those
of the treatments without NPK addition. The use of organic amendments can positively
influence several soil properties, which may result in the enhancement of plant growth [2,7].
In these experiments, under controlled growing conditions, the positive effect of Nutrimais
in DMY was probably due to the supply of nutrients, a thesis supported by the absence of
a positive effect of Nutrimais on DMY when the pots were supplemented with the NPK
fertilizer.

The analysis of the elemental composition of plant tissues showed that Nutrimais
consistently increased tissue N levels (leaves, stems and roots). In the experiment with NPK
supplementation, tissue N levels were globally higher than in the experiment without NPK
but with no differences between treatments. As no differences in shoots were observed in
the concentration of other nutrients, the result suggests that the positive effect of Nutrimais
on DMY was due to the supply of N. Nitrogen is one of the main limiting factors for plant
growth in most agricultural ecosystems [31-34]. Soils do not accumulate N in readily
available forms, with plants being dependent on regular applications of N as a fertilizer [1].
The availability of N to plants from organic substrates depends on their N content and
C/N ratio. C/N ratios above or below 25 are usually associated to net N immobilization or
mineralization, respectively [1]. Nutrimais presented an N concentration of 24.1 g kg ™!
and C/N ratio of 11.94 (Table 1), suggesting net mineralization in the short term, which
was most likely the reason for the increase in N concentration in plant tissues and DMY.

Leaf P concentrations did not vary with the application of Nutrimais. Although P is a
limiting factor in plant growth in many regions of the world, where crop yield is dependent
on the regular application of P as a fertilizer [35-37]. In northeastern Portugal, in soils
with similar properties to those used in this experiment, it has been difficult to observe a
response in crops relative to P applications [38,39]. This suggests that these soils provide
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non-limiting amounts of P for plant growth. The roots from Nutrimais pots showed higher
P concentrations than those of the other treatments. It has also been shown from previous
studies that olive plants can accumulate P in roots when the nutrient is highly available
in the soil, while the concentration of P in aboveground plant tissues is maintained at
adequate levels [25,40]. This may have reduced the importance of P on plant growth in this
experiment. Nevertheless, it is clear that Nutrimais provided the system with P.

The application of Nutrimais increased K levels in the soil, but this was not enough to
increase the concentration of K in plant tissues. These soils normally supply K in adequate
amounts to plants. In previous studies, there has also been a reduced response of plants
observed relative to the application of K [41,42], as mentioned above for P.

Nutrimais increased the content of soil organic carbon in the pots with and without
NPK supplementation. The increase in soil organic matter is an important objective in the
use of organic amendments and stems from the direct supply of carbon and a slow process
of mineralization in the soil [1]. Leonardites did not have such an effect because, at the
rates they were used, the carbon added was not enough to be detected by soil analysis.

The leonardites Hu and Hg tended to reduce average tissue N concentrations at the
higher rate they were used. This seems to be evidence of biological net N immobilization.
Humic and fulvic acids, by stimulating soil microbiology, may have had this short-term
effect, contributing to the immobilization of N. This is not necessarily negative. It is a
property of organic amendments with little available N [1], but it is important to take this
property into account to avoid N shortage during the growing season. In potted cultivation,
especially in nurseries, it is common to use slow or controlled release fertilizers as a method
of reducing leaching or other forms of nutrient loss [24]. These kinds of leonardites may
have a similar role in regulating the N cycle.

Leonardites are also known for their ability to immobilize trace metals, as they contain
oxidized functional groups that can bind different metal ions or heavy metals [15,43]. This
effect, however, was not observed in this study, since the concentration of metals in plant
tissues did not vary significantly with the experimental treatments. The reduced rate at
which these commercial products are recommended and used in this particular study was
probably the reason for the absence of any detectable effect.

Humic substances are recommended for increasing crop P uptake since they are
capable of competing with P to be bound to soil adsorption complexes [44]. In agreement
with this, Kaya et al. [45] observed that leonardite enhanced leaf P and yield in maize under
P and water stress in calcareous soils. In this study, however, no benefits were found for P
nutrition from the use of leonardites, perhaps because the plants were not grown under
water stress conditions and these soils may have provided enough P for plant growth, even
without P fertilization as above mentioned.

Although some studies have reported different beneficial effects for plants resulting
from the use of HS [15,20,46], in other studies, it was shown that there is a possibility of
HS exerting a negative impact on plant growth and development [22]. Atiyeh et al. [47]
reported that the inhibitory effect of HS on plant growth is dosage dependent and that the
negative action of HS was associated with inordinate interactions with essential proteins. It
has also been hypothesized that another structural feature in terms of HS toxicity is the
presence of entrapped small soil phenols, which exhibit a strong phytotoxicity by affecting
glycolysis and pentose phosphate pathways in plants [22,48]. In this study, however,
no relevant signs of positive or negative effects on plants or soil were detected when
leonardites were used at single and double recommended rates.

5. Conclusions

Nutrimais produced typical results for an organic amendment, with an increase in
organic carbon and nutrients in the soil, which, in turn, increased the concentrations of some
nutrients in plant tissues and dry matter yield in the experiment without NPK addition. The
positive effect on dry matter yield was probably due to the increase in nitrogen availability,
the most limiting nutrient in these experiments.
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In these pot experiments, a good control of the majority of environmental variables
affecting plant growth may have been the reason for not having found any beneficial effects
of the use of these commercial leonardites. Leonardites are rich in humic substances, and
their effect on plants tends to become more evident when plants are grown under some
kind of environmental stress.

Leonardites are not used to provide nutrients due to their low nutrient concentration
and the rates at which they are usually applied. Used at such low rates in our experiment,
they also did not cause any measurable effect on increasing soil organic carbon. Indeed,
the results seem to show a slight effect of biological nitrogen immobilization from the use
of leonardites, which may be due to some stimulus in soil biological activity. This is not
necessarily an advantage or a drawback; it is simply a feature that must be understood.
Despite there being promising indications about these products found in some studies, in
others they have not been so clear; thus, more studies are needed to set safe guidelines for
their use by farmers.
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