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Abstract 

Biochar has been shown to improve soil properties and plant productivity in soils with inherently low fertility. How‑
ever, little has been reported for upland corns under dry and wet precipitation regimes. This study investigates 
the effect of biochar addition on a range of soil physicochemical, biological, and hydrological properties, and corn 
growth and productivity under agrometeorological drought and wet conditions. Here, experiments were laid out in a 
randomized complete block design with three replications at two sites during 2017 and 2018 in South Korea. Treat‑
ments included (i) CN: control (ii) IF: inorganic fertilizer (N–P–K) at 145–30–60 kg ha−1; (iii) BS: barley straw at 5 t ha−1; 
(iv) CWBC: corn waste biochar at 5 t ha−1; (v) CWBC + IF: corn waste biochar + inorganic fertilizer; (vi) CWBC + BS: corn 
waste biochar + barley straw. The year 2017 was relatively dry, whereas the year 2018 was wet. Despite drought condi‑
tions in the year 2017, biochar facilitated soil water conservation. However, higher precipitation in 2018 increased  the 
quantity and distribution of soil water and nutrients in the top  15 cm. Biochar reduced soil bulk density, and increased 
porosity, cation exchange capacity and total organic carbon in both years but increased total bacterial counts dur‑
ing the dry year only. Bacterial population was generally higher under wet conditions. Similarly, more soil CO2 was emit‑
ted in the wet year than in the dry year. Results further indicated that biochar can enhance corn biomass and grain 
yield regardless of precipitation conditions. The grain index was, however, affected by rainfall and was significantly 
different across treatments in the year 2018 only. All biomass, grain yield, and grain index were highest in CWBC + IF 
treatment and lowest under CN treatment. Indeed, biochar addition appeared to improve soil quality and soil condi‑
tioning effects in the drought and wet years, ameliorating soil and plant properties. Overall, biochar can improve water 
and nutrients storage, availability, and uptake, and therefore corn productivity during hydrological extremes.

Highlights 

•	 Biochar application consistently increased soil water content.
•	 Biochar improved soil physicochemical characteristics in the drought and wet year.
•	 Biochar increased bacterial population during the drought year.
•	 Grain yield was higher in the wet year than in the drought year.
•	 Grain yield and grain index was highest under CWBC + IF and lowest under CN treatment.
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1  Introduction
Climate change is unequivocal; global atmospheric 
carbon concentration has increased from 277  ppm in 
1750 to 412  ppm in 2020 (Friedlingstein et  al. 2022) 
and earth temperature by an average of 0.08  °C per 
decade since 1880 (Lindsey and Dahlman 2020). Cli-
mate change and weather extremes affect agriculture by 
modifying precipitation, temperature, and seasonality, 
input supplies, and soil functions, among others (Pau-
del et al. 2014). Agriculture is also a significant contrib-
utor of greenhouse gases accounting for nearly 14% of 
total global anthropogenic greenhouse gas emissions; 
thereby causing anthropogenic radiative forcing of cli-
mate (Duxbury 1994). This has ultimately impacted 
drought characteristics including drought frequency, 
duration, and severity (Chiang et al. 2021).

Drought generally refers to precipitation deficit con-
ditions relative to the average value and declining soil 
moisture conditions. Mishra and Singh (2010) provided 
details on the concept of droughts. Drought impacts 
agriculture in many ways. Direct impacts of drought 
include plant damage, disease, insect-pest infestation, 
and reduced productivity. Drought reduces seedlings 
growth, crop’s transpiration, stomatal conductance, leaf 
water potential, and root activities; all affecting veg-
etative and generative yield and harvest index (Dietz 
et al. 2021). For example, Ray et al. (2018) reported sig-
nificant yield reduction in rainfed and irrigated crops 
after drought, particularly precipitation deficit, during 
2008 to 2016 in Texas. In their study, drought appeared 
to have a greater impact on winter wheat (Triticum 
aestivum L.) and corn (Zea mays L.) across Texas. 
Indeed, droughts could reduce crop growth, yield, and 

hectarage589 due largely to reduced soil moisture stor-
age and availability (Ray et al. 2018).

Amending agricultural soils with biochar has been pur-
posed as a means to reduce greenhouse gases, improve 
soil quality, and adapt agriculture to climatic change and 
extremes (Blanco-canqui et  al. 2020; Park et  al. 2023). 
Biochar is a carbon-enriched material produced through 
the pyrolysis of organic feedstocks in a low or no oxygen 
environment. Biochar generally reduces soil bulk density 
through mixing and dilution effects and by improving 
aggregation and porosity. Porosity increases due largely 
to new pores formation, soil aggregation, and reduced 
soil packing (Blanco-Canqui 2017). All these effects could 
translate into increased water holding capacity, but the 
effects could vary with soil types, biochar feedstocks, 
and pyrolysis temperature. Yun et al. (2022) observed the 
improved soil chemical properties and decreased CH4 
emissions with pelleted bamboo biochar application in a 
rice cropping system in South Korea. Bohara et al. (2019) 
also reported  the increased soil water holding capacity, 
plant available water, saturated water permeability, and 
drought tolerance with pinewood biochar in a very fine 
sandy loam soil.

Indeed, biochar could improve soil water storage, 
reduce fertilizer drainage and nutrient leaching, and 
enhance crops’ resiliency to droughts (Li et  al. 2021). 
Agricultural crops are often water demanding and 
require ample water supply for growth and productivity. 
In South Korea, corn is an important food crop, account-
ing for nearly 12 million tonnes of consumption in 2022–
2023 (www.​world-​grain.​com). Corn is increasingly being 
used in different industries including compound feed. 
While the demand for corn is steadily increasing, drought 

http://www.world-grain.com
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and extreme weather events could negatively affect their 
growth, yield, and quality (Eom et al. 2013; Lobell et al. 
2011). Intense water stress during growing season could 
limit leaf area and plant growth, thereby reducing yield 
(He et al. 2017; Ge et al. 2012; Song et al. 2019). As such, 
applying carbon-enriched materials such as biochar to 
agricultural soils may improve soil properties and plant 
productivity. However, little is known about their impacts 
on upland corn under wet and drought conditions. This 
study aimed to understand the effects of biochar addition 
on a range of soil physicochemical, biological, and hydro-
logical properties, and corn growth and productivity 
under drought and wet conditions. We conducted multi-
sites study to gain a quantitative understanding of how 
biochar helps to cope with water stress in upland corn.

2 � Materials and methods
2.1 � Site description
This research was conducted from March to July 2017 on 
the experimental site 1, and from March to July 2018 at 
site 2 of the Gwangyang-eup, Gwangyang-si, Jeollanam-
do, South Korea. The climate of the region is temperate 
with distinct seasonal qualities, and an annual average 
temperature of 10  °C–15  °C, annual relative humidity 
of 60–75%, and annual precipitation of 1000–1800 mm. 
Over 70% of the annual precipitation occurred from June 
to September.

The temperature and precipitation during corn culti-
vation period (March to July) in this study is illustrated 
in Fig. 1. Over the last 5 years, the mean daily maximum 
and minimum air temperatures ranged from 34.7 to 
36.7 °C and − 4.9 to − 1.7 °C, respectively. This tempera-
ture data surveyed over the last 5  years were similar to 
temperature degrees and pattern surveyed in 2017 and 
2018 in the experimental area, whereas precipitation var-
ied significantly. The total precipitation in the study area 
averaged 747  mm in 2012–2016, 286  mm in 2017, and 
797 mm in 2018.

Both experimental sites had similar soil properties 
(Table  1). The soil texture in both sites was silt loam. 
Details on the location and soil characteristics of two 
sites are summarized in Table  1. Briefly, at Site 1 and 
Site 2 bulk densities were 1.38 and 1.30 g cm−3, porosity 
46.4 and 50%, and total organic carbon (TOC) 13.2 and 
14 g kg−1, respectively.

2.2 � Preparation of barley straw and corn waste biochar
Here, barley straw (BS) and corn waste were collected from 
a local farm in Gwangyang-si, South Korea.  The biochar 
was produced from corn waste only. The corn waste was 
completely dried in an oven at 75 °C for 2 days, before con-
verting it into corn waste biochar (CWBC). The biochar 
was produced using a biochar processing equipment at the 
experimental farm of Sunchon National University. Briefly, 
N2 gas was injected to purge the processing container to 

Fig. 1  Mean air temperature (a) and total precipitation (b) during corn’s season

Table 1  Select soil properties at two experimental sites, South Korea

Year Location Bulk density 
(Mg m−3)

Porosity (%) pH (1:5H2O) EC (dS m−1) TOC (g kg−1) TN (g kg−1) CEC 
(cmolc 
kg−1)

2017 34° 94ʹ 24ʺ N, 127º 56ʹ 55ʺ E 1.38 46.4 5.86 0.21 13.2 1.66 9.48

2018 34° 56ʹ 21ʺ N, 127° 33ʹ 53ʺ E 1.30 50.0 5.80 0.24 14.0 2.09 10.3
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allow limited oxygen, and the temperature in the internal 
chamber was ramped to 600 °C at a rate of 4 °C min−1, after 
which the peak temperature was sustained for 1 h. BS had 
0.31% total nitrogen (TN), 0.08% total phosphorus (TP), 
potassium (K), 0.33% calcium (Ca), and 0.12% magnesium 
(Mg). The CWBC had a low bulk density (0.12  Mg  m−3) 
and high pH (10.3). In addition, it constituted other inor-
ganic components (0.27% TN, 1.84% TP, and 4.71% K).

2.3 � Experimental design and field management
The field experiment was laid out in a randomized com-
plete block design with three replications. Each plot was 
4 m2 in area and was conventionally tilled. Each plot con-
sisted of 6 rows and 3 columns, having 0.5 m row-to-row 
distance. The field experiment included organic/inorganic 
treatments: (i) Control: no application; (ii) IF: inorganic fer-
tilizer (N–P–K) at 145–30–60 kg ha−1; (iii) BS: barley straw 
at 5 t ha−1; (iv) CWBC: corn waste biochar at 5 t ha−1; (v) 
CWBC + IF: corn waste biochar + inorganic fertilizer; (vi) 
CWBC + BS: corn waste biochar + barley straw.

The corn seeds used in this study were yellow sweet corn 
with high sugar content. Seeds were sowed on March 17 
and 16 in 2017 and 2018, respectively. Plant spacing was 
0.3  m × 0.6  m, with two seedlings per hole, resulting in a 
plant density of 12 plants m−2. Plots were tilled and bar-
ley straw and biochar were well mixed to a depth of 20 cm 
using a smooth steel roller about 20 days before sowing of 
corn. Depending on field situations, pre-emergence herbi-
cide and manual weeding were applied to control weeds. 
Fully grown corn was harvested on July 7, 2017 and July 6, 
2018, respectively, and plant height, productivity, and grain 
index were immediately examined.

2.4 � Soil sampling and analysis
2.4.1 � Soil water content
During the cropping season, soil water content (SWC) was 
determined at 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91, 
98, 105, and 112 days after corn sowing for both years. The 
SWC was measured at a depth of 0–20 cm using the soil 
auger method. Briefly, a 54  mm diameter steel core was 
driven to a depth of 20 cm, and soil samples were collected, 
brought to lab, weighed, dried in a fan-assisted drying oven 
at 105 °C for 48 h, and re-weighed to determine SWC. The 
SWC was calculated using the following equation (NIAST 
2000):

2.4.2 � Soil respiration
The soil CO2 flux was measured using a static chamber 
with 0.02 m2 area and 0.01 m3 volume. The chamber was 

SWC (%) = fresh soil weight − dried soil weight

× 100 / dried soil weight.

placed between corn plants to a soil depth of 20 cm. Gas 
sampling in the corn field was performed between 10 and 
11 a.m. local time, every 7  days. Gas samples were col-
lected at 0, 10, 20, and 30 min after the chamber closure. 
Gas sampling was carried out using a 25  mL gas tight 
syringe. Samples were immediately transferred into a 
gas-evacuated 10  mL soda glass vial, and analyzed on a 
gas chromatograph (GC-2014, Shimadzu) equipped with 
a flame ionization detector (FID) for CO2 measurement. 
CO2 flux and the total CO2 for the entire corn cultivation 
period were computed as described by Kang et al. (2016).

where, F is CO2 flux, ρ is CO2 density (1.976 mg cm−3), V 
is chamber volume (m3), A is chamber area (m2), Δc × Δt 
is average increase in the gas concentration, and T is 273 
+mean temperature in the chamber (°C).

where, Ri is the rate of CO2 emission in the sampling 
interval, Di is the number of days in the sampling inter-
val, and n is the number of sampling intervals.

2.4.3 � Soil physicochemical properties
At the end of the experiment, soil bulk density, poros-
ity, and aggregate distribution were examined using the 
core sampling and fraction method (Kang et  al. 2019). 
For analyzing soil chemical properties, soil samples were 
air-dried and passed through a 2 mm stainless steel sieve. 
Soil pH and Electrical Conductivity (EC) were measured 
using a pH and EC meter, respectively (using a mixture 
of soil–water, ratio of 1:5, after shaking for 30 min). The 
TOC and TN analyses were performed using a TOC 
analyzer (SIEVERS InnovOx) and the Kjeldahl method, 
respectively. The cation exchange capacity (CEC) in the 
soil samples was measured by applying 1N ammonium 
acetate extraction. This study conducted soil analysis as 
described by NIAST (2000).

2.4.4 � Quantitative real‑time PCR analyses to evaluate total 
number of bacteria

Soils from different treatments were subjected to total 
soil DNA extraction. FastDNA® SPIN Kit (MP-Biomed-
icals, USA) was used to extract DNA from approximately 
1.0 g soil samples. The extracted DNA was resuspended 
in 50   μL DES (DNase/Pyrogen-Free Water), and DNA 
concentration and quality were measured using an Opti-
zen NanoQ spectrophotometer (Optizen, Korea). SYBR 
Green-based quantitative real-time PCR (qPCR) was 
used to determine the total number of bacteria (TNB). 
The primers used were 1114-F (5ʹ-CGG​CAA​CGA​GCG​

F = ρ × (V/A) × (�c/�t) × (273/T)

Total CO2 flux =

n
∑

i

(Ri × Di)
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CAA​CCC​-3ʹ) and 1275-R (5ʹ-CCA​TTG​TAG​CAC​GTG​
TGT​AGCC​-3ʹ) (Denman and McSweeney 2006). Quan-
titative PCR was performed using an Eco™ Real-Time 
PCR (Illumina, San Diego, CA, USA) in a 20  µL reac-
tion mixture consisting of 10  µL 2 × QuantiSpeed SYBR 
mix (PhileKorea, Korea), 0.8  µL of each 10  µM primer, 
and 50 ng template DNA. The qPCR reactions were per-
formed in triplicate under thermal cycler conditions of 
one cycle comprising 50 °C for 2 min and 95 °C for 2 min, 
followed by 40 cycles at 95  °C for 15  s, 60  °C for 1 min 
and 72 °C for 30 s.

2.5 � Statistical analysis
Data analyses were performed using SAS-JMP software 
version 15.0 (SAS Institute Inc.). The mean values were 
determined as an average of three replicates. Each mean 
value was subjected to a one-way analysis of variance 
(ANOVA), and a comparison of treatments was per-
formed by applying Tukey’s test. Two-way ANOVA was 
used to determine the differences between years, treat-
ment conditions, and the interaction between years and 
treatments.

3 � Results
3.1 � Soil water content
SWC during the corn growing periods was significantly 
affected by biochar addition and weather conditions 
(Fig.  2). SWC in the wetyear (2018) was significantly 
higher than that in the drought year (2017). Soil water 
was largely related to precipitation regimes, and ranged 
from 4.0% to 21.6% in 2017 and 6.4% to 23.6% in 2018. In 
both years, biochar application, either alone or in com-
bination, significantly and consistently increased SWC 
in the top 15 cm from March to July compared to other 
treatments (Fig. 2). Specifically, CWBC, CWBC + IF, and 
CWBC + BS had significantly higher SWC values than 
CN, IF, and BS; however, no significant difference was 
observed among the three biochar treatments.

3.2 � Soil respiration
In the both years of assessment, inorganic and organic 
materials influenced the CO2 emission rate, as also the 
pattern of CO2 emission rate differed between inorganic 
fertilizer, barley straw, and biochar (Fig.  3). Generally, 
more CO2 was emitted in wet year (2018) than in   the 
dryyear (2017); the CO2 emission across all treatments 
and years ranged up to 1700 mg m−2 h−1. Emission rates 
ranged from 10.1 to 94.5% in 2017 and 20.9 to 41.4% in 
2018 with biochar treatments, as compared to those 
without  biochar. CO2 emission rates were significantly 
affected by CWBC, CWBC + IF, and CWBC + BS in each 
year. A significant interaction occurred between soil CO2 
and SWC within these treatments.

3.3 � Soil physicochemical characteristics
Soil aggregate size distribution chart (Fig. 4) indicates a 
close relationship between aggregates and applied mate-
rials after corn harvesting. More than 45% of 1–2  mm 
aggregates were observed in Cn, IF, and BS treatments, 
whereas the treatments constituting biochar had 40–43% 
of 1–2  mm aggregates in the dry year (2017). A similar 
pattern of soil aggregate distribution was observed in the 
wet year (2018).

Soil bulk density and porosity were significantly 
affected by biochar application (Table  2). Biochar gen-
erally reduced soil bulk density but increased poros-
ity in both years. In the drought year, soil bulk density 
under biochar treatments (CWBC, CWBC + IF,  and  
CWBC + BS) was 1.13  Mg  m−3. It ranged from   1.19 to 
1.28 Mg m-3 under no biochar treatments (CN, IF  , and 
BS). Contrastingly, bulk density under biochar treat-
ment was 1.15 Mg  m−3 in the wet year 2018. In no bio-
char treatments, bulk density ranged from 1.22 to 
1.29 Mg m−3. Treatment with barley straw had higher soil 
porosity and lower soil bulk density than CN and IF in 
both years.

Fig. 2  Changes in soil water contents during the corn growing period in 2017 and 2018. The error bars represent standard deviations (n = 3)
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Two-way ANOVA revealed significant effects of bio-
char and/or barley straw on multifold soil properties 
(Table  2). For example, TOC was generally high under 
biochar and straw treatments. The TOCs under CWBC 
and CN were 15.2 and 11.4  g  kg−1 in  the drought year 
2017 and 17 and 15.2  g  kg−1 in wet year 2018, respec-
tively. The application of biochar increased the concen-
tration of TOC and CEC by 3.9–44.6% and 3.1–31.4%, 
respectively, for both years. Dry/wet years (A) signifi-
cantly affected pH, EC, TOC, and TN. Treatments  (B) 
significantly affected all measured properties except TN, 
but their interaction (A × B) significantly affected bulk 
density and porosity only. Mean soil pH ranged from 
5.89– 6.04 mg kg-1and 5.79–5.90 mg kg−1 under applied 
biochar treatments in 2017 and 2018, respectively. These 
pH values are generally higher than those observed under 
no biochar treatments.

3.4 � Total number of bacteria in soil
Figure 5 shows the total number of bacteria (TNB) under 
different treatments after corn harvesting for the drought 
and wet year. Irrespective of treatment conditions, mean 
TNB in 2018 was 30.6% higher  that in 2017. Indeed, 
drought tends to reduce bacterial counts. Interestingly, 
in the wet year, no significant difference was observed 
in TNB across the six treatments. However, during  the 
drought year (2017), biochar treatments (CWBC, 
CWBC + IF, and CWBC + BS) significantly increased the 
TNB by 18.7 to 42.1% compared to no biochar treatments 
(Cn, IF, and BS).

3.5 � Corn growth characteristics
Biochar significantly affected growth characteristics 
and grain yield, although effects were more pronounced 
in wet conditions (Table  3). In the drought year 2017, 
plant height and grain index were not significantly dif-
ferent between the treatment groups, but significantly 

Fig. 3  Soil respiration during the corn growing period in 2017 and 2018. The error bars represent standard deviations (n = 3)

Fig. 4  Soil aggregate distribution after corn harvesting
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higher corn productivity was observed under biochar 
treatments compared to CN and BS. Grain yield and bio-
mass were the highest under CWBC + IF treatment and 
the lowest under CN in the drought year. When applied 
alone (CWBC), biochar increased corn’s biomass and 
grain yield of by 56.9% and 18.5%, respectively, compared 
with CN treatment in the drought year 2017.

In the wet year 2018, plant height was the highest under 
CWBC + BS treatment and the lowest under CN. No sig-
nificant difference in plant height was observed between 
IF, BS, CWBC, CWBC + IF, and CWBC + BS treat-
ments. Grain yield and biomass was the highest  under 
CWBC + IF treatment and the lowest under CN, which 
was largely similar to the drought year. The grain index 
was the highest under CWBC + IF and the lowest under 
CN treatment. Overall, grain yield was the highest under 

Table 2  Soil physicochemical characteristics under different treatments after corn harvest

1 Different letters within the same column indicate significant differences between treatments, as determined by Tukey’s test with p < 0.05
2  ns, *, **, and *** denote not significant (ns) and significant differences at the 5%, 1%, and 0.1% levels, respectively

Year Treatment Bulk density 
(Mg m−3)

Porosity (%) pH (1:5H2O) EC (dS m−1) TOC (g kg−1) TN (g kg−1) CEC (cmolc kg−1)

2017 Control 1.26a1 52.1b 5.76c 0.30e 11.4d 1.06b 9.84c

IF 1.28a 51.9b 5.63d 0.36 cd 11.9 cd 1.07b 10.0c

BS 1.19b 53.4ab 5.81bc 0.32de 12.7c 0.92c 10.9b

CWBC 1.13b 55.2a 6.04a 0.38bc 15.2b 1.17a 11.3b

CWBC + IF 1.14b 54.8a 5.89b 0.52a 15.2b 1.05b 12.3a

CWBC + BS 1.13b 55.5a 6.03a 0.41b 16.4a 1.09b 12.4a

2018 Control 1.29a 52.0bc 5.55b 0.44c 15.2e 1.23c 9.78b

IF 1.29a 51.8c 5.40b 0.60a 15.4de 1.67a 9.91b

BS 1.22b 54.0b 5.52b 0.41c 16.2cd 1.45b 10.4b

CWBC 1.16c 57.0a 5.89a 0.49b 17.0b 1.09d 12.1a

CWBC + IF 1.17bc 56.7a 5.79a 0.58a 16.9bc 1.50b 12.8a

CWBC + BS 1.15c 57.1a 5.90a 0.48b 18.8a 1.46b 12.3a

Statistical analysis2

Year (A) ns ns *** *** *** *** ns

Treatment (B) *** *** *** *** *** ns ***

A × B * *** ns ns ns ns ns

Fig. 5  Total bacterial counts after corn harvesting. Different letters within the same column indicate significant differences between treatments, 
as determined by Tukey’s test with p < 0.05
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the wet year compared to   the drought year. Overall, 
both year (A) and treatment (B) affected all plant height, 
productivity, and grain index, but the interaction effect 
(A × B) was observed across biomass and grain yield only 
(Table 3).

4 � Discussion
Biochar addition to soils improve soil physical, chemical, 
and biological properties, and crop productivity (Blanco-
Canqui et  al. 2020; Razzaghi et  al. 2020). These effects, 
however, vary with soil texture, feedstock type, and 
pyrolysis temperature (Blanco-Canqui et  al. 2020). Our 
results indicated improvements in soil properties and 
crop productivity with biochar application in the drought 
and wet years. Indeed, amending soils with biochar could 
increase water holding and improve nutrient uptake and 
soil water environment during water stress (Ali et  al. 
2017; Mansoor et al. 2021). For example, 38 g  kg−1 bio-
char application during drought significantly increased 
mineral nutrients Bary P, exchangeable-K, soil carbon, 
nitrogen mineralization and soil respiration in wheat 
crop (Zaheer et al. 2021).

In this study, we observed positive effect of bio-
char on porosity, EC, TOC, and CEC during wet and 
drought conditions. Similar beneficial effects of biochar 
on soil physical, chemical, and biological characteris-
tics have been reported in earlier studies (Cornelissen 
et  al. 2018; Kim et  al. 2016; Wang et  al. 2015). Biochar 
increases porosity through several mechanics, including 

the addition of new pores, formation of accommodation 
pores between biochar particles and soil aggregates, re-
organization of pore distribution, reduction of bulk den-
sity, increasing soil aggregation, or by favoring burrowing 
invertebrates (Blanco-Canqui 2017). Water entering the 
biochar pores dissolves organic and mineral compounds 
on the outer and inner surfaces of biochar. Consequently, 
EC increases   largely due to the increase in dissolved 
organic carbon, anions, and cations in the soil solution 
(Joseph et  al. 2021). Biochar also contains many base 
ions, which improve soil EC. Biochar increases soil car-
bon storage depending on the types of biochar and soil. 
A global meta-analysis indicated a significant relative 
increase of 64.3 and 84.3% for total carbon and organic 
carbon, respectively (Chagas et  al. 2022). Soil carbon 
storage may increase through direct and indirect effects. 
Direct effects include the addition of stable C, whereas 
indirect effects include negative priming (Blanco-Canqui 
et al. 2020). Biochars have higher charge density and sur-
face area for cation adsorption, which increase soil CEC. 
Overall, biochar improves soil physicochemical proper-
ties, which are crucial for soil structure, nutrient cycling, 
and soil water movement in combating water stress (Ali 
et al. 2017; Singh et al. 2022).

Higher soil CO2 emission in  the wet year in our study 
is consistent with several earlier studies (e.g., Zheng 
et  al. 2021). In an incubation study, Bond-Lamberty 
et  al. (2016) reported significant positive correlation 
between daily CO2 fluxes and soil cores’ water content. 

Table 3  Growth characteristics of corn under different treatments in 2017 and 2018

1 Different letters within the same column indicate significant differences between treatments, as determined by Tukey’s test with p < 0.05
2 ns, *, **, and *** denote not significant (ns) and significant differences at the 5%, 1%, and 0.1% levels, respectively

Year Treatment Plant height (cm 
plant−2)

Corn productivity (kg m−2) Grain index (%)

Biomass Grain yield

2017 Control 195a1 2.21c 2.48d 78.6a

IF 202a 3.21a 3.05bc 78.9a

BS 200a 2.68b 2.71 cd 80.4a

CWBC 197a 3.47a 2.94bc 78.4a

CWBC + IF 206a 3.49a 3.40a 81.5a

CWBC + BS 198a 3.39a 3.20ab 79.4a

2018 Control 186b 3.13e 3.98d 76.6d

IF 192ab 3.88c 4.88bc 82.5dbc

BS 195ab 3.63d 4.45 cd 80.1c

CWBC 195ab 3.94bc 5.11b 80.5 cd

CWBC + IF 192ab 4.37a 5.76a 87.1a

CWBC + BS 202a 4.14ab 5.27b 86.1ab

Statistical analysis2

Year (A) ** *** *** ***

Treatment (B) ** *** ** ***

A × B ns * * ns
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Undoubtedly, CO2 fluxes depend on soil texture and 
water content (Bouma and Bryla 2000; Li et  al. 2017). 
We observed higher SWC and bacterial population dur-
ing the wet year 2018. Undeniably, soil water regulates 
oxygen diffusion in soil to maintain microbial commu-
nity structure (Stres et  al. 2008). Water movement in 
soil fractions influences microbial mobility and nutrient 
availability (Zhou et  al. 2002; Schjønning et  al. 2003). 
Also, biochar addition was positively associated with 
bacterial population in this study, all of which may have 
translated into higher CO2 emission. In an incubation 
study, Shah et  al. (2017) reported significant increase 
in CO2 evolution with biochar application. Also, CO2 
production increased with increasing rate of biochar 
amendment. Indeed, soil microbial activities are influ-
enced by soil amendments, soil properties, nutrient 
cycling, and climatic conditions; all affected soil respi-
ration and plant growth (Dai et al. 2021). Biochar gen-
erally improves soil C storage. However, young/fresh 
biochar increases soil respiration and CO2 production. 
Such biochars are rich in labile carbon, which are read-
ily available to microbes for energy source and minerali-
zation (Smith et al. 2010).

Biochar could increase crop yield during water stress 
conditions. In this study, we observed significantly higher 
or comparable grain yield and biomass with biochar in 
both drought and wet conditions compared to no bio-
char treatments. However, corn yield was generally higher 
under wet conditions. Drought affects plant growth and 
yield by inhibiting leaf expansion and stomatal conduct-
ance (Ali et al. 2017). The mean corn productivity in this 
study was 6.04 and 8.76 kg m−2 for the drought year (2017) 
and wet year (2018), respectively, suggesting beneficial 
effects of precipitation and soil water on corn productiv-
ity. Indeed, SWC was higher during the wet year com-
pared to the drought  year, and water storage increased 
consistently with biochar. Biochar could increase water 
availability by increasing  the amounts of water held at 
field capacity (Koide et al. 2015). In addition, adding bio-
char improved soil pH, EC, and CEC in both years, which 
may significantly improve corn yield. Ali et  al. (2018), 
Kiboi et  al. (2019), Zhang et  al. (2016) and Kang et  al. 
(2018) also emphasized on the importance of soil amend-
ments on water storage and crop growth and productiv-
ity. Interestingly, corn productivity was the highest under 
CWBC + IF in the dry and wet years. Possibly, corn plants 
may have benefited from readily available nutrients found 
in inorganic fertilizers and improved soil properties with 
biochar addition. The yield under CWBC + BS was some-
what lower than that under CWBC + IF possibly due to 
slow mineralization of straw nutrients. Biochar applica-
tion rate is also an important factor affecting grain yield 

(Yeboah et al. 2016), which was outside the scope of this 
study. Overall,  the results from this study are valuable to 
improve soil water storage, crop’s adaptation, and yield 
under drought conditions.

5 � Conclusion
This study investigating the effect of biochar amend-
ment on upland corn in Gwangyang, South Korea 
indicates that biochar has potential to enhance soil 
properties and corn yield under wet and drought con-
ditions. Biochar could be applied either alone or in 
combination with inorganic fertilizer and/or bar-
ley straw. However, larger yield benefits are observed 
when biochar is combined with IF than straw. Biochar 
addition to soils could produce significantly higher or 
comparable grain yield and biomass during    the dry 
and wet years compared to no biochar management. 
Grain yield is generally higher under the wet year than 
in the drought possibly due to the improved soil water 
storage. Biochar addition improved bacterial popula-
tion and soil physiochemistry. Biochar reduced soil 
bulk density and increased porosity, cation exchange 
capacity, and total organic carbon in dry and wet years. 
Improvements in soil carbon could be a panacea to 
lower greenhouse gases and mitigate climate change 
and studies along these lines could be advantageous. 
Overall, biochar could increase soil physical, chemical, 
and biological properties and grain yield under drought 
and climatic stress, but long-term studies are needed 
for more definite conclusions.
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