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Abstract

Organic amendments derived from agro-livestock residues offer a promising approach
for soil restoration and nutrient recycling within circular economy frameworks. Never-
theless, their agronomic efficacy and environmental suitability may be contingent upon
the formulation of the amendments and the properties of the soil. This study presents
a preliminary evaluation of customized organic amendments derived from solid mate-
rials, such as biochar and green compost, and liquid residues, including cattle manure
slurry, urban compost tea, and cattle digestate. These were applied either individually
or as solid-liquid mixtures to two distinct Iberian soils. The study involved amendment
characterization, seed germination assays, and a two-month greenhouse experiment with
barley (Hordeum vulgare L.) to assess the effects on soil physicochemical properties, micro-
bial activity, and plant development. The solid-liquid impregnation process facilitated
the transfer of nutrients and potentially limiting elements from liquid residues to solid
matrices, thereby altering amendment composition and mitigating some risks associated
with the direct application of liquid residues. Mixtures based on biochar and compost
generally alleviated excessive salinity and trace metal constraints, although responses
varied depending on the liquid amendment and soil type. Biochar-containing amendments
markedly increased soil total carbon, suggesting their potential to contribute to soil carbon
sequestration. The effects of amendments were strongly dependent on soil type: acidic
soil exhibited more pronounced pH improvement, whereas the carbonate-rich alkaline soil
buffered several chemical changes but was more susceptible to alkalinization and sodium
inputs. Urban compost tea consistently exhibited inhibitory effects on germination, plant
development, and dehydrogenase activity, although these effects were partially mitigated
when combined with solid amendments. Overall, the findings underscore the potential
of tailored amendment mixtures to enhance residue valorisation, while highlighting the
necessity for soil-specific evaluation prior to field application.

Keywords: organic amendments; biofertilizer; valorisation; circular economys; soil restoration

1. Introduction

The escalating production of organic residues from agricultural, livestock, forestry,
and urban activities presents both an environmental challenge and an opportunity for
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sustainable soil management. Within the frameworks of a circular economy, the recovery
and transformation of these residues into organic amendments can aid in reducing waste
disposal, enhancing soil quality, and diminishing reliance on mineral fertilisers [1]. This
strategy is particularly pertinent in Mediterranean and Atlantic agroecosystems, where
soils frequently encounter diverse limitations, such as low organic matter content, nutrient
imbalances, acidity or alkalinity constraints, and progressive degradation due to intensive
land use and climatic pressures [2].

Organic amendments, including compost, biochar, animal manures, digestates, and
compost-derived liquid extracts, have been extensively proposed as means to enhance soil
fertility and rehabilitate degraded soils [3-5]. Their application can increase soil organic
carbon, improve nutrient availability, enhance water retention, stimulate microbial activity,
and support plant establishment [6-8]. Nevertheless, their effects are not universally
beneficial and are significantly influenced by the chemical composition of the amendment,
the application rate, the processing method, and the characteristics of the receiving soil [9].
In certain instances, organic amendments may also introduce challenges, such as excessive
salinity, high pH, sodium accumulation, phytotoxic compounds, nutrient imbalances, or
potentially toxic elements like Cd, Cu, Ni, Pb, and Zn [10]. Consequently, the agronomic
and environmental suitability of organic residues cannot be presumed based solely on their
organic origin; instead, an integrated evaluation is necessary prior to field application.

An additional challenge stems from the differing behaviours of solid and liquid
organic residues. Solid amendments, such as compost and biochar, are often valued
for their ability to improve soil structure, supply or stabilise organic carbon, and retain
nutrients or contaminants through sorption processes [11,12]. Biochar, in particular, may
offer stable carbon inputs and strong retention sites due to its aromatic structure, porosity,
and surface functional groups [13]. Compost can serve as a more labile source of organic
matter and nutrients, contributing to biological activity and nutrient cycling [14,15]. In
contrast, liquid residues such as cattle manure slurry, digestate, and compost tea may
contain readily available nutrients, dissolved organic compounds, and microbial inoculum,
but they may also exhibit higher electrical conductivity, sodium concentrations, or trace
metal loads [16,17]. The direct application of liquid residues may therefore pose higher
short-term risks for seed germination, soil microbial functioning, and crop establishment,
particularly in sensitive soils [18,19]. Integrating solid and liquid organic residues may
present a viable approach to enhancing their agronomic value while mitigating certain
individual limitations. Processes such as solid-liquid impregnation or soaking can facilitate
the transfer of nutrients and dissolved organic compounds from liquid residues to solid
matrices. This may result in enriched amendments characterized by improved handling,
reduced immediate salinity impact, and enhanced nutrient retention. Concurrently, these
mixtures may buffer extreme pH or electrical conductivity values and decrease the mobility
or bioavailability of potentially harmful elements [19,20]. However, the interactions during
these processes are intricate and may not adhere to simple additive patterns. They are
contingent upon the physicochemical properties of each component, including pH, cation
exchange capacity, organic matter composition, mineral content, and the affinity of solid
phases for nutrients and trace metals. Consequently, tailored amendment mixtures may
yield beneficial, neutral, or adverse effects depending on both the composition of the
amendment and the soil context [21,22].

Despite the increasing interest in residue-based amendments, significant knowledge
gaps persist regarding the performance of tailored mixtures derived from contrasting
solid and liquid agro-livestock residues. Most research has concentrated on single amend-
ments or broad comparisons among amendment types, with fewer studies evaluating
how pre-formulated mixtures alter amendment properties and influence plant and soil
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responses under varying edaphic conditions [23-25]. This is particularly pertinent for
soils with markedly different pH and carbonate status, where the same amendment may
either alleviate a limitation or exacerbate an existing constraint. For instance, alkaline
amendments like biochar may enhance acidic soils by increasing pH and reducing alu-
minium toxicity, yet they may further alkalinize calcareous soils and diminish nutrient
availability [26,27]. Similarly, sodium-rich amendments may have limited short-term ef-
fects in calcium-rich soils but pose structural or physiological risks in soils with lower
buffering capacity [28]. In this context, early biological and agronomic indicators are crucial
for evaluating the effectiveness of amendments before they are applied on a larger scale.
Seed germination is particularly sensitive to phytotoxicity and early plant establishment,
as it reflects the influence of factors such as salinity, pH, soluble compounds, and other
potential stressors [29,30]. Greenhouse plant growth, encompassing survival, biomass
production, chlorophyll-related indices, and reproductive development, serves as a proxy
for short-term agronomic performance under soil-mediated conditions. Concurrently, soil
dehydrogenase activity is commonly employed as a proxy for overall microbial oxidative
activity and soil biological functioning, reflecting the response of microbial communities
to changes in organic matter inputs, pH, and nutrient availability [31]. Collectively, these
indicators provide an integrated preliminary assessment of amendment suitability, linking
physicochemical changes with functional soil and plant responses.

This study assessed the impact of tailored organic amendments, sourced from agro-
livestock and urban residues, on two distinct Iberian soil types. The solid amendments,
comprising green biochar (GB) and green compost (GC), were integrated with liquid
residues such as cattle manure slurry (CMS), urban compost tea (UCT), and cattle diges-
tate (CD) to create both single and mixed treatments. The evaluation concentrated on
alterations in amendment properties, soil physicochemical parameters, barley germination
and growth, and soil microbial activity. By comparing acidic and alkaline soils, the study
further investigated how soil properties influence amendment efficacy and identified the
primary advantages and potential risks associated with the application of tailored organic
amendment mixtures for soil restoration and residue valorisation.

2. Materials and Methods
2.1. Experimental Design

Following the comprehensive characterization of the organic amendments and their
mixtures, their agronomic and soil effects were assessed through germination and green-
house assays. Two contrasting Iberian soils were selected, primarily on the basis of their
distinct pH values and environmental contexts: one alkaline soil and one acidic soil. First,
soil-water extracts from the different treatments were used in Petri dish assays to evaluate
their direct effects on seed germination. Subsequently, a greenhouse pot experiment was
conducted to examine the response of barley growth and development to amendment ap-
plication under soil-specific conditions. After 67 days, the pot experiment was concluded to
prevent the pot size from limiting plant growth. Subsequently, the effects of the treatments
on soil physicochemical properties, composition, and microbial activity were analysed.
These analyses facilitated the assessment of each soil’s role in modulating amendment
performance, while also identifying the primary benefits and potential risks associated with
their use. The materials, analytical procedures, and experimental assays are detailed below.

2.2. Organic Amendments

Five organic amendments, including two solid and three liquid materials, were used
either individually or in combination to generate a total of 16 soil treatments. Hereafter,
these are referred to as treatments and classified as either single-amendment treatments,
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when only one material was applied, or mixed treatments, when two or more amendments
were combined (Table 1).

Table 1. Composition and codes of the organic amendment treatments applied to the soils.

Code Solid Amendment Liquid Amendment
Control — —
CMS — Cattle Manure Slurry
UCT — Urban Compost Tea
CD — Cattle Digestate
GB Green Biochar —
GBS Green Biochar Cattle Manure Slurry
GBT Green Biochar Urban Compost Tea
GBD Green Biochar Cattle Digestate
GC Green Compost —
GCS Green Compost Cattle Manure Slurry
GCT Green Compost Urban Compost Tea
GCD Green Compost Cattle Digestate
BC Biochar and Compost —
BCS Biochar and Compost Cattle Manure Slurry
BCT Biochar and Compost Urban Compost Tea
BCD Biochar and Compost Cattle Digestate

2.2.1. Solid Organic Amendments

Green biochar (GB) is an agro-forest green waste biochar synthesized using a rotary
pyrolysis reactor, operating at 500 °C for 20 min in an inert atmosphere from a 50% w/w
mixture of olive mill pomace, a by-product of olive oil production, and recycled pine
shavings. Green compost (GC) refers to a commercial product composed entirely of garden
pruning waste, which was acquired from the Carrefour store located in Montequinto
(Seville, Spain). A 1:1 (w/w) mixture of GB and GC, called BC, was also prepared and
incorporated into the experimental assays.

2.2.2. Liquid Organic Amendments

Cattle manure slurry (CMS), consisting of liquid and solid cattle excreta mixed with
straw bedding residues, was collected from a dairy farm located in the same region as the
soil sampling site in Lugo (NW Spain), and stored under refrigerated conditions until use.
Urban compost tea (UCT) refers to a leachate produced from the organic composting of
selectively collected urban solid waste within the Sierra de Cadiz municipal association
(Basica S.A.U., Olvera, Cadiz, Spain). Cattle digestate (CD) represents the final residue
resulting from the mesophilic anaerobic digestion of stabilized cattle manure mixed with
pruning waste, provided by the company Sologas (A Corufia, Spain).

2.3. Preparation and Processing of Solid—Liquid Amendment Mixtures

Solid and liquid amendments were combined at a 1:4 (w/w) ratio. The resulting
mixtures were continuously agitated for 2 h and then allowed to settle for 24 h. The solid
fraction was subsequently recovered by decantation and oven-dried at 40 °C for 12 h. After
drying, the material was homogenized, characterized by laboratory analyses, and stored in
sealed bags at 6 °C until further use.
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2.4. Soils Description

Two contrasting soils were selected from different regions of the Iberian Peninsula,
one located in the north and the other in the south, representing distinct edaphoclimatic
conditions. The soil from the south (hereinafter alkaline soil) was collected from a rainfed
farm located in Montequinto (Dos Hermanas, Seville, Spain; 37°19'52.6” N, 5°54/32.5" W)
and the soil collected from the north (hereinafter acidic soil) was sampled in an extensive
pasture system in Meira (Lugo, Spain; 43°14'14.3” N, 7°18/16.0” W). Both soils were dried at
40 °C for 72 h and sieved (>2 mm) before analysis and experimental preparation. Soil texture
was determined using the Bouyoucos hydrometer method [32]. Soil organic carbon (SOC)
in the unamended bulk soils was quantified using the modified Walkley—Black method [33],
following the procedure described by Yeomans and Bremner [34]. Soil carbonate content
was measured with a Bernard calcimeter according to Guitidn and Carballas [35]. The
water-holding capacity (WHC) of each soil was determined gravimetrically in triplicate as
the water retained by an initially saturated sample after free drainage ceased, relative to
oven-dry soil mass.

The alkaline soil, classified as a Calcaric Cambisol, had a pH of 7.9 £ 0.1, an electrical
conductivity of 270 + 17 uS cm~! and a WHC of 72 4 31%. It exhibited a clay loam texture
and contained 4.6 & 0.1% total carbon, 0.14 & 0.01% total nitrogen, 26.1 & 0.8% carbonates,
and 0.78 £ 0.05% SOC. In contrast, the acidic soil, classified as a Dystric Cambisol, had
a pH of 5.2 + 0.1, an electrical conductivity of 188 + 4 uS cm~! and a WHC of 88 = 35%.
It showed a silt loam texture and contained 2.7 & 0.1% total carbon, 0.28 + 0.01% total
nitrogen, and 1.89 £ 0.02% SOC.

2.5. Analytical Methods for Elemental Composition and Physical and Chemical Properties of
Amendments and Soils

Soil and amendment pH and electrical conductivity (EC) were measured in a 1:10
soil-water extract according to Campos et al. [11]. The total carbon (TC) and nitrogen
(TN) contents were determined by dry combustion in a Flash 2000 HT elemental analyzer
(ThermoScientific, Bremen, Germany).

The C/N ratio of the acidic soil was calculated directly from TC and TN contents.
In contrast, for the alkaline soil, which contained substantial amounts of carbonates, an
estimated organic C content was used to avoid overestimating the organic C contribution
to the C/N ratio. Carbonate content was determined using the Bernard calcimeter method
and expressed as CaCOj (%). Carbonate-derived inorganic C was calculated from the
stoichiometric C fraction of CaCOj as:

C-carbonate (%) = CaCOj3 (%) x (12.01/100.09) = CaCO3 (%) x 0.120, 1)
Estimated organic C was then calculated as:
Estimated organic C (%) = TC (%) — C-carbonate (%), 2)

The C/N ratio of the alkaline soil was subsequently calculated using this estimated
organic C content and TN.

Total element concentrations (Ca, Cd, Cr, Cu, K, Mg, Na, Ni, P, Pb, and Zn) were
determined by inductively coupled plasma optical emission spectrometry (ICP-OES 720-ES;
Varian Inc., Palo Alto, CA, USA) following digestion with concentrated aqua regia (HCl3,
3:1, v/v) at 110 °C for 2 h using a DigiPrep-MS Jr system (SCP Science, Quebec, QC,
Canada) [36]. Analytical accuracy was assessed using certified reference soil ERM-CC141
(Joint Research Centre), with recoveries ranging from 90 to 105%.
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2.6. Seed Germination in Petri Dishes

A Petri dish germination assay was performed to evaluate the direct impact of organic
amendment treatments on barley (Hordeum vulgare L.) seeds, excluding the influence of
soil physical parameters. Amendment:water extracts for each treatment were prepared at a
1:5 (w:v) ratio. Following 1 h of shaking, the extracts were filtered using 0.45 pm syringe
filters and applied directly to sterilised filter paper (121 °C, 1 h), ensuring that no excess
wetting occurred. Ten seeds were placed equidistantly on each plate. Three replicates per
treatment were incubated in the dark at room temperature, and germination was recorded
on days 3 and 6 post-sowing. Seed viability was verified using a positive control consisting
of five replicates prepared under identical experimental conditions, with distilled water
replacing the organic amendment:water extract.

2.7. Greenhouse Pot Experiment and Post-Harvest Soil Analyses

One-litre pots were filled with homogenised soil-amendment mixtures prepared at a
9:1 ratio (w/w; n = 3), corresponding to 900 g soil and 100 g amendment material per pot.
This high experimental dose was selected for comparative short-term screening and was not
intended to represent a recommended field application rate. Amendments were applied
on an as-prepared mass basis: liquid-only treatments received 100 g of homogenised
liquid material, whereas solid and dried solid-liquid formulations received 100 g of the
corresponding solid material. The water contributed by liquid amendments was included
in the gravimetric mass balance, and only the additional water required to reach 50% of
the experimentally determined soil WHC was added before sowing. Nine barley seeds
were sown equidistantly in each pot. The experiment was conducted under greenhouse
conditions for 67 days at 24 °C with an 11 h photoperiod. Unamended control pots were
maintained under the same temperature, photoperiod, weighing, and irrigation conditions
as the amended pots. Pot water content was monitored gravimetrically twice weekly.
Each pot was weighed before irrigation, water loss was calculated from a running mass
balance, and deionised water was slowly added using a graduated pipette to maintain
gravimetric water content between 10% and 20% of dry soil mass without percolation.
Pots were weighed again after irrigation to verify the amount supplied. At the end of the
experiment, soil from each pot was divided into two subsamples. One subsample was
oven-dried at 40 °C for determination of pH, EC, C and N contents, and nutrient and metal
concentrations. The second was stored fresh at 5 °C and used to determine dehydrogenase
activity as an indicator of overall microbial oxidative activity, following Trevors [37].

Seed Germination and Plant Growth Parameters

Seedling emergence was monitored during the first two weeks after sowing. Once
establishment was complete, plants were thinned to a maximum of four individuals per
pot by manually removing excess seedlings. Plant height was measured 60 days after
sowing from the base of the stem to the uppermost point of the plant. Leaf chlorophyll
content was determined at the end of the greenhouse experiment using a SPAD-502 Plus
chlorophyll meter (Konica Minolta, Tokyo, Japan). Eight SPAD readings were taken per
pot and averaged to obtain a representative value. At 67 days after sowing, all barley
plants were manually harvested by cutting the aboveground biomass at the stem base.
The harvested plant material from each pot was weighed immediately to determine fresh
aboveground biomass production per pot. The samples were subsequently oven-dried at
40 °C for 48 h, and the nitrogen concentration of the dried aboveground plant material
was determined. Nitrogen concentration therefore refers exclusively to dried aboveground
biomass. Whole-plant N uptake was not estimated because sufficient root biomass free of
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adhering soil could not be consistently recovered across treatments to ensure representative
TN measurements.

2.8. Statistical Analysis

Given the limited number of replicates, all inferential analyses were performed using
non-parametric methods. Overall treatment effects were assessed using Kruskal-Wallis
tests. Pairwise comparisons among treatments were explored using Dunn’s test with
Bonferroni-adjusted p-values for the construction of response summary tables. Because the
primary biological objective of the study was to compare each treatment with the untreated
control, treatment-versus-control comparisons were additionally evaluated using Steel’s
many-to-one rank test with single-step adjustment for multiple comparisons.

Treatment effects relative to the control were quantified using the probability of
superiority (PS), defined as the probability that a randomly selected observation from
a treatment exceeded a randomly selected observation from the corresponding control.
Ninety-five percent confidence intervals for PS were estimated by non-parametric bootstrap
resampling (10,000 iterations). Given the limited sample size, PS and its confidence intervals
were interpreted as measures of effect magnitude and associated uncertainty rather than as
formal tests of statistical significance.

Inferential analyses were restricted to seed germination and plant response variables.
Soil physicochemical properties and dehydrogenase activity were assessed descriptively
because the available analytical replication and broad screening design did not support
robust multiple treatment-versus-control inference for these variables. Accordingly, Table 2
and corresponding figures present means, standard errors, and response patterns without
claims of statistical significance. Owing to failures in seed germination and plant estab-
lishment, the number of biological replicates varied among treatments. Only treatments
represented by at least two successfully established pots were included in inferential anal-
yses; single-pot observations were retained solely for descriptive purposes and were not
considered reliable estimates of treatment-level growth responses.

Treatment effects on plant height, SPAD, total fresh biomass production (TFBP), and
plant total nitrogen (TN) concentration were analysed separately for the alkaline and acidic
soils, using individual pots as experimental units. The UCT treatment was excluded from
the acidic-soil analysis because no plants became established. Missing observations were
treated as missing data and were not replaced by zero. Summary statistics, treatment
response ratios, and significance tests for plant parameters in alkaline and acidic soils are
provided in Supplementary Table S2 (ST2) in the electronic Supplementary Materials. In
the alkaline soil, only one UCT pot contained a surviving plant; its growth measurements
were therefore reported descriptively and excluded from inferential comparisons.

Treatment responses were expressed as log, response ratios following the next equation:

LogyRR = log, [treatment mean/control mean], 3)

Positive values indicate increases relative to the control, whereas negative values indi-
cate decreases. The log, transformation was used only to represent effect magnitude and
direction, not to normalize the data or satisfy test assumptions. The colour scale was capped
at £1, while the values shown in the cells correspond to the uncapped log,RR values.

Statistical analyses were performed using IBM SPSS Statistics 29.0.1.0 and R 4.6.1
(R Foundation for Statistical Computing, Vienna, Austria). The statistical workflow imple-
mented in R was developed through custom scripts created specifically for this study, with
assistance from ChatGPT Plus (OpenAl; San Francisco, CA, USA) in their development and
refinement under the authors’ supervision. All generated code was reviewed, validated
and executed by the authors.
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Table 2. Soil pH, electrical conductivity (EC), total carbon and total nitrogen contents at the beginning
and end of the greenhouse experiment (mean value + standard error).

H EC Total C Total N
4 (1S cm—1) (%) (%)

Code Day 0 Day 67 Day 0 Day 67 Day 67 Day 67
Control 75+02 8.2+0.0 270 +£17 221 +2 5.10 +0.18 0.16 4 0.01
CMS 8.44+0.0 8.8+ 0.0 165+ 6 248 +2 5.17 £ 0.25 0.18 4+ 0.01
UCT 89+0.0 8.3+0.0 457 +£ 8 545 +9 4.76 +0.48 0.18 - 0.02
CD 83+0.2 8.6 £0.0 443 +£10 247 +£1 3.92 +0.11 0.13 £ 0.00
GB 83+0.1 9.4+ 0.0 148 + 4 285+ 2 8.73 + 0.10 0.21 +0.01
GBS 85+0.0 8.8 £0.0 153 +2 288 + 8 6.08 = 0.53 0.17 = 0.00
GBT 82+0.0 8.7+0.1 396 + 21 405 + 2 9.98 4+ 0.32 0.25 £ 0.00
. . GBD 8.7+ 0.0 9.0+ 0.0 185 +5 305 +7 6.35 + 0.26 0.22 + 0.01

Alkaline soil
GC 8.0+0.0 8.6 £0.1 209+ 6 481 +9 5.16 +0.10 0.25 £+ 0.00
GCS 84 +0.0 8.7 £0.0 157+ 4 280 + 7 5.02 +0.14 0.20 4 0.01
GCT 8.6 0.0 85+0.1 377 £ 12 539 + 1 6.37 + 0.02 0.32 + 0.01
GCD 89+0.0 8.5+0.0 356 + 8 466 +5 5.80 4+ 0.33 0.33 +0.01
BC 82+0.1 89 +0.1 184+ 3 391 + 18 6.08 £+ 0.08 0.19 £ 0.00
BCS 8.6 0.0 89+ 0.0 130 £ 6 281 +1 5.68 £ 0.02 0.21 =+ 0.00
BCT 8.1+0.0 8.6 £0.1 332 +1 444 +2 7.07 = 0.05 0.28 4+ 0.01
BCD 85+0.0 8.8 £0.0 330 +1 336 + 10 6.30 £ 0.07 0.26 4 0.01
Control 53+0.2 5.0+ 0.0 188 +4 145 +1 2.74 £+ 0.05 0.26 =+ 0.00
CMS 6.1 +0.0 5.8 +0.1 88 +1 203 +1 2.80 4+ 0.03 0.26 4+ 0.01
UCT 4.7 +£0.0 6.7 £0.0 644 + 27 414 £ 5 2.64 4+ 0.09 0.31 4 0.01
CD 5.8+ 0.0 52+0.0 117 £ 1 335+ 16 3.14 £ 0.11 0.33 + 0.01
GB 5.9+0.0 6.4 +0.0 80+0 142 +1 5.69 4 0.39 0.30 £ 0.00
GBS 5.9+0.0 6.1 £0.0 84 +1 223 +1 5.07 & 0.78 0.30 £ 0.00
GBT 5.14+0.0 5.7+ 0.0 461 £ 12 516 = 8 8.48 + 0.46 0.38 + 0.00
L ) GBD 5.7 +0.1 6.9 £0.0 243 + 34 227 +1 4.24 +0.49 0.32 +0.01
Acidic soil
GC 544 0.0 6.1 +0.1 246 + 37 358 + 6 4.21 +0.03 0.40 £ 0.00
GCS 5.7 + 0.0 59+ 0.0 118 £2 277 £ 6 3.98 £+ 0.51 0.37 + 0.04
GCT 5.9 +0.0 6.5+0.0 402 +8 415+1 4.37 +0.31 0.43 4+ 0.01
GCD 5.74+0.1 6.3+ 0.0 190 + 6 281 +2 413 +0.18 0.38 + 0.00
BC 5.7 +£0.0 6.1 +0.1 171 +2 273 £ 2 5.49 + 0.07 0.35 + 0.01
BCS 5.7 +0.0 6.1 £0.0 8240 225 +1 6.66 £ 0.66 0.45 £+ 0.04
BCT 544 0.0 6.6 +0.1 651 + 18 302 +1 5.29 + 0.20 0.36 + 0.02
BCD 5.5+ 0.0 6.4+ 0.0 167 £3 292 £ 10 5.11 £ 0.01 0.39 + 0.01
3. Results

3.1. Composition and Properties of Organic Amendments

The physicochemical properties of the amendments exhibited noticeable differences
based on their origin and formulation (Figure 1). Among the individual amendments,
most materials demonstrated neutral to alkaline pH levels, with GB exhibiting the highest
alkalinity, exceeding pH 10, while UCT was the sole amendment with slightly acidic
values (<6) (Figure 1A). In the mixed treatments, the inclusion of UCT reduced the pH of
the corresponding solid amendments, notably in GBT and GCT, whereas the pH of BCT
remained similar to that of the solid amendment mixture. The EC was most pronounced
in the liquid amendments, particularly CMS and UCT, whereas GB displayed the lowest
values (Figure 1B). The integration of liquid residues with solid amendments resulted in
lower EC values compared to those recorded for the corresponding liquid amendments
applied independently, especially in the CMS- and UCT-based mixtures.
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Figure 1. Indicators of acidity and salinity and elemental composition in the organic amendments
evaluated in the study. pH (A), electrical conductivity (EC) (B), total carbon (Total C) (C) and
total nitrogen (Total N) (D), and organic carbon-to-nitrogen ratio (C/N) (E) of single-amendment
treatments and amendment mixtures. Values are expressed as mean =+ standard error (SE). Treatment
codes are defined in Table 1.

Distinct differences were also noted in total C, total N, and C/N ratio (Figure 1C-E).
GB exhibited the highest total C concentration and the lowest total N content, leading to
the widest C/N ratio among the amendments. In contrast, GC and the liquid amendments
had relatively lower total C contents and higher N concentrations, with CD presenting the
highest total N values. Consequently, mixtures containing CD exhibited higher N contents
than their corresponding unblended solid amendments. Conversely, mixtures prepared
with UCT showed a slight reduction in total C, particularly in GCT and BCT. Overall,
the mixed treatments displayed intermediate physicochemical characteristics between
those of their solid and liquid components. The concentrations of major nutrients and
cations varied across different amendments and formulations (Figure 2). For Ca, Mg,
and Na, the highest concentrations were typically observed in the liquid amendments,
particularly CMS and UCT (Figure 2A-C). However, integrating liquid residues into solid
amendments did not consistently enhance the concentrations of these elements in the
resultant mixtures. For instance, despite the elevated Ca and Mg levels in UCT, the UCT-
based mixtures did not exhibit a proportional increase in these elements compared to
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the unblended solid amendments. A comparable trend was noted for potassium, with
CMS and UCT displaying the highest concentrations among the amendments (Figure 2D).
Nonetheless, the mixtures did not demonstrate a clear enrichment in K relative to the
corresponding solid amendments, and in some instances, K concentrations were lower than
in the unblended materials. Conversely, CD exhibited the highest P and S concentrations
among the amendments (Figure 2E,F). As expected, the incorporation of CD into the solid
amendments resulted in increased P and S contents in the mixtures compared to their
respective unblended solid forms.
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Figure 2. Total concentrations of macronutrients and sodium in the organic amendments evaluated in
single-amendment treatments and amendment mixtures. Panels show Ca (A), Mg (B), Na (C), K (D),
P (E) and S (F), determined by ICP-OES after acid digestion. Values are expressed as mean =+ standard
error (SE). Treatment codes are defined in Table 1.

Heavy metal concentrations were evaluated in accordance with the quality classes
delineated by Spanish Royal Decree 506/2013 [38], which specifies maximum allowable
concentrations for three categories: class A, class B, and class C. Concentrations surpassing
the class A threshold must be reported, while those exceeding the class C limit are prohib-
ited for use as soil amendments. In general, the highest concentrations of heavy metals
were observed in the liquid amendments (Figure 3). Among these, CD exhibited the most

https://doi.org/10.3390/agronomy16171617


https://doi.org/10.3390/agronomy16171617

Agronomy 2026, 16, 1617

11 of 27

restrictive profile, with concentrations of Cd, Zn, and Ni categorizing this amendment as
class C. CMS was classified as class B due to its Cu, Zn, and Ni contents, whereas UCT was
assigned to class B based on its Ni concentration. The remaining single amendments were
classified as class A, indicating their suitability for agricultural use as organic amendments.
The integration of liquid residues into solid amendments typically resulted in lower heavy
metal concentrations compared to those found in the corresponding unblended liquid
amendments. However, mixtures based on CD demonstrated increased Cd and Ni contents
relative to the single solid amendments, resulting in a reclassification from class A to class
B (Figure 3A F). Therefore, although mixing reduced heavy metal concentrations compared
to the liquid residues alone, the inclusion of CD still influenced the regulatory classification
of the resulting solid-liquid mixtures.
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Figure 3. Total concentrations of potentially toxic elements in the organic amendment formulations
determined by ICP-OES after acid digestion. Panels show Cd (A), Cr (B), Cu (C), Pb (D), Zn (E) and
Ni (F). Bars represent the mean =+ standard error (SE) for each single amendment and solid-liquid
amendment combination. Horizontal dashed lines indicate the maximum concentrations established
for Classes A, B, and C of organic fertilizers under Spanish Royal Decree 506/2013 [38]; the absence
of a class line in a panel indicates that the corresponding legal threshold lies outside the plotted
concentration range. Treatment codes and formulation compositions are provided in Table 1.
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3.2. Effect of Organic Amendment Application on Soil Properties
3.2.1. Alkaline Soil

The alkaline soil initially exhibited a control pH of 7.9, which slightly increased to 8.2
by the conclusion of the greenhouse experiment (Table 2). The application of amendments
generally sustained or elevated soil alkalinity, with all treatments remaining within the
alkaline range after 67 days. The highest final pH values were observed in treatments
containing GB or BC, whereas UCT, GCT, and GCD were the only treatments in which pH
decreased during the experiment (Table 2). Electrical conductivity varied among treatments
and generally increased during incubation (Table 2). The highest final EC values were
recorded in UCT- and GC-based treatments, particularly UCT and GCT, whereas CD
exhibited a marked decrease over time, reaching values close to those of the control. These
results indicate that EC changes were treatment-specific and did not merely reflect the initial
salinity of the amendments. At the conclusion of the experiment, total C and N contents
varied according to amendment formulation (Table 2). The highest total C values were
associated with GB and GB- or BC-based mixtures, particularly GBT, GB, and BCT, while
CD showed the lowest C content among the amended treatments. Total N increased mainly
in mixtures involving GC or BC combined with liquid amendments, with the highest
values recorded in GCD, GCT, BCT, and BCD. Relative changes in C, N, and C/N ratio
corroborated these patterns (Figure 4A). As these soil variables were evaluated descriptively,
differences among treatments represent observed trends rather than statistically supported
effects. They may reflect amendment dissolution, organic matter transformations, ion
exchange, plant uptake, and ion redistribution under non-leaching conditions, although
the contribution of each process could not be determined.

GB and GBT produced the largest relative increases in C, whereas C/N ratios re-
mained mostly similar to or lower than the control soil, except in GB- and GBT-amended
soils. Regarding the major elements analysed, Na increased in most treatments, while P
and S were particularly enhanced in CD-containing mixtures (Figure 4C). Heavy metal
contents remained generally close to the control, although Zn increased in some treatments,
especially those involving BC and liquid amendments (Figure 4E). Cd did not show a
marked increase in CD-amended soils.

Dehydrogenase activity, used as an indicator of overall soil microbial activity, var-
ied according to soil type and amendment formulation (Figure 5). In alkaline soil, the
effects of treatments were more evident, with dehydrogenase activity demonstrating both
increases and decreases compared to the control (Figure 5A). The highest activity levels
were observed in GBT, followed by BCT and GCS, while UCT and BCD exhibited the
lowest activities. Among the single amendments, CD demonstrated higher activity than
the control, whereas GB and CMS remained at or near control levels.

3.2.2. Acidic Soil

The acidic control soil exhibited an initial control pH of 5.2. By the conclusion of the
experiment, most treatments elevated the soil pH, with the highest final values recorded
in GBD, UCT, BCT, and GCT. Conversely, the control, CMS, and CD treatments exhibited
a slight decline in pH over time (Table 2). Electrical conductivity (EC) also varied among
treatments (Table 2). The highest initial EC values were noted in UCT and UCT-based
mixtures, whereas GB, GBS, CMS, and BCS displayed the lowest values. After 67 days,
EC increased in several amended soils, particularly in those containing GC, BC, or CD,
while UCT and BCT exhibited lower EC values than at the onset of the experiment. Overall,
EC responses were specific to each treatment and differed from those observed in the
alkaline soil. These soil-property patterns are descriptive rather than inferential. As in
the alkaline soil, changes in pH and EC may have resulted from the combined effects of
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rewetting and incubation, amendment dissolution, mineralisation and nitrification, ion
exchange, plant uptake, and redistribution of soluble ions under non-leaching irrigation.
Most amendments resulted in numerically higher total C and N contents in the acidic soil,
although these differences were not statistically assessed (Table 2). The highest total C
values were observed in biochar amended soils (GBT, BCS, GB, BC, and BCT), while single
liquid amendments had comparatively limited effects on soil C. Total N was generally
higher in amended soils than in the control, particularly in GC-, BC-, and mixed treatments.
Relative changes in C, N, and the C/N ratio were more pronounced in the acidic soil than
in the alkaline soil (Figure 4B). Carbon increased mainly in GB-, BC-, and mixed treatments,
whereas N increased across most amended soils. Among the analysed nutrients, Ca
exhibited the strongest relative increase, especially in treatments containing GC or BC,
while Na also increased in most amended soils (Figure 4D). Phosphorus and sulphur were
primarily enhanced in CD-containing treatments.
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Figure 4. Relative changes in soil element contents following amendment application in the alkaline
(A,C,E) and acidic (B,D,F) soils. Values are expressed relative to the corresponding unamended
control soil, with a value of 1 indicating no change. Dotted horizontal lines represent the control
reference value. Panels show total C, total N and C/N ratio (A,B), macronutrients and Na (C,D), and
heavy metals (EF). (*) Carbon content in the alkaline soil was corrected for carbonate content prior to
C/N calculation. Treatment codes are defined in Table 1.
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the different organic amendment formulations. Bars represent mean values + standard error (SE).
Treatment codes and formulation compositions are provided in Table 1.

In contrast to the alkaline soil, relative heavy metal contents in the acidic soils re-
mained close to control values across treatments, with only minor variations (Figure 4F).
Furthermore, despite the high heavy metal levels detected in several pure amendments,
the concentrations measured in the amended soil pots complied with the permissible limits
established by Decree 18/2015 [39].

Compared with the alkaline soil, dehydrogenase activity in the acidic soil varied
within a much narrower range, with most treatments showing values close to that of the
control (Figure 5B). Numerically, GC showed the highest activity, followed by GCS and
BCD, whereas UCT and BCT showed the lowest values. These descriptive trends suggest
less pronounced amendment-induced changes in the acidic soil, although the differences
were not statistically assessed.

3.3. Effects of Organic Amendments on Plant Germination and Development

Seed germination rates on plates and pots are shown in Figure 6. In alkaline soil,
the various amendment formulations did not exhibit significant differences compared to
the control according to Steel’s many-to-one multiple comparison test (p > 0.05). As in
alkaline soil, Steel’s test did not detect statistically significant differences from the control
in the acidic soil (adjusted p > 0.05). Nevertheless, PS values indicate strong negative
effect sizes for several treatments, reaching 0 (95% CI 0.0-0.0), particularly for UCT, GBD,
and GCD measured in Petri dishes (day 6). Overall, seed germination in greenhouse
pots was notably lower than on plates, including control treatments in both soil types.
Despite variability among amendment treatments, Steel’s test did not detect statistically
significant differences (adjusted p > 0.05), only in CMS and UCT in alkaline soil, and in
UCT and some combinations with biochar and compost (GBT and BCT) in acidic soil
exhibited PS values of 0 (95% CI: 0.0-0.0), indicating strong negative effect sizes relative
to the control (Figure 6).
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Figure 6. Seed germination response to amendment application 6 days after sowing in Petri dish
(A,B) and pot (C,D) experiments. Values are expressed as mean + standard error (SE). Asterisks (*)
indicate treatments with a probability of superiority (PS) of 0, supported by 95% bootstrap confidence
intervals of 0-0, indicating consistently lower observations than the control. Treatment codes are
defined in Table 1.

Plant growth responses during the greenhouse experiment varied according to soil
type and amendment formulation (Figure 7 and Supplementary Table S1) In the alkaline
soil, treatment effects on plant height were generally limited, whereas the most pronounced
responses were observed for total fresh biomass production (TFBP) and plant N. GCT and
BCT produced the largest biomass increases relative to the control, while UCT, CD, GBT,
GCT, and BCT showed marked increases in total N. However, UCT reduced both plant
height and biomass, indicating that increased plant N concentration did not necessarily
result in greater plant growth. In the acidic soil, amendment effects were broader, with
most treatments increasing plant height and biomass relative to the control. The strongest
biomass responses were observed for CMS, GB, GC, GCS, GCT, BC, and BCT. Increases in
SPAD and total N were more treatment-specific and were particularly evident for CD, GBT,
GCT, GCD, BCT, and BCD (Figure 7) Across amendments, SPAD and total N showed similar
response patterns, whereas biomass and height responded more independently. Plant total
N was strongly and positively correlated with SPAD in both the alkaline soil (Spearman’s
p =0.697, p < 0.001) and the acidic soil (p = 0.852, p < 0.001). Plant growth responses
should be interpreted in the context of establishment success, as low biomass in poorly
established treatments may reflect impaired germination or establishment rather than
reduced subsequent growth. As UCT produced no plants in the acidic soil and only one
surviving plant in the alkaline soil, its effects on plant growth could not be reliably assessed.
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Figure 7. Treatment effects on barley height, SPAD, total fresh biomass production (TFBP), and plant
total N content (TN) in alkaline and acidic soils. Values are expressed as log, response ratios relative
to the corresponding control. Positive values indicate increases and negative values decreases relative
to the control. The colour scale was visually capped at 1, while actual log, response ratios are
shown within the cells. Grey cells indicate missing data. Asterisks denote level of significance of
treatment—control differences: p < 0.05 (*) and p < 0.01 (**). Treatment codes are defined in Table 1.

4. Discussion
4.1. Composition, Agronomic Properties and Safety of Pure and Mixed Amendments

The pure amendments exhibited noticeable differences in physicochemical composi-
tion, nutrient content, and trace metal concentrations, which define both their agronomic
potential and limitations for use as organic amendments (Figures 1-3). Liquid amendments
generally demonstrated higher EC and elevated concentrations of several nutrients and
potentially limiting elements, whereas solid amendments primarily differed in pH, carbon
content, and retention capacity. CD amendments exemplified this trade-off, possessing
the highest total nitrogen, phosphorus, and sulfur contents, but also elevated Cd and Ni
concentrations (Figures 1-3). According to Spanish Royal Decree 506/2013 [38], which
categorizes organic amendments into quality classes A, B, and C, CD was classified as
class C due to its Cd, Zn, and Ni contents, rendering it the most restricted amendment
(Figure 3). CMS was classified as class B because of its Cu, Zn, and Ni contents, and UCT
as class B due to Ni, whereas the remaining single solid amendments were classified as
class A, indicating their suitability for agricultural use; concentrations surpassing the class
C limit are prohibited for use as organic amendments. Solid-liquid impregnation altered
the properties of the original materials rather than producing a simple additive response.
Compared to the unblended liquid amendments, the mixtures generally exhibited lower
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EC and trace metal concentrations, particularly in CD-based formulations (Figures 1-3).
Consequently, impregnation into GB, GC and their mixture (BC) reduced the operational
and regulatory risk associated with CD and brought the mixtures within acceptable limits
for agricultural use. Nevertheless, CD-based mixtures still contained more Cd and Ni
than the corresponding unblended solids, indicating redistribution into the solid matrix
rather than removal from the system. Variations among solid carriers suggest that ele-
ment retention and recovery depended on the nature of the amendment. For instance,
GBD mixtures showed lower recovered trace metal concentrations than GCD mixtures,
despite both being prepared with CD (Figure 3). This may reflect stronger retention or
lower analytical recoverability in biochar-based mixtures, as the aromatic structure, poros-
ity, and alkaline pH of biochar favour stable associations with trace metals [40-42]. In
compost-based materials, metal retention is more commonly associated with complexation
by humic and fulvic substances [43—47]. The aqua-regia-extractable concentrations should
therefore be interpreted as pseudototal: the method recovers the environmentally relevant
non-silicate fractions extensively but does not completely dissolve metals structurally
bound within silicate lattices, which are expected to be negligible in these organic amend-
ments. Aqua regia was used because the Spanish and EU regulatory thresholds relevant
to amendment classification are based on this operationally defined fraction, rather than
on DTPA-extractable or sequentially fractionated pools. Regulatory compliance therefore
provides a conservative screening measure, but not a direct estimate of mobility or bioavail-
ability. Complementary DTPA extraction and sequential fractionation would be required to
assess these environmental dimensions. From an agronomic perspective, the main benefit
of impregnation is nutrient enrichment. CD-based mixtures showed the clearest increases in
total N, P and S (Figures 1 and 2), elements directly linked to crop nutrition and potentially
useful for reducing mineral fertilization inputs [42,48,49]. However, this enrichment was
accompanied by higher Na and trace metal contents, especially in CD-based mixtures,
highlighting a trade-off between nutrient value and potential risk (Figure 3). Biochar-based
mixtures showed a greater relative increase in total N than GC-based mixtures, probably
because GB initially had very low N content (Figure 1). This agrees with the comple-
mentary roles of compost and biochar: compost may act as a nutrient source through
organic matter mineralization [50], whereas biochar may function mainly as a retention
matrix for N-containing compounds [48,51]. Nevertheless, total N determined by dry
combustion indicates element transfer, but not necessarily plant-available N. UCT-based
formulations showed a different response. UCT acidified GB and GC, as reflected in GBT
and GCT, whereas BC partly buffered this effect (Figure 1A). These mixtures also showed
a slight decrease in total C, particularly in GCT and BCT (Figure 1C), possibly related to
the acidic and biologically active nature of compost tea. Acidification, dissolved organic
compounds and microbial activity can promote dissolution, desorption or mobilization of
organic compounds during soaking [41,52,53], while humic-derived compounds may act
as natural surfactants favouring C desorption from amendment surfaces [54,55]. Overall,
these results support previous evidence that organic amendments can improve fertility but
may introduce constraints when applied directly, including high EC, pH shifts, trace metal
inputs, phytotoxic compounds, biologically active dissolved fractions, organic pollutants,
microbial shifts and soil-borne pathogens [41,53,54,56—61]. Thus, the suitability of each
formulation depended on the balance between nutrient enrichment, salinity, trace metal
contents and regulatory classification [56]. It does not distinguish NH;* and NO; ™~ from
organic N, or resolve mineralisation, immobilisation, and plant uptake; interpretation of
amendment-derived N must therefore remain limited to total-N transfer.
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4.2. Influence on Soil Context

The results of the germination and plant establishment experiments indicated that the
effectiveness of amendments was clearly influenced by the characteristics of the receiving
soil and the interaction between liquid and solid materials. UCT was consistently linked to
adverse effects. In the greenhouse experiment, UCT reduced plant establishment in both
soil types and completely inhibited plant establishment in the acidic soil (Figure 6). In the
alkaline soil, UCT supported only one surviving plant, which exhibited no inflorescences
and very low fresh biomass production (Electronic Annex Table S1 and Figure 7). These
effects could not be attributed solely to EC, Na, or trace metal contents. For example,
although CD and UCT exhibited similar EC-related constraints in certain instances, CD did
not result in the same level of germination inhibition (Table 2; Figure 6). Furthermore, the
higher trace metal contents in CD were not consistently associated with reduced germina-
tion or plant establishment. This pattern suggests that inhibition resulted from interacting
chemical, physical, and biological factors rather than from a single measured parameter. In
addition to salinity and Na, uncharacterised phenolic compounds, low-molecular-weight
organic acids, or other dissolved organic constituents may have contributed. The observed
compaction and possible changes in seed—soil contact, wetting, aeration, and structural
stability also provide plausible physical pathways, but the present analyses cannot identify
their relative contributions.

A pronounced contrast between the two soils examined was observed for pH. These
soils differed not only in acidity and carbonate status, but also in geographic origin, land
use, texture, organic carbon, nutrient status, and other properties. The observed differences
therefore cannot be attributed specifically to pH or generalised to acidic and alkaline soils
as broad categories. Within this experiment, most amendments further increased pH in
the carbonate-rich soil, with certain treatments producing strongly alkaline conditions
(Table 2). Under such conditions, additional alkalinisation is unlikely to be advantageous
and may reduce nutrient availability and increase nutritional imbalance [62,63]. In the
Dystric Cambisol examined, by contrast, several amendments increased pH from initially
acidic conditions (Table 2), which may have alleviated one growth constraint. This response
was observed for CMS, GB, GC, BC, and several solid-liquid mixtures without the severe
inhibition associated with UCT. These findings identify hypotheses for soil-specific formu-
lation, but require validation across a broader range of soils before wider recommendations
can be made. The responses of Ca and Na were also contingent on soil context. In alkaline
soil, the high baseline Ca content restricted the relative impact of amendment-derived
Ca inputs (Figure 4), although repeated applications could lead to excessive Ca accumu-
lation and nutrient uptake imbalances in certain crops [64]. In contrast, in acidic soil,
amendment-derived Ca resulted in more pronounced relative increases and may enhance
nutrient supply and soil structure [65,66] (Figure 4). Na enrichment posed greater concerns.
Most formulations increased relative Na abundance in both soil types, but the implications
varied. In alkaline soil, high Ca and carbonate contents may partially buffer Na effects on
structure [67], whereas in acidic soil, where buffering capacity is lower, Na enrichment may
negate some beneficial effects of Ca, particularly in UCT-derived formulations and certain
GB-based mixtures.

Variations in carbon and nitrogen responses were observed across different soils and
amendment types. In alkaline soil, the amendments GB and GBT resulted in the most
significant relative increase in the carbon ratio, approximately threefold higher than the
control, whereas GC-based treatments and liquid amendments led to smaller increases or
decreases (Figure 4A). A similar trend was noted in acidic soil, although the differences were
less pronounced (Figure 4B). Total nitrogen increases were more prominent in treatments
influenced by GC and CD, particularly GCT and GCD in alkaline soil, where final values
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were approximately double those of the control (Table 2). In acidic soil, total nitrogen
levels were generally higher than in alkaline soil, with less marked treatment differences
(Table 2). Overall, GB primarily contributed to carbon enrichment, while GC- and CD-
based mixtures more clearly enhanced nitrogen, phosphorus, and sulphur enrichment.
The marked increases in OC following GB and GBT application may be attributed to the
inherently stable aromatic carbon derived from biochar, suggesting potential for longer-
term soil carbon storage. Nevertheless, the short duration of the experiment precludes
any assessment of carbon persistence or sequestration, which requires validation through
long-term field studies.

Despite the high trace metal content in some amendments, notably CD, metal con-
centrations in both soils remained within the limits established by Decree 18/2015 [39].
This suggests that buffering, dilution, immobilization, and interactions with carbonates,
clay minerals, oxides, and organic matter mitigated the expression of amendment-derived
metal inputs at the soil level [68-70]. The acidic soil exhibited limited relative metal
enrichment, whereas the alkaline soil showed more pronounced changes in zinc, partic-
ularly in BCT, where zinc levels were approximately three times higher than the control
(Figure 4E). Notably, cadmium did not exhibit a significant increase in soil despite its
high concentration in CD. Thus, regulatory classification based on total metal contents is
useful for risk screening but does not fully predict soil metal accumulation following a
single application. Repeated applications or more mobile metal fractions could elevate
risk, especially in soils with lower buffering capacity. Evaluations that incorporate metal
speciation, mobility, and bioavailability would provide a more realistic assessment of en-
vironmental implications [71,72]. Nevertheless, the findings of this study highlight the
urgent need for a more comprehensive classification framework for organic amendments
that, beyond conventional compositional and safety criteria, also considers their agronomic
performance, including effects on nutrient availability, seed germination, and early plant
development [73].

Dehydrogenase activity, employed as an indicator of soil microbial activity, also
mirrored the influence of the initial biological and physicochemical conditions of each
soil [74,75]. The activity was greater in the alkaline control compared to the acidic control
soil, suggesting a more active baseline microbial community (Figure 5). This variation has
been frequently reported and may be attributed to factors such as pH, carbonate content,
organic matter quality, nutrient availability, and climatic conditions at the site of origin,
including increased precipitation, lower temperatures, and reduced oxygen availability dur-
ing certain periods [11,76-78]. Consequently, enzymatic responses were less pronounced
and remained closer to the control in the acidic soil (Figure 5B), whereas the alkaline soil
exhibited clearer treatment differentiation. In the alkaline soil, UCT decreased dehydro-
genase activity, while GBT, GCS, and CD increased it relative to the control (Figure 5A).
Previous research has demonstrated that compost teas can affect microbial abundance and
diversity [58,79,80]. Although microbial community composition was not evaluated in this
study, the combined inhibition of plant establishment and dehydrogenase activity suggests
that UCT may have introduced biologically active compounds or microbial interactions that
adversely impacted early soil-plant functioning. Therefore, microbial indicators should
be interpreted in relation to the initial biological status of each soil, rather than solely as
direct responses to amendment composition [11,81-83]. Dehydrogenase activity provides
an integrative measure of microbial activity but does not resolve changes in microbial
abundance, community composition, or functional potential. Future studies combining
PLFA profiling and 165 rRNA gene sequencing would provide further insights into the
microbial mechanisms underlying these responses.
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The comparison between Petri-dish germination assays and greenhouse pot exper-
iments raises questions regarding the predictive capacity of extract-based germination
tests for plant responses in actual soil conditions. In Petri dishes, where soil-amendment
water extracts were utilized, the inhibitory effects were generally less pronounced than in
pots (Figure 6), suggesting that soluble extracts capture only a portion of the amendment
effect. Under greenhouse conditions, amendments may influence germination not only
through soluble compounds but also by altering seed—soil contact, wetting behaviour,
aeration, nutrient availability, microbial activity, and structural stability. Organic residues
can enhance soil water repellence and modify wetting dynamics, thereby limiting seed
hydration despite nutrient availability [84]. Increases in Na contents and EC may also
lead to clay dispersion, pore clogging, and surface sealing, which restrict gas exchange
and seed emergence independently of direct salinity toxicity [85]. These mechanisms may
elucidate why CMS and UCT inhibited germination in alkaline soil pots, whereas UCT,
GBT, and BCT were the most limiting treatments in acidic soil pots (Figure 6). Consequently,
while Petri-dish assays are effective for detecting acute soluble phytotoxicity, they may
underestimate or fail to replicate soil-mediated constraints that arise when amendments
interact directly with the soil matrix.

In summary, no amendment can be deemed universally beneficial or detrimental
without considering the receiving soil. GB was most effective in enhancing C-related indi-
cators, particularly in the alkaline soil. GC- and CD-based mixtures were more pertinent
for N, P, and S enrichment, although CD also introduced a higher trace-metal burden.
CMS exhibited inhibitory effects on establishment in the alkaline soil but comparatively
positive growth responses in the acidic soil. UCT was the most consistently problematic
amendment, especially in the acidic soil, where it hindered plant establishment and where
UCT-based mixtures also reduced germination or delayed development. Solid amend-
ments, particularly GB, GC, and BC, partially alleviated some negative effects of liquid
amendments, although this mitigation was incomplete for UCT. Agronomic suitability
thus depends on aligning amendment function with soil constraints: GB may be preferable
where organic C input is the primary objective, GCD or BCD where N, P, and S inputs are
required, and UCT-derived formulations should be used with caution, especially in acidic
soils and during early crop establishment.

The contrasting plant responses indicate that amendment performance was strongly
conditioned by soil properties. The broader increases in height and biomass in the acidic
soil (Figure 7) suggest that the amendments alleviated growth limitations more effectively
under acidic than alkaline conditions, likely because of differences in nutrient availability,
pH, salinity, and amendment-soil interactions. The strong positive relationship between
plant N and SPAD in both soils supports the use of SPAD as a rapid, non-destructive
indicator of barley N status. Nevertheless, higher N did not consistently result in greater
biomass or height. This decoupling may reflect nutrient concentration in plants with
restricted growth or nutrient dilution when biomass increased faster than N accumulation.
UCT-containing treatments were particularly illustrative, combining high SPAD and N
with limited biomass and poor reproductive development. This pattern suggests the
formation of hydrated, N-rich tissues without a proportional improvement in overall plant
performance and may indicate delayed maturation ((Electronic Annex Table S1). The
contrasting behaviour of CMS and CD further shows that amendment performance cannot
be inferred solely from composition or trace-metal classification. Overall, SPAD and N were
consistent indicators of plant N status, whereas biomass and reproductive development
were additionally controlled by soil- and amendment-dependent factors.
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4.3. Methodological Limitations and Future Perspectives

The extensive screening of organic amendments and mixtures enabled a comparative
assessment of soil physicochemical properties, plant performance, and enzymatic activity
in two contrasting soils. Several limitations nevertheless constrain interpretation. First, the
soils differed simultaneously in pH, carbonate status, geographic origin, land use, texture,
organic carbon, and nutrient status; responses cannot therefore be attributed to acidity
alone or generalised to acidic and alkaline soils. Second, poor establishment reduced
replication for some treatments. UCT produced no plants in the acidic soil and only one
surviving plant in the alkaline soil, so its growth response could be described but not tested
robustly; a further experiment with greater replication is needed to confirm the apparent
negative effect and to separate establishment failure from subsequent growth. Third, soil
physicochemical properties and dehydrogenase activity were interpreted descriptively.
Fourth, the high 9:1 screening dose was applied on an as-prepared mass basis, and the
absence of liquid-amendment dry-matter contents and soil bulk density precluded com-
mon dry-matter and field-equivalent rates. Fifth, aqua regia digestion provided regulatory
pseudototal concentrations of trace elements, not element speciation or bioavailability,
while total N did not resolve mineral N dynamics. Future work should therefore combine
longer-term, better-replicated field trials with soil hydraulic measurements, amendment
dry-matter normalisation, DTPA or sequential metal fractionation, NHs* and NO3;~ dy-
namics, complete shoot and root N uptake, chemical profiling of potentially phytotoxic
organic compounds, and microbial community analyses such as PLFA and 16S rRNA gene
sequencing. Carbon-stock and biochar-stability measurements will also be required to
evaluate medium- and long-term C sequestration.

5. Conclusions

This study demonstrates that solid-liquid impregnation is a suitable strategy for
producing tailored organic amendments from agro-livestock residues. The evaluation of
15 formulations with markedly different physicochemical properties revealed that their
agronomic performance depended strongly on both amendment composition and soil type.
Impregnation effectively transferred nutrients from liquid residues to solid matrices, par-
ticularly in cattle-waste-based formulations enriched in nitrogen, phosphorus, and sulfur.
Although cattle digestate also increased cadmium and nickel concentrations, metal contents
remained within regulatory limits after formulation and soil application, indicating that the
solid matrices and soil buffering capacity reduced the immediate risk associated with direct
application. The amendments produced contrasting responses in the two soils examined.
However, given their differences in multiple physicochemical properties, these responses
should be interpreted within the specific context of the soils studied and not attributed
exclusively to pH or extrapolated broadly to acidic and alkaline soils. In the acidic soil,
several formulations increased pH and improved nutrient availability, supporting their
potential to correct acidity and enhance fertility. In the carbonate-rich alkaline soil, calcium
inputs were strongly buffered, whereas further alkalinization and sodium accumulation
were less favourable. GB and GBT most consistently improved carbon-related indicators,
while GC- and digestate-based formulations contributed more strongly to nitrogen and
nutrient enrichment. Plant responses also differed substantially among formulations. UCT
strongly inhibited plant establishment, especially in the acidic soil, whereas its mixtures
partially reduced this effect. CMS showed a contrasting soil-dependent response, with
greater inhibition in the alkaline soil but comparatively better performance in the acidic
soil. The strong association observed between SPAD values and plant nitrogen content
further supports the usefulness of chlorophyll measurements as a rapid, non-destructive
indicator of plant nitrogen status when assessing amendment performance. Overall, these
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findings support the development of soil-specific amendment formulations. Furthermore,
they demonstrate that the official classification of amendments into categories A-C accord-
ing to heavy-metal concentrations alone is insufficient to predict agronomic performance.
A more comprehensive assessment should also consider amendment effects on nutri-
ent availability, soil properties, germination, and plant development in contrasting soils.
Such an approach would support the selection of safer, more effective, and soil-specific
amendment formulations.
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log, response ratios relative to the control, and adjusted significance levels for plant parameters
measured in alkaline soil. Table S2b: Summary statistics, log, response ratios relative to the control,
and adjusted significance levels for plant parameters measured in acidic soil. Table S2c: Verification
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and plant nitrogen concentration.
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Abbreviations

The following abbreviations are used in this manuscript:

BC Biochar and compost (1:1, w/w) mixture

BCD Biochar and compost impregnated with cattle digestate
BCS Biochar and compost impregnated with cattle manure slurry
BCT Biochar and compost impregnated with urban compost tea
CD Cattle digestate

CMS Cattle manure slurry

EC Electrical conductivity

GB Green biochar

GBD Green biochar impregnated with cattle digestate

GBS Green biochar impregnated with cattle manure slurry

GBT Green biochar impregnated with urban compost tea

GC Green compost

GCD Green compost impregnated with cattle digestate

GCS Green compost impregnated with cattle manure slurry
GCT Green compost impregnated with urban compost tea

ICP-OES  Inductively coupled plasma optical emission spectrometry
Log2RR  Base-2 logarithm of the response ratio

PS Probability of superiority

S0C Soil organic carbon

SPAD Soil-plant analysis development (leaf chlorophyll index)
TC Total carbon

N Total nitrogen

TFBP Total fresh biomass production

WHC Water holding capacity
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