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Abstract: Although a number of works present biochar as a promising material for improving the
quality of degraded soils, only a few show the effect of this material in soils from the Andean
highlands. The objective of this work was twofold: (a) to study the effect of two types of biochars
on two agricultural soils commonly found in the Andean highlands (Andisol and Inceptisol) and
the corresponding soil-biochar—fertilizer interactions, and, (b) to assess the response to biochar of
two vegetable crops (lettuce and radish) grown in succession in a simulated double-cropping system.
Biochar was produced at 400 °C and 500 °C, for 1 h (B400 and B500, respectively), using hardwood
residues. Properties of biochar that could potentially affect its interaction with soil and water
(e.g., functional groups, surface area, elemental composition) were assessed. Experiments were
conducted to test for main and interaction effects of biochar type, soil type, and the addition of NPK
fertilizer on the soils” characteristics. Bulk density and water content at field capacity and permanent
wilting point were affected by two-way interactions between biochar and soil type. Biochar impacted
bulk density and water retention capacity of soils. Higher available water content was found in soils
amended with B400 than with B500, which is a consequence of the higher hydrophilicity of B400
compared to B500. After the lettuce crop was planted and harvested, the soil pH was unaffected by
the biochar addition. However, after the second crop, the pH in the Inceptisol slightly decreased,
whereas the opposite was detected in the Andisol. The CEC of the Inceptisol decreased (e.g., from
36.62 to 34.04 and from 41.16 to 39.11 in the control and in the Inceptisol amended with B400 only)
and the CEC of the Andisol increased (e.g., from 74.25 to 90.41 in the control and from 79.61 to 90.80
in the Andisol amended with B400 only). Inceptisol amended only with biochar showed decrease
of radish weight, while a large increase was found in B400 + fertilizer Inceptisol (i.e., from 22.9 g to
40.4 g). In Andisol, the weight of radish after the second crop increased in less proportion (i.e., from
43 g in the control to 59.7 g in the B400 + fertilizer Andisol), showing a visible positive impact of
B400. The results suggest that biochar produced at 400 °C performs better than biochar produced
at 500 °C because B400 apparently promotes a better environment for bacteria growth in the soils,
as a consequence of more OH available groups in B400 and its better interaction with water and
the fertilizer.

Keywords: Andisol; Inceptisol; wood biochar; soil amendment; water retention capacity; crop yield

1. Introduction

Population growth has been a driving force for the expansion of urban areas world-
wide, causing a reduction in available agricultural lands [1-3]. This has affected large
parts of arable lands that have been engulfed by growing urban centers in the last three
decades. A decrease in available arable soil promotes deforestation for agriculture and
cattle pasture use, expansion into erosion-prone (due to rugged topography and steepness)
highlands [4-7] and soils with low nutrients content, which is the case of some places in the

Sustainability 2022, 14, 8912. https:/ /doi.org/10.3390/su14148912

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14148912
https://doi.org/10.3390/su14148912
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7618-9474
https://orcid.org/0000-0001-6072-2142
https://doi.org/10.3390/su14148912
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14148912?type=check_update&version=1

Sustainability 2022, 14, 8912

20f19

Andean highlands [8]. Soil erosion in the Andean highlands is accompanied by difficulty
to retain water. Reforestation could help to reduce erosion, but the thin soil covers in steep
lands limits these efforts. Moreover, a method frequently used for augmenting the nutrients
content in soil is through the addition of nitrogen-based synthetic fertilizers. However,
this method for soil improvement is also contributing to further soil acidification since
N-based fertilizers can increase soil acidification [9-11]. Soils in the Andean highlands are
commonly characterized by low pH (in some places below 5) [12-14]. Reducing soil erosion
and, simultaneously, increasing soil fertility, retaining moisture in the soil, and avoiding
soil acidification are challenging tasks in these types of soils.

Biochar has been identified as a promising material for agricultural soil improve-
ment [15-18] and carbon storage in biochar amended soils [19]. For soils such as those
found in parts of the Andean highlands, biochar could help to retain moisture and, thus,
improve soil fertility. Multiple factors must be considered, however, when assessing soil’s
response to biochar [16,17,20-22]. Thus, specific studies are necessary to evaluate the
properties of the Andean soils affected by biochar and determine the related impacts. The
methods used to produce the soil-biochar amendment must also be considered [23]. In
Ecuador, a previous work assessed the benefits of using up to 6 t ha~! of biochar in soils
in the Ecuadorian Southern Amazonian region, showing that biochar plus fertilizer con-
tributed to faster growing rates of Gmelina arborea trees [24]. The authors used charcoal
obtained from a local market, which in Ecuador is produced using rudimentary kilns [25].
Thus, little is known about the characteristics of this biochar. Because different biochar
production conditions such as temperature and time lead to biochars with diverse charac-
teristics, different types of biochar—soil interactions can promote specific responses in soil
characteristics [16] and plants’ responses. Biochar type and dosage, as well as soil type and
the corresponding interactions, impact soil fertility and performance [18].

Although previous studies have analyzed the effect of biochar in Andisol and Incepti-
sol [23,26], only a few have analyzed the effect of biochar in these soils in the conditions
of the Andean highlands. Andisols from the Ecuadorian paramos are susceptible to
irreversible changes upon drying, which is expected to negatively affect its physical prop-
erties [27]. Andisols are also characterized by a large porosity [27] and pH below 5 [14,27].
Although it is expected that biochar could help to reduce such susceptibility by improving
water retention capacity and, thus, helping to improve the quality of these soils, more
work is necessary to better understand the dosages and interactions of biochars with these
types of soils and the addition of fertilizers. The strategy for storing C in a stable manner
and for long times via biochar addition to soils [19] is of practical interest at the farmers
level only if there is an agronomic value of biochar in the soils; i.e., if the fertilizer value of
biochar and its positive effects on soil physical properties are confired [26]. Farmers in the
Ecuadorian Andes grow a variety of crops, among which vegetables are of great economic
and ecological importance due to their market value and the technological intensity re-
quired for their production [28,29]. The intensity of use of the soils dedicated to vegetable
production (frequent tillage, use of labile forms or organic matter, and frequent irrigation),
offers an appropriate setting for developing better soil conservation strategies and selection
of amendments with potential soil-transforming effects such as biochars. Therefore, more
work is necessary to better understand these benefits, especially in the conditions of soils in
the Andean highlands. The objective of this work was twofold: (a) to study the effect of
two types of biochars on two agricultural soils commonly found in the Andean highlands
(Andisol and Inceptisol) and the corresponding soil-biochar—fertilizer interactions; and, (b)
to assess the response to biochar of two vegetable crops grown in succession in a simulated
double-cropping system. The work aims to explore the consistency of biochar amendments
at producing desired responses in Andean soils” properties and vegetable growth (lettuce
and radish) under local conditions.
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2. Materials and Methods
2.1. Biochar Production and Characterization

Biochar was produced using wood residues from the wood furniture industry in
Cuenca (where ~65% of the wood furniture in Ecuador is manufactured). Wood is one of
the most common raw materials used for biochar production intending soil amendment [16].
Approximately 30 kg of wood residues were collected from a small carpentry shop (location
2°55'8.8" S, 79°1’8.1” W) and stored at room conditions prior to characterization and
carbonization. Wood residues were constituted by a mix of shavings of three commonly
used wood species for furniture in Ecuador (Tratinnickia glaziovii, Cedrelinga catenaeformis,
and Ocotea javitensis, approximately in equal parts). Prior to pyrolysis, the wood residues
were dried (at 103 °C, 24 h) following ASTM D4442-07. Biochar was produced using a
custom-made electrically heated oven (internal dimensions 250 x 250 x 250 mm, 3000 W,
electronically controlled) (See Figure 1). Two temperatures were selected for pyrolysis:
400 °C and 500 °C, for 1 h at isothermal conditions. The products are herein referred to as
B400 and B500, respectively. These temperatures were selected based on previous works
on evaluating biochar for soil amendment [30-34]. The heating rate was approximately
12 °C min~! but the cooling down process was slower. Nitrogen (99.9% purity) (INDURA,
Guayaquil-Ecuador) was used as a carrier gas (flow of 4 L min~1). This relatively high N,
flow intended to reduce tar formation and help tar dragging during the pyrolysis process.
Needle valves and a gas flowmeter were employed to regulate the nitrogen flow. Prior to the
pyrolysis process, the oven was flushed with nitrogen for 10 min (with the wood shavings
previously loaded). The resulting chars were then ground to reduce and homogenize
particle size between 20 and 60 mesh. A schematic showing the whole experimental work
and related activities is presented in Figure 1.

Proximate analysis (volatiles and fixed carbon content) of B400 and B500 biochars was
conducted employing a Mettler Toledo thermogravimetric analyzer (TGA-SDTA851e). Ash
content was determined by burning 1 g of material at 600 °C for 2 h (ASTM E1755-01).
Elemental analysis (C, H, N content) was measured using a LECO® TruSpec CHN analyzer
coupled with a LECO® 628S detector module [35]. Oxygen was calculated by difference,
using the ash content to correct the results of the elemental composition analysis. All
tests were conducted in duplicates. Functional groups on the surface of the biochars were
detected via Fourier Transform Infrared Spectrometry (FTIR), using a Shimadzu IRAffinity-1
spectrometer operating in the 4000400 cm ! range of wave numbers. The apparent surface
area of the biochars was studied by gas physisorption analysis using CO, as adsorptive
gas in a Micrometrics Tristar II Plus equipment (Norcross, GA, USA) at 0 °C (273 K). Prior
to the tests, the biochar samples were outgassed under vacuum (5-10 Pa) at 200 °C for
18 h. CO; adsorption isotherms were measured between the partial pressure range of
p/po =102 to p/po = 0.03 using 75 set equilibration points. The corresponding surface
area and micropore volumes were estimated using the Dubin—Radushkevich theory [36].

2.2. Experimental

A completely randomized factorial experiment was conducted to test for main and
interaction effects of biochar type, soil type, and NPK fertilizer addition on physical,
chemical, and microbiological characteristics of two types of Andean soils, as well as
the response of two vegetable crops grown in succession in a simulated double-cropping
system. The types of soils selected were an Inceptisol and an Andisol, which are commonly
used for agriculture in the Andean highlands and used for vegetable crops around the city
of Cuenca, Ecuador. The soil samples were stored under dry greenhouse conditions (at
temperature up to ~25 °C) for approximately two months prior to use. The two types of
biochar (B400 and B500) were tested on these soils with and without the NPK fertilizer.
The experiment was conducted between May and August 2019 in a greenhouse facility at
the Faculty of Agricultural Sciences of the University of Cuenca, using 6 L pots (height
210 mm, upper diameter 220 mm, and base diameter 170 mm). The first crop planted was
lettuce (cv. ‘Great Lakes’ 366, started from transplants) immediately followed by radish
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(cv. ‘Crimson Giant’, started from seeds). In the treatments that received NPK fertilization,
the fertilizer was mixed with the soil prior to the first crop (i.e., lettuce). No additional
fertilizer was applied after the radish was planted. Irrigation was provided daily by means
of micro-sprinklers.

Pyrolysis (400 °C
and 500 °C x 1 h)

i

Wood shavings

— . A

Biochar

SOIL, With/without NPK

fertilizer

[
Biochars/soils characterization
and preparation

|

Plants at growing stage

Figure 1. Schematic showing the entire experimental work.
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2.3. Treatments of Soil with Biochar

Treatments consisted of all possible combinations of: (a) three levels of biochar amend-
ment (i.e., B400 (biochar produced at 400 °C for 1 h), B500 (biochar produced at 500 °C for
1 h), and no amendment), (b) two types of soil (Inceptisol and Andisol), and (c) two levels
of fertilization (with or without NPK fertilizer, applied prior to the first crop), resulting
in 12 total treatments. The pots were filled with 2 kg of substrate prepared as indicated
by the treatment. Both biochars constituted 5% (100 g) of the substrate weight (dry basis).
Fertilizer represented 1% (20 g) of the total weight of the substrate. The fertilizer applied
was a granular 15-15-15 NPK. Seven replicate pots per treatment were prepared.

2.4. Soil Physical, Chemical, and Microbiological Properties

Soil physical properties were determined on samples of three randomly selected
replicates at the end of the second crop (to avoid major perturbation of the soil structure)
using standard methods [37]. Soil bulk density was determined gravimetrically using
undisturbed cores. The cores were also used to determine the volumetric soil water content
at field capacity (6cc) and permanent wilting point (6pymp). Total available water was
calculated from the difference between 8cc and Opyp. Soil chemical properties (pH, or-
ganic matter content, N, P, K, Ca, Mg, Zn, Cu, Fe, and Mn) were measured on samples of
three replicates at the end of the first and second crop. Soil samples were collected and
sent for analysis to an external service provider (Instituto Nacional de Investigaciones
Agropecuarias-INIAP, Gualaceo-Ecuador). Soils were extracted using Olsen’s solution. N
and P were determined colorimetrically using the Kjeldahl and the molybdenum-vanadate
method, respectively. Metallic elements were determined by atomic absorption flame spec-
trometry [38]. Organic matter content was determined by wet oxidation [39]. Culturable
bacteria were enumerated in three of the seven replicates using serial dilutions of a soil
suspension on phosphate saline buffer plated on nutrient agar [37]. Plates were incubated
at room temperature (20 & 2 °C) for one week before enumeration. Dilutions with 30-200
colonies were used for enumeration. Cation exchange capacity (CEC) of soils was measured
following standard procedures (i.e., Ammonium chloride—NH4Cl method).

2.5. Crop Fresh Weight Measurements

Crop fresh weight was measured on six replicates after the completion of the typical
crop cycle for local conditions (8 weeks after transplant for lettuce and 6 weeks after sowing
for radish). For lettuce, plants were harvested at the crown and weighted individually,
whereas for radish, plants were uprooted, cleaned, and weighted.

2.6. Data Analysis

Data were analyzed using ANOVA after checking for model assumptions. For some
variables, outliers were detected and had to be extracted from the dataset to satisfy nor-
mality or homoscedasticity assumptions. In the case of the weight of lettuce plants, data
were log-transformed to achieve normality because of the large differences in the range of
weights between the plants cultivated in the Inceptisol and the Andisol. Statistical analyses
were conducted in R [40].

3. Results
3.1. Biochars and Soils Properties

The yields of biochars produced at 400 °C and 500 °C for 1 h, i.e., B400 and B500, were
32.17 £ 1.03 mass% and 30.39 + 0.51 mass%, in dry basis, respectively. Although the only
difference between the biochars’ production process was temperature (100 °C higher in
B500 than in B400), important differences in the products’ properties are seen in Table 1.
Temperature is the most important parameter to control the slow pyrolysis process [41] and,
thus, the properties of biochar. This explains the differences in the results of both proximate
and elemental analyses of biochar (Table 1). In addition, slow pyrolysis and long residence
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time result in lower amounts of polycyclic aromatic hydrocarbons (PAHs) in biochars than
in fast pyrolysis [42,43].

Table 1. Characteristics of the two biochars used in the work (dry basis).

B400 B500
Volatiles (% w w™1) 31.67* 27.50
Fixed carbon (% w w™1) 66.97 70.75
Ash (% w w™1) 1.37 1.75

C(%ww 70.49 74.78
H(%ww1) 3.69 3.03

N (% ww™1) 0.36 0.58

S (% ww b BDL ** BDL
O % ww) 25.46 21.61
H/C 0.052 0.041
0/C 0.361 0.289
(O +N)/C 0.366 0.297

* Results are the mean of duplicates. ** Below detection limit.

A reduction of volatiles relative content of the biochars (from ~31.7% to 27.5%) when
the pyrolysis conditions changed from 400 °C to 500 °C was observed, suggesting that
mass loss during pyrolysis in large part results from volatiles reduction. As expected,
the relative content of fixed carbon increased (from ~67% to ~71.8%) when the pyrolysis
temperature increased. The results of the elemental composition analysis (Table 1) revealed
absence of S in the biochar samples, as expected in most lignocellulosic materials. The mass
fraction of H and O decreased from 3.69% to 3.03% and from 25.5% to 21.6%, respectively.
The reductions of both H and O result from the cleavage and cracking of weak O bonds
within the material, whose products are lost within the pyrolysis gases [32]. The H/C and
O/C atomic ratios decrease when the pyrolysis temperature increase. These ratios can be
used as indicators of the degree of aromaticity of biochar [44]; thus, B500 presents higher
aromaticity than B400. Aromatics in biochar are formed during the pyrolysis process;
thus, studies about potential health risks resulting from polycyclic aromatic hydrocarbons
(PAHSs) in soils amended with biochar have been conducted, showing that the concentration
of PHAs in these soils is up to two orders of magnitude below the limits of prevention,
according to European and Brazilian legislations [45]. The O/C atomic ratio decreases
in B500 compared to B400, indicating that less polar functional groups are present in
B500 surface compared to B400. The (O + N)/C ratio also decreased when the pyrolysis
temperature was augmented, indicating a higher amount of polar functional groups on the
surface of B400, compared to B500.

Both B400 and B500 biochars used in this work are in the range of pyrolysis tempera-
tures that offer the most desirable hydrological properties in biochar [34]. The functional
groups on the samples of B400 and B500 biochars and raw material are shown in Figure 2a.
The characteristic board peak due to the presence of the O—H bond stretching can be
observed at ~3450 cm ™! [46], corresponding to the presence of water on the biochar surface.
The peaks at 2972 cm~! and 1705 cm~! can be attributed to the presence of the carbonyl
bonds (C=0) corresponding to the ketone group and carboxyl group, respectively. The
C=0 presence on the biochar surface act as a water binding center. The peak at 1600 cm ™!
is ascribed to stretching vibrations of the aliphatic -C=C- bond distinctive to biochar [47].
The aliphatic peak at 2800-3000 cm ! that is identified in the raw material disappears in
the spectra of both B400 and B500, suggesting that the hydrophobicity of both biochars is
low [34,48]. Although both samples present approximately similar surface chemistry, the
peaks intensity decreases at the higher pyrolysis temperature, indicating lower presence of
functional groups on the surface of B500.
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Figure 2. (a) Functional groups on B400 and B500 biochars” and raw material’s surfaces, (b) CO,
sorption isotherms for the two types of chars.

Figure 2b shows the CO, adsorption isotherms for both biochars. The corresponding
analysis showed that, for CO, adsorption, the surface areas are 274 and 292 m? g~ ! for
B400 and B500, respectively. Therefore, a small increase of surface area occurs when the
pyrolysis temperature changes from 400 to 500 °C. The total pore volumes are 0.06966 cm3
g~ ! (at relative pressure 0.029963) and 0.6599 cm? g~! (at relative pressure 0.029952) for
B400 and B500, respectively. The maximum pore diameter was 0.7967 nm in both cases.

The characteristics of the two soils used in the work are shown in Table 2. The bulk
density of Inceptisol was larger than that of Andisol (i.e., 1.04 g cm 2 vs. 0.66 g cm —3). Water
content at field capacity (6cc) and at permanent wilting point (Opymp), and total available
water followed the same trend. Andisol was acidic (pH ~ 5), which is in agreement with
results previously reported for these types of soils [14], while Inceptisol’s pH was close to 7.
The CEC of Andisol (74.25 cmol(+) kg 1) can be rated as very high and that of Inceptisol
(36.62 cmol(+) kgfl) as high [49]. The chemical composition shows different nutrients
content (higher presence of K, Ca, Mg, and Mn in the Inceptisol than in the Andisol). The
bacterial counts were not appreciably different. It is also observed that the organic matter
content was higher in the Andisol (32.83%) than in the Inceptisol (7.28%).

Table 2. Physical, chemical, and microbiological characteristics of the two soils used in the experiments.

Inceptisol Andisol
Texture Loam Sandy loam
Bulk density (g cm~3) 1.04 0.66
Bcc (m3 m™3) 0.49 0.32
Bppmp (m® m—3) 0.32 0.29
Total available water (m® m—3) 0.17 0.03
pH 6.64 5.12
CEC (cmol(+) kg~1) 36.62 74.25
Organic Matter (%) 7.28 32.83
N (ppm) 24.12 34.78
P (ppm) 86.3 10.4
K (ppm) 676.43 191.59
Ca (ppm) 4488.96 1092.18
Mg (ppm) 675.54 140.94
Zn (ppm) 8.1 2.3
Cu (ppm) 2.4 3.3
Fe (ppm) 9.0 110.0
Mn (ppm) 23.2 6.4
Bacterial counts (logyg UFC-g~1) 5.11 543

Nomenclature: §cc—Water content at field capacity; Oppp—Water content at permanent wilting point.
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3.2. Biochar Effects on Physical, Chemical, and Microbiological Characteristics of Soil
3.2.1. Soil Physical Properties

Biochar type, soil type, and fertilizer addition interacted to modify the bulk density,
Occ, Opmp, and total available water after the second crop (Table 3). Bulk density, O¢cc,
and Opyp were affected by two-way interactions between biochar and soil type. The bulk
densities of the soils amended with both biochars were lower than those of the unamended
soils (e.g., the bulk density of Inceptisol amended with B400 and fertilizer was 0.85 g
cm~3, whereas the density of the control was 1.06 g cm~3), which results mostly from the
low biochar densities. Moreover, the Inceptisol amended with B400 had a greater bulk
density than the soil amended with B500 but the opposite was observed with Andisol.
Conversely, less clear effects were detected for 8cc and Opyp. The 6cc was greater in soils
amended with either biochar in the Inceptisol, without apparent differences caused by the
biochar type. Nevertheless, in the Andisol amended with biochar, the addition of B400 only
(i.e., without fertilizer) produced 0¢c similar to the controls, whereas B400 with fertilizer
addition, and B500 (with or without fertilizer) had less 8¢ than the controls. The Opyp
showed a similar and more consistent trend than that of 6cc, with greater Opyp in the
Inceptisol soils amended with either biochar, and lower 6pyp in the Andisol soils than
the controls. Total available water (6cc — 6pyvp) showed three-way interactions between
biochar, soil type, and fertilizer addition, which made it difficult to identify clear trends
(Table 3). In the Inceptisol, total available water was similar in all the treatments, whereas
in Andisol, soils amended with B400 and the fertilized control contained more available
water than the other soils. Higher total available water results in part from the slightly
higher hydrophilicity of the B400 biochar compared to B500 biochar.

Table 3. Hydrophysical properties of the soils amended with B400 and B500 with (+Fert.) and without
fertilizer (—Fert.) and p-values for main and interaction effects derived from a biochar x soil X
fertilizer factorial ANOVA.

Bll(gc?negs)ity 6cc m®*m=3)  Bpmp (m* m~3) ‘"/l"\::tzlrz‘?;zﬂ;]ie)
= +Fert. 0.85 + 0.02 0.55 £ 0.03 0.45 £+ 0.00 0.09 + 0.00
= —Fert. 0.89 £ 0.05 0.56 £+ 0.01 0.44 £ 0.00 0.12 £ 0.00
g = +Fert. 0.78 £ 0.04 0.56 £ 0.02 0.45 £ 0.01 0.11 £+ 0.01
g = —Fert. 0.83 + 0.01 0.58 £ 0.09 0.39 + 0.06 0.19 £ 0.06
h g +Fert. 1.06 £ 0.06 0.47 £ 0.01 0.33 + 0.03 0.14 £ 0.02
5 —Fert. 1.01 £0.03 0.47 £ 0.01 0.36 = 0.03 0.11 £ 0.03
= +Fert. 0.42 £0.02 0.58 + 0.03 0.47 £0.05 0.11 + 0.01
2 —Fert. 0.42 +0.01 0.73 = 0.00 0.5+0.01 0.22 £ 0.01
g S +Fert. 047 £0.01 0.54 = 0.00 0.42 £ 0.04 0.12 £ 0.04
g = —Fert. 0.45 £ 0.00 0.52 +0.01 0.46 £ 0.05 0.06 £ 0.05
E +Fert. 0.48 +£0.01 0.73 £ 0.05 053+0 0.2 £0.00
Lg) —Fert. 0.54 + 0.02 0.65 + 0.05 0.54 + 0.01 0.11 £ 0.01
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Table 3. Cont.
Bu(lz‘;(cﬂegs)ity 6cc m®*m=3)  Bpmp (m> m~3) mzlr?;iiﬁge)
B <0.01 0.31 0.35 0.64
S <0.01 <0.01 <0.01 0.82
<>C F 047 0.65 0.61 0.98
@) BxS <0.01 <0.01 <0.01 0.03
:<ZC B xF 0.89 0.12 0.77 0.01
SxF 0.98 0.92 0.31 0.19
BxSxF 0.12 0.17 0.50 0.03

Values are means + SE (Standard error) (n = 3). Nomenclature: B—Biochar, S—Soil, F—Fertilizer. Highlighted
cells in the Table indicate key results in this set of variables. For interpretation, significant higher order interactions
prevail over lower order interactions and main effects.

3.2.2. Soil Chemical Properties

Table 4 shows the CEC results corresponding to the soils after the amendment (second
column) and after the second crop (third column). It is seen that, for Inceptisol, in general,
CEC decreases after the second crop, regardless of the soil treatment. For example, the CEC
decreases from 36.62 to 34.04 in the control, from 41.16 to 39.11 in the Inceptisol amended
with B400 only, and from 43.54 to 39.15 in the Inceptisol amended with B500 only. However,
in general, Andisol shows an increasing tendency (e.g., CEC increases from 74.25 to 90.41
in the control, from 79.61 to 90.80 in the Andisol amended with B400 only, and from 79.60
to 93.53 in the Andisol amended with B500 only), which is in agreement with pH increases
reported in Table 5. CEC is an important factor that helps to control the stability of soil
structure, as well as nutrient availability for plant growth, the pH of soils, and the reaction
of soils to fertilizers and other materials used as soil amendments [49].

Table 4. Cation exchange capacity of soils.

Type of Soil and/or Preparation CEC of the Initial Soils * CEC after the Radish Crop Tendency
Inceptisol alone 36.62 34.04 Decrease
Inceptisol + fertilizer 38.18 40.62 Increase
Inceptisol + B400 41.16 39.11 Decrease
Inceptisol + B400 + fertilizer 45.53 42.82 Decrease
Inceptisol + B500 43.54 39.15 Decrease
Inceptisol + B500 + fertilizer 49.82 38.04 Decrease
Andisol alone 74.25 90.41 Increase
Andisol + fertilizer 77.77 91.50 Increase
Andisol + B400 79.61 90.8 Increase
Andisol + B400 + fertilizer 79.28 92.85 Increase
Andisol + B500 79.6 93.53 Increase
Andisol + B500 + fertilizer 111.31 93.89 Decrease

* Results are the mean of two measurements.

Several statistically significant interactions between biochar, soil type, and fertilizer
were detected among the chemical properties evaluated after the lettuce (Table 5) and the
radish crop (Table 6) were harvested. After the lettuce crop was harvested, no changes
were noted to the pH due to the addition of biochar, although broader changes were noted,
caused by soil type and fertilizer. A significant interaction between biochar and soil type
was detected for the soil organic matter content (Table 5). Due to this interaction, soil
organic matter was lower in the Inceptisol amended with B500 than in both the B400-
amended and control soils, but this trend was not detected in the Andisol. Neither main
nor interactive effects of biochar were detected for the residual N, P, K, and Mn content in
the soil; nonetheless, significant biochar-soil and biochar-soil—Fertilizer interaction were
detected for the Ca, Zn, Mg, and Fe contents of the soils (Table 5).
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Table 5. Properties of the soils amended with B400 and B500 biochars with (+Fert.) and without fertilizer (—Fert.) after the lettuce crop (first crop) and p-values for
main and interaction effects derived from a biochar X soil x fertilizer factorial ANOVA.

pH OM (%) N (ppm) P (ppm) K (ppm) Ca (ppm) Mg (ppm) Zn (ppm) Cu (ppm) Fe (ppm) Mn (ppm)
S +Fert. 56+03 6.7+£02 175+13 3023 +10.7 1166.5 +394.4 3241.1 £246.6 3949 +18.2 8.1+04 27 +0.1 41.7 £4.7 39+15
¥
= /M —Fert. 69+01 69+04 142+18 988459 308.9 +13.5 3166.3 £+ 98.9 403 +£4.9 8+£0.6 254+02 25.3 £ 3.9 42403
'é S +Fert. 6.1+05 60+02 27 +10.9 2378 £73.6 959.3 + 381.8 4021.4 £+ 66.8 435 + 25.7 99 +0.2 3+0.2 25+4.2 58 +21
§ 5 —Fert. 6.6 05 6.0=+0.0 182+44 167 +725 547.4 + 207.2 3954.6 £+ 26.7 4224 +39 10.1 £ 0.5 3.1+04 25+55 4407
g +Fert. 61+01 73+04 144+06 303.7+13 803.5 4+ 36.7 4068.1 £ 41.7 4459 + 274 94+0.2 25+0.1 253+1.2 83+14
o
8 —Fert. 714+01 67+03 99+25 73.1+28 362.3 +19.2 4094.8 +£247.2 5156 +=11.3 82+1.1 23+0.1 143 + 4.8 4+03
= +Fert. 48+ 03 3334+08 161+£21 359+42 453.6 + 82.9 416.8 = 8.3 100 £1.5 24+05 35+0.1 111.3+£98 3.6+04
F
M —Fert. 50+01 338+03 293+82 108+1.4 87.3 +10.2 374.7 +43.1 73.7 £5.7 1.6 +0.1 424+03 132 +3 34+04
§ = +Fert. 47+00 36.6+04 ;ngl + 388 +1.3 4457 +£27.4 4322 +11.6 1045 +1.2 1.8 +£0.1 44+02 1513 +72 3+£02
] " i
<,:‘q —Fert. 56+02 363+06 203+31 10.1+09 113.4 £ 11.7 564.5 + 104.1 98.8 +11.5 21+02 43+0.1 141 + 4.6 3.6 £0.6
E +Fert. 44+01 324405 215+£38 392+6 434 + 18.5 378.8 9.3 98 +£0.8 1.7 £0.1 43 +00 1493 +24 33403
o
8 —Fert. 48+01 3444+00 151+12 85428 534 +1.3 342.7 +11.2 71.7 £ 24 15+0.1 40+0.1 1147 +£2.7 33+04
B 0.55 <0.01 0.23 0.94 0.50 <0.01 <0.01 0.02 <0.01 0.03 0.36
S <0.01 <0.01 0.21 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
< F <0.01 0.20 0.26 <0.01 <0.01 0.88 0.88 041 0.91 0.01 0.10
% B xS 0.07 <0.01 0.53 0.94 0.85 <0.01 <0.01 0.02 0.09 <0.01 0.24
b4 B xF 0.98 0.31 0.28 0.16 0.59 0.85 0.18 048 0.14 0.01 0.23
< Sx F 0.21 0.07 0.47 <0.01 0.31 0.67 0.01 1.00 0.39 0.86 0.06
BxSxF 0.13 0.05 0.36 0.16 0.63 0.71 0.04 0.62 0.06 <0.01 0.20

Values are means + SE (Standard error) (n = 3). Nomenclature: B—Biochar, S—Soil, F—Fertilizer, OM—Organic matter content. Highlighted cells in the Table indicate key results in this
set of variables. For interpretation, significant higher order interactions prevail over lower order interactions and main effects.



Sustainability 2022, 14, 8912

11 of 19

Table 6. Properties of the soils amended with B400 and B500 biochars with (+Fert.) and without fertilizer (—Fert.) after the radish crop (second crop) and p-values

for main and interaction effects derived from a biochar x soil x fertilizer factorial ANOVA.

pH OM (%) N (ppm) P (ppm) K (ppm) Ca (ppm) Mg (ppm) Zn (ppm) Cu(ppm) Fe (ppm) Mn (ppm)
S +Fert. 62+02 63+£01 108.3 +81.9 283.7 + 12.7 981.4 + 224.8 42545 £ 1309 392 +22.1 178 £ 0.9 47 +0.1 131 4+£19.2 11343
<t
=)
—Fert. 72+00 70%£01 Zzg + 168.2 + 40.9 5213 £76.1 3989.3 £1914 4775+ 258 26.5+ 04 43+0.8 723+£232 7+£12
'é S +Fert. 60£02 59+02 76.6 £46 3123+ 1.3 1050.5 + 144.6  4419.5 £ 86.4 387.2+10 202+ 1.9 55+02 147.7 £109 16 +2.5
= ITo)
m
@“ —Fert. 72+00 68+£03 i’gz + 238.7 £2.7 4249 £31.3 3881.1 + 84 454 £13.1 25.7 £ 0.9 54+01 112 + 3.6 11.7 £ 0.9
;:: B
g +Fert. 64+01 63+£00 18 +22 244 £359 1063.5 +312.3  4236.5 + 1184 462.5+10.2 119 +0.2 29+0.0 38.7+39 6.7+12
g 80.1 £+
© —Fert. 73+00 62+02 39'2 220.3 £13.7 366.2 £3.4 37989 £+ 25.6 530.1 £7.8 30£0.6 64+ 0.6 136.3 +£26.6 12 +2.1
= +Fert. 46+03 292401 271£27 643+£264 581.3 £ 67 813 £+ 168.8 123.5 £ 25.1 27+01 7+0.1 361 £1.5 4+06
<t
)
—Fert. 54+01 299401 285 + 38+03 138.2 + 13 661.3 + 84.8 96.8 £ 9 1.8 £0.1 51+04 2347 £113 3+06
% = +Fert. 52+01 286+04 329£15 50.6+28 391 £31.4 682.7 £ 45.5 105.7 = 4.4 25+02 85+0.2 4267 +£43 37+03
<):G 2 —Fert. 56+£01 286+04 292+15 118+1.8 143.4 £ 16 750.2 + 69.2 101.2 -84 2.8 +0.2 89+£03 418.7+47 3.0+£0.0
E +Fert. 52+£01 299401 2524+84 297+27 271.1 £ 655 531.1 +£18 103.3 £ 6.1 20£00 53+02 2503 +12 33403
=
8 —Fert. 53+00 299402 285£26 78=+1 73+£9.1 5571 +£42 822+23 23+01 89+0.2 3923+09 23+03
B 0.08 <0.01 0.46 0.09 0.46 0.05 0.01 <0.01 <0.01 <0.01 0.04
S <0.01 <0.01 0.08 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
§ F <0.01 0.01 0.89 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.80 0.23
% BxS 0.02 <0.01 0.76 0.15 0.70 0.82 <0.01 0.19 <0.01 <0.01 0.05
< B xF 0.06 0.08 0.50 0.06 1.00 0.97 0.92 <0.01 <0.01 <0.01 0.04
SxF <0.01 0.26 0.79 0.16 0.05 <0.01 <0.01 <0.01 0.50 0.92 0.89
BxSxF 0.29 0.19 0.42 0.59 0.38 0.25 0.60 <0.01 0.15 0.01 0.03

Values are means + SE (Standard error) (n = 3). For Nomenclature see Table 4. Highlighted cells in the Table indicate key results in this set of variables. For interpretation, significant

higher order interactions prevail over lower order interactions and main effects.
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After the radish crop was harvested (Table 6), biochar—soil interactions were detected
in the Inceptisol amended with both types of biochar. Both Inceptisol-biochar mixes had
lower pH than the controls, whereas the opposite was observed in the Andisol amended
with biochar without fertilizer. Compared to the control, a greater soil organic matter
content was detected in the biochar-amended Inceptisol, while less soil organic matter
content was detected in the biochar-amended Andisol (both without fertilizer). The addition
of fertilizer to biochar amended soils reduced soil organic matter when compared to the
unfertilized biochar-amended soils. No biochar-related effects were detected for either the
residual N, P, K, and Ca content, whereas biochar-soil and biochar—fertilizer interactions
were detected for the residual Mg, Cu, Fe, and Mn content and three-way interactions were
detected for the residual soil Zn content (Table 6).

3.2.3. Soil Bacterial Counts

The bacterial count of the two types of soils, treated with biochar and fertilizer addition,
and treated with biochar only, are present in Table 7. Although no biochar-related effects
were detected on the bacterial counts of either soil after the lettuce crop was harvested, a
significant biochar-soil interaction was detected after the radish crop was harvested. For
example, the bacterial counts in Inceptisol amended with B400 only, after the radish crop,
was 6.6 log1g UFC g~!, while that of the control was 5.4 logg UFC g~ !. The biochar-soil
interaction after the second harvest can be attributed to the longer time of biochar in the
soil as compared to the first harvest. Bacterial counts in the B500-amended soils after the
second harvest were similar to those of the control soil. Nevertheless, B400-amended soils
(with and without fertilizer) had markedly greater bacterial counts than the control in
the Inceptisol samples, and equal (B400 + fertilizer) or slightly lower (B400) counts than
the control in the Andisol samples. It is possible that the B400 biochar promotes a better
environment for bacteria in the soils, which could be related to the presence of more OH
groups on this biochar’s surface.

Table 7. Culturable bacteria counts in the soils amended with B400 and B500 biochars with (+Fert.)
and without fertilizer (—Fert.) after two successive crops (lettuce and radish), and p-values for main
and interaction effects derived from a biochar X soil x fertilizer factorial ANOVA.

Bacterial Counts after First Crop (Lettuce, Bacterial Counts after Second Crop
logyo UFC g 1) (Radish, log;p UFC g~ 1)
= +Fert. 5.6 +0.2 7.0 +0.2
<t
e —Fert. 51402 6.6 +0.4
E S +Fert. 5.6+ 0.3 51402
é‘f = —Fert. 52403 51402
- g +Fert. 51402 5.5+ 04
§ —Fert. 52402 54404
= +Fert. 54402 5.6 +0.7
<t
e —Fert. 47401 43+04
E S +Fert. 46+02 5.6+ 0.2
:,:é 3 — Fert. 49405 56+0.1
T +Fert. 5.2+ 0.0 5.6+ 0.7
gg) —Fert. 44402 50405
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Table 7. Cont.

Bacterial Counts after First Crop (Lettuce, Bacterial Counts after Second Crop
logip UFC g—1) (Radish, log;p UFC g~ 1)
B 0.44 0.12
S <0.01 0.04
< F 0.07 0.07
3 B xS 0.54 <0.01
% B xF 0.28 0.33
S x F 0.70 0.27
B xS xF 0.14 0.72

Values are means + SE (n = 3). Highlighted cells in the Table indicate key results in this set of variables. For
interpretation, significant higher order interactions prevail over lower order interactions and main effects.

3.3. Biochar Effects on Plant Growth

The effect of adding biochar to the two types of soils and the resulting interactions are
presented in Table 8. Biochar, soil type, and fertilizer produced significant main effects on
the growth of lettuce plants. Fertilizer addition resulted in the largest effect on fresh weight
of the lettuce plants. In general, biochar-amended soils produced heavier lettuce plants
than the control in the Inceptisol without fertilization and in the Andisol (with or without
fertilization) (e.g., 65.9 g vs. 46.4 g in B-400 only amended Inceptisol and in the control,
respectively). However, the plants grown in B400-amended soils were heavier than those
grown in B500-amended soils. After the radish crop harvest, interaction effects between
biochar and fertilizer were detected. In part due to this interaction, biochar-amended soils
with fertilizer (both Inceptisol and Andisol) produced plants heavier than the controls. As
shown in Table 8, the radish weights were 40.4 g and 22.9 g in B-400 + fertilizer Inceptisol
and in control Inceptisol, respectively. In the Andisol, radish weights were 59.7 gand 43.0 g
in the B400 + fertilizer and in the control, respectively. Furthermore, the biochar-amended
soils without fertilizer produced plants either lighter than (Inceptisol) or similar to (Andisol)
the control.

Table 8. Weight of the two crops (lettuce and radish) grown in succession in two soils amended
with B400 and B500 biochars with (+Fert.) and without fertilizer (—Fert.), and p-values for main and
interaction effects derived from a biochar x soil x fertilizer factorial ANOVA.

Lettuce Weight (g) Radish Weight (g)

g +Fert. 1947 £19.7 404 + 10

<t

@ —Fert. 65.9 +10.7 135+ 6.4
E g +Fert. 206.8 £ 7 253+ 7.7
?:%: B Fert. 46.6 + 6.2 134 +£39
B T Fert. 200.3 £ 21.1 229455

§ —Fert. 464 £ 132 20.7 £ 6.1

g +Fert. 16.0 £ 2.4 50.7 £ 7.5

<t

0 —Fert. 34406 114 +49
3 g +Fert. 139 +14 50.5 4+ 4.7
;é: 2 —Fert. 3.6+04 179+73

T 4Fert. 10.8 +24 43.0 + 8.4

§ —Fert. 2.8+ 04 6.0 +2.7
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Table 8. Cont.

Lettuce Weight (g) Radish Weight (g)
B <0.01 0.07
S <0.01 <0.01
< F <0.01 <0.01
5 BxS 0.29 0.33
Z, BxF 0.92 0.01
< SxXF 0.89 <0.01
BxSxF 0.08 0.46

Values are means £ SE (n = 3). Highlighted cells in the Table indicate key results in this set of variables. For
interpretation, significant higher order interactions prevail over lower order interactions and main effects.

4. Discussion

There exists a growing global interest on using biochar as a soil amendment due to its
capacity to improve soil properties and increase crops production [50,51]. Still, information
on biochar-amended soils also reports agriculturally unfavorable effects of biochar, in both
crop development and soil properties [52,53]. The differing responses of soils and crops to
biochar application suggest that complex interactions between the type of biochar, percent
of biochar in the soil, soil properties, climate factors, and plant type exist. In this work,
some of these interactions were tested by simulating a rotational cropping system using
two soils commonly found in the agriculture of the Andean highlands. Biochar production
conditions that could further complicate the responses of soil and crops to the amendment
were also tested.

Although the sole difference between the production conditions of the two biochar
types was temperature, different responses were produced by the biochar type on soil
properties and growth of high rotation plants. The differences between B400 and B500
biochar types include elemental composition (particularly C and O content), degree of
aromaticity, hydrophobicity, and surface area. These differences promote visible changes on
the responses of the soils to the biochars. Higher hydrophilicity allows better compatibility
between water and biochar. Water retention capacity is undoubtedly a factor that positively
impacts soil properties and further plants’ growth. However, our result suggests that
this trend should not always be expected since the type of soil also affects the results. It
appears that the main interactions between the biochars (both B400 and B500) and the soil
are second order, affecting the bulk density, 8cc, Opmp, and total available water in the
soil. As a consequence of these interactions, the biochar B500 produced more desirable
changes (lower bulk density and higher total available water) in the Inceptisol whereas
in the Andisol, biochar B400 produced more desirable changes. Although the response
to the biochar amendment in the Inceptisol could be labeled as neutral or beneficial to
hydrophysical properties, in the Andisol the effects of biochar amendment with B500 could
be considered detrimental as it reduced the total available water in the soil, which could
in turn affect plant growth. A possible explanation for the better performance of B400
compared to B500 is that B400 is less hydrophobic than B500.

Although biochar can increase total available water in different types of soils [54], lack
of effects on total available water have also been reported [30,55]. In our work, increases,
no changes, or reductions in total available water depended on the combination of biochar
amendment and soil type. Different effects of biochar on the physical properties of different
soil types have been reported previously, suggesting that beneficial biochar effects on soil
hydrophysical properties would be less pronounced in fine textured soils [51]. Nonetheless,
it has also been reported that the hydrophysical properties of silt rich soils could solely
be minutely affected by biochar [56]. In our experiment, the Inceptisol and Andisol were
loam and sandy loam soils, respectively, and, thus, expected to respond rather well in
terms of hydrophysical properties to the application of biochar. The mixed results in this
experiment, however, make it difficult to provide general recommendations on the use of
biochar to improve the hydrophysical characteristics of the tested soils.
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Similar to the response of hydrophysical properties of the soils to the addition of
biochar, chemical properties also showed a varied response with significant interactions
between the type of biochar, soil, and whether fertilizer was added or not to the pots. In
general, biochar is considered to have a liming effect on the soil, increasing its pH [53,57].
This effect has been reported to be dependent on the buffering capacity of the soil and the
influence of added fertilizer [50,58,59]. No significant effects (neither main nor interaction
effects) of biochar addition were detected on the pH of either soils after the first crop cycle,
suggesting that the liming capacity of the tested biochars was limited, even accounting
for the rate at which the biochar was applied, which was higher than in other studies
where such an effect has been reported [57,59]. However, a significant interaction between
the biochar and soil type produced higher pH in the biochar-amended Andisol after the
second crop. This result indicates a delayed liming effect that increased the buffering
capacity of the soil, which is in agreement with previous observations showing that the soil
response to biochar increases over time after the initial application [51]. As expected, the
addition of fertilizer reduced the pH of both soils, but this reduction was less marked in
the Andisol than in the Inceptisol. Van Zwieten et al. (2010) reported similar results for
an acidic Ferrosol and an alkaline Calcarosol in the biochar they produced and attributed
this liming effect to Ca complexes formed from CaCOj; present in their feedstock [59]. The
feedstock used in their study was different than the one used herein. Nevertheless, in
general, biochars contain small amounts of ashes that can contribute bases to neutralize
acidic soils [53], which is also our case, since ash content in our biochars can be up to 1.75
mass% (Table 1). Ashes in biochar are also attributed to positively impact CEC of soils.

Another property that showed a marked and contrasting response to the application
of biochar in both soils was the organic matter content. Soils that received biochar had less
organic matter after the first crop in the Inceptisol, whereas the opposite was observed in
the Andisol. Interestingly, after the second crop, this result was reversed and the organic
matter content was higher than controls in the biochar amended Inceptisol, while the
opposite was identified in the biochar amended Andisol. Still, even though a statistically
significant interaction between soil type and biochar addition supports this observation, the
magnitude of the change in organic matter in any of the cases is negligible for any practical
implication. In general, higher available water content was found in soils amended with
B400 than with B500, which is a consequence of the higher hydrophilicity of B400 compared
to B500. The results suggest that biochar produced at 400 °C performs better than biochar
produced at 500 °C because B400, apparently, promotes a better environment for bacteria
growth in the soils, in part as a consequence of more OH available groups in B400 and its
better interaction with water and fertilizer.

Generally recognized as stable under soil conditions, a net increase and relatively
stable organic matter content was expected in the biochar amended soils. Nevertheless, the
addition of biochar could promote degradation of labile carbon [60,61], which could explain
the decrease of soil organic matter in our results. Still, the reversal of the original effect in
both soils highlights the importance of planning long term experiments and rotations to
avoid confusion of transient changes with long term effects of biochar amendments in dif-
ferent types of soils. Biochar amendment effects on bacterial counts were not detected until
the end of the second crop when the effect of biochar was strongly dependent on the type
of soil, with B400 increasing counts in the Inceptisol and B500 producing no effect, whereas
in the Andisol, the opposite was true. The effects of biochar on microbial abundance are
mixed and suggest the presence of important interactions between the amendment, the soil
type, and the group of microorganisms, since some groups of organisms seem to benefit
from the introduction of biochar whereas others do not [62]. This finding is in agreement
with results reported in previous works [21].

Biochar has been proposed as a way to increase the CEC of soils and, consequently,
increase their capacity to hold nutrients [53]. The consistent increase in Ca, Mg, Zn, Cu, Fe,
and Mn concentrations in the B500-amended Andisol could be a consequence of increased
cation exchange sites due to biochar addition. However, the lack of consistent response
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in the Inceptisol and the B400-amended Andisol are indicative of important soil-biochar
interaction effects and the influence of biochar processing conditions in this interaction.

In terms of plant growth, our results show a slight increase in the weight of the
crops used in the simulated rotation, with larger effects of fertilizer and soil type on the
development of the plants. Such a small effect, however, is in agreement with the estimated
effect of biochar applications in other crops. Jeffery et al. estimated in their meta-analysis
an average increase in crop productivity by ~10% with a range from —28% to 39% change
relative to the controls [52]. In our case, the range of responses was varied, ranging from
~34% reduction in weight of radish in the biochar amended Inceptisol to ~100% increase
of weight in radish in the B400 amended Inceptisol with addition of fertilizer (all values
relative to the corresponding control).

5. Conclusions

Biochars produced from hardwood residues at 400 °C and 500 °C for 1 h (B400 and
B500, respectively) were tested to identify the main and interaction effects of biochar
type, soil type, and NPK fertilizer addition on the physical, chemical, and microbiological
characteristics of the soils. Results show that biochar alone is not sufficient to promote
visible benefits, although it allows better interaction of soils with fertilizers and water.
Biochar produced at lower temperatures (i.e., B400) works better than biochar produced
at higher temperatures (i.e., B500). The presence of oxygen functional groups and, thus,
biochar’s hydrophilicity, appears to positively impact biochar properties required for soil
amendment. The effect of biochar affinity to soils and water seems to play an important role
for this biochar’s behavior. However, it appears that some positive effects are not possible
to detect in the short term (i.e., in the order of a few weeks, as tested herein). It has also been
found that the type of soil responds differently to different types of biochar additions. In the
case of degraded soils such as those in some parts of the Andean highlands, the addition
of biochar could help to increase the water retention capacity of the soils, a critical factor
to support agriculture in steep soils in these regions. Although this study shows some
positive effects of B400 and B500 biochar in Andisol and Inceptisol in the Andean highlands,
further long-term research is needed for more data acquisition on biochar—soil interactions.
Additional benefits of using biochar in soils (e.g., carbon sequestration and soil physical
characteristics) need to be tested, preferably under local conditions, in long-term tests.
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