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Abstract: The use of biochar, which is the solid product of biomass pyrolysis, in agricultural soils,
has been shown as a strategic solution for building soil carbon stocks and mitigating greenhouse gas
emissions. However, biochar amendment might also benefit other key soil processes and services,
such as those that are related to water retention, particularly in sandy soils. Here, we conducted an
experiment to investigate the potential of biochar to enhance pore size distribution and water retention
properties in a tropical sandy soil. Three biochar rates were incorporated (equivalent to 6.25, 12.5,
and 25 Mg ha™!) into plastic pots containing a sandy Oxisol sampled from a sugarcane field in Brazil.
Undisturbed samples of the mixture were collected at two evaluation times (50 and 150 days) and
used to determine water retention curves and other soil physical properties. The results showed that
biochar amendment decreased soil bulk density and increased water retention capacity, micropore
volume, and available water content. Higher soil water retention in amended soil is associated with
the inherent characteristics of biochar (e.g., internal porosity) and potential improvements in soil
structure. Microporosity and water retention were enhanced with intermediate biochar rate (12.5 Mg
ha™1), instead of the highest rate (25 Mg ha™!) tested. Further studies are needed to validate these
results under field conditions.

Keywords: pyrolysed biomass; soil pore function; soil structure; soil physical properties; soil water
retention curve

1. Introduction

Climate-smart agriculture is critical for achieving food and energy security and mitigating global
warming and climate change [1,2]. Agricultural activities (e.g., land use change, soil tillage, and
use of synthetic N fertilizers) account for 14% of greenhouse gas (GHG) emissions of anthropogenic
origin [3,4], which has intensified alterations in the planet’s hydrological regimes in response to global
climate change [5,6]. These modifications may bring new challenges for food production in some areas,
including Brazil, where more than 80% of production areas are rainfed [7]. Thus, water shortage is the
main factor limiting the yield potential of agricultural crops in Brazil [8,9].

In the last decades, new resources and improved agricultural management strategies have emerged
for mitigating global GHG emissions [1]. One of these strategies is the use of biochar, a recalcitrant
organic material that is produced through the thermal degradation of biomass in a low oxygen
environment, to promote soil carbon (C) accretion [1,10]. However, the benefits of biochar go beyond
C sequestration, affecting other multiple soil properties and processes [11-13]. These benefits include
increasing soil pH [14], cycling and plant-availability of nutrients [15], cation exchange capacity [16],
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adsorption of potentially toxic elements [17], and microbial biodiversity [18]. In addition, a recent
global meta-analysis showed the potential of biochar use for enhancing soil physical properties, such
as reducing bulk density and increasing water retention capacity [19], especially in coarse-textured
soils under temperate climate [20-22]. However, there is a paucity of studies investigating the potential
of biochar to increase water retention capacity in tropical soils [23-25] and particularly, in sandy soils,
where plants are more susceptible to water stress.

Therefore, the hypothesis that was tested in this study was that the water retention capacity of a
tropical sandy soil would proportionally increase with the rate of biochar incorporated into the soil.
To test this hypothesis, we investigated the impact of biochar amendment on pore function and water
retention properties in a tropical sandy soil.

2. Materials and Methods

2.1. Soil and Biochar Characteristics

The experiment was performed while using soil samples from an Oxisol (“Latossolo
Vermelho-Amarelo Distrofico’—Brazilian Soil Classification System, dos Santos et al. [26]), with
sandy loam texture, i.e., 78% sand, 7% silt, and 15% clay. The soil samples were collected from the
0-20 cm layer in a commercial sugarcane field that was cultivated under conventional tillage system
and located in Ipetina (22°6’9” S, 47°43’8” W; elevation of 635 m), Sdo Paulo state, southeastern Brazil.
The soil samples were air-dried and sieved in 2 mm sieves.

Table 1 presents the characteristics of the biochar that was used in this experiment. For more
information on the physical and chemical characteristics of this particular biochar, as well as production
parameters, see Rittl et al. [27].

Table 1. Physical and chemical properties of the biochar used in the experiment.

Pyrolysis Temperature Surface Area C N . Cation Exchange
Feedstock e (m2 g1 % GN pH Capacity
Miscanthus giganteus 450 3719 64.4 0.8 78.4 5.9 20.1

Source: adapted from Rittl et al. [27].

2.2. Experimental Design

The experiment was assembled in a greenhouse following a completely randomized block design,
with one factor—rate of biochar—and two evaluation times, with four replications for each treatment.
The rates of biochar tested were equivalent to 0, 6.25, 12.5, and 25 Mg ha~!, while the evaluation
times tested were 50 and 150 days after incorporation (DAI). We chose the rates for this experiment
based on work by Woolf et al. [28], in which the authors established that the maximum application of
biochar in the first 15 cm of soil depth was 50 Mg ha~!. While considering that our experiment was to
be conducted on small pots (depth < 10 cm), we established the maximum rate for the experiment
(25 Mg ha™1) as 50% of the rate that was used by Woolf et al. [28]. We then determined the intermediate
rate (12.5 Mg ha™!) as 50% of the maximum rate, and the lowest rate (6.25 Mg ha™!) as 25% of the
same maximum rate. The amount of biochar was calculated while assuming that the biochar was only
added to the upper 10 cm of the soil and covered the surface area of the pot.

The experiment was set up in a total of 32 plastic pots (4 treatments X 4 replicates X 2 evaluation
times) with a volume of 725 cm® and dimensions of 9.1 cm of height, 12.5 cm top diameter, and 9.3 cm
lower diameter (total surface area 376 cm?). The bottoms of the pots were lined with a drainage blanket
to prevent soil loss. First, the plastic pots were packed with 500 g of soil, as well as the biochar amounts
equivalent to the four rates (23.5 g to the 6.25 Mg ha™! rate, 47 g to the 12.5 Mg ha™! rate, and 94 g to the
25 Mg ha~! rate) being tested. After the addition to the pots, the biochar was manually incorporated in
the soil and the pots were randomly allocated on the greenhouse stand.
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During the experiment, the soil water content of the biochar-amended soil was maintained close
to pot capacity to preserve biological activity. Pot capacity, which is the amount of water remaining
in a pot after an irrigation and visible drainage has ceased [29], was determined by pot weight after
soil saturation and drainage for 24 h (for sandy soil). Every seven days the pots were weighed, and
distilled water was added until the soil returned to the pot capacity.

2.3. Soil Physical Sampling and Analyses

The soil samples were collected at each predefined evaluation times (i.e., 50 and 150 days after
the incorporation of biochar). One soil core was collected at the center of each pot using stainless
steel cylinders with an approximate volume of 50 cm? (about 5 cm in diameter and 2.5 cm in height).
Soil physical properties (soil bulk density, total porosity, macroporosity, microporosity, and soil water
retention) were determined according to Dane and Topp [30]. The bulk density was calculated as
the dry soil weight of each soil sample divided by the volume of the ring containing the sample.
Microporosity was determined as the water content in the sample at potential of —0.06 bar (-6 kPa).
Macroporosity was determined as the difference between the water content at saturation and soil
water content at —6 kPa water potential. The total porosity was calculated as the sum of macro-
and microporosity.

2.3.1. Soil Water Retention Curve (SWRC)

Soil water retention curves were determined for the 32 samples while using seven matric potential
points to fit the curves. Initially, the soil samples were saturated by capillary rise for 24 h, weighed
and subjected to water drainage at the following matric potentials: —-2; —-3; -6, —10, —30, —100, and
—1000 kPa on pressure plate extractors (Richards’ chambers). After reaching equilibrium at each
water tension, the soil samples were weighed to quantify the volumetric soil water content (m3 m=3).
Subsequently, all soil samples were oven-dried at 105 °C for 72 h to quantify dry soil mass to determine
the soil bulk density (Mg m~>).

Soil water retention curves were fitted to the measured dataset (soil water content and matric
potential) while using the SWRC (Soil Water Retention Curve Software) software [31] by fitting
the parameters (o, n and m) using a non-linear model that was proposed by van Genuchten [32]
(Equation (1)), while assuming the Mualem [33] restriction (m =1 — 1/n).

0=0r+ Lerm 1)
[1 + (ah)”]

where: 0 (m3 m~3) is a water content estimate; O7 (m® m~3) is the residual water content; s (m3 m3) is
saturated water content; & (kPa~!) and  are adjustment parameters; m = 1 — 1/n and  are the positive
values of matric potential.

Table 2 shows the fitted van Genuchten parameters for each water retention curve.

Table 2. Adjustment parameters for the average Soil Water Retention Curves (SWRCs) of a sandy soil
amended with different biochar rates, at two evaluation times.

Biochar Rate SWRC Parameters
(Mg ha_l) o m n or Os 1'2

kPa~1 m3 m-3

50 days after biochar incorporation

0 0.233 0.601 2.505 0.082 0.376 0.988
6.25 0.324 0.381 1.615 0.079 0.376 0.996
12.5 0.230 0.393 1.649 0.110 0.381 0.998

25 0.191 0.387 1.630 0.111 0.351 0.998
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Table 2. Cont.

Biochar Rate SWRC Parameters
(Mg ha™) « m n or 0s 2

kPa-1 m® m3

150 days after biochar incorporation

0 0.131 0.568 2.314 0.062 0.389 0.991
6.25 0.161 0.503 2.013 0.100 0.428 0.993
12.5 0.111 0.559 2.266 0.125 0.510 0.988
25 0.119 0.576 2.357 0.138 0.464 0.992

Note: Adjustment parameters («, m and 1), Residual water content (0r), Saturated water content (6s), and Coefficient
of determination for SWRC (r?). 1 = 4.

2.3.2. Plant-Available Water Content and Soil Porosity

The corresponding values of soil moisture at —10 kPa—field capacity (FC, m® m~3) and
—1500 kPa—permanent wilting point (°PWP, m®> m~>) were directly obtained from the adjusted
SWRCs. Based on these values, the plant-available water content (AWC, m3 m‘3) was calculated for
each treatment (Equation (2)), as:

AWC = FC-PWP 2)

The pore size distribution curve was obtained from the first derivative of the van Genuchten
equation, and the equivalent pore diameter was estimated while using the reduced form of the
capillarity equation (Equation (3)) [34]. Thus, microporosity, macroporosity, and total porosity were
determined from the adjusted values of soil water retention curves. Total porosity (TP) was defined
as the total water volume retained under soil saturation divided by the sample volume. The volume
fraction of total porosity was separated in macroporosity (pores > 50 um), defined as pores draining
freely with gravity, and microporosity (pores < 50 um), defined as effective pores for retaining

plant-available water.

EDP = % )

where EPD is the equivalent diameter of the smallest pore (um); and # is the positive value of the
matric potential (kPa).

2.3.3. Soil Water (SWSC) and Air (SAC) Storage Capacity Indexes

The SWSC and SAC indexes were proposed by Reynolds et al. [35] as tools for assessing soil
quality, and they were calculated as follows: soil water storage capacity (SWSC) is defined as the ratio
between water content FC and TP, as shown in Equation (4). The SAC index is calculated as the ratio
between drained pores in the —10 kPa (CAf) potential and TP, as shown in Equation (5).

FC

SWSC = TP 4)
CAt

SAC = Evd (5)

2.4. Data Analysis

The dataset was subjected to an analysis of variance (ANOVA) to test the effects of biochar rates
on the soil physical and hydrological properties at each evaluation time separately. When these effects
were significant, the means were compared while using Tukey’s test (p < 0.05). Available water content
data for the 32 SWRCs was used to calculate a regression and rate-response curve.
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3. Results

3.1. Soil Bulk Density

Biochar amendment promoted a reduction of soil bulk density as compared to control (Figure 1).
At 50 days after incorporation (DAI), bulk density decreased by 33%, when compared to the control, for
the 6.25 Mg ha~! rate; by 59% for the 12.5 Mg ha~! rate and by 63% for the 25 Mg ha™"! rate (Figure 1a).
Similarly, at 150 DAI, the reduction was 32% for the 6.25 Mg ha~! rate, 55% for the 12.5 Mg ha~! rate,
and 56% for the 25 Mg ha™! rate (Figure 1b).

2.00 ~ 2.00 ~
a* a
T 150 - 150
g
s ; ;
2 1.00 4 1.00 |
‘B . c ¢
g c
5 N I l N
3
m
0.00 - T T T 0.00 - T T T
0 6.25 125 25 0 6.25 12.5 25
Biochar Rate (Mg ha™) Biochar Rate (Mg ha™)

(@) (b)

Figure 1. Soil bulk density as a function of biochar rates (0, 6.25, 12.5, and 25 Mg ha~1) evaluated at (a)
50 days and (b) 150 days after incorporation in soil. * Means followed by the same letter did not differ
according to Tukey’s test (p < 0.05).

There were no differences between the 12.5 Mg ha~! and 25 Mg ha™! treatments in both 50 DAI
and 150 DAI, suggesting that the maximum rate to influence this parameter was approximately
12.5Mg ha™!, and the addition of higher rates did not bring significant changes in soil bulk density.

3.2. Soil Water Retention Curves (SWRCs) and Available Water Content (AWC)

The SWRCs for samples that were collected at 50 DAI (Figure 2a) show that the control was able
to retain more water—in comparison to biochar treatments—at the first section of the curve (potentials
from 0 to —1.5 kPa) where the soil was very close to saturation. From this point until the end of the
curve, the biochar treatments had higher water retention capacity, increasing with the application rate.

At 50 DAI (Figure 2a), soil that was amended with 12.5 Mg ha~! of biochar showed the highest
performance of all treatments at low tensions (up to —10 kPa), and very similar performance to the
25 Mg ha™! rate at higher tensions (from —10 to —1000 kPa). Soil that was amended with 25 Mg ha™!
had the poorest retention capacity at the lowest tensions, but an inverse pattern was observed at
high-tension points. At 150 DAI (Figure 2b), the 12.5 Mg ha~! biochar rate induced the highest soil
water retention capacity at the lowest tensions, and a similar performance to the 25 Mg ha~! rate at
high tensions.

The AWC exhibited a quadratic response function to biochar rates. At 50 DAI (Figure 3a), the
highest AWC was reached, with 14.2 Mg ha™! of biochar. At 150 DAI (Figure 3b), the pattern was
similar to the one that was observed at 50 DAI, in which all biochar treatments increased the AWC (i.e.,
15% increase to the 6.25 Mg ha™! rate, 30% for the 12.5 Mg ha™! rate, and 25% for the 25 Mg ha™! rate)
when compared to control. The rate that provided the highest AWC, according to the regression, was
12.6 Mg ha™!. The coefficient of determination for the second regression (150 DAI) was relatively low
(r? = 0.26) when compared with the first regression (r*> = 0.74).
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Figure 2. Average water retention curves for biochar rates (0, 6.25, 12.5, and 25 Mg ha_l) evaluated at

(a) 50 days and (b) 150 days after incorporation in soil. n = 4.
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Figure 3. Available water content in the soil for biochar rates (0, 6.25, 12.5 and 25 Mg ha™1) evaluated
at (a) 50 days and (b) 150 days after incorporation in soil. Bars represent the standard error. n = 4.

3.3. Pore Size Distribution

The soil pore size distributions were changed due to biochar addition (Figure 4) and over time.
In general, at 50 DAI there was higher macroporosity volume under non-amended soil (control) than
all other biochar rates (Figure 4a). The microporosity volume was higher in soil with biochar when
compared to the control condition at 50 DAI (Figure 4a). Micropores that can retain plant-available
water (pores from 0.5 pm to 50 pm) accounted for approximately 45% of total volume of pores.
At 150 DAI, no significant differences among the treatments were detected for macroporosity and

microporosity. However, micropores (pores from 0.5 um to 50 um) represented approximately 60% of
total volume of pores.
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Figure 4. Soil pores size distribution as a function biochar rates (0, 6.25, 12.5, and 25 Mg ha’l) evaluated
at (a) 50 days and (b) 150 days after incorporation in soil. n = 4. Different letters on the bars indicate
significant differences among treatments according to Tukey’s test (p < 0.05).

3.4. Soil Water Storage Capacity (SWSC) and Soil Air Capacity (SAC) Indexes

The proportions of water and air storage ratio in the soil after 50 DAI and 150 DAI are shown
in different colors in Figure 5. The dashed red lines indicate the soil pore distribution non-limiting
to root growth (ideal ratio = SAC 0.33 and SWSC: 0.66) that was proposed by Reynolds et al. [35].
The water-to-air storage ratio of the control increased between 50 DAI and 150 DAI, indicating an
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increase in water storage capacity (SWSC). However, in both evaluation times, the SWSC was below
the critical limit that was proposed by Reynolds et al. [35].

'g g 1.00 - 1.00 -
z _g 0.90 A 0.90 4
L5 080 4 0.80 -
20
Tq 070 1 Seed e ol 070 4 oo
&L 060 - 0.60
S 5 o0s0 050 - SAC
o0
g 2 040 0.40 -
gu m SWSC
».E 030 A 030 -
g = 020
£ = 020 4 }
Z % 010 4 k
& & o000 0.00 -
0 6.25 125 25 0 6.25 125 25
Biochar Rate (Mg ha™) Biochar Rate (Mg ha™)
(a) (b)

Figure 5. Soil Water Storage Capacity (SWSC) and Soil Air Content (SAC) indexes for biochar rates (0,
6.25,12.5, and 25 Mg ha™!) evaluated at (a) 50 days and (b) 150 days after incorporation in soil. Dashed
red lines indicate the critical limit of water and air storage ratio to root growth (ideal ratio = SAC: 0.33
and SWSC: 0.66, as proposed by Reynolds et al. [35]).

Biochar treatments had a higher water-to-air storage ratio when compared to the control.
The highest ratio was observed for the 25 Mg ha™! rate, and it remained stable throughout the
evaluation period. For the non-amended soil (control), increases in the water storage capacity between
50 DAI and 150 DAI occurred for the 6.25 Mg ha™! and 12.5 Mg ha™! treatments.

In both evaluation times, the 6.25 Mg ha~! rate showed SWSC that was slightly below the
ideal, while the 25 Mg ha™! treatment was above the optimum. A different pattern was seen for
the 12.5 Mg ha~! rate—a nearly ideal proportion of water and air storage was observed at 50 DAI
(Figure 5a), while an increase in water capacity was observed at 150 DAI (Figure 5b), increasing the
index above the ideal level.

4. Discussion

The incorporation of biochar decreased the soil bulk density in the studied soil, as consistently
reported in the literature [19,36,37]. In sandy soils, the bulk density tends to be more responsive to
biochar application when compared to loamy soils [19], due to soil intrinsic properties, such as lower
total porosity and high mineral particle density. The incorporation of biochar, a material with lower
particle density than soil [21] decreased the bulk density of the soil by occupying volume and reducing
total weight. Similarly, the incorporation of a highly porous substance as biochar increased the total
pore space of the soil + biochar mixture, thus decreasing the bulk density.

Another potential mechanism of reducing the bulk density in biochar-amended soils might be
associated with increases in the soil aggregate stability, porosity, and available water capacity, as
recently suggested by Obia et al. [24] and Verheijen at al. [38]. The high content of organic C in this
biochar (64%) improved the soil water retention [39,40] due to two factors: an increased number
of contact points between the particles of the aggregates [41] and a structural rearrangement [42].
The formation of contact points within the aggregates was favored by wet-dry cycles [43], thus reducing
the aggregate bulk density and increasing soil pore network and soil water retention at the same
time. Thus, over time (from 50 to 150 days) soil water retention increases may be associated with
the reconsolidation of soil structure, being governed by age-hardening phenomenon [41]. The pore
network and soil structure are strengthened with time [44], increasing soil cohesion and positively
influencing hydraulic or gaseous fluxes [45]. The increase in total porosity had a direct effect in soil
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hydrological properties. Drainage and water retention in soils are linked to soil porosity, in which larger
diameter pores (macropores) influence drainage, and smaller diameter pores (micropores) influence
water retention, mainly by capillarity. The macropore and micropore ratios determine whether a soil
has greater drainage or water retention capacity, thus pore size distribution allows for us to infer
about water dynamics in the soil. Sandy soils have a predominance of macropores, favoring water
drainage rather than water retention. On the other hand, biochar is a highly porous material with the
prevalence of micropores [46]. Thus, biochar amendment to a sandy soil increased its total porosity,
and more specifically microporosity (Figure 4), enhancing water retention (Figure 2). These results are
in line with a recent study in tropical sandy soils in Brazil, in which water retention increased with the
decrease in biochar particle size and the consequent increase in surface specific area [39].

Soil water retention might also be mediated by adsorption mechanisms, apart from capillarity.
Biochar particles are able to retain water particles through this mechanism due to their high specific
surface area per unit of mass (Table 1). The incorporation of biochar in the soil might increase
soil surface area, especially in sandy soils, thus increasing the water retention of the system [24].
The biochar effect on soil water retention can be clearly observed in the SWRCs. Biochar amendment
increased the water content along the entire curve, especially at the second evaluation time (Figure 2b).
Ulyett et al. [47] reported a similar result, although the SWRC in that study did not incorporate matric
potentials up to the wilting point (—1500 kPa). At lower tensions (0 to —6 kPa), water content increase
is probably due to water retention in large macropores created in the soil surrounding biochar particles
as they settle without clogging pores [48], a mechanism that was proposed by Hardie et al. [49], and to
the adsorption of water molecules in biochar. At these lower tensions close to soil saturation, water is
loosely retained and is removed (drained) by gravity. Thus, the water only remains available to plants
for short periods. However, under higher tensions, water is retained in micropores and it cannot be
drained by gravity. The increase in microporosity due to biochar amendment leads to a greater water
volume retained in the soil at these tensions [50], up to the wilting point [19]. The water might be
directly stored in internal biochar micropores [19], or, as Petersen et al. [51] reported, in drainage pores
converted by biochar particles into smaller water-holding pores. All of the biochar-amended soils held
higher water content in the tensions between field capacity and the permanent wilting point (Figure 2)
as compared to the control, increasing AWC to be potentially used by plants [52]. The increases in AWC
that were found in this study fall within the range reported by Razzaghi et al. [19], being observed in
57 studies that were conducted in coarse-textured soils around the world. However, biochar addition
did not have the expected linear effect, which suggested that the highest rate used was excessive for
this short-term study.

Although the results of this study show an increase in porosity and AWC related to biochar
amendment, Jeffery et al. [53] observed that this effect does not always occur. In some cases, biochar
amendment increases the total soil porosity without increasing water retention in the system. Biochars
with high hydrophobicity are not effective in increasing water retention, given that their hydrophobic
nature prevents water from entering the internal pores of the particles [53]. In sandy soil, Ajayi et al. [54]
observed that over time hydrophobicity (repellency index) significantly increased with increasing
biochar rate due to wet-dry cycles. This corroborates our results, which show a reduction of water
retention at higher biochar rate (i.e., 25 Mg ha™! of biochar).

The air and water storage indexes (SWSC and SAC) indicate that the sandy soil used here has
unbalanced aeration and water retention, with larger pores that are filled by air. While considering the
frequent and ever-longer drought periods that Brazilian agricultural production experiences, cultivated
plants in sandy soils with low water retention capacity are more susceptible to water stress and they
can suffer production losses. Within the limitations of a greenhouse pot study, the results suggest
that the optimum soil response was observed with the biochar rate around 12.5 Mg ha~!, which can
improve soil physical and hydrological quality, maintaining a balance between aeration porosity and
soil water retention (Figures 4 and 5) in tropical sandy soils with similar characteristics to the soil
used here.
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However, it is important to note that the observed effects are strongly related to feedstock
and pyrolysis parameters, and dependent on biochar application rates and soil types [13,19,48,55].
Moreover, biochar incorporation depth under field conditions, especially in intensive tillage systems,
is greater than in this pot experiment (10 cm) and it might set another variable that needs to be
assessed. Nevertheless, we encourage further studies with long-term biochar amendment, using
different types of biochars, to validate our conclusion in field conditions under different cropping
systems, although this greenhouse study showed promising evidence of potential biochar use for
increasing water retention.

5. Conclusions

Biochar amendment increased the water retention in the sandy soil studied, by modifying
distribution of soil pores. Water retention did not linearly increase with the biochar rate. Intermediate
rates had the highest available water content, 14.2 Mg ha~! for 50 DAI and 12.6 Mg ha~! for
150 DAI. However, optimal rates may vary according to soil, biochar characteristics, and time of
incorporation; therefore, for fine-tuning, biochar recommendation in large-scale field conditions
site-specific experimentation is required.

Nevertheless, our study revealed that biochar amendment has the potential to contribute to
mitigating water stress in sandy soils in Brazil, and possibly in other tropical regions.
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