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Abstract

Biochar produced from forest biomass residues can link renewable bioresource valorisation, soil
improvement and fertiliser-use efficiency in planted forests. This study evaluated a high-carbon Biochar
Pure and a mineral-enriched Biochar Plus, applied with and without mineral fertilisation, in an acidic
Mediterranean Eucalyptus globulus plantation in central Portugal. Six treatments were assessed in the
flat area and three in the terraced area, each with three replicated blocks. Mineral fertilisation increased
plant height by 57% at 5 months and 117% at 12 months relative to the unfertilised control. Biochar Pure
alone produced no growth response, whereas Biochar Plus without NPK increased height by 29% and
75%, respectively. Combined treatments produced the strongest response, reaching + 175% at 12
months. A descriptive Biochar—Fertiliser Synergy Index of 1.50 indicated a supra-additive response for
Biochar Pure combined with mineral fertilisation. Biochar increased soil pH by 0.3-0.6 units at the first
post-planting sampling, organic carbon concentration by 46—52% at 12 months, and cation exchange
capacity by 81-108% at the first sampling. The Forest Soil Quality Index reached 0.770, while the
Integrated Eucalypt Growth Index peaked at 1.525, showing that improved soil condition translated most
strongly into plant performance when biochar was combined with fertilisation. Overall, Eucalyptus-
derived biochar improved soil chemical condition and enhanced fertilisation efficiency during early
plantation establishment. The findings support its use as a functional forest bioproduct for soil
regeneration and circular biomass utilisation in Mediterranean fibre-production systems.

1. Introduction

Soil is a fundamental and non-renewable resource underpinning forest productivity, ecosystem
functioning, and long-term land sustainability. In managed forest systems, soil chemical conditions
strongly influence stand establishment, nutrient availability, and resistance to degradation processes,
making soil quality a central component of forest ecosystem health (Krull et al., 2003; Madeira et al.,
2012). This is particularly relevant in Mediterranean regions, where forest plantations are frequently
established on acidic, nutrient-poor soils with limited buffering capacity and strong seasonal climatic
variability and constraints (Gholamahmadi, 2026a).

In Portugal, Eucalyptus globulus plantations occupy extensive areas and are often managed under
conditions where early nutrient limitation can restrict initial plant development and delay stand
establishment (Fabres et al., 2005; Madeira et al., 2012). Improving soil conditions in such systems is,
therefore, not only a silvicultural issue but also part of broader efforts to promote sustainable land
management and maintain terrestrial ecosystem function. There is growing interest in soil amendments
that can complement conventional fertilisation while contributing to more circular and resource-efficient
forest management.

Among these, biochar has received substantial attention due to its potential to improve soil properties
while providing a stable form of carbon in the soil (Lehmann et al., 2006; Nguyen et al., 2009; Woolf et al.,
2010; Smith, 2016; Biswal and Balasubramanian, 2025). Produced by the thermochemical conversion of
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biomass under oxygen-limited conditions, biochar is typically characterised by alkaline pH, aromatic
carbon stability, and a porous structure with high surface reactivity, although its final properties depend
strongly on feedstock and pyrolysis conditions (Singh et al., 2010; Sohi et al., 2010; Lehmann and
Joseph, 2015; Mncedi et al., 2024).

These characteristics explain its proposed capacity to modify soil acidity, nutrient retention, cation
exchange processes, and water-related functions (Spokas et al., 2012), with implications for plant
performance and soil health (Borchard et al., 2014; Blanco-Canqui, 2017; Schmidt et al., 2021; Khan et al.,
2024). Recent developments have further positioned engineered biochar as a versatile biomass-derived
functional material for environmental applications, including soil amendment and carbon management
(Asif et al., 2025). A substantial body of agricultural research has shown that biochar can enhance soil
quality and productivity, although responses are highly context-dependent.

Meta-analyses have reported that positive yield effects tend to be stronger in acidic and degraded soils
and often become more pronounced when biochar is combined with fertilisation rather than applied
alone (Jeffery et al., 2011; Ye et al., 2016; Jeffery et al., 2017; Schmidt et al., 2021). Reviews have further
highlighted improvements in soil pH, nutrient cycling, microbial activity, and organic matter dynamics,
particularly where biochar is used as part of integrated soil management rather than as a direct fertiliser
substitute (Agegnehu et al., 2017; Prodana et al., 2021; Xu et al., 2023; Ali et al., 2025).

Recent evidence also suggests that interactions between biochar and mineral or organic fertilisers can
create synergistic responses by combining immediate nutrient supply with improved nutrient retention
and a more favourable rooting environment (Chan et al., 2008; Van Zwieten et al., 2010; Agegnehu et al.,
2017; Yang et al., 2025). These combined effects are especially relevant in nutrient-limited systemes,
where biochar may function less as a nutrient source per se and more as a soil conditioner that
improves fertilisation efficiency.

Despite this broad literature base, forestry applications remain comparatively underdeveloped. Biochar
research has historically been dominated by agricultural systems, while field evidence from forest
plantations, especially under Mediterranean conditions, is still limited (Antonangelo et al., 2025;
Bruckman et al., 2016; Bruckman and Pumpanen, 2019; Stavi, 2013; Thomas and Gale, 2015). This is a
notable gap because forestry systems differ substantially from annual crops in rooting depth, nutrient
cycling, time horizons, and management objectives.

In Eucalypt plantations, early establishment is particularly sensitive to nutrient imbalance (Verheijen et
al., 2022), yet few studies have assessed whether biochar can improve soil conditions sufficiently to
support young trees under operational field conditions. This is especially important considering
increasing interest in valorising forestry residues through biochar production, thereby linking plantation
management with circular bioeconomy strategies and climate mitigation efforts (Wrobel-Tobiszewska et
al., 2015; Homagain et al., 2016; Bastos et al., 2025; Pérez et al., 2025).
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In forest systems, the relevance of biochar extends beyond productivity alone. Biochar may contribute to
sustainable forest management not only through carbon storage but also through its capacity to improve
the functioning of planted soils and reduce dependence on external inputs under challenging site
conditions (Thomas and Gale, 2015; Bruckman et al., 2016; Antonangelo et al., 2025).

Against this background, the present study evaluated a field biochar trial established in a Mediterranean
Eucalyptus globulus plantation on acidic forest soil in central Portugal. In this context, Eucalyptus-derived
biochar can be viewed not only as a soil amendment but also as a functional forest bioproduct that links
biomass residue valorisation with soil regeneration and plantation establishment in fibre-production
systems. Two woody biochars, a Pure biochar and a mineral-enriched “Plus” biochar, were tested with
and without conventional mineral fertilisation in flat and terraced plantation areas.

We tested four hypotheses: H1, biochar improves early Eucalypt growth by increasing soil pH and
improving soil nutrient status; H2, biochar enhances fertilisation efficiency, resulting in stronger growth
responses when combined with mineral fertilisation than when applied alone; H3, biochar effects differ
between flat and terraced areas because of contrasting baseline soil conditions and treatment structure;
and H4, mineral-enriched Biochar Plus can partially substitute for conventional mineral fertilisation
during early establishment, producing a stronger growth response than Pure biochar alone and
approaching the response obtained with mineral fertilisation. By linking biochar product characteristics,
soil nutrient responses and early plant development under operational field conditions, this study
distinguishes soil-conditioning and fertiliser-synergy and provides evidence on the use of forest-residue-
derived biochar as a functional bioproduct for circular Eucalyptus plantation management.

2. Materials and Methods
2.1 Study site

The field trial was established in Vale Domingos in Agueda, central Portugal (40°35'03.54" N 8°25'20.02"
W) in June 2016. The field is representative of a Mediterranean forest region characterised by mild, wet
winters and dry summers. Mean annual precipitation ranges between approximately 1,200 and 1,400
mm), with strong seasonal variability typical of Atlantic—Mediterranean transitional climates. The flat and
terraced trial areas were located within the same Vale Domingos experimental site, allowing comparison
under the same local climatic setting but contrasting micro-topographic and baseline soil conditions.
The study site, experimental layout, and installation process are shown in Fig. 1.

2.2 Soil and biochar characteristics

The soil at the site is generally acidic, with low cation exchange capacity (CEC) and base saturation,
reflecting common conditions in managed Eucalyptus globulus plantations in Portugal (Fabres et al.,
2005; Madeira et al., 2012). Compared to the flat area, the terraced area had substantially higher topsoil
organic matter content (1.58-fold), clay content (1.60-fold), CEC (1.67-fold), and base saturation (1.36-
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fold). From the particle size distribution analysis, the soils of both the flat and terraced areas are
classified as a sandy loam according to the USDA taxonomy. The physical and chemical characteristics
of the soil are presented in Table 1.
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Table 1

General physical and chemical characteristics of the soils in the trial areas. Reference ranges
established by Fabres et al. (2005) for eucalypt stands are included for comparison.

Parameter

Coarse Sand
Fine Sand

Silt

Clay

pH (H0)
Organic Matter
Total N

p
Exchangeable
Ca

Exchangeable
Mg

Exchangeable K
Exchangeable
Na

Effective CEC
Effective base
saturation

Zn

Cu

Mn

Fe

Units

%
%
%

%

%

Flat area
0-20 cm

38.9
30.9
13.0
17.2
5.2
6.5
0.2
6.6

0.1

0.2

0.1

0.1

3.1

13.7

0.5

1.3

139.2

0.7

Flat area
20-40
cm

36.5
29.5
17.0
17.0
5.1
6.3
0.2
5.7

0.1

0.1

0.1

0.1

2.5

14.5

1.1

0.6

0.8

130.7

0.8

Terrace
area 0-20
cm

20.1
17.9
34.4
27.6
4.9
10.3
0.5
7.9

0.2

0.5

0.2

0.1

5.1

18.6

2.8

1.5

5.4

170.6

1.1

Terrace
area 20-40
cm

21.1
16.7
35.9
26.3
5.0
14.2
0.5
7.9

0.3

0.7

0.2

0.1

5.7

24.2

3.4

1.8

6.4

154.2

0.9

Reference
Range

10-25

0.35-0.80

0.1-0.2

0.103-
0.192

0.2-10

0.5-5.0

80-300

10-40

0.1-0.5
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Two commercial forest-residue-derived biochar products, supplied by a commercial biochar producer in
Portugal whose identity has been withheld for double-anonymous review, were tested: a standard
biochar “Pure” and a mineral-enriched biochar “Plus”. Both were produced by slow pyrolysis of Eucalypt
biomass residues. The Biochar Pure product had a pH (H,0) of 9.7, a total carbon content of 78.0%, and
moderate levels of exchangeable bases. The “Plus” biochar was deliberately enriched with mineral
nutrients during production, resulting in a pH of 10.0, total carbon content of 61.1%, and markedly higher
concentrations of exchangeable magnesium (Mg), potassium (K), sodium (Na), zinc (Zn), copper (Cu)
and iron (Fe). The detailed chemical composition of both biochars is presented in Table 2. Additional
characterisation of the biochar, including heavy metals and microbiological safety, as well as compliance
with European Biochar Certificate (EBC) thresholds, is provided in Tables S4 and S5 (Supplementary
Information).
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Table 2

General physical and chemical characteristics of the biochar products
tested in the trials, according to the technical sheet of products.

Parameter
pH (H,0)
Carbon

Exchangeable Ca
Exchangeable Mg
Exchangeable K
Exchangeable Na
Water-extractable Zn
Water-extractable Cu
Water-extractable Mn
Water-extractable Fe
Water-extractable Mg
Water-extractable K
Water-extractable Na
Total Zn

Total Cu

Total Mn

Total Fe

Total Ca

Total Mg

Total K

Total Na

Unit

%

cmol* kg™’
cmol* kg™’
cmol* kg™’
cmol* kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’
mg kg™’

mg kg™’

Biochar Pure
9.7

78.04

5.5

1.79

1.11

0.48

<0.25

<0.25

<0.2

191

632.2

120.4

12.1

3.2

463.8

4028

6834

840

2878

349

Biochar Plus
10

61.12

5.12

3.54

8.26

3.22

5.42

3.49

4.65

32.3

132.6

4823.0

1417

187.6

46.3

431.3

4883

20986

3551

23975

2510
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The experiment was conducted in two adjacent areas: i) a flat site, and ii) a terraced site (a levelled
bench created on a steep slope through soil tillage to reduce erosion and improve site conditions for
planting). The field trial was arranged in three replicated blocks in each area. Six treatments were
established in the flat area, with 15 plants per treatment distributed across the three blocks. Three
treatments were established in the terraced area, with 12 plants per treatment distributed across the
three blocks. The treatments were defined as follows: i) TO: control without NPK (fertiliser), ii) TOA:
control with NPK, iii) T1: Biochar Pure without NPK, iv) T2: Biochar Pure with NPK, v) T3: Biochar Plus
without NPK, and vi) T4: Biochar Plus with NPK.

In the terraced area, only TOA, T3 and T4 were implemented due to operational constraints. Biochar was
applied locally within each planting hole at a volume of 1.2 L per plant, based on preliminary incubation
trials targeting a soil pH range suitable for E. globulus establishment (approximately 6.0-6.5). Mineral
fertilisation consisted of 30 g Agroblen (11-22-9 + 6% MgO; 8—9 month controlled-release fertiliser, ICL
Speciality Fertilisers) and 60 g of triple calcium superphosphate (42% P,0s; ADP Fertilizantes) per plant,
reflecting standard plantation practice.

Planting was carried out on 20 June 2016 using Eucalyptus globulus seedlings. Soil tillage included light
harrowing and ripping before planting. At approximately 1,250 plants ha", the local application
corresponded to a nominal biochar volume of 1.5 m® ha-". Because biochar was incorporated only within
the planting holes rather than distributed uniformly across the site, this value should not be interpreted
as a whole-field incorporation rate. Detailed treatment descriptions, application rates, and plant numbers
are provided in Table S1 (Supplementary Information).

2.4 Soil sampling and analytical methods

Soil samples were collected before treatment application, at the first post-planting soil sampling
approximately 5 months after planting, and at 12 months after planting. Sampling was conducted at 0—
20 cm depth using composite samples consisting of at least ten subsamples per treatment and
replicate. Laboratory analyses included: i) soil pH (ISO 10390, 2005), ii) organic matter (OM) and organic
carbon (0C), iii) available phosphorus (P), iv) total nitrogen (N), v) exchangeable base cations (Ca, Mg, K,
Na), vi) CEC, and vii) selected micronutrients (Zn, Cu, Mn, Fe, B). Organic carbon was estimated from
organic matter using a standard conversion factor (OC%= OM% x 0.58). Elemental concentrations were
determined using ICP-OES following standard extraction procedures (Verheijen et al., 2010).

2.5 Plant measurements

Plant survival was assessed one month after planting, and dead individuals were replaced to ensure
uniform stand conditions. Tree height was measured for all available trees at 5 and 12 months after trial
implementation. For statistical analysis, measurements were averaged within each treatment-by-block
combination, and the three block-level means were treated as the experimental replicates (n = 3 per
treatment). Treatment mean height was used as the primary indicator of early plantation performance.
Visual differences in plant development across treatments are illustrated in Fig. 2. Plant survival, mean
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height and relative changes are summarised in Table 3, and the detailed monitoring schedule is provided
in Table S2 (Supplementary Information).

2.6 Statistical analysis

All statistical analyses were performed with SPSS v26. Differences among treatments were evaluated
using analysis of variance (ANOVA), followed by Tukey’s Honestly Significant Difference (HSD) test at a
significance level of p < 0.05. Statistical analyses were performed separately for the flat and terraced
areas due to differences in treatment structure and baseline conditions. Treatment effects were
assessed for both plant height and soil chemical parameters. Relative changes in mean values for each
dependent variable were calculated as:

Relative change (%) _ (Mean treatment — Mean control ) % 100 (Eq. 1)

Mean control

2.7 Complementary indices

To support the interpretation of treatment effects, two complementary indices were developed based on
absolute measured values.

2.7.1 Biochar—Fertiliser Synergy Index (BFSI)

The Biochar—Fertiliser Synergy Index (BFSI) was used to quantify whether the combined effect of
biochar and mineral fertilisation exceeded the sum of their individual effects for a given variable X:

X_Biochar+NPK — X_Control

BFSI X = (X_Biochar_only — X_Control) + (X_NPK_only — X_Control) (Eq.2)

BFSI values greater than 1 indicate a supra-additive response, a value of 1 indicates an additive
response, and values below 1 indicate a sub-additive response. The index was calculated descriptively
from treatment means and was not used as a formal statistical interaction test.

BFSI was calculated for the flat area only, where a complete factorial structure was available. For T2, T1
was used as the biochar-only comparator, and for T4, T3 was used as the biochar-plus-only comparator,
both relative to TO.

2.7.2 Forest Soil Quality Index (FSQI)

A Forest Soil Quality Index (FSQI) was developed as an exploratory composite indicator of soil chemical
condition for Eucalypt establishment. Soil pH, organic carbon (OC), base saturation (BS), and available
phosphorus (P) were selected because they represent complementary dimensions of soil fertility in
acidic forest soils: soil acidity, carbon status, exchangeable-base status, and plant-available phosphorus,
respectively. Equal weights of 0.25 were assigned to avoid prioritising any individual variable in the
absence of an independently validated weighting scheme:
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FSQI = 0.25 x pH,prm + 0.25 x OChorm + 0.25 X BS,0rm + 0.25 X P,orm (EQ. 3)

Base saturation was calculated as:

(Ca+ Mg+ K + Na
CEC x 100

BS = ) (Eq. 4)

The individual indicators were transformed to a common 0-1 scale using the following operational
reference bounds:

pH-45

ocC BS P
pHnorm - 70-45" OCnorm — 10 ; BSnorm — 50 ; Pnorm — 35 (Eq- 5)

where OC and BS are expressed as percentages and P as mg kg~". Normalised values below 0 were
assigned a value of 0, and values exceeding 1 were capped at 1. The bounds represent operational
scoring thresholds used to compare treatments and should not be interpreted as independently
validated critical values for Eucalyptus globulus. The FSQI was therefore used as a complementary
interpretative index rather than as a primary statistical endpoint.

2.7.3 Integrated Eucalypt Growth Index (IEGI)

To link soil condition with plant performance, an Integrated Eucalypt Growth Index (IEGI) was calculated
as:

o Htreatment
IEGI = (g%set) x FSQI (Eq.6)
Where Htreatment and Hcontrol represent the mean plant height for each treatment and the
corresponding area-specific control, respectively. These indices were used as complementary indicators
to support the interpretation of treatment effects rather than as primary statistical outputs.

3. Results
3.1 Eucalypt growth response

Initial survival one month after planting was high across treatments. In the flat area, survival was 87% in
T0,93% in TOA and T1, and 100% in T2, T3 and T4. In the terraced area, survival was 100% in TOA, 92% in
T3 and 100% in T4. Dead seedlings were subsequently replaced as described in Section 2.5; therefore,
survival was not analysed as a later treatment response.

At 5 months after planting, plant height differed significantly among treatments in the flat area (Fig. 3
and Table 3). The control without fertilisation (T0) reached 0.7 m, while mineral fertilisation alone (T0OA)
increased plant height to 1.1 m (+ 57%). Biochar without fertilisation (T1) showed no effect relative to the
control (0.7 m), whereas Biochar Plus without fertilisation (T3) increased plant height to 0.9 m (+ 29%).
The highest values were observed in treatments combining biochar and fertilisation, with 1.3 m in both
T2 and T4 (+ 86%). In the terraced area, where only TOA, T3 and T4 were established, plant height at 5
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months was 1.09 m in TOA, 1.05 m in T3 (- 4%) and 1.18 m in T4 (+ 8%) relative to the fertilised control,
with no statistically significant differences among treatments. At 12 months, treatment effects were
more pronounced.

In the flat area, plant height remained 1.2 m in both TO and T1. Fertilised treatments showed significantly
higher values, with 2.6 m in TOA (+ 117%), 3.3 min T2 (+ 175%), and 3.1 m in T4 (+ 158%). Biochar Plus
without fertilisation (T3) reached 2.1 m (+ 75%). Although its mean height was lower than that of
fertilisation alone (TOA; 2.6 m), the two treatments were not statistically different. In the terraced area,
plant height was 2.77 min TOA, 2.34 min T3 (- 15%), and 3.26 m in T4 (+ 18%) relative to the fertilised
control. At this stage, T4 was significantly higher than both TOA and T3.

Similarly, T3 and TOA did not differ significantly in the terraced area at either sampling time, although T3
showed lower mean height at 12 months. Treatment means, significance groupings and relative changes
are summarised in Table 3. For treatments present in both areas, plant height was generally higher in the
terraced area than in the flat area at 5 and 12 months. Because the two areas did not include the same
full treatment structure, this pattern is reported descriptively.
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Table 3

Initial plant survival and mean height of Eucalyptus globulus at 5 and 12 months after planting. Relative
changes were calculated against the area-specific control: TO for the flat area and TOA for the terraced
area. Different lowercase letters within the same area and sampling time indicate significant differences
among treatments according to Tukey's HSD test (p < 0.05;).

Area Treatment Survival Height at 5 Relative Heightat 12  Relative
(%) months (m) change (%) months (m) change (%)

Flat TO — Control 87 0.70c - 1.20d -
without NPK

Flat TOA - Control 93 1.10 ab 57.1 2.60 bc 116.7
with NPK

Flat T1 - Biochar 93 0.70 ¢ 0 1.20d 0
Pure without
NPK

Flat T2 - Biochar 100 1.30 a 85.7 3.30a 175
Pure with NPK

Flat T3 - Biochar 100 0.90 bc 28.6 2.10c 75
Plus without
NPK

Flat T4 - Biochar 100 1.30a 85.7 3.10 ab 158.3
Plus with NPK

Terrace  TOA - Control 100 1.09 a - 2.77b -
with NPK

Terrace T3 — Biochar 92 1.05a -3.7 2.34b -15.5
Plus without
NPK

Terrace T4 - Biochar 100 1.18 a 8.3 3.26 a 17.7
Plus with NPK

3.2 Temporal changes in soil chemical properties

Soil chemical properties responded strongly to biochar application at the first post-planting soil
sampling approximately 5 months after planting, but several effects weakened by 12 months (Table 4).
Complete soil chemical results and statistical groupings are provided in Table Sé. In the flat area, soil pH
increased from the initial value of 5.2 to 5.5-5.8 in biochar-amended treatments at the first sampling,
with the highest value in T3. In contrast, fertilisation alone decreased pH to 4.9. By 12 months, the liming
effect was less evident, with pH ranging from 4.8 to 5.4 in biochar-amended treatments and no
consistent separation between biochar and non-biochar treatments.

Organic matter and organic carbon showed more persistent responses. In the flat area, organic matter
increased from 6.5% initially to 10.5% in T1,9.2% in T2, and 8.0—8.5% in T3—-T4 at the first sampling. At
12 months, organic carbon remained elevated in biochar-amended treatments, reaching 5.51% in T1 and
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5.74% in T2 compared with 4.00% in TO. In the terraced area, organic matter increased from 10.3%
initially to 18.5% in T3 and 16.0% in T4 at the first sampling, while organic carbon remained high at 12
months, reaching 9.11% in T3 and 10.03% in T4.

Available phosphorus increased markedly in fertilised treatments. In the flat area, P increased from 6.6
mg kg~ initially to 33.6 mg kg~ in TOA and 44.8 mg kg~ in T4 at the first sampling, while remaining low
in T1. At 12 months, P remained elevated in fertilised treatments, reaching 50.5 mg kg="in TOA, 47.7 mg
kg—'in T2, and 36.4 mg kg~ in T4. In the terraced area, P increased from 7.9 mg kg~" initially to 104.8 mg
kg="in T3 and 156.2 mg kg~" in T4 at the first sampling and remained highest in T4 at 12 months (125.8

mg kg™).

Exchangeable bases and CEC showed the strongest short-term responses in Biochar Plus treatments. In
the flat area, T3 and T4 showed higher exchangeable Ca, Mg, K, Na and CEC than the control at the first
sampling, indicating a broad enrichment of the exchangeable nutrient pool rather than an isolated Ca
response.

CEC increased from 3.1 cmolc kg~ initially to 6.2 cmolc kg=" in T3 and 5.6 cmolc kg~ in T4. In the
terraced area, where baseline fertility and clay content were higher, the response was also pronounced,
with CEC increasing from 5.1 cmolc kg~ initially to 10.6 cmolc kg=" in T3 and 10.5 cmolc kg=' in T4. By
12 months, these short-term increases had declined, with CEC decreasing to 3.29-3.39 cmolc kg in
T3-T4 in the flat area and to 5.87-6.61 cmolc kg~ in T3—-T4 in the terraced area. Key treatment means
are summarised in Table 4, while relative changes and the complete soil chemical dataset are provided
in Tables S3 and S6, respectively.
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Table 4

Selected soil chemical properties at approximately 5 and 12 months after planting in the flat and
terraced areas. Values are treatment means. Initial 0-20 cm values were pH 5.2, 0C 3.77%, P 6.6 mg
kg=' and CEC 3.10 cmolc kg~ in the flat area, and pH 4.9, OC 5.97%, P 7.9 mg kg~" and CEC 5.10 cmolc
kg~ in the terraced area. Complete soil chemical data and statistical groupings are provided in Table Sé.
Panel A. Soil pH and organic carbon

Area Treatment pH, 5 pH, 12 OC (%), 5 0OC (%), 12
months months months months

Flat TO — Control without 5.2 49 3.89 4
NPK

Flat TOA - Control with NPK 4.9 47 4.06 3.94

Flat T1 - Biochar Pure 55 54 6.09 5.51
without NPK

Flat T2 - Biochar Pure with 55 5 5.34 5.74
NPK

Flat T3 - Biochar Plus 5.8 5.1 4.64 5.34
without NPK

Flat T4 - Biochar Plus with 5.5 4.8 493 4.41
NPK

Terrace  TOA — Control with NPK 5 4.7 6.55 5.86

Terrace T3 — Biochar Plus 5.8 5 10.73 9.11
without NPK

Terrace T4 — Biochar Plus with 54 4.7 9.28 10.03
NPK

Panel B. Available phosphorus and cation exchange capacity
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Area Treatment P (mg kg-"), P (mg kg"), CEC (cmolc CEC (cmolc
5 months 12 months kg-"), 5 kg-"), 12
months months

Flat TO — Control 6.4 11.5 3.2 3.05
without NPK

Flat TOA - Control 33.6 50.5 3.8 3.83
with NPK

Flat T1 - Biochar Pure 4.4 16.3 3.7 2.92
without NPK

Flat T2 - Biochar Pure 21.3 47.7 34 3.06
with NPK

Flat T3 - Biochar Plus 22 20.4 6.2 3.29
without NPK

Flat T4 - Biochar Plus 44.8 36.4 5.6 3.39
with NPK

Terrace  TOA - Control 36.1 36.5 5.9 5.49
with NPK

Terrace T3 — Biochar Plus 104.8 32.1 10.6 5.87
without NPK

Terrace T4 - Biochar Plus 156.2 125.8 10.5 6.61
with NPK

3.3 Biochar—Fertiliser Synergy Index (BFSI)

The Biochar—Fertiliser Synergy Index (BFSI) was calculated for plant height in the flat area to quantify
whether the combined application of biochar and mineral fertilisation produced a response greater than
the sum of their individual effects. At 5 months, BFSI was 1.50 for T2 and 1.00 for T4. At 12 months,
BFSI remained 1.50 for T2 but decreased to 0.83 for T4. These values indicate that the combination of
pure biochar and mineral fertilisation produced a consistently supra-additive response.

In contrast, the response of Biochar Plus combined with fertilisation was additive at 5 months and sub-
additive at 12 months. The lower BFSI value for T4 at 12 months reflects the comparatively strong
standalone effect of Biochar Plus on plant growth, which reduced the relative interaction term when
combined with mineral fertilisation.

3.4 Forest Soil Quality Index (FSQI) and Integrated Eucalypt
Growth Index (IEGI)

The relationship between soil quality and plant performance is illustrated in Fig. 4, while the complete
FSQl and IEGI values are presented in Table 5. In the flat area, FSQI ranged from 0.352 in TO to 0.598 in
T1, whereas IEGI ranged from 0.352 in TO to 1.525 in T2. In the terraced area, the highest FSQI occurred
in T4 (0.770), while the highest IEGI also occurred in T4 (0.906).
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The different treatment rankings produced by FSQI and IEGI show that improved soil chemical condition
did not necessarily translate into greater plant growth. Biochar Pure alone produced a relatively high
FSQI but no growth response, whereas the combined biochar—fertiliser treatments produced the highest
IEGI values within each area. Thus, soil improvement translated most strongly into early plant
performance when accompanied by adequate nutrient supply.

Table 5

Forest Soil Quality Index (FSQI) and Integrated Eucalypt Growth
Index (IEGI) at 12 months after planting. FSQI integrates
normalised soil pH, organic carbon, base saturation and

available phosphorus, while IEGI combines FSQI with relative

plant height.

Area Treatment FsQl IEGI

Flat TO — Control without NPK 0.352 0.352
Flat TOA - Control with NPK 0.502 1.087
Flat T1 - Biochar Pure without NPK  0.598  0.598
Flat T2 - Biochar Pure with NPK 0.555 1.525
Flat T3 - Biochar Plus without NPK  0.56 0.98

Flat T4 - Biochar Plus with NPK 0.502 1.298
Terrace  TOA - Control with NPK 0.576  0.576
Terrace T3 - Biochar Plus without NPK  0.762  0.644
Terrace T4 - Biochar Plus with NPK 0.77 0.906

4. Discussion

4.1 Biochar-induced changes in soil chemical properties

Biochar application produced rapid and substantial changes in soil chemical properties, particularly
within the first 5 months, which mostly had disappeared by 12 months. Soil pH increased from 5.2 to
5.5-5.8, corresponding to a rise of + 0.3 to + 0.6 units, consistent with the liming effect of biochar
reported in acidic soils (Glaser et al., 2002; Spokas et al., 2012; Lehmann and Joseph, 2015). Similar
magnitudes of pH increase (typically + 0.2 to + 1.0 units) have been widely reported across field and
meta-analytical studies, particularly in strongly acidic systems (Borchard et al., 2014; Schmidt et al.,
2021).

By 12 months, the initial liming effect of biochar was substantially reduced and no longer statistically
significant. This contrasts with meta-analytical evidence suggesting that biochar-induced increases in
soil pH can persist for several years under many conditions (Zhang et al., 2025). In the present field trial,
the attenuation of the liming effect may partly reflect leaching, redistribution, or plant uptake of soluble
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alkaline components during the wet season between the first and second soil samplings, particularly
given the coarse-textured and well-drained nature of the flat-area soil and the humid Mediterranean
conditions of the study site.

This interpretation is consistent with the decline in exchangeable base cations and CEC between the first
and second samplings, especially in Biochar Plus treatments. However, because soil moisture, drainage,
infiltration, and leachate chemistry were not measured, this explanation remains tentative. Organic
matter increased by up to + 62% (T1) and remained elevated at 12 months (+ 46—-52% in T1-T2),
indicating persistence of biochar-derived carbon. These values fall within the upper range reported in
field studies, where increases in soil carbon content typically range from + 10% to + 50% depending on
application rate and soil type (Jeffery et al., 2011; Agegnehu et al., 2017).

The relatively strong response may reflect the localised application of 1.2 L biochar within the sampled
planting zone, together with the comparatively low initial soil organic carbon concentration. The
substantial increase in soil organic carbon concentration, particularly in the terraced area (+ 55-71%),
indicates greater carbon concentration within the sampled planting zone at 12 months. Notably, Biochar
Plus produced similar or higher organic carbon concentrations despite its lower initial carbon content
(61% versus 78%), suggesting that the observed response was not determined solely by the carbon
concentration of the applied product. It may also reflect differences in biochar composition, local soil
conditions and indirect soil-plant processes. However, because soil bulk density, treatment-scale carbon
stocks, and complete carbon inputs and losses were not quantified, these results should not be
interpreted as direct evidence of stand-scale carbon-stock gains, net carbon removal or carbon-removal
permanence (Gholamahmadi and Kammann, 2026). Dedicated carbon-stock and long-term monitoring
would be required to evaluate these outcomes.

Exchangeable base cations and CEC showed strong short-term responses to Biochar Plus application.
This response was not limited to Ca, but was also reflected in higher Mg, K, Na and CEC at the first soil
sampling, indicating a broader enrichment of the exchangeable nutrient pool. The response was
particularly clear in the terraced area, where CEC increased from 5.1 cmolc kg~ initially to 10.6 and 10.5
cmolc kg~ in T3 and T4, respectively. By 12 months, these increases were substantially reduced,
suggesting depletion, redistribution or plant uptake of exchangeable bases over time.

These results are consistent with the role of mineral-enriched biochar in temporarily increasing nutrient
availability and exchange capacity, while also highlighting the importance of biochar composition and
site conditions in controlling the persistence of these effects (Singh et al., 2010; Sohi et al., 2010;
Lehmann and Joseph, 2015; Gholamahmadi, 2026b). Available P increased from 6.6 mg kg-" to 44.8 mg
kg~" (+ 579%) in T4 and up to 156.2 mg kg~ in the terraced area (~ 20-fold increase). While much of this
increase is attributable to fertilisation, the higher values in combined treatments relative to fertilisation
alone indicate enhanced retention or reduced sorption effects.

Similar synergistic effects between biochar and fertiliser P availability have been reported, particularly in
acidic soils where biochar can reduce P sorption and improve availability (Chan et al., 2008; Van Zwieten
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et al., 2010; Prodana et al., 2021). The reduction in effect magnitude at 12 months suggests partial
stabilisation of the system, consistent with previous field studies showing that early increases in nutrient
availability and exchange capacity tend to decline or stabilise over time due to plant uptake, leaching,
and redistribution processes (Major et al., 2010; Idbella et al., 2024).

4.2 Growth response and fertilisation efficiency

Despite substantial improvements in soil chemical properties, biochar alone (T1) did not increase plant
height relative to the control (both 1.2 m at 12 months), indicating that improved soil conditions did not
translate into increased growth in the absence of nutrient supply. It should be noted that although

biochar raised the soil pH from 5.2 to 5.5, which is associated with a substantial decrease in soluble Al,

E. globulus is particularly tolerant to AI** (Gomes et al., 2019).

The lack of effects on plant height is consistent with meta-analyses showing that biochar effects on
plant productivity are often negligible in the absence of fertilisation, particularly in nutrient-limited
systems (Jeffery et al., 2011; Biederman and Harpole, 2013; Thomas and Gale, 2015; Yang et al., 2025).
In contrast, mineral fertilisation increased plant height by + 117% (TOA), confirming that nutrient
limitation was the primary constraint to early growth. Relative to the unfertilised control, T2 and T4
increased plant height by 175% and 158%, respectively. When compared directly with fertilisation alone,
T2 and T4 increased plant height by 27% and 19%, respectively, at 12 months. These treatment contrasts
support a complementary effect of biochar on fertiliser performance, although comparisons with
published biochar—fertiliser interaction effects require the same reference treatment and experimental
context (Chan et al., 2008; Van Zwieten et al., 2010; Ye et al., 2016; Agegnehu et al., 2017).

This interpretation is consistent with recent lysimeter studies in Mediterranean vineyard soil of sandy
loam texture, where woody biochar increased vegetation cover by 263%, raised soil pH to near-neutral
conditions (6.81), and improved nutrient availability, including plant-available P (+ 43.5%), K (+ 162.3%),
and mineral N forms (Gholamahmadi et al., 2025a). The BFSI values further quantify this interaction. A
value of 1.50 in T2 indicates a supra-additive effect, meaning that the combined response exceeded the
sum of individual contributions.

This supports the hypothesis that biochar enhances fertilisation efficiency, likely through improved
nutrient retention and reduced losses. In contrast, the lower BFSI in T4 (0.83) reflects a different
interaction pattern, where the strong standalone effect of Biochar Plus (T3: +75%) reduces the relative
interaction term. These findings are consistent with recent studies showing that biochar can enhance
nutrient use efficiency rather than act as a direct fertiliser, particularly in early-stage systems where
nutrient demand is high (Ali et al., 2025; Yang et al., 2025).

The comparison between Biochar Plus without NPK (T3) and fertilisation alone (TOA) provides partial
support for H4. In both areas, T3 was not statistically different from TOA, although its mean plant height
at 12 months was lower. This indicates that the mineral-enriched biochar supplied part of the functional
benefit associated with conventional fertilisation but did not fully reproduce the growth response
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obtained from mineral nutrient application. Moreover, the highest growth was obtained when Biochar
Plus was combined with NPK, confirming that its principal value was as a nutrient-enriched
complementary bioproduct rather than as a complete fertiliser substitute.

4.3 Soil-plant coupling and functional response (FSQI and
IEGI)

The combined analysis of soil and plant responses provides further insight into treatment performance.
FSQI values were highest in biochar-amended treatments, reaching 0.762-0.770 in the terraced area
(T3-T4), compared to 0.352 in the control, reflecting substantial improvements in soil chemical
condition. However, these improvements did not translate proportionally into plant growth. For example,
T1 showed a relatively high FSQI (0.598), but no increase in plant height, resulting in a moderate IEGI
(0.598). This decoupling between soil quality and plant growth highlights that soil improvement alone is
insufficient to overcome nutrient limitations during early establishment.

In contrast, treatments combining biochar and fertilisation achieved the highest IEGI values, reaching
1.525in T2 (flat) and 0.906 in T4 (terraced). These values reflect both enhanced soil condition and
increased plant growth, indicating a functional coupling between soil improvement and plant response.
The divergence between FSQI and IEGI across treatments demonstrates that soil chemical indicators
alone may overestimate functional outcomes, and that integrated indices provide a more realistic
assessment of system performance (Prodana et al., 2021). This is particularly relevant in forest systems,
where early growth depends on both soil condition and nutrient availability (Thomas and Gale, 2015;
Antonangelo et al., 2025).

4.4 Implications for circular forest bioresource
management and sustainability

The results demonstrate that biochar can substantially improve soil chemical properties in acidic forest
soils, but its effect on plant growth depends strongly on nutrient availability. The combined application of
biochar and fertilisation produced the highest growth responses, indicating improved fertilisation
efficiency. From a management perspective, these findings suggest that biochar should be considered
as a complementary amendment rather than a substitute for fertilisation during plantation
establishment. The observed increases in CEC, base cations and P availability indicate that biochar can
enhance nutrient retention and potentially reduce fertiliser losses over time.

In the context of forest-based bioresource systems, the present study provides a practical example of
converting Eucalyptus biomass residues into a functional biochar bioproduct and returning it to
Eucalyptus plantation soils, consistent with emerging strategies for valorising waste lignocellulosic
biomass into soil-restorative products within a circular bioeconomy (Shakeel et al., 2026).

This creates a circular fibre-production pathway in which residues from the forest sector are valorised
into a stable carbon-rich amendment that supports soil regeneration, nutrient retention and early stand
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establishment. Such a pathway is directly relevant to pulp- and paper-oriented plantation systems, where
maintaining soil fertility and improving fertiliser-use efficiency are central to long-term resource
productivity. In addition, the carbon stored through biochar application may create future opportunities
for landowners or forest managers to access carbon sequestration credits if biochar production,
application, monitoring and permanence are verified under recognised certification frameworks
(Gholamahmadi et al., 2026b).

This approach aligns with emerging circular forestry strategies in which residues are valorised into
stable carbon-rich amendments that improve soil condition, reduce waste streams and lower
dependency on external inputs (Bruckman and Pumpanen, 2019; Wrobel-Tobiszewska et al., 2015;
Homagain et al., 2016; Bastos et al., 2025; Pérez et al., 2025; Biswal and Balasubramanian, 2025). Under
this framework, the observed improvements in soil condition and early plant establishment contribute
directly to forest productivity, resource efficiency and ecosystem functioning, reinforcing the role of
biochar as a practical bridge between circular bioresource use, functional bioproduct development and
sustainable forest management (Thomas and Gale, 2015; Gholamahmadi et al., 2026a).

4.5 Limitations and outlook

Biochar was applied locally within the planting holes rather than incorporated uniformly across the
plantation soil. This targeted application reduced the amount of material required but likely restricted its
influence to the immediate root zone and limits extrapolation of the observed responses to the stand
scale. The study also did not include an economic assessment. Although localised application may be
more operationally feasible than whole-area incorporation, the costs of biochar production, transport and
field application may constrain adoption in commercial forestry. Evidence extending across complete
forest rotation cycles remains limited; therefore, it is not yet possible to determine whether
improvements in stand productivity, nutrient-use efficiency, carbon storage or other ecosystem services
would compensate for the initial investment at commercial scale (Homagain et al., 2016; Antonangelo et
al., 2025).

The present study focuses on soil chemical properties and early plant growth during the first 12 months
after plantation establishment. While clear treatment effects were observed, an important limitation is
the absence of measurements related to soil physical and hydrological properties. Variables such as soil
water storage and moisture dynamics were not assessed, despite their known relevance in mediating
plant responses to biochar amendments (Blanco-Canqui, 2017; Razzaghi et al., 2020).

This limitation is significant given that biochar has been widely reported to influence soil water retention,
infiltration capacity and runoff, especially in coarser-textured, structurally limited soils (Gholamahmadi et
al., 2023, 2025b). The lack of hydrological measurements restricts the ability to fully interpret the
mechanisms underlying the observed growth responses, particularly under Mediterranean conditions,
where water availability is a key limiting factor.
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Future research should integrate soil hydrological measurements with chemical and biological
indicators, including long-term monitoring of potentially relevant trace elements (Chandra et al., 2022).
Such studies should quantify soil water storage, infiltration and plant-available water, track nutrient
dynamics and tree growth across a complete plantation rotation, and include techno-economic
assessment to determine whether gains in productivity, resource-use efficiency, carbon storage and
ecosystem services can offset the initial cost of biochar deployment.

5. Conclusions

This study provides field-based evidence that biochar can substantially modify soil chemical conditions
during early E. globulus plantation establishment, but that its effect on plant growth depends strongly on
mineral nutrient availability and site conditions. Biochar increased soil pH by + 0.3 to + 0.6 units, organic
matter by + 23-62%, and CEC by + 81-108% at the first post-planting soil sampling, although the liming
effect was no longer statistically significant at 12 months. These responses confirm that biochar can
rapidly improve soil chemical status in acidic Mediterranean forest soils, particularly when mineral-
enriched biochar is applied.

However, soil improvement alone was insufficient to increase early tree growth when Pure biochar was
applied without NPK. Mineral-enriched Biochar Plus produced a moderate standalone growth response
and partially approached the response obtained with mineral fertilisation, providing partial support for its
capacity to substitute conventional fertilisation during early establishment. Nevertheless, mineral
fertilisation remained the dominant driver of growth, increasing plant height by + 57% at 5 months and +
117% at 12 months. The strongest responses occurred when biochar was combined with NPK, reaching
+175% in T2 and + 158% in T4 at 12 months. The Biochar—Fertiliser Synergy Index further indicated a
supra-additive response for Pure biochar combined with NPK (BFSI = 1.50), showing that the principal
value of biochar was to enhance fertilisation efficiency rather than fully replace mineral fertilisation.

The comparison between flat and terraced areas further showed that biochar performance was site-
dependent. The terraced area had higher baseline organic matter, clay content, CEC and base saturation,
whereas the flat area showed clearer relative growth responses to combined biochar—fertiliser
treatments. Integrated FSQI and IEGI values confirmed that improvements in soil condition translated
into stronger plant performance only when coupled with nutrient supply.

Overall, biochar should be considered a functional forest bioproduct for Mediterranean E. globulus
plantations. Under the conditions of this study, biochar did not fully replace mineral fertilisation during
early establishment, but improved soil condition, enhanced fertiliser performance and contributed to
more integrated soil-plant system responses. These findings support the use of forest-residue-derived
biochar in circular fibre-production systems aimed at improving nutrient-use efficiency, soil quality,
carbon retention and early plantation performance.
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Figure 1

(a) Geographic location of the trial at Vale Domingos, including i) Flat area and ii) Terrace area. (b, c, d)
Soil tillage before planting and local soil preparation. (e€) The Eucalyptus globulus plants before planting.
(f, g) Installation stages of the trial.
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(a) Flat area (b) Terrace area

Figure 2

Conditions of the plants in different treatments after installation in (a) Flat area, including TO, TOA, T1, T2,
T3, and T4, and (b) Terrace area, including TOA, T3, and T4.
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Figure 3
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Mean height of Eucalyptus globulus at 5 and 12 months after planting under different treatments in the
(a) flat area and (b) terraced area. Relative changes (%) are shown for the 12-month measurements only
and were calculated with respect to the area-specific control, defined as TO (control without fertilisation)
for the flat area and TOA (control with NPK) for the terraced area. Different lowercase letters indicate
statistically significant differences among treatments within each sampling time according to Tukey's
HSD test (p < 0.05). n = 3.
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Figure 4

Relationship between Forest Soil Quality Index (FSQI) and Integrated Eucalypt Growth Index (IEGI) for all
treatments at 12 months after planting. Points represent treatment means in flat (blue) and terraced
areas (orange). Dashed lines indicate reference thresholds (FSQI = 0.55; IEGI = 1.0) used to visualise
differences in soil-plant coupling. Combined biochar—fertiliser treatments showed the highest IEGI
values within each area, although their positions relative to the exploratory FSQI and IEGI thresholds
differed between the flat and terraced areas.
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