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  HIGHLIGHTS
● A 47-year field trial on cassava production was
evaluated by this study.

● Average direct N2O emission factor (0.68%)
from cassava production under diverse
fertilizer application is lower than that of
mineral N fertilizer alone (0.75%).

● Mineral fertilizers induced higher N2O
emissions compared to organic amendments.

● Nitrososphaera and Nitrospira were the
predominant genera contributing to N2O
emissions.

● NPK fertilizers combined with crop residues
achieved the lowest GHG emissions per yield.

  GRAPHICAL ABSTRACT
 

  ABSTRACT
Greenhouse gas (GHG) emissions and their mitigation in food crop production,
particularly  in  tropical  regions  such  as  Thailand,  remain  a  knowledge  gap  in
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advancing  sustainable  agricultural  systems.  This  study  used  a  47-year  field
experiment  to  assess  the  effects  of  diverse  fertilizer  application  practices  on
GHG  emissions,  soil  properties  and  cassava  yield.  The  results  revealed  that
carbon inputs from crop residues (CR) and compost (CP) significantly elevated
carbon dioxide emissions, primarily due to enhanced soil microbial respiration.
Nitrogen  applications,  whether  from  mineral  or  organic  sources,  significantly
stimulated  nitrous  oxide  (N2O)  emissions,  with  greater  N  inputs  leading  to
higher  N2O  releases.  At  equivalent  N  application  rates,  mineral  N  fertilizers
induced  greater  N2O emissions,  having  a  mean emission  factor  (EF)  of  0.75%
compared to CR-derived N with an EF of 0.56%. Additionally, mineral fertilizers
led to soil acidification and nutrient accumulation. CR and CP inputs increased
soil  organic  carbon  stocks  by  42.1%  and  53.3%,  respectively,  relative  to  the
control.  CP  addition  also  improved  soil  pH  and  significantly  enhanced
phosphorus  and  potassium availability.  Notably,  the  combined  inputs  of  NPK
fertilizers  and  CR  achieved  the  lowest  GHG  emissions  per  unit  yield,
highlighting  the  potential  of  integrated  fertilizer  application  strategies  to
mitigate GHG emissions while sustaining crop productivity.

© The Author(s) 2025. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

  

1    Introduction
 
Soil management in food crop production is a key determinant
of  greenhouse  gas  (GHG)  emissions,  particularly  in  countries
with extensive agricultural activity, such as Thailand[1]. Carbon
dioxide  (CO2)  and  nitrous  oxide  (N2O)  are  the  predominant
GHGs  emitted  from  managed  upland  agricultural  soils,
including  those  used  for  cassava,  maize  and  sugarcane
production[2].  Crop  production  practices  accelerate  microbial
decomposition  of  soil  organic  carbon  (SOC),  leading  to  CO2

emissions[3,4]. In contrast, N2O emissions primarily result from
microbial  transformations  of  organic  and  inorganic  nitrogen
via  nitrification  and  denitrification,  occurring  under  aerobic
and  anaerobic  conditions,  respectively[5,6].  Notably,  methane
(CH4)  production  is  inhibited  under  the  aerobic  conditions
characteristic of managed upland agricultural soils[2].

Tropical  agriculture  represents  a  major  source  of  atmospheric
N2O  emissions[1].  In  Thailand,  emissions  from  managed  soils
constitute a significant fraction of the national GHG inventory.
In  2019,  these  emissions  exceeded  11,000  Gg  CO2 eq.
accounting  for  19.6%  of  total  agricultural  sector  GHG
emissions.  Consequently,  mitigating  soil-derived  GHG
emissions  is  critical  for  achieving  Thailand’s  net-zero  GHG
emissions target[7].

Fertilizer application significantly influences microbial activity,
altering  soil  concentrations  of  organic  carbon  (OC),
ammonium,  nitrite  and  nitrate.  These  changes  can  enhance

crop growth and yield[8,9] but may concurrently increase GHG
emissions[5,10].  Fertilizer  management  is  therefore  a  key
strategy  for  mitigating  GHG  emissions  through  soil  C  and  N
transformations[11–13].  Previous  studies  have  demonstrated
divergent  effects  of  fertilizer  regimes  on  GHG  fluxes.  Zhang
et  al.[14] reported  that  manure  application  significantly
increased  annual  CO2 emissions  in  a  wheat-maize  double-
cropping  system,  with  emissions  rising  by  211%  and  37.3%
compared to mineral  fertilizer  and combined mineral-manure
treatments,  respectively.  Similarly,  Liyanage  et  al.[15] observed
that mineral N fertilizer substantially increased N2O emissions
in a maize-soybean rotation without significantly affecting CO2

fluxes,  whereas  compost  application  elevated  CO2 emissions
but  had  no  significant  effect  on  N2O  emissions.  Notably,  the
combined  application  of  mineral  fertilizer  and  organic
amendments resulted in the highest emissions of both CO2 and
N2O.

Despite  the  environmental  implications  of  GHG  emissions,
ensuring  food  security  remains  a  priority.  Thus,  fertilizer
management must aim to minimize emissions while sustaining
or  enhancing  crop  productivity,  particularly  under  long-term
implementation[16].

Cassava  (Manihot  esculenta)  is  a  major  tropical  food  crop
alongside maize, rice and sugarcane. In 2022, Thailand ranked
third in global cassava production, accounting for 4.95% of the
total  harvested  area,  following  Nigeria  and  the  Democratic
Republic of the Congo. However, Thailand remains the leading

Patikorn SRIPHIROM et al. Greenhouse gas emissions from cassava production in Thailand 901



cassava exporter globally in both volume and economic value.
In  2023,  cassava  production  covered  1.68  Mha,  comprising
9.82% of the total harvested area for food crops (1.48 Mha) in
Thailand[17].

Quantifying  and  mitigating  GHG  emissions  from  cassava
production  is  imperative  for  both  Thailand’s  domestic  supply
chains and the sustainability of global food systems. However,
despite  the  significance  of  Thailand’s  food  crops  in
international  markets,  field  studies  on  GHG  emissions
(particularly  N2O  emissions)  remain  limited,  impeding  the
development of effective mitigation strategies[18].

The  Department  of  Agriculture,  Ministry  of  Agriculture  and
Cooperatives  has  maintained  a  long-term  cassava  production
experiment  for  47  years,  systematically  evaluating  diverse
fertilizer  application  treatments  under  consistent  crop
management  practices.  This  unique  data  set  presents  an
opportunity  to  investigate  the  long-term  impacts  of  fertilizer
management on GHG emissions, crop yield and soil properties.
Therefore,  this  study  aimed  to  assess  the  effects  of  different
fertilizer  application  regimes  on  CO2 and  N2O  emissions,
cassava  productivity,  and  associated  changes  in  soil  microbial
communities and physicochemical properties.
 

2    Materials and methods
  

2.1    Experimental site
The  long-term  experimental  cassava  field  studied  was
established  in  1975  and  is  located  at  the  Rayong  Field  Crop
Research  Center,  under  the  Department  of  Agriculture,
Ministry of Agriculture and Cooperatives, Thailand (12°44′00″
N, 101°08′11″ E) at an elevation of 50 m above mean sea level.
This  site  is  situated  in  the  Huaipong  Subdistrict  of  Mueang
District,  Rayong  Province,  in  the  eastern  region  of  Thailand.
The soil  is  classified as  Ultisols  according to the United States
Department of Agriculture soil taxonomy and is referred to as
the  Huai  Pong  series  in  the  Thai  soil  classification  system  by
the  Land Development  Department.  The  soil  texture  is  loamy
sand, comprising 82% sand, 6% silt and 12% clay. Baseline soil
properties  at  a  depth  of  20  cm  for  each  treatment  (45-year
effect)  prior  to  the  initiation  of  this  study  are  presented  in
Table 1.

Table 1 shows  that  the  mineral  fertilizers  caused  soil
acidification  and  nutrient  accumulation,  while  crop  residue
(CR) increased SOC. Compost (CP) enhanced soil pH, OC and
nutrient concentrations, especially phosphorus and potassium.

On average, CR and CP increased SOC sequestration by 50.8%
and 86.0%, respectively, compared to unamended soil.

From  2012  to  2021,  the  study  site  had  an  average  annual
rainfall of 1559 mm, with mean daily minimum and maximum
air temperatures of 24.7 and 32.7 °C, respectively.
 

2.2    Experimental design
The  experimental  site  had  a  range  of  fertilizer  application
treatments  as  used  for  cassava  production,  which  continue  to
this  day.  The  study  encompasses  eight  distinct  soil
management practices (Table 2): unfertilized control (Control),
CR  incorporation  (CRI),  N  fertilizer  only  (NF),  NP  fertilizers
(NPF),  NK  fertilizers  (NKF),  NPK  fertilizers  (NPKF),  a
combination of NPK and CR (NPKFCRI), and a combination of
NPK fertilizers and CP addition (NPKFCPA). CR, consisting of
70%  stems  and  30%  leaves,  was  applied  at  a  rate  of
18.7  Mg·ha−1 per  season,  contributing  8.63  Mg·ha−1 C  per
season, 220 kg·ha−1 N per season, 75 kg·ha−1 P per season and
188  kg·ha−1 K  per  season.  The  N  content  of  the  stems  and
leaves  was  0.54%  and  2.65%,  respectively.  Municipal  CP  was
applied  at  a  rate  of  6.25  Mg·ha−1 season−1,  contributing
1.63  Mg·ha−1 C  per  season,  153  kg·ha−1 N  per  season,
25  kg·ha−1 P  per  season  and  175  kg·ha−1 K  per  season.  The
application rates for mineral fertilizers were 100 kg·ha−1 N per
season,  22  kg·ha−1 P  per  season  and  83  kg·ha−1 K  per  season.
The  experimental  design  followed  a  randomized  complete
block design with four replicates.
 

2.3    Crop management
The study focused on the production of  cassava cv.  Rayong 9,
over two growing seasons: 2021–2022 and 2022–2023, referred
to  as  the  2021  and  2022  seasons,  respectively.  All  soils  were
tilled once prior to planting, about 20–30 days before planting.
CR was incorporated into the soil during annual tillage for the
CRI and  NPKFCRI treatments.  Cassava  was  planted  with  a
spacing  of  1  m  ×  1  m  in  plots  measuring  8  m  ×  10  m,  with
planting conducted on 4 August 2021 for the 2021 season and
21 September 2022, for the 2022 season. CP was applied to the
NPKFCPA treatment 71 and 57 days after planting (DAP) in the
2021  and  2022  seasons,  respectively.  Mineral  fertilizers  were
applied for the NF, NPF, NKF, NPKF, NPKFCRI, and NPKFCPA

treatments by hand broadcasting 75 DAP in 2021 and 73 DAP
in  the  2022  season.  All  treatments  received  consistent  crop
management,  including  herbicides  needed  to  minimize  yield
reductions.  The  cassava  was  grown  with  supplementary
irrigation  conditions  and  harvested  384  and  387  DAP  in  the
2021  and  2022  seasons,  respectively.  Detailed  crop
management information is provided in Table S1. 
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2.4    Measurement of CO2 and N2O emissions
CO2 and  N2O  emissions  were  measured  using  the  closed
rectangular  chamber  method,  as  described  by  Sriphirom
et  al.[19].  The  chamber,  constructed  from  acrylic,  comprised  a
body and a base. The chamber body dimensions were 30 cm ×

30 cm × 10 cm (L × W × H). To mitigate internal temperature
fluctuations,  the  chamber  body  was  covered  with  thermal
insulation sheets. The chamber base, with the same length and
width as the body, had a height of 15 cm, with the lower 10 cm
embedded in the soil at the center of each plot. The remaining

 

Table 1    Basic characteristics of the soil prior to this study and the compost (CP)

Property
Treatment

CP
Control CRI NF NPF NKF NPKF NPKFCRI NPKFCPA

pH [H2O] 4.70 ± 0.64 b 4.48 ± 0.17 bc 3.63 ± 0.15 d 3.85 ± 0.37 cd 3.88 ± 0.15 bcd 4.03 ± 0.54 bcd 4.25 ± 0.31 bcd 6.05 ± 0.10 a 9.00

EC (dS·m−1) 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.06 ± 0.01 a 0.06 ± 0.01 a 0.06 ± 0.01 a 10.7

Water content
(%)

16.2 ± 2.57 a 15.0 ± 4.35 a 16.2 ± 2.22 a 15.4 ± 3.97 a 15.1 ± 3.92 a 15.6 ± 3.20 a 16.5 ± 4.72 a 14.9 ± 2.39 a –

WFPS (%) 47.0 ± 14.0 a 44.7 ± 16.9 a 50.0 ± 9.79 a 42.9 ± 9.61 a 41.2 ± 15.1 a 44.4 ± 10.7 a 50.7 ± 18.0 a 43.0 ± 7.75 a –

OM (%) 0.85 ± 0.14 d 1.29 ± 0.17 c 1.01 ± 0.11 cd 1.17 ± 0.09 cd 1.07 ± 0.21 cd 1.33 ± 0.15 c 1.89 ± 0.22 b 2.45 ± 0.07 a 39.2

OC (%) 0.49 ± 0.08 d 0.75 ± 0.10 c 0.58 ± 0.06 cd 0.68 ± 0.05 cd 0.62 ± 0.12 cd 0.77 ± 0.09 c 1.09 ± 0.13 b 1.42 ± 0.04 a 22.8

Total C (%) 2.45 ± 0.18 de 3.21 ± 0.19 ab 2.23 ± 0.10 e 2.74 ± 0.10 cd 2.61 ± 0.15 cde 2.93 ± 0.09 bc 3.22 ± 0.12 ab 3.41 ± 0.24 a 26.1

Total N (%) 0.15 ± 0.02 c 0.20 ± 0.03 abc 0.18 ± 0.02 bc 0.19 ± 0.03 abc 0.18 ± 0.02 bc 0.22 ± 0.04 abc 0.23 ± 0.04 ab 0.26 ± 0.03 a 2.45

NH4+

(mg·kg−1)
0.07 ± 0.02 d 0.20 ± 0.05 cd 0.98 ± 0.15 ab 0.99 ± 0.08 ab 0.63 ± 0.32 bc 1.11 ± 0.21 a 0.57 ± 0.05 bc 1.28 ± 0.17 a 480

NO3−

(mg·kg−1)
18.7 ± 4.56 b 28.7 ± 1.47 b 28.4 ± 1.29 b 26.7 ± 5.75 b 35.4 ± 10.0 b 65.2 ± 7.87 a 68.3 ± 14.7 a 72.0 ± 7.80 a 64.0

Available P
(mg·kg−1)

18.5 ± 10.2 c 21.0 ± 8.76 c 22.5 ± 5.92 c 92.0 ± 24.3 b 20.3 ± 11.8 c 74.5 ± 29.2 bc 84.0 ± 10.7 b 647 ± 53.5 a 180

Exchangeable
K (mg·kg−1)

14.0 ± 9.66 c 22.5 ± 6.19 bc 13.0 ± 3.46 c 18.0 ± 9.38 bc 17.3 ± 5.38 bc 22.0 ± 8.16 bc 37.0 ± 14.7 b 133 ± 9.45 a 11,150

CEC
(cmol·kg−1)

3.80 ± 0.14 ef 3.51 ± 0.12 f 4.58 ± 0.21 cd 4.26 ± 0.10 de 3.88 ± 0.23 ef 5.00 ± 0.13 bc 6.25 ± 0.18 a 5.20 ± 0.22 b 50.2

Bulk density
(g·cm−3)

1.71 ± 0.14 a 1.74 ± 0.08 a 1.78 ± 0.08 a 1.70 ± 0.05 a 1.65 ± 0.12 a 1.71 ± 0.06 a 1.77 ± 0.07 a 1.73 ± 0.02 a –

SOC stock
(Mg·ha−1)

16.7 ± 2.23 d 25.9 ± 2.92 c 20.8 ± 2.07 cd 23.1 ± 2.29 cd 20.3 ± 3.33 cd 26.4 ± 3.35 c 38.7 ± 4.74 b 49.1 ± 1.68 a –

Note: Different letters indicate significant differences (p < 0.05) among treatments. Control, no amendments; CRI, crop residue incorporation; NF, NPF, NKF and NPKF, refer to
N, NP and NK, NPK fertilizer applications, respectively; NPKFCRI, combination of NPKF and CRI treatments; and NPKFCPA, combination of NPKF and CP addition. EC, electrical
conductivity; WFPS, water-filled pore space; OM, organic matter; OC, organic carbon; CEC, cation exchange capacity; SOC, soil organic carbon.

 
 

Table 2    Experimental design (unit: kg·ha−1 per season)

Treatment
Mineral fertilizer

CR CP
N P K

Control 0 0 0 0 0

CRI 0 0 0 1.88 × 103 0

NF 100 0 0 0 0

NPF 100 22 0 0 0

NKF 100 0 83 0 0

NPKF 100 22 83 0 0

NPKFCRI 100 22 83 1.88 × 103 0

NPKFCPA 100 22 83 0 6.25 × 103
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5  cm  protruded  above  the  soil  surface  and  was  sealed  with
water to prevent gas leakage during sampling.

Gas  samples  were  collected  biweekly  between  9:00  and  11:30
a.m. over a 26-month period (August 2021 to September 2023).
Air  temperature  within  the  chamber  was  measured  using  a
digital  thermometer  (EW-18004-35,  Traceable,  Webster,  TX,
USA) inserted through a rubber septum on the chamber port.
Four  gas  samples  were  collected  at  0,  10,  20  and  30  min  after
chamber  closure.  The  samples  were  extracted  using  a  30-mL
plastic syringe and transferred into 20-mL evacuated vials[20].

The  concentrations  of  CO2 and  N2O  in  the  collected  air
samples were analyzed using a gas chromatograph (7890B GC,
Agilent Technologies,  Santa Clara,  CA, USA) equipped with a
flame  ionization  detector  for  CO2 and  an  electron  capture
detector for N2O, both operated at 300 °C. A HaySep Q packed
column was used, with nitrogen and helium as carrier gases at a
flow  rate  of  20  mL·min−1.  Emission  fluxes  and  cumulative
emissions  were  calculated  by  the  methods  of  Sriphirom
et al.[19].

The  direct  N2O  emission  factor  (EF)  was  calculated  by
determining  the  difference  in  cumulative  N2O  emissions
(kg·ha−1 N2O-N)  between  fertilized  and  unfertilized  control
soils, and dividing by the total N applied (kg·ha−1 N), following
Liyanage et al.[15]. Yield-scaled GHG emissions were calculated
by  dividing  seasonal  GHG  emissions  by  the  corresponding
seasonal cassava yield.
 

2.5    Crop yield measurement and soil analysis
Following  harvest,  the  height  of  cassava  plants  and  root  yield
were recorded.  The harvested biomass was subsequently dried
and weighed.  Starch content in the roots was quantified using
the  Riemann  scale  balance  technique.  N  content  in  the
aboveground  biomass  was  determined  using  a  CHN  analyzer
(Model  CHN  628,  LECO  Corporation,  St.  Joseph,  MI,  USA),
which  operated  at  combustion  temperatures  between  950  and
1050 °C.

Soil  samples  were  collected  to  a  depth  of  20  cm both  prior  to
and  following  the  cropping  period  for  soil  characterization.
The  following  parameters  were  analyzed:  pH  measured  in
water  using  a  pH/ISE/ORP  Benchtop  Meter  HI5222  (Hanna
Instruments,  Woonsocket,  RI,  USA);  electrical  conductivity
measured with an EC TDS Salinity Benchtop Meter HI2003-02
(Hanna  Instruments);  OC  determined  by  the  Walkley  and
Black  method  via  acid-dichromate  digestion  and  FeSO4

titration; organic matter (OM) calculated by multiplying OC by
1.724;  available  P  determined  spectrophotometrically  by  the
Bray  II  method;  available  K  extracted  using  NH4OAc  and
analyzed  by  flame  spectrophotometry;  cation  exchange
capacity  determined  via  ammonium  saturation;  and  bulk
density measured from 100 cm3 soil cores, oven-dried at 105 °C
for 48 h in a forced air convection drying oven (Binder GmbH,
Redline  RF  53,  Tuttlingen,  Germany).  These  methods  were
performed as Pansu and Gautheyrou[21].

Total  N  and  C  contents  were  quantified  using  the  CHN
analyzer, as described above. Ammonium concentrations were
analyzed  via  ion  chromatography  using  a  Dionex  Integrion
HPIC  system  (Thermo  Scientific,  Waltham,  MA,  USA)  fitted
with  a  Dionex  IonPac  CG16  guard  column  and  a  CS16
analytical  column,  using  methanesulfonic  acid  as  the  eluent
and a conductivity detector, following Thomas et al.[22]. Nitrate
concentrations  were  similarly  determined  by  ion
chromatography  using  a  Dionex  IonPac  AG11  guard  column
and AS11 analytical column with a 21 mmol·L−1 NaOH eluent
and  a  conductivity  detector  as  described  by  Morales  et  al.[23].
SOC stocks were computed by multiplying SOC concentration
by bulk density and soil depth, based on Lee et al.[24].

During  gas  sampling  events,  topsoil  moisture  content  was
measured  using  a  soil  moisture  sensor  (CS655,  Campbell
Scientific,  Inc.,  Logan,  UT,  USA).  The  percentage  of  water-
filled pore space (%WFPS) was calculated using the soil  water
content (derived from gravimetric moisture content multiplied
by  bulk  density),  bulk  density  and  a  particle  density  value  of
2.65 g·cm−3[25] as Wang et al.[26].
 

2.6    Soil microbial abundance and structure analysis
Soil  samples  were  collected  from  depths  of  0–10  cm  before,
during (5 March 2022 for the 2021 growing season and 4 April
2023  for  the  2022  season)  and  after  cassava  production  using
sterilized  stainless-steel  sampling  tubes.  Immediately  on
collection,  samples  were  frozen  in  the  field  using  a  portable
freezer  and  transported  to  the  laboratory  for  subsequent
analysis.  DNA  was  extracted  from  1  g  of  fresh  soil  using  the
DNeasy  PowerSoil  Pro  kit  (Qiagen,  Hilden,  Germany)
following the manufacturer’s instructions.

The  extracted  DNA  was  analyzed  by  quantitative  real-time
polymerase chain reaction to determine the abundance of total
bacteria  (16S  rRNA  gene),  total  archaea  (16S  rRNA  gene),
ammonia-oxidizing  archaea  (AOA, amoA  gene),  ammonia-
oxidizing bacteria (AOB, amoA gene) and denitrifying bacteria
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(nitrite reductase genes, nirK and nirS; nitrous oxide reductase
gene, nosZ).  These  assays  were  performed  in  triplicate  on  a
CFX96  Touch  Real-Time  PCR  Detection  System  (Bio-Rad,
Hercules, CA, USA). Each 20-µL reaction mix contained 10 µL
of  Luna  Universal  qPCR  Master  Mix  (New  England  Biolabs
Inc.,  Ipswich,  MA,  USA),  0.4  µL  of  each  forward  and  reverse
primer, 1 µL of DNA template (10 ng) and 8.2 µL of PCR-grade
water.  Primer  sequences  and  thermocycling  conditions  are
detailed in Table S2.

Soil  DNA  samples  from  the  2021  season  were  analyzed  for
bacterial diversity by amplifying the 16S rRNA V4 region using
primers  515F  and  806R[27,28].  The  sequencing  library  was
prepared  according  to  the  Illumina  16S  library  preparation
protocol (Illumina, San Diego, CA, USA). Dual index adapters,
necessary for sequencing on the Illumina MiSeq platform, were
ligated using the Nextera XT Index kit  (Illumina).  The library
was  pooled,  diluted  and  combined  to  achieve  a  final
concentration  of  4  nmol·L−1,  and  DNA  concentration  was
measured  using  a  QFX  Fluorometer  (DeNovix  Inc.,
Wilmington,  DE,  USA)  with  the  DeNovix  dsDNA  High
Sensitivity assay. The library was sequenced in a 300-bp paired-
end run using the MiSeq Reagent Kit v3 (600 cycles), with PhiX
Control Kit v3 (Illumina) as a positive control.

Amplicon  sequence  analysis  was  performed  using  the
Quantitative  Insights  Into  Microbial  Ecology  Pipeline  version
2022.2[29]. Adapter and primer sequences (23 and 26 base pairs
for forward and reverse sequences, respectively) were removed
using  the  q2-cutadapt  tool[30].  The  resulting  sequences  were
processed for error correction using amplicon sequence variant
processing  with  DADA2[31].  Forward  and  reverse  amplicon
sequences  were  merged  into  contigs  based  on  overlapping
regions.  All  candidate  contigs  were  denoised  and  chimeric
sequences  were  excluded.  Sequences  were  resampled  to  a
consistent  depth  using  the  QIIME  feature-table  rarefying
function  for  further  analysis.  Both  alpha  and  beta  diversity
indices  were  computed  from  the  rarefied  data  set,  with  the
minimum  sequencing  depth  used  as  the  rarefying  depth.
Taxonomic  assignment  was  performed  using  the  SILVA
database  (version  138)[32],  with  classification  based  on  the
naive  Bayes  classifier[33] at  99%  identity  for  the  analyzed
regions.  Heatmap  visualizations  were  generated  using  the
Multiple  Experiment  Viewer  (version  4.9.0)  interactive
platform[34].
 

2.7    Statistical analysis
Principal coordinate analysis of microbial community data was
performed  and  visualized  using  the  R  package “vegan”[35].

Functional prediction of microbial  communities,  based on the
Phylogenetic  Investigation of  Communities  by Reconstruction
of Unobserved States, was conducted via the Majorbio I-Sanger
cloud  platform.  KEGG  Orthology  data  were  retrieved  and
analyzed  to  assess  the  abundances  of  functional  enzymes
involved  in  nitrification  and  denitrification  processes,  along
with key microbial  taxa linked to these processes.  The relative
abundances  of  genera  associated  with  these  processes  were
visualized and reported.

Experimental  data  are  presented  as  means  ±  SE  (n ≥ 4).
Statistical  analyses  were  performed  by  one-way  analysis  of
variance followed by Tukey’s  honest  significant  difference test
with  a  95%  confidence  level  (p <  0.05)  to  identify  significant
differences.  Fertilizer  treatments  were considered fixed factors
and  environmental  parameters  were  treated  as  dependent
variables. Statistically significant differences among treatments
are denoted by distinct letters.

Pearson’s  correlation  analysis  was  used  to  examine  the
relationships  between  CO2 and  N2O  emissions,  cassava  yield,
soil pH, SOC sequestration, nutrient inputs (Carbon, N, P and
K)  and  microbial  groups  (including  total  bacteria,  archaea,
AOB, AOA and denitrifying bacteria associated with the nirK,
nirS  and nosZ  genes)  throughout  the  study  period.  Statistical
analyses  were  performed  using  IBM  SPSS  Statistics  for
Windows, version 29.0 (IBM Corp, Armonk, NY, USA).
 

3    Results
  

3.1    Weather data and soil water-filled pore space
During  the  study  period,  the  total  annual  rainfall  was
1,961  mm,  with  mean  daily  minimum  and  maximum
temperatures  of  24.7  and  32.3  °C,  respectively  (Fig. 1(a)).  The
elevated  rainfall  significantly  influenced  soil  %WFPS
(Fig. 1(b)).  Soil  %WFPS  was  further  modulated  by  various
fertilizer  application  treatments.  Notably,  the  NPKFCRI

treatment  resulted  in  the  highest  %WFPS,  while  the  NKF

treatment  consistently  maintained  the  lowest  %WFPS
throughout the majority of the observation period (Fig. 1(b)).
 

3.2    CO2 and N2O emissions
Fertilizer application practices substantially impacted CO2 and
N2O  emissions  during  the  study  period  (Fig. 2).  The  addition
of organic C through CR and CP additions enhanced the soil C
substrate  availability,  thereby  promoting  CO2 emissions,  as

Patikorn SRIPHIROM et al. Greenhouse gas emissions from cassava production in Thailand 905



evidenced by a linear correlation (Table S3). Increased C input
led  to  elevated  CO2 emissions  (Fig. 2(a)).  Relative  to  the
control,  the  treatments  CRI,  NF,  NPF,  NKF,  NPKF,  NPKFCRI

and  NPKFCPA increased  annual  CO2 emissions  by  36.0%,
13.1%, 14.9%, 19.4%, 23.8%, 41.0% and 33.4%, respectively,  in
the  2021  season,  and  by  18.0%,  15.0%,  15.7%,  9.31%,  16.5%,
30.5%, and 27.2%, respectively, in the 2022 season (Table 3).

Similarly,  the  application  of  N  from  organic  and  inorganic
sources  significantly  influenced  N2O  emissions,  as  evidenced
by strong correlations (Table S3). N2O emissions from mineral
fertilizers  peaked  immediately  after  application,  while
emissions  from  organic  N  sources  were  more  gradual,
occurring  throughout  the  annual  cycle  (Fig. 2(b)).  The
treatments CRI, NF, NPF, NKF, NPKF, NPKFCRI and NPKFCPA

increased  N2O  emissions  by  229%,  155%,  156%,  132%,  139%,
316% and 359%, respectively, in the 2021 season, and by 250%,
159%, 150%, 136%, 147%, 310% and 364%, respectively, in the
2022  season,  relative  to  the  control.  Higher  N  input

contributed  to  increased  N2O  emissions,  with  the  combined
organic  and  inorganic  treatments  (NPKFCRI and  NPKFCPA)
releasing the highest amounts of N2O (Table 3).

The practices with the lowest environmental impact were those
involving  minimal  C  and  N  input;  however,  these  treatments
should be evaluated against crop yield potential to ensure food
security. The ratio of GHG emissions per unit yield is shown in
Table 4. All the crop production practices assessed significantly
reduced  CO2 emissions  per  unit  yield  in  both  seasons
compared to the control.  Similarly,  all  treatments significantly
mitigated  N2O  emissions  per  unit  yield  in  both  seasons
compared  to  the  NF treatment.  Among  the  treatments,
NPKFCRI gave the statistically lowest GHG emissions per unit
yield.  Although  NPKFCRI generated  the  highest  GHG
emissions,  it  had  the  lowest  GHG  intensity,  indicating  its
suitability  as  a  balanced  approach  for  achieving  sustainability
across environmental, economic and social dimensions. 

 

 
Fig. 1    (a)  Air  temperature  and  total  rainfall  recorded  at  the  study  site  throughout  the  study  period  and  (b)  soil  water-filled  pore  space
(%WFPS) across the observation period. Control, no amendments; CRI, crop residue incorporation; NF, NPF, NKF and NPKF, refer to N, NP and
NK,  NPK  fertilizer  applications,  respectively;  NPKFCRI,  combination  of  NPKF  and  CRI  treatments;  and  NPKFCPA,  combination  of  NPKF  and  CP
addition.
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3.3    N2O emission factor
N2O  EF  varied  from  0.50%  to  0.80%  in  the  2021  season  and
0.49%  to  0.81%  in  the  2022  season  across  the  production
practices  assessed  (Table 3).  The  lowest  EF  values  were
recorded in the highest N input treatment (NPKFCRI) in both
seasons. Organic N applications through CR and CP generally
resulted  in  lower  N2O  EF  compared  to  mineral  fertilizers.
Higher N inputs appeared to reduce N2O EF. The average N2O
EF  in  this  study  was  0.67%  and  0.69%  for  the  2021  and  2022
seasons,  respectively,  both  of  which  were  below  the
Intergovernmental  Panel  on  Climate  Change  (IPCC)  default
value of 1% for N2O EF.
 

3.4    Soil microbial abundance and structure
Long-term  crop  production  practices  influenced  microbial
abundance  and  structure  (Fig. 3).  Organic  amendments  (CR

and  CP)  generally  promoted  total  bacterial  abundance.  The
combination  of  organic  and  inorganic  inputs  significantly
enhanced  the  abundance  of  both  bacteria  and  archaea,
particularly  before  and  during  the  2021  season  and  after  the
2022  season  harvest.  The  application  of  N  from  both  organic
and inorganic inputs increased the abundance of nitrifying and
denitrifying microbes (Table S4),  with the highest  N inputs in
CRI,  NPKFCRI and  NPKFCPA soils  stimulating  the  growth  of
these microbial groups. NPKFCPA in particular promoted both
nitrifiers and denitrifiers during the 2022 season (Fig. 3(d)).

Changes in microbial community structure were also recorded
(Fig. S1). The dominant genera varied according to treatment:
Bacillus predominated  in  the  control  and  NF treated  soils,
Nitrososphaera in  organically  amended  soils  (CRI,  NPKFCRI

and NPKFCPA), Bradyrhizobium in NPF and NKF treated soils,
and  bacterium  Ellin6067  in  NPKF treated  soils.  These  genera
are likely key contributors to N2O production and emission. 

 

 
Fig. 2    Temporal fluxes of (a) CO2 and (b) N2O throughout the study period. Control, no amendments; CRI, crop residue incorporation; NF, NPF,
NKF and NPKF, refer to N, NP and NK, NPK fertilizer applications, respectively; NPKFCRI, combination of NPKF and CRI treatments; and NPKFCPA,
combination of NPKF and CP addition.
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Table 3    Cumulative CO2 and N2O emissions, along with N2O emission factors (EF), from cassava production during the 2021–2022 growing
seasons

Treatment
Cumulative emission

N2O EF (%)
CO2 (Mg·ha–1) N2O (kg·ha–1)

2021 season

Control 6.66 ± 0.21 d 0.80 ± 0.01 f –

CRI 9.05 ± 0.36 a 2.64 ± 0.08 c 0.53 ± 0.02 c

NF 7.52 ± 0.33 c 2.05 ± 0.08 d 0.79 ± 0.06 a

NPF 7.65 ± 0.43 c 2.06 ± 0.10 d 0.80 ± 0.06 a

NKF 7.94 ± 0.41 c 1.86 ± 0.04 e 0.67 ± 0.03 b

NPKF 8.24 ± 0.21 bc 1.92 ± 0.05 de 0.71 ± 0.03 ab

NPKFCRI 9.39 ± 0.29 a 3.34 ± 0.11 b 0.50 ± 0.02 c

NPKFCPA 8.88 ± 0.41 ab 3.61 ± 0.11 a 0.71 ± 0.02 ab

Average 8.17 ± 0.05 2.28 ± 0.01 0.67 ± 0.02

2022 season

Control 6.84 ± 0.19 c 0.80 ± 0.06 e –

CRI 8.06 ± 0.10 b 2.79 ± 0.17 c 0.58 ± 0.05 c

NF 7.86 ± 0.37 b 2.07 ± 0.08 d 0.81 ± 0.09 a

NPF 7.91 ± 0.10 b 2.00 ± 0.07 d 0.76 ± 0.04 ab

NKF 7.47 ± 0.14 b 1.88 ± 0.08 d 0.69 ± 0.02 b

NPKF 7.96 ± 0.21 b 1.97 ± 0.08 d 0.75 ± 0.04 ab

NPKFCRI 8.92 ± 0.39 a 3.25 ± 0.12 b 0.49 ± 0.01 c

NPKFCPA 8.69 ± 0.36 a 3.71 ± 0.04 a 0.73 ± 0.01 ab

Average 7.96 ± 0.10 2.31 ± 0.04 0.69 ± 0.02

Note: Different letters indicate significant differences (p < 0.05) among treatments. Control, no amendments; CRI, crop residue incorporation; NF, NPF, NKF and NPKF, refer to N, NP
and NK, NPK fertilizer applications, respectively; NPKFCRI, combination of NPKF and CRI treatments; and NPKFCPA, combination of NPKF and CP addition.

 

 

Table 4    Cassava yield-scaled GHG emissions from cassava production during the 2021–2022 growing seasons

Treatment
Cassava yield-scaled CO2 emission

(kg CO2 kg–1 yield)
Cassava yield-scaled N2O emission

(g N2O kg–1 yield)

2021 season 2022 season 2021 season 2022 season

Control 0.89 ± 0.03 a 0.64 ± 0.01 a 0.11 ± 0.00 c 0.07 ± 0.01 c

CRI 0.36 ± 0.02 d 0.31 ± 0.01 d 0.11 ± 0.00 c 0.11 ± 0.01 b

NF 0.66 ± 0.03 b 0.57 ± 0.03 b 0.18 ± 0.01 a 0.15 ± 0.01 a

NPF 0.46 ± 0.03 c 0.40 ± 0.01 c 0.12 ± 0.01 b 0.10 ± 0.01 b

NKF 0.28 ± 0.01 ef 0.25 ± 0.01 e 0.07 ± 0.00 d 0.06 ± 0.01 c

NPKF 0.31 ± 0.01 e 0.27 ± 0.01 e 0.07 ± 0.00 d 0.07 ± 0.01 c

NPKFCRI 0.19 ± 0.01 g 0.22 ± 0.01 f 0.07 ± 0.00 d 0.08 ± 0.01 c

NPKFCPA 0.27 ± 0.01 f 0.27 ± 0.01 e 0.11 ± 0.00 c 0.11 ± 0.01 b

Average 0.33 ± 0.01 0.31 ± 0.01 0.09 ± 0.00 0.09 ± 0.01

Note: Different letters indicate significant differences (p < 0.05) among treatments. Control, no amendments; CRI, crop residue incorporation; NF, NPF, NKF and NPKF, refer to N, NP
and NK, NPK fertilizer applications, respectively; NPKFCRI, combination of NPKF and CRI treatments; and NPKFCPA, combination of NPKF and CP addition.
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3.5    Crop growth and yield
Long-term  crop  production  practices  significantly  impacted
cassava  growth  and  yield.  In  both  the  2021  and  2022  seasons,

the  tallest  cassava  plants  were  observed  under  combined
organic and inorganic inputs (NPKFCRI and NPKFCPA), while
the shortest plants were in the non-fertilized control and the NF

 

 
Fig. 3    Abundances of total bacteria (EUB), total archaea (ARC), nitrifiers (AOB and AOA), and denitrifiers (nirK, nirS and nosZ genes) in soil. (a)
Prior  to cassava production in the 2021 season,  (b)  during cassava production in the 2021 season,  (c)  after  cassava production in the 2021
season,  (d)  during  cassava  production  in  the  2022  season,  and  (e)  after  cassava  production  in  the  2022  season.  Different  letters  indicate
significant differences (p < 0.05) among treatments. Control, no amendments; CRI, crop residue incorporation; NF, NPF, NKF and NPKF, refer to
N, NP and NK, NPK fertilizer applications, respectively; NPKFCRI, combination of NPKF and CRI treatments; and NPKFCPA, combination of NPKF
and CP addition.

 

Patikorn SRIPHIROM et al. Greenhouse gas emissions from cassava production in Thailand 909



treatment. The combined application of mineral fertilizers and
CR (NPKFCRI) resulted in the highest cassava yields, except in
the  2022  season  where  the  difference  with  NPKFCPA was  not
significant.  The  NPKFCRI treatment  produced  79.4%,  42.8%,
72.0%, 59.2%, 35.7%, 37.6% and 26.9% higher yields compared
to  the  control,  CRI,  NF,  NPF,  NKF,  NPKF and  NPKFCPA,
respectively  (Table 5).  Practices  involving  N  and  K  addition,
whether  organic  or  inorganic,  consistently  enhanced  cassava
growth and yield.

The  starch  content  of  cassava  ranged  from 24.0% to  27.1% in
the  2021  season  and  21.3%  to  28.6%  in  the  2022  season.  The
incorporation of CR resulted in the highest starch content, with
a significant effect observed in the 2022 season. Soils without K
and  CR  additions  tended  to  reduce  starch  content.  However,
differences  in  starch  content  were  less  pronounced  compared
to  the  variation  in  cassava  yield,  indicating  that  starch  yield
mirrored  cassava  yield.  The  highest  starch  yield  was  observed
in  the  NPKFCRI treatment,  with  CRI,  NF,  NPF,  NKF,  NPKF,
NPKFCRI,  and  NPKFCPA increasing  starch  yield  by  202%,

28.8%,  87.3%,  218%,  206%,  433%,  and  231%,  respectively,
compared to the control (Table 5).
 

3.6    Soil properties after the cropping year
Soil  properties  were  significantly  influenced  by  the  long-term
crop  production  practices.  After  the  2022  season  harvest,  soil
properties  within  the  same  treatments  were  similar  to  those
observed before the study began (Table 1). Among treatments,
soil  pH  decreased  with  mineral  fertilizer  applications  but
increased  with  CP  application.  The  pH  changes  from  the
baseline  varied  as  follows:  +  0.07  (CRI), −0.66  (NF), −0.55
(NPF), −0.43  (NKF), −0.42  (NPKF), −0.04  (NPKFCRI)  and  +
1.17 (NPKFCPA) compared to the control. Fertilizer treatments
enhanced  nutrient  accumulation,  particularly  with  CP,  which
increased  P  and  K  contents.  Organic  amendments,  including
CR and CP,  also  had a  positive  impact  on SOC sequestration.
After  the  2022  season  harvest,  CRI,  NPKFCRI,  and  NPKFCPA

treatments had increased SOC stock by 48.0%, 116% and 143%,
respectively,  relative  to  the  control.  Compared  to  NPKF,

 

Table 5    Growth and yield parameters of cassava during the 2021–2022 growing seasons

Treatment Plant height (cm) Cassava yield (Mg·ha–1) Starch (%) Starch yield (Mg·ha–1)

2021 season

Control 131 ± 10.5 d 7.48 ± 5.19 d 26.0 ± 0.74 abc 2.03 ± 0.91 d

CRI 194 ± 17.2 abc 25.0 ± 6.13 bc 27.1 ± 1.09 a 6.78 ± 1.87 bc

NF 133 ± 14.7 d 11.4 ± 3.23 d 24.8 ± 0.42 cd 2.83 ± 0.86 d

NPF 151 ± 16.3 cd 16.8 ± 4.16 cd 24.0 ± 0.51 d 4.03 ± 1.15 cd

NKF 189 ± 12.5 bc 28.3 ± 3.62 b 26.2 ± 0.59 abc 7.41 ± 1.63 b

NPKF 190 ± 6.75 bc 26.3 ± 6.12 bc 25.7 ± 0.82 abc 6.76 ± 1.71 bc

NPKFCRI 235 ± 10.4 a 48.7 ± 4.32 a 26.6 ± 0.62 ab 13.0 ± 1.45 a

NPKFCPA 222 ± 12.2 ab 33.4 ± 5.12 b 25.4 ± 0.54 bcd 8.48 ± 1.54 b

Average 181 ± 12.8 24.7 ± 4.76 25.7 ± 0.69 6.41 ± 1.41

2022 season

Control 153 ± 19.5 b 10.7 ± 4.51 d 24.3 ± 0.45 b 2.60 ± 0.52 d

CRI 181 ± 16.4 b 26.4 ± 4.37 b 27.4 ± 0.67 a 7.23 ± 0.67 b

NF 153 ± 18.3 b 13.8 ± 2.06 d 22.8 ± 0.93 bc 3.15 ± 0.37 d

NPF 168 ± 12.9 b 19.9 ± 3.24 c 23.4 ± 0.62 bc 4.66 ± 0.36 c

NKF 178 ± 14.3 b 29.5 ± 5.67 b 24.9 ± 0.25 b 7.35 ± 0.69 b

NPKF 186 ± 12.3 b 29.8 ± 4.67 b 24.9 ± 0.32 b 7.42 ± 0.74 b

NPKFCRI 225 ± 8.45 a 41.2 ± 5.46 a 28.6 ± 1.15 a 11.8 ± 1.03 a

NPKFCPA 227 ± 7.24 a 32.3 ± 6.22 ab 21.3 ± 0.75 c 6.88 ± 0.83 b

Average 184 ± 13.8 25.5 ± 4.63 24.7 ± 0.67 6.38 ± 0.68

Note: Different letters indicate significant differences (p < 0.05) among treatments. Control, no amendments; CRI, crop residue incorporation; NF, NPF, NKF and NPKF, refer to N, NP
and NK, NPK fertilizer applications, respectively; NPKFCRI, combination of NPKF and CRI treatments; and NPKFCPA, combination of NPKF and CP addition.
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NPKFCRI and  NPKFCPA enhanced  SOC  stocks  by  36.1%  and
53.3%,  respectively  (Table 6).  These  results  highlight  the
importance  of  organic  amendments  for  improving  soil  C
status.
 

4    Discussion
  

4.1    Variations of diverse long-term fertilizations on
CO2 and N2O emissions
CO2 represents  the  predominant  GHG  emitted  from  soils,
primarily  through  microbial  respiration,  encompassing  both
autotrophic  and  heterotrophic  processes  linked  to  OM
decomposition[36].  Autotrophic  respiration  contributes  about
36%  of  total  soil  respiration[37],  and  its  activity  is  inhibited
under acidic soil conditions[38]. Root respiration, including the
decomposition of root exudates,  can account for up to 50% of
soil  respiration[39].  CO2 fluxes  typically  decline  as  plants
approach physiologic maturity and senescence, coinciding with
reduced root activity[40].

In  this  study,  cassava  production  on  acidic  soils  subjected  to
diverse  fertilizer  application  treatments  resulted  in  an  average
CO2 emission  of  8.07  Mg·ha−1,  with  emissions  declining
slightly  as  crops  matured.  Treatments  involving  CR  and  CP
amendments  enhanced  SOM  and  SOC  levels,  thereby
increasing  substrates  available  for  microbial  decomposition
and  leading  to  elevated  CO2 emissions.  Specifically,  CO2

emissions  increased  by  19.9%  and  8.47%  with  CR  and  CP
additions, respectively, with CR contributing more significantly
due  to  the  higher  quantity  of  organic  material  applied.  These
findings are consistent with Chataut et al.[2], who reported that
soil  amendments  with  OC  significantly  influence  CO2

emissions.

N from both mineral and organic inputs further amplified CO2

emissions, with a strong positive correlation observed between
N  input  and  CO2 fluxes  (Table  S3).  This  observation  aligns
with  Wang  et  al.[41],  who  demonstrated  that  fertilizer
application,  particularly  with  organic  inputs,  enhances  CO2

emissions  by  altering  the  soil  bacterial  community
composition.  Increased abundance of  bacterial  groups such as
Alphaproteobacteria  and  Gammaproteobacteria,  observed  in
this  study  (Fig.  S1),  likely  contributed  to  these  effects.
Furthermore,  Pareja-Sánchez  et  al.[42] noted  that  N  fertilizer
application  enhances  the  availability  of  N  for  decomposers,
while  Tao  et  al.[43] established  a  positive  correlation  between
CO2 emissions and nitrification rates. Soil moisture also had a
linear  relationship  with  CO2 emissions[42],  explaining  the

higher  CO2 fluxes  observed  in  the  NPKFCRI,  CRI,  and
NPKFCPA treatments (Fig. 1(b)).

In  addition  to  CO2,  N2O  is  a  critical  GHG  emitted  from
agricultural soils, primarily via nitrification and denitrification
processes  under  specific  environmental  conditions[6].  This
study identified nitrification as  the dominant N2O production
pathway,  driven  by  aerobic  conditions  in  cassava  soils[44].
Enhanced  availability  of  NH4+ from  mineral  and  organic
inputs  stimulated microbial  activity,  leading to  increased N2O
production.  A  robust  linear  correlation  between  N  input  and
N2O  emissions  (Table  S3)  corroborates  findings  from  Wang
et  al.[45],  who  reported  that  fertilizer  application  promotes
nitrifier  abundance  and  nitrification  potential,  particularly  in
the topsoil.

Soils  treated  with  higher  N  inputs,  such  as  in  CRI,  NPKFCRI,
and  NPKFCPA,  had  significantly  elevated  N2O  emissions
(Table 3),  attributed  to  increased  abundance  and  activity  of
nitrifying  bacteria  and archaea  (Fig. 3,  Table  S4).  Notably,  the
genera Nitrososphaera (AOA)  and Nitrospira (AOB),  which
catalyze NH4+ oxidation to nitrite via the amoA gene[46],  were
implicated in N2O production.

Under  higher  soil  moisture  conditions  (>  50%WFPS),
particularly  in  organically  amended  soils,  denitrification  also
contributed to N2O emissions, driven by microorganisms such
as Bradyrhizobium (Fig. 4)[47–49].  CR  and  CP  amendments
further  stimulated  N2O  production  by  increasing  soil  C
availability, providing energy sources for microbial activity[50].
Both  nitrifiers  and  denitrifiers  use  available  C  for  NH4+

oxidation  and  NO3- reduction.  However,  elevated  NO3-

concentrations  in  CRI,  NPKFCRI and  NPKFCPA treated  soils
inhibited  N2O  reductase  activity,  limiting  the  conversion  of
N2O to N2[51].

Soil  acidity  also  influenced  N2O  dynamics.  Mineral  fertilizers
exacerbated  soil  acidification,  inhibiting  autotrophic
nitrification, while CP application mitigated acidity, promoting
nitrification[52].  Under  acidic  conditions  (pH  <  6),
denitrification  in  organically  amended  soils  predominantly
produced  N2O  rather  than  N2,  consistent  with  findings  by
Šimek et al.[53].

This study estimated an average direct N2O EF at 0.68%, lower
than  the  IPCC  default  value  of  1%[54].  EFs  for  CRI,  mineral
fertilizer and combined organic and inorganic treatments were
0.56%,  0.75%  and  0.61%,  respectively  (Table 3),  aligning  with
IPCC  disaggregated  recommendations  except  for  mineral
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fertilizers[54].  A  review  covering  tropical  and  sub-tropical
regions  across  13  countries  found  an  average  annual  direct
N2O  EF  of  1.19%,  ranging  from  0.70%  to  2.10%,  with  the
lowest values observed in Malaysia and Puerto Rico (0.70%)[55].
Similarly, a study on chemical fertilizer application in maize in

Thailand reported an average direct N2O EF of 0.71%[56]. These
findings  indicate  that  the  average  EF  observed  in  the  present
study  is  consistent  with  other  studies  conducted  in  similar
climate  zones.  Collectively,  these  results  underscore  the
necessity  of  country- or  region-specific  N2O  EFs,  or  even

 

Table 6    Basic soil characteristics after cassava harvest in the 2021 and 2022 growing seasons

Property Control CRI NF NPF NKF NPKF NPKFCRI NPKFCPA

2021 season

pH [H2O] 4.12 ± 0.10 b 4.01 ± 0.16 b 3.51 ± 0.02 d 3.55 ± 0.03 cd 3.94 ± 0.25 bc 3.49 ± 0.10 d 4.26 ± 0.10 b 5.22 ± 0.22 a

EC (dS·m−1) 0.05 ± 0.01 a 0.05 ± 0.01 a 0.06 ± 0.01 a 0.06 ± 0.01 a 0.05 ± 0.01 a 0.06 ± 0.01 a 0.05 ± 0.01 a 0.06 ± 0.01 a

Water content (%) 14.4 ± 2.99 a 15.1 ± 0.65 a 12.9 ± 1.32 a 16.2 ± 1.22 a 13.8 ± 1.28 a 16.1 ± 3.02 a 14.5 ± 2.55 a 16.7 ± 1.76 a

WFPS (%) 41.1 ± 9.46 a 43.4 ± 2.05 a 36.6 ± 4.35 a 46.6 ± 3.45 a 39.5 ± 4.54 a 45.2 ± 7.79 a 42.3 ± 7.47 a 47.4 ± 5.82 a

OM (%) 0.87 ± 0.07 f 1.29 ± 0.11 cd 1.03 ± 0.06 ef 1.23 ± 0.06 de 1.06 ± 0.09 def 1.50 ± 0.08 c 1.75 ± 0.11 b 2.03 ± 0.09 a

OC (%) 0.51 ± 0.04 f 0.75 ± 0.07 cd 0.60 ± 0.04 ef 0.71 ± 0.03 de 0.61 ± 0.05 def 0.87 ± 0.05 c 1.02 ± 0.06 b 1.18 ± 0.05 a

Total C (%) 2.75 ± 0.11 cd 3.45 ± 0.45 ab 2.28 ± 0.10 d 2.85 ± 0.31 bcd 2.67 ± 0.24 cd 3.06 ± 0.05 abc 3.34 ± 0.15 abc 3.72 ± 0.20 a

Total N (%) 0.16 ± 0.01 e 0.22 ± 0.02 bcd 0.19 ± 0.02 cde 0.20 ± 0.02 bcde 0.18 ± 0.02 de 0.25 ± 0.01 ab 0.24 ± 0.03 bc 0.31 ± 0.04 a

NH4+ (mg·kg−1) 0.07 ± 0.01 c 1.19 ± 0.05 b 1.03 ± 0.02 b 0.95 ± 0.10 b 0.93 ± 0.07 b 1.03 ± 0.11 b 1.76 ± 0.30 a 1.78 ± 0.33 a

NO3− (mg·kg−1) 17.0 ± 2.33 d 36.8 ± 4.39 c 28.4 ± 1.93 c 30.4 ± 0.69 c 33.9 ± 1.43 c 54.0 ± 5.50 b 69.1 ± 5.98 a 77.1 ± 4.11 a

Available P (mg·kg−1) 23.7 ± 2.57 d 60.8 ± 4.51 cd 163 ± 7.10 c 359 ± 26.6 b 26.0 ± 3.25 d 359 ± 53.4 b 368 ± 75.0 b 785 ± 34.4 a

Exchangeable K
(mg·kg−1)

7.07 ± 1.33 b 10.8 ± 2.30 b 9.38 ± 3.13 b 10.9 ± 3.04 b 14.1 ± 3.44 b 14.6 ± 4.85 b 15.4 ± 3.76 b 62.5 ± 12.9 a

CEC (cmol·kg−1) 3.69 ± 0.41 cd 3.32 ± 0.14 d 4.32 ± 0.17 c 4.24 ± 0.20 c 3.88 ± 0.21 cd 5.28 ± 0.37 b 6.38 ± 0.03 a 5.04 ± 0.29 b

Bulk density (g·cm−3) 1.72 ± 0.04 a 1.73 ± 0.02 a 1.72 ± 0.02 a 1.73 ± 0.02 a 1.72 ± 0.04 a 1.71 ± 0.03 a 1.74 ± 0.03 a 1.72 ± 0.03 a

SOC stock (Mg·ha−1) 17.4 ± 1.11 f 25.9 ± 2.25 cd 20.6 ± 1.44 ef 24.7 ± 1.05 de 21.1 ± 1.94 def 29.8 ± 1.50 c 35.3 ± 2.07 b 40.5 ± 2.41 a

2022 season

pH [H2O] 4.29 ± 0.06 b 4.36 ± 0.10 b 3.63 ± 0.06 c 3.74 ± 0.08 c 3.86 ± 0.07 c 3.87 ± 0.06 c 4.25 ± 0.06 b 5.46 ± 0.20 a

EC (dS·m−1) 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.06 ± 0.01 a

Water content (%) 15.8 ± 3.19 ab 16.4 ± 2.55 ab 13.6 ± 1.52 ab 14.7 ± 1.12 ab 12.6 ± 0.74 b 17.0 ± 2.92 ab 15.0 ± 1.40 ab 19.5 ± 2.18 a

WFPS (%) 44.2 ± 7.75 ab 47.4 ± 8.58 ab 38.5 ± 4.02 ab 41.4 ± 4.20 ab 35.8 ± 3.18 b 49.0 ± 7.56 ab 42.9 ± 4.33 ab 55.4 ± 6.40 a

OM (%) 0.87 ± 0.06 f 1.28 ± 0.04 c 1.02 ± 0.04 ef 1.21 ± 0.03 cd 1.09 ± 0.07 de 1.37 ± 0.08 c 1.87 ± 0.04 b 2.11 ± 0.08 a

OC (%) 0.51 ± 0.04 f 0.74 ± 0.02 c 0.59 ± 0.02 ef 0.70 ± 0.02 cd 0.63 ± 0.04 de 0.79 ± 0.05 c 1.08 ± 0.02 b 1.22 ± 0.05 a

Total C (%) 2.48 ± 0.03 d 3.15 ± 0.11 ab 2.19 ± 0.06 e 2.72 ± 0.15 cd 2.62 ± 0.12 d 2.94 ± 0.09 bc 3.20 ± 0.07 ab 3.42 ± 0.10 a

Total N (%) 0.15 ± 0.01 c 0.20 ± 0.02 abc 0.19 ± 0.02 bc 0.19 ± 0.03 bc 0.18 ± 0.03 bc 0.21 ± 0.03 abc 0.24 ± 0.02 ab 0.26 ± 0.03 a

NH4+ (mg·kg−1) 0.10 ± 0.02 d 0.32 ± 0.09 d 1.06 ± 0.07 bc 1.07 ± 0.08 bc 0.96 ± 0.12 c 1.05 ± 0.09 bc 1.55 ± 0.42 ab 1.94 ± 0.25 a

NO3− (mg·kg−1) 11.3 ± 1.02 d 40.0 ± 7.50 b 24.2 ± 3.00 cd 28.9 ± 3.80 bc 23.2 ± 3.17 cd 23.9 ± 3.45 cd 58.7 ± 4.70 a 73.2 ± 10.0 a

Available P (mg·kg−1) 21.5 ± 2.35 d 61.7 ± 3.04 d 38.6 ± 7.02 d 279 ± 32.2 c 31.7 ± 2.42 d 291 ± 40.7 c 415 ± 42.5 b 808 ± 54.7 a

Exchangeable K
(mg·kg−1)

6.84 ± 1.47 b 23.1 ± 5.38 b 8.18 ± 1.52 b 9.43 ± 0.92 b 18.9 ± 3.08 b 25.3 ± 6.31 b 30.5 ± 5.57 b 115 ± 26.9 a

CEC (cmol·kg−1) 3.84 ± 0.09 e 3.52 ± 0.08 f 4.60 ± 0.08 c 4.27 ± 0.10 d 3.91 ± 0.05 e 5.15 ± 0.11 b 6.26 ± 0.10 a 5.25 ± 0.08 b

Bulk density (g·cm−3) 1.71 ± 0.03 a 1.73 ± 0.03 a 1.71 ± 0.02 a 1.71 ± 0.03 a 1.71 ± 0.03 a 1.73 ± 0.03 a 1.72 ± 0.03 a 1.72 ± 0.03 a

SOC stock (Mg·ha−1) 17.3 ± 1.03 f 25.6 ± 0.40 c 20.3 ± 0.76 ef 24.1 ± 0.34 cd 21.6 ± 1.09 de 27.4 ± 1.97 c 37.3 ± 1.26 b 42.0 ± 2.01 a

Note: Different letters indicate significant differences (p < 0.05) among treatments. Control, no amendments; CRI, crop residue incorporation; NF, NPF, NKF and NPKF, refer to N, NP
and NK, NPK fertilizer applications, respectively; NPKFCRI, combination of NPKF and CRI treatments; and NPKFCPA, combination of NPKF and CP addition. EC, electrical
conductivity; WFPS, water-filled pore space; OM, organic matter; OC, organic carbon; CEC, cation exchange capacity; SOC, soil organic carbon.
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system-specific values, as reliance on IPCC default values may
lead to significant inaccuracies in GHG emission estimates[57].

The  N2O  emissions  intensity  per  unit  yield  highlighted  the
NPKFCRI treatment as the most efficient practice in balancing
environmental  and  food  security  objectives.  However,
additional  mitigation  strategies,  such  as  optimized  N fertilizer
application  or  integration  with  nitrification  inhibitors,  are
recommended  to  minimize  excess  N  inputs  and  reduce  N2O
emissions[58]. Combining nitrification inhibitors with fertilizers
can enhance N use  efficiency,  reduce  N losses  and lower  N2O
emissions  without  compromising  yield  or  quality[59,60].  This
integrated  approach  offers  a  sustainable  pathway  for  cassava
production,  addressing  both  productivity  and  environmental
concerns.
 

4.2    Changes in soil properties and crop production
by diverse long-term fertilizations
Long-term mineral  fertilizer  application  (47  years)  resulted  in
significant  soil  acidification  (Table 6).  N  fertilizer-induced
nitrification  has  been  identified  as  a  primary  mechanism
driving  soil  acidification[61,62].  The  proton  production
associated  with  nitrification  processes  contributes  to  the
lowering  of  soil  pH[45,61].  Wang  et  al.[63] indicated  that
ammonium  nitrate  and  urea  applications  lowered  soil  pH  by
0.18–1.7  units,  whereas  organic  N  additions  caused  less
acidification  due  to  slower  nitrification  rates.  Similarly,  the
alkalinity of the compost was found to ameliorate soil acidity in

NPKFCPA treatment  compared  to  other  fertilizer  application
regimes.  Substantial  acidification  associated  with  prolonged
mineral  fertilizer  application  was  identified  as  a  critical  factor
reducing  cassava  growth  and  yield[64].  Although  cassava  can
tolerate acidic soils,  its  optimal pH range lies  between 5.5 and
7.5[65]. Thus, strategies to mitigate soil acidification, such as the
application  of  dolomite[66],  lime[65] or  biochar[67,68],  are
recommended.  Biochar,  in  particular,  has  shown  promise  in
enhancing soil pH and mitigating re-acidification over time[67].
The  application  of  NPK  fertilizers  resulted  in  nutrient
accumulation  in  the  post-harvest  soil,  mirroring  the  nutrient
composition of the applied fertilizers. The findings highlighted
that  the  absence  of  K  in  fertilizer  applications  significantly
reduced  cassava  growth  and  yield  (Table 5).  For  instance,  the
absence  of  K  in  fertilizer  applications  led  to  a  60.7%  yield
reduction  in  the  NF treatment  and  a  42.8%  reduction  in  the
NPF treatment.  These  results  underscore  the  critical  roles  of
balancing N, P, and K for optimal cassava growth, with N and
K exerting greater influence than P (Table S3). This aligns with
findings  by  Janket  et  al.[69],  who  reported  nutrient  uptake
requirements of 21.1–32.4 g N, 5.1–6.0 g P, and 26.5–31.3 g K
per plant for optimal cassava biomass and root production.

The  incorporation  of  CR  outperformed  CP  addition  in  this
study, resulting in a 36.8% higher cassava yield when combined
with  NPK  fertilizers.  This  outcome  is  likely  to  be  due  to  the
relatively  higher  K  content  in  CP,  which,  at  excessive  levels,
inhibited  cassava  root  development  and  growth.  Xu  et  al.[70]

demonstrated that excessive K supply reduces root-shoot ratio,

 

 
Fig. 4    Genus-level  taxonomic profiles of  nitrifiers  and denitrifiers  during cassava production in the 2021 season.  Control,  no amendments;
CRI, crop residue incorporation; NF, NPF, NKF and NPKF, refer to N, NP and NK, NPK fertilizer applications, respectively; NPKFCRI, combination of
NPKF and CRI treatments; and NPKFCPA, combination of NPKF and CP addition.
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root  activity  and  NO3– ion  flow,  ultimately  impairing
photosynthetic  efficiency  and  plant  productivity.  These
findings  suggest  that  CR,  which  provides  balanced  nutrient
inputs,  is  more  suitable  than  CP  in  the  study  area.  Organic
amendments  also  enhanced  soil  cation  exchange  capacity,
particularly  in  the  NPKFCRI treatment.  Cooper  et  al.[71]

attributed this effect to the increase in total OC associated with
organic amendments.

The organic amendments (CR and CP) significantly enhanced
SOC  sequestration,  consistent  with  the  findings  of  Menšík
et al.[72] and Wang et al.[73]. After the 2022 season (47 years of
application),  SOC  sequestration  under  the  CRI treatment
increased by 48.0% compared to the control, corresponding to
the  removal  of  30.4  Mg·ha−1 CO2 from  the  atmosphere.
Similarly,  the  NPKFCRI and  NPKFCPA treatments  increased
SOC  by  36.1%  (removing  36.3  Mg·ha−1 CO2)  and  53.3%
(removing  53.5  Mg·ha−1 CO2),  respectively,  relative  to  the
NPKF treatment.  This  improvement  is  attributed  to  the
mineralization  of  OC  by  microbial  activity,  which  releases
nutrients  that  promote  plant  growth[74].  Enhanced  plant
growth  contributes  to  SOC  storage  through  increased  net
primary  productivity,  root  litter,  and  root  exudation[50,75].
Zhao  et  al.[76] further  emphasized  that  organic  amendments
enhance  SOC  storage  by  sequestering  C  in  stable
macroaggregates  and  microaggregates.  Similarly,  Mi  et  al.[77]

reported that the combined application of NPK fertilizers with
organic  amendments  improved  soil  aggregate  stability,
particularly  macroaggregates  (>  0.25  mm)  and  contributed  to
SOC enrichment.

This  long-term  study  highlights  that  combining  mineral
fertilizers  with  organic  amendments,  particularly  CR,  sustains
soil  quality,  enhances  SOC  sequestration  and  improves  crop
yields  while  mitigating GHG emissions per  unit  yield.  Menšík
et  al.[72] also observed that  organic  amendments  contribute  to
long-term  stable  crop  yields  and  optimal  soil  quality.
Additionally, Munyahali et al.[78] demonstrated that combining
mineral  and  organic  amendments  resulted  in  greater  cassava

growth  and  yields  compared  to  mineral  fertilizer  application
alone.

To  optimize  cassava  yield  while  improving  soil  quality  and
mitigating  GHG  emissions,  the  proportional  adjustment  of
mineral fertilizers and organic amendments, such as increasing
the  proportion  of  CR  while  reducing  mineral  fertilizer
applications, is recommended. Such integrated approaches can
enhance soil health, ensure sustainable productivity and reduce
the environmental footprint of cassava production systems.
 

5    Conclusions
 
This  study,  based  on  a  47-year-long  fertilizer  management
experiment  in  cassava  production  in  Thailand,  revealed  that
organic carbon inputs from CR and CP significantly influenced
CO2 emissions  through  organic  matter  decomposition.  N
inputs  from  both  mineral  fertilizers  and  organic  amendments
stimulated  N2O  emissions  primarily  via  nitrification.  For  soil
properties,  specific  nutrient  additions  led  to  the  accumulation
of  applied  nutrients.  Mineral  fertilizer  application  intensified
soil  acidification,  whereas  organic  amendments,  including  CR
and  CP,  enhanced  SOC  sequestration.  CP  addition  also
improved  soil  pH  and  increased  P  and  K  levels.  Among  the
evaluated  practices,  the  combined  application  of  NPK
fertilizers with CR (NPKFCRI treatment) involved the highest C
and  N  inputs,  resulting  in  the  highest  GHG  emissions.
However,  this  practice  also  achieved the  highest  cassava yield,
leading to the statistically lowest GHG emissions intensity per
unit  yield.  Consequently,  the  NPKFCRI treatment  practice  is
recommended for  cassava production systems.  To enhance its
sustainability, additional soil management strategies should be
implemented to mitigate soil acidification and GHG emissions.
These  may  include  periodic  applications  of  lime,  dolomite  or
biochar  to  stabilize  soil  pH,  prevent  yield  declines  associated
with  soil  acidity,  and  enhance  GHG  mitigation  potential.
Additionally,  the  use  of  nitrification  inhibitors  is
recommended  to  suppress  N2O  emissions  without
compromising  yield,  thereby  promoting  sustainable  cassava
production with improved environmental outcomes.

Supplementary materials
The  online  version  of  this  article  at https://doi.org/10.15302/J-FASE-2025641 contains  supplementary  materials  (Fig.  S1;
Tables S1–S4).

Acknowledgements
This research has received funding support from the National Science, Research and Innovation Fund via the Program Management
Unit for Human Resources & Institutional Development, Research and Innovation, Thailand (B40G660040). Additional support was
provided by the Joint Graduate School of Energy and Environment at King Mongkut’s University of Technology Thonburi, the Center

914 Front. Agr. Sci. Eng. 2025, 12(4): 900–918

https://doi.org/10.15302/J-FASE-2025641
https://doi.org/10.15302/J-FASE-2025641
https://doi.org/10.15302/J-FASE-2025641
https://doi.org/10.15302/J-FASE-2025641
https://doi.org/10.15302/J-FASE-2025641


of  Excellence  on  Energy  Technology  and  Environment,  Postgraduate  Education  and  Research  Development  Office,  the  Ministry  of
Higher Education, Science, Research and Innovation, and the Department of Environmental Science at Silpakorn University, Thailand.

Compliance with ethics guidelines
Patikorn Sriphirom, Amnat Chidthaisong, Wanlee Amornpon, Kazuyuki Yagi, Wanida Nobuntou, Nimaradee Boonapatcharoen, and
Wantanasak Suksong declare that they have no conflicts of interest or financial conflicts to disclose. This article does not contain any
studies with human or animal subjects performed by any of the authors.

REFERENCES 

 Intergovernmental  Panel  on Climate  Change  (IPCC). Climate
Change  2021:  The  Physical  Science  Basis.  Contribution  of
Working  Group  I  to  the  Sixth  Assessment  Report  of  the
Intergovernmental  Panel  on  Climate  Change.  Cambridge,
United  Kingdom  and  New  York: Cambridge  University  Press,
2021

1.

 Chataut  G,  Bhatta  B,  Joshi  D,  Subedi  K,  Kafle  K. Greenhouse
gases  emission  from  agricultural  soil:  a  review. Journal  of
Agriculture and Food Research, 2023, 11: 100533

2.

 Fang  C,  Moncrieff  J  B. The  dependence  of  soil  CO2 efflux  on
temperature. Soil Biology & Biochemistry, 2001, 33(2): 155–165

3.

 Rahman M M. Carbon dioxide emission from soil. Agricultural
Research, 2013, 2(2): 132–139

4.

 Hayatsu  M,  Tago  K,  Saito  M. Various  players  in  the  nitrogen
cycle:  diversity  and  functions  of  the  microorganisms  involved
in  nitrification  and  denitrification. Soil  Science  and  Plant
Nutrition, 2008, 54(1): 33–45

5.

 Hayashi K,  Tokida T,  Kajiura M, Yanai Y,  Yano M. Cropland
soil-plant  systems  control  production  and  consumption  of
methane  and  nitrous  oxide  and  their  emissions  to  the
atmosphere. Soil Science and Plant Nutrition, 2015, 61(1): 2–33

6.

 Office  of  Natural  Resources  and  Environmental  Policy  and
Planning  (ONEP). Thailand’s  fourth  Biennial  Update  Report.
Bangkok: Office of Natural Resources and Environmental Policy
and Planning, Minister of Natural Resources and Environment,
2022

7.

 Martins M R, Jantalia C P, Polidoro J C, Batista J N, Alves B J
R,  Boddey  R  M,  Urquiaga  S. Nitrous  oxide  and  ammonia
emissions from N fertilization of maize crop under no-till in a
Cerrado soil. Soil & Tillage Research, 2015, 151: 75–81

8.

 Nyamadzawo  G,  Shi  Y,  Chirinda  N,  Olesen  J  E,  Mapanda  F,
Wuta  M,  Wu  W  L,  Meng  F  Q,  Oelofse  M,  de  Neergaard  A,
Smith  J. Combining  organic  and  inorganic  nitrogen
fertilisation  reduces  N2O  emissions  from  cereal  crops:  a
comparative  analysis  of  China and Zimbabwe. Mitigation and
Adaptation Strategies for Global Change, 2017, 22(2): 233–245

9.

 Chi  Y  B,  Yang  P  L,  Ren  S  M,  Yang  J. Finding  the  optimal
fertilizer type and rate to balance yield and soil GHG emissions
under  reclaimed  water  irrigation. Science  of  the  Total
Environment, 2020, 729: 138954

10.

 Lu  S  B,  Zhang  X  L,  Liang  P. Influence  of  drip  irrigation  by11.

reclaimed  water  on  the  dynamic  change  of  the  nitrogen
element in soil and tomato yield and quality. Journal of Cleaner
Production, 2016, 139: 561–566

 Ku H H, Hayashi K, Agbisit  R,  Villegas-Pangga G. Evaluation
of fertilizer and water management effect on rice performance
and  greenhouse  gas  intensity  in  different  seasonal  weather  of
tropical  climate. Science  of  the  Total  Environment, 2017,
601−602: 1254−1262

12.

 Chi  Y  B,  Yang  P  L,  Ren  S  M,  Ma N,  Yang  J,  Xu  Y. Effects  of
fertilizer  types  and water  quality  on carbon dioxide  emissions
from  soil  in  wheat-maize  rotations. Science  of  the  Total
Environment, 2020, 698: 134010

13.

 Zhang X B, Xu M G, Sun N, Wang X J, Wu L, Wang B R, Li D
C. How  do  environmental  factors  and  different  fertilizer
strategies affect soil CO2 emission and carbon sequestration in
the upland soils of southern China. Applied Soil Ecology, 2013,
72: 109–118

14.

 Liyanage  A,  Grace  P  R,  Scheer  C,  de  Rosa  D,  Ranwala  S,
Rowlings  D  W. Carbon  limits  non-linear  response  of  nitrous
oxide  (N2O)  to  increasing  N  inputs  in  a  highly-weathered
tropical  soil  in  Sri  Lanka. Agriculture,  Ecosystems &
Environment, 2020, 292: 106808

15.

 Intergovernmental  Panel  on Climate  Change  (IPCC). Climate
Change  2022:  Mitigation  of  Climate  Change.  Contribution  of
Working  Group  III  to  the  Sixth  Assessment  Report  of  the
Intergovernmental  Panel  on Climate  Change.  Cambridge,  UK
and New York: Cambridge University Press, 2022

16.

 Office of Agricultural Economics (OAE). Agricultural Statistics
of  Thailand  2023.  Bangkok: Office  of  Agricultural  Economics,
Ministry of Agriculture and Cooperatives, 2024

17.

 Gerber J S, Carlson K M, Makowski D, Mueller N D, Garcia de
Cortazar-Atauri I, Havlík P, Herrero M, Launay M, O’Connell
C  S,  Smith  P,  West  P  C. Spatially  explicit  estimates  of  N2O
emissions  from  croplands  suggest  climate  mitigation
opportunities  from  improved  fertilizer  management. Global
Change Biology, 2016, 22(10): 3383–3394

18.

 Sriphirom  P,  Rossopa  B,  Boonapatcharoen  N. Assessment  of
direct  nitrous  oxide  emissions  and  emission  factors  from
sugarcane  plantations  using  different  rates  of  chemical
fertilizer  application  in  western  Thailand. Clean  Technologies
and Environmental Policy, 2024: 1−16

19.

Patikorn SRIPHIROM et al. Greenhouse gas emissions from cassava production in Thailand 915

https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/j.jafr.2023.100533
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1016/S0038-0717(00)00125-5
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1111/j.1747-0765.2007.00195.x
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1080/00380768.2014.994469
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1016/j.still.2015.03.004
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1007/s11027-014-9560-9
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.scitotenv.2020.138954
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.jclepro.2016.08.013
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2017.05.277
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.scitotenv.2019.134010
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.apsoil.2013.05.014
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1016/j.agee.2019.106808
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1111/gcb.13341
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y
https://doi.org/10.1007/s10098-024-03071-y


 Sriphirom  P,  Chidthaisong  A,  Yagi  K,  Nobuntou  W,
Luanmanee S, Boonapatcharoen N, Suksong W. Direct nitrous
oxide emissions from a crop rotation of maize and mung bean
after  different  long-term  fertilizer  applications  in  Thailand.
Field Crops Research, 2024, 312: 109382

20.

 Pansu  M,  Gautheyrou  J. Handbook  of  Soil  Analysis:
Mineralogical,  Organic  and  Inorganic  Methods.  Heidelberg:
Springer Berlin, 2006

21.

 Thomas D H, Rey M, Jackson P E. Determination of inorganic
cations  and  ammonium  in  environmental  waters  by  ion
chromatography with a high-capacity cation-exchange column.
Journal of Chromatography A, 2002, 956(1−2): 181–186

22.

 Morales  J  A,  de  Graterol  L  S,  Velasquez  H,  de  Nava  M  G,  de
Borrego B S. Determination by ion chromatography of selected
organic  and  inorganic  acids  in  rainwater  at  Maracaibo,
Venezuela. Journal  of  Chromatography  A, 1998, 804(1−2):
289–294

23.

 Lee J, Hopmans J W, Rolston D E, Baer S G, Six J. Determining
soil carbon stock changes: simple bulk density corrections fail.
Agriculture,  Ecosystems & Environment, 2009, 134(3−4):
251–256

24.

 Linn  D  M,  Doran  J  W. Effect  of  water-filled  pore  space  on
carbon dioxide and nitrous oxide production in tilled and non-
tilled soils. Soil Science Society of America Journal, 1984, 48(6):
1267–1272

25.

 Wang W J, Park G, Reeves S, Zahmel M, Heenan M, Salter B.
Nitrous  oxide  emission  and  fertiliser  nitrogen  efficiency  in  a
tropical  sugarcane  cropping  system  applied  with  different
formulations  of  urea. Soil  Research  (Collingwood,  Vic.), 2016,
54(5): 572–584

26.

 Sun  W  M,  Li  J  W,  Jiang  L,  Sun  Z  L,  Fu  M  Y,  Peng  X  T.
Profiling  microbial  community  structures  across  six  large
oilfields  in  China  and  the  potential  role  of  dominant
microorganisms  in  bioremediation. Applied  Microbiology  and
Biotechnology, 2015, 99(20): 8751–8764

27.

 Hilderbrand  R  H,  Keller  S  R,  Laperriere  S  M,  Santoro  A  E,
Cessna  J,  Trott  R. Microbial  communities  can  predict  the
ecological  condition  of  headwater  streams. PLoS  One, 2020,
15(8): e0236932

28.

 Bolyen E, Rideout J R, Dillon M R, Bokulich N A, Abnet C C,
Al-Ghalith G A, Alexander H, Alm E J, Arumugam M, Asnicar
F,  Bai  Y,  Bisanz  J  E,  Bittinger  K,  Brejnrod  A,  Brislawn  C  J,
Brown C T,  Callahan B J,  Caraballo-Rodríguez  A M,  Chase  J,
Cope E K, Da Silva R, Diener C, Dorrestein P C, Douglas G M,
Durall  D  M,  Duvallet  C,  Edwardson  C  F,  Ernst  M,  Estaki  M,
Fouquier J, Gauglitz J M, Gibbons S M, Gibson D L, Gonzalez
A,  Gorlick  K,  Guo  J  R,  Hillmann  B,  Holmes  S,  Holste  H,
Huttenhower C, Huttley G A, Janssen S, Jarmusch A K, Jiang L
J,  Kaehler  B  D,  Kang  K  B,  Keefe  C  R,  Keim  P,  Kelley  S  T,
Knights D, Koester I, Kosciolek T, Kreps J, Langille M G I, Lee
J, Ley R, Liu Y X, Loftfield E, Lozupone C, Maher M, Marotz C,
Martin B D, McDonald D, McIver L J, Melnik A V, Metcalf J L,
Morgan  S  C,  Morton  J  T,  Naimey  A  T,  Navas-Molina  J  A,
Nothias L F, Orchanian S B, Pearson T, Peoples S L, Petras D,

29.

Preuss M L, Pruesse E, Rasmussen L B, Rivers A, Robeson M S
II, Rosenthal P, Segata N, Shaffer M, Shiffer A, Sinha R, Song S
J, Spear J R, Swafford A D, Thompson L R, Torres P J, Trinh P,
Tripathi  A,  Turnbaugh  P  J,  Ul-Hasan  S,  van  der  Hooft  J  J  J,
Vargas  F,  Vázquez-Baeza  Y,  Vogtmann  E,  von  Hippel  M,
Walters  W,  Wan  Y  H,  Wang  M  X,  Warren  J,  Weber  K  C,
Williamson C H D, Willis A D, Xu Z J Z, Zaneveld J R, Zhang
Y  L,  Zhu  Q  Y,  Knight  R,  Caporaso  J  G. Reproducible,
interactive,  scalable  and  extensible  microbiome  data  science
using QIIME 2. Nature Biotechnology, 2019, 37(8): 852–857

 Martin  M. Cutadapt  removes  adapter  sequences  from  high-
throughput  sequencing  reads. EMBnet.Journal, 2011, 17(1):
10–12

30.

 Callahan B J, McMurdie P J, Rosen M J, Han A W, Johnson A J
A,  Holmes  S  P. DADA2:  high-resolution  sample  inference
from  Illumina  amplicon  data. Nature  Methods, 2016, 13(7):
581–583

31.

 Quast  C,  Pruesse  E,  Yilmaz  P,  Gerken  J,  Schweer  T,  Yarza  P,
Peplies  J,  Glöckner  F  O. The  SILVA  ribosomal  RNA  gene
database  project:  improved  data  processing  and  web-based
tools. Nucleic Acids Research, 2013, 41(D1): D590–D596

32.

 Bokulich N A,  Kaehler  B D,  Rideout J  R,  Dillon M, Bolyen E,
Knight  R,  Huttley  G  A,  Caporaso  J  G. Optimizing  taxonomic
classification of marker-gene amplicon sequences with QIIME
2’s q2-feature-classifier plugin. Microbiome, 2018, 6(1): 90

33.

 Howe E, Holton K, Nair S, Schlauch D, Sinha R, Quackenbush
J. Mev: multiexperiment viewer. In: Ochs M F, Casagrande J T,
Davuluri  R  V,  eds.  Biomedical  Informatics  for  Cancer
Research. New York: Springer, 2010, 267–277

34.

 Dixon  P. VEGAN,  a  package  of  R  functions  for  community
ecology. Journal of Vegetation Science, 2003, 14(6): 927–930

35.

 Sosulski  T,  Stępień  W,  Wąs  A,  Szymańska  M. N2O  and  CO2

emissions  from  bare  soil:  effect  of  fertilizer  management.
Agriculture, 2020, 10(12): 602

36.

 Adviento-Borbe M A A, Haddix M L, Binder D L, Walters D T,
Dobermann A. Soil greenhouse gas fluxes and global warming
potential  in  four  high-yielding  maize  systems. Global  Change
Biology, 2007, 13(9): 1972–1988

37.

 Liu W C, Fang J  B,  Liang Y Y,  Wang X, Zhang Q, Wang J  D,
He M F, Wang W J, Deng J, Ren C J, Zhang W, Han X H. Acid
rain  reduced  soil  carbon  emissions  and  increased  the
temperature  sensitivity  of  soil  respiration:  a  comprehensive
meta-analysis. Science  of  the  Total  Environment, 2024, 923:
171370

38.

 Rochette  P,  Flanagan  L  B,  Gregorich  E  G. Separating  soil
respiration  into  plant  and  soil  components  using  analyses  of
the  natural  abundance  of  carbon-13. Soil  Science  Society  of
America Journal, 1999, 63(5): 1207–1213

39.

 Amos  B,  Arkebauer  T  J,  Doran  J  W. Soil  surface  fluxes  of
greenhouse  gases  in  an  irrigated  maize-based  agroecosystem.
Soil Science Society of America Journal, 2005, 69(2): 387–395

40.

 Wang J B, Xie J H, Li L L, Effah Z, Xie L H, Luo Z Z, Zhou Y J,
Jiang  Y  J. Fertilization  treatments  affect  soil  CO2 emission
through  regulating  soil  bacterial  community  composition  in

41.

916 Front. Agr. Sci. Eng. 2025, 12(4): 900–918

https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/j.fcr.2024.109382
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(02)00141-3
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/S0021-9673(98)00030-2
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.1016/j.agee.2009.07.006
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1071/SR15314
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1007/s00253-015-6748-1
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1371/journal.pone.0236932
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.3390/agriculture10120602
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.1016/j.scitotenv.2024.171370
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj1999.6351207x
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.2136/sssaj2005.0387
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4


the  semiarid  Loess  Plateau. Scientific  Reports, 2022, 12(1):
20123

 Pareja-Sánchez  E,  Cantero-Martínez  C,  Álvaro-Fuentes  J,
Plaza-Bonilla  D. Tillage  and  nitrogen  fertilization  in  irrigated
maize: key practices to reduce soil CO2 and CH4 emissions. Soil
& Tillage Research, 2019, 191: 29–36

42.

 Tao  J  J,  Fan  L  C,  Zhou  J  B,  Banfield  C  C,  Kuzyakov  Y,
Zamanian  K. Nitrification-induced  acidity  controls  CO2

emission  from  soil  carbonates. Soil  Biology & Biochemistry,
2024, 192: 109398

43.

 Wang  C,  Amon  B,  Schulz  K,  Mehdi  B. Factors  that  influence
nitrous oxide emissions from agricultural  soils  as well  as their
representation  in  simulation  models:  a  review. Agronomy,
2021, 11(4): 770

44.

 Wang J, Tu X S, Zhang H M, Cui J Y, Ni K, Chen J L, Cheng Y,
Zhang  J  B,  Chang  S  X. Effects  of  ammonium-based  nitrogen
addition  on  soil  nitrification  and  nitrogen  gas  emissions
depend on fertilizer-induced changes in pH in a tea plantation
soil. Science of the Total Environment, 2020, 747: 141340

45.

 Hatzenpichler  R. Diversity,  physiology,  and  niche
differentiation  of  ammonia-oxidizing  archaea. Applied  and
Environmental Microbiology, 2012, 78(21): 7501–7510

46.

 Davidson  E  A,  Matson  P  A,  Brooks  P  D. Nitrous  oxide
emission  controls  and  inorganic  nitrogen  dynamics  in
fertilized  tropical  agricultural  soils. Soil  Science  Society  of
America Journal, 1996, 60(4): 1145–1152

47.

 Ruser R, Flessa H, Russow R, Schmidt G, Buegger F, Munch J
C. Emission  of  N2O,  N2 and  CO2 from  soil  fertilized  with
nitrate:  effect  of  compaction,  soil  moisture and rewetting. Soil
Biology & Biochemistry, 2006, 38(2): 263–274

48.

 Mania  D,  Woliy  K,  Degefu  T,  Frostegård  Å. A  common
mechanism  for  efficient  N2O  reduction  in  diverse  isolates  of
nodule-forming  bradyrhizobia. Environmental  Microbiology,
2020, 22(1): 17–31

49.

 Lazcano  C,  Zhu-Barker  X,  Decock  C. Effects  of  organic
fertilizers  on  the  soil  microorganisms  responsible  for  N2O
emissions: a review. Microorganisms, 2021, 9(5): 983

50.

 Weier K L, Doran J W, Power J F, Walters D T. Denitrification
and the dinitrogen/nitrous oxide ratio as affected by soil water,
available  carbon,  and  nitrate. Soil  Science  Society  of  America
Journal, 1993, 57(1): 66–72

51.

 Clough  T  J,  Sherlock  R  R,  Kelliher  F  M. Can  liming  mitigate
N2O  fluxes  from  a  urine-amended  soil. Soil  Research, 2003,
41(3): 439–457

52.

 Šimek  M,  Jíšová  L,  Hopkins  D  W. What  is  the  so-called
optimum  pH  for  denitrification  in  soil. Soil  Biology &
Biochemistry, 2002, 34(9): 1227–1234

53.

 Hergoualc’h K, Akiyama H, Bernoux M, Chirinda N, Prado A
D,  Kasimir  Å,  MacDonald  J  M,  Ogle  S  M,  Regina  K,  van  der
Weerden  T  J. N2O  emissions  from  managed  soils,  and  CO2

emissions from lime and urea application. In: Calvo Buendia E,
Tanabe  K,  Kranjc  A,  Baasansuren  J,  Fukuda  M,  Ngarize  S,
Osako  A,  Pyrozhenko  Y,  Shermanau  P,  Federici  S,  eds.  2019
Refinement  to  the  2006  IPCC  Guidelines  for  National

54.

Greenhouse  Gas  Inventories,  Volume  4  Agriculture,  Forestry
and Other Land Use. Geneva: IPCC, 2019, 11.1–11.48
 Albanito F, Lebender U, Cornulier T, Sapkota T B, Brentrup F,
Stirling  C,  Hillier  J. Direct  nitrous  oxide  emission  s  from
tropical  and  sub-tropical  agricultural  systems—A  review  and
modelling  of  emission  factors. Scientific  Reports, 2017, 7(1):
44235

55.

 Yuttitham  M,  Chidthaisong  A,  Ruangchu  U. N2O  fluxes  and
direct N2O emission factors from maize cultivation on Oxisols
in Thailand. Geoderma Regional, 2020, 20: e00244

56.

 Liang  C,  MacDonald  D,  Thiagarajan  A,  Flemming  C,
Cerkowniak  D,  Desjardins  R. Developing  a  country  specific
method  for  estimating  nitrous  oxide  emissions  from
agricultural  soils  in  Canada. Nutrient  Cycling  in
Agroecosystems, 2020, 117(2): 145–167

57.

 Shi  H,  Liu  G  H,  Chen  Q  Q. Research  hotspots  and  trends  of
nitrification inhibitors: a bibliometric review from 2004–2023.
Sustainability, 2024, 16(10): 3906

58.

 Alonso-Ayuso  M,  Gabriel  J  L,  Quemada  M. Nitrogen  use
efficiency  and  residual  effect  of  fertilizers  with  nitrification
inhibitors. European Journal of Agronomy, 2016, 80: 1–8

59.

 Pengthamkeerati  P,  Modtad  A. Nitrification  inhibitor  effects
on nitrous oxide emission, nitrogen transformation, and maize
(Zea  mays L.)  yield  in  loamy  sand  soil  in  Thailand.
Communications  in  Soil  Science  and  Plant  Analysis, 2016,
47(7): 875–887

60.

 Raza  S,  Miao  N,  Wang  P  Z,  Ju  X  T,  Chen  Z  J,  Zhou  J  B,
Kuzyakov  Y. Dramatic  loss  of  inorganic  carbon  by  nitrogen-
induced soil acidification in Chinese croplands. Global Change
Biology, 2020, 26(6): 3738–3751

61.

 Jia  S  N,  Yuan  D,  Li  W  W,  He  W,  Raza  S,  Kuzyakov  Y,
Zamanian K, Zhao X N. Soil chemical properties depending on
fertilization  and  management  in  China:  a  meta-analysis.
Agronomy, 2022, 12(10): 2501

62.

 Wang  Z,  Tao  T  T,  Wang  H,  Chen  J,  Small  G  E,  Johnson  D,
Chen J H, Zhang Y J, Zhu Q C, Zhang S M, Song Y T, Kattge J,
Guo P, Sun X. Forms of nitrogen inputs regulate the intensity
of  soil  acidification. Global  Change  Biology, 2023, 29(14):
4044–4055

63.

 Ge S, Zhu Z, Jiang Y. Long-term impact of fertilization on soil
pH and fertility in an apple production system. Journal of Soil
Science and Plant Nutrition, 2018, 18(1): 282–293

64.

 Caribbean  Agricultural  Research  and  Development  Institute
(CARDI). Fact  Sheet,  Growing  Cassava:  Soil  and  Water
Management.  Commonwealth  of  Dominica:  CARDI,  2021.
Available at CARDI website on March 10, 2024

65.

 Shaaban M, Peng Q A,  Hu R,  Wu Y,  Lin S,  Zhao J. Dolomite
application  to  acidic  soils:  a  promising  option  for  mitigating
N2O emissions. Environmental  Science  and Pollution Research
International, 2015, 22(24): 19961–19970

66.

 Shi R Y, Li J Y, Ni N, Xu R K. Understanding the biochar’s role
in  ameliorating  soil  acidity. Journal  of  Integrative  Agriculture,
2019, 18(7): 1508–1517

67.

 Tusar H M, Uddin M K, Mia S, Suhi A A, Wahid S B A, Kasim68.

Patikorn SRIPHIROM et al. Greenhouse gas emissions from cassava production in Thailand 917

https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1038/s41598-022-21108-4
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.still.2019.03.007
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.1016/j.soilbio.2024.109398
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.3390/agronomy11040770
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1016/j.scitotenv.2020.141340
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.1128/AEM.01960-12
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.2136/sssaj1996.03615995006000040027x
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1016/j.soilbio.2005.05.005
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.1111/1462-2920.14731
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.3390/microorganisms9050983
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.2136/sssaj1993.03615995005700010013x
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1071/SR02079
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1016/S0038-0717(02)00059-7
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1016/j.geodrs.2019.e00244
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.1007/s10705-020-10058-w
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.3390/su16103906
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1016/j.eja.2016.06.008
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1080/00103624.2016.1159314
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.1111/gcb.15101
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.3390/agronomy12102501
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.1111/gcb.16746
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.4067/S0718-95162018005001002
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1007/s11356-015-5238-4
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.1016/S2095-3119(18)62148-3
https://doi.org/10.3390/su151813366


S,  Sairi  N  A,  Alam  Z,  Anwar  F. Biochar-acid  soil
interactions—A review. Sustainability, 2023, 15(18): 13366
 Janket  A,  Vorasoot  N,  Toomsan  B,  Kaewpradit  W,
Theerakulpisut  P,  Holbrook  C  C,  Kvien  C  K,  Jogloy  S,
Banterng P. Quantitative  evaluation of  macro-nutrient  uptake
by  cassava  in  a  tropical  savanna  climate. Agriculture, 2021,
11(12): 1199

69.

 Xu X, Du X, Wang F, Sha J, Chen Q, Tian G, Zhu Z, Ge S, Jiang
Y. Effects  of  potassium  levels  on  plant  growth,  accumulation
and  distribution  of  carbon,  and  nitrate  metabolism  in  apple
dwarf rootstock seedlings. Frontiers in Plant Science, 2020, 11:
904

70.

 Cooper J, Greenberg I, Ludwig B, Hippich L, Fischer D, Glaser
B,  Kaiser  M. Effect  of  biochar  and compost  on soil  properties
and  organic  matter  in  aggregate  size  fractions  under  field
conditions. Agriculture, Ecosystems & Environment, 2020, 295:
106882

71.

 Menšík L, Hlisnikovský L, Pospíšilová L, Kunzová E. The effect
of application of organic manures and mineral fertilizers on the
state of soil organic matter and nutrients in the long-term field
experiment. Journal  of  Soils  and  Sediments, 2018, 18(8):
2813–2822

72.

 Wang H, Xu J, Liu X, Zhang D, Li L, Li W, Sheng L. Effects of
long-term  application  of  organic  fertilizer  on  improving

73.

organic  matter  content  and  retarding  acidity  in  red  soil  from
China. Soil & Tillage Research, 2019, 195: 104382

 Zhai L M, Liu H B, Zhang J Z, Huang J, Wang B R. Long-term
application  of  organic  manure  and  mineral  fertilizer  on  N2O
and  CO2 emissions  in  a  red  soil  from  cultivated  maize-wheat
rotation in China. Agricultural Sciences in China, 2011, 10(11):
1748–1757

74.

 Sokol  N W,  Bradford M A. Microbial  formation of  stable  soil
carbon is more efficient from belowground than aboveground
input. Nature Geoscience, 2019, 12(1): 46–53

75.

 Zhao Z H, Zhang C Z, Zhang J B, Liu C H, Wu Q C. Fertilizer
impacts  on  soil  aggregation  and  aggregate-associated  organic
components. Plant,  Soil  and  Environment, 2018, 64(7):
338–343

76.

 Mi W H, Chen C, Ma Y Y, Guo S K, Liu M Y, Gao Q, Wu Q C,
Zhao H T. The combined application of mineral fertilizer and
organic amendments improved the stability of soil water-stable
aggregates and C and N accumulation. Agronomy, 2022, 12(2):
469

77.

 Munyahali W, Birindwa D, Pypers P, Swennen R, Vanlauwe B,
Merckx  R. Increased  cassava  growth  and  yields  through
improved variety use and fertilizer application in the highlands
of  South  Kivu,  Democratic  Republic  of  Congo. Field  Crops
Research, 2023, 302: 109056

78.

918 Front. Agr. Sci. Eng. 2025, 12(4): 900–918

https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/su151813366
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3390/agriculture11121199
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.3389/fpls.2020.00904
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1016/j.agee.2020.106882
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1007/s11368-018-1933-3
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1016/S1671-2927(11)60174-0
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.1038/s41561-018-0258-6
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.17221/195/2018-PSE
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.3390/agronomy12020469
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056
https://doi.org/10.1016/j.fcr.2023.109056

