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Abstract

Agronomic benefits of applying biochar into soils, as a sustainable and environment-friendly soil amendment approach, have
been well-documented for decades, known for improving soil water and nutrient retention capacity followed by better crop
production. Still, research on the effects of certain locally sourced biochar waste and combined use with fertilizer and com-
post on agricultural lands with sandy soils is rather limited. Therefore, our study attempted to explore the effects of locally
produced biochar waste amended with compost and fertilizer on the water retention, pH, and nutrients of the sandy wild
blueberry soil in Maine. We found that the studied biochar (either mixed with compost or fertilizer) effectively improved the
water holding capacity (WHC) of the sandy wild blueberry field soil, with 15% and 20% application (biochar mix % in soil
by weight) showing the highest effect. On the other hand, the studied alkaline biochar caused a significant increase in the soil
pH up to 7-8, which would not be favorable for wild blueberry plants naturally growing in acidic soil (pH: 4-5). While our
study also attempted to lower the soil pH by treating the studied alkaline biochar with mild acid, it did not lower the soil pH
below 7. Our study further revealed that the 50-50 ratio for the biochar-compost/fertilizer mix application could be the most
beneficial for the wild blueberry soil. This ratio could enhance WHC significantly while providing the most useful nutrient
elements (P, K, Ca, B) for the wild blueberry plants, and keeping the heavy metals (Al, Fe) in check.
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Statement of Novelty

This study presents the promising usage of a sustainable and
environmental-friendly locally sourced and produced biochar
that is currently deemed a waste of bioenergy production in a
forest biomass-fueled combined heat and power (CHP) plant
as a soil amendment for the commercially important wild
blueberry crop in Maine, USA. We also revealed the best
biochar-compost/fertilizer mix ratio for wild blueberry soils.

Introduction

Biochar is a charcoal-like material, which can be derived
from a variety of organic materials (i.e., biomass), such as
forest and agricultural residuals, wood processing residuals,
manure, and municipal solid waste, through different
thermal conversion processes of pyrolysis, gasification,
and incomplete combustion [1-6]. In general, biochar
has a highly porous structure, a relatively large surface
area, a low bulk density, a wide range of pH (5-12), and
abundant mineral elements. These characteristics can aid
in its potential as a successful soil amendment to modify
the soil texture and properties, increasing water retention
and soil moisture content, organic carbon content, nutrients,
correction of soil acidification, and immobilization of heavy
metals [7-12]. However, the effects of biochar additions on
the improvement of soil properties are greatly dependent
on soil types, crop types, biochar characteristics, and
application methods. For instance, the effects of a high rate
(> 10 t/ha) of biochar (particle size > 1 mm) application on
the improvement of water retention of coarse-grained soil
are significantly greater than other soil types, such as silty
clay loam soil [13]. It was reported that the field capacity
and plant available water content of sandy soils mixed with
biochar particles of medium size (0.85-2 mm) and coarse
size (over 2 mm) are greater by 25-35% than the sandy
soils mixed with fine biochar particles (0.25-0.85 mm)
[14]. In terms of using biochar of different pH levels,
alkaline biochar can reduce soil acidification, favored by
plants and vegetables preferring a neutral or alkaline soil
environment. However, it might disrupt the growth of plants
growing in acidic soils, such as wild blueberries, because
of the increased competition of weeds in neutral or alkaline
soil environments [15]. Therefore, applying any particular
biochar in soils needs to be carefully identified based on the
targeted soil type and plant species.

On another note, biochar is a material of low bulk density
(<0.6 g/cm?), which implies that cost-effective biochar
should come from locally available sources. In Maine and
other New England states of the USA, biochar could be
obtained from industrial-scale combined heat and power
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(CHP) plants, which combust forest and wood processing
residuals to generate heat, steam, and electricity for wood
products manufacturing and neighboring communities. In
the biomass furnace of a CHP unit, biochar mixed with ash
is yielded as a byproduct by burning biomass feedstocks
under a lean air-to-fuel ratio (i.e., insufficient air supply). For
instance, a CHP plant with an annual electricity generation
capacity of 7.5 MWe can consume about 100,000 tons of
forest biomass and yield approximately 5000 tons of biochar
yearly. In addition, auxiliary pyrolysis units can be added
to CHP units to utilize thermal energy to produce biochar
[16]. Moreover, when local forest resources are accessible,
sustainable, and cheap, forest biomass (i.e., residuals of
bark, leaves, and branches) and wood processing residuals
(i.e., sawdust, wood shavings, and wood chips) can be used
to produce cost-effective biochar for large-scale agricultural
applications. For instance, biochar produced from local
forest and wood processing residuals in Maine could be
useful for local commercially important crops such as wild
lowbush blueberries.

Wild blueberries naturally grow in sandy soils, usually
with low water-holding capacity (WHC). Wild blueberry
plants are regarded as drought-resistant plants [17, 18], but
their yield is rather sensitive to drought, and the yield of any
particular year is greatly influenced by the water conditions
of the past four years [19]. Therefore, irrigation could be
an effective way to maintain sufficient water availability
in soils and to improve wild blueberry production [20].
However, only about 30% of the wild blueberry fields
of Maine are irrigated, while the rest relies on rainfall
[20]. While annual rainfall is predicted to increase in the
New England region of the USA, rainfall in the summer
is decreasing, and more rainfall anomalies are predicted
[21, 22]. Furthermore, climate warming will also increase
crop and soil water loss and reduce soil moisture content,
consequently reducing soil nutrient availability [23]. Thus,
new techniques of water and nutrient management are of
importance for the wild blueberry industry in Maine. For
instance, biochar enhancing soil water and nutrient retention
for other crops such as rice and maize [24, 25] could be a
feasible and affordable solution for wild blueberry farmers to
mitigate climate change impacts as locally produced biochar
is available.

It has been well documented that biochar could provide
a sustainable solution to mitigate the impact of climate
disturbances, and thus could potentially secure wild
blueberry production under climate change. However,
research regarding the applications of locally sourced
and produced biochar in sandy wild blueberry soils is
still limited. Research is needed to test its applicability on
the sandy wild blueberry soil by conducting laboratory,
greenhouse, and field tests at large temporal and spatial
scales before establishing biochar application guidelines
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for the end users. Therefore, the overall goal of this study
was to explore the applications of locally produced biochar
(from a biomass CHP plant) amended with compost and
fertilizer in wild blueberry field soil for water and nutrient
management. We hypothesized that the studied biochar-
compost and biochar-fertilizer mixes would aid in improving
the WHC and nutrient contents of wild blueberry soils.
Specific objectives of this study were (1) to characterize
physiochemical properties of the CHP biochar, (2) to
quantify the effects of different application rates of the
studied biochar-compost mix and biochar-fertilizer mix on
the WHC of wild blueberry soils, (3) to investigate whether
the studied biochar will change soil pH and whether pH
treatment of biochar will be effective, and (4) to characterize
how biochar-compost mix and biochar-fertilizer mix will
change soil nutrient availability.

Materials and Methods
Materials

The biochar used was from a local CHP plant located in
the central area of Maine, USA, which is a byproduct of
heat and power generation and doesn’t have a market value.
The biomass was collected from the nearby sawmills, wood
products manufacturing plants, and their forest lands. The
biomass included a variety of feedstocks, including bark,
treetops, branches, sawdust, shavings, and chips. The biochar
was produced at a high temperature of approximately
800 °C in the biomass grate furnace of the CHP unit due to
incomplete combustion [26, 27]. The mix of dry biochar and
fly ash was collected from the electrostatic precipitator (ESP)
system in the CHP plant. In the Bioenergy Laboratory at the
School of Forest Resources, the biochar was separated from
the mix using a laboratory sifting machine (Gilson Testing
Screen, Model TM-3, Gilson Company, Inc., Worthington,
Ohio, USA). Fine biochar powder and ash passed through
the 425-um sieve were not used. The estimated ratio of
biochar and ash was about 4:6 by volume.

Soil samples were collected from six different genotype
sites at the Blueberry Hill Farm in Jonesboro, Maine, USA.
The samples were collected up to 15 cm (6 inches) depth
from the soil surface with a soil sampler and were mixed
thoroughly to minimize the variance caused by the soil
texture at different depths. Those soil samples from different
genotypes far from each other were studied to consider
significant spatial variations in their soil characteristics, and
hence, the six soil samples were considered as six replicates.
The samples were sent to the Analytical Soil Testing Lab
at the University of Maine to test the soil type, pH, and
nutrients, which were used as a control in this study. The

soil type of the six samples was sandy loam, consisting of
66+ 1.9% sand, 24.4 +1.5% silt, and 9.6 + 0.5% clay.

The compost was provided by the University of Maine
composting facility, which was composted using local food
waste. The compost was air-dried before weighing and
mixing with biochar for testing. Air-dried compost samples
were also used for nutrient analysis using the methods
described in the following subsection of 2.2.4. The nutrient
elements included phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg), boron (B), sulfur (S), aluminum
(Al), copper (Cu), iron (Fe), manganese (Mn), sodium (Na),
and zinc (Zn).

Ammonium sulfate [(NH,),SO,] and potassium sul-
fate [K,SO,] were purchased from a local store. These two
granular chemicals were mixed at a 1:1 ratio by weight as
a fertilizer.

Methods
Biochar Characterization

The basic properties of biochar, including morphology,
moisture content, bulk density, porosity, pore size and
distribution, surface area, surface functional groups, pH,
and ash content, were measured and reported in a previous
study [27]. The testing methods are briefly described as
follows. The morphology of biochar was observed using a
Scanning Electron Microscope (SEM) (AMRay 18,201,820;
Amray scanning electron microscopes, Bedford, ME,
USA). Biochar moisture content was measured using
a moisture balance (Ohaus MB23, Hogentogler & Co.
Inc, Columbia, MD, USA). The bulk density of biochar
particles on a dry basis was measured following ASTM
E873-82(2019) Standard Test Method for Bulk Density of
Densified Particulate Biomass Fuels [28]. The surface area
of biochar was measured using a N, gas adsorption by a
Brunauer—-Emmett—Teller (BET) surface analyzer (model:
Micromeritics ASAP 2020, Micromeritics Instrument
Corporation, Norcross, GA, USA). The ash content of
oven-dried biochar (untreated and acid-treated) particles
was measured using a thermogravimetric analysis (TGA)
instrument (LECO 701, St. Joseph, MI, USA), following
ASTM E1755-01(2020): Standard Test Method for Ash in
Biomass [29]. The results were reported on a dry basis. The
pH of biochar (untreated and acid-treated) slurry (biochar:
deionized water = 1:20 by weight) was measured using a pH
meter (Hanna Instruments, Smithfield, RI, USA).

In addition, organic elemental CNHO analysis of oven-
dried, untreated biochar was conducted to determine the
percentage of carbon (C), nitrogen (N), hydrogen (H), and
oxygen (O) by weight using a CHNS/O analyzers (FLASH
2000, Thermo Fisher Scientific, Waltham, MA USA). The
inorganic elements (P, K, Ca, Mg, B, S, Al, Cu, Fe, Mn,

@ Springer



5226

Waste and Biomass Valorization (2025) 16:5223-5239

Table 1 Experimental design of soil water holding capacity test (water percolation method)

Materials Mixing ratio of Biochar (B)+ Compost (C) & Mixing rate (%) with soil (by =~ Number
Biochar (B) + Fertilizer (F) (by weight) weight) of tests
Wild blueberry field soil No soil amendment added (control) 6
Soil + Untreated biochar + Compost 50% B+50% C 5%, 10%, 15%, 20% 24
70% B+30% C 24
Soil + Treated biochar + Compost 50% B+50% C 5%, 10%, 15%, 20% 24
70% B+30% C 24
Soil + Untreated biochar + Fertilizer 50% B+50% F 5%, 10%, 15%, 20% 24
70% B +30% F 24
Soil + Treated biochar + Fertilizer 50% B +50% F 5%, 10%, 15%, 20% 24
70% B+30% F 24

Na, and Zn) analysis of oven-dried, untreated biochar was
conducted using the same methods for testing compost and
soils. The results were reported as milligram per kilogram
on a dry basis.

Biochar pH Treatment

An acid treatment method was used to modify the alkaline
nature of the biochar acquired from the CHP plant. A 2%
acetic acid solution was used in this study [26]. Bulk biochar
was washed three times and then soaked in the 2% acetic
acid solution for 5 min. During this time, the biochar slurry
was mechanically stirred. After this treatment, the biochar
was washed with water 5-10 times until the pH reached 7.

Soil WHC Test: Water Percolation Method

The soil, biochar, compost, and fertilizer were air-dried
before weighing, mixing, and testing. The experimental
design for the WHC test is detailed in Table 1. Six replicates
of the wild blueberry field soil were tested with a biochar-
compost mix and biochar-fertilizer mix of two different
ratios by weight (50% biochar + 50% compost/fertilizer and

Table 2 Experimental design of soil pH and nutrient testing

70% biochar +30% compost/fertilizer). Then the biochar-
compost mix, and the biochar-fertilizer mix were added to
the soil at 0%, 5%, 10%, 15%, and 20% w/w ratios (based on
the soil weight). Both treated biochar and untreated biochar
were used in separate tests. The WHC of those samples was
tested using a simple water-percolation method [30]. In this
method, we used Whatman Grade 1 Qualitative filter paper
on a funnel and kept it vertically straight on a measuring cyl-
inder. Then we put the soil and soil mixes with the amend-
ments (biochar-compost mix) on the funnel lined with filter
paper and then we poured 50 ml of water on the samples
slowly and uniformly. For each of the tests, we used 35 gm
of soil and 50 ml of water where only the addition of the
amendments (biochar-compost mix and biochar-fertilizer
mix) varied based on the studied percentages of soil (5, 10,
15 and 20% by weight). 50 ml of water was determined by
conducting a preliminary test which ensured that there was
still free water collected from the measuring cylinder when
the maximum rate (20%) of soil amendments was added
to the soil samples. For each of the tests, the initial water
amount that was poured on the sample was H,0; (50 ml),
and the amount of water percolated through those samples
into the measuring cylinder after 8 min (when water pouring

Materials Mixing ratio of Biochar (B)+ Compost (C) & Mixing rate (%) with soil (by Number
Biochar (B) + Fertilizer (F) (by weight) weight) of tests
Wild blueberry field soil No soil amendment added (control) 6
Soil + Untreated biochar + Compost 50% B+50% C 20% 6
70% B+30% C 6
Soil + Treated biochar + Compost 50% B+50% C 20% 6
70% B+30% C 6
Soil + Untreated biochar + Fertilizer 50% B +50% F 20% 6
70% B +30% F 6
Soil + Treated biochar + Fertilizer 50% B +50% F 20% 6
70% B+30% F 6
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started) was H,0,. The WHC was calculated using Eq. (1).
Six replicates for each combination in Table 1 were tested.
Based on those six replicates, the mean and standard error
(SE) were used for visual representations of the soil WHC.

(H,0; - H,0,)
H,0,

L

WHC, % = x 100% €))

Soil pH and Nutrient Testing

The experimental design for the soil pH and nutrient test-
ing is detailed in Table 2. For soil pH and nutrient test-
ing, wild blueberry field soil samples (as control), soil
samples mixed with 20% biochar-compost mix, and 20%

\
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Fig.1 Particles of the biochar used in the present study after sepa-
rating from ash. (Biochar source: a local biomass combined heat and
power plant in the central area of Maine, USA)

biochar-fertilizer mix at two mixing ratios of 50-50 and
70-30 by weight were prepared and tested. Both treated
biochar and untreated biochar were used in separate tests.
Six replicates for each combination in Table 2 were tested
at the Analytical Soil Testing Lab at the University of
Maine, Orono, ME, USA. Before the testing, the sam-
ples were ground so that any large biochar particles could
pass through the 2-mm sieve for the soil pH and nutri-
ent testing. In the lab, those samples were first air-dried
and sieved through a 2-mm sieve. Soil pH was measured
using a pH meter with electrodes inserted in the soil slurry,
where a dry soil sample was mixed with distilled water.
Further, the nutrients of those soil samples were extracted
in pH 4.8 ammonium acetate (modified Morgan solution).
Phosphorus (P) was determined colorimetrically by Flow
Injection Analysis. All other nutrient elements were meas-
ured by the inductively coupled plasma — optical emission
spectrometry (ICP-OES) technique (Thermo-Fisher model
iCAP 6300 radial view ICP-OES, Waltham, MA, USA).
After the measurements, major nutrients of P, K, Ca, and
Mg were reported as pounds per acre in dry soil because
they are generally needed in larger amounts in the soil.
Secondary and micronutrients of B, S, Al, Cu, Fe, Mn, Na,
and Zn were reported as milligrams per kilogram (parts
per million) in dry soil.

Statistical Analysis

JMP Pro 16.2 software was used to conduct the statistical
analysis and to prepare the visual representations of the data
in this study. A full factorial two-way analysis of variance
(ANOVA) test was performed to determine the effects of
adding soil amendments on the pH and nutrient levels of the
wild blueberry field soil. Here, main effects and interaction

Table 3 Physical properties of
the biochar samples used in the

present study [26]. (Biochar
source: a local biomass
combined heat and power plant
in the central area of Maine,
USA)

Property Method Results V) Note

Moisture Content Moisture Analyzer 7-8.5% @ Untreated biochar used

Porosity of biochar particle MIP 30-60%

Median pore diameter 14.5-17.5 ym

Bulk density, dry ASTM E873 0.08-0.09 gcm > ®

Total surface area BET 300-400 m’g~!

pH of biochar pH meter 11.3-11.5 Untreated
6.5-7.5 Treated

Ash content of biochar TGA 13-20% @ Untreated, oven-dried
2-3% Treated, oven-dried

@ The results were given based on three or six replicates of biochar

@ The moisture content of biochar was tested after the biochar was placed in the ambient environment in

the laboratory for one month

© The bulk density of biochar was tested using oven-dried biochar

) The ash content of oven-dried biochar particles was attributed to the ash bonded on the surface of the

biochar pores and loose ash fines
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effects were considered using both the ratios of soil amend-
ments used (control, 50-50 biochar-compost/fertilizer, and
70-30 biochar-compost/fertilizer) and types of biochar
(treated and untreated biochar).

Results
Biochar Properties

Biochar exhibited a mix of particle sizes (Fig. 1), ranging
from medium (0.25-0.85 mm), coarse (0.85—-2.00 mm), and
very coarse (>2.00 mm), which were categorized based on a
previous study [31]. In our study, we did not reduce the size
of the very coarse biochar. Nevertheless, it is evident that
fine biochar has a significant impact on increasing the water
holding capacity and bulk density of the soil and biochar

mixture compared to coarse biochar. This is primarily due
to the differences in how they alter particle packing and
tortuosity [32]. The bulk density of biochar on a dry basis
varied from 0.08 to 0.09 g cm~> (Table 3). Biochar mois-
ture content was between 7 and 8.5% (Table 3) after being
exposed to the ambient environment for about one month.
Biochar SEM images revealed that the biochar retained the
intrinsic structure of xylem (Fig. 2a) and bark (Fig. 2b) and
ash agglomerations in biochar (Fig. 2c).

The porosity of biochar ranged from 30 to 60%, with the
median pore diameter of the biochar between 14.50 ym and
17.50 pm (Table 3). The total surface area of the two samples
ranged from 300 to 400 m?/g (Table 3). The pH of untreated
biochar was over 11, while the pH of treated biochar ranged
from 6.5 to 7.5 (Table 3). The ash content of untreated bio-
char and treated biochar was approximately 13-20% and
2-3%, respectively (Table 3). The high ash content of the

char derived from bark _

Fig.2 SEM images of the biochar samples used in the present study after separating from ash. (Biochar source: a local biomass combined heat
and power plant in the central area of Maine, USA; Source of images: [26])

Table 4 CHNO results of oven-dried, untreated biochar samples on a dry basis. (Biochar source: a local biomass combined heat and power plant

in the central area of Maine, USA)

Organic elements C H

o) N Ash @

Mean + SE, % by weight ¥ 86.2% +1.78%

0.8%+0.03%

6.4%+0.11% 0.3% +0.03% 6.26%+1.88

(D The results were given based on three replicates

@ The ash content represented the individual biochar particles for CHNO analysis, which is listed in Table 4 as a reference

Table 5 Inorganic elemental analysis results of oven-dried, untreated biochar on a dry basis. (Biochar source: a local biomass combined heat and

power plant in the central area of Maine, USA)

Inorganic elements Ca K Mg P

Mean+SE, mg/kg " 20,454+3,578  18,708+1,828  1,408+226 532+59

Inorganic elements Na Zn Al B Fe Cu S Mn
Mean + SE, 268 +29 103 +27 39+6 30+1.8 79+3.1 14407  2,135+506 506+28
mg/kg 2

() The results were given based on three replicates

@ mg/kg =mass of each element in mg per 1 kg of oven-dried biochar
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(a) Water Holding Capacity of Soil mixed with Biochar and Compost

100 Percentage of Soil Amendment by Weight
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Ratio of soil amendments mixed with soil
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(b) Water Holding Capacity of Soil mixed with Biochar and Fertilizer

70% Treated Biochar+30% Fertilizer 70% Untreated Biochar+30% Fertilizer

Ratio of soil amendments mixed with soil

Fig.3 Water Holding Capacity (WHC) of wild blueberry field soil
mixed with different types of soil amendments: (a) Treated and
untreated biochar mixed with compost at two different ratios, and (b)
Treated and untreated biochar mixed with fertilizer at two different

untreated biochar samples may be attributed to the presence
of ash bonded on the surface of biochar pores and loose ash
fines. For the CHNO analysis, individual biochar particles
were selected and ground for the testing. The considerable
variation of ash content results may be due to the variety
of biomass feedstocks, including bark, sawdust, treetops,
shavings, and chips. The C content of the biochar was as
high as 86% by weight, while the H, O, and N content were
0.8%, 6.4%, and 0.3% by weight, respectively (Table 4). The
biochar samples used for CHNO analysis had an average
ash content of approximately 6.26%, which was used as a
reference. Additionally, biochar exhibited very high concen-
trations of Ca (20,454 mg/kg) and K (18,708 mg/kg), but
extremely low concentrations of Al (39 mg/kg), B (30 mg/
kg), Fe (7.9 mg/kg), and Cu (1.4 mg/kg) (Table 5).

ratios. Here, bars of 0-20% represent the percentages of soil amend-
ments added to the soil by weight where 0% means no soil amend-
ments were added to the soil (presented as Control)

Biochar Effects on Soil WHC

Water holding capacity (WHC) of the wild blueberry
field soil (Control) was ~35-40% when no soil amend-
ments were added to the soil (Fig. 3). After adding 5-20%
biochar-compost mix to the field soil, the soil WHC was
gradually increasing from 40 to 98% (Fig. 3a). In fact, the
soil WHC was ~50-98% when 70% biochar was used in
the biochar-compost mix compared to the ~45-85% WHC
when 50% biochar was used in the biochar-compost mix.
Also, the WHC was lower (~38-70% in 50-50 biochar-
compost mix and ~45-85% in 70-30 biochar-compost mix)
when treated biochar was used compared to the untreated
biochar (WHC: ~45-88% in 50-50 biochar-compost mix
and ~52-98% in 70-30 biochar-compost mix) (Fig. 3a).
Similarly, WHC of the wild blueberry field soil improved
when the biochar-fertilizer mix was added to the soil
(Fig. 3b), which varied based on the application rates of the

@ Springer
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(a) pH of soil mixed with biochar and compost

8
'lI'Jreated ilcéz?har: ns ns B
7 Il Untreated Biochar b B b
6 ns
a A
5
s
=4
[
n
3
2
1
0 - -
Control (no Biochar:Compost Biochar:Compost

amendment) (50:50) (70:30)
Soil amendments mixed with soil

Fig.4 pH of wild blueberry field soil mixed with soil amendments
(20% of soil weight): (a) Treated and untreated biochar mixed with
compost at two different ratios, and (b) Treated and untreated biochar
mixed with fertilizer at two different ratios. Here, small letters and

biochar-fertilizer mix. For instance, soil WHC was gradually
increased from~42 to 50% and ~40-82% after adding
5-20% treated and untreated biochar-fertilizer (50-50) mix.
Interestingly, the soil WHC range was higher (40-82%)
when untreated biochar-fertilizer was added in the same
ratio (50-50) compared to that for other ratios. Soil WHC
was higher when more treated biochar was used in the soil,
for example, soil WHC was 40-80% in the 70-30 treated
biochar-fertilizer mix compared to the 42-50% soil WHC
in the 50-50 treated biochar-fertilizer mix. On the contrary,
soil WHC was lower (40-67% in 70-30 biochar-fertilizer
mix) when 70% untreated biochar was used compared to the
WHC (40-82% in 50-50 biochar-fertilizer mix) when 50%
untreated biochar was used (Fig. 3b).

Biochar Effects on Soil pH

The pH of the wild blueberry field soil (Control)
was ~4.9-5.1 when no soil amendments were added to
this soil (Fig. 4). The soil pH increased significantly up
to 6.5-7.4 after adding 20% biochar-compost mix to the
soil regardless of the use of treated or untreated biochar
(Fig. 4a). The soil pH did not differ significantly between
the 50-50% and 70-30% use of biochar-compost mix with
the soil (Fig. 4a).

The soil pH increased significantly up to 6.9-7.8 after
adding 20% biochar-fertilizer mix regardless of the use of
treated or untreated biochar (Fig. 4b). On average, soil pH
was slightly higher (not significant) in the 50-50 untreated
biochar-fertilizer mix compared to the pH in the 50-50
treated biochar-fertilizer mix. In contrast, soil pH was
significantly higher in the 70-30 untreated biochar-fertilizer

@ Springer

(b) pH of soil mixed with biochar and fertilizer
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mix compared to the 50-50 treated and untreated biochar-
fertilizer mix as well as compared to the 70-30 treated
biochar-fertilizer mix.

Effects of Biochar-Compost Mix on Soil Nutrients

The concentrations of macro-nutrients (P, K, Ca, Mg, B and
S in Fig. 5) were found to be significantly higher in the wild
blueberry field soil when mixed with biochar-compost mix
compared to the soil with no amendment (Control; Fig. 5).
Comparing between the use of 50-50 biochar-compost mix
and 70-30 biochar-compost mix, the average concentration
of those macro-nutrients was slightly lower (not significant)
in the soil mixed with 70-30 treated biochar-compost mix.
On the contrary, the average concentration of those macro-
nutrients was slightly higher (not significant) in the soil
mixed with 70-30 untreated biochar-compost mix. Interest-
ingly, among those macro-nutrients, the amount of K and S
(Fig. 5b,f) was significantly higher in the soil mixed with
untreated biochar than in the soil with treated biochar.

The trends observed in the concentration of micro-nutri-
ents (Al, Cu, Fe, Mn, Na, and Zn in Fig. 6) were different
in contrast to the trends found in macro-nutrients (Fig. 5).
Concentrations of Al and Fe (Fig. 6a,c) were significantly
lower in the soil mixed with biochar-compost compared
to the soil with no amendment (control) regardless of the
use of treated or untreated biochar and different biochar-
compost mix ratios. In contrast, the concentrations of Cu
and Zn (Fig. 6b,f) were similar in both soil samples without
and with soil amendment (biochar-compost mix), except
the concentration of Cu was significantly higher in the soil
with untreated 70-30 biochar-compost mix. However, the
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Fig.5 Concentrations of available macro-nutrients (a) P, (b) K, (c)
Ca, (d) Mg, (e) B, and (f) S in the wild blueberry field soil mixed
with soil amendments (20% of soil weight): Treated and untreated
biochar mixed with compost at two different ratios. Here, small letters

average concentration of Zn was slightly higher in the soil
with untreated biochar than in treated biochar. The concen-
tration of Mn (Fig. 6d) was significantly higher in the soil
with treated biochar-compost mix compared to the soil with
no amendment, whereas the concentration of Mn was lower
(not significant) in the soil with 70-30 biochar-compost mix
than with 50-50 biochar-compost mix. In contrast, the con-
centration of Mn was significantly higher in the soil with
70-30 biochar-compost mix than with 50-50 biochar-com-
post mix where biochar was untreated. The concentration of
Na (Fig. 6e) was similar in both the soil without and with
treated biochar-compost mix, whereas it was significantly
higher in the soil with untreated biochar-compost mix than
in the soil with no amendment. However, the concentration

and capital letters on the bars represent significant differences among
the treated biochar and the untreated biochar treatments, respectively
at p<0.05%, p<0.01%*, p<0.001%**, p<0.0001**** and ns not
significant

of Na was significantly higher in the soil with untreated bio-
char than with treated biochar. When untreated biochar was
used, the concentration of Na was significantly lower in the
soil with a 70-30 biochar-compost mix than with a 50-50
biochar-compost mix.

Effects of Biochar-Fertilizer Mix on Soil Nutrients

The concentrations of macro-nutrients (P, K, Ca, Mg, B, and
S in Fig. 7) were also significantly higher in the wild blue-
berry field soil when amended with biochar-fertilizer mix
compared to the soil with no amendment (Control; Fig. 7).
Comparing the use of 50-50 and 70-70 treated biochar-
fertilizer mix, the concentration of K and Mg (Fig. 6b,d)
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Fig.6 Concentrations of different micro-nutrients (a) Al, (b) Cu, (c)
Fe, (d) Mn, (e) Na, and (f) Zn in the wild blueberry field soil mixed
with soil amendments (20% of soil weight): Treated and untreated
biochar mixed with compost at two different ratios. Here, small letters

was similar in both treatments. In contrast, a significantly
higher concentration of P, Ca, and B (Fig. 7a,c,e) and a sig-
nificantly lower concentration of S (Fig. 7f) were found in
the soil with 70-70 treated biochar-fertilizer mix. Compar-
ing the use of 50-50 and 70-70 untreated biochar-fertilizer
mix, the concentration of P, K, Mg, and S (Fig. 7a,b,d.f)
was similar in both treatments. In contrast, the concentration
of Ca and B (Fig. 7c,e) was significantly higher in the soil
with 70-70 untreated biochar-fertilizer mix. Comparing the
use of treated and untreated biochar, the concentration of
K and S (Fig. 7b,f) was similar in both treatments. In con-
trast, a significantly lower concentration of P, Ca, Mg, and B
(Fig. 7a,c,d,e) was found in the 50-50 and 70-30 untreated
biochar-fertilizer mix.

The trends observed in the concentrations of micro-nutri-
ents (Al, Cu, Fe, Mn, Na, and Zn in Fig. 8) were different

@ Springer

and capital letters on the bars represent significant differences among
the treated biochar and the untreated biochar treatments, respectively
at p<0.05%, p<0.01**, p<0.001*** p<0.0001**** and ns not
significant

compared to the trends found in the macro-nutrients (Fig. 7).
The concentration of Al and Fe (Fig. 8a,c) was significantly
lower in the soil with biochar-fertilizer mix compared to
the soil with no amendment regardless of the use of treated
or untreated biochar and different biochar-fertilizer mix
ratios. In contrast, the concentration of Cu, Mn, Na, and
Zn (Fig. 8b,d,e,f) was significantly higher in the soil with
biochar-fertilizer mix compared to the soil with no amend-
ment. Especially, the concentration of Cu, Mn, and Zn
(Fig. 8b,d,f) was significantly higher in the soil with treated
and untreated 70-30 biochar-fertilizer mix compared to
the soil with treated and untreated 50-50 biochar-fertilizer
mix, respectively. Moreover, the concentration of Cu, Mn,
and Zn (Fig. 8b,d,f) was significantly lower in the soil with
untreated biochar than with treated biochar, whereas the
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Fig.7 Concentrations of macro-nutrients (a) P, (b) K, (¢) Ca, (d)
Mg, (e) B, and (f) S in the wild blueberry field soil mixed with soil
amendments (20% of soil weight): Treated and untreated biochar
mixed with fertilizer at two different ratios. Here, small letters and

concentration of Al, Fe, and Na (Fig. 8a,c,e) was similar in
the soil with treated and untreated biochar.

Discussion

Our study revealed that amending biochar into the sandy
loam soil was an effective approach to increase the water
holding capacity (WHC) of sandy wild blueberry field soil
regardless of the addition of compost or fertilizer with the
untreated or treated biochar. Soil WHC has been observed
to be getting higher with the addition of a higher amount
of biochar. Additionally, soil WHC was not significantly
affected by the pH treatment of biochar when compost or

capital letters on the bars represent significant differences among the
treated biochar and the untreated biochar treatments, respectively at
p<0.05%, p<0.01**, p<0.001***, p<0.0001****, and ns not sig-
nificant

fertilizer was added to both treated and untreated biochar.
The addition of 20% biochar-compost and biochar-fertilizer
significantly increased the pH of wild blueberry field soil up
to 7-8, regardless of the mixing ratios of 50-50 or 70-30.
While improved WHC of the soil would have a significantly
positive impact on the wild blueberries, higher soil pH might
not be favorable for them in competing with weeds. We also
found that a 50-50 biochar-compost/fertilizer mix would be
an advantageous ratio to use with wild blueberry field soil
for providing the important nutrient elements to the plants
as well as keeping the heavy metals of the soil in check. Our
study is the first to assess a locally sourced, sustainable,
and environment-friendly soil amendment like biochar
to improve the WHC of wild blueberry field soil while
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Fig.8 Concentrations of micro-nutrients (a) Al, (b) Cu, (¢) Fe, (d)
Mn, (e) Na, and (f) Zn in the wild blueberry field soil mixed with
soil amendments (20% of soil weight): Treated and untreated biochar
mixed with fertilizer at two different ratios. Here, small letters and

maintaining other soil characteristics like pH and nutrient
availability for the betterment of wild lowbush blueberries
in Maine, USA.

Effects of Biomass Feedstocks and Manufacturing
Process on Biochar Properties

The biomass feedstocks used for generating bioenergy
and biochar in the CHP plant were a mix of forest logging
residues and wood processing residues, including bark,
wood shavings, chips, and tree branches from a mixture of
hardwood and softwood species. As a result, a large variation
in all the measured properties was observed [33, 34].

As listed in Table 3, the very low bulk density of oven-
dried biochar (0.08-0.09 gcm™%) may be attributed to
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capital letters on the bars represent significant differences among the
treated biochar and the untreated biochar treatments, respectively at
p<0.05%, p<0.01**, p<0.001*%** p<0.0001**** and ns not sig-
nificant

factors such as the use of low-density feedstocks, high
pyrolysis temperature (> 600 °C). The porosity (30-60%)
and surface area (300-400 ng_l) of the biochar studied
are within the range obtained from biochar derived
from various forest biomass sources (e.g., pine sawdust,
shavings, oak and birch wood chips) at high pyrolysis
temperatures (> 600 °C) [35-37]. For instance, coniferous
forest biochar showed a porosity of approximately 57%,
with most of the pores falling within the size range of 6 to
25 um [35]. The surface area of biochar derived from black
pine (Pinus nigra), poplar (Populus), and willow (Salix)
can reach up to 500 m?g~" at a pyrolysis temperature
of 650 °C [37]. It has been found that biochar’s ultra-
micropores and micropores, ranging from 0.2 to 9 um,
contribute to its available water capacity, achieved
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by holding water in place by capillarity [4]. The ultra-
micropore and micropore classifications of biochar were
based on the classifications of soil pore size by the Soil
Science Society of America [38] due to its application of
altering soil porosity to enhance the soil water retention.
Woody biochar tends to possess more pores within this
range compared to biochar produced from agricultural
biomass such as rice husk, manure, and biosolid wastes.
Furthermore, increasing the pyrolysis temperature can also
enhance the percentage of these pores, which is correlated
with an increase in surface area resulting from the thermal
decomposition of organic material, during which volatiles
are driven off and the remaining structure is composed of
highly concentrated carbon chains. [4, 39].

Lastly, the low concentration (2%) of acetic acid
treatment neutralized biochar pH and significantly
decreased the ash content (Table 3). This could be due
to the acetic acid solution dissolved ash compounds of
carbonates and other inorganic alkalis, which account for
approximately 70% of the total biochar alkalinity [40]. The
low pH of the biochar may be beneficial for weed control
in wild blueberry fields. However, it might be impair
the fertility of the biochar. Therefore, supplementary
nutrients such as compost and fertilizer are often blended
with biochar and applied to soils, which is discussed in
subsection of 4.4.

WHC of Biochar with Different Treatments (Compost
or Fertilizer)

Adding biochar and compost mixes and biochar and
fertilizer mixes to the sandy soils improved the WHC of
sandy soils collected from the wild blueberry field (Fig. 3).
Many previous studies also reported similar findings that
biochar from different sources helped to improve WHC of
agricultural soil, and tropical soil, especially sandy soil [7,
8, 13, 41-44]. As aforementioned, woody biochar possesses
a considerable amount of pores (0.2 um to 9 um) that
contribute to water retention in biochar pores via capillary
forces [4, 38]. Hence, the stored water in those micropores
could be easily accessible to the root hairs (10 um diameter)
of plants, meeting their needs, especially under drought
conditions. On another note, the weak acidic acid treatment
of biochar used in this study was to neutralize the biochar pH
by removing the basic ash from the biochar, which had little
impact on altering the total volume of pores and pore sizes
of biochar. Therefore, the influence of biochar treatment
on WHC of soil mixed with biochar-compost, and biochar-
fertilizer samples was not significant.

Since biochar is highly recommended to use with compost
[45, 46] for better crop production, we investigated two dif-
ferent ratios of biochar-compost mix (50-50% and 70-30%
biochar-compost). As a result, 70-30% biochar-compost mix

retained more water in the soil, which implied that biochar
rather than compost was regulating the water retention in the
soil. Such improved water retention in agricultural sandy soil
could further reduce nutrient leaching loss, which in turn can
reduce fertilizer needs [43, 44, 47]. Compared to the WHC
of biochar-compost mixed soil samples, the biochar-fertilizer
mix also increased the WHC of wild blueberry soils to dif-
ferent degrees. However, the WHC values of biochar-ferti-
lizer mixed soil samples showed a relatively larger variation
in terms of pH treatment of biochar along with their mixing
ratios with fertilizer and their application rates. For instance,
increasing application rates of biochar-fertilizer from 5 to
20% did not significantly increase the WHC of soil amended
with 50-50 treated biochar-fertilizer. Moreover, the WHC
of soil amended with 70-30 biochar-fertilizer mix did not
increase much compared with 50-50 biochar-fertilizer mix
regardless of pH treatment of biochar and application rates.
While the exact reason remains unclear, it is important to
mention that the compost used was air-dried before being
blended with biochar for testing purposes. It should also be
noted that the hydrophilicity of compost allows it to absorb
substantial amounts of water, thereby contributing to the
increase in water-holding capacity. In contrast, fertilizers are
water-soluble, meaning that only the biochar in the mixture
of biochar and fertilizers provides benefits for water reten-
tion. Further investigation may be required to comprehend
the impact of water-soluble fertilizer granules in this par-
ticular case.

Influence of Biochar-Compost and Biochar-Fertilizer
on Soil pH

The soil pH increased from approximately 5 to 7 or 8 after
the biochar-compost and biochar-fertilizer mixes were
added to the soil (Fig. 4). Based on our pH testing prior to
this study, the average pH of compost, ammonium sulfate
fertilizer, and potassium sulfate fertilizer was approximately
8, 5.5, and 7, respectively. The average pH of untreated
biochar and treated biochar was approximately 11.4 and
7.5, respectively. When a 20% application rate was used, the
increase in pH was mainly due to the alkaline biochar and
compost. When increasing the biochar ratio from 50 to 70%,
the treated biochar can reduce the pH of the soil with soil
amendments (biochar-compost and biochar-fertilizer mixes)
by 0.5-1.0 pH unit compared to untreated biochar. This
indicates the effectiveness of the biochar treatment method
employed in this study. Consequently, if a high application
ratio of biochar is necessary in wild blueberry fields, biochar
pH treatment can help alleviate the rise in soil pH.

The effect of such alkaline biochar on the modification
of soil acidification was also reported in previous studies
[48-50]. However, wild blueberry crops in Maine have
the adaptability to grow well and compete over weeds in
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an acidic soil environment with a pH of 4-5. The low soil
pH creates a hostile environment for weeds and other plants
while creating a favorable environment for wild blueberry
plants and their associated mycorrhizal fungi [15, 51]. In
such cases, if the soil pH increases causing undesired soil
alkalinity, remedies need to be implemented, such as adding
fertilizers with sulfur or gypsum, pine needle litter, papermill
sludge, soilless substrates, etc. [52-55]. In addition, using
low pyrolysis temperatures of 250-400 °C could produce
acidic biochar with a pH of 5-6 [56-60]. Therefore, we
suggest conducting long-term field studies to monitor the
changes in soil pH to effectively control soil pH as needed
if alkaline biochar is added to wild blueberry fields. For
instance, applying sulfur in the wild blueberry fields every
six years is a recommended efficient technique to maintain
the lower pH level [15].

Impacts of Biochar-Compost and Biochar-Fertilizer
on Soil Nutrition

The biochar used in this study was derived from forest
biomass, while the compost was made from food waste.
According to the nutrient testing results, untreated biochar
was found to be rich in most nutrient elements (P, K, Ca,
Mg, B, Mn, Na, S, Cu, and Zn) and had low concentra-
tions of Al and Fe (Table 5). In comparison, the compost
had lower concentrations of Cu, Fe, and Zn, but higher con-
centrations of other elements (P, K, Ca, Mg, B, Mn, Na,
and S) (Table S1). Two fertilizers, namely (NH,),SO, and
K2S04, were used to provide nutrients such as K and S.
Biochar-compost and biochar-fertilizer additions improved
the availability of six macro-nutrients (P, K, Ca, Mg, B, and
S) in the soil for wild blueberries (Figs. 5, 7) and of four
micro-nutrients (Cu, Mn, Na, and Zn) (Figs. 6, 8). Previous
research has reported that biochar-compost amendment has
been effective in significantly increasing the availability of
major nutrients in various types of nutrient-deficient agri-
cultural soils [24, 25, 61, 62]. These elements are essential
for plant growth and development [63].

In the case of treated biochar usage, a significant
reduction of 50-80% in K and S was observed in the soils
with biochar-compost additions (Fig. 5). This reduction
could be attributed to the mild acidic acid treatment, which
removed ash compounds containing K and S. However, in
the case of biochar-fertilizer additions, the reduction in K
and S concentrations in biochar did not have a significant
impact on the overall concentrations of K and S in the soils
with biochar-fertilizer additions (Fig. 7). The effect of mild
acidic acid treatment on other elements, apart from K and
S, did not show consistent results across all elements. The
underlying reason for this inconsistency remains unclear
and could be attributed, at least in part, to sample variations
observed during collection and analysis. In addition, it has
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been observed that the overall concentrations of Al and Fe in
soil with soil additions (i.e., biochar-compost, and biochar-
fertilizer) were lowered to varying degrees compared to the
soil samples used as controls (Figs. 6, 8). This reduction can
be attributed to the extremely low concentrations of Al and
Fe in the biochar, compost, and fertilizer.

Furthermore, there is ample evidence that biochar,
especially biochar with a large surface area, has the potential
to regulate and reduce nutrient uptake by plants through
physicochemical adsorption on its surface [10, 60, 64, 65].
In addition to improving water retention in sandy soils,
biochar may also serve as a nutrient sorbent, enabling a slow
release of nutrients into the soil. The optimization of nutrient
availability and concentrations in soil-biochar mixtures
for optimal plant uptake should be further investigated to
maximize their benefits in agricultural systems and promote
improved plant growth [66-70].

Conclusion

We found that the locally sourced and produced biochar
from a biomass CHP plant in Maine effectively increases the
water holding capacity (WHC) of sandy wild blueberry field
soils. Out of the studied four different application rates (5,
10, 15, and 20%) of biochar-compost and biochar-fertilizer
amendments, the 20% rate resulted in the highest soil WHC.
On the other hand, the addition of 20% biochar-compost
and biochar-fertilizer amendments significantly increased
the pH of wild blueberry field soil up to 7-8 because our
studied biochar was alkaline. Raised pH could be a issue
for wild blueberry plants, which are typically growing in
acidic soil. Thus, other techniques to maintain a lower soil
pH need to be implemented when applying alkaline biochar.
For instance, modifying or treating the biochar to be acidic
or applying other additional amendments, such as sulfur is a
recommended technique to maintain a soil pH of 4-5 in wild
blueberry fields. However, our study also revealed that the
mild acidic treatment of biochar did not lower the soil pH,
and the reason is unclear, calling for further investigation.
Our study also concludes that a 50-50 biochar-compost/
fertilizer mix could be a promising ratio to apply in the wild
blueberry soil for providing the important nutrient elements
(P, K, Ca, B) to the plants as well as keeping the heavy
metals (Al, Fe) of the soil in check. Following this study,
we further recommend conducting large-scale, long-term
field trials to investigate the impacts of biochar-compost and
biochar-fertilizer additions on soil properties (water content
and nutrient levels) and their effects on wild blueberry crops’
physiological performance and berry yield and quality
during normal conditions and abnormal conditions, like
drought and warming.
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