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Abstract: A body of emerging research shows the promise of charcoal soil amendments (“biochars”)
in restoring fertility in degraded agricultural and forest soils. “Sustainable biochars” derived from
locally produced waste biomass and produced near the application site are of particular interest.
We tested the effects of surface applications of wood-derived biochars (applied at 7.5 t-ha~!) on soil
physiochemical properties (N, P, K, pH, soil moisture content, organic matter content, and bulk
density) in three land-use types: agriculture (Camellia sinensis monoculture), agroforestry (C. sinensis
with shade trees), and secondary forest (Dipterocarpus dominated) assessed over seven months.
We found significant positive effects of biochar on soil physiochemical properties in all land-use types,
with the strongest responses in the most degraded tea monoculture sites. Although biochar had no
significant effect on soil N and K, it improved soil P—the primary nutrient most commonly limiting in
tropical soils. Biochar also enhanced soil moisture and organic matter content, reduced bulk density,
and increased soil pH in monoculture sites. Our results support the general hypothesis that biochar
can improve the fertility of degraded soils in agricultural and forest systems in Bangladesh and
suggest that biochar additions may be of great benefit to the most degraded soils.

Keywords: biochar; nutrients; soil properties; managed systems; forests; agroforests; agriculture; tea
garden; tropical

1. Introduction

Soil degradation is an acute problem in managed tropical soils, which can substantially decrease
crop production and soil ecosystem services [1]. Soil remediation tools such as biochars, or charcoals
used to amend soils, have been suggested as a means to help overcome limitations common in tropical
systems. Biochars are recalcitrant forms of pyrogenic carbon produced via pyrolysis, i.e., the thermal
degradation of biomass in atmospheres devoid of oxygen [2]. They are porous and have high surface
areas with substantial negative charges, properties that can substantially increase soil cation exchange
capacity (CEC) [3] and nutrient and water retention [4]. Biochars are also capable of sorbing or
otherwise reducing the bioavailability of a variety of phytotoxic soil contaminants, including residual
pesticides [5], allelochemicals [6], metals [7], and salts [8]. Freshly applied biochars readily leach
ash rich in carbonates of K, Ca, and Mg, which often significantly lime soils [9], which can enhance
the availability of P and K in nutrient-deficient acidic tropical soils [4,10]. Biochars also enhance
soil organic matter and may mitigate compaction in degraded tropical soils [11]. Biochars also offer
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a potential solution to maintaining soil fertility: they have higher CEC than most other forms of
organic matter (OM), mobilize pulses of nutrients, in particular base cations [12], and are resistant
to mineralization [13]. Data syntheses report the largest positive biochar effects on crops in tropical
agricultural soils, resulting from strong liming and supply of base cations to (relatively) acidic and
nutrient-deficient tropical soils [14]. However, while biochar has been reported to increase the pH of
acidic tropical agricultural soils in lab incubations, it is unclear whether liming and base-cation-supply
effects persist under field conditions [15].

“Sustainable biochar” is a term given to biochar derived from locally procured waste biomass
such as crop residues, composts, and forestry by-products [16]. A significant benefit associated with
biochar use as a soil amendment is its ability to sequester carbon from the atmosphere and transfer
it to the soil—potentially for centuries due to its recalcitrance [17]. In addition to net sequestration
of CO, [16], biochar may reduce soil emissions of other more potent greenhouse gases such as N,O
and CHy [18]. In tropical countries with enormous demand for food and fuelwood, two key factors
constrain soil fertility and sustainable management of soils: rapid mineralization of soil OM and
pervasive nutrient leaching. The most pronounced limitations are for alluvial soils where frequent
flooding (often exacerbated by climate change: [19]) depletes both the pool of nutrients available for
plant uptake and OM in the substrate, thus reducing the potential to retain future nutrient inputs [20].
Indeed, some soils in tropical agricultural systems are estimated to have lost as much as 20-80 tC-ha~!
over ~20 years [21]. To mitigate these losses, soil amendments high in OM, such as compost or
woodchips, are regularly used, but enhancements are transient, as OM is rapidly decomposed [22].
Sustainable biochars produced from locally made kilns are potentially a low-tech and scalable option
to address these problems.

Tropical forests, including managed plantations, are threatened by intensifying natural and
anthropogenic disturbance regimes, and dry deciduous forests in Indo-Burma ecosystems are especially
understudied and vulnerable to anthropogenic impacts. Soil physiochemical characteristics have
been greatly altered due to the removal of forest vegetation [23]. Several studies have reported that
deforestation reduces soil quality through the loss of soil organic matter (SOM) and CEC [24], loss of
N and other nutrients [25], reduced porosity, infiltration and water holding capacity [26], increased
pH [27], and increased bulk density [28]. As with degraded agricultural soils, biochar amendments
may enhance soil quality and productivity in forest restoration. Meta-analyses of tree growth responses
to biochar revealed the greatest positive effects for tropical trees compared to temperate and boreal
species [29], a pattern consistent with pervasive P limitation in tropical soils [30]. However, there are
very few field trials examining biochar effects on woody plants in the tropics. In situ tests of biochar
effects on the soils of degraded dry deciduous forests of Asia are nonexistent, as are biochar trials in
agroforestry systems in this region.

Progressive degradation of soils has been a major concern in Bangladesh for decades [31]. SOM
content in Bangladesh commonly falls below the 2% (mass-based) threshold considered necessary
for successful crop production in the region [32,33]. The SOM-deficient area in Bangladesh is about
7.6 million ha, of which 54% is severely deficient. Moreover, a good portion of this soil is low in
secondary nutrients (e.g., S, Ca, Mg) and micronutrients (e.g., B, Zn, Cu, Fe) [34]. Repeated chemical
fertilization has deposited salts in potentially phytotoxic concentrations in many agricultural soils in
the region [35]. Degradation of forest soil is also widespread in Bangladesh, and deforestation is vastly
outpacing renewal [36]; nearly half of the total forest area is estimated to be plantation forests [37].
Thus, biochar applications are of broad interest as a potentially cost-effective and sustainable means
to enhance soil fertility in various managed ecosystems, including agricultural crops, agroforestry
systems, and plantation forests.

This study assesses the effects of sustainably produced biochar additions as surface applications
on the physiochemical properties of representative agricultural, agroforestry, and regenerating forest
soils in northeastern Bangladesh in field trials monitored over seven months. Differences in the nature
and degree of soil degradation among these systems will likely result in distinct responses to biochar
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addition. We hypothesized that biochar addition would improve soil nutrient availability and retention
as well as increase pH and organic matter content across all systems. We also hypothesized that the
greatest magnitude of effects on soil properties would occur soon after application and would be most
pronounced in the most degraded soils.

2. Materials and Methods

2.1. Study Area

The experiment was conducted at two locations, separated by approximately 5 km in the
northeastern region of Bangladesh (Sylhet). The first location, Lakkatura tea garden (24.91°-24.92°
N and 91.90°-91.91° E; hereafter “LTG”), is among the largest federal producers of tea (Bangladesh
National Tea Board) with an area of ~1293 ha (Figure 1). LTG cultivates tea (monocultures of Camellia
sinensis), sometimes with shade trees (Albizia odoratissima (L.f.) Benth. (Leguminosae) and Melia
azedarach L. (Meliaceae)) planted between rows of tea (~100 trees-ha™!). In May 2016, we established
the “agricultural” and “agroforestry” land-use plots at LTG, nine years after the combined planting of
the tea plants and intercropped shade trees.
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Figure 1. Map of the plot locations (latitude on the y-axis and longitude on the x-axis) of three land-use
types in northeastern Bangladesh. Two land-use types in which biochar was applied (7.5 t/ha) were
established at Lakkatura tea garden (LTG): agriculture (monoculture of C. sinensis) and agroforestry
(C. sinensis with shade-trees of A. odoratissima and M. azedarach). The third set of experimental plots,
the forest land-use type (plantations of S. robusta and D. turbinatus), were implemented at Tilagarh
eco-park (TLG). Inset panel: The location of the overall study area in Bangladesh.

In the second location, also in May 2016, we established the “forest” land-use type plots at Tilagarh
eco-park (23°55’-25°02" N and 90°55’-92°30" E; hereafter “TLG"”) (Figure 1). TLG has a total bounded
area of 44 ha of protected forests—the result of significant planting of sal (Shorea robusta Roth) and
garjan (Dipterocarpus turbinatus C.F. Gaertn.) in 1965, 1975, and 1985. Since then, the secondary forests
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have reached the understory re-initiation stage of stand development (sensu [38]) and are colonized
by natural recruits from the adjacent mature tropical evergreen and semi-evergreen forests. Notably,
chapalish (Artocarpus chama Buch. Ham.) has reached canopy and shares equal dominance with
sal and garjan as the dominant species mixture (~75%); stem diameter of canopy trees ranges from
11-50 cm [39]. The understory is a mixture of woody plants and herbs with some vertical stratification.
Common natural recruits are, in order of their relative abundance: Licuala spinosa Roxb., Rhynchanthus
longiflorus Hook., Lagerstroemia speciose Pers., Mesua ferrea L., and Bombax ceiba L. The topography of
TLG is undulating, with heterogeneous hillocks of varied elevations, i.e., peaks at ~51 m and low-lying
valleys at ~26 m (Google Maps). Like the tea garden, the operations of TLG are managed federally
(by the Bangladesh Forest Department).

Most Bangladeshi soils can be generally classified as “alluvial soils”—seasonal flooding and
drought make them poorly developed, eroded, and highly leached. These soils typically lack
organic matter and vary in nutritional status depending on the history of land-use. Soils in the
northeastern region of Bangladesh are either Entisols or Inceptisols, which are locally classified as
eastern Surma-Kushiyara floodplain soils [40]. Forest soils in the hillocks of TLG have calcareous
parent material composed of siltstone and mudstones; the texture is spatially variable in ranging from
clay to sandy loams. The soils of LTG are more acidic, sandy, and originate from alluvial sediments
belonging to Agro-ecological Zone 20 [41].

The climate of the region (in both locations) is subtropical with predominant hot summers and
monsoon rains (May-Oct) with average maximum temperatures of 31 °C, and dry winters (Dec—Jan)
with a minimum average temperature of 19 °C [42]. Nearly 80% of the annual average rainfall
of 3000-4000 mm occurs between May and September [39]. All three land-uses considered in this
experiment have almost identical climatic conditions.

2.2. Sampling Design

The experiment involved 18 plots of 20 m x 20 m in size across the two locations. In May 2016,
two biochar treatments, 0 (control) and 7.5 t-ha™!, were applied to these plots. At LTG: 2 land-use
types X 3 replicates x 2 biochar dosages = 12 plots; and at TLG: 1 land-use type X 3 replicates x 2
biochar dosages = 6 plots. At each of the locations, a randomized block design was used. Plots for
each land-use type were separated by a minimum of two meters and were established on flat terrain.

2.3. Biochar Production and Characterization of Physiochemical Properties

We produced biochar using locally available and accessible biomass and pyrolysis technologies.
The feedstock used consisted of “offcuts” from a small sawmill of a commonly planted legume, Acacia
auriculiformis A.Cunn. ex Benth. The pyrolysis unit used to produce charcoal from wood biomass
was low-tech: an open conical “flame curtain” kiln similar in design to the “Kon Tiki” kiln [43].
The truncated-cone-shaped kiln had 1.65 m top diameter, 0.80 m bottom diameter, 0.90 m height, and
a total volume of 1.10 m3. To initiate pyrolysis, we filled the kiln to ~25% capacity with feedstock
and ignited the feedstock from the top. Once a vortex sufficient to expel oxygen (as indicated by
the absence of smoke in the off-gases) was created, feedstock was continuously added until the kiln
was filled to ~80% capacity. The average pyrolysis time was ~3.5 h with an average and maximum
temperature of ~450 °C and ~550 °C, respectively (measured with an infrared thermometer). To reduce
the concentration of low molecular weight organic compounds inherent within biochars [44], we
water-washed biochars for 30 min immediately after removal from the kiln and then sun-dried for
three days before their application in plots by hand to the soil surface.

Mass-based concentrations of total C (%) and N (%) inherent in the Acacia biochars were determined
through combustion analyses. Two milligrams of dry ground samples were analyzed on a LECO
628 CN analyzer (LECO Corporation, St. Joseph, MI, USA). Oven-dried samples were used for the
elemental analysis to determine Al, Ag, As, Au, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Cs, Fe, Hf, K,
La, Li, Na, Nb, Ni, P, Rb, Pb, S, Mg, Mn, Mo, Sb, Sc, Sn, Sr, Ta, Th, Ti, U, V, W, Y, and Zn. Biochar
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samples were ground to a fine powder and then analyzed by 4-acid digestion (hydrofluoric acid,
followed by a mixture of nitric and perchloric acids, and solubilized using a mixture of nitric and
hydrochloric acid) followed by inductively coupled plasma mass spectrometry (ICP-MS) performed by
Activation Laboratories Ltd. (Ancaster, ON, Canada). Oven-dried (at 105 °C until the mass change was
stable at <0.0005 g) biochar samples were used to determine volatile matter and ash content following
standardized methodology (ASTM D1762-84) using a muffle furnace. Biochar samples were heated
with the furnace door open for 2 min at 300 °C, then for 3 min at 500 °C, and finally for 6 min at the
same temperature with the furnace door closed to determine the volatile matter (%). The same samples
were used to determine ash content by heating them overnight in the muffle furnace at 750 °C. pH and
EC (electrical conductivity) were determined on dry biochar samples mixed with deionized water at a
ratio of 1:10 using an Orion Star A112 Benchtop pH/EC meter (Thermo Fisher Scientific, Waltham, MA,
USA). Bulk density (g.cm™%) was determined using the uncompacted volume of biochar (cm?) and its
dry mass (g). The physiochemical properties of the Acacia wood-derived biochars are listed in Table 1.

Table 1. Physiochemical properties of the Acacia-wood biochar (max temperature 550 °C, kiln derived)
used in the experiment.

Properties Unit Mean Value + SE (n = 3)
Al % 0.083 + 0.003
As ppm 1.000 + 0.000
Ba ppm 17.667 + 0.333

Total C % 72.1 +£0.073
Ca % 1.820 + 0.031
Cd ppm 0.150 + 0.041
Ce ppm 1.000 + 0.000
Co ppm 0.467 + 0.033
Cr ppm 11.000 + 2.517
Cu ppm 16.200 + 0.208
Fe % 0.900 + 0.015
K % 2.060 + 0.038
La ppm 0.533 + 0.033
Li ppm 0.433 + 0.033

Total N % 1.8 +£0.014
Na % 0.051 + 0.002
Nb ppm 1.067 + 0.033
Ni ppm 4.333 +0.133

P % 0.235 + 0.002
Rb ppm 25.000 + 0.404
Pb ppm 3.167 + 0.067
Mg % 0.120 + 0.000
Mn ppm 131.667 + 2.728
Mo ppm 1.767 + 0.033

Sb ppm 0.100 + 0.000
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Table 1. Cont.

Properties Unit Mean Value + SE (n = 3)
Sn ppm 1.467 + 0.088
Sr ppm 70.333 + 1.453
Th ppm 0.133 + 0.033
T1 ppm < 0.05
W ppm 0.200 + 0.000
Y ppm 0.333 + 0.033
Zn ppm 799.667 + 35.751
Zr ppm 2.233 +0.393
Volatile matter Y% 70.2 +0.89
Ash content % 79 +0.12
pH - 7.6 £0.11
EC puS.cm™! 532.3 +17.6
Bulk density g-em™3 0.141 + 0.005

Notes: Ag, Be, Bi, Cs, Hf, Sc, Ta, T1, U, and V were below detection limits (<0.05 ppm for Tl; <0.1 ppm for Ag, Bi, Cs,
Hf, Ta, and U; <1 ppm for Be and Sc; <4 ppm for V; and < 1% for S).

2.4. Collection of Soil Samples In-Situ

Since the uppermost 10 cm of mineral soil is most relevant to plant mineral nutrient availability in
these systems [42], we collected samples from 0-10 cm of the mineral layer three times throughout the
experiment: at 15, 145, and 219 days (June 5, Oct. 13, and Dec. 26) following the application of biochars
(7.5 tha™!). The timing was such that the samples were collected near the start and end of the rainy
season, and the mid-point of the dry season. Within each 20 m X 20 m plot on each sampling date,
15 soil samples were collected at random locations, using a soil corer with a diameter of 5 cm. Three
composite samples (per plot) made of these 15 samples were used for analysis. Overall, we analyzed
a total of 54 samples (sampling dates X no. of samples x plots = 3 x 3 X 6) from each land-use type
throughout this experiment. Forest soil samples collected 145 days after biochar application were
damaged in the lab, leaving us with 36 samples (2 X 3 X 6 = 36) from this land-use.

2.5. Determination of Soil Physiochemical Properties

Gravimetric soil moisture content (%) was determined immediately after soil samples were
brought back to the lab following oven drying at 60 °C for 48 h. To determine soil bulk density
(g-cm_3), we oven-dried the soil at 105 °C for 24 h and divided the dry mass (g) with volume
(mr?h = 7t x 2.5% x 10 = 196.35 cm®) of the soil. Soil organic matter content (%) was determined by a
loss on ignition method by combusting for six hours at 600 °C in a muffle furnace [45]. We measured
soil pH in a 1:2 solution (soil: deionized water) using a Kelway MA-78 pH meter (Kel Instruments,
Wyckoff, NJ, USA). We analyzed soils for mass-based concentrations of the primary nutrients. Total soil
N (%) was determined by the semi-micro Kjeldahl method by digesting soil samples with concentrated
H5S0; and catalyst mixture (K;SO4:CuSO,4.5H,O:Se = 10:1:0.1) and determined the NH4-N in the
digest by colorimetric titration [46]. To determine the available P (ug- g_l soil) in sample soils collected
across land-use types, we used Bray and Kurtz 1 extraction due to acidic sample soil (pH < 7) [47].
The extracted phosphorus was measured colorimetrically based on the reaction with ammonium
molybdate [(NH4)sMo7074.4H,0] and development of the Molybdenum Blue color. The absorbance
of the compound was measured at 882 nm by Varian 710-ES optical emission spectrometers (Varian
Inc., California, USA) and was directly proportional to the amount of phosphorus extracted from
the soil. Available soil K (meq.100g™!) was determined by the extraction with ammonium acetate
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(CH3COONHy; pH = 7.0) by using a Jenway PFP7/C flame photometer (Cole-Parmer, Staffordshire,
UK) at the wavelength of 766.5 to 769.5 nm [48].

2.6. Statistical Analysis

To test biochar effects on the physiochemical properties of soils in degraded, managed tropical
systems, we used linear mixed-effects models performed via the Ime() function of the “nlme” package [49]
in the R statistical programming environment [50]. We initially considered soil properties (raw values)
as dependent variables, treatments (biochar and land-use) as fixed effects, with replicated samples
nested within each plot and plots nested within the number of measurements (to address repeated
measurement) as the random effect in these models. Each land-use type was represented by a single site,
so land-use effects per se cannot be distinguished from spatial effects and other sources of variation.

To assess the effect of biochar (without considering land-use types), we ran ANOVAs (with
likelihood comparison of fitted models) on the linear mixed-effects models of soil physiochemical
properties throughout the experiment. For multiple comparisons of land-use X biochar combinations,
we compared estimated marginal means using the emmeans() and contrast() (with method = “pairwise”)
functions of the R-package “emmeans” [51]. Residual normality of linear mixed-effects models was
assessed graphically using histograms and Q-Q probability plots and were found to be normal for
all models.

3. Results

3.1. Properties of Biochar Used in This Experiment

The open-kiln biochar produced had physiochemical properties generally favorable for use as a
soil amendment (Table 1). Carbon concentration was 72%, pH was moderate (7.6), and concentrations
of P and K were 0.24% and 1.2%, respectively. Concentrations of metals of toxicity concern (Cd, Cr,
Cu, Ni, Pb, Mo, Zn) were generally substantially below recognized toxicity thresholds [52]. The only
element of toxicity concern that was in the “range of allowable thresholds” given by IBI was Zn—and
here, the concentration was in the lowest end of this range (416-7400 ppm).

3.2. Effects of Biochar on Soil Macronutrients (N, P, and K)

Our results revealed no consistent biochar effects on total soil N (Figure 2a—c; Table 2). Overall,
the highest total N values were observed in forest control plots in the dry season, and the contrast
between treatments was close to significant at this date (p = 0.07).

In contrast, biochar addition plots generally showed increased available P (Figure 2d—f). The
biochar X land-use interaction was significant in this case (Table 2), indicating different responses
among land-use types. The P-enhancement effect was strongest (74% on average) in tea monoculture
plots, particularly at 145 days (118%) following treatments (Figure 2d). The biochar effects on soil
available-P in these plots were substantial in the short term and not apparent at the final sampling
date. P levels were highest in the tea monocultures and lowest in forest plots, likely because of
fertilizer addition.

There were no clear trends in biochar effects on soil available K (meq-100g~!) through the
experiment (Figure 2g—i). Soil K was generally lowest in forest plots and showed a trend toward a
reduction in biochar plots compared to control plots in this environment (Figure 2i).
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Figure 2. Effects of biochar on total soil N (%) (a—c), P (ug-g—1) (d—f), and K (meq-100g—1) (g-i) in
degraded managed systems in northeastern Bangladesh. Each data point represents the mean (+SE)

value of the soil property calculated from 18 (no. of samples x plots = 3 X 6) composite samples; each

composite sample was derived from 5 samples from each plot at 10 cm depth. Post hoc comparisons
within sampling dates are indicated by asterisks: (*): p < 0.10; * p < 0.05; ** p < 0.01.
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Table 2. Results of linear mixed-effects models examining biochar effects on various soil properties

by land-use. Significant terms in linear mixed-effects models and multiple contrast comparisons (i.e.,

p < 0.05) are denoted in bold-faced type.

Factor Term F-(\]/)all;).le p-é:ljl‘le Contrast Estir;lEate * p-é&jlljl;e
Tmt 0.39 (40) 0.53 b—c —0.01 £ 0.01 0.53
LU 1.06 (40) 0.35
Total N (%) b_tea_mc—c_tea_mc 0.004 + 0.02 1.00
Tmt x LU 0.75 (40) 0.47 b_tea_af—c_tea_af —0.002 + 0.02 1.00
b_for—c_for —0.037 £ 0.02 0.75
Tmt 2.1 (40) 0.15 b—c 7.64 +8.19 0.15
LU 31.96 (40) <0.01
Avai(lozlile P b_tea_mc—c_tea_mc  23.17 + 8.61 0.01
Tmt x LU 2.63 (40) <0.01 b_tea_af—c_tea_af -3.05 = 8.61 0.99
b_for—c_for 0.37 + 10.54 1.00
Tmt 0.92 (40) 0.34 b—c —0.009 + 0.01 0.34
LU 7.78 (4) <0.01
A"ai({;‘o‘f)’le K b_tea_mc—c_tea_mc  —0.005 + 0.01 0.99
Tmt x LU 0.11 (40) 0.89 b_tea_af—c_tea_af —0.009 = 0.02 0.99
b_for—c_for —-0.016 + 0.02 0.95
Tmt 0.91 (40) 0.34 b—c 0.053 + 0.12 0.34
LU 72.72 (40) <0.01
pH b_tea_mc—c_tea_mc 0.1 +£0.09 0.09
Tmt x LU 29.10 (40) <0.01 b_tea_af—c_tea_af —0.001 + 0.09 1.00
b_for—c_for 0.069 + 0.11 0.98
Tmt 5.53 (40) 0.02 b—c 1.75 £2.13 0.02
LU 158.59 (4) <0.01
Cﬁfﬁif@) b_tea_mc—c_tea_mc 456 +1.22 0.006
Tmt x LU 4.42 (40) <0.01 b_tea_af—c_tea_af -0.225+1.22 1.00
b_for—c_for 0.46 +1.49 0.99
Tmt 8.53 (40) <0.01 b—c —0.123 + 0.05 0.03
LU 23.00 (40) <0.01
Bulk de1_1sity b_tea_mc—c_tea_mc -0.16 + 0.06 0.08
(g-em™)
Tmt x LU 0.40 (40) <0.01 b_tea_af—c_tea_af -0.13 £ 0.06 0.03
b_for—c_for —0.06 + 0.08 0.97
Tmt 13.11 (40) <0.01 b—c 1.12 +£0.29 <0.01
LU 0.32 (40) 0.72
Mcirfjrn(lc/) b_tea_mc—c_tea mc  0.95 % 0.50 0.04
Tmt x LU 2.8 (40) 0.02 b_tea_af—c_tea_af 1.16 £ 0.50 0.02
b_for—c_for 1.31 £0.61 0.14

Notes: Tmt: treatments; LU: landuse; DF: degrees of freedom; b-c: biochar—control; b/c_tea_mc: biochar/control x
tea monoculture; b/c_tea_af: biochar/control X tea agroforestry; b/c_for: biochar/control x forest.
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3.3. Effects of Biochar on Soil pH

Biochar plots showed an increasing trend in soil pH in different land-uses compared to controls,
consistent with a gradual liming effect (Figure 3a—c). The magnitude of this overall relative change in
soil pH was highest in the tea monoculture plots (Figure 3a) compared to tea agroforestry and forest
plots (Figure 3b,c). Soil pH was also significantly different between land-use types, and the effect of
biochar on soil pH also varied with land-use (i.e., a significant interaction term) (Table 2). The tea
monoculture showed the lowest pH values and the largest pH response to biochar additions (Figure 3).
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Figure 3. Effects of biochar on soil pH (a—c) and moisture content (%) (d—f) in degraded managed
systems in northeastern Bangladesh. Each data point represents the mean (+SE) value of the soil
property calculated from 18 (no. of samples X plots = 3 x 6) composite samples; each composite sample
was derived from 5 samples from each plot at 10 cm depth. Post hoc comparisons within sampling
dates are indicated by asterisks: (*): p < 0.10; * p < 0.05; ** p < 0.001.

3.4. Effects of Biochar on Soil Moisture Content

Biochar additions resulted in increased soil moisture (%), with significant effects in the tea
monoculture and tea agroforestry land-uses (Figure 3d—f). At the initial sampling date (day 15), soil
moisture contents were generally lower or similar in biochar plots relative to control plots. As biochar
residence time increased (~150 days onwards), soil moisture contents increased on average by 11%
in biochar plots compared to control plots across land-use types. This effect was strongest in the tea
monoculture (Figure 3d) compared to other land-uses (Figure 3e,f). There were, correspondingly;,
significant terms for biochar and for the biochar x land-use interaction term in the linear mixed effects
models (Table 2).
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3.5. Effects Biochar on Soil Bulk Density

Biochar generally reduced soil bulk density (g-cm™) in all land-use types (Figure 4a—c), with
an 8% reduction on average. Tea monoculture and tea agroforestry plots (Figure 4a,b) showed the
strongest relative responses (Figure 4c). Soil bulk densities differed substantially among land-uses, as
did the effects of biochar on soil bulk density (Table 2).
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Figure 4. Biochar effects on soil bulk density (g~cm‘3) (a—c) and organic matter content (%) (d—f) in
degraded managed systems in northeastern Bangladesh. Each data point represents the mean (+SE)
value of the soil property calculated from 18 (no. of samples x plots = 3 X 6) composite samples; each
composite sample was derived from 5 samples from each plot at 10 cm depth. Post hoc comparisons
within sampling dates are indicated by asterisks: (*): p < 0.10; * p < 0.05; ** p < 0.01; ** p < 0.001.

3.6. Effects of Biochar on Soil Organic Matter Content

Soil organic matter contents (%) in the study plots were generally patchy (high standard errors);
however, despite high variability, biochar additions resulted in significantly increased SOM values that
persisted through the measurement period (Figure 4d—f). The temporal trends of biochar effect on soil
organic matter content were similar across land-use types (Figure 4f).

4. Discussion

We found pronounced biochar effects on several soil properties essential for maintaining soil
fertility. Biochar additions substantially enhanced SOM at all sites. In the tea monoculture plots,
biochar increased soil moisture content, reduced soil bulk density, and increased soil P and pH. The tea
monoculture was the site with the most degraded soil by most measures, particularly soil pH and
bulk density. We did not detect significant effects of biochar additions on soil N or K. Although
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the observed increase in soil P at the tea garden sites was transient, other changes in soil properties
persisted throughout the 7-month study period. It is important to note that although our statistical
models incorporated land-use effects on soil properties, these effects cannot be distinguished from
other sources of variation as each land-use type was represented by a single site.

Biochar can act as an alternative and/or complementary source of P fertilizer in the soil, with its
effect depending on the nature of feedstock, pyrolysis temperature, and dosage [53,54]. In addition
to directly providing P, biochar can enhance P sorption of the soil and help to extend the supply of
mineralized P [10]. Several field studies have reported improvements in soil P in response to biochar
applications in tropical soils [10,55]. In the present experiment, biochar enhanced available P within the
first few months following biochar additions. This transient effect was stronger in the tea garden plots
compared to other land-uses. Islam et al. [41] found that various measures of available P were highly
correlated with measures of total P in this study system. The pyrolysis temperature of the biochar used
in our study was relatively high (reaching a peak of ~550 °C), thus enhancing P concentration [56], and
was prepared from wood materials, which commonly show higher P sorption than other feedstocks.

Biochars are usually high in K and can increase soil K availability by providing K-containing salts
(e.g., KHCO3) [57]. Several tropical field trials in agricultural systems have documented an increase in
soil K following biochar application [4,58]; however, effects are influenced by several soil properties,
including native K-supplying capacity and clay mineralogy [59]. The applied biochar had high K
content (2.06 + 0.04 %) (Table 1); thus, the lack of a significant effect on soil-available K in all three
study systems was possibly due to K* losses via leaching. The high solubility of K* and high rainfall
in the study area likely accelerated the leaching process.

In general, biochar is not a direct source of available N and can reduce the availability of nitrate
and ammonium [54]; however, biochar has been reported to improve total soil N status in several
previous tropical studies [60,61]. Results may depend strongly on soil type [62]. There was no clear
trend in biochar effects on total soil N in the present study, possibly due to the moderate biochar dose
(7.5 tha™1). Biochar commonly stimulates N fixation [63], and soil N would be expected to show more
positive responses in systems with legumes grown as crop or companion species [64].

Many biochars are highly alkaline and can increase soil pH by a liming effect driven mainly by the
formation of carbonates [65]; in the long term, biochar enhancement of CEC may also maintain higher
pH due to increased retention of calcium and other alkaline elements [66]. Several tropical field trials
in agricultural systems have documented increases in soil pH following biochar application [15,67];
however, pronounced effects may require high biochar dosages [15]. We found significant effects
of biochar application on soil pH only in the tea monoculture, which initially showed a lower pH
level than tea agroforestry and forest soils. Tree species show marked variation in the Ca and Mg
concentration in wood, with pronounced carry-over effects on the chemistry and liming capacity of
produced biochar [56]. This suggests that biochars generated from specific wood feedstocks should be
selected as a liming agent for degraded high-acidity soils.

Application of biochar improves soil moisture content because biochar is highly porous, and,
depending on particle size and geometry, it may also enhance the volume of soil inter-pores [68,69].
However, biochar porosity varies with pyrolysis temperature and feedstock [70]. Biochar applications
have been found to improve soil water-holding capacity in several field trials in tropical soils [71-73].
In our findings, biochar plots clearly showed an increase in soil moisture content in the tea monoculture.
This response was closely linked to observed reductions in bulk density in biochar-amended plots.
Biochars reduce soil bulk density by their own porosity and indirectly by improving soil aggregation [74]
due to high porosity. This is associated with enhanced soil drainage and aeration and reduced
mechanical impedance of root growth in soils [75]. Several prior field studies have also reported
reduced bulk density in response to biochar applications in tropical soils [71-73]; biochar application
rates are proportional to this change [76]. In the present experiment, biochar amendments resulted in
the strongest responses in the tea agroforestry and tea monoculture plots in which soil compaction
was severe.
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Increases in soil OM and carbon are among the most consistent responses to biochar additions due
to the organic matter directly embodied in biochar [77]. Increased soil OM may also reflect microbial
C responses [77], as biochar is commonly colonized by bacteria, actinomycetes, and arbuscular
mycorrhizal fungi [74,78]. In the present study, biochar addition plots showed increased soil OM in all
land-use types, with an increasing temporal response through the experiment (Figure 4d,e), possibly
reflecting microbial colonization or reduced organic matter turnover. The results thus support the
viability of biochar additions to restore degraded tropical soils deficient in OM [79].

In conclusion, “sustainable biochar” amendments (sensu [43]) based on local waste wood
feedstocks and pyrolyzed with a simple flame curtain kiln enhanced the condition of representative
degraded soils in a variety of managed ecosystems in Bangladesh. The most consistent responses were
in soil OM, bulk density, soil moisture, and P availability. Improvements in soil conditions were most
pronounced in tea monocultures, which also showed the greatest degree of soil degradation prior to
the treatments. Our results thus suggest biochar as a viable option for the restoration of degraded soils
in the region. Farmers can manufacture biochar themselves at low cost and modest labor inputs from
waste wood materials, using open conical flame curtain pyrolysis kilns. Crop species vary substantially
in responses, e.g., [58], so additional work (possibly with replicated sites) on agronomic responses
is important; however, local “folk science” experimentation may be efficient at discovering crops
and soil conditions that are most responsive. The practical importance of enhancing nutrient and
water retention, crop productivity, carbon sequestration, and rural livelihoods dependent on degraded
tropical soils can hardly be overstated.
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