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Abstract: Today, the use of nursery-produced seedlings is the most widely adopted method in forest
restoration processes. To ensure and enhance the performance of transplanting seedlings into a spe-
cific area, soil amendments are often used due to their ability to improve soil physicochemical prop-
erties and, in turn, plant growth and development. The aim of the present study was to evaluate
Populus euramericana growth and development on a growing substrate added with biochar and com-
post, both alone and in combination. To accomplish this aim, a pot experiment was performed to
test biochar and/or compost effects on growing substrate physicochemical characteristics, plant
morpho-physiological traits, and plant phenology. The results showed that biochar and/or compost
improved growing substrate properties by increasing electrical conductivity, cation exchange ca-
pacity, and nutrient concentrations. On the one hand, these ameliorations accelerated poplar growth
and development. On the other hand, amendments did not have positive effects on some plant
morphological traits, although compost alone increased plant height, and very fine and fine root
length. The combined use of biochar and compost did not show any synergistic or cumulative ben-
eficial effects and led to a reduction in plant growth and development. In conclusion, compost alone
seems to be the best solution in both ameliorating substrate characteristics and increasing plant
growth, highlighting the great potential for its proper and effective application in large-scale forest
restoration strategies.

Keywords: fine roots; morphological attributes; physiological analysis; Populus euramericana;
reforestation

1. Introduction

Forest ecosystems cover thirty-one percent of the global land area [1] and are im-
portant for human livelihoods, climate stability, and biodiversity conservation [2]. How-
ever, forests are still under constant threat because of deforestation and forest degrada-
tion, which continue at an alarming rate [3]. Since 1990, it has been estimated that 420
million hectares of forest have been lost through conversion to other land uses [4]. Be-
tween 2015 and 2020, the rate of deforestation was estimated at 10 million hectares per
year, and 15 billion trees are cut down every year [5]. Currently, forests are no longer
endangered solely by deforestation practices, but in an increasingly warming world, phe-
nomena such as windstorms, heat waves, and droughts pose new and severe threats [6].
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Recently, it has been documented that forest death in southwestern Australia has been
directly linked to a heat wave that occurs during a “warmer drought” [7].

At the international level, the sustainable management of reforested and afforested
sites has been promoted to contribute to maintaining forest status, preserving biodiversity
[8], guaranteeing ecosystem services, reducing climate change impact [9], and avoiding
soil degradation and desertification [10]. Today, many countries are increasing reforesta-
tion and afforestation efforts to remediate the many practices of forest clearance that oc-
curred in the past and forest losses caused by harmful events related to climate change
[11].

However, both reforestation and afforestation processes are complex, time-demand-
ing [12], and expensive considering the costs of soil preparation and fertilization, plant
tree species selection and acquirement, maintenance, and management practices [13].
Moreover, forest restoration projects have high failure rates due to the high mortality of
plants before reaching maturity [14]. For these reasons, it has become increasingly im-
portant to develop methods that may increase seedling survival, growth, and vigor while
reducing labor costs [15]. In particular, it is important to ensure that planted seedlings
have high survival rates and good growth [16], and the use of nursery-produced seedlings
is the most widely adopted method in forest restoration processes [17]. Successful plant
establishment depends greatly on decisions made prior to planting, which must take into
account species and site characteristics [18] and that nursery-produced seedlings will face
a variety of stress factors after nursery production [19].

Several methods have been tested in order to ensure and increase the performance of
seedling outplanting in deforested and degraded lands, in which salinity, low water hold-
ing capacity, and lack of nutrient availability affect the realization of reforestation and
afforestation methods [12,20,21]. To overcome these limitations, soil amendments can be
used to improve the physicochemical properties of soils [22] and guarantee land restora-
tion success [23].

Among the different amendments, biochar—a charcoal produced by the pyrolysis of
organic waste feedstocks, such as manure and crop residues—has received attention [24].
It is a carbon sequestration agent able to reduce atmospheric CO:2 concentrations and is an
excellent soil conditioner [25]. Indeed, it is effective in improving degraded sites because
biochar application increases soil aggregate stability and water holding capacity by en-
hancing soil pore characteristics and water retention [26]. In addition to soil responses,
biochar may yield a wide range of benefits for plant germination, growth, productivity,
and survival, and stress management [20]. Several mechanisms may enhance plant devel-
opment in response to soil biochar additions, including: (i) reduction of nutrient leaching
and improvement of plant-available nutrients; (ii) release of carbon, nitrogen, phospho-
rus, and potassium; and (iii) increase of soil biota density and diversity [27]. Thus, it is
evident that biochar has several properties of particular interest from the perspective of
forest restoration. First, its recalcitrance implies that biochar added in the context of a res-
toration project will not rapidly decompose [28]. Secondly, biochar positively acts on plant
growth and survival in highly degraded soils, which are frequent in the context of forest
restoration [29]. It is also particularly effective in adsorbing a wide range of materials that
are either generally toxic or adverse to plant growth at high concentrations, including
metals, salts, polyaromatic hydrocarbons, and residual herbicides [30]. Lastly, biochar
may be relatively easily and economically generated from locally available feedstocks,
and thus it offers important potential advantages in both economic and logistic terms [15].

Another soil conditioner that may be profitably used in forest restoration is compost,
a fertilizer able to improve soil quality by: (i) incorporating organic matter [31,32], nutri-
ents, and electrolytes into soil [33]; and (ii) enhancing soil structure, density, and porosity
[34], which increase water retention capacity and reduce soil erosion and nutrient leaching
[35]. In turn, such compost properties result in the compost having positive effects on
plant growth, even because compost amendment may activate a wide range of natural
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disease suppressiveness mechanisms against plant pathogens [36]. Moreover, by enhanc-
ing the carbon storage capacity in the soil, compost might be used in reducing global
warming [37].

Numerous studies have suggested the application of biochar in combination with
compost as a promising strategy to promote plant growth and performance, having posi-
tive synergistic effects on soil properties [23,38-40]. However, this positive effect is strictly
related to specific soil characteristics, plant species, amendment application rates, and
feedstock [20]. Thus, more experiments are needed to accurately test synergism using
quantifiable metrics to determine what a “target” seedling might be [41].

The Target Plant Concept (TPC) is an effective framework for defining, producing,
and managing plant material (e.g., seeds, cuttings, and seedlings) based on characteristics
appropriate for a specific site [16]. These characteristics are often scientifically derived
from test factors that are linked to outplanting performance, such as seedling morphology
and physiology [42], genetic origin, and the ability to overcome limiting conditions on
outplanting sites [43]. Commonly measured morphological attributes include bud devel-
opment, dry weight fraction, stem height and diameter, and root development, which are
used in seedling quality assessment programs to monitor plant growth and survival [10].
Seedling morphological attributes cannot be used alone to assess seedling quality because
morphology does not describe physiological vigor [44], and, as mentioned before, seed-
ling morphology is combined with the assessment of physiological attributes (e.g., nutri-
ent status, root growth potential, stress tolerance) to relate seedling quality at lifting to
field performance after planting [41].

In line with the above, our study examined the potential for biochar and compost
amendments, alone or in combination, to have benefits in nursery-produced seedling sys-
tems, concomitantly enhancing a range of soil properties, and improving plant growth
and development. The main goal of this study was to conduct targeted research on poplar
plants to highlight the potential beneficial use of biochar and/or compost in reforested
environments. Poplar and its hybrids can be used to create economic benefits and improve
environmental quality in forestry and agroforestry worldwide [45,46]. They have shown
the capacity for rapid biomass accretion [47] and are currently assuming growing im-
portance for timber and bioenergy production [48]. The adoption of poplar species into
the agroforestry system has the added benefit of sequestering carbon emitted from agri-
cultural practices [49]. Thus, the outcomes of this research might enlarge the understand-
ing of soil amendments as ameliorants of soil properties, as well as survival of key species
in reforestation and afforestation programs [50].

To accomplish the objective of the present research, biochar and compost, both alone
and in combination, were tested on hybrid poplar seedlings with the aim of determining
if the addition of biochar and/or compost to a growing media may (i) enhance soil physi-
cochemical properties and (ii) improve plat morphophysiological traits, with particular
regard to root morphology and development.

2. Materials and Methods
2.1. Experimental Design and Growth Characteristics

Two-year-old woody cuttings of the hybrid poplar clone 1-214, Populus deltoides x
Populus nigra (Populus euramericana (Dode) Guinier) were rooted in 3 L pots containing
vermiculite and kept in a growth chamber under controlled conditions (25 °C air temper-
ature, 50-70% relative humidity, 15-h photoperiod) for 60 days.

Then, 40 homogeneously rooted cuttings, with similar morphological traits (e.g.,
size), were selected for the experiment and transplanted, separately, into 20 L plastic pots.
These pots were filled with four different growing medium combinations (hereafter also
called growing substrates or treatments), and ten replicates were set up for each of them.
P. euramericana plants were grown for each treatment in a greenhouse for 12 months. The
experimentation began in July and ended in July of the following year. In the 12 months
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Beginning of the

of experimentation, hereinafter, are indicated by the acronyms ranging from TO to T12
(Figure 1). Growth occurred under a controlled water regime and natural photoperiod
and temperature (for minimum, maximum, and average temperature values see Table S1
in Supplementary Material), and the plants were arranged in a randomized complete
block design and rotated to a different position within the block throughout the trial. The
pots were fully irrigated to prevent water stress (twice a day, as required), and a sus-
pended net was used to reduce exposure to sunlight.

Analysis of morphological traits
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Figure 1. Experimental schedule with the main analyses and the sampling times (months).

The four treatments were: (i) control mix (Ctrl), composed of soil and sand (1:1, v:v);
(if) biochar mix (B), composed of soil and sand (1:1) plus biochar; (iii) compost mix (Co),
composed of soil and sand (1:1) plus compost; and (iv) biochar and compost mix (BCo),
composed of soil and sand (1:1) plus biochar and compost. For treated pots, biochar and
compost were added to the soil and sand mixture at a concentration of 25 g-kg™ of dry
substrate (application rate of 2.5% w/w).

2.2. Soil, Biochar and Compost Characteristics

The soil was collected from an uncultivated pasture area, located in Pesche (Molise,
Italy), with a floral composition predominantly of graminoid grasses, not under a rotation
system, and that includes hedges. This area is mainly used for grazing, but the fodder is
harvested mechanically. The soil was loamy mixed mesic soil, according to the United
States Department of Agriculture (USDA) classification [51]. As reported previously, the
soil was mixed with commercial sand, and this mixture was characterized to determine
the pre-planting physicochemical properties. The soil-sand mix was moderately subalka-
line with a silt loam texture according to the USDA classification. Moreover, it was char-
acterized by low electrical conductivity (EC), cation exchange capacity (CEC), and nitro-
gen and carbon content. For the experiment, the mixture of the soil and sand was air-dried
for 72 h, weighed, finely crushed, and then mixed thoroughly before packing lightly in
the pots on top of the pebbles placed on the base to improve drainage.

The biochar used was a commercial charcoal (provided by Romagna Carbone s.n.c.,
Bagnacavallo, Italy), obtained from orchard pruning biomass through a slow pyrolysis
process with an average residence time of 3 h, at a temperature of 500 °C, in a kiln of 2.2
m in diameter, and holding around 2 ton of feedstock.

The compost was a commercial product (composted olive mill residues) prepared in
a standardized experimental composting process reported by Alfano et al. [52]. Briefly,
compost was prepared by mixing humid olive husks from a two-phase extraction plant
with olive leaves (8% w/w); one-year-old, humid, and composted husks (25% w/w) were
then added to this mixture. A complete overview of both biochar and compost character-
istics is reported by Trupiano et al. [53].

2.3. Growing Substrate Analysis

At the end of the experiment (T12), after 12 months of plant growth, soil samples
were collected (Figure 1) and air dried at 20-25°C for 72 h. The moisture content was cal-
culated according to the Black method [54] as the difference in sample weight before and
after oven drying to a constant weight at 105 °C. The pH was measured in H20 and 0.01
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M CaClz using a pH meter (Eutech Instruments, Thermo Fisher Scientific, Waltham, MA,
USA) and a 1:2.5 soil weight:extract-volume ratio. The alkalinity of samples with a pH
value greater than 7.0 was determined by titrimetry according to Rayment and Higginson
[55]. Electrical conductivity (EC) was determined by a conductivity meter (Cond 510, XS
Instruments, Carpi, Italy) on a 1:5 soil:water suspension [56]. Cation exchange capacity
(CEC) was assessed according to the method of Mehlich [57] using BaCl.. Total organic
carbon (TOC) and total nitrogen (Ntwt) contents were determined by dry combustion [58]
using a CHN elemental analyzer (Mod 1500, series 2, Carlo Erba Instruments, Cornaredo,
Italy). In the case of TOC, combustion was carried out after the complete removal of inor-
ganic carbon with acid. Total phosphorus (Pewt) was detected by spectrophotometry (UV-
1601 Shimadzu) according to the test method described by Bowman [59], while available
phosphorus (Pav) was extracted by a NaHCO:s solution at pH 8.5 and evaluated by spec-
trophotometry according to the Olsen test method [60]. Particle size distribution (also
named soil texture) was quantified by hydrometer analysis through a modification of the
Bouyoucos method [61] (according to Beretta et al. [62]) on samples previously dry-sieved
at 2 mm. The fraction with a diameter smaller than 2 mm was treated with H202 and wet
sieved at 200 pm, 50 pm, and 20 um. Measurements of density were carried out by a hy-
drometer on samples smaller than 20 um previously dispersed with sodium hexameta-
phosphate solution. Moreover, in order to quantify the large fraction of macro aggregates,
particles that did not pass through the 2 mm sieve were treated with sodium hexameta-
phosphate solution to disrupt aggregates, and subsequently, the difference in weight be-
fore and after wet sieving at 2 mm was measured [63].

2.4. Plant Analysis
2.4.1. Morphological Traits

From the beginning (T0) to the end of the experiment (T12), plant growth was moni-
tored monthly by measuring morphological traits. More detailed, morphological traits
were assessed at time points T1-T5, corresponding to the months of August-December,
and at time points T9-T12, corresponding to the months of April-July. The T1-T5 time
points were equivalent to the months preceding the dormancy phase (January —T6, Feb-
ruary—1T7, and March—T8) and T9-T12 to the months of the vegetative phase of P.
euramericana (Figure 1). For morphological traits, the variations in plant height and leaf
number (A) were determined. Additionally, the main leaf parameters were assessed: leaf
area, perimeter, length, and width. Image J 1.8.0 software (Wayne Rasbanb National In-
stitute of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/ (accessed on 20 November
2020)) was used for these analyses. The aboveground (leaves and stems) and below-
ground (roots) dry weight, at time T12, were also determined after two days of drying in
an oven at 80 °C, and stem/root ratio (S/R ratio) was calculated in terms of dry weight.
Furthermore, roots were analyzed using WinRhizo Pro V. 2007d (Regent Instruments Inc.
Quebec, QC, Canada). In particular, roots were divided into two groups on the basis of
their diameter to distinguish very fine roots (diameter measurement between 0 and 0.5
mm) and fine roots (diameter measurement between 0.5 and 2 mm) [21,64].

2.4.2. Phenology

Phenological stage assessment was performed on poplar plants evaluating apical
bud development in the three months of dormancy (January —T6, February—T7, and
March —T8) and in the first month of active vegetative growth (April—T9) (Figure 1). Bud
development was quantified using six levels of morphology scores (0-6) according to Tru-
piano et al. [65]. Briefly, a minimal score (0) was given to the winter bud and a maximum
score (6) to the flushing buds, with a growing stem.
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2.4.3. Lignin and Chlorophyll Content

At the end of the experiment (T12), lignin and chlorophyll contents were also as-
sessed (Figure 1).

Lignin content was measured using the protocol of Doster and Bostock [66] with a
few modifications, as detailed in Trupiano et al. [67]. Briefly, lignin amount within each
sample was calculated by measuring the absorbance at 280 nm, using a specific absorb-
ance coefficient of 6.0 L-g~! cm. Since this specific absorbance coefficient provides only an
approximate conversion [66], the samples with the highest lignin content value were used
as a standard in the relative measurements of lignin concentration of the other samples.

Chlorophyll content was measured in three randomly sampled leaf discs (10 mm in
diameter). Extraction was performed with N, N dimethylformamide (DMF) for 48 h at 4
°C, in the dark at a ratio of 1:20 (plant material:solvent, w:v). The extinction coefficients
proposed by Inskeep and Bloom [68] were used for quantification by spectrophotometric
analysis. The following equations were used: Chl a = 12.7046s4.5 — 2.79a647; Chl b = 20.70a647
— 4.62a664.5; total Chl = 17.90a647 + 8.08a664.5 where A is absorbance in 1.00 cm cuvettes.

2.5. Statistical Analysis

To evaluate the effect of each treatment on the conducted tests, all statistical analyses
were performed with the R software version 3.4.3 (R Development Core Team 2017). The
normality and homoscedasticity of the data were assessed with the Shapiro and Bartlett
tests, respectively. The mean values were compared using the parametric analysis of var-
iance test (ANOVA) for normal data or the non-parametric Kruskal test for non-normal
data. Following this, a post hoc test (Tukey HSD or pairwise Wilcox tests, respectively)
was performed.

3. Results
3.1. Growing Substrate Characteristics

At the end of the experiment (T12), the moisture content of the medium with the
compost addition (Co substrate) (1.15 g-kg™) was 32% lower compared to the control (1.52
g'kg™). However, no significant difference was present among the four different sub-
strates in pH and alkalinity values (Table 1).

Table 1. Main physicochemical characteristics determined after 12 months of P. euramericana
grown on four different substrates (Ctrl, B, Co, and BCo). Different letters indicate significant dif-
ference (p < 0.05) (n = 3 £ SE). Ctrl: control mix of soil and sand; B: mix of soil and sand + biochar;
Co: mix of soil and sand + compost; BCo: mix of soil and sand + biochar + compost.

Ctrl B Co BCo
Moisture content (g-kg?)  1.52+0.06 a 1.43+0.05 ab 1.15+0.01b 1.57+0.14 a
pH 74+00a 74+00a 74+00a 74+00a
Alkalinity (% CaCOs)  10.00+0.29 a 10.57 £0.49 a 9.53+0.33a 10.83+0.24 a
EC (dSm™) 0.233+0.005c 0.247 £ 0.006 bc 0.447 £ 0.002 a 0.340 £0.025b
CEC (cmol(+)'kg?)  649+036b 8.62+0.27 a 9.69+0.18 a 9.60+£0.23 a
TOC (g'kg?) 12.26+0.94b 13.38£1.27b 2341+1.28a 23.54+0.69 a
Newt (g'kg™)  0.23+0.01d 0.52+0.01 ¢ 1.60 £0.05 b 2.06+0.01 a
Pt (mg-kg™)  129.33+4.52 ¢ 215.00+3.24b 301.00+2.94 a 324.00+5.93 a
Pav (mg-kg™) <12b <12b 1690+1.49 a 18.63+1.01a
Particle size distribution *:
<2 um (%) (clay) 8.90+0.36 b 6.27+0.18 ¢ 13.50+0.18 a 9.63+£0.96 b
2<@<20 um (%) (silt)  53.80+1.61 a 5270+1.19a 53.17+1.72 a 54.63+1.70 a
20 <@ <50 um (%) (very fine sand)  2.63+0.91 a 1.93+0.05a 1.90+0.16 a 1.60+£0.29 a
50 <2 <200 pm (%) (fine sand)  8.93 + 0.55 ab 9.50+0.35a 7.90 +£1.38 ab 6.73+0.33b
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200 pm <@ <2 mm (%) (coarse sand)  6.83+0.49 a 720+0.41a 8.67+0.23 a 9.10+0.79 a
o>2mm (%) (gravel) 27.80+0.89a 28.67 +0.55 a 28.33+0.58 a 28.00+0.36 a
EC = electrical conductivity (dS'm™); CEC = cation exchange capacity (cmol(+)-kg™?); TOC = total
organic carbon (g'kg™); Nt = total nitrogen content (g-kg™"); Prot = total phosphorus content (mg-kg™);
Pav = available phosphorous content (mg-kg™). * The classes of this particle size distribution were
defined by the International Society of Soil Science (ISSS) system [69].

Electrical conductivity (EC) was increased (2-fold) in the Co treatment (0.447 dS-m™)
compared with the Ctrl growth medium (0.233 dS'm). Cation exchange capacity (CEC)
was increased in all three treatments with biochar and/or compost addition (B, Co, and
BCo) compared to Ctrl (6.49 cmol(+)-kg™). In detail, CEC was increased by 33%, 49%, and
48% in the B, Co, and BCo treatments compared to the Ctrl medium (Table 1). The contents
of total organic carbon (TOC), total nitrogen (Ntt), and total (Ptt) and available phospho-
rus (Pav) varied significantly and differently among the four treatments. However, the val-
ues of these nutrients were all higher in the Co and BCo treatments. Specifically, TOC was
2-fold higher in both the Co and BCo substrates compared to both other two growing
media (Ctrl and B). With regard to N, it was increased 2-fold in the B substrate (0.52
g'kg™), 3-fold in the Co medium (1.60 g-kg™), and 9-fold in the BCo mix (2.06 g-kg™) with
respect to the control (0.23 g-kg™). Pwt was also raised by 66% in the B treatment (215
mg-kg) and was increased 2-fold in the Co (301 mgkg™) and BCo treatments (324
mg-kg) compared with the control (129.33 mg-kg™). The highest values of Pav were meas-
ured in the two Co (16.90 mg-kg™) and BCo treatments (18.63 mg-kg™) compared to the
control growth medium and the B treatment in which there was an amount of phosphorus
less than 12 mg-kg'. Particle size analysis showed that there were differences among the
treatments only for the clay and fine sand fractions (Table 1). Soil with the compost (Co
substrate) had the highest clay content (13.5%), and in detail, the clay fraction was 52%
higher than the control (8.9%). In contrast, the biochar decreased the clay component of
the B substrate (6.27%) by 30% compared to the Ctrl. Regarding the fine sand content, the
analyses showed only a difference between the sand fraction found in the B treatment
(9.5%) and that measured in the BCo mix (6.73%).

3.2. Plant Characteristics
3.2.1. Morphological Traits

After one month of poplar plant growth (T1), the combined addition of the biochar
and compost to the growth substrate (BCo) appeared to negatively influence the increase
in stem height of Populus euramericana seedlings (Figure 2). In the control growing me-
dium (Ctrl), the stem height increased (50%) with respect to the BCo substrate in which
the percentage of stem height increased only 27% (Figure 2). At time T2, despite the plant
grown on the B, Co, and BCo treatments increasing in stem height of 31%, 7%, and 17%,
respectively, the highest increase for this parameter was observed in the Ctrl plants (67%)
(Figure 2). From October to March (T3 to T8), as the winter dormancy period advanced,
no changes in stem height measurements were recorded in the four different growing
media. At times T9 (April) and T10 (May), the development and growth phase restart of
P. euramericana plants resulted in a significantly higher increases in stem height in both
treatments with the compost (Co) and biochar (B) added alone compared to the Ctrl and
BCo substrates. Indeed, at time T9, the percentage increase in stem height was 9% in the
Co substrate and 5% in the B treatment, while it was 1% in Ctrl and 2% in the BCo mix
(Figure 2). At time T10, the increases in stem height were 7% in Co and 6% in B, while
stem height increased by 5% and 2% in the Ctrl and BCo substrates, respectively (Figure
2). At time T11, the addition of Co to the soil resulted in the highest percentage of stem
growth (59%) compared to the Ctrl (12%), B (14%) and the BCo mix (21%) (Figure 2).
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Figure 2. Variation (A) in stem height (%) determined monthly during the 12 months of P. euramer-
icana growth on four different substrates (Ctrl, B, Co, and BCo). Different letters indicate signifi-
cant differences among the treatments for each sampling time (p < 0.05) (n = 10 + SE). Ctrl: control
mix of soil and sand; B: mix of soil and sand + biochar; Co: mix of soil and sand + compost; BCo:
mix of soil and sand + biochar + compost. TO to T12: Sampling times (months).

The leaf number changed in poplar seedlings throughout the experiment, and for the
four different treatments, it showed highly variable and different trends in each month
(Figure 3). The greatest changes between the different treatments of the experiment were
observed at T9 and T10. At time T9, the highest increase in leaf number was measured in
plants grown on B substrate (559%), followed by 261% and 309% percentage increases
observed in the Ctrl and Co growth media, respectively; in the BCo mix, conversely, a
strong decrease in leaf number was reported (-92%) (Figure 3). At time T10, the situation
changed: the combined addition of biochar and compost (BCo) resulted in the highest
percentage of leaf number increase (611%) compared to the Ctrl, B, and Co substrates, in
which the percentages were 43%, 23%, and 8%, respectively.
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Figure 3. Variation (A) in leaf number (%) determined monthly during the 12 months of P.
euramericana growth on four different substrates (Ctrl, B, Co, and BCo). Different letters indicate
significant differences among the treatments for each sampling time (p <0.05) (n = 10 + SE). Ctrl:
control mix of soil and sand; B: mix of soil and sand + biochar; Co: mix of soil and sand + compost;
BCo: mix of soil and sand + biochar + compost. TO to T12: Sampling times (months).

The main leaf parameters (leaf area, perimeter, length, and width) reported signifi-
cant differences (Figure 4) in the month immediately preceding the winter dormancy
phase (December —T5) and in the two months immediately following dormancy and in
which there was active vegetative growth of P. euramericana plants (April—T9 and May —
T10). In detail, at time T5, all four leaf parameters were lower in B, C, and BCo than in the
Ctrl. After the dormancy phase (times T9 and T10), leaf parameters were unchanged in B
and Co, whereas they were lower in BCo compared to the Ctrl (Figure 4).
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Figure 4. Leaf area (a), perimeter (b), length (c), and width (d) determined monthly during the 12

months of P. euramericana growth on four different substrates (Ctrl, B, Co, and BCo). Different let-
ters indicate significant differences among the treatments for each sampling time (p < 0.05) (n =10

+ SE). Ctrl: control mix of soil and sand; B: mix of soil and sand + biochar; Co: mix of soil and sand
+ compost; BCo: mix of soil and sand + biochar + compost. TO to T12: Sampling times (months).

Indeed, more specifically, at time T5, the leaf area in the Ctrl was 98 cm?, while it was
almost twice as small in the B (68 cm?), Co (64 cm?), and BCo substrate (62 cm?) (Figure
4a). At time T9, as also shown in Figure 3, poplar plants grown in the BCo treatment were
without leaves, and therefore, leaf area was assigned a value of zero (Figure 4a). Con-
versely, in the B and Co substrates, they were 15 cm? and 16 cm?, respectively, and thus 3
times higher than that measured for the leaves of the Ctrl plants (6 cm?) (Figure 4a). At
time T10, plants grown in the Ctrl, B, and Co growing media had the highest value of leaf
area (30 cm?), which was 7 times bigger than the leaf area of plants grown in the BCo mix
(6 cm?) (Figure 4a).

Regarding the leaf perimeter (Figure 4b), at time T5, the lowest values were found in
the B, Co, and BCo treatments (approximately 34 cm compared to the 44 cm measured in
the Ctrl plants). At time T9, it was one and a half times bigger in the B (17 cm) and Co (18
cm) treatments with respect to the Ctrl (11 cm), whereas, as mentioned above, plants
grown in the BCo mix had no leaves. At time T10, plants grown on the Ctrl, B, and Co
substrate had leaf perimeter values of 21 cm, 23 cm, and 24 c¢m, respectively, which were
twice as high as that of plants grown on the BCo mix (11 cm).

The leaf length value was also lower at time T5 for B (10 cm), Co (10 cm), and BCo (9
cm) plants compared to the Ctrl poplar seedlings (12 cm) (Figure 4c). At time T9, it was
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two-fold higher in B and Co (6 cm in both treatments) compared to the Ctrl and BCo (Fig-
ure 4c), whereas at time T10, it was twice as low only in plants grown on the BCo mix (4
cm).

The leaf width (Figure 4d), at time T5, was slightly lower in the B (10 cm), Co (9 cm),
and BCo (9 cm) plants than in the Ctrl (12 cm), whereas at time T9, it was approximately
twice as large in the B (4 cm) and Co (5 cm) plants compared to the Ctrl plants (Figure 4d).
This parameter resulted in the lowest BCo at time T9 and T10 (Figure 4d).

The addition of biochar and compost alone (B and Co treatments) had no effect on
the leaf dry weight (Figure 5a). In contrast, the BCo mix decreased the leaf dry weight of
P. euramericana plants by 40% (9.2 g) compared to the Ctrl growth medium (15.2 g) (Figure
5a). The three treatments—B, Co, and BCo substrates—decreased the stem dry weight by
13%, 12%, and 10%, respectively, with respect to the dry weight measured in the Ctrl (87.8
g) (Figure 5a). However, for the root dry weight, the combination of the two amendments
(BCo) resulted in a decrease in dry weight of 47% (11.3 g) compared to the Ctrl (21.5 g)
and 45% with respect to the Co treatment (20.4 g) (Figure 5a). The highest stem/root ratio
(S/R ratio) was found for plants grown in the BCo mix; these plants had a S/R ratio of 7.42
that was almost two times higher than that found in the Ctrl (4.12) (Figure 5b). For plants
grown in the B and Co substrates, the S/R ratio was not significantly different from the
Ctrl, although it showed an increased trend in the case of B (5.86) (Figure 5b).
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Figure 5. (a) Dry weight (g) of the different organs (black box, leaves; white box, stems; gray box,
roots) of P. euramericana grown on four different substrates (Ctrl, B, Co, and BCo). Different letters
indicate a significant difference among substrates (p < 0.05) (n = 3 + SE): letters a, b for leaves; let-
ters y, z for stems; letters «, {3 for roots. (b) Stem/root ratio calculated as dry weight for stems/dry
weight for roots. Different letters indicate a significant difference among substrates (p < 0.05) (1 =3
+ SE). Ctrl: control mix of soil and sand; B: mix of soil and sand + biochar; Co: mix of soil and sand
+ compost; BCo: mix of soil and sand + biochar + compost.

The addition of compost to the soil (Co treatment) resulted in the highest increase in
the length of both very fine and fine roots (Figure 6). More specifically, the Co treatment
led to a 33% and 16% increase in very fine root length (12,160 cm) and fine root length
(2932 cm) compared to the control growing medium (9115 cm and 2517 cm, respectively;
Figure 6). On the other hand, there was a 34% decrease in the BCo plants with respect to
the Ctrl substrate (9115 cm) in the case of a very fine root length (Figure 6). Moreover, the
two biochar treatments (B and BCo substrates) resulted in a decrease in fine root length of
27% (1837 cm) and 34% (1660 cm) with respect to the Ctrl (2517 cm), respectively (Figure
6).
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Figure 6. Length (cm) of very fine roots (0 < d < 0.5 mm) and fine roots (0.5 < d <2 mm) (white box,
very fine roots; gray box, fine roots) determined after 12 months of P. euramericana growth on four
different substrates (Ctrl, B, Co, and BCo). Different letters indicate a significant difference among
substrates (p < 0.05) (n =3 + SE). Letters a, b, c regard very fine roots; letters x, y, z regard fine
roots. Ctrl: control mix of soil and sand; B: mix of soil and sand + biochar; Co: mix of soil and sand
+ compost; BCo: mix of soil and sand + biochar + compost.

3.2.2. Phenology

The evaluation of P. euramericana plant phenological stages (Figure 7) showed that,
during winter dormancy, at time T6 (January), all seedlings (100%) in all substrates (Ctrl,
B, Co, and BCo) had buds with a morphological score of 0. Successively, at time T7 (Feb-
ruary), only seedlings grown in the Ctrl growing medium had buds with a morphological
score of 0 (100%). The biochar use (B growth medium) resulted in 20% of the poplar plants
having buds with a morphological score of 1. In the two treatments with the compost
addition (Co and BCo), the seedlings had buds not only in stage 1 but also in stage 2. In
detail, 30% and 10% of plants grown in the Co treatment had buds in stages 1 and 2, re-
spectively. In the BCo mix, 20% and 10% of P. euramericana seedlings had buds that were
given morphological scores of 1 and 2, respectively.
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Figure 7. Evaluation of phenological stages of P. euramericana grown on four different substrates
(Ctrl, B, Co, and BCo) by bud development analysis at different time points: winter dormancy
condition (T6, January and T7, February), release from dormancy (T8, March), and active vegeta-
tive phase (T9, April). For each time point, the percentage of plants characterized by a specific
stage of bud development is reported. Bud development was quantified using six levels of mor-
phology score (0-6); minimal score (0) was given to the winter bud, and maximum score (6) to
buds with a growing stem. Ctrl: control mix of soil and sand; B: mix of soil and sand + biochar; Co:
mix of soil and sand + compost; BCo: mix of soil and sand + biochar + compost.

At time T8 (release from dormancy condition), almost all plants in the control sub-
strate showed buds at stage 1 with only 10% of P. euramericana plants at stage 2. Whereas
both treatments with the addition of either biochar alone (B substrate) or compost alone
(Co substrate) resulted in 20% of plants having stage 1 and those of the remaining 80%
having a morphological score of 2. Instead, the combined biochar and compost addition
to the soil (BCo mix) resulted in the poplar plants still having stage 0 buds, at time T8. In
detail, 20% of the seedlings had buds with the minimum score (0), 70% of P. euramericana
plants had buds at stage 1, and the remaining 10% showed buds with a morphological
score of 2.

During the active vegetative phase (time T9, April), bud development differed
among the four distinct treatments. Indeed, in the control growing medium (Ctrl), 60% of
the plants had buds at stage 3, and 30% and 10% of the poplar seedlings had buds with
morphological scores of 4 and 5, respectively. At time T9, the addition of the biochar alone
(B substrate) or compost alone (Co substrate) to the growing substrate resulted in buds
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characterized by development stages to which scores of 4, 5, and 6 were assigned. In de-
tail, 20% of P. euramericana grown in the B substrate had buds with a score of 4, 10%
showed buds with a score of 5, and the majority of plants (70%) had buds that were given
the maximum score (6). For the Co treatment, 10% of the seedlings were characterized by
buds in stage 4, 30% of poplar plants had buds in stage 5, and 60% showed stage 6 buds.
Plants grown in the BCo mix had buds with morphological scores ranging from 1 to 5.
Specifically, 20% of the plants contained buds with a score of 1, 40% were characterized
by buds in stage 2, 20% showed buds with a morphological score of 3, and the remaining
plants were half (10%) characterized by buds in stage 4 and half (10%) by buds in stage 5.

3.2.3. Lignin and Chlorophyll Content

The two treatments with the biochar, both added alone (B substrate) and in combi-
nation with the compost (BCo substrate), showed the highest lignin content values in the
P. euramericana roots (Figure 8). In the B treatment, the lignin content was 100%, while in
the BCo mix, it was 87%. Thus, in the two biochar treatments, the lignin content was higher
than the value found for plants grown in the Ctrl growing medium (70%) and 2 times
higher with respect to the content measured for plants developed in the Co substrate
(41%).
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Figure 8. Lignin content (%) determined after 12 months of P. euramericana growth on four differ-
ent substrates (Ctrl, B, Co, and BCo). Lignin content is expressed as a percentage of the value
measured in the roots of plants grown in the B substrate (considered 100%). Different letters indi-
cate significant difference (p <0.05) (n =3 + SE). Ctrl: control mix of soil and sand; B: mix of soil
and sand + biochar; Co: mix of soil and sand + compost; BCo: mix of soil and sand + biochar + com-
post.

Regarding the chlorophyll content, Table 2 shows that the values of the total chloro-
phyll content (Chl), chlorophyll a content (Chl a), and chlorophyll b content (Chl b) were
higher in the B and BCo substrates than in the Ctrl and Co substrates. In detail, the total
chlorophyll content in both B (11.51 mg-cm=) and BCo (11.58 mg-cm=) was 46% higher
than that measured for plants grown in the Ctrl growing medium (7.91 mg-cm=2) and two
times higher than the total content measured in the Co treatment (5.47 mg'cm2). The same
trend, as mentioned above, was also observed for Chl a and Chl b content; however, there
were no significant differences between the four different treatments in the ratio of Chl a
to Chl b content.
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Table 2. Chlorophyll content (mg-cm2) of P. euramericana grown on four different substrates (Ctrl,
B, Co, and BCo). Different letters indicate significant difference (p < 0.05) (n =10 + SE).

Ctrl * B Co BCo
Chl 791+0.13b 11.51+1.99a 547 +0.40b 11.58+1.70 a
Chla 6.17+0.40 b 9.02+0.94 a 437+037b 9.04+1.15a
Chlb 1.74+0.27 b 248+0.34 a 1.10+0.03 b 254+055a
Chl a/Chl b 361+0.79a 3.63+1.99 a 393+0.22a 360+0.33a

* Ctrl: control mix of soil and sand; B: mix of soil and sand + biochar; Co: mix of soil and sand +
compost; BCo: mix of soil and sand + biochar + compost.

4. Discussion

In forest restoration processes, soil amendments (e.g., biochar and compost) may
help to ensure and enhance the performance of nursery-produced seedling transplants,
increasing plant survival rates and growth [16]. This soil conditioner ability is not only
associated with amendment characteristics (e.g., application rate and feedstock), but it is
also strictly related and influenced by soil physicochemical properties and the choice of
plant species [20].

Several studies have established that pyrolysis temperature and type (fast or slow),
together with feedstock choice, influence final biochar physicochemical characteristics
and consequently its properties as a soil conditioner [70-73]. Pyrolysis temperature affects
biochar longevity, with pyrolysis temperatures higher than 500 °C generally leading to
longer-term half-lives [70]. Greater pyrolysis temperatures also led to biochar containing
greater carbon concentrations and a specific surface area [71]. However, it appears that
feedstock selection has the largest influence on biochar properties [72]. Wood-based bio-
chars have the greatest specific surface area, while crop- and other grass-based biochars
appear to have cation exchange capacities greater than other biochars, which could poten-
tially lead to longer-term changes in soil nutrient retention [73].

The selection and combination of feedstock material is also important for the quality
of compost, which is produced primarily from animal and agricultural waste. In general,
animal wastes, such as cow dung, poultry litter, pig manure, and chicken manure, contain
low levels of carbon but high levels of N [74]. Most agricultural wastes, such as crop resi-
dues, sawdust, and rice straw, contain large amounts of carbon but low amounts of nitro-
gen and cause a slower decomposition process [75]. It is important to combine the right
materials to achieve compost characterized by correct proportions of C and N. The ideal
C/N ratio for compost should be kept at 25-50 because if it is lower, ammonia is emitted,
and biological activity can be hindered. On the other hand, at higher ratios, N can be a
limiting nutrient, and the composting process will be slow, and too much nitrogen will
cause the material to become acidic and smelly [76].

Thus, more experiments are needed to accurately test the effect (negative, positive,
synergistic/antagonistic) of soil amendments on selected forestry seedlings, such as poplar
plants. In our study, the potential use of biochar and compost, both alone and in combi-
nation, on nursery-produced seedlings was evaluated, taking into account changes in
growing substrate properties and Populus euramericana morphophysiological traits and
phenology.

The biochar used was a commercial charcoal obtained from orchard pruning biomass
through a slow pyrolysis process at a temperature of 500 °C. This biochar was character-
ized by an alkaline pH and a high C/N ratio (125.5). The compost used was prepared from
olive waste and had a pH close to neutrality (7.5) and an appropriate C/N ratio (28.1).

The study showed that the compost amendment alone produced some benefits in P.
euramericana growth performance compared to the biochar that, both alone and in combi-
nation with the compost, seemed to have neutral or antagonistic effects on plant morpho-
logical and physiological traits, although with some differences during the diverse plant
growth phases.
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In detail, during the first months of plant growth (T0-T5), the biochar or compost
addition alone had a negligible or negative effect on P. euramericana growth and develop-
ment. Conversely, after the winter dormancy phase (T9-T12), the situation was quite dif-
ferent, and their addition led to an increase in plant height and in leaf number reaching
the maximum in the compost alone amended substrate. The study by Jarvis et al. [77] also
showed that the addition of compost soil conditioner significantly increased the height
growth of alder, birch, and aspen species. Similar to the results of the present study,
Heiskanen et al. [78] found that compost increased the growth of pine, willow, red clover,
red fescue, and maiden pink seedlings. This positive effect was also confirmed by pheno-
logical analysis, which showed that the two amendments alone accelerated poplar growth
and development compared to the control, leading to 60% more seedlings having buds
with fully formed leaves after dormancy breaking. Nevertheless, the compost and biochar
mixture induced slowing in bud development and overall plant growth.

The time effect could have been due to the fact that P. euramericana plants were potted
as cuttings, and it was possible that nutrients in initial cuttings were translocated to offset
nutrient demand. Successively, the ability of these two amendments to ameliorate sub-
strate characteristics could have increased the available nutrient amounts for plants and,
consequently, accelerated plant growth and development [77,78]. Indeed, despite the ad-
dition of biochar or compost alone having no effect on soil pH [20,79], they increased soil
electrical conductivity and cation exchange capacity; moreover, both amendments ame-
liorated substrate chemical characteristics by increasing nutrient concentrations (TOC and
Ntot, and Ptot and Pav), probably due to their content of organic matter and inorganic
ions (e.g., N and P) [80]. Furthermore, the biochar amendment could have facilitated the
biochemical cycling of nitrogen and phosphorus [27], and the compost could have im-
proved soil aeration and water availability [78].

If growth responses to the biochar and compost alone addition were mainly due to
nutrient provision, their combined use negatively affected the growth of all plant above-
ground parts, despite enhanced soil nutrient availability. Seehausen et al. [81] also found
that the combined addition of biochar and compost in nutrient-limited media had neutral
or antagonistic interactive effects on several plant growth traits and physiological perfor-
mance. More specifically, the authors found mostly neutral effects on Salix purpurea plants
and antagonistic effects on maximum leaf area, aboveground, and belowground biomass,
reproductive allocation, maximum plant height, chlorophyll fluorescence, and stomatal
conductance of Abutilon theophrasti plants. This could be related to a saturation of plant
nutrient demands resulting in a non-additive positive effect [82] and might have brought
to a decline in poplar growth [83]. The biochar and compost combination might also have
resulted in an oversupply of toxic elements (e.g., Al, As, Pb) and micronutrients (e.g., B,
Mn) [81]. Alternatively, the poplar growth decline may also be due to the fact that biochar
can immobilize/retain nutrients [23] thus reacting with them and acting as a competitor
instead of providing nutrients to plants. For example, biochar could facilitate phosphate
precipitation/absorption reactions and lead to reduced P and N availability to plants
[84,85], as observed in the results reported above. Indeed, biochar has a high cation ex-
change capacity, which may significantly increase nutrient retention because of a high
surface charge [78].

In the present study, the soil-sand mix used as the growing plant substrate was al-
ready moderately subalkaline, and an improvement in pH after biochar application was
not expected, as also reported in other studies [86,87]. It is well documented that biochar
application impacts soil pH, which, together with cation exchange capacity, influences
nutrient interactions in soil. Given that, in the present study, biochar application did not
affect substrate pH, immobilization, and retainment of nutrients were likely to be at-
tributed to the increases in cation exchange capacity. Similarly, Liu et al. [88] documented
that adsorption of NH4+-N may be due to the high cation exchange capacity of biochar,
and adsorption of ammonium by biochar has also been well documented by Spokas et al.
[89]. Nguyen et al. [90] demonstrated, in a meta-analysis, that biochar addition reduced
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soil inorganic nitrogen by about 11% (NHs*) and 10% (NOs") per 56 works published be-
tween 2010 and 2015. The soil availability of other important micronutrients can be af-
fected by biochar amendments. Sadowska et al. [91] reported that significantly more sol-
uble Ca, K, and SO+>- were found in the soil amended with biochar (pH 7.03) as compared
with the control. Similarly, Bista et al. [92] and Marks et al. [93] found that biochar in-
creased soil concentrations of K* and SO42-, which was attributed to a direct additive effect.
Nevertheless, again, the availability of nutrients and micronutrients is influenced by bio-
char and soil properties.

As mentioned, many of the changes in nutrient cycling are related to specific biochar
characteristics (e.g., feedstock, pyrolysis temperature), as well as to how it ages within soil
[10]. For instance, biochar has an inhibitory effect on soil aging, and the intermittent ad-
dition of fresh biochar biomass may be necessary for optimal nutrient cycling in soil [23].
Furthermore, biochar produced from plant feedstocks generally decomposes faster than
biochar produced from wood or grasses [94]. Therefore, the fact that our biochar was pro-
duced from orchid pruning biomass could explain its relatively fast decomposition rate,
which may have led to the lack of positive and long-lasting effects on plant growth. In-
deed, as reported in Trupiano et al. [53] about physicochemical characteristics of the soil
amendments used in the present study, the C/N ratio for the biochar was high (125.5), and
this may confirm a biochar fast decomposition rate. In addition, soil clay particles have
been found to play an important role in biochar stabilization [95]. Thus, the relatively low
clay content in the growing substrates may have provided low protection against biochar
biophysical degradation.

Another result to point out was that the ability of the biochar and/or compost amend-
ment to induce growth acceleration was not reflected in biomass accumulation. In detail,
we found a reduction in the stem biomass of P. euramericana grown on all the amended
substrates (B, Co, and BCo) and in the leaf and root biomass of plant grown on the biochar
and compost mix. Moreover, we also found a higher S/R ratio in plants grown on the
substrate amended with both biochar and compost. The mixture also negatively affected
the very fine and fine root length, contrary to the compost addition alone, which showed
a great positive impact on this parameter. The results were presumably due to the biochar,
which remained ineffective in other experiments [96]. Mertens et al. [96] showed that root
length density, fine root dry weight, shoot dry weight, and shoot-root ratio of three-year-
old Spondias tuberosa seedlings grown on soil amended with biochar did not report signif-
icant differences compared to control soil.

Shoot/root biomass partitioning is an important mechanism by which plants cope
with the limitations imposed by growth-constraining resources in the environment [97].
Song et al. [98] indicated that nutrient deficiency (nitrogen and potassium) promoted root
growth and increased N and K allocation in storage organs, especially promoting the
growth of fine roots. In addition, improving fertilizer under sufficient nutrient conditions
did not promote nutrient accumulation in the storage organs, and most of the nutrients
were lost with defoliation [98]. In our case, the high value of S/R ratio for poplar plants
grown in the biochar-compost mixture confirmed the findings reported above. As previ-
ously explained, the combined use of the two amendments might have led to an accumu-
lation of micronutrients, which, in accordance with the study of Song et al. [98], did not
promote root growth that could be potentially related also to a high vulnerability to water
deficiency [99].

Furthermore, taking into account the fact that plant investment in fine root produc-
tion is related to efficiently spending resources on water and nutrient uptake [100], the
raised concentrations of all nutrient contents in the biochar and compost mix (BCo) should
be the cause of very fine and fine root length decreasing [101]. Fine roots are a highly
dynamic part of tree biomass that not only have a large influence on forest water and
nutrient cycles, but also represent a major source of soil organic carbon [21,64]. The mor-
phological plasticity of roots has been reported in previous studies, especially for fine root
fractions [102,103]. In light of this knowledge, we may assert that poplar plants, when
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growing in substrates amended by the biochar or compost alone, optimized the invest-
ment of carbon to dynamically and plastically change root morphology and ensured water
and nutrient uptake, without affecting root biomass accumulation [104]. In particular, the
compost addition alone enhanced the very fine and fine root length, presumably, for the
low soil moisture content, high nutrient levels, and good soil aeration [77,79]; whereas,
the compost and biochar combination seemed to confirm an antagonistic effect also on
root system development, inducing a decrease in both root biomass and very fine and fine
root length.

Plant growth and biomass accumulation are tightly coordinated with photosynthesis
to meet the plant demand for the energy required during development [46,47]. Biomass
change is the mass balance between production and loss. However, in this counting, it is
important to take into account that biomass can be allocated to growth, defense, partition-
ing, or storage [105], which participate differently in sensu stricto or sensu lato plant growth.
Indeed, plant growth in sensu stricto refers to the irreversible increase in total biomass
stored as compounds that form the structure of plants (cellulose and lignin in the cell
walls, lipids in the membranes, and proteins within the cell). Growth in sensu lato refers
to irreversible increase in cell, organ, or plant volume, together with a reversible increase
of storage proteins and lipids, secondary metabolites, or nonstructural carbohydrates
(e.g., sugars, starch). Storage compounds can be reversible depleted (negative biomass
change) for the production, accumulation, and release of secondary metabolites as a buffer
against any disturbance-based fluctuation in carbohydrate assimilation, particularly im-
portant for plant defense. Thus, structural growth and storage are potentially competing
for carbon resources to ensure the growth—defense tradeoff [106] and must therefore be
highly regulated.

On the basis of these findings, the accelerated growth rate induced by the biochar
could be related to changes in the priority of soluble carbohydrate distribution to growing
organs [94] that should be guaranteed by active photosynthetic activity (high leaf chloro-
phyll content) in plants grown on biochar amended substrates (biochar alone and in com-
bination with the compost).

Several studies showed that exogenous application of biochar increased the chloro-
phyll content due to the enhanced availability of nutrients and water [107,108] and, con-
trary to that revealed here, is generally strictly related to a higher plant biomass accumu-
lation. Other studies demonstrated that the addition of biochar could misbalance the pho-
tosynthetic machinery and impair the mechanisms recognizing pathogen-derived mole-
cules inducing plant defense machinery dysfunction [109,110]. Thus, we can hypothesize,
in the case of poplar plants, a diversion of resources away from energy reserves and to-
ward defense to optimize plant fitness [111].

In particular, considering that in poplar grown on the biochar amended substrates
(biochar alone and in combination with compost), the root lignin content increased in ac-
cordance with the high leaf chlorophyll content, the carbon flux could be extended in root
toward the phenylpropanoid pathway, and possibly includes the biosynthesis of lignin
[112,113]. It has recently been reported that biochar induces the up-regulation of several
enzymes involved in lignin synthesis that should be indispensable for plant growth-de-
fense tradeoff, acting as an important physical barrier that protects against pathogen in-
vasion and preventing toxic compounds ingress [114-116]. However, to date, crosstalk
among lignin content and plant growth—defense tradeoff is complex and remains unpre-
dictable due to the limited understanding of the underlying mechanisms [117].

In conclusion, our study showed that biochar and/or compost applications improved
growing medium physicochemical characteristics by increasing electrical conductivity,
cation exchange capacity, and nutrient concentrations. These ameliorations led to acceler-
ated P. euramericana growth and development—as revealed by poplar phenology evalua-
tion—when the biochar and compost were used alone, whereas the biochar-compost com-
bination induced a slowing in plant bud development. However, the amendment addi-
tions to the growing substrate had negligible or negative effects on poplar morphological
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traits, except for the compost added alone, which increased plant height and very fine and
fine root length. The biochar—compost combination was found to have negative effects on
plant growth that could have been due to an accumulation of nutrients and/or micronu-
trients that, at high concentrations, could become toxic and reduce plant development.

Overall, our results showed that the compost addition alone promoted P. eurameri-
cana growth without affecting the structural features and, thus, plant biomass accumula-
tion. However, the compost was able to enhance very fine and fine root lengths, guaran-
teeing water and nutrient uptake. Conversely, the biochar, both alone and in combination
with the compost, produced a negative/summative effect that was reflected in a carbon
metabolism shift (from primary to secondary) toward lignin biosynthesis for optimizing
the growth-defense tradeoff.

Consequently, the compost amendment alone should be the best solution for the
nursery-produced poplar seedlings, being able to improve both substrate properties and
root system characteristics, which are key aspects in a forest restoration program. These
characteristics may make seedlings better able to cope with the period after transplanting,
overcoming periods of aridity exacerbated by current climate change, and enhancing
plant stability in steep soils.

Future work is anticipated on investigations for the use of biochar and compost in
the long term, focusing on all rhizosphere components and functional interaction. Given
the importance of nutrient concentration and availability in soil for plant growth, it is crit-
ical that future studies provide more comprehensive details on the surface properties of
biochar in the soil environment, comparing biochar-nutrient interaction against biochar-
compost. Moreover, collectively, our findings suggest that the responses of soil and plants
to biochar are strongly influenced by amendment physicochemical characteristics. There-
fore, determining the practical effectiveness of biochar in the long term requires additional
studies on the type and rate of biochar application, in addition to optimization of feed-
stock properties and pyrolysis conditions suitable for better biochar usage. Including
short-term and long-term evaluation of biochar must complement each other to unravel
the possible effect of age on biochar, clarifying the effects of aged versus fresh biochar. It
may also be important to evaluate biochar and compost both developed from the same
feedstock as a part of future line of research. Additionally, a better understanding of the
factors determining very fine and fine root lifespan, turnover, and decomposition will be
crucial for a mechanistic insight into tree responses to diverse amendments and changing
environments and for the quantification of forest carbon turnover. This information will
be useful to scientists/managers involved in smart selection and innovation in properly
applying soil amendments in effective forest restoration strategies.
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