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ABSTRACT

Biochar is being used with increasing frequency as a soil remediator. However, its impact depends on soil
limitations, biochar source and concentration applied. We studied Guadua chacoensis bamboo biochar as a
saline-alkaline soil amendment. Aqueous solutions with 0, 2.5 and 5% of bamboo biochar (BC) were used to
determine their influence on seed germination rate and radicle length in two horticultural species moderate-
ly tolerant to salinity and alkalinity: arugula (Eruca sativa) and radish (Raphanus sativus). Also, we amended
a saline-alkaline soil with 0, 0.5 and 2.5% of BC to evaluate its effect on plant height, leaf and root biomass
of both horticultural crops. The application of 2.5 and 5% BC solution decreased arugula germination in
3.14% and 5.2%, respectively, compared to 0% BC. The addition of BC decreased radicle length in both spe-
cies and such reduction was more significant with the higher BC concentration. The addition of 0.5% and
2.5% BC as amendment in a saline-alkaline soil decreased arugula height in 27.32% and 50.33%, respecti-
vely, compared to 0% BC, resulting in smaller plants with less leaf and root biomass. The BC amendment did
not affect leaf biomass, but 2.5% BC reduced root biomass in 53.85% compared to 0% BC. These results
seem to be influenced not only by the BC inherent characteristics but also by the increase in soil pH, caused
by the addition of biochar. Further studies may evaluate the impact of BC addition with different properties
on saline-alkaline soils, and its use as an amendment in the remediation of acid soils.

Keywords: soil amendment; seed germination; plant growth.

EL BIOCARBON DEL BAMBU Guadua chacoensis (POACEAE, BAMBUSEAE)
AFECTO A ESPECIES HORTICOLAS EN SUELO SALINO-SODICO

RESUMEN

El biocarbén se utiliza como remediador de suelos cada vez con mas frecuencia. Sin embargo, el impac-
to en el suelo depende de las limitaciones edaficas, el material empleado para obtener el biocarbén y la
concentracion aplicada. Se estudiaron los efectos del biocarbon de bambu de Guadua chacoensis sobre la
germinacion, y como una técnica de enmienda de suelos salino-sddicos. Se utilizaron soluciones acuosas
con 0, 2,5y 5% de biocarbén de bambu (BC) para determinar el porcentaje de germinacién de semillas y la
longitud de radicula en dos especies horticolas: ricula (Eruca sativa) y rabanito (Raphanus sativus). Ade-
mas, se incorpor6 0, 0,5y 2,5% de BC a un suelo salino-sédico para evaluar el efecto sobre ambas especies,
las cuales son moderadamente tolerantes a la salinidad. En cada especie se evalué la altura de la planta,
la biomasa foliar y radicular. Las soluciones de 2,5y 5% BC disminuyeron la germinacién de la rdcula en un
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3,14% y 5,2%, respectivamente, en comparacién con el control. La adiciéon de BC disminuy6 la longitud de
la radicula en ambas especies, siendo la reduccién mas significativa con la mayor concentracién de BC. La
adicién de 0,5% y 2,5% de BC disminuyd la altura de la ricula en un 27,32% y 50,33%, respectivamente, en
comparacion con el control, lo que resulté en plantas mas pequefias con menos biomasa de hojas y raices.
La adicion de biocarbén no afecté la biomasa foliar, pero en el tratamiento 2,5% BC se redujo la biomasa de
raices en un 53,85% en comparacion con el 0% BC. Ademads de las caracteristicas inherentes del biocarbén,
estos resultados estarian influenciados por el aumento del pH del suelo, provocado por la adicién del BC.
Se propone evaluar el biocarbén con distintas propiedades en suelos salino-sédicos, y como enmienda en
la remediacién de suelos acidos.

Palabras clave: enmienda de suelos; germinacién de semillas; crecimiento de las plantas

INTRODUCTION

Salinity and alkalinity due to natural causes or unsustainable anthropogenic practices (Guida-Johnson et
al., 2017; Madrigal, 2016) are considered some of the most important soil problems in the world (Aimetta
et al., 2020). Halomorphic soils present limitations for agricultural activities, reducing crop yields (Sanchez
et al., 2015). Nearly 424 Mha of worldwide superficial soils (0-30 cm) are affected by some level of salinity
and alkalinity (Food and Agriculture Organization of the United Nations [FAQ], 2021). Salinity impacts plant
growth by reducing water uptake due to osmotic imbalances in the root zone (Alcivar et al., 2018; Hussain
etal.,, 2017) and increasing aluminum toxicity (Dai et al., 2017). Alkaline soils accumulate excessive exchan-
geable Na* in soil solution, negatively affecting soil structure by clay dispersion and compaction (Hasana et
al., 2022) and restricting the movement of water and air through the soil profile. It also alters pH and nutrient
availability with a decrease in crop yields (Yu et al., 2010).

Biochar is a solid material obtained by the thermochemical conversion of biomass in an oxygen-limited envi-
ronment (International Biochar Initiative [IBI], 2012) with potential benefits, such as carbon sequestration and
environmental management (i.e., soil improvement, waste treatment, climate change mitigation, and energy
production; Lehmann & Joseph, 2015). In the last few years, an increasing focus on biochar has been repor-
ted for soil remediation (Nath et al., 2022). Based on their wide availability, different agricultural and forest
valueless wastes [i.e., corn straw (Naeem et al., 2016), shell peanut (Sathe et al., 2021), forest branches (Ke
et al., 2018), among others] are used for biochar production. Ahmad et al. (2014) reported that the addition of
different biochar to soils increased seed germination, plant growth, and crop yields. Particularly, the addition
of 1.5% (w/w) of corn cobs biochar increased maize germination in 13% in a sandy loam soil (Ali et al., 2021).
Moreover, biochar derived from pelletized poultry manure improved lettuce growth on a nutrient deficient soil
(Gunes et al., 2014) and promoted rice crop by reducing Al** uptake by roots in acid soils (Shetty & Prakash,
2020). Several studies have reported soil improvements after the addition of biochar, such as reducing soil
bulk density (Mufioz et al., 2016) and increasing water retention (Glaser et al., 2002) due to its organic carbon
content (60-80%) and highly active surface area (Yu et al., 2019). For these reasons, biochar arises as an envi-
ronmentally friendly amendment to improve soil quality and productivity (Sathe et al., 2021).

Biochar application was assessed in various soil types (Abdullaeva, 2014), but few studies have been ca-
rried out under saline or alkaline conditions (Zhao et al., 2020). Biochar application reduced salt stress and
improved plant growth in relation to Na* removal and adsorption onto biochar surfaces (Yu et al., 2019).
However, its effectiveness depends on soil physicochemical properties, pyrolysis conditions (temperature,
aeration, and time), the amount of biochar applied, the specific surface area, pore size distribution, ion ex-
change capacity, and the taxonomic identity of the species used to produce the biochar (Ahmad et al., 2014;
Alchouron et al., 2020).

Bamboo culms are suitable for biochar production (Wang et al., 2012; Zhang, 2009) and bamboo BC has
proven to be a good adsorbent for air, water, and soil purification (Wang et al., 2012). In addition, bamboo
is considered a sustainable alternative for biochar production given its rapid regeneration (Orosco Gutie-
rrez & De Lira Fuentes, 2020). In particular, Guadua chacoensis (Rojas Acosta) Londofio & P. M. Peterson
is a native woody bamboo from Bolivia, Paraguay, Uruguay, Brazil, and Argentina (Lizarazu & Vega, 2012;
Vega & Rugolo, 2016). This bamboo grows vegetatively for 28 years, flowers, and dies, successfully re-
producing through its caryopses (Vega & Camara Hernandez, 2008). Interestingly, recent studies showed
that G. chacoensis Fe,0, nanoparticle-covered biochar remediated arsenic contaminated water, reducing
arsenic almost completely and reaching concentration levels below those recommended by the World
Health Organization (WHO; Alchouron et al., 2020, 2021). Although bamboo has long been cultivated and
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used in Southeastern Asia, its cultivation in tropical and subtropical America is only recent (Londofio,
2009), especially in the case of G. chacoensis. For this reason, the effects of G. chacoensis biochar as a
soil amendment have not been explored yet.

In order to study the effects of G. chacoensis biochar as a remediation technique for saline-alkaline soils, we
investigated its impact on the germination and performance of two horticultural species: radish (Raphanus
sativus L.) and arugula [Eruca vesicaria (L.) Cav. subsp. sativa (Mill.) Thell.] which are moderately tolerant
to salinity and alkalinity. We hypothesize that (i) biochar contributes with naturally adsorbed essential ele-
ments that can be released into the biochar solution, improving seed germination rate; (ii) the biochar sur-
face adsorbs and removes Na* in soil, thus improving soil structure and plant performance. To test these
hypotheses, we evaluated G. chacoensis biochar at increasing concentrations through two experiments: the
first one focused on germination assessment in vitro, while the second one explored plant establishment
and biomass production of both species when growing in a saline-alkaline soil.

MATERIALS AND METHODS

Plant species

Two horticultural species belonging to the Brassicaceae family were selected (i.e., Raphanus sativus and
Eruca vesicaria subsp. sativa), since they are annual crops with life cycles that are completed in 20-60 days
(Sangiacomo et al., 20023, b). Both species are moderately tolerant to salinity and alkalinity (Foti & Lallana,
2005; Rahman et al., 2017; Sangiacomo et al., 20023, b). Seeds were obtained through the Instituto Nacional
de Tecnologia Agropecuaria (INTA Castelar, Buenos Aires, Argentina).

Bamboo Biochar (BC)

Discarded culms (i.e., without commercial value) of the native bamboo G. chacoensis (Poaceae, Bambu-
soideae, Bambuseae) were used as a raw material for biochar production. Samples were obtained from
three different geographic regions in Argentina: Buenos Aires, Corrientes, and Misiones. Voucher speci-
mens are deposited at Gaspar Xuarez Herbarium (BAA- code after Thiers 2023), from the following loca-
tions in Argentina: Buenos Aires: Capital Federal, Cult. Jardin Botanico de la Facultad de Agronomia, A. S.
Vega 17 (BAA); Corrientes: Dpto. Capital, route 12, 3 km from Riachuelo, 27°34'S, 58°44'W, 60 m, A. S. Vega
23 (BAA); Misiones, Dpto. Guarani, El Soberbio, 27°16'20"S, 54°11'36"0, A. S. Vega 104 (BAA). The material
was dried at room temperature and ground to a 0.5-1 cm particle size using chipping machines (Troy Bilt,
CS 4265, Canada and EcoGreenChip, K3, Argentina). Then, the homogenised milled material was subjected
to slow pyrolysis carbonization at 700 °C for 2 h in a tubular muffle furnace (O.R.L., Argentina) inside a steel
reactor (AISI 310) under a continuous nitrogen flow (10 mL/min) according to Alchouron et al. (2020). The
resulting BC was ground, sieved to particle size range of 150—-300 pm, and stored in hermetic plastic bags.

Soil material origin and preparation

The saline-alkaline soil material (i.e., with excessive soluble salts and exchangeable sodium) used in this
study came from topsoil (0-10 cm) of a horticultural field (34° 58" 43.023", S 58° 2’ 38.132" W; La Plata,
Buenos Aires). The soil material was air-dried, ground to pass through a 2 mm sieve, and homogenised. The
soil material was characterised according to electrical conductivity (EC) and pH (in 1:2.5 soil and distilled
water), cation exchange capacity (CEC; Sumner and Miller, 1996), sodium concentration in the extract of
saturation and texture (ESP; Bouyoucos, 1951), oxidizable organic carbon (OC; IRAM/SAGyYP, 2016), and
organic matter (OM; Walkley & Black, 1934). Then, the soil material was mixed with different biochar pro-
portions: 0, 0.5 or 2.5% to generate three treatments, according to previous studies (Ali et al. 2021; Hussien
Ibrahim et al. 2020)

Seed germination

Two in vitro assays were conducted to evaluate biochar effect on germination of radish and arugula
seeds, isolating the effect of soil conditions. For this purpose, Petri dishes were maintained into a germi-
nation chamber under controlled temperature, light, and humidity conditions. Each Petri dish contained
10 seeds and 3 mL of an aqueous solution of distilled water + biochar in different concentrations accor-
ding to the following treatments: 0, 2.5, and 5% BC with 10 replicates for each treatment and species,
using a completely randomised design. Seed germination percentage (%) and radicle length (in cm) were
daily monitored for 3 days.

Plant species establishment and growth
Two experiments under controlled conditions and completely randomised design were performed in a
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greenhouse trial at the Instituto de Investigaciones Fisiolégicas y Ecoldgicas Vinculadas a la Agricultura
(IFEVA, CONICET). The purpose of these experiments was to evaluate the effect of biochar application in
a saline-alkaline soil material on the capacity of seeds to germinate. Plastic pots (1 L) were filled with soil
and biochar mixed in different concentrations according to the following treatments: 0, 0.5 and 2.5% BC,
and four seedlings of each species were transplanted to individual pots (8 replicates and 24 pots for each
vegetable species). In order to homogenise plant size along the experiment, only two seedlings per pot were
maintained and harvested 30 days after sowing. The number of replicates for the arugula growth experi-
ment was unbalanced due to the lack of germination in some pots, so no plant was considered for the plant
growth test. Pot positions in the greenhouse were daily and fully randomized. Growth indicators included
plant height (cm.plant?), leaf biomass (g.plant™), and root biomass (g.pot’). Plant height was measured
from the base of the stem at the soil surface to their apex. Plants were cut at the soil surface, and everything
below this point was considered as roots, which were thoroughly washed to remove adhering soil particles.
Root and shoot biomass were dried at 60 °C for 24 h prior to weighing for dry biomass.

Soil determinations

Once the experiment was completed, soil samples from each pot were characterized to analyze the effect
of bamboo biochar on soil. At the end of the experiments, the pH and electrical conductivity (EC) were mea-
sured in all dry and sieved soil samples (2 mm) in a 1:2.5 solution in distilled water (Altronix Mod EZDO-PC
pH meter and Lutron CD-4318SD conductivity meter).

Data analysis

Seed germination was analysed through a mixed-effects model with binomial distribution of errors, Bernou-
lli distribution (glmer in Ime4 in R; Bates et al., 2015), while the length of the radicle was analysed through a
mixed-effects model with normal distribution of errors (Ime of the nime package in R; Pinheiro et al., 2023).
In both cases, the random effect considered the seeds nested in the Petri dishes. Biochar concentration,
time and its interaction were considered as fixed effects. For normal error distribution models, temporal
autocorrelation was assessed with an ACF plot. When necessary, the first order autocorrelation function
(corART1) was included in the models that evaluated radicle length. The establishment of the seedlings was
analysed through a mixed-effects model with binomial distribution of errors, Bernoulli distribution (glmer in
Ime4 in R; Bates et al., 2015), considering the nesting of the plants in pots.

Growth indicators (i.e., plant height, leaf biomass, and root biomass) and soil parameters (i.e., pH and EC)
were analyzed through fixed effect generalized linear models squares (gls) with a normal distribution of
errors. Both plant height and dry biomass of leaves and roots were analysed with mixed-effects models that
considered nesting of plants in pots (Ime of nime package in R; Pinheiro et al., 2023). In all normal distri-
bution models, the homogeneity of the variances was evaluated by residual plots as a function of adjusted
values and treatments. When necessary, variance functions for groups (verldent) or power (varPower) were
applied. The normal distribution of the residuals was evaluated using quantile theoretical distribution plots
(Q-Q plot). Models with a binomial distribution were evaluated using the dispersion parameter phi. All analy-
ses and figures were made in the R-cran environment, version 3.6.1 (R Development Core Team, 2019), and
with RStudio; version 1.2.1335 (RStudio, 2019).

RESULTS

Soil characteristics

The soil material was a silt loam, with a high percentage of exchangeable sodium, and adequate organic
matter and organic carbon (Table 1). It is considered a moderate saline and alkaline soil following the clas-
sification proposed by Sonmez et al. (2018). Pyrolysis at 700 °C resulted in a highly basic biochar whose
elemental composition is presented in Table 1.
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Table 1: Soil and G. chacoensis biochar characteristics prior to the experiment. The columns show soil textural class, pH,
oxidizable organic carbon (OC), electrical conductivity (EC), cation exchange capacity (CEC), sodium concentration (ESP),
organic matter (OM), biochar pH and elemental composition including carbon (C), oxygen (0), hydrogen (H) and sulfur (S).

Tabla 1: Caracteristicas del suelo y del biocarbén de G. chacoensis previo al inicio de los experimentos. Las columnas
muestran la textura del suelo, pH, carbono orgénico oxidable (OC), conductividad eléctrica (EC), capacidad de intercam-
bio catiénico (CEC), concentracién de sodio (ESP), materia orgénica (OM), pH y composicién elemental del biocarbon,
incluyendo carbono (C), oxigeno (0), hidrégeno (H) y azufre (S).

Property Value
Soil
Textural class Silt loam
pH 8.39
OC (%) 2.17
EC (dS/m) 1.51
CEC (cmol/Kg) 30.91
ESP (%) 16.00
OM (%) 3.96
Biochar
pH 9.53
C (%) 56.56
O (%) 43.00
H (%) 0.35
S (%) 0.09

Arugula and radish germination

The proportion of germinated seeds increased over time in both species (arugula: y? = 12.69; p-value <
0.001; radish: y? = 7.40; p-value < 0.05; Figure 1 A-B). Nevertheless, BC aqueous solutions reduced germi-
nation of arugula (y?= 6.17; p-value < 0.05) and radish seeds (x?= 3.61; p-value = 0.16). After three days
from the beginning of the experiment, germination of arugula seeds was 3.14% (2.5% BC) and 5.21% (5%
BC) lower, compared to the control (0% BC). The addition of biochar also decreased the radicle length of
germinated seeds in both species, being arugula (x> = 288.08; p-value < 0.001; Figure 1 C) more sensitive
than radish (x?= 19.42; p-value < 0.001; Figure 1 D). In arugula, radicle length was reduced by 68.50%
(2.5% BC) and 80.90% (5% BC), compared to 0% BC (Figure 1 C). In relation to radish, radicle length was
reduced by 24.70% (2.5% BC) and 54.50% (5% BC), compared to the 0% BC solution (Figure 1 D).
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Figure 1: Cumulative percentage of germination (%) and radicle length (cm) in arugula (A, C) and radish seeds (B, D) as a
function of time (days). Symbols show average values and bars correspond to the standard error. Different letters show
statistically significant differences (p < 0.05) between treatments.

Figura 1: Porcentaje acumulado de germinacion (%) y largo de radicula (cm) en semillas de ricula (A, C) y de rabanito (B,
D) en funcién del tiempo (dias). Los simbolos muestran el promedio y las barras el error estandar. Letras distintas indican
diferencias estadisticamente significativas (p < 0.05) entre tratamientos.

Arugula and radish growth

The addition of biochar amendment to saline-alkaline soils reduced arugula height (3?=9.72; p-value < 0.05;
Figure 2 A), leaf biomass (x?= 8.47; p-value < 0.05; Figure 2 B), and root biomass (x?= 15.45; p-value < 0.05;
Figure 2 C). Plants growing in the saline-alkaline soil amended with 2.5% BC had a reduction of 27.32% in
height compared to the control (0% BC). At higher biochar concentration (5% BC) plants reached ca. one-
half the height of control plants (50.33%). The addition of 2.5 or 5% BC to the saline-alkaline soil did not
alter the height of radish plants (x?= 2.60; p-value = 0.26; Figure 2 D) and tended to reduce leaf biomass (x>
= 0.56; p-value = 0.76; Figure 2 E). The addition of 0.5% BC to the saline-alkaline soil decreased radish root
biomass by 53.85%, with respect to the control (y?= 7.67; p-value < 0.05; Figure 2 F).
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Figure 2: Arugula and radish height (cm.plant™; A, D), leaf biomass (g.plant™; B, E), and root biomass (g.pot’;C, F), respec-
tively. Bars: white: 0% BC, grey: 0.5% BC, black: 2.5% BC. Bars show mean values and the standard error. Different letters
indicate statistically significant differences (p < 0.05) between treatments. 0% BC: A-C, E: n= 4; B-D: n=16; F: n=8; 0.5% BC:
A-C: n=10; E: n=5; B-D: n=14,; F: n=8; 5% BC: A-C: n=10; E: n=6; B-D; n=16; F: n=8.

Figura 2: Altura (cm.planta™; A, D), biomasa de hojas (g.planta’; B, E), y biomasa radical (g.macetat’; C, F), respectiva-
mente, de rdcula y rabanito. Barras: color blanco: 0% BC, gris: 0,5% BC, negro: 2,5% BC. Las barras muestran el promedio
y el error estandar. Letras distintas indican diferencias estadisticamente significativas (p < 0.05) entre tratamientos. 0%
BC: A-C, E: n=4; B-D: n=16; F: n=8; 0.5% BC: A-C: n=10; E: n=5; B-D: n=14; F: n=8; 5% BC: A-C: n=10; E: n=6; B-D; n=16; F: n=8.

Soil determination

Soil pH increased slightly but significantly after biochar application in both arugula (x2?= 13.24; p-value <
0.001; Figure 3 A) and radish assays (x?= 59.68; p-value < 0.001; Figure 3 B). The addition of 2.5% BC increa-
sed pH in arugula (1%) and radish tests (2%), compared to the control. On the other hand, biochar applica-
tion did not modify EC in arugula assay (x?= 0.65; p-value = 0.72; Figure 3 C), but it increased in 7.58% in
radish assay when 2.5% BC was applied (x?= 7.97; p-value < 0.05; Figure 3 D).
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Figure 3: Variation of soil pH and EC (dS.m™) in arugula (A, C) and radish (B, D) as a function of biochar concentrations.
Symbols show average values and bars show the standard error. Different letters express statistically significant differ-
ences (p <0.05) between treatments. A, C: BC 0% n=4; BC 0.5%: n=6; BC 2.5%: n=7. B, D: all treatments n=8.

Figura 3: Variacién en el pH del suelo y CE (dS.m™) en rucula (A, C) y rabanito (B, D) en funcién de la concentracion de
biocarbén. Los simbolos muestran el promedio y las barras el error estandar. Letras distintas indican diferencias esta-
disticamente significativas (p < 0.05) entre tratamientos. A, C: 0% BC n=4; 0.5% BC: n=6; 2.5% BC: n=7. B, D: todos los
tratamentos n=8.

DISCUSSION

The use of biochar as a soil amendment has been widely reported (Ahmad et al., 2014; Naeem et al., 2016;
Nath et al., 2022; Sathe et al., 2021; among others). In this sense, we used raw material of the native woody
bamboo G. chacoensis pyrolyzed at 700 °C to obtain biochar and test it as a potential saline-alkaline soil
amendment. Our results show that biochar addition only affected the germination of arugula seeds, and
radicle length decreased in both horticultural species. These effects could be related to soluble phytotoxic
substances, such as polycyclic aromatic hydrocarbons, during the production of biochar at temperatures
above 700 °C (Liao et al., 2014; Rogovska et al., 2012;). In this sense, Zhang et al. (2020) reported inhibition
of seed germination when using lignin-rich feedstock to obtain biochar nanoparticles at high temperatures
(700 °C). To the best of our knowledge, no studies have been conducted to evaluate the capacity of biochars
as saline-alkaline soil amendment on arugula plants, which merits further research. Moreover, a complete
chemical characterization of these compounds and additional studies are important to elucidate possible
toxicity mechanisms.

Not all species are adversely affected by biochar application. Our results showed no significant differences
in radish seed germination in the presence of G. chacoensis biochar aqueous solutions, being less sensitive
to their effects than arugula. Also, no effects were detected in height and aerial biomass during growth
period, in line with the results obtained with biosolid biochar application (Free et al., 2010) or with biochar
from forest branches (Ke et al., 2018). Biochar addition produced both positive and negative effects on seed
germination and biomass production, depending on feedstock and pyrolysis conditions (e.g., temperature;
Awad et al., 2017). These crucial factors influence the physical and chemical properties of biochar, such as
pH, specific surface area, pore size distribution, and ion exchange capacity (Ahmad et al., 2014; Sun et al.,
2014;). For this reason, the purpose of biochar application should consider final characteristics resulting
from the type of raw material and its obtention method (Yu et al., 2019).
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On the other hand, radish root biomass and radicle length in the germination test only decreased with the
intermediate (0.5%) biochar concentration. A long-term study is required (i.e.: > 2 years) to elucidate the re-
actions and interactions with soil particles which occur at low speeds (Blanco-Canqui, 2017). Further, com-
bining biochar with organic manure (Yang & Zhang 2022) or inorganic fertilisation (An et al., 2022) could
significantly improve radish growth and plant nutrient content, especially when added simultaneously. Mete
et al. (2015) reported that biochar addition and NPK fertilization decreased pH and increased P availability,
improving soybean biomass production in alkaline soils. Arugula was clearly more sensitive than radish in
the presence of biochar, salts, and soil alkalinity, as evidenced by a decrease in all growth indicators (i.e.,
plant height, leaf, and root biomass), compared to the control. Different possible mechanisms can be asso-
ciated, such as osmotic effects, ionic toxicity, and nutrient availability (Munns & Tester, 2008) related to soil
pH, which is an important factor for plant growth (Maraseni, 2010).

Guadua chacoensis biochar resulted in a highly basic material, and its application increased soil pH. Other
studies revealed an increase in soil pH with biochar amendment (Adekiya et al., 2019; Castellén Romero
& Andrade Foronda, 2020). In this condition, nutrients such as Cu, Mn, Zn, and Fe are not available for
root uptake (Hsieh & Waters, 2016), a possible explanation for the decline in arugula growth. These re-
sults are in agreement with Salem et al. (2019), who reported that basic biochar reduced some nutrients
availability and plant yield. Biochars obtained at temperatures above 400°C usually have a higher pH and
EC than those obtained at lower temperatures, even if the raw material is the same (Singh et al., 2017).
Acid functional groups present in the biomass are lost during pyrolysis, resulting in a higher basicity of
the biochar (Weber & Quicker, 2018). At high pyrolysis temperature there is an increase in biochar ele-
ments, but a decrease in their bioavailability, based on the formation of aromatic structures that contain
these elements (Naeem et al., 2016). For this reason, the pyrolysis of G. chacoensis raw material at lower
temperatures could improve pH and plant nutrients availability in saline-alkaline soils. Moreover, applying
this biochar to acid soils can maximize its benefits (Maraseni, 2010). Soil acidity alleviation is based on
biochar buffering capacity and Si effect (Yu et al., 2019). In this sense, G. chacoensis biochar produced at
700°C has 33.5% of Si (Martinez de Zorzi, 2019), being considered as a Sichar (i.e., biochar that contains
more than 5 g of Si per kg; Wang et al., 2019). However, the response of this biochar and the mechanism
of action of silica in acid soils is still unknown.

CONCLUSIONS

The present study provides preliminary information about the application of G. chacoensis biochar on a sa-
line-alkaline soil. Two experiments were designed to investigate the response of biochar application under
controlled laboratory and greenhouse conditions. The addition of biochar decreased arugula germination
and radicle length in both species. No significant differences in radish seed germination, height, and aerial
biomass were found. Species like radish may be less sensitive to the effects of biochar. Guadua chacoensis
biochar obtained at 700 °C had no influence on edaphic conditions, germination or biomass production, but
increased soil pH. It is proposed that this biochar could be tested in acid soil remediation due to its high pH.
Future studies of varying pyrolysis temperatures (probably resulting in biochar with lower pH among other
characteristics) are needed to determine if these results are associated with soluble phytotoxic substances
or biochar basicity. Also, the combination with other compounds could work as a good amendment techno-
logy in saline-alkaline soils.
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