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Abstract: Prolonged drought periods, increasingly occurring worldwide due to global climate change,
could affect the growth and productivity of both traditional and climate-resilient crops, including
quinoa. Specifically, the vegetative growing cycle of this species is highly sensitive to drought
conditions. In this context, using organic amendments could help plants cope with drought due
to their ability to enhance soil water status. So, the current study aimed to investigate the effect of
different organic amendments, i.e., two biochars (from woodchips and vineyard prunings) and a
vermicompost (from cattle manure), applied to the soil alone and mixed at 2% rate (w/w), on the
vegetative development of quinoa (cv. Titicaca), during which a period of water stress was imposed
from the twelve-leaf stage to the bud stage. A set of growth-related parameters were measured both
during and at the end of the experiment, along with a set of water-related parameters, at the end of
the water-stress period and after soil re-watering. The results showed that woodchip biochar, both
alone and mixed with vermicompost, significantly affected plant growth during the water-stress
period, also allowing a quicker recovery once drought conditions ended. Indeed, the leaf number and
area, SPAD index, leaf and stem fresh weight, and dry matter content in plants treated with woodchip
biochar, alone and mixed with vermicompost, were higher than vineyard pruning biochar, alone
and mixed with vermicompost and similar to the well-watered control plants. Similar results were
observed considering the yield contributing traits detected at the end of the experiment, including
the main panicle length, number of sub-panicle, as well as fresh weight and dry matter content of
both panicle and sub-panicles. Additionally, the water-related parameters, especially the low turgid
weight to dry weight ratio of woodchip biochar treated plants, showed evidence of better growth than
vineyard pruning biochar. At the end of the experiment, the WUE of plants treated with woodchip
biochar and vermicompost, both alone and mixed, was higher than vineyard pruning biochar alone
and mixed with vermicompost. Among the tested organic amendments, woodchip biochar alone
and mixed with vermicompost positively affected the vegetative growth response of quinoa under
water-stress conditions.

Keywords: Chenopodium quinoa; climate-resilient crop; vermicompost; vineyard pruning biochar;
woodchip biochar; vegetative growing cycle; water stress; water-relations; plant growth

1. Introduction

Recently, there is a growing interest in the use of climate-resilient crops to improve
global food production and secure future food supply. These crops have the potential
to adapt rapidly to changing climatic conditions, providing means to better cope with
extreme events, such as drought, flooding, heat, chilling, freezing, and salinity [1]. Among
climate-resilient crops intended to maintain or increase crop yield under environmental
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stress conditions, there is quinoa (Chenopodium quinoa Willd.) [2]. Quinoa is an annual
herbaceous dicotyledonous species from the Andean region [3]. Around 7000 years ago,
quinoa was cultivated as a main staple food in the Andes region countries, with Bolivia
and Peru being the countries that oversaw the most production. Later, from 1980 to 2014, it
rapidly spread from 8 to 75 other countries and is now widely cultivated in Canada, the UK,
Denmark, China, India, Netherlands, Brazil, Cuba, Italy, and Pakistan [2–4]. The General
Assembly of the United Nations declared 2013 as the “International Year of Quinoa” due to
its important role in food security as global attention focuses more on nutrition and poverty
eradication [5]. The plant forms a hollow erect stem with goosefoot-shaped leaves and two
types of inflorescences, i.e., glomerulate and amaranthiform, with the glomerulate ones
(compact type) considered high yielding [6]. Quinoa has a superior nutritional profile than
other traditional crops because of the high content of proteins rich in all essential amino
acids, vitamins (E, C and B complex), minerals (Ca, Cu, Mg, Mn, Fe, P, K, Na and Zn), and
fiber, along with bioactive compounds, including ferulic and sinapinic acids, flavanols,
kaempferol, and quercetin [7]. Its seeds are used to obtain multigrain flour, biscuits, and
beer [8]. This species does not contain gluten and has a low glycemic index [9].

Due to the diversity of quinoa ecotypes originating in contrasting agro-environmental
conditions, this species has the ability to adapt to various levels of drought via both
morphological and physiological adaptive strategies. The whole-plant response to drought
involves changes in root and leaf growth and, in some cases, a few ontogenic variations [10].
Growth is much more sensitive to drought stress than photosynthesis. In stressed plants,
growth reduction is not just from carbon starvation, i.e., reduced carbon concentrations that
can amplify biotic attack because of low production of carbon-based defensive compounds
such as resins [11]; there is a sharp and rapid decrease in leaf elongation rate in many plant
species, including quinoa [12,13]. In addition, root architecture traits may vary due to many
interacting factors, such as growth conditions, drought duration, drought intensity, and
plant phenology [14]. Quinoa shows various drought resistance mechanisms, although not
all in every genotype, such as tissue elasticity, thick-walled cells, and special epidermal cell
bladders that can be used as external water reservoirs and vesicular glands [15–17]. Many
studies have revealed that quinoa evolved adoptive mechanisms to mitigate drought stress
through high water-use efficiency and high shoot/root ratios. Garrido et al. [18] showed
a significant interaction between genotypes and the environment for harvest index and
grain yield/m2. Considerable variability was observed among stressed quinoa genotypes
for grain yield and water-use efficiency. Geerts et al. [19] also found a negative effect of
water stress on grain yield and water-use efficiency. Drought stress at the grain filling stage
can reduce quinoa plant yield sustainability by affecting plant leaf water potential [10]. It
also reduces the crop fresh and dry weights, as well as leaf area [20]. According to several
authors [21,22], the high resilience and tolerance of quinoa to adverse climatic conditions
make it a good alternative to traditional Mediterranean crops.

Different agronomic strategies could be adopted to mitigate the adverse effects of
drought on plant growth and productivity, including the application of organic amend-
ments due to their role in improving soil water retention. Among the organic amendments,
biochar and compost have gained even more attention over the last decades for their agro-
nomic and environmental benefits [23,24]. Biochar is a carbon-rich, porous, low-density
material derived from the thermochemical decomposition of different biomasses (forest and
agriculture residues, manure, sewage sludge) in the absence or limited supply of oxygen
(pyrolysis or gasification) [25]. Due to its long-term stability in soil, it provides a useful
amendment to mitigate global climate change by sequestering atmospheric CO2 in the
soil and reducing greenhouse gas (CO2, CH4, N2O) emissions [26]. Moreover, because
of its highly porous structure, large inner surface area, greater negative surface charge,
and charge density, biochar may have a positive impact on the physical, chemical, and
microbiological properties of soil. It is reported to improve soil’s structure and porosity,
water-holding capacity and hydraulic conductivity, cation and anion exchange capacity,
nutrient retention and availability (to decrease soil bulk density), and nutrient leaching to
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stimulate soil microbial biomass and activity [27–30]. In particular, the ability of biochar
to increase soil water retention has been extensively reported in the literature, under both
controlled (laboratory, lysimeters and pots) [31] and open-field conditions [32–34], although
the effect is dependent on the characteristics of both soil (texture and structure) and biochar
(feedstock and thermochemical treatment). Compost is a humus-like product derived from
the decomposition, stabilization, and sanitation of organic residues from plants and animals
through the action of aerobic microorganisms under controlled conditions [35]. It is widely
recognized as an organic amendment with beneficial agronomic advantages, with its effect
depending on compost amount, type, degree of humification, and soil properties [36,37].
It is reported to efficiently enhance soil organic matter and nutrient content, including
N, P, K, Ca, and Mg [38], to improve soil structure, porosity [39], water retention, and
hydraulic conductivity [40]. Compost also enhances soil fertility, plant growth, and produc-
tivity [40–45]. Using organic amendments, such as biochar and compost, from eco-friendly
technologies regarding the residue recycling of plant and animal organic waste [46–50] is
now recognized as a sustainable strategy of soil management and agricultural productivity.
This is also in line with most of the 17 Sustainable Development Goals (SDG) of the United
Nations (2030 Agenda), including sustainable production and consumption and climate
action, as well as with the targets for sustainable food production outlined by the “Farm
to the Fork” (F2F) Strategy within the European Green Deal (e.g., reducing at least 20% of
fertilizer application whilst retaining soil fertility).

Only a few studies are available in the literature regarding the cultivation of quinoa
by using organic amendments. Kamman et al. [51] found increased growth, drought
tolerance, leaf N, and water-use efficiency despite larger leaf areas following the application
of biochar from peanut hull residues to soil. Ramzani et al. [52] reported that the application
of acidified biochar is more valuable for improving the growth and yield of quinoa than
acidified compost. They also observed an increase in the nutritional value of quinoa
due to an increase in antioxidant levels, decrease in reactive oxygen species levels, and
antinutrients (phytate and polyphenols). Moreover, the natural ability of quinoa to cope
with water stress was mostly investigated when drought occurs during the reproductive
growth stages [53–55] rather than the vegetative ones. However, the susceptibility of quinoa
to drought is reported to be high during the vegetative stages of the growing cycle [56].
In light of this and also considering the capability of organic amendments in addressing
drought stress among plants [57,58], the current study aimed to investigate the effect of
two biochar types and a vermicompost on a set of growth- and water-related parameters
when quinoa is under water-stress conditions during vegetative development, i.e., from
the twelve-leaf stage to the bud stage. We hypothesized that the application of organic
amendments could improve the vegetative growth performance of quinoa (cv Titicaca)
when facing water-stress conditions.

2. Materials and Methods
2.1. Experimental Layout and Characteristics of Soil and Organic Amendments

The experiment was carried out during spring–summer in 2022 on quinoa (Chenopodium
quinoa, Wild.), cultivar “Titicaca”, at the University of Basilicata, Potenza (PZ, 40◦38′ N–15◦48′ E,
819 m a.s.l.) in Southern Italy, under natural light in a temperature-controlled glasshouse
maintained at 26 ◦C during the day and 18 ◦C during the night.

Plants were grown in pots on soil treated with different organic amendments, includ-
ing two types of biochar, one derived from woodchips (B1) and the other from vineyard
prunings (B2), and a vermicompost derived from cattle manure (V). Each organic amend-
ment was applied to the soil alone (B1, B2, or V) at a rate of 2% of soil dry weight (dw)
and mixed (B1+V or B2+V) with a B1:V and B2:V ratio equal to 1:1 (both biochar and
vermicompost at 2% rate). An untreated soil was considered as the control and was repli-
cated six times in order to have two set of control pots, indicated as Cw and Cs. While
Cw was well-irrigated throughout the whole experimental trial, Cs was utilized in the
water-stress period described in Section 2.2. Each experimental treatment was replicated
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three times. The resulting 21 experimental units were arranged according to a completely
randomized design.

For the experiment, a soil collected from the 0–0.30 m upper soil layer within an agri-
cultural farm located in the Potenza district was used. Based on analytical characterization
performed before the experiment started and according to the official analytical methods
reported in the Italian Official Gazette n. 248 [59], the resulting soil had a sandy-loam
texture (USDA classification), with the physico-chemical characteristics reported in Table 1.

Table 1. Main physico-used in the experiment.

Property Unit Value

Sand (%) 66.1
Silt (%) 11.5

Clay (%) 22.4
Field Capacity (FC) at −0.03 MPa (% dw) 22.8

Permanent Wilting Point (PWP) at −1.5 MPa (% dw) 11.4
pH (-) 7.6
EC (dS m−1) 0.6

Corg (g kg−1) 5.9
Organic Matter (%) 1.0

Ntotal (‰) 1.5
C/N (-) 3.9

The biochar from woodchips was provided by a company located in northern Italy
(Ivrea, Torino district), which specializes in producing commercial biochar in an industrial
pyrolysis plant of one’s own design, using wood wastes from the cleaning of green areas
and woods within a controlled supply chain. The biochar from vineyard pruning residues
was self-produced at the STAR*Facility Centre of Foggia University (South Italy region).
The residual biomasses from the pruning of a vineyard located in the agricultural area
of the Foggia district were firstly dried (15% humidity), then chipped (approx. 50 mm),
and finally pyrolyzed in a pilot-scale plant with a fixed-bed tubular reactor (30 L capacity)
at a temperature of 750 ◦C (heating rate of 10 ◦C min−1) for 8 h. Before the experiment,
both biochars were crushed in finer fractions and sieved to ≤2 mm. The vermicompost
was provided by a company located in southern Italy (Montescaglioso, Matera district),
which specializes in producing high-quality organic fertilizers and amendments through
an industrial composting process of organic residues from olive mills, crops, and livestock.
More specifically, it was a commercial product derived from cattle manure bio-stabilization.
Before use in the experiment, both biochars and the vermicompost were analyzed to deter-
mine the set of chemical properties shown in Table 2. The applied analytical procedures are
detailed in Rivelli and Libutti [43].

The two biochars were characterized by the typical alkaline pH value and high C
content. They fully complied with the standards fixed by both the European Biochar
Certificate (EBC) [60] and the International Biochar Initiative (IBI) [61], in terms of C (>50%)
and Corg (>60%) contents as well as H/Corg (≤0.7) and O/Corg (≤0.4) molar ratio values,
both resulting in Class 1 biochar. The vermicompost was a stabilized organic amendment
with good Corg and N content and a slightly alkaline pH value. Further information about
the chemical properties of the two biochars and the vermicompost are shown in Table 2.
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Table 2. Main chemical properties of the organic amendments used in the experiment.

Property Unit Biochar Vermicompost

Woodchips Vineyard Prunings

pH (-) 8.9 ± 0.1 10.6 ± 0.1 7.6 ± 0.1
EC (mS m−1) 52.0 ± 0.0 249.0 ± 0.0 265.0 ± 0.0

Moisture (% dw) 5.6 ± 0.1 15.3 ± 0.3 4.0 ± 0.2
Volatile solids (% dw) 42.3 ± 0.4 15.3 ± 0.3 27.5 ± 0.6

Ash (% dw) 4.4 ± 0.2 9.9 ± 0.0 72.2 ± 0.6
Fixed carbon (% dw) 53.3 ± 0.2 74.8 ± 0.3 0.2 ± 0.0

C (% dw) 68.3 ± 0.1 67.7 ± 0.9 11.3 ± 0.0
H (% dw) 4.0 ± 0.0 2.1 ± 0.0 1.5 ± 0.1
N (% dw) 1.0 ± 0.0 1.0 ± 0.0 1.5 ± 0.0
S (% dw) 0.03 ± 0.0 0.2 ± 0.0 0.3 ± 0.0

Corg (% dw) 66.3 ± 0.1 67.0 ± 0.9 7.8 ± 0.1
O (% dw) 22.3 ± 0.3 17.9 ± 1.5 5.2 ± 0.2

H/Corg (-) 0.7 ± 0.0 0.4 ± 0.0 -
O/Corg (-) 0.4 ± 0.0 0.2 ± 0.0 -

C/N (-) 67.2 ± 2.0 66.2 ± 0.1 5.0 ± 0.2
Values are means (n = 3) ± s.e.

2.2. Experimental Set-up and Conditions

Plastic pots (25 cm height, 18 cm width and length) were filled with 5 kg of soil. The
biochars and vermicompost were mixed into the soil before pot filling. After, the soil water
content was brought to FC (previously determined at−0.03 MPa, along with the permanent
wilting point (PWP) at −1.5 MPa) for each experimental treatment by using a pressure
plate apparatus (Soil moisture Equipment Corp., Goleta, CA, USA). Then, 10 quinoa seeds
were sown in each pot. After the complete seedlings emerged, the latter were thinned out
to have one plant per pot. After thinning, soil surface was covered with a 3 cm layer of
polythene beads in order to prevent water loss through evaporation.

All the treatments were well-watered until they reached the phenological twelve-leaf
stage, i.e., at 26 days DAS. After that, they were subjected to a water-stress period that
lasted up until the bud stage, i.e., at 35 DAS. An extra three control pots were maintained
and well-watered throughout the whole experimental period (Cw). The well-watered con-
ditions (for each experimental treatment) consisted of the application of an amount of water
that brought the soil water content to FC at each watering by fixing the intervention limit at
the depletion of 40% of the available water, and this was checked daily by weighing the pots
at the same hour (8:00–9:00). For each experimental treatment, the water-stress period con-
sisted of the application of two successive drought cycles by withholding watering until the
soil water content reached the PWP. At the end of each drought cycle, re-watering increased
soil water content to FC. After the second drought cycle, the well-watered conditions were
maintained until the end of the experiment, when plants reached the phenological stage of
flowering initiation, i.e., at 48 DAS. At this time, plants were cut from the pots and divided
into stems, leaves, panicles, and sub-panicles for the following measurements.

2.3. Plant Measurements
2.3.1. Growth-Related Parameters

From sowing until the end of the experiment, phenological stages were monitored,
according to the scale defined by Jacobsen and Stolen [62], by visiting the experimental
area daily. The times of seedling emergence, leaf development stages (two-, six-, eight-,
ten-, and twelve-leaf), bud and flowering initiation were recorded when more than 50% of
plants in each treatment reached those stages.

During the experiment, a set of plant growth-related parameters was also measured,
on average, twice a week. More specifically, the plant height (cm), stem diameter (mm),
number of branches (n◦), and leaves per plant (n◦), as well as the length and width (cm) of
each leaf per plant were recorded. Similarly, the SPAD index per plant was measured. For
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this, a hand-held SPAD-502 m (Konica-Minolta corporation, Ltd., Osaka, Japan) was used
to obtain three SPAD readings on the youngest, fully expanded leaf per plant.

At the end of the experiment, the fresh weights (FW, g) of leaves, stems, main panicle,
and sub-panicles per plant were measured. In addition, the length of main panicle (cm)
and the number of sub-panicles per plant were recorded. The leaf area per plant (LA, cm2)
was measured by using a LI-COR leaf area meter (Model 3100, Inc., Lincoln, NE, USA).
After that, the leaves, stems, main panicle, and sub-panicles of each plant were dried in a
ventilated oven at 70 ◦C until they reached a steady weight to determine the corresponding
dry weights (DW, g). Then, their dry matter content (DM, %) was calculated.

The LA per plant was also calculated by using the leaf length (L) and width (W)
measurements obtained at the end of the experiment. For this, the LA of each leaf was first
determined by applying Equation (1), proposed for the “Titicaca” cultivar grown under
glasshouse conditions by Talebnejad and Sepaskhah [63]:

LA = 0.64 (L × W), (1)

Then, the LA per plant was calculated by summing the LA of each leaf. A set of more
than 600 leaves from all treatments was considered.

Successively, in order to verify the model validity within our experimental conditions,
a correlation analysis was applied to measure and calculate LA data (Figure 1).
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Fitted linear regression was derived from the following equation: y = 0.974x + 8.233 (r2 = 0.986;
p ≤ 0.0001). Cw and Cs—well-watered and water-stressed control, respectively; B1—woodchip
biochar; B2—vineyard pruning biochar; V—vermicompost.

A strong correlation (r2 = 0.98; p < 0.0001) was observed between the two sets of data.
Therefore, using the leaf length and width measurements obtained during the experiment,
the model was applied to obtain the LA per plant over the whole growing cycle.

Finally, the Absolute Growth Rate (AGR, cm d−1) per plant was calculated in the
following three periods of the growing cycle: (1) from six- to twelve-leaf stage; (2) from
twelve-leaf stage to bud stage (water-stress period); (3) from bud stage to flowering initia-
tion stage. For this, the plant height measurements obtained at the start (H1, cm) and end
(H2, cm) of each period, as well as the duration (t2–t1, days) of each period, were used to
determine the AGR1, AGR2, and AGR3 values, respectively.

2.3.2. Water-Related Parameters

A set of water-related parameters was measured both at the end of the water-stress
period and after the re-watering that restored soil water content at FC. More specifically,
the leaf relative water content (RWC, %) was determined by taking a segment from the
youngest, fully expanded leaf per plant and immediately weighing it for FW. After that,
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the leaf segment was kept in distilled water for 24 h at 4 ◦C to determine its turgid weight
(TW, g). After drying in a ventilated oven at 70 ◦C until a steady weight, the DW was
determined. The RWC was then calculated by Equation (2):

RWC =
FW−DW
TW−DW

× 100, (2)

The leaf turgid weight to dry weight ratio (TW/DW) per plant was also calculated.
In addition, the leaf water potential (Ψ, MPa), osmotic potential (Ψπ, MPa), and turgor

(Ψp, MPa) were measured. In particular, the Ψ was measured at mid-day on the youngest,
fully expanded leaf per plant by using the Scholander pressure chamber (PMS model
1000, Corvallis, OR, USA). For Ψπ measurement, leaf samples were frozen immediately in
liquid nitrogen and stored at −20 ◦C. The Ψπ was determined by extracting sap from leaf
tissues, according to Smith and Lüttge [64]. Osmolarity of the sap was measured with a
Micro-Digital Osmometer type 6, freezing point depression osmometer (Roebling Berlin,
Germany), and then Ψπ was calculated from osmolarity by using the van’t Hoff equation.
Ψp was estimated to be the difference between Ψ and Ψπ.

At the end of the experiment, the total water consumption (TWC, L) over the growing
cycle was determined by cumulating the amount of water supplied to the plants at each
watering, along with the water-use efficiency (WUE, g L−1), calculated as the ratio of total
plant fresh weight (TFW, g) to TWC.

2.4. Statistical Analysis

All the experimental data were first checked for normality and homogeneity of vari-
ance and then processed by one-way analysis of variance (ANOVA). When significant
differences among means were detected, the latter were compared by Tukey’s honest
significance difference post hoc test at the 5% probability level.

Statistical analysis was carried out by using “Statistix” software version 8.1. Cor-
relation analysis, applied in order to estimate the relationship between measured and
calculated LA values, was performed using the same software.

3. Results
3.1. Phenological Stages

The time of the phenological stages recorded during the experiment, expressed as
DAS, are reported in Table 3. Only the seedling emergence and the two-leaf stages were
significantly influenced by soil treatment with organic amendments.

Table 3. Phenological stages during the vegetative growing cycle of quinoa treated with different
organic amendments.

Treatment Phenological Stage (Days)

Seedling
Emergence

Leaf
Development Stages

Bud
Initiation

Flowering
Initiation

Two-Leaf From
Six-Leaf

To
Twelve-Leaf

Cw 4.3 C 8.7 C 19.7 26.3 28.7 41.3
Cs 4.3 C 10.7 A 21.0 25.3 28.6 42.7
B1 4.7 BC 11.0 A 19.7 25.0 28.3 40.7
B2 5.7 B 9.3 BC 21.3 26.3 29.0 43.0
V 4.7 BC 8.3 C 21.3 25.3 28.3 42.3

B1+V 3.7 C 9.3 BC 22.3 26.3 29.3 44.3
B2+V 7.0 A 10.0 AB 21.0 26.0 28.0 41.0

Significance *** ** 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). ***—F test significant at p ≤ 0.001; **—F test significant at p ≤ 0.01; ns—not significant. Cw and
Cs—well-watered and water-stressed control, respectively; B1—woodchip biochar; B2—vineyard pruning biochar;
V—vermicompost.
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In particular, the time for seedling emergence was significantly higher (p≤ 0.001) in the
soil amended with biochar from vineyard prunings, both mixed with vermicompost (B2+V)
and alone (B2), than the controls (Cw and Cs). The contrary occurred in soil amended with
biochar from woodchips and vermicompost, both applied alone (B1 and V, respectively)
and mixed (B1+V), which resulted in similar seedling emergence times than Cw and Cs.
The time of the two-leaf stage was higher in Cs, B1, and B2+V than Cw and V, with these
latter not statistically different from B2 and B1+V.

Considering the other phenological stages, no statistical differences were found among
the treatments. Irrespective of the latter, the plants showed the same phenological per-
formance, taking a similar amount of time to get into the stages from six- to twelve-leaf
development, bud initiation, and flowering initiation.

3.2. Growth-Related Parameters during the Experiment

The time-trends of the growth-related parameters, i.e., plant height, stem diameter,
number of branches, and number of leaves, as determined during the growing cycle, are
reported in Figure 2. Plant height was significantly influenced by soil treatment with
organic amendments. Initially, both at 19 and 21 DAS, plant height (Figure 2a) showed the
highest (p ≤ 0.01) value in Cw than the other treatments, but successively, at 22 DAS, this
parameter was higher (p ≤ 0.01) in Cw than B1, B2, B1+V, and B2+V, without any statistical
difference from Cs and V. At 23 and 24 DAS, as well as at the beginning of the water-stress
period (at 26 DAS), plant height was also higher (p ≤ 0.01) in B1, B2, and B1+V, with the
lowest value in B2+V. Conversely, as the drought conditions proceeded, at 28 and 32 DAS,
plant height was higher (p ≤ 0.001) in Cw than Cs, B2, V, and B2+V, without any statistical
differences from B1 and B1+V. At the end of the stress period, at 35 DAS, plant height
reached the highest (p ≤ 0.001) value again in Cw, with the lowest one in B2+V, and this
trend was reflected in the subsequent period of the vegetative growth until the end of the
experiment (from 35 to 48 DAS).

Additionally, with regards to the stem diameter (Figure 2b), the significant influence
of the experimental treatments was observed. At the start of the drought period, at 26 DAS,
both Cw and Cs, as well as B1, V, and B1+V, which did not differ from each other, showed a
higher (p ≤ 0.001) stem diameter than B2 and B2+V. As the water stress increased, at 32 and
35 DAS, the stem diameter of plants grown in Cw resulted in a higher (p ≤ 0.001) value
than Cs, B2, and B2+V, with no statistical differences from B1, V, and B1+V. These latter
proved to minimize the drought effects and support aspects of plant development, such as
Cw, and this was also observed after the water-stress period, from 36 to 48 DAS.

The number of branches (Figure 2c) was shown to be significantly influenced by soil
treatment with organic amendments by the fact that, at 28 DAS, Cw-, as well as B1 and
B1+V-treated plants, exhibited a higher (p ≤ 0.001) number of branches than Cs, B2, and
B2+V. The same trend was observed during the water-stress period (32 and 35 DAS) and
successively until the end of the experiment.

A very similar response was observed regarding the number of leaves (Figure 2d).
The plants grown on B1, V, and B1+V always produced a significantly (p ≤ 0.001) number
of leaves (similar to Cw) than Cs, B2, and B2+V, starting from 24 to 48 DAS.

Additionally, the leaf area (LA) was significantly influenced by the experimental
treatments, as reported in Figure 3a. When the water-stress period started (26 DAS), the
two controls, Cw and Cs, as well as B1, V, and B1+V, which did not differ from each
other, showed higher LA (p ≤ 0.001) than B2 and B2+V. At 32 DAS, as drought conditions
intensified, only Cw and B1 showed higher (p ≤ 0.001) LA than the other treatments. At
the end of the water-stress period (35 DAS), the highest (p ≤ 0.001) LA was observed in
Cw. Once removed from the water-stress conditions, from 41 DAS until the end of the
experiment, B1 and B1+V treated plants increased their LA, with no statistical difference
from Cw (p ≤ 0.001).
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Figure 2. Time-trends during the experiment of plant height (a), stem diameter (b), number of
branches (c), number of and leaves (d) of quinoa treated with different organic amendments. In each
graph, dashed vertical lines indicate the water-stress period (from twelve-leaf stage, i.e., 26 DAS to bud
stage, i.e., 35 DAS). Values are means (n = 3)± s.e. The asterisks above the symbols indicate significant
differences among treatments (p ≤ 0.05; Tukey’s test). *, **, ***—F test significant at p ≤ 0.05, 0.01,
and 0.001, respectively; ns—not significant. Cw and Cs—well-watered and water-stressed control,
respectively; B1—woodchip biochar; B2—vineyard pruning biochar; V—vermicompost.

The SPAD index (Figure 3b) proved to be influenced by soil treatment with organic
amendments starting from 32 DAS until the end of the experiment. At 32 DAS, a higher
(p ≤ 0.01) SPAD index was recorded in Cw compared to Cs, B2, V, and B2+V. Moreover,
this SPAD index was not statistically different from B1 and B1+V. At the end of the water-
stress period (35 DAS), V also reached a higher SPAD index (p ≤ 0.001) than Cs, B2, and
B2+V, similar to Cw, B1, and B1+V. A similar trend of SPAD index was observed after the
water-stress period until the end of the experiment.

Among the considered growth parameters, the Absolute Growth Rate (AGR) period-
ically determined throughout the vegetative cycle (Table 4) was shown to be influenced
by the experimental treatments. Initially, the AGR1 calculated from the six-to twelve-leaf
stage was similar in all the considered experimental treatments, except for B2+V, which, on
the contrary, showed the lowest (p ≤ 0.05) value. The AGR2, calculated successively, from
the twelve-leaf to bud stage when water stress was applied, resulted in a higher (p ≤ 0.001)
value in Cw than Cs, B2, and B2+V, without any statistical difference from B1 and B1+V.
In contrast, in the final period of the vegetative cycle, from the bud to flowering initiation
stage, the calculated AGR3 showed the highest (p ≤ 0.001) value in B2+V than the other
treatments. No statistical differences were found among the two controls (Cw and Cs), B1,
V, and B1+V, with the lowest value in B2.
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Figure 3. Time-trends during the experiment of leaf area (a) and SPAD index (b) of quinoa treated
with different organic amendments. In each graph, dashed vertical lines indicate the period of water
stress (from twelve-leaf stage, i.e., 26 DAS to bud stage, i.e., 35 DAS). Values are means (n = 3) ± s.e.
The asterisks above the symbols indicate significant differences among treatments (p ≤ 0.05, Tukey’s
test). **, ***—F test significant at p ≤ 0.01 and 0.001, respectively; ns—not significant. Cw and
Cs—well-watered and water-stressed control, respectively; B1—woodchip biochar; B2—vineyard
pruning biochar; V—vermicompost.

Table 4. Absolute Growth Rate (cm d−1) of quinoa treated with different organic amendments in three
periods of the growing cycle (AGR1, from the six-leaf to twelve-leaf stage; AGR2, from twelve-leaf
stage to bud stage; AGR3, from bud to flowering initiation stage).

Treatment
Absolute Growth Rate

AGR1 AGR2 AGR3

Cw 1.33 a 2.04 A 2.62 B
Cs 1.38 a 1.19 C 2.40 B
B1 1.41 a 1.80 AB 2.65 B
B2 1.24 a 0.89 C 2.03 C
V 1.14 a 1.63 B 2.45 B

B1+V 1.29 a 1.78 AB 2.53 B
B2+V 0.72 b 1.17 C 2.98 A

Significance * *** ***
Values are means (n = 3). In each column, means followed by different letters are significantly different (p ≤ 0.05;
Tukey’s test). *, ***—F test significant at p ≤ 0.05 and p ≤ 0.001, respectively. Cw and Cs—well-watered and
water-stressed control, respectively; B1—woodchip biochar; B2—vineyard pruning biochar; V—vermicompost.

3.3. Growth-Related Parameters at the End of the Experiment

At the end of the experiment, the significant effect of biochars and vermicompost on
plant growth was clearly highlighted by all the considered parameters (Figure 4).

More specifically, the plant height (Figure 4a), number of leaves (Figure 4b), leaf area
(Figure 4c), and the SPAD index (Figure 4d) were always higher (p ≤ 0.001) in the well-
irrigated control (Cw) than the water-stressed one (Cs) and in B1, V, and B1+V treatments
than B2 and B2+V.

A significant effect of the experimental treatments was observed also considering the
fresh weights (FW) and dry matter (DM) contents of stem and leaves, as measured at the
end of the experiment (Figure 5).
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Figure 4. Plant height (a), number of leaves (b), leaf area (c), and SPAD index (d) of quinoa treated
with different organic amendments, at the end of the experiment. Values are means (n = 3) ± s.e.
In each graph, different letters above the bars indicate significant differences among treatments
(p ≤ 0.05, Tukey’s test). F test significant at p ≤ 0.001. Cw and Cs—well-watered and water-stressed
control, respectively; B1—woodchip biochar; B2—vineyard pruning biochar; V—vermicompost.

Agronomy 2023, 13, 1412  12  of  22 
 

 

The leaf DM (Figure 5d) reached the highest (p ≤ 0.001) value in Cw (22%), with no 

significant differences  among Cs, B1, V,  and B1+V  (on  average,  18%), which,  in  turn, 

showed 29% higher leaf dry matter content than B2 and B2+V (on average, 14%). 

S
te
m
 F
W
 (
g
)

0

2

4

6

8

10

12

14

16

S
te
m
 D
M
 (
%
)

0

5

10

15

20

25

30

35

Cw Cs B1 B2 V
B1
+V
B2
+V

L
ea
f 
F
W
 (
g
)

0

5

10

15

20

25

Cw Cs B1 B2 V
B1
+V
B2
+V

L
ea
f 
D
M
 (
%
)

0

5

10

15

20

25

A

B B

C

B
AB

C

A

B

C
C

B
AB

C

AB

C BC

D D

A

C

A

B

D
BC BB

CD

(a)

(d)(c)

(b)

 

Figure 5. Stem fresh weight (a) and dry matter content (b) and leaf fresh weight (c) and dry matter 

content (d) of quinoa treated with different organic amendments, at the end of the experiment. Val-

ues are means (n = 3) ± s.e. In each graph, different letters above the bars indicate significant differ-

ences among  treatments  (p ≤ 0.05, Tukey’s  test). F  test significant at p ≤ 0.001. Cw and Cs—well-

watered and water-stressed control, respectively; B1—woodchip biochar; B2—vineyard pruning bi-

ochar; V—vermicompost. 

The panicle length and number, as well as the panicle and sub-panicles FW and DM 

contents, were also affected by the experimental treatments (Figure 6). 

In particular, 32% higher (p ≤ 0.001) panicle length (Figure 6a) was detected in Cw 

compared to Cs. No statistical differences were found among Cw, B1, and B1+V (on aver-

age, 10 cm). The latter showed, in turn, a panicle length not statistically different from V 

and B2+V, while the lowest value of this parameter was observed in B2 (5 cm). 

Additionally, the number of sub-panicles (Figure 6b) was higher (p ≤ 0.001)  in Cw 

than in Cs (18 vs. 12), with about a 50% increase. Cw was not statistically different from 

B1 and B1+V (on average, 16), B2+V resulted in a similar number of sub-panicles compared 

to Cs (on average, 11), while B2 had the fewest (6). 

Regarding the panicle FW (Figure 6c), Cw showed the highest (p ≤ 0.001) value (4 g). 

Cs was not statistically different from B1, V, and B1+V (on average, about 2 g), while B2 

and B2+V showed the lowest value (on average, about 1 g). The sub-panicles FW (Figure 

6c) did not differ between Cw and B1 (on average, 2 g), which showed values that were 

115% higher (p ≤ 0.001) than Cs. The lowest (p ≤ 0.01) FW was shown in sub-panicles pro-

duced by B2 and B2+V (on average, 0.3 g). 

Considering  the panicle DM content  (Figure 6d), V showed a value  that was 33% 

higher (p ≤ 0.001) than Cw, with no statistical difference from B1 and B1+V (on average 

19%). The lowest value was observed in Cs (12%). The sub-panicle DM content (Figure 6d) 

did not differ among B1, V, and B1+V (on average, 19%), with the lowest (p ≤ 0.01) values 

in both B2 and B2+V (on average, 13%). 

Figure 5. Stem fresh weight (a) and dry matter content (b) and leaf fresh weight (c) and dry matter
content (d) of quinoa treated with different organic amendments, at the end of the experiment. Values
are means (n = 3) ± s.e. In each graph, different letters above the bars indicate significant differences
among treatments (p ≤ 0.05, Tukey’s test). F test significant at p ≤ 0.001. Cw and Cs—well-watered
and water-stressed control, respectively; B1—woodchip biochar; B2—vineyard pruning biochar;
V—vermicompost.
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More specifically, 37% higher (p ≤ 0.001) stem FW was observed in Cw than Cs
(Figure 5a). The latter was not statistically different from the stem FW of B1, V, and B1+V
(on average, 10 g). In addition, the stem FW of Cs, B1, V, and B1+V were, on average, 57%
higher (p ≤ 0.001) than B2 and B2+V, which did not differ from each other (on average, 6 g).

The stem DM (Figure 5b) was not statistically different in Cw and B1, showing 83%
and 63% higher (p ≤ 0.001) values than Cs, respectively. B1 did not differ from V and B1+V
and were 39% higher, on average, than B2 and B2+V.

Regarding the leaf FW (Figure 5c), Cw was not statistically different from B1+V, which
showed a 14% higher (p ≤ 0.001) value than Cs (22 vs. 19 g). B2 and B2+V showed the
lowest (p ≤ 0.001) values (on average, 11 g).

The leaf DM (Figure 5d) reached the highest (p ≤ 0.001) value in Cw (22%), with
no significant differences among Cs, B1, V, and B1+V (on average, 18%), which, in turn,
showed 29% higher leaf dry matter content than B2 and B2+V (on average, 14%).

The panicle length and number, as well as the panicle and sub-panicles FW and DM
contents, were also affected by the experimental treatments (Figure 6).
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Figure 6. Panicle length (a), number of sub-panicles (b), panicle and sub-panicle fresh weight (c),
and dry matter content (d) of quinoa treated with different organic amendments, at the end of the
experiment. Values are means (n = 3) ± s.e. In each graph, different letters above the bars indicate
significant differences among treatments (p ≤ 0.05, Tukey’s test). Lowercase and uppercase letters
refer to F test significant at p ≤ 0.01 and 0.001, respectively. In graphs c and d, the black bars are
panicle and the gray bars are sub-panicles. Cw and Cs—well- and water-stressed control, respectively;
B1—woodchip biochar; B2—vineyard pruning biochar; V—vermicompost.

In particular, 32% higher (p ≤ 0.001) panicle length (Figure 6a) was detected in Cw
compared to Cs. No statistical differences were found among Cw, B1, and B1+V (on average,
10 cm). The latter showed, in turn, a panicle length not statistically different from V and
B2+V, while the lowest value of this parameter was observed in B2 (5 cm).

Additionally, the number of sub-panicles (Figure 6b) was higher (p ≤ 0.001) in Cw
than in Cs (18 vs. 12), with about a 50% increase. Cw was not statistically different from B1
and B1+V (on average, 16), B2+V resulted in a similar number of sub-panicles compared to
Cs (on average, 11), while B2 had the fewest (6).

Regarding the panicle FW (Figure 6c), Cw showed the highest (p ≤ 0.001) value (4 g).
Cs was not statistically different from B1, V, and B1+V (on average, about 2 g), while B2 and
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B2+V showed the lowest value (on average, about 1 g). The sub-panicles FW (Figure 6c)
did not differ between Cw and B1 (on average, 2 g), which showed values that were 115%
higher (p ≤ 0.001) than Cs. The lowest (p ≤ 0.01) FW was shown in sub-panicles produced
by B2 and B2+V (on average, 0.3 g).

Considering the panicle DM content (Figure 6d), V showed a value that was 33%
higher (p ≤ 0.001) than Cw, with no statistical difference from B1 and B1+V (on average
19%). The lowest value was observed in Cs (12%). The sub-panicle DM content (Figure 6d)
did not differ among B1, V, and B1+V (on average, 19%), with the lowest (p ≤ 0.01) values
in both B2 and B2+V (on average, 13%).

3.4. Water-Related Parameters

At the end of the water-stress period, except for the leaf turgid weight to dry weight
ratio (TW/DW), the water-related parameters were significantly affected by the application
of biochars and vermicompost to the soil, as shown in Table 5. In particular, a higher
(p ≤ 0.01) value of leaf relative water content (RWC) was shown in Cw compared to Cs,
which, in turn, did not differ from B1, V, and B1+V. B2, when combined with V, was not
statistically different from Cw. Regarding the leaf water potential (Ψ), Cw and B2+V were
not statistically different from each other and both significantly higher (p ≤ 0.01) than the
other treatments. A similar trend was observed with regard to the leaf osmotic potential
(Ψπ). Except for Cw, the turgor (Ψp) was close to zero in all treatments (data not shown).

Table 5. Relative water content (RWC, %), leaf water potential (Ψ, MPa), osmotic potential (Ψπ, MPa),
turgor (Ψp, MPa), and turgid weight to dry weight ratio (TW/DW) of quinoa treated with different
organic amendments, at the end of the water-stress period and after soil re-watering.

Treatment End of Water-Stress Period After Soil Re-Watering

RWC Ψ Ψπ TW/DW RWC Ψ Ψπ Ψp TW/DW

Cw 75.4 A −1.70 A −1.81 A 11.3 77.5 A −1.37 A −1.53 A 0.17 10.5 C
Cs 56.1 D −2.50 B −2.49 BC 11.6 69.1 BC −1.68 BC −1.94 BC 0.26 11.2 BC
B1 58.5 CD −2.58 B −2.51 BC 10.2 70.7 AC −1.71 BC −1.88 BC 0.17 10.8 C
B2 64.7 BC −2.07 AB −2.05 AB 11.1 73.2 AB −1.50 AB −1.72 AB 0.22 12.9 AB
V 59.5 CD −2.53 B −2.54 C 10.1 70.0 BC −1.82 C −1.91 BC 0.09 11.1 BC

B1+V 55.5 D −2.56 B −2.58 C 8.1 66.5 C −1.77 BC −2.01 C 0.25 10.2 C
B2+V 69.6 AB −1.73 A −1.76 A 10.3 72.2 AB −1.52 AB −1.68 AB 0.17 13.1 A

Significance ** ** ** ns * * * ns *

Values are means (n = 3). In each column, means followed by different letters are significantly different (p ≤ 0.05;
Tukey’s test). *, **—F test significant at p ≤ 0.05 and p ≤ 0.01, respectively; ns—not significant. Cw and Cs—
well-watered and water-stressed control, respectively; B1—woodchip biochar; B2—vineyard pruning biochar;
V—vermicompost.

Additionally, after soil re-watering, except for Ψp, the experimental factors signifi-
cantly influenced RWC, Ψ, Ψπ, and TW/DW (Table 5). More specifically, a higher (p ≤ 0.01)
RWC value was observed in Cw, followed by B2, B2+V, and B1; on the contrary, a lower
RWC value was detected in Cs, which did not differ from V and B1+V. Regarding Ψ and
Ψπ, the trends were very similar to those already observed at the end of water-stress
period, with Cw, B2, and B2+V showing higher (p ≤ 0.05) values than Cs, B1, and B1+V.
On the contrary, Ψp did not result in any statistical difference among the experimental
treatments. Finally, the TW/DW ratio was 21% higher (p ≤ 0.05) in both B2 and B2+V than
the other treatments.

The significant effect of soil treatment with biochars and vermicompost was also
observed by considering the total fresh weight (TFW) and the total water consumption
(TWC) per plant (Figure 7).
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Figure 7. Total fresh weight per plant (a), total water consumption per plant (b), and wateruse
efficiency (c) of quinoa treated with different organic amendments, at the end of the experiment.
Values are means (n = 3) ± s.e. In each graph, different letters above the bars indicate significant
differences among treatments (p ≤ 0.05, Tukey’s test). Lowercase and uppercase letters refer to F test
significant at p ≤ 0.05 and 0.001, respectively. Cw and Cs—well-watered and water-stressed control,
respectively; B1—woodchip biochar; B2—vineyard pruning biochar; V—vermicompost.

In particular, the TFW (Figure 7a) was significantly higher (p ≤ 0.001) in the well-
watered control (Cw) compared to the stressed one (Cs), accounting for an increase of 28%.
Moreover, Cs did not differ from both B1 and V (on average, 32 g plant−1). A drastic TFW
reduction was observed in B2 and B2+V in comparison to both Cw (108%) and Cs (62%),
while a TFW value that was not statistically different from Cw was observed in B1+V (on
average, 39 g plant−1).

The TWC (Figure 7b) was 38% higher (p ≤ 0.05) in Cw than B2, V, and B2+V, with no
statistically differences from Cs, B1, and B1+V (on average, 4 L plant−1). The TWC reflected
in the water-use efficiency (WUE) (Figure 7c) was higher (p ≤ 0.001) in Cw than B2 and
B2+V, with no statistical differences from Cs, B1, V, and B1+V.
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4. Discussion

Due to increasing water scarcity and its negative impact on agricultural production,
nowadays, there is an increasing interest in the use of organic amendments, especially
compost and biochar, to improve soil-water relations, enhance plant-available water, and
growth response [65]. Therefore, the current study was carried out to investigate the role of
two different biochar types and a vermicompost, both alone and mixed, under water-stress
conditions occurring during the vegetative growing cycle of quinoa when the species is
more susceptible to drought [56].

Regarding the phenological growth stages of quinoa, the application of biochar from
woodchips and vermicompost, alone and mixed, reduced the number of days between
sowing and seedling emergence. This positive effect is also reflected in the successive two-
leaf stage. On the contrary, biochar from vineyard prunings, particularly when combined
with vermicompost, prolonged the two phenological stages. Therefore, the two biochars
resulted in different phenological plant responses. According to Busch et al. [66], the high
ash content in biochar, particularly when produced at higher temperatures, can negatively
influence seed germination due to saline stress. Moreover, seed germination can be also
affected by high soil pH [67]. This likely occurred in our experiment, considering both the
higher ash content and electrical conductivity of vineyard pruning biochar, as well as the
higher pH of the soil after its addition (data not shown) compared to woodchip biochar.
In accordance with our results, the application of vineyard pruning biochar decreased the
germination index in lettuce and watercress [68]; instead, woodchip biochar positively
affected the seed germination rate of Robinia pseudoacacia L., which reached 100% 2 days
before the control [69].

The application of biochar from woodchips and vermicompost, both alone and mixed,
also positively affected plant growth performance during the water-stress period, as clearly
shown by the higher values for plant height, stem diameter, number of branches, and
number of leaves. Interestingly, this plant growth response was very similar to that
observed in the well-watered control, showing that the two organic amendments, i.e.,
woodchip biochar and vermicompost, both when applied alone and in mixture, helped
the plants to cope with the water-stress conditions they experienced from the twelve-leaf
stage to the bud stage. Similar results were observed during the water-stress period if
considering the leaf area, which showed a marked reduction in plants treated with vineyard
pruning biochar, alone and in mixture with vermicompost, and a very similar value to
the well-watered control in plants treated with woodchip biochar. Consistent with the
enhancement of growth was also the SPAD index following soil treatment with biochar
from woodchips, both alone and mixed with vermicompost. On the contrary, vineyard
pruning biochar, both alone and mixed with vermicompost, led to a drastically reduced
SPAD index value. This prompted us to hypothesize a lower nitrogen availability for plant
uptake in the soil treated with biochar from vineyard prunings, likely due to a higher
porosity of biochar [70,71] that bound nutrients, especially N [72,73]. Ventura et al. [74]
applied different mixed fruit tree pruning biochars and highlighted that the changes in
the SPAD index depend on the type and source of biochar. For instance, Wang et al. [75]
revealed an increased SPAD index with biochar from wood residues, while Akhtar et al. [76]
reported a decreased SPAD index after the application of biochar from mixed rice husk and
shells of cotton seeds.

Except for the plants treated with vineyard pruning biochar, both alone and mixed with
vermicompost, the limited plant-available water, progressively observed from 26 to 35 DAS,
drastically reduced the water-related parameters in all the water-stressed plants, as shown
by the lower RWC, Ψ, and Ψπ values they reached at the end of the water-stress period—
when soil was at the permanent wilting point. Moreover, these plants did not show turgor,
suggesting a closure of stomata, probably also because the high temperatures registered at
mid-day in the experimental site were concurrent with the end of the water-stress period.
The negative effect of the high temperatures was confirmed by the well-watered plants
showing a positive Ψp, which although expected, was very low (0.11 MPa). The plants
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treated with biochar from vineyard prunings, alone and mixed with vermicompost, resulted
in higher RWC, Ψ, and Ψπ values (similar to well-watered control). Increases in water
relations were observed following the application of biochar in wheat by Haider et al. [77].
In our study, the different effects of the two biochar types on plant water relations could
be explained by considering that the Titicaca cultivar, usually characterized by fast growth
and high leaf expansion [78], when grown on woodchip biochar-treated soil, showed far
greater development (higher height, leaf number, and area), when more exposed to water-
stress in comparison to vineyard pruning biochar-treated plants, which showed limited
growth. Additionally, Jenson et al. [53] found that quinoa maintained positive turgor down
to zero turgor under severe water-stress imposition. Interestingly, only in plants treated
with woodchip biochar, alone and mixed with vermicompost, the turgid weight to dry
weight ratio showed a lower value. This result is in accordance with Andersen et al. [79]
who reported that, on a physiological level, drought tolerance can be expressed as low
osmotic potential, low ratio of turgid weight to dry weight, less elasticity, and capacity to
maintain positive turgor even at low leaf water potentials. After soil re-watering, plants
treated with both the two biochars and vermicompost similarly increased their Ψ, Ψπ,
and Ψp values, also showing a positive Ψp. The turgid weight to dry weight ratio that
was non-significant at the end of the water-stress cycle became significant, and still, the
minimum value was observed in woodchip biochar alone and mixed with vermicompost,
revealing more tolerance to drought than other treatments. Jensen et al. [53] examined
the effects of drying soil and concluded that the high net photosynthesis and specific leaf
area in the early vegetative stage of quinoa resulted in early plant vigor by maintaining
a low turgid/dry weight ratio. In this study, Titicaca cultivar showed a higher absolute
growing rate and larger leaf area, but during drought stress, a significant reduction in leaf
area, which was not recovered even after 7 days of re-irrigation, was observed, making this
cultivar sensitive to drought [78]; in our experiment, after 5 days of soil re-watering, Titicaca
that suffered from drought had a sudden increase in leaf expansion rate—more pronounced
in plants treated with woodchip biochar alone and in mixture with vermicompost.

At the end of the vegetative growing cycle, plant response in terms of biomass, both
total and partitioned into stems and leaves (fresh weight and dry matter content), as well
as of yield contributing traits (main panicle and sub-panicles length, number, fresh weight,
and dry matter content), confirmed the positive effect of woodchip biochar, both alone
and mixed with vermicompost, in helping plants recover from water-stress conditions.
Particularly, the higher main panicle and sub-panicles production in plants treated with
this biochar type leads us to hypothesize a probable enhanced response in terms of grain
yield. In this regard, our findings are in agreement with Kammann et al. [80], who reported
an increase in Chenopodium quinoa biomass of 305% following the application of different
organic manures, along with 2% woodchip biochar (co-composted biochar) to a mixture
of poor sandy soil. Using biochar boosted the nutritional availability and source–sink
relationship, increasing panicle length and grain yield in rapeseed [81]. Biochar application
boosted spike number and length and grain yield in water-stressed wheat plants compared
to no biochar application in droughted plants. A similar positive response of biochar has
been described by Zhang et al. [82] in rice, Foster et al. [83] in maize, Mannan et al. [84] in
soybeans, and Agbna et al. [85] in tomato plants.

A very interesting result also concerns the WUE of plants treated with biochar from
woodchips, alone and mixed with vermicompost, and subjected to water stress, which
was similar to that observed on well-watered control plants. Although the woodchip
biochar-treated plants received 10% less water than the well-irrigated control, the water-
use efficiency was not different, showing that quinoa had the ability to produce more
with less water consumption. Additionally, Telahigue et al. [86] and Aslam et al. [87]
reported a similar result in quinoa under drought conditions. It should be noted that the
increase in biomass and yield in the plants after biochar soil amendment is mainly due to
the enhancement of the water content at the permanent wilting point [88], as well as an
improvement in the uptake of essential mineral elements [89]. On the other hand, in our
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study, woodchip biochar addition at a rate of 2% reduced the bulk density more effectively
than vineyard pruning biochar (data not shown), which might also be a reason for the
improved plant growth because less bulk density helps in better root penetration [90].
Moreover, in our experiment, it can also be assumed that woodchip biochar has superior
absorption and can better release water and nutrients compared to vineyard pruning
biochar. However, further investigation is necessary to verify this hypothesis.

5. Conclusions

Due to current climate change conditions, regional droughts are occurring more
intensively, threatening agricultural crop production. The keys to ensuring crop yield and
food security are to identify the significant long-term impacts of climate change and the
means for reducing its effect. In this context, increasing attention is now being paid to the
use of organic amendments and the cultivation of climate-resilient crops.

The present study focused on quinoa, cv Titicaca, grown on soil treated with different
organic amendments, such as two types of biochar from woodchips and vineyard prunings,
respectively, along with a vermicompost derived from cattle manure, tested alone and in
mixture, during the vegetative growing cycle under water-stress conditions. The results
showed that, among the tested organic amendments, woodchip biochar, both alone and
mixed with vermicompost, clearly improved plant vegetative development, also allowing
a quickly recovery after the period of water stress, as well as an enhancement of WUE
in comparison to vineyard pruning biochar. Furthermore, a similar positive effect was
also observed on panicle and sub-panicle production, leading us to also hypothesize an
enhancement of yield contributing traits.

In conclusion, the findings of the present study suggest that the use of soil treated
with organic amendments, especially woodchip biochar and vermicompost, could be a
useful approach to mitigate drought conditions during the vegetative growing cycle of
quinoa, helping plants to develop. This could open new perspectives to boost the ability
of quinoa to better cope with water stress and potentially broaden its spatial distribution
across agricultural areas affected by drought and water scarcity.
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