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Abstract: The application of biochar to agricultural soils has been proven to have many advantages,
including the improvement of soil water holding capacity and plant growth, particularly under
limiting conditions of water supply. The response of quinoa (Chenopodium quinoa Willd.) to water
shortage occurring during the vegetative growth stages is not well known. Therefore, the present
study aimed to evaluate the combined effects of three wood chip biochar rates (0%, 2% and 4%) and
two water regimes (100 and 50% evapotranspiration losses restitution) on the vegetative development
and water status of quinoa (cultivar Titicaca). The results showed that the treatment with 2% wood
chip biochar improved plant height, leaf and branch number and stem diameter during the vegetative
growing cycle compared to the 0% (control) and 4% biochar treatments, which were not different
from each other. At the end of the experiment, when the plants were at the flowering initiation stage,
increases of 23% in leaf area, 22% in fresh biomass, 27% in main panicle length and 36% in sub-panicle
number were observed. The application of woody biochar at a 4% rate, although improving the plant
water status with increases of 10% in RWC and 18% in Ψ, did not enhance the vegetative development
of the quinoa. The water shortage negatively affected both the growth performance and plant water
status. The best growth response of quinoa was observed only when the plants were treated with a
2% biochar rate and were fully irrigated.

Keywords: wood chip biochar; water regime; water shortage; quinoa; vegetative growth; plant
water status

1. Introduction

It has been estimated that the persistence of anthropogenic CO2 emissions at the
current rate may lead to a potential rise in global temperatures of 1.5 ◦C by 2052 [1]. The
escalating threat of climate change has emerged as a significant abiotic stressor for crop
development, particularly in arid and semi-arid areas, resulting in frequent drought periods
and water shortage conditions. In addition, the overutilization of agricultural chemicals,
including fertilizers, herbicides and pesticides, has led to a negative impact on soil health,
causing a decline in fertility over time. Water shortage and suboptimal soil conditions exert
a substantial influence on the physiological processes in plants and plant growth [2].

In this context, the up-to-date literature reports that the application of organic amend-
ments to the soil can provide numerous benefits for agriculture and the environment. In
particular, the use of biochar, a carbon-rich material derived from the thermochemical
degradation of organic biomasses in an anaerobic or low-oxygen environment [3], is a
widely agreed agronomic strategy to enhance soil fertility and mitigate the negative effects
of drought [4,5]. Due to its highly porous structure and large surface area [6], biochar
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positively affects soil water and nutrient retention, soil water holding capacity and the
water available to plants [4,7–9]. Biochar has also gained attention as a potential solution
for sequestering carbon in soils [10], binding contaminants [11] and mitigating climate
change [12]. The effects of biochar, when added to soil, can vary depending on the type
and characteristics of the feedstock, the conditions of pyrolysis, the type of soil and the rate
of application [13]. Although adding biochar to soil has been reported to be productive,
before applying it on a large scale, any counterproductive effects should be comprehen-
sively studied. An excessive biochar application rate may negatively affect [14,15] plant
response due to several effects, including altering the soil pH and immobilizing nutri-
ents [16,17]. According to recent studies, application doses of up to 30 t ha−1 enhanced
rapeseed biomass, pods/plant and 1000-seed weight by 23%, 32% and 21%, respectively,
and also increased yield, while higher doses adversely affected the growth and seed pro-
duction of the rapeseed under drought [18]. Among the different types of biochar, woody
biochar has garnered attention for enhancing soil properties and fostering plant growth
due to its composition, primarily comprising lignin, cellulose and hemicellulose [19,20].
The specific ratios of lignin, cellulose and hemicellulose within woody biochar depend
upon the wood feedstocks and are a factor that influences biochar’s characteristics post-
pyrolysis [21]. Woody biochar stands out for its elevated porosity and augmented specific
surface area, which are attributed to the robust thermal stability of lignin, which preserves
the structural integrity of its pore architecture [22]. Moreover, woody biochar exhibits a
relatively higher carbon content [23] compared to biochar derived from crop residues, thus
affording it an amplified cation exchange capacity [24], accompanied by a diminished ash
content [25]. Woody biochar application at low rates improved the root growth of maize
hybrids, significantly reducing their sensitivity to drought while enhancing their water use
efficiency [26]. Under drought conditions, the biomass of quinoa was increased up to 305%
under the application of 2% co-composted wood chip biochar to the soil [27].

Currently, the cultivation of alternative crops suited to adverse environmental condi-
tions, including quinoa, is of growing interest in many countries [28]. Quinoa, originating
from the South American highlands, has received much attention all over the world, also
due to its unique nutritional profile and value, which make it suitable for specific food
sectors [29]. It is recognized as a climate-resilient and drought-tolerant species [30,31].
Its ability to adapt to different drought levels through physiological and morphological
strategies depends on the genotype. Among the different genotypes, Titicaca has been
shown to have a reduced stomatal conductance, plant height and seed yield while having
an increased root length and density when subjected to water shortage [32]. The ability
of Titicaca to reduce the leaf water potential (Ψ) contributes to its drought tolerance, as it
can dynamically adjust its water status, exhibiting daily fluctuations in leaf Ψ with higher
values at night and lower values during the day. This adaptation promotes groundwater ex-
traction and survival under water shortage conditions [33]. According to Nanduri et al. [34],
the Titicaca genotype showed a high yield stability under different climate conditions. In
a study by Issa Ali et al. [35], the Danish variety Titicaca and the South American variety
L119 exhibited varying physiological and morphological responses to water shortage; both
were shown to be sensitive to drought in terms of leaf water potential, leaf relative water
content, stomatal conductance and closure, while they differed in their drought resistance
strategies depending on the period of the plant’s cycle in which the water stress occurred.
Quinoa presents diverse drought tolerance mechanisms, although not all are present in
every genotype, emphasizing the need to screen the germplasm based on specific study
objectives [36]. A number of studies have addressed the impact of water shortage during
quinoa’s reproductive growth stages [37–39], while those referring to the vegetative growth
stages are relatively limited, despite the high vulnerability of quinoa in this developmental
phase, as reported by Geerts et al. [40].

The present study follows our previous research [41] on quinoa Titicaca grown on
soil treated with different types of organic amendments, i.e., two biochars, one deriving
from wood chips and the other from vineyard pruning, and a vermicompost, each applied
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alone or in combination at a 2% rate, and subjected to periods of water stress during the
early vegetative growth stages. Among the tested amendments, the wood chip biochar
resulted in enhanced plant growth. Therefore, the current experiment specifically focused
on wood chip biochar with the aim of deeply investigating its effect by comparing different
application rates under different water regimes throughout the vegetative development of
quinoa Titicaca.

2. Materials and Methods
2.1. Experimental Design and Setup

A pot experimental trial was carried out in Potenza (PZ, 40◦38′ N–15◦48′ E, 819 m
a.s.l.), southern Italy, at the greenhouse of the University of Basilicata, on quinoa plants
(Chenopodium quinoa, Willd., cultivar Titicaca) grown under conditions of natural light and
with a controlled temperature, which was set at 26/18 ◦C day/night.

The design of the experiment consisted of two factors: the biochar rate (B) and water
regime (W). The biochar rates (w/w) were: 0% (B0, untreated soil or control), 2% (B2) and
4% (B4) of the dry soil weight (dw); the water regimes consisted of 100% (W100) and 50%
(W50) restitution of evapotranspiration losses. Evapotranspiration was measured on a daily
basis by weighing the pots at the same hour, and the intervention limit for watering was
set at 50% depletion of the soil available water content, which was checked on the W100
treatments for each biochar rate. To evaluate the effect of each rate of biochar, each water
regime and their combinations, a full-factorial experiment was set up. The six combinations
(B0-W100, B0-W50, B2-W100, B2-W50, B4-W100 and B4-W50) were arranged according
to a completely randomized block design and were replicated three times for a total of
18 experimental units.

For the trial, the soil was collected from the upper 0.30 m layer in an agricultural
farm located in the Potenza district. Before the trial started, a soil physico-chemical charac-
terization was carried by following the analytical official methods reported in the Italian
Official Gazette n. 248 [42]. Accordingly, the soil resulted in a sandy-loam texture (USDA
classification) with 66.1% sand, 11.5% silt and 22.4% clay; it had a field capacity (−0.03 MPa)
of 22.8% dw and a wilting point (−1.5 MPa) of 11.4% dw; it had a pH of 7.6, an electri-
cal conductivity (EC) of 0.6 dS m−1, an organic carbon content of 5.9 g Kg−1 and a total
nitrogen content of 1.5‰.

The biochar was acquired from the Nera Biochar Company located in Settimo Vittone
(Turin district, Italy), whose quality was verified and attested by the University of Turin
(Italy). The company is specialized in the production of biochar from wood chips that
come from the cleaning of green areas and woods and from wood processing waste, and
the biochar is produced in an industrial pyrolysis plant of its own design. According
to the chemical characterization carried out before the application of the biochar to the
soil, by following the procedures previously described [43], the wood chip biochar was
characterized by a pH of 8.9, an EC of 52 mS m−1, C, H and N contents of 68.3%, 4% and
1% dw, respectively, a Corg of 66.3% dw, a C/N value of 67.2, a H/Corg value of 0.7, and an
O/Corg value of 0.4. Moreover, according to the European Biochar Certificate (EBC) [44]
and the International Biochar Initiative (IBI) [45] standards that refer to the contents of C
(>50%) and Corg (>60%) and the molar ratio values of H/Corg (≤0.7) and O/Corg (≤0.4),
the biochar resulted as a “Class 1 biochar”.

Plastic pots (25 cm height, 18 cm width and 18 cm length), with the bottom covered
by a layer of expanded clay to facilitate the water drainage, were filled with 7 kg of air-
dried soil, untreated or previously mixed with the wood chip biochar, according to the
experimental treatments. The soil humidity was brought to field capacity on 6 May 2022,
and ten seeds of Titicaca cultivar were sown in each pot.

Once the emergence was completed, the plantlets were thinned in order to have one
plant per pot, and the two water regimes were applied until the experiment ended. The
plants were cut at the beginning of flowering on 24 June 2022, 48 days after sowing (DAS).
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2.2. Phenology, Water Relations and Plant Development Measurement

A daily visit to the experimental site was performed to monitor the seedling emergence,
leaf development (two-, six-, eight-, ten- and twelve-leaf stage), budding and flowering
initiation stages, based on the BBCH scale [46]. The criterion used to establish each stage
was that more than 50% of the plants entered the given stage.

A set of growth-related parameters were measured approximately twice a week
throughout the experiment. In particular, the plant height (PH, cm), number of leaves (NL,
n◦) and branches (NB, n◦) and stem diameter (SD, mm) were recorded. Furthermore, each
leaf was recorded for its length (L) and width (W), which were further used to calculate
the leaf area per plant (LA, cm2) using Equation (1), as presented by Talebnejad and
Sepaskhah [47] and verified by Akram et al. [41] for the Titicaca cultivar:

LA = 0.64 (L × W) (1)

The leaf greenness or SPAD index was also measured on the youngest fully expanded
leaves of each plant by taking three SPAD readings with a hand-held SPAD-502 m device
(Konica-Minolta corporation, Ltd., Osaka, Japan).

At the end of experiment, before plant cutting, a set of water-related parameters were
measured. Specifically, the leaf relative water content (RWC, %) was determined by taking
a small segment of the youngest fully expanded leaf per plant, immediately storing it
in an ice bucket until taking its fresh weight (FW, g). After keeping the leaf segment in
distilled water at 4 ◦C for 24 h, its turgid weight (TW, g) was determined, and, after drying
it in a ventilated oven at 70 ◦C until reaching steady weight, the dry weight (DW, g) was
measured. The RWC of the leaves was then calculated by Equation (2):

RWC =
FW−DW
TW−DW

× 100 (2)

In addition, the turgid weight to dry weight ratio (TW:DW) was calculated. The total
leaf water potential (Ψ, MPa) was measured at mid-day on the youngest fully expanded leaf
per plant by using a Scholander pressure chamber (PMS model1000, Corvallis, OR, USA).
After plant cutting, the fresh weights (g) of the stem (SFW), leaves (LFW), panicle (PFW)
and sub-panicles (SPFW) were measured, in addition to the above-mentioned growth-
related parameters and SPAD index. The yield-contributing traits, i.e., the main panicle
length (cm) and the number of sub-panicles (n◦) per plant, were also recorded. Finally, the
water use efficiency (WUE, g L−1) was calculated by the ratio of the total plant fresh weight
(TFW, g) to the total water consumption over the plant growing cycle (TWC, L).

2.3. Statistical Analysis

All the experimental data were first checked for normality and homogeneity of vari-
ance and then processed by two-way analysis of variance (ANOVA), following a factorial
completely randomized design. When significant differences among the means were de-
tected, the latter were compared by Tukey’s honest significant difference post hoc test at
the 0.05% level of significance. All the statistical analyses were carried out by using the
“Statistix 8.1” software.

3. Results
3.1. Plant Phenology and Development

Considering the phenological stages monitored during the experiment (data not
reported), except for the seedling emergence and two-leaf development, the biochar rate (B)
significantly affected the timing of the other stages. More specifically, in the plants treated
with the lower biochar rate (B2), the leaf development (from the six- to twelve-leaf stages)
and bud and flowering initiation occurred earlier in comparison to those with the higher
rate (B4). The most evident differences concerned the flowering initiation that was reached
2.5 DAS ahead by the B2-treated plants in comparison to the B4-treated ones.
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A significant effect was also displayed by the water regime (W). Particularly, in the case
of 50% evapotranspiration losses restitution (W50), the leaf development stage (from the
six- to ten-leaf stages) was reached earlier than in the case of 100% restitution (W100); on the
contrary, the starting day of flowering initiation was delayed by 2 DAS in the W50-treated
plants compared to the W100-treated plants.

Likewise, the biochar × water regime interaction (B ×W) had a significant influence,
with the B4-W100 treatment showing the highest number of days to reach the leaf develop-
ment (from the six- to twelve-leaf stages) and bud initiation stages compared to the other
treatments. In particular, the largest delay, equal to about 3 DAS, was registered on the
twelve-leaf development stage. However, the B4-W100 treatment took a lower number
of days, i.e., about 4 DAS fewer, to reach the flowering initiation stage than the B4-W50
treatment, without any difference compared to the other treatments. Considering the plant
development throughout the experiment, in terms of the plant height and number of leaves,
both B and W showed significant effects (Figure 1); on the contrary, their interaction never
affected these two growth parameters.
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Figure 1. Plant height and number of leaves of quinoa as affected by biochar rate (a,c) and water 
regime (b,d) during the vegetative growing cycle. Values are means (n = 3). The asterisks above the 
symbols indicate significant differences among treatments (p ≤ 0.05; Tukey’s test). *, **, *** indicate 
F test significant at p ≤ 0.05, 0.01, 0.001, respectively; ns, not significant; B0, B2 and B4 indicate 0%, 
2% and 4% treatments of wood chip biochar, respectively; W100 and W50 indicate 100% and 50% 
treatments of evapotranspiration losses restitution, respectively. 

As reported in Table 1, the leaf area (LA) was significantly affected by both the two 
factors, B and W, and their interaction. In particular, at 28 and 32 DAS, the B2-treated 
plants displayed the highest LA values. Successively, at 38 and 45 DAS, the B2-treated 
plants did not statistically differ from the B4-treated ones, both resulting in higher LA 
values than the B0-treated plants. Specifically, in terms of the average of the B2- and B4-
treated plants, the higher LA values observed at 38 and 45 DAS accounted for 54 and 35% 
increases, respectively. On the other hand, by considering the two water regimes, the 
W100-treated plants always showed higher LA values than the W50-treated ones, ac-
counting for the highest increase, equal to 113%, at 45 DAS. Relative to the effect of B × W, 
LA reached the highest value with the B2-W100 treatment at 28 DAS, a higher value with 
the B2-W100 treatment (not statistically different from B0-W100) compared to the B4-
W100 treatment at 32 DAS and a value not statistically different between the B2-W100 and 
B4-W100 treatments at 38 DAS. Finally, at 45 DAS, any statistically significant differences 
among the considered treatments disappeared, and the LA values were similar in all treat-
ments. 

With regards to the SPAD index (Table 1), only starting from 32 DAS until 45 DAS, 
its values were significantly affected by both B and W, but not by their interaction. More 
specifically, the SPAD index always resulted in higher values with the B2-treated plants 
compared to the B4-treated plants, accounting for a 5% increase on average over the DAS, 
as well as with the W100-treated plants compared to the W50-treated ones, with the high-
est increase, equal to 12%, obtained at 45 DAS. 

Table 1. Leaf area (LA, cm2 plant−1) and SPAD index (-) of quinoa grown under three biochar rates 
and two water regimes during the experiment. 

Experimenatal 28 DAS 32 DAS 38 DAS 45 DAS 

Figure 1. Plant height and number of leaves of quinoa as affected by biochar rate (a,c) and water
regime (b,d) during the vegetative growing cycle. Values are means (n = 3). The asterisks above the
symbols indicate significant differences among treatments (p ≤ 0.05; Tukey’s test). *, **, *** indicate
F test significant at p ≤ 0.05, 0.01, 0.001, respectively; ns, not significant; B0, B2 and B4 indicate 0%,
2% and 4% treatments of wood chip biochar, respectively; W100 and W50 indicate 100% and 50%
treatments of evapotranspiration losses restitution, respectively.

Specifically, a significant effect of B on the plant height (PH) (Figure 1a) was observed
starting from 28 until 45 DAS when the B2-treated plants were clearly differentiated from
the B0- and B4-treated ones, where they always showed a higher PH value. Instead, W
affected the PH earlier (Figure 1b). Indeed, from 18 to 28 DAS, the W50-treated plants
always showed a higher PH value than W100-treated ones. In particular, a 20% PH increase
was observed at 23 DAS. This PH response to the water regimes reversed in the final part of
growing cycle, with 23, 35 and 41% higher PH values obtained for the W100-treated plants
compared to the W50-treated plants at 38, 41 and 45 DAS, respectively.



Agronomy 2024, 14, 53 6 of 16

As for the number of leaves (NL), a significant effect of B was observed in the second
half of the growing cycle. From 32 DAS, the B2-treated plants started to show a higher NL
value than the B0- and B4-treated ones, maintaining this growth advantage until the end
of the experiment. Moreover, from 34 to 45 DAS, the NL was also significantly influenced
by W (Figure 1d), always showing a higher value with the W100-treated plants than the
W50-treated plants. In particular, at 45 DAS, the NL value observed for the W100-treated
plants accounted for a 71% increase compared to the W50-treated ones.

As reported in Table 1, the leaf area (LA) was significantly affected by both the two
factors, B and W, and their interaction. In particular, at 28 and 32 DAS, the B2-treated plants
displayed the highest LA values. Successively, at 38 and 45 DAS, the B2-treated plants
did not statistically differ from the B4-treated ones, both resulting in higher LA values
than the B0-treated plants. Specifically, in terms of the average of the B2- and B4-treated
plants, the higher LA values observed at 38 and 45 DAS accounted for 54 and 35% increases,
respectively. On the other hand, by considering the two water regimes, the W100-treated
plants always showed higher LA values than the W50-treated ones, accounting for the
highest increase, equal to 113%, at 45 DAS. Relative to the effect of B ×W, LA reached the
highest value with the B2-W100 treatment at 28 DAS, a higher value with the B2-W100
treatment (not statistically different from B0-W100) compared to the B4-W100 treatment at
32 DAS and a value not statistically different between the B2-W100 and B4-W100 treatments
at 38 DAS. Finally, at 45 DAS, any statistically significant differences among the considered
treatments disappeared, and the LA values were similar in all treatments.

Table 1. Leaf area (LA, cm2 plant−1) and SPAD index (-) of quinoa grown under three biochar rates
and two water regimes during the experiment.

Experimenatal
Factor

28 DAS 32 DAS 38 DAS 45 DAS

LA SPAD
Index LA SPAD

Index LA SPAD
Index LA SPAD

Index

Biochar (B)
B0 106 b 44.3 201 b 45.8 ab 269 b 43.3 ab 446 b 44.6 b
B2 121 a 46.2 271 a 47.0 a 419 a 44.5 a 585 a 46.4 a
B4 76 c 46.7 177 b 44.6 b 409 a 42.3 b 618 a 44.3 b

Water regime (W)
W100 106 a 45.4 250 a 46.9 a 468 a 44.3 a 748 a 47.7 a
W50 96 b 46.0 182 b 44.7 b 263 b 42.4 b 351 b 42.5 b

Biochar × water regime

B0
W100 114 b 44.0 260 ab 47.3 350 b 44.5 613 47.4
W50 99 bc 44.5 142 d 44.4 189 c 42.0 279 41.7

B2
W100 135 a 46.5 285 a 47.6 517 a 44.8 766 48.7
W50 106 b 45.9 255 ab 46.5 320 b 44.2 404 44.1

B4
W100 70 d 45.8 205 bc 45.9 538 a 43.5 865 47.0
W50 83 cd 47.5 148 cd 43.3 281 b 41.1 372 41.7

Significance
B *** ns *** * *** * *** **
W ** ns *** ** *** * ** ***
B ×W *** ns * ns * ns ns ns

Values are means (n = 3). In each column, means followed by different letters are significantly different (p ≤ 0.05;
Tukey’s test). *, **, *** indicate F test significant at p ≤ 0.05, 0.01, 0.001, respectively; ns, not significant; B0, B2 and
B4 indicate 0%, 2% and 4% treatment of wood chip biochar, respectively; W100 and W50 indicate 100% and 50%
treatment of evapotranspiration losses restitution, respectively; DAS, days after sowing.

With regards to the SPAD index (Table 1), only starting from 32 DAS until 45 DAS,
its values were significantly affected by both B and W, but not by their interaction. More
specifically, the SPAD index always resulted in higher values with the B2-treated plants
compared to the B4-treated plants, accounting for a 5% increase on average over the DAS,
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as well as with the W100-treated plants compared to the W50-treated ones, with the highest
increase, equal to 12%, obtained at 45 DAS.

Concerning the stem diameter (SD) (Table 2), significant effects of both W and B ×W
interaction were observed at 32 DAS. The SD showed a 24% higher value with the W100-
treated plants compared to the W50-treated plants, as well as with the B0-W100 treatment
compared to the B0-W50 and B4-W50 treatments, accounting for 45 and 40% increases,
respectively, without any statistically significant difference from the B2-W100, B2-W50
and B4-W100 treatments. Successively, at 38 DAS, the SD was significantly influenced
by the two factors B and W, displaying 18 and 39% higher values with the B2-treated
plants compared to the B4-treated plants and with the W100-treated plants compared to
the W50-treated ones, respectively. Finally, at 45 DAS, not only B and W but also their
interaction affected the SD. The B2-treated plants showed 5 and 12% higher values than
the B0- and B4-treated ones, respectively, and the W100-treated plants accounted for a 33%
higher SD than the W50-treated ones. The highest SD value was recorded with the B2-W100
treatment, while the lowest one was recorded with the B4-W50 treatment, which showed a
36% decrease by comparison.

Table 2. Stem diameter (SD, mm) and number of branches (NB) of quinoa grown under three biochar
rates and two water regimes during the experiment.

Experimental Factor 32 DAS 38 DAS 45 DAS

SD NB SD NB SD NB

Biochar (B)
B0 3.5 8.3 5.5 ab 13.2 b 5.9 b 18.3 b
B2 3.8 9.5 6.1 a 15.3 a 6.3 a 20.3 a
B4 3.4 8.3 5.2 b 14.0 ab 5.6 c 18.5 b

Water regime (W)
W100 4.0 a 9.2 a 6.5 a 16.0 a 6.8 a 20.9 a
W50 3.2 b 8.2 b 4.7 b 12.3 b 5.1 b 17.2 b

Biochar × water regime

B0
W100 4.2 a 9.0 6.5 15.0 6.6 b 20.0
W50 2.9 c 7.7 4.4 11.3 5.3 c 16.7

B2
W100 3.9 ab 9.7 6.8 17.3 7.1 a 22.3
W50 3.8 ab 9.3 5.5 13.3 5.4 c 18.3

B4
W100 3.8 ab 9.0 6.2 15.7 6.6 b 20.3
W50 3.0 bc 7.7 4.2 12.3 4.6 d 16.7

Significance
B ns ns * * *** **
W *** * *** *** ** ***
B ×W * ns ns ns ** ns

Values are means (n = 3). In each column, means followed by different letters are significantly different (p ≤ 0.05;
Tukey’s test). *, **, *** indicate F test significant at p ≤ 0.05, 0.01, 0.001, respectively; ns, not significant; B0, B2 and
B4 indicate 0%, 2% and 4% treatments of wood chip biochar, respectively; W100 and W50 indicate 100% and 50%
treatments of evapotranspiration losses restitution, respectively; DAS, days after sowing.

The number of branches (NB) was influenced by only W at 32 DAS (Table 2), showing
a higher value with the W100-treated compared to the W50-treated plants. Successively,
at 38 and 45 DAS, a significant effect was displayed by both the two factors B and W
but not by their interaction. The SD was higher with the B2-treated plants than with
the B0- and B4-treated plants, as well as with the W100-treated plants compared to the
W50-treated ones.

3.2. Water- and Growth-Related Parameters and Yield-Contributing Traits at the End of
the Experiment

At the end of the experiment, the considered plant water-related parameters, i.e., the
leaf relative water content (RWC), turgid-weight-to-dry-weight ratio (TW:DW) and total
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leaf water potential (Ψ), were significantly influenced by both the two factors B and W
(Table 3). In addition, the RWC was also affected by the interaction B ×W.

Table 3. Relative water content (RWC, %), turgid-to-dry weight ratio (TW:DW) and total leaf water
potential (Ψ, MPa) of quinoa grown under three biochar rates and two water regimes at the end of
the experiment.

Experimental Factor RWC TW:DW Ψ

Biochar (B)
B0 55.9 b 10.1 a −3.0 b
B2 55.6 b 9.1 b −3.1 b
B4 61.0 a 9.5 ab −2.6 a

Water regime (W)
W100 61.4 a 8.9 b −2.6 a
W50 53.6 b 10.2 a −3.2 b

Biochar × water regime

B0
W100 58.5 ab 9.6 −2.8
W50 53.3 bc 10.5 −3.2

B2
W100 62.2 a 8.2 −2.7
W50 49.1 c 10.1 −3.6

B4
W100 63.5 a 8.9 −2.3
W50 58.5 ab 10.2 −2.9

Significance
B ** * ***
W *** *** ***
B ×W * ns ns

Values are means (n = 3). In each column, means followed by different letters are significantly different (p ≤ 0.05;
Tukey’s test). *, **, *** indicate F test significant at p ≤ 0.05, 0.01, 0.001, respectively; ns, not significant; B0, B2 and
B4 indicate 0%, 2% and 4% treatments of wood chip biochar, respectively; W100 and W50 indicate 100% and 50%
treatments of evapotranspiration losses restitution, respectively.

As for the RWC, about a 10% higher value was shown by the B4-treated plants
compared to the B0- and B2-treated ones, which did not differ from each other. Similarly,
the W100-treated plants accounted for a 14% higher RWC than the W50-treated ones.
Moreover, higher values were observed with all the W100 treatments (B0-W100, B2-W100
and B4-W100) compared to the corresponding W50 ones (B0-W50, B2-W50 and B4-W50).

A different response to the considered experimental factors was displayed by TW:DW,
which accounted for a significant 9% lower value with the B2-treated plants compared to
the B0-treated plants (both not statistically different from the B4-treated plants) and a 15%
lower value with the W50-treated plants compared to the W100-treated ones.

Finally, regarding the Ψ value, the B4-treated plants showed a 18% less negative
value in comparison to the B0- and B2-treated plants, which were not statistically different
from each other. A less negative Ψ value of about 25% was similarly observed with the
W100-treated plants than W50-treated ones.

Also, the growth-related parameters and SPAD index measured at the end of the
growing cycle (Table 4) were affected by the two factors B and W. Only SD and LA were
also influenced by the interaction B ×W.

Specifically, higher PH, SD, NB, NL, LA and SPAD index values were always registered
with the B2-treated plants compared to the B0- and B4-treated plants and with the W100-
treated plants compared to the W50-treated ones. Moreover, the SD was higher with all
the W100 treatments (B0-W100, B2-W100 and B4-W100; on average, 7.3 mm) than with the
corresponding W50 ones (B0-W50, B2-W50 and B4-W50; on average 5.6 mm), accounting
for a 30% increase. Similarly, the LA reached higher values with the W100 treatment than
with the W50 treatment, with the highest value (1102 cm2 plant−1) showed by B2-W100,
which accounted for a 25% increase compared to B0-W100 and B4-W100.
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Table 4. Plant height (PH, cm), stem diameter (SD, mm), number of branches (NB, n.) and leaves
(NL, n.), leaf area (LA, cm2 plant−1) and SPAD index (-) of quinoa grown under three biochar rates
and two water regimes at the end of the experiment.

Experimental
Factor PH SD NB NL LA SPAD

Index

Biochar (B)
B0 47.7 b 6.5 b 20.3 b 79.0 b 621.1 b 41.5 b
B2 54.8 a 6.8 a 24.3 a 105.0 a 791.6 a 44.6 a
B4 50.0 b 6.2 c 21.2 b 83.0 b 674.6 b 41.3 b

Water regime (W)
W100 60.1 a 7.3 a 23.8 a 110.0 a 955.4 a 44.5 a
W50 41.6 b 5.7 b 20.1 b 68.0 b 436.2 b 40.4 b

Biochar × water regime

B0
W100 57.0 7.1 a 21.7 96.7 862.5 b 44.2
W50 38.3 5.8 b 19.0 61.3 379.7 c 38.9

B2
W100 65.3 7.5 a 26.7 128.7 1101.8 a 46.4
W50 44.3 6.0 b 22.0 81.3 481.4 c 42.8

B4
W100 58.0 7.2 a 23.0 104.7 901.8 b 42.9
W50 42.0 5.1 c 19.3 61.3 447.5 c 39.6

Significance
B ** *** *** *** *** **
W *** *** *** *** *** ***
B ×W ns ** ns ns * ns

Values are means (n = 3). In each column, means followed by different letters are significantly different (p ≤ 0.05;
Tukey’s test). *, **, *** indicate F test significant at p ≤ 0.05, 0.01, 0.001, respectively; ns, not significant; B0, B2 and
B4 indicate 0%, 2% and 4% treatments of wood chip biochar, respectively; W100 and W50 indicate 100% and 50%
treatments of evapotranspiration losses restitution, respectively.

A significant effect of both the two experimental factors B and W was also observed
when considering the fresh weights of the individual plant parts, such as stem, leaves,
panicle and subpanicles, as well as the total plant weight (Table 5). More specifically, the
B2-treated plants as well as the W100-treated ones always showed the highest fresh weights.
With the B2-treated plants, the panicle FW showed the maximum increase, which was
equal to 30% compared to the B0- and B4-treated plants. With the W100-treated plants,
the maximum increase was observed with the stem FW, which was 172% higher than the
W50-treated ones, followed by the panicle FW that accounted for an increase of 168%. In
addition, both the leaf and the total FW were also affected by the interaction B×W, showing
the highest value with the B2-W100 treatment (27.3 and 46.8 g plant−1, respectively) and
the lowest with the B0-W50 treatment (8.7 and 14.6 g plant−1, respectively). Also, the WUE
was affected by the two factors B and W, as well as by their interaction, by showing 23 and
59% higher values with the B2-treated plants compared to the B4-treated plants and with
the W100-treated plants compared to the W50-treated ones, respectively. Moreover, all the
W100 treatments (B0-W100, B2-W100 and B4-W100) always showed higher WUE values
than the corresponding W50 ones (B0-W50, B2-W50 and B4-W50). In particular, with the
B0-W100 and B2-W100 treatments (not differing from each other), a 24% increase in WUE
compared to the B4 W100 treatment was observed.

Finally, by considering the yield-contributing traits (Figure 2) detected on the plants
at the end of the vegetative growing cycle, both the two factors B and W displayed a
significant influence, while their interaction was not significant. Indeed, higher values of
both the panicle length and number of subpanicles (Figure 2a and c, respectively), were
observed with the B2-treated plants compared to the B0- and B4-treated plants (not different
from each other), accounting for 27 and 36% increases, respectively. Similarly, 38 and 68%
higher panicle length and number of subpanicles, respectively, were displayed by the
W100-treated plants compared to the W50-treated plants (Figure 2b and d, respectively).
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Table 5. Stem, leaf, panicle, subpanicle and total fresh weight (FW, g plant−1) and water use efficiency
(WUE, g L−1) of quinoa grown under three biochar rates and two water regimes at the end of
experiment.

Experimental
Factor

FW WUE

Stem Leaves Panicle Subpanicles Total

Biochar (B)
B0 9.8 b 16.2 b 0.95 b 0.71 b 27.6 b 6.5 ab
B2 11.4 a 19.5 a 1.38 a 0.85 a 33.2 a 7.2 a
B4 9.0 b 16.1 b 0.99 b 0.72 b 26.8 b 5.8 b

Water regime (W)
W100 14.8 a 24.2 a 1.47 a 1.10 a 41.5 a 7.9 a
W50 5.4 b 10.3 b 0.74 b 0.41 b 16.9 b 5.0 b

Biochar × water regime

B0
W100 14.7 23.6 b 1.35 1.01 40.7 b 8.3 a
W50 4.9 8.7 c 0.55 0.40 14.6 c 4.6 c

B2
W100 16.5 27.3 a 1.81 1.22 46.8 a 8.7 a
W50 6.4 11.8 c 0.96 0.48 19.7 c 5.7 bc

B4
W100 13.1 21.6 b 1.27 1.06 37.1 b 6.9 b
W50 4.9 10.5 c 0.71 0.37 16.5 c 4.8 c

Significance
B ** *** *** *** *** **
W *** *** *** *** *** ***
B ×W ns * ns ns * *

Values are means (n = 3). In each column, means followed by different letters are significantly different (p ≤ 0.05;
Tukey’s test). *, **, *** indicate F test significant at p ≤ 0.05, 0.01, 0.001, respectively; ns, not significant; B0, B2 and
B4 indicate 0%, 2% and 4% treatments of wood chip biochar, respectively; W100 and W50 indicate 100% and 50%
treatments of evapotranspiration losses restitution, respectively.
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Figure 2. Yield-contributing traits, including panicle length and number of subpanicles of quinoa,
as affected by biochar rate (a,c) and water regime (b,d) at the end of the experiment. Values are
means (n = 3 ± se). In graph, different letters above the bars indicate significant differences among
treatments (p ≤ 0.05; Tukey’s test). ** and *** indicate F test significant at p ≤ 0.01 and 0.001; ns, not
significant; B0, B2 and B4 indicate 0%, 2% and 4% treatments of wood chip biochar, respectively; W100
and W50 indicate 100% and 50% treatments of evapotranspiration losses restitution, respectively.
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4. Discussion

The impact of soil amended with biochar on plant growth and productive performance
under water shortage is well documented for several crops [26,48]. The current study
builds upon the valuable insights from our previous research [41] that prompted us to
further explore the effects of soil amended with different wood chip biochar rates on the
vegetative development of quinoa (cultivar Titicaca) grown under water-limiting conditions
throughout the vegetative growing cycle. Previous results have consistently demonstrated
that, among different organic amendments applied at a 2% rate, wood chip biochar alone
and mixed with vermicompost showed a significant effect on quinoa plant growth during
the water stress period that plants faced at the early growing stages, which also allowed a
quicker recovery once the drought conditions ended. The leaf area was enhanced by up to
20% and biomass production was enhanced by 19% compared to untreated controls. This
led us to state that the use of an organic amendment could play a pivotal role in enabling
Chenopodium quinoa (cv Titicaca) to better deal with the negative consequences of an early
period of severe water stress on plant development.

In the current experiment, Titicaca plants were grown on soil either not amended or
amended with 2 or 4% treatments of wood chip biochar and were either well watered
or subjected to water shortage by 100% or 50% restitution of evapotranspiration losses,
respectively. Referring to the plant phenology, all the considered stages, except for the
emergence and the two-leaf stages, were significantly influenced by both the biochar rate
and water regime. In particular, the flowering initiation was delayed, although by a few
days, in the plants grown with 4% biochar and 50% evapotranspiration restitution. This
might be due to the high phenological plasticity already reported for different genotypes of
quinoa [49]. Maestro-Gaitán et al. [50] highlighted the genotype effect associated with water
limitations in this crop. The delayed flowering used as a drought-adaptive mechanism, as
already observed in the F15 [50] and Santa Maria [51] genotypes that showed an increased
time to anthesis and physiological maturity under severe water deficiency [51], might also
occur in Titicaca. The delayed flowering phenomena was also reported in maize [52] and
rice [53] when water limitations were applied during the vegetative growing cycle.

Overall, our study highlighted that the application of 2% wood chip biochar, compared
to the untreated control and 4% rate, was shown to be a better option in order to enhance
quinoa growth in terms of plant height, leaf and branch numbers, stem diameter, leaf
area and total biomass. These findings were consistent with previous studies indicating
increased biomass production with similar biochar applications in quinoa [27,41]. It is
important to note that biochar’s impact can vary, with some cases showing non-significant
or negative outcomes [54–57]. Therefore, careful consideration of biochar application rates is
crucial for achieving the desired impact [58]. Similarly, Gale and Thomas [59] reported that
the growth and ecophysiological responses of plants to biochar are highly dose-dependent
and are mainly driven by nutrient availability, particularly N. In the present study, the
4% rate did not show any positive impact on plant growth, which was in agreement with
other studies that have reported detrimental effects at higher biochar doses up to 4% due
to reduced nutrient availability [54,60,61], increased negative charges leading to intensified
electrostatic interactions with cations [62] on the soil surface and altered soil pH [63,64]. A
reduction in N availability likely occurred in the present experiment, as shown by the lower
SPAD value under the 4% biochar rate, while an increased SPAD value was found under the
2% rate, as also reported by Hafez et al. [65] in barley. This increase could be attributed to
the large specific surface area of biochar, facilitating enhanced adhesion and cohesion with
water, increased soil acidity, improved nutrient availability in the root development zone
and a subsequent heightened production of photosynthetic pigments [65]. Rees et al. [64]
reported a sharp decrease in nutrient availability at a high rate of woody biochar, which
hindered plant growth. Moreover, the biochar liming effect may be beneficial at low rates,
while at high rates, over-liming could reduce the availability of nutrients such as P, Mg and
Fe [59]. Woody biochar at a low dose can retain and gradually release ions, specifically Ca2+,
Mg2+ and K+, while at high doses, it may “lock-up” ions, making them unavailable [17].
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Considering the water regimes, a drastic reduction in growth-related parameters was
observed under the 50% evapotranspiration losses restitution treatment throughout the
vegetative growing cycle, in agreement with previous findings [66–68]. Moreover, under
the water deficit conditions, a lowering of the leaf water potential (Ψ) and relative water
content (RWC) were observed, as already reported by Jensen et al. [30] and Issa Ali et al. [35]
on several quinoa genotypes, including Titicaca, under water stress.

The impact of the biochar rate and water regime on the response of quinoa Titicaca is
further exemplified by the significant differences in the yield-contributing traits, such as the
panicle length and sub-panicle number that, again, were higher following the 2% biochar
rate application, outperforming both the non-treated soil and the 4% rate. These results
were consistent with earlier research that demonstrated substantial biomass increases
and enhanced grain yields with 2% co-composted woody biochar application [27]. Using
biochar boosted the soil nutrient availability, increasing the panicle length and grain yield
in rapeseed [18]; however, a large biochar application significantly increased the soil pH
and electrical conductivity, inhibiting the nutrient uptake [17] and crop growth [69]. Under
deficit irrigation, a notable yield decrease has been observed by several authors [32,50]
for quinoa Titicaca. Telahigue et al. [70] showed that re-establishing evapotranspiration by
60% and 30% significantly reduced the quinoa yield up to 27% and 74%, respectively. The
inability to reach the full potential yield was attributed to sink limitations [71].

Contrary to the growth response, the plant water status of Titicaca was enhanced by
the 4% biochar rate, as shown by the higher Ψ and RWC values, although a lower TW:DW
value observed with the 2% treatment, suggesting a better adaptation to water shortage
conditions. Considering the growth habits defined by Rojas and Pinto for quinoa [72],
Titicaca falls within habit 4, which presents more leaves and a larger leaf area, leading
to a higher susceptibility to water losses due to the higher total leaf surface and higher
sensitivity to water-limiting conditions. Therefore, the reduction in Ψ and RWC of the
2%-treated plants could be attributed to Titicaca’s rapid growth and high leaf expansion
rate [73], as also reported by Maestro-Gaitán et al. [50]. Regardless of the biochar rate,
under the 50% restitution of evapotranspiration losses, the Ψ value decreased, reaching a
value of −3.2 MPa compared to the 100% restitution conditions (−2.6 MPa), as previously
reported by other authors for Titicaca [32,35].

In addition, the water use efficiency always exhibited higher values when the plants
were fully irrigated, with the B2-treated plants displaying the highest WUE (8.7 g L−1)
and the B4-treated plants displaying the lowest one (6.9 g L−1). Under the water shortage
conditions, the rate of biochar did not have any effect on the WUE, with no differences
being observed among the treatments. Similar results were found by Kammann et al. [27],
who reported an increase in water use efficiency only with a low biochar rate. Biochar
characterized by a higher carbon content or derived from carbon-rich materials, such as
wood, may have limited potential in enhancing the WUE when applied in excess, and in
some instances, it may even yield negative effects [74,75].

5. Conclusions

The present study investigated the effect of soil amendment with wood chip biochar
at different rates on the vegetative development of quinoa cultivar Titicaca subjected to
different water regimes. Within the context of the adopted experimental conditions, the
findings, on the one hand, showed that the soil application with 2% wood chip biochar was
the optimal choice for promoting the healthy growth of quinoa Titicaca; on the other hand,
it evidenced the sensitivity of the tested cultivar to water limitation.

These outcomes suggest that further research could involve different quinoa cultivars
in order to investigate the genotype-specific response to both the biochar type and rate
under drought stress conditions. Such in-depth studies will help to advance our under-
standing about the relationship between biochar, water availability and the growth of
quinoa with the perspective of the sustainable cultivation of the species.
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