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Abstract 

Biochar, widely recognized for its capacity to counteract climate change impacts, has demonstrated substantial 
benefits in agricultural ecosystems. Nevertheless, empirical studies exploring its efficacy during climatic aberrations 
such as heavy rainfall are limited. This study investigated the effects of compost and biochar addition on corn growth 
attributes, yield, and soil CO2 and N2O fluxes under heavy rain (exceeding 5-yr average) and waterlogging condi‑
tions. Here, treatments included compost (CP, 7.6 t ha−1); rice husk biochar (RB, 7.6 t ha−1); wood biochar (WB, 7.6 t 
ha−1); and control (Cn). Under high rainfall and waterlogging, the CP treatment manifested a pronounced enhance‑
ment in corn biomass and productivity, exceeding biomass and productivity of Cn treatment by 12.6 and 32.2%, RB 
treatment by 120 and 195%, and WB treatment by 86.1 and 111%, respectively. Corn yield increased in the order: 
CP > Cn > WB > RB. Intriguingly, negligible disparity occurred between the RB and WB treatments in straw yield, grain 
yield, grain index, and corn productivity but both treatments recorded distinctively lower values than CP treatment. 
Also, the CO2 and N2O fluxes remained largely similar for two biochar treatments but lower than CP treatment. Overall, 
CP increased corn yield, straw, and grain yield whereas biochars reduced N2O flux during waterlogging. Although 
derived from a short-term experimental window, these pivotal findings furnish invaluable insights for devising soil 
amendments for yield and environmental benefits in contexts of extreme climatic perturbations. Our findings offer 
a robust foundation for refining nutrient management strategies confronted with waterlogging challenges, but long-
term studies are necessary for definitive conclusions.
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Introduction
Climate change, an undeniable challenge of our era, 
looms large, casting long shadows on the intricate tap-
estry of global ecosystems. Intensified by the relentless 
surge in anthropogenic greenhouse gas (GHG) emissions 
[1] primarily due to industrialization, its specter contin-
ues to grow more ominous with each passing day [2].

A poignant concern echoing in agrarian circles is the 
dwindling water availability, due to climatic change. This 
paucity not only wields influence over crop yield dynam-
ics but has also spurred global discourse on strategies to 
counter the resultant drought stress [3–6]. Drought could 
unleash a cascade of disruptions in plants, impeding the 
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very lifecycle of crops from germination to harvest [7, 
8]. Indeed, climate change and extreme weather events 
impact agriculture [9] by modifying precipitation pat-
terns, frequency, and intensity. On the other hand, heavy 
rainfall and waterlogging are very common in irrigated 
areas causing crop damage, insect-pest infestation, and 
yield loss [10].

Researchers across diverse sectors are converging 
their efforts in crop and nutrient management strate-
gies to curtail emissions and adapt agriculture to climatic 
impacts [11, 12]. As such, soil amendments like biochar 
and compost could be a means of sequestering carbon 
[13] while reducing greenhouse gas (GHG) emissions, 
improving soil health, and increasing crop productivity 
[14–17]. However, their effects under waterlogging con-
ditions remain largely unknown.

Waterlogging is the inundation of soil surface causing 
abiotic stress. It constrains crop growth and productivity 
by imperiling soil health and jeopardizing yields [10, 18, 
19]. It reduces oxygen availability in soils, thereby affect-
ing root respiration. This further portends challenges for 
root and shoot growth and plant survival, depending on 
the growth stage and waterlogging duration. Organic 
amendments such as compost and biochar have ignited 
burgeoning interest for its potential role in elevating 
soil health and bolstering crop productivity. Agegnehu 
et  al. [20] reported 10–29% increase in corn grain yield 
with organic amendments (compost, biochar) and lower 
N2O emission over time with biochar in North Queens-
land, Australia. Biochar generally improves soil poros-
ity, aggregate stability, and infiltration depending upon 
application rates and biochar properties; thereby reduc-
ing raindrop impacts [21]. While a plethora of research 
delves into biochar’s prowess in drought management 
[22, 23], there is a palpable dearth in studies exploring its 
impact in conditions marked by excessive rainfall. Fur-
ther, studies on waterlogging conditions are mainly avail-
able from rice crops. For example, in waterlogged paddy 
fields, biochar derived from rice straw are reported to 
increase rice yield and N retention [24, 25], and reduce 
CH4 and CO2 emission [26]. However, biochar and com-
post impacts on waterlogged upland soils with corn are 
still poorly understood. Therefore, our study aims to 
understand the influence of biochar and compost on 
upland corn’s growth attributes, yield, and soil CO2 and 
N2O fluxes in waterlogged conditions. A complete block 
design was established with four treatments: compost 
(CP, 7.6 t ha−1); rice husk biochar (RB, 7.6 t ha−1); wood 
biochar (WB, 7.6 t ha−1); and control (Cn), each repli-
cated three times. CO2 and N2O fluxes were continu-
ously monitored during cropping season while corn yield 
characteristics such as height, leaf and stem weight, bio-
mass productivity, total weight, yield, kernel weight, and 

productivity were recorded after harvest. Our quest is to 
unfurl a nuanced, quantitative understanding of biochar’s 
efficacy in these challenging scenarios, offering insights 
that could potentially minimize GHG and improve agri-
cultural sustainability.

Materials and methods
Site description
The field experiment was carried out to evaluate the 
effects of biochar and compost application on corn 
growth, productivity, and soil GHG fluxes under water-
logged conditions. Experimental plots were established 
at the Sunchon National University, South Korea (35° 
00 × 06″ N, 127° 30 × 24″ E). The site had an average 
temperature of 16.7 °C over the past 5 years (2018–2022) 
during the corn growing season (March to July). In 2023, 
the average temperature was 17.1 °C, about 0.4 °C higher. 
Average precipitation over the past 5 years was 744 mm. 
In 2023, the site recorded 1.8-fold escalation against a 
5-year preceding average during the corn season. Indeed, 
climatic abnormalities and extreme events have increased 
in South Korea, and the patterns and impacts vary with 
locations. Therefore, “one size fits all” approaches to 
counteract climatic effects are ineffective. Localized 
experiments using locally available resources, such as in 
this study, are necessary to identify strategies in better 
adapting to climatic perturbations. Average temperature 
and precipitation during the corn cultivation period in 
the experimental plots are illustrated in Fig. 1.

Baseline soil samples were collected from surface soil 
(15  cm) using a hand auger. The soil pH and EC were 
measured using a soil–water ratio of 1:5 after shaking 
the mixture for 30  min. Soil organic matter (OM) and 
total nitrogen (TN) contents were measured using the 
Tyurin method and Kjeldahl method, respectively. Avail-
able phosphorus (P2O5) was calculated by the Lancaster 
method. Soil exchangeable cations were extracted using 
1  N-NH4OAc. Soil bulk density soil was determined 
using the core method [27]. The compost and biochars 
were first digested with H2SO4 + HClO4 and subsequently 
TN and TP analyses were carried out using the Kjel-
dahl method and UV spectrophotometry, respectively. 
The K, Ca, Mg, As, Cd, Hg, and Pb contents in compost 
and biochar were analyzed using an inductively cou-
pled plasma-atomic emission spectrometer (ICP-AEC, 
Optima 3300EV, Perkin-Elmer, Waltham, MA, USA). All 
chemical analyses were carried out using NIAST guide-
lines [28].

The soil texture was classified as clay loam with bulk 
density averaging 1.28 Mg m−3. Soil pH and EC were 
5.31 and 0.29 dS m−1, respectively (Table 1). Soils in the 
experimental plots comprised of 25.8 g kg−1 organic mat-
ter (OM), 1.52 g kg−1 total nitrogen (TN), 67.6 mg kg−1 
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available phosphate (Avail. P2O5), 0.59 cmolc kg−1 K, 2.67 
cmolc kg−1 Ca, 0.88 cmolc kg−1 Mg, and 9.22 cmolc kg−1 
cation exchange capacity (CEC).

Experimental design
The field experiment was laid out in a complete block 
design with four treatments: compost (CP), rice husk 
biochar (RB), wood biochar (WB), and control (Cn). Indi-
vidual treatment plots were 2.5 m2 in area and replicated 
three times. The compost used was commercially avail-
able livestock compost with 41.8% TC, 1.82% TN, 2.06% 
P2O5, and 1.80%. K2O. Both rice husk and wood biochars 
were commercially available and slightly alkaline (pH > 9) 
with substantial TN, TP, K, Ca, and Mg nutrients. No 
harmful metals (As, Cd, Hg, and Pb) were reported in 
biochars (Table 2).

Compost and two biochars were applied at 7.6 t 
ha−1 following the Soil Management and Fertilizer 
Recommendation guidelines provided by the Rural 
Development Administration (RDA), South Korea. 
Amendments were manually applied and later plowed 
to a depth of 15 cm for soil incorporation, a week prior 
sowing. Corn (Zea mays L.) was planted on April 3, 
2023 at 30 cm spacing between the crops. Plants were 
harvested on July 24, 2023. Observation on growth 
and yield characteristics such as height, leaf and stem 
weight, biomass productivity, total weight, corn yield, 
kernel weight, and corn productivity were recorded 
after harvest. Also, grain index was determined using 
the percentage of weight ratio in corn grain yield and 
corncob.
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Fig. 1  Mean air temperature (a) and total precipitation (b) during corn’s season

Table 1  Soil properties of the experimental soil used in the study

Bulk density (Mg m−3) pH (1:5H2O) EC (dS m−1) OM TN Avail. P2O5 (mg kg−1) Exch. cations (cmolc kg−1) Soil texture

(g kg−1) K Ca Mg CEC

1.28 5.31 0.29 25.8 1.52 67.6 0.59 2.67 0.88 9.22 Clay loam soil

Table 2  Characteristics of biochars used in the study

RB rice husk biochar, WB wood biochar, ND not detected

Item pH (1:10) TN TP K Ca Mg As Cd Hg Pb
(%)   (mg kg−1) 

RB 10.7 0.61 0.14 1.00 0.15 0.13 ND ND ND ND

WB 9.23 0.29 0.24 0.67 0.02 0.06 ND ND ND ND
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Monitoring of CO2 and N2O fluxes
The CO2 and N2O fluxes (mg m−2 h−1) were monitored 
through a static chamber with 0.07 m2 area and 0.02 m3 
volume. The chamber was placed between corn plants 
to a soil depth of 20  cm. Gas sampling was performed 
between 9 and 10 a.m. every 7 days and samples were col-
lected at 0, 20, and 40 min after chamber closure, using a 
10 mL gas tight syringe. The measurements of CO2 and 
N2O were simultaneously analyzed on a gas chromato-
graph (8892 GC System, Agilent, USA) with a flame ioni-
zation detector (FID) and an electron capture detector 
(ECD), respectively. Fluxes of CO2 and N2O were calcu-
lated using the following equation [29]:

where F is CO2 and N2O flux, ρ is CO2 and N2O den-
sity, V is the volume of the chamber (m3), A is the area 
of the chamber (m2), Δc × Δt is an average increase of gas 
concentration, and T is 273 + mean temperature in the 
chamber (°C).

The total CO2 and N2O fluxes for the entire corn cul-
tivation were computed as described by Kang et al. [29]:

where Ri is the rate of CO2 and N2O emission in the ith 
sampling interval (g m−2 day−1), Di is the number of days 
in the ith sampling interval, and n is the number of sam-
pling intervals.

Statistical analysis
Data analyses were conducted using SPSS Version 27. 
The mean values were computed as an average of three 
replicates. Each mean value was subjected to one-way 
analysis of variance (ANOVA) and a comparison of the 
treatments was performed with Duncan’s multiple range 
test (DMRT) at 5% probability.

Results
Growth characteristics of plant and corn
Tables  3 and 4 show distinct growth and yield char-
acteristics of corn contingent upon treatment types 
measured after harvest, respectively. The CP treatment 
emerged as the most efficacious, consistently exhibiting 
superior corn growth metrics. Cn registered an aver-
age plant height of 184 cm, CP 176 cm, RB 142 cm, and 
WB 154 cm. CP treatment demonstrated enhanced stem 
and leaf weights, and corn productivity relative to other 
treatments. Corn productivity was highest at CP treat-
ment (25.2 t 10 a−1), followed by Cn (22.4 t 10 a−1), and 
the RB (11.5 t 10 a−1) and WB treatments (13.6 t 10 a−1), 

F = ρ× (V/A)× (�c/�t)× (273/T),

Total CO2 and N2O flux =

∑n

i
(Ri× Di),

respectively. CP treatment manifested a pronounced 
enhancement in corn biomass, exceeding biomass of Cn 
treatment by 12.6, RB treatment by 120, and WB treat-
ment by 86%, respectively.

The total weight of corn increased in the order: CP 
(237  g) > Cn (191  g) > WB (107  g) > RB (79  g). Simi-
larly, corn yield increased in the order: CP (157  g) > Cn 
(119 g) > WB (71 g) > RB (53 g). Notably, there was a neg-
ligible disparity between the RB and WB treatments in 
straw yield, grain yield, grain index and corn productivity 
but both were distinctively lower than CP treatment. CP 
treatment registered a peak grain yield at 120 g and corn 
productivity at 2.51 t 10 a−1.

Changes in CO2 emission rates
Figure 2 shows the patterns of CO2 emission rates con-
tingent upon different treatments. Notably, the CP treat-
ment showed elevated CO2 emission rates compared to 
its counterparts. On the inception day of corn planting, 
the CO2 emission rate under the Cn treatment was meas-
ured at 89.0 mg m−2 h−1. This value escalated to its zenith 
during the cultivation phase, reaching 657 mg m−2  h−1 
at 70 days post-planting. Subsequently, the emission rate 
persisted above the 400 mg m−2  h−1 threshold until the 
98th day post-planting, after which a gradual decline was 
observed. In contrast, the CP treatment exhibited a dis-
tinctive trend: a sustained increase in CO2 emission rates 
post-planting, peaking at an impressive 1,096 mg m−2 h−1 
on the 112th day. The RB and WB treatments showed a 
more transient spike, with emissions accelerating rap-
idly to hover between 583 and 670 mg m−2 h−1 at 56 days 
after planting. Post this surge, these treatments mirrored 
the Cn trajectory: emissions maintained around 200 mg 
m−2  h−1 until the 98th day, followed by a steady dimi-
nution. In terms of average CO2 emission rates over the 
entire measurement duration, emissions increased in the 
order: CP > Cn ≧ WB ≧ RB.

Table 3  Growth characteristics of corn

* Means by the same within a column are not significantly different at 0.05 
probability level according to Duncan’s Multiple Range Test

Treatment Plant height (cm) Fresh weight (g 
plant−1)

Biomass 
productivity (t 
10a−1)

Stem Leaf

Cn 184b* 194b 85.9c 22.4b

CP 176b 228c 87.6c 25.2c

RB 142a 102a 41.4a 11.5a

WB 154a 114a 55.5b 13.6a
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Changes in N2O emission rates
Figure 3 shows N2O emission rates over the duration of 
corn cultivation. Similar to the trends observed in CO2 
emissions, CP treatment showcased a pronounced eleva-
tion in N2O emissions. The N2O emission rates during 
corn cultivation for the Cn treatment oscillated between 

1.49 and 132 µg m−2 h−1, with an average standing at 36.6 
µg m−2 h−1. For the CP treatment, the rates spanned from 
4.39 to 429 µg m−2 h−1, averaging at 71.8 µg m−2 h−1. The 
RB treatment manifested rates between 0.99 and 152 µg 
m−2  h−1, with a mean value of 30.3 µg m−2  h−1. Lastly, 
the WB treatment exhibited a range of 2.83 to 76.1 µg 
m−2  h−1, culminating in an average of 22.0 µg m−2  h−1. 
Indeed, the total N2O flux was highest for the CP treat-
ment (217 mg m−2) and lowest for the WB (66.5 mg m−2) 
treatment.

Discussion
The integration of compost and biochar into agricul-
tural systems has long been heralded for its transforma-
tive influence on soil physicochemical and hydrological 
properties [21]. Its commendable role in ameliorating soil 
fertility, sequestering carbon, enhancing nutrient cycling, 
and reducing nutrient leaching and bioavailability of con-
taminants, has been empirically established, leading to 
enhanced crop yields and GHG savings [16, 30]. In this 
study, we observed higher biomass and yield with com-
post amendment but significant decrements in corn 
plant biomass and productivity for biochar treatments 
as juxtaposed against the Cn benchmark. This highlight 
potential benefits of compost against biochar under our 
conditions, offering valuable insights for yield optimiza-
tion and agricultural stratification. Indeed, compost may 
increase crop yield by rapidly influencing soil properties 
and increasing plant nutrient uptake whereas biochars 
generally induce ameliorative effect after many years [13].

While several studies report agronomic benefits of bio-
char [31, 32], these benefits could vary with meteorologi-
cal conditions, soil types, and biochar rate and properties 
[21]. In 2023, we measured 1328 mm rainfall at our site 
from March to July. This figure represented a substantial 
1.8-fold increase against a 5-year preceding average. Such 
an anomalous precipitation trajectory invariably induced 
recurrent waterlogging, rendering different response of 
soil amendments, which remains uninvestigated in extant 
literature.

Indeed, waterlogged conditions can profoundly 
impede plant growth and development. Under such 

Table 4  Yield and yield attributing characteristics of corn after harvest

* Means by the same within a column are not significantly different at 0.05 probability level according to Duncan’s Multiple Range Test

Treatment Total weight Corn yield Straw Grain yield Grain index (%) Corn 
productivity (t 
10a−1)

(g plant−1) 

Cn 191c* 119c 72.6b 85.7b 71.2b 1.90b

CP 237d 157d 79.8b 120c 76.5b 2.51c

RB 79.3a 53.2a 26.1a 32.9a 61.1a 0.85a

WB 107b 71.2b 35.9a 45.3a 63.4a 1.14a

Fig. 2  Changes in CO2 emission rate during corn cultivations

Fig. 3  Changes in N2O emission rate during corn cultivations
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conditions, the soil’s oxygen scarcity impedes seed 
germination [33] and hinders root growth. This, in 
turn, leads to suboptimal nutrient absorption, invari-
ably affecting yield outcomes [34, 35]. Kaur et  al. [36] 
reported average corn grain yield loss of 0.42 Mg ha−1 
and 0.72 Mg ha−1 in 2013 and 2014, respectively under 
waterlogging conditions in Northeast Missouri, USA. 
Soil amendments can significantly alter soil proper-
ties under waterlogged conditions to affect soil qual-
ity and crop yield. While biochar’s pronounced surface 
area and porosity can amplify the soil’s moisture reten-
tion [37, 38], these attributes, though beneficial under 
drought scenarios [39, 40], may exacerbate conditions 
in excessive rainfall regions, as evidenced in our experi-
mental milieu, riffed with waterlogging. Future studies 
should investigate how biochar or compost properties 
modify soils properties and vice versa under waterlog-
ging conditions. Importantly, we observed lower N2O 
flux with biochars compared to compost or control 
plots highlighting biochar’s pivotal role in advancing 
the global carbon neutrality agenda and mitigating cli-
mate change in agricultural section.

In summarize, soil amendments have ignited burgeon-
ing interest for their potential role in rejuvenating soil 
fertility, enhancing soil health, increasing crop produc-
tivity, and championing climate change mitigation. This 
short-term study investigating the effect of compost and 
biochar amendments indicates that compost has poten-
tial to increase upland corn yield in waterlogged condi-
tions. RB and WB treatments produced lower N2O flux 
than CP and Cn treatments. Both RB and WB treat-
ments were indifferent across growth characteristics, 
yield attributes, and soil GHG fluxes. Overall, rice husk 
and wood biochars show potential to reduce N2O flux 
but multi-year and multi-site studies will be needed to 
fully ascertain yield benefits and GHG mitigation under 
waterlogging conditions. Future studies should also eval-
uate the effect of different rates of organic amendments 
and mixture of compost and biochar and assess differ-
ences in CO2 and N2O fluxes between waterlogging and 
dry-down conditions.
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