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Abstract
Cotton is the most ubiquitous and profitable fiber with diverse industrial and domestic applications. Grown in over 100 countries, it has a global

market value of about USD 40 billion and employs over 350 million people from fields to textile mills, contributing about 7% of total labor-force

recruitment  in  developing  economies.  Cotton  has  an  indeterminate  growth  habit  and  an  extensive  tap  root  system  affected  by  soil

physicochemical and environmental conditions. There is a consensus among experts that conventional cotton cultivation still has a long way to

go  to  attain  sustainability,  which  is  essential  if  cotton  is  to  maintain  its  competitive  edge  over  other  natural  and  synthetic  fibers  like  hemp,

polyesters,  and  rayon.  Despite  several  efforts  already  committed  to  growing  cotton  sustainably,  sustainability  has  eluded  cotton  cultivation

globally because of the intense farm input needs (freshwater, pesticides, and heavy-duty equipment), especially in developing economies. Some

of  the  technological  advancements  towards  achieving  the  goal  of  sustainable  cotton  cultivation  include  the  development  of  new  varieties,

improved  irrigation  and  mulching  and  precision  agriculture  techniques,  application  of  remote  sensing  and  Unmanned  Aerial  Systems  (UAS)

combined with image processing, and the introduction of autonomous and multi-purpose robotic platforms for growing and harvesting cotton.

This review attempts to evaluate the successes already achieved by stakeholders in moving cotton towards sustainable production and identify

areas  where  efforts  are  still  needed  to  reach  sustainable  production  and  improved  profitability  goals  for  cotton  with  projections  for  future

research directions.
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Cotton  is  the  natural  fiber  of  choice  cultivated  in  over  100
countries,  with China,  India,  and the USA leading in the global
production  ranking.  It  is  a  perennial  crop  with  an  indetermi-
nate  growth  pattern  and  a  complex  tap  root  system  signifi-
cantly  affected  by  physicochemical  and  environmental  condi-
tions  but  is  often  grown  as  an  annual  crop[1].  It  is  a  globally
significant  agricultural  crop  that  supplies  raw  materials  for
diverse  purposes  in  industry  and  has  many  domestic  uses[1−3].
Cotton  fiber  finds  uses  in  many  textile  products  production,
healthcare, and minting of diverse financial securities[2]. On the
other  hand,  cottonseeds,  separated  from  the  fiber  through  a
series  of  operations  collectively  called  ginning,  are  a  good
source  of  edible  oil,  protein  for  animal  feed,  and  soil  amend-
ment  products[2].  The  cotton  industry  employs  about  7%  of
total  labor  in  developing  economies[4] and  directly  and  indi-
rectly  employs  over  350  million  people  globally,  from  primary
cultivation to textile manufacturing[3]. The global cotton market
has  an  estimated  value  of  over  USD 44  billion,  and  in  the  US
alone, official estimates indicate that cotton provides an annual
revenue  of  over  USD 21  billion,  employing  over  125,000
people[5,6].  In  China,  cotton  is  grown  in  about  70%  of  the  35
provinces,  employing  almost  300  million  people[7].  This  back-
ground  emphasizes  the  importance  of  cotton  to  the  global
economy.

Traditionally,  as  shown in Fig.  1b,  cotton is  grown in  gener-
ally tropical and subtropical regions between 46° N latitude and

36°  S  latitude  because  of  the  favorable  climatic  conditions
enabled by the substantial  quantity of  solar  radiation received
annually  (Fig.  1a)[8].  Also,  over  decades,  conventional  cotton
production  practices  have  been  a  major  consumer  of  global
freshwater  supply  (as  a  significant  sector  of  agriculture  that
uses a substantial portion of world freshwater for irrigation)[4,9].
About 73% of global cotton production is under irrigation from
freshwater  sources,  while  the  remaining  27%  is  under  rainfed
cultivation.  Cotton  agronomy  is  also  a  notable  source  of
ground-  and  surface-water  pollution  and  land  degradation
(conversion of habitat to agricultural use) because of the large
consumption  of  chemicals  (pesticides,  herbicides,  etc.)  and
heavy-duty  machinery  (for  tillage,  management,  and
harvesting)[9].

Production  data  was  extracted  from  the  FAO  database  (see
the Supplemental  Table  S1).  Over  the  years,  towards  more
sustainable  cotton  cultivation,  several  practices  and  technolo-
gical  innovations and advancements have been proposed and
adopted  by  the  cotton  industry  to  enhance  yield,  minimize
farm  input  use,  improve  disease  and  stress  resistance,  reduce
drudgery  in  cotton  agronomy,  and  encourage  consumer
acceptability  of  cotton  which  has  moved  from  a  mere  4%  of
global market share of fibers used for textiles production in the
18th century  to  about  48%  in  modern  times[9].  Among  these
innovations  and  technological  advances  are  the  continuous
development  of  new varieties  (cultivars)  of  cotton by multina-
tional  seed  companies  and  researchers  and  the  widespread
adoption  by  the  growers,  improved  mulching  and  irrigation
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methods, precision agriculture technologies leading to reduced
input (pesticide/chemical)  use,  application of unmanned aerial
systems (UAS)/remote sensing systems, image processing tech-
niques, machine learning algorithms for improved soil nutrient
and  weed  management  and  crop  health,  autonomous
harvesters  with  various  onboard  module  building  capabilities,
and the recently proposed small robotic harvesting technology
to enable multiple-pass harvesting of seed cotton[10−24].

These efforts towards making cotton a more sustainable crop
have  yielded  some  results,  but  they  have  also  encountered
many  challenges  and  difficulties  that  still  need  to  be  fully
resolved  before  sustainable  benefits  can  be  derived  from  the
efforts of all the stakeholders. Therefore, this review article aims
to  highlight  the  successes  already  achieved  by  the  cotton
industry  in  making  cotton  agronomy  a  more  sustainable  and
environmentally  friendly  venture  and  identify  other  germane

areas where efforts are still  needed to achieve the overall  goal
of making cotton a continuously competitive natural fiber.

This  review  is  structured  as  follows:  firstly,  I  identified  the
main  sustainability  issues  in  cotton  agronomy,  followed  by  a
detailed analysis  of  the technological  evolutions and advance-
ments in cotton agronomy, then a summary and projections of
future  trends  and  enabling  technologies  for  repositioning
cotton  as  a  sustainably  grown  crop  and  competitive  fiber
follows.  Finally,  the  article  ends  with  a  concluding-remarks
section.

 Key sustainability issues in conventional
cotton farming

Agricultural  production  is  arguably  the  largest  consumer  of
global  freshwater  supply,  consuming  up  to  70%  of  freshwater
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Fig. 1    Global maps showing (a) regions of the world and the relationship between latitude, irradiation, and average regional temperature and
(b) the top 50 cotton-producing countries and their 2017 production. All are geographically located in the warm tropical or subtropical regions
between 36° S and 46° N.
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withdrawn  from  natural  sources  in  some  world  regions  and
presents  the  single  most  significant  risk  to  the  natural  fresh-
water  environment  and  biological  variety[3,9].  Cotton  agro-
nomy  is  one  of  the  three  crop  production  systems  (others  are
rice and wheat)  that consume most of the freshwater used for
agriculture.  For  many years,  farmers  have conventionally  culti-
vated  cotton  (like  many  other  major  cash  crops)  mainly  to
achieve  high  yields  without  much  consideration  for  the  envi-
ronmental  impacts  of  agronomical  practices[3].  From  China  to
Pakistan,  the  US,  and  other  countries,  extensive  groundwater
use  for  agricultural  production  (of  which  cotton  agronomy
takes  a  significant  share)  has  resulted  in  a  detectable  drop  in
the  water  table  levels[3,9,25].  Runoff  from  cotton-grown  fields,
land  reclamation  for  cotton  farming,  drainage  contamination,
large-scale soil  compaction,  and chemical  use are a  few of  the
effects of cotton agronomy on freshwater ecology and environ-
mental diversity.

Runoff  from  cotton-cultivated  fields  can  cause  environmen-
tal  issues  like  eutrophication and wildlife  contamination when
fertilizer  and  other  agricultural  chemicals  (pesticides:  fungi-
cides,  microbicides,  insecticides,  and  herbicides)  are  washed
away  from  farmland  into  waterbodies,  killing  different  aquatic
life  species,  as  there  have  been  recorded  cases  in  Uzbekistan,
Egypt,  and  China,  land  reclamation  for  cotton  production
causes  changes  in  natural  vegetation  cover  and  loss  of  the
natural  habitat  for  some  wildlife[3,9].  Extensive  irrigation  and
dam  constructions,  which  restrict/regulate  water  flow  and
sometimes cause water logging, negatively impact the environ-
ment by causing changes in the water table level, salination of
the  soil  surface  by  leaching  away  non-salt  nutrients  and  leav-
ing behind salt on the soil surface (e.g., in Uzbekistan, Australia,
Pakistan, and Indus River valley). See a detailed summary of the
various  impacts  of  cotton  production  on  freshwater  biodiver-
sity and ecosystems in Table 2.2 of Radhakrishnan, 2017[3,9].

The utilization of heavy-duty equipment, ranging from tillage
implements to large tractors and harvesters (strippers and pick-
ers), which can weigh several tons, is also a significant cause for
concern  regarding  the  impact  of  cotton  production  on  the
environment.  These  heavy  machinerys  compact  agricultural
soils  and  consume  fossil  fuels  that  release  large  volumes  of
greenhouse gases, which contribute to global warming and the
associated  climate  change  and  particulate  matter  that  pollute
the environment, reducing air quality[24,26].

The  world  is  moving  towards  sustainability  —  a  forward-
thinking  approach  of  using  the  limited  available  resources  for
various  production  activities  without  causing  adverse  effects
that would jeopardize living on earth for future generations —
with  the  tripartite  goals  of  ensuring  social  and  economic
equity,  economic  profitability,  and  environmental  health[3].
Conventional  cotton  production  has  not  been  sustainable,  as
evidenced  by  its  diverse  near-permanent  negative  impacts  on
the natural habitat over the decades. To achieve more sustain-
able/green  cotton  production,  growers  must  use  land,  water,
energy, and other natural resources more judiciously[27]. Hence,
cotton  producers  and  industry  players  globally  have  been
taking  steps  towards  responsible  cotton  production  practices
that  may  significantly  lower  land  usage,  water  consumption,
soil  loss,  and energy consumption while  improving soil  health
and  yield.  A  few  of  these  efforts  include  improving  cotton
agronomy  management  practices  and  adopting  innovative
technologies with farm input minimization potentials[27].

In  the  following  section,  some  of  these  significant  efforts
committed by  different  industry  players  in  the  cotton produc-
tion value chain—researchers,  farmers,  and government agen-
cies—to make cotton a more sustainable cash crop with a more
environmentally friendly production have been detailed.

 Technological evolutions and advancements
in cotton agronomy

In  this  section,  discussions  on  a  few  enabling  technological
advancements and efforts that have focused on moving cotton
towards  more  sustainable  production,  improved  profitability,
and increased competitiveness with other natural and synthetic
fibers  are  provided.  The  achieved  fruits  so  far,  the  difficulties
encountered, and the challenges that need overcoming before
the emerging ones can gain market acceptance/commercializa-
tion are discussed.

 New cotton cultivars/hybrids developments
Individual  countries  and  total  global  cotton  production  has

been  trending  upward  in  the  past  few  decades  (see Fig.  2).
Each/most  cotton-producing  country,  including  the  develop-
ing countries of the world, has witnessed a significant increase
in  production  volume/productivity,  contributing  to  higher
cotton  productivity  on  the  global  scale.  Numerous  factors  are
responsible for this data-backed progress, but successful breed-
ing  technologies  have  a  significant  effect.  For  example,  it  is
reported that the introduction and later fast acceptance of new
hybrids  (Bacillus  thuringiensis  (Bt)  transgenic)  certainly  qualify
as  the most  significant  event in  cotton agronomy in India and
globally[28,29].  Several  hybrids,  which  are  genetically-modified
(GM),  pest-resistant  (boll  worms  resistant)  and  herbicide-
tolerant  (HT)  cotton,  have  since  2002−03  captured  the  Indian
cotton market with over 95% of the cultivated cotton farmland
done  with  them[1].  They  have  been  instrumental  in  increasing
India’s  cotton  output,  which  is  now  the  leading  global  cotton
producer since around 2019 and one of the topmost countries
that grow hybrid cotton[29,30].

Cotton  hybrid  research  started  in  the  US,  but  scientists  in
China  created  the  first  successful  GM  cotton  variety  in  1993,
and  it  was  commercially  introduced  for  cultivation  in  other
countries  like  the  USA,  Mexico,  Australia,  and  Argentina  in
1996[32−34].  Since  then,  transgenic  cotton  has  gained  wide-
spread  global  adoption,  rising  from  a  cultivated  area  of  only-
0.8  m  ha  in  1996  to  15.5  m  ha  in  2008[32].  Venugopalan  et  al.
reported  that  in  2008,  less  than  10%  of  the  USA,  South  Africa,
and Australia arable cotton land was uncultivated using geneti-
cally modified varieties, while in India and China, about 75% of
their  cotton  production  was  done  using  GM  cultivars[29].
However,  the GE cotton adoption rate data from the USDA for
1993  to  2023  (see Fig.  3)  shows  that  the  adoption  rate  in  the
USA  only  surpassed  the  90%  level  in  2014[33,35].  However,  it  is
true that India, on the other hand, has long increased the usage
of GM cotton cultivars to > 90%[1,29,32]. Also, after many years of
opposition  to  GM  products,  many  African  countries  (Nigeria,
Kenya,  Sudan,  Eswatini,  Rwanda,  Mozambique,  etc.)  are  open-
ing up to cotton cultivation using GM or biotech hybrids[36].

Although  Bt  and  HT  traits  are  the  most  popular  among
cotton producers in the US, India, and other countries, other GE
varieties/traits  have  been  developed,  including  fungus  and
virus  resistant,  boosted  oil,  protein,  and  vitamin  content,
drought  resistant,  early  maturing,  and  dwarf  or  short
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stature[29,30,33].  While  the  Bt  cotton  hybrid  was  designed  to  be
resistant/tolerant  to  insect  pests  (bollworm/boll  weevils,  pink
bollworm),  by  incorporating  soil  bacterium  Bt  gene  into  vari-
eties  cotton,  the  HT  hybrid  was  designed  to  tolerate  powerful
herbicides  (e.g.,  glufosinate,  Trifluralin,  dicamba,  and
glyphosate) and offer growers a wide array of options of effec-
tively  managing  weeds[30,33,34].  There  are  newer  stacked  GM
varieties that combine these traits of HT and Bt and other simi-
lar  traits  combinations,  and  they  are  more  commonly  used  in
the US than the individual GM traits[33]. There are varied reasons
for  adopting  each  of  these  GM  cotton  hybrids.  For  instance,
where  they  have  been  adopted,  like  the  US,  India,  China,  etc.,

the adoption rate of Bt cotton may not be unconnected to the
severity  of  tobacco  budworm,  bollworm,  and  pink  bollworm
infestations in those regions. The adoption of HT cotton hybrid
may  correlate  with  producers'  desire  to  reduce  the  expensive
and time-consuming dependence on soil  tilling operations for
controlling  pests  and  diseases[29,33,34].  Regardless  of  farmers'
rationale for their  adoption, these technological  shifts towards
GM  cotton  hybrids  have  contributed  immensley  to  moving
cotton  cultivation  to  a  more  sustainable,  environmently-
friendly future.

 Precision agriculture techniques
Realizing  how  unnecessarily  input-intensive  and  unsustain-

able  cotton  agronomy  has  been  practiced  over  the  years,  the
research  community  and  the  agricultural  industry  (in  which
cotton is a major player), through series of efforts came up with
frameworks  to  precisely  time  and  use  seeds,  schedule/apply
irrigation  water,  and  agricultural  chemicals  with  the  hope  of
increasing agricultural yields and creating enhanced economic
value to producers and other agricultural  industry players,  this
framework is generally referred to as precision agriculture (PA) or
site-specific crop management (SSCM)[15]. See Fig. 4 for a concep-
tual overview of what a PA entails. Thus, the agriculture indus-
try  in  most  advanced  economies  (like  the  US,  Australia,  Israel,
etc.)  that  transitioned  from  a  small-scale  labor-intensive
venture  to  large-scale,  capital-intensive conglomeration enter-
prises because of rapid advancements in farm machinery tech-
nology  some  decades  ago  has  shifted  back  towards  smaller
individually  managed  units,  known  as  management  zones,
thanks to PA[15].

Therefore,  recently,  especially  in  developed  economies,
cotton  agronomy  and  field  practices  have  been  primary
receivers  of  the  benefits  of  PA  because  cotton  is  grown  with
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Fig. 2    Cotton productivity data in some main cotton growing countries and the world between 1991 and 2015. (Data based on Table 1 of
Feng et al.[31]).

 
Fig.  3    Recent  trends  in  genetically  enhanced  (GE)/GM  cotton
adoption rates in the US for Bt cotton and herbicide-tolerant (HT)
cotton.  The  adoption  rate  has  increased  exponentially  since  the
introduction of  the varieties,  surpassing the 90% level  in  the past
few years. (Data extracted from the USDA[33]).
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different cultivars in diverse climatic and soil conditions, which
requires unique management between, and even within, sites.
PA  offers  a  means  of  optimizing  cotton  production  inputs

according  to  the  plant  requirement  within  specific  manage-
ment  zones  in  a  field  instead  of  applying  inputs  at  uniform
rates  for  all  plants  regardless  of  the  differences  in  their
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Fig. 4    PA: (a) conceptual overview of the processes involved in a PA framework where a large field is divided into smaller units and different
sensors collect data (moisture, nutrients, foliage health, yield, etc.) that can be used for managing crop field on a site-specific or zone map need
basis as in (b). (Adapted from Thilakaranthna & Raizada[37]).
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needs[17]. PA relies on numerous sensors and information tech-
nologies  and  systems  to  acquire  and  analyze  field  spatial-
temporal  data  for  interpretive,  factual,  and  interpretive  crop
management  decisions,  which  usually  entails  some  variable
rate technology (VRT) applications[15,17]. Thus, only data acquisi-
tion  capability  is  not  sufficient  for  effective  SSCM  because  it
must be combined with a deep knowledge of interpreting rela-
tionships  between  variables,  which  most  times  are  nonlinear
and elusive, and much research has been done using machine
learning models to decipher field data and support SSCM deci-
sions[17,38].

Generally and more specifically for cotton, PA has benefitted
from  advances  in  many  enabling  technologies,  including  the
global  positioning system (GPS),  sensor  technologies  (e.g.,  soil
moisture sensors, low-cost and accurate GPS receivers/sensors),
precision  equipment  for  variable  rate  (VR)  seeding,  chemical,
and irrigation applications[15,17].  For instance, the development
and  availability  of  precision  irrigation  systems  like  pivot  or
linear  move  machines  with  diverse  resolutions  from  the  90s
until now have granted more water efficiency to cotton produc-
tion.  Although  the  cost  of  these  equipment,  which  increases
with their resolutions and complexities, may still be prohibitive
to  cotton  farmers  in  developing  economies  in  Asia  and
Africa[17,39−41].

As  time  progresses  and  sensor  development  advances  and
becomes cheaper  and more available  to  cotton growers,  even
smallholder  farmers  in  developing  economies,  integrated  PA
will keep playing a significant role in repositioning cotton farm-
ing in good light as a sustainable and environmentally friendly
cash  crop/fiber  that  uses  the  minimally  sufficient  input  for
production  and  maintaining  the  reputation  of  cotton  as  the
natural fiber of choice.

 UAV inspections and remote sensing techniques
One  key  enabling  technology  for  PA  is  the  rapid  develop-

ment and evolution of  sensor technologies ranging from opti-
cal  RGB  cameras  to  light  detection  and  ranging  (LiDAR)  tech-
nology/systems  and  ultrasonic  transducer  (UT)  sensors[42].
These  technologies  have  gained  widespread  adoption  and
application in cotton agronomy practices globally because they
bring  immense  benefits  and  capabilities  to  farmers.  These
sensors are used mainly for remote sensing purposes in acquir-
ing  data  on  plant  growth,  development,  health  status,  and
yield[19,38,42,43].  During  crop  data  acquisition,  the  sensors  must
be placed on a platform(s) that 'carry' them about. Often, these
platforms  are  tagged  unmanned  systems  to  indicate  their
autonomous  (self-  or  remote-driving)  nature.  Unmanned
systems with flying capabilities are called UAVs; otherwise, they
are called Unmanned Ground Systems (UGVs) and offer poten-
tial  farm  management  efficiency  enhancements[19,24].  Using
these  systems  with  remote  sensors  reduces/eliminates  the
tediousness,  labor-intensiveness,  and  occasionally  destructive
nature of manual cotton agronomical practices, like phenotyp-
ing[43−45].

Although  widespread  adoption  and  commercialization  of
these systems are yet to be achieved, especially in the two lead-
ing  cotton-producing  nations,  India  and  China,  significant
research efforts  have been committed to developing them for
cotton  production  in  those  two  countries,  and  some  reports
indicate  that  cotton  planters  in  China  favor  them[45].  While
Yeom  et  al.  successfully  investigated  the  use  of  UAV-acquired
image dataset for detecting boll opening and subsequent yield

prediction, Han et al. investigated an improvement method for
UAV-based data  collection process  to  enhance the usability  of
UAV data for PA management purposes by incorporating UGV-
based  ground  control  points  with  UAV[19,42].  Also,  Hardin  et
al.[46] and Zhai et al.[47] investigated the use of UAV image data
for  the  characterization  and  detection  of  plastic,  a  primary
cotton  contaminant,  in  cotton  fields  so  they  can  be  retrieved
before harvesting. Sun et al. successfully demonstrated the use
of  LiDAR  technology  for  fast  in-field  cotton  plant  growth  and
analysis[43].  These  are  only  examples  of  how  UAVs  (and  UGV)
combined  with  advanced  multispectral/hyperspectral  optical
and  non-optical  sensors  are  transforming  cotton  cultivation
field management.

However, aside from the current prohibitive cost, the associ-
ated  security  risks,  and  the  advanced  expertise/certification
required  to  use  UAVs  in  agriculture,  specifically  cotton  agro-
nomy, UAVs offer one of the most compelling technologies that
would  drive  the  future  of  sustainability-compliant  cotton
production.

 Effective water management strategies
Cotton as a crop is not water intensive because cotton plants

are genetically drought- and heat-tolerant and are cultivatable
in  regions  of  limited  water  supply[27].  However,  rainfed  cotton
cultivation is a risky venture, as it is always universally challeng-
ing  to  maintain  good  cotton  growth  and  productivity  (yield)
performance under rainfed agronomy because rainfall patterns
are  not  static  and  too  unpredictable  for  good  crop  manage-
ment  strategies[48].  Thus,  farmers  often  produce  cotton  with
substantial reliance on freshwater sources for irrigation in most
of  the  arid  and  semi-arid  climatic  regions  (Pakistan,  Australia,
Uzbekistan,  Egypt,  US,  some  provinces  of  China,  etc.)  where
cotton  production  occurs,  and  freshwater  supply  is  limited[9].
Irrigated cotton farming accounts for about 53% of the world’s
arable  cotton  farmlands,  mostly  in  dry,  semi-arid  and  arid
areas[9]. Essentially, all cotton growth in Uzbekistan, Egypt, and
Xinjiang  province  of  China  gets  irrigated  from  freshwater
sources,  and about 31% of cotton irrigation water comes from
groundwater  sources  in  Pakistan,  which  has  resulted in  reced-
ing water tables as is the case in China and recently the US[9,25].

Because most cotton irrigation systems utilize the traditional
flood irrigation technique, where freshwater is conveyed out of
water  sources  (dams,  lakes,  rivers,  or  reservoirs)  through  open
channels  and delivered to  the surface  of  the cotton cultivated
fields, these traditional systems are water inefficient because of
the  high  seepage  and  evaporation  rates  and  other  inherent
inefficiencies[9].  These  sustainability-unfriendly  characteristics
of  conventional  cotton  irrigation  management  techniques
have led to research on finding more effective cotton irrigation
and water conservation techniques globally.

 Plastic film mulching
From  the  US  to  Asia,  numerous  research  studies  have

suggested that plastic film mulching can be highly beneficial in
cotton  agronomy[3,31,49].  That  is  so  because  plastic  films  have
thermal properties suitable for increasing the soil  temperature
in  the  pre-germination  period  (when  cotton  seeds  need  high
soil  temperature for  effective germination),  seedling establish-
ment,  and  root  growth[31,49].  Mulching  is  considered  a  signifi-
cant  constituent  of  a  combination  agricultural  principle  for
sustainably cultivating cotton[3] because of its potential to mini-
mize water utilization in cotton production.
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Fereres  &  Goldhamer  investigated  the  effect  of  plastic
mulching (PM) on cotton yield and pre-season irrigation needs
in  California,  USA,  against  the  backdrop  that  the  surface
(furrow) irrigation method used for  pre-season irrigation is  the
largest  source  of  drainage  problems  that  affected  the  study
area  in  California  and  concluded  that  although  plastic  mulch
did not eliminate soil dryness, the plastic mulch acted as a solar
still  that  raised  the  soil  moisture  to  level  needed  for  effective
timely germination without need for pre-season irrigation, com-
pared to non-mulched treatment where irrigation is mandatory
for germination to occur[49]. The soil moisture level in the study
was  conducive  for  germination  under  PM  treatment  without
requiring  artificial  irrigation  because  the  plastic  trapped  the
evaporating  water  vapors,  condensing  and  returning  them  to
the soil.

Similar  investigations  in  other  countries  like  China  have
established  that  PM  combined  with  furrow-bed  seeding  mini-
mizes  soil  salinity  effects  on  plants  and  is  a  good  agronomy
practice for weed control[31].  They also reported PM as capable
of adjusting the cotton flowering and boll stages to meet with
the local best photothermal intervals[31,50]. Many consider PM a
crucial technology for promoting early emergence and matura-
tion in the northwest inland cotton-growing China region[31].

However, there are significant challenges associated with PM
use  in  cotton  agronomy.  Apart  from  the  generally  acknowl-
edged  non-sustainability-compliant  nature  of  plastic  in  every
industry, plastic seriously threatens the reputation of cotton as
a  natural  fiber  and  should  be  cautiously  applied  in  the  cotton
value  chain[2].  When  available,  fully  biodegradable  or  thicker
plastic  films should be used instead of  thin  polyethylene ones
to reduce plastic contamination threat from PM technology by
enhancing biodegradation, reducing the speed of film aging, or
enhancing  pre-harvest  retrieval,  which  eliminates  chances  of
picking them up with seed cotton during harvesting[31].

 Drip and center pivot irrigation and fertigation methods
Given  the  need  to  apply  irrigation  water  as  and  when

needed  in  the  appropriate  quantity,  in  most  developed
economies since the early 90s, most cotton irrigation practices
have  moved  from  the  furrow/flooding  irrigation  technique  to
more environmentally friendly and sustainable irrigation water
management  using  VR  technologies  (Fig.  5)[39−41].  These  site-
specific  irrigation  techniques,  including  center  pivot  (also
known  as  linear  move  machines)  and  drip  irrigation,  have
demonstrated  their  water-saving  capabilities  since  they  have
been  widely  used  in  crop  cultivation[51].  By  water  efficiency,

drip  irrigation  is  the  best  available  technology  used  in  cotton
and  agriculture  generally  because  it  applies  the  minimal
amount of water required for optimal plant growth, saves fertil-
izer through fertigation, increases cotton yield, and saves labor
costs[51,52].

Because  of  their  high  water-use  efficiency,  which  supports
the  sustainability  drive,  there  are  recent  research  efforts  to
utilize  these  irrigation  systems  for  autonomous  variable  rate
fertigation  using  low-cost  electronics  and  controllers  and  to
enhance their  satisfactory performance and prospects[53].  Also,
in China, where they irrigate about 3.33 million ha of farmland
with  drip  irrigation,  continuous  research  studies  are  being
conducted  to  improve  the  irrigation  technique  for  durability
and higher performance[54]. And because most cotton farms are
still  furrow-irrigated  in  many  countries  (especially  in  develop-
ing economies), the combination of these new more water-effi-
cient  irrigation  systems  with  machine  learning  algorithms,
biodegradable  PM,  vegetation  indices  computed  in  real-time
with  remotely  sensed  data,  and  modern  electronics  presents
hope/near-term  solution  for  cotton  water  sustainability
drive[53].

Also, these modern irrigation systems permit the integration
of solid or liquid fertilizer application and irrigation (i.e., 'fertiga-
tion') technology, which is a good way of killing two birds with
one stone in cotton agronomy. This technique has proven to be
a  necessity/requirement  rather  than  a  cotton  agronomical
choice in some world regions, e.g., in China, to conserve water
usage in cotton production[55].

However,  some  issues  still  need  to  be  solved  before  these
advanced  irrigation  methods  (drip  and  center  pivot)  may  fully
benefit  the  cotton  industry’s  sustainability  drive.  Firstly,  these
advanced  irrigation  systems  are  costly.  Hence,  their  speedy
adoption can be hindered by that factor until it is affordable to
cotton farmers, even in developing countries. Also, research has
correlated  their  adoption  to  a  significant  drop  in  water  table
levels in locations where they have been adopted, for example,
the Ogallala Aquifer in the Southern High Plains (SHP) of Texas,
US.  Thus,  we  need  modalities  for  preventing  the  depletion  of
groundwater sources following the adoption of these irrigation
systems  by  experts  and  regulators  to  prevent  future  water
crises[51].

Other advances and technologies that scholars have applied
to minimize water use for cotton agronomy include dry sowing
and wet emergence, where neither spring nor winter irrigation
is  applied  before  sowing  and  reducing  water  usage  by  about
80%  and  regulated  deficit  irrigation  practices,  which  poten-
tially  reduces cotton water  use by about 20% in some regions
of China[31].

 Advancements in mechanical harvesting and
general crop management technologies

Pre-1930,  cotton  was  harvested  manually  in  the  US[56].
However,  the manual harvesting process,  which is  still  in prac-
tice  today  in  some  countries  in  Asia  and  Africa,  is  physically
demanding  and  labor-intensive  for  large-scale  cotton  farms
and thus  led to  a  series  of  evolutions  in  the cotton harvesting
methods[2,57].  In  the  late  1930s,  John  Rust  invented  the  first
cotton  harvester  prototype  named  harvesting  locomotive,
which,  although  offering  an  alternative  to  manual  harvesting,
was expensive and fragile and required frequent maintenance.
And  despite  subsequent  improvements  made  to  the  original
model,  the  harvester  first  failed  commercially[56,58].  In  the

 
Fig. 5    An example of modern irrigation system—center pivot (or
linear move machine). It is more suitable for variable rate irrigation
water  application  on  a  larger  scale  compared  to  drip  irrigation
method  which  is  more  suitable  for  smaller  farms.  (Source:  Valley
Irrigation).
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mid-1940s,  International  Harvester  (IH)  introduced  their  spin-
dle-type  mechanical  cotton  picker  that  transformed  cotton
farming from a labor-intensive to a capital-intensive system[57].

Later,  in  the  1940s,  Rust  redesigned  his  spindle-type
harvester  for  durability  and  commercially  succeeded.  Further
improvements  came  along  in  cotton  harvesting  between  the
1950s  and  1980s  when  John  Deere  (JD)  arrived  on  the  scene
and  changed  the  cotton  harvester  into  a  fully  functional
harvesting  machine  with  their  4-row  cotton  picker,  which  co-
operated  with  tractors,  boll  buggies,  and  later  cotton  module
builders  to  harvest  cotton and decoupled harvesting from the
ginning  operation.  Subsequently,  in  the  1990s,  JD  produced
the  6-row  picker,  which  increased  the  speed  of  harvesting
cotton  and  positioned  the  company  as  the  leader  within  the
cotton harvester manufacturers industry[57].

In  2009,  the  company  introduced  another  revolutionary
product  capable  of  building  seed  cotton  into  cylindrical
('round')  modules  as  they  were  harvested  (onboard  module
building),  thereby  eliminating  the  need  for  additional  invest-
ments in tractors, boll buggies, human labor, and conventional
module  builders  in  cotton  harvesting  as  was  the  case  with
earlier mechanical harvesters, see Fig. 6. The new cotton picker
machine  model  7760  (and  subsequent  models  CP690,  CP770,
and  CS770)  wraps  the  built  cylindrical  cotton  module  with  a
plastic material to protect the seed cotton from rain, wind, and
high-frequency radiation from the sun.

Furthermore,  in  recent  years,  cotton  agronomy  has  wit-
nessed  numerous  other  mechanized  technologies  for  cotton
seed processing and cultivation. Some of these are mechanical
hole sowing devices, which solved the issues of seed breakage
and  clogging  associated  with  conventional  sowing  machines,
and novel sprayers that solved the problem of pesticide appli-
cation inside high-density planting areas by breaking the asso-
ciated bottleneck with uniform defoliant spraying[31].

 Heavy-duty (stripper and picker) harvesters
Cotton  mechanization  is  a  complex  framework  integrating

several  disciplines  with  mechanical  design,  intelligent  equip-
ment,  and  information  control  as  significant  components[31].
Cotton  harvesting  is  one  of  the  most  tedious  processes
involved in cotton production, and globally, it was traditionally
performed  manually,  which  continues  today  in  developing
economies[2]. With increasing farm sizes and labor costs, cotton
harvesting,  especially  in developed economies,  transitioned to
using larger and heavier machinery with increased capacity and
automation to benefit from the economy of scale they brought
into  cotton  agronomy[24,57].  Countries  like  Australia,  the  US,
Brazil, and Israel were the early adopters of this fully integrated
JD cotton harvesters  with onboard module-building capability
that  decoupled  cotton  harvesting  from  ginning[2,59].  Adopting
these  JD  harvesters  with  onboard  module-building  capability
has  reduced  the  picking  time  for  cotton  bales  from  five  to
seven person-hours to only eight minutes[57].

However,  this  motivation  towards  adopting  more  efficient
heavy-duty harvesting technologies to lower costs and increase
work rates has brought about concern because of the undesir-
able  potential  higher  soil  compaction  effects  and  the  associ-
ated  need  for  tillage  repair[57].  Furthermore,  while  these
advanced  mechanized  harvesting  technologies  have  been
widely  adopted  in  developed  economies,  the  required  high
capital  outlay  has  created  a  significant  impediment  to  their
adoption  in  developing  economies  like  African  countries  and
India  and  China,  which  are  the  largest  cotton  producers
globally[60].

Also,  despite  the  numerous  advantages  brought  to  cotton
harvesting by  JD game-changing harvesters  with  the  onboard
module-building features, plastic from the round module cover
has introduced to the cotton value chain another challenge of
plastic  contamination  in  addition  to  the  inherent  higher  trash
content of machine-picked cotton, which industry experts and
researchers  now  have  the  responsibility  of  solving  to  prevent
further reputational and financial  losses to cotton, as it  reposi-
tions itself towards sustainable production.

Finally,  it  has  become  a  widespread  practice  to  chemically
defoliate cotton plants after maturity, before harvesting opera-
tion,  to  make  them  amenable  to  mechanical  harvesting.  If
leaves  remain  on  the  plants  until  harvesting,  the  mechanical
harvesters  may  collect  them  with  seed  cotton  and  introduce
high  extraneous  matter  content  in  the  seed  cotton  module,
resulting in losses to producers.  Also,  the leaves may stain the
fiber  if  not  removed  before  the  onset  of  rain  after  the  bolls
open,  resulting  in  farmers'  losses  because  of  the  low  color
grade of  the processed cotton bales.  However,  these chemical
defoliants  for  cotton  are  potential  sources  of  environmental
pollution that harm the sustainability drive of cotton and need
to be minimized or phased out of cotton agronomy to make it
greener.

 Multipurpose robotic platforms for phenotyping,
spaying, weeding, and harvesting

Because of the challenges of extensive soil compaction asso-
ciated with the significant weight and the high capital outlay of
heavy-duty  mechanical  cotton  harvesters  and  other  equip-
ment,  coupled  with  advancements  in  modular  robotic  plat-
forms  that  are  now  commercially  available,  there  have  been
numerous  suggestions  for  a  paradigm  shift  from  the  use  of
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Fig.  6    Evolution of  mechanized cotton harvesting.  (a)  A second
generation  commercially  successful  cotton  picker  M  produced  in
the  1940s.  (b)  A  boll  buggy  receiving  seed  cotton  from  a  cotton
picker, an approach that required multiple equipment types and is
labor  intensive.  (c)  A  7760  JD  cotton  harvester  with  onboard
module  building  feature,  requiring  no  extra  human  labor  and
expensive  equipment  and  tractors  to  build  cotton  modules.
(Sources:  (a)  Mississippi  State  University  Extension,  (b)West
Tennessee Historical Society, and (c) John Deere, Inc.).
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single-pass  heavy-duty  cotton  harvesters  (pickers  and  stripper
types)  to  small  multi-pass  robotic  harvesters,  which  will  not
only reduce the potential of soil compaction and higher capital
investments  but  can  harvest  seed  cotton  continuously  as  the
boll  opens,  preventing the fiber  from exposure to elements of
weather for too long[24,59].  Other motivations for these sugges-
tions/recommendations  are  that  commercial  UGVs  are  modu-
lar  and  can  be  retrofitted  with  different  end  effectors  to
perform diverse precision farm management operations (scout-
ing  with  multiple  sensors,  phenotyping,  spraying,  weeding,
etc.) whenever necessary[24,59].

A  proof  of  concept  for  this  cotton  agronomy  automation
paradigm  was  proposed  and  investigated  by  Maja  et  al.[24].
They  retrofitted  a  small  commercial  UGV  with  a  vacuum-type
system  having  a  small  storage  bin  and  a  single  harvesting
nozzle, see Fig. 7[24]. The preliminary performance evaluation of
the  prototype  (named  CHAP:  cotton  harvesting  autonomous
platform)  showed  promising  results  with  an  average  of  57.4%
cotton-locks  picking  rate  when  locks  are  around  12  mm  from
the nozzle (40.7% for row Z and 74.1% for row B for a two-row
test  arrangement).  They  are  working  on  further  improvement
of  the  system  to  perfect  its  functionality  and  operational
modalities.

Similarly, in response to the need for an integrated and more
sustainable  weed  management  approach,  which  will  reduce
the  use  of  herbicides  that  research  has  proven  can  decrease
cotton yield and cause environmental pollution risk by drifting
to  unplanned  regions  during  their  application,  Lamm  et  al.
proposed,  developed,  and  tested  a  weed  control  system  in
commercial  cotton  fields[61].  The  designed  system  was  com-
posed  of  a  real-time  machine  vision  subsystem,  a  precision
chemical applicator,  and a controlled illumination chamber, all
carried on a robotic platform[61]. While traveling continuously at
450  mm/s  in  commercial  cotton  fields,  the  robotics  cotton
weeding  system  achieved  a  reported  weed  detection-and-
spraying  accuracy  of  88.8%  and  only  sprayed  21.3%  of  the
detected cotton.

 Organic cotton production and high plant density
(close planting) techniques
 Organic cotton production

Organic  cotton farming is  a  sustainable  agricultural  practice
that prioritizes environmental conservation and the well-being
of farmers and consumers. Unlike conventional cotton farming,

organic  cotton  cultivation  avoids  using  synthetic  pesticides,
genetically  modified  organisms  (GMOs),  and  chemical  fertiliz-
ers[62].  Instead,  it  relies  on  natural  processes  to  maintain  soil
fertility and control pests, promoting healthier ecosystems and
reducing the environmental impact of cotton production.

One of the significant advantages of organic cotton farming
is its positive impact on soil health. By avoiding harmful chemi-
cals,  organic  farming methods preserve the natural  balance of
microorganisms  in  the  soil,  ensuring  soil  fertility  for  future
generations. Healthy soil also has higher water retention capac-
ity,  reducing  the  need  for  excessive  irrigation  and  conserving
water  resources,  a  critical  concern  in  many  cotton-producing
regions.

Furthermore,  organic  cotton  farming  promotes  biodiversity
by  encouraging  the  growth  of  various  plants  and  insects,
creating a balanced ecosystem where natural predators control
pest populations, reducing the need for chemical interventions,
and making organic cotton farming safer for both the environ-
ment and the farmers.

 High-density planting technique
High-density  planting  technique  (HDPT)  is  an  innovative

approach  to  cotton  cultivation  that  attempts  to  optimize  the
number  of  plants  per  unit  area.  Farmers  can  achieve  higher
yields  while  utilizing  resources  more  efficiently  by  increasing
plant  density.  This  method  involves  planting  cotton  plants  at
closer intervals,  allowing the efficient use of available sunlight,
nutrients, and water[63].

One of the primary benefits of HDPT is its ability to enhance
productivity  without  expanding  the  cultivated  land.  By  maxi-
mizing the usage of limited space, farmers can meet the grow-
ing demand for cotton without further encroaching on natural
habitats.  Additionally,  HDP promotes better weed suppression
since the densely planted cotton canopy shades the soil, reduc-
ing weed growth and minimizing the need for herbicides[31,63].

Another advantage of  HDPT is  its  potential  to improve fiber
quality.  When  cotton  plants  are  grown  closer  together,  they
compete for resources, leading to longer and stronger fibers[63].
High-quality  cotton  fibers  are  essential  for  the  textile  industry
because  they  result  in  softer,  more  durable,  and  luxurious
fabrics.

In  conclusion,  organic  cotton  farming  and  high-density
planting  techniques  represent  innovative  and  sustainable
approaches to cotton cultivation. By perfecting and embracing
these methods, the agricultural industry can minimize its envi-
ronmental  footprint,  conserve  natural  resources,  and  provide
consumers  with  high-quality,  ethically  produced  cotton  prod-
ucts. As consumers become increasingly conscious of the envi-
ronmental and social impact of their purchases, adopting these
sustainable practices is  crucial  for the future of cotton farming
and the well-being of our planet.

 Sowing and plant stand establishment techniques
One of the significant factors influencing the healthy vegeta-

tive and reproductive (lint yield) growths of cotton crops is the
choice  of  planting  technique[64].  The  choice  of  planting  tech-
nique helps in achieving the desired crop stand and root devel-
opment  by  accelerating  or  otherwise  impeding  the  uptake  of
available  root-zone  nutrients  by  the  plant.  The  soil  conditions
(moisture,  texture,  and  temperature),  which  are  also  depen-
dent on the adopted land tillage/preparation and sowing tech-
niques,  significantly  influence  seed germination,  cotton plants
physical characteristics, and yield[64−66].

 
Fig. 7    A 3D model of the CHAP equipped with a suction system,
a  bin  and  a  harvesting  nozzle  for  picking  seed  cotton  from  open
bolls. (Adopted from: Maja et al.[24]).
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Since over  a  century ago,  the raised seedbed planting tech-
nique  has  been  the  conventional  cotton  row  configuration
paradigm  in  the  US  and  some  other  countries  and  still  is  the
most  sophisticated  and  lucrative  method,  typically  prepared
using raised-seedbed shapers/planters (see Fig. 8) and followed
by  planting  at  a  depth  between  12.7  and  38  mm  (0.5  and  1.5
in.)  depending  on  the  soil  conditions[64,66−68].  Raised  seedbed
planting  affords  various  benefits,  including  reduced  crust  for-
mation  and  the  associated  improved  cottonseed  germination
rate, optimal crop stands establishment and population result-
ing  from  enhanced  root  propagation,  easy  rainfall  runoff
drainage, improved water and nutrient use efficiency, relatively
lower lodging and insect/disease stress compared to other bed
types and planting methods, and higher lint yield[64,66,69−72].

However,  in  recent  years,  that  paradigm  is  changing  world-
wide,  including  in  the  US,  as  more  cotton  producers  and
researchers  are  adopting/considering  alternative  seed  bed
configurations/techniques  to  gain  diverse  benefits[64,68,74].  For
instance,  weeds'  growth  behavior  varies  with  planting  meth-
ods,  and  so  whereas  weeds  grow  indiscriminately  under  flat
sowing  conditions,  they  grow  at  specific  locations  under  the
ridge  planting  method[64].  Similarly,  the  efficacy  of  weedkillers
changes  under  different  planting  techniques[64].  Below,  I  pre-
sent some of the most common emerging cotton sowing/plant-
ing techniques reported in the literature.

 Flat-sowing technique
In  some  US  cotton-producing  regions  (the  Sun  Belt),  many

cotton growers  are  fast  adopting the  flat  (level-ground)  plant-
ing  (with  irrigation  borders)  technique,  which  had  previously
been  the  traditional  method  for  some  grain  and  forage  crops,
as  their  favorite  because of  the perceived benefits  of  cost-and
water-savings  on leased farmlands  where  drip  irrigation is  not
feasible,  convenient  mechanical  harvesting  not  requiring  row-
end plow down as in raised-bed planted cotton harvesting, less
cultivation/tillage  requirements,  and  faster  soil  temperature
rise  for  sowed  seeds[68].  Most  of  the  lands  cultivated  with  this
technique  are  laser  leveled  (see Fig.  9),  and  farmers  apply  the
initial  fertilizer dosage with tractors followed by fertigation for
subsequent fertilizer application(s) without disturbing the field
borders  between  harvests  but  only  cleaning  them  between
crops[68].

This  planting  technique  is  not  peculiar  to  the  US  alone,  as
reports say it has been widely adopted with excellent outcomes
in every cotton-growing region[64]. In this planting method, row
spacing  is  an  essential  management  tool  for  manipulating
cotton  yield,  with  previous  research  suggesting  a  positive
correlation  between  plants-spacing  width  and  the  trio  of  boll
weight,  bolls  per  plant,  and  lint  yield[75],  while  pieces  of
evidence have supported more feasibility  of  narrow-row spac-
ing for improved lint output[76].

 Ridge-planting technique
Another  significant  cotton  sowing  technique  widely  used

worldwide  is  ridge-furrow  planting[64,77].  With  this  technique,
cotton seeds are planted in ridges made by mechanical ridgers
(Fig.  10a)  or  formed  during  cultivation  of  previous  growths
(Fig.  10b),  and  often  a  band  application  of  weedkillers  trailing
the  planter  offers  weed  management  in  the  row[64,77].  Accord-
ing to reports, planting cotton (and other crops) with this tech-
nique  effectively  controls  between-row  weeds,  and  the  culti-
vated crops help rebuild the ridges for the subsequent year[77].
This ridge-furrow planting method for cotton, which is popular
in many countries, including Pakistan, India, and the US, is also
reported  to  offer  enhanced  cottonseed  germination  rate,  lint
yields,  and  earliness  relative  to  the  flat-sowing  technique,

Plant-Plant
Distance

Row-Row Distance

Raised
bed

Trough

 
Fig.  8    An  image  showing  a  multi-crop  raised  seedbed  planter
operating on a field with illustrated bed configuration parameters.
The  machine  first  creates  the  raised  trapezoidal  seedbeds  and
plants the seeds in its trail. (Image adapted from Kumar et al.[73]).

 
Fig.  9    An  image  of  a  farm  in  the  US  showing  a  typical  flat-row
cotton  field  with  irrigated  borders.  Most  farmlands  for  the  flat
planting  technique  are  laser  leveled,  and  the  borders  are
untouched  between  reaping  to  maintain  the  leveling.  (Adapted
from Cotton Farming, 2015[68]).

B
C

A

A: Row-Row Spacing
B: Plant-Plant Spacing

C: Ridges (triangular)

a b

 
Fig. 10    Ridge-planting technique for cotton: (a) A five-row ridger
making  fresh  ridges  in  a  cotton  field,  with  illustrated  general
planting geometry. (b)Ridged field cultivated with new crops while
the  previous  year  growth/crop  residue  remains  in  the  furrow,
helping  with  erosion  control,  typically,  30%–50%  nonuniformly
distributed  residue  may  be  found  in  row-crop  rotated  ridge-
sowing fields[77].

Technology in
Agronomy   Technological advancements in cotton agronomy

Page 10 of 18   Adeleke Technology in Agronomy 2024, 4: e008



excellent  erosion control,  and increased soil  moisture/reduced
root penetration resistance[77−79]. It complements furrow irriga-
tion and is  generally  suitable  for  adoption on level  and gently
sloping farmlands, especially when the soil is poorly drained[77].

However,  the  suitability  and  success  of  this  sowing  tech-
nique  are  also  significantly  influenced  by  crop  rotation  prac-
tices  and  ridges  must  be  perennially  maintained  in  well-
rounded shapes with a cultivator to ease subsequent planting,
and thus is most suited to cotton-based continuous row crops
cultivation[77].  Producers  must  exercise caution not  to damage
the ridges when wheeled machinery is  used,  especially  during
harvesting[77].  Furthermore,  studies  have  indicated  that  the
raised-bed planting technique produces high seed cotton yield
relative to flat- and ridge-sowing methods[80].

 Early planting aided by transplantation
In arid cotton-growing regions like Pakistan, Uzbekistan, and

the Cotton Belt  of  the US,  temperature extremes affect  cotton
plant  emergence  and  initial  seedling  establishment[31,81].  In
such  regions,  the  early  sowing  method  aided  by  transplanta-
tion,  has  been  emerging  in  recent  years  as  a  promising
approach  for  enhancing  cotton  production;  cotton  producers
are shifting towards early planting to circumvent the danger of
temperature  stress  on  the  emergence  of  cotton  seedlings  in
May  and  preserve  ideal  plant  density[81].  Although  there  are
alternative techniques for the proper cotton plantlet establish-
ment  under  high  heat,  this  technique  proves  superior[81].  This
method  involves  initiating  the  cotton  crop  earlier  than  tradi-
tional  planting  dates,  often  facilitated  by  transplanting  seed-
lings instead of direct seeding in the field. Transplanting allows
for controlled and uniform plant establishment, offering several
potential advantages for cotton growers[81].

Some of  the advantages afforded cotton production by this
growing  technique  include  optimized  growing  conditions
because  transplanting  enables  the  establishment  of  cotton
plants  in  ideal  growing  conditions,  thereby  minimizing  expo-
sure  to  adverse  weather  conditions  and  promoting  early  root
development[82],  and  a  reduced  weed  competition  because
transplanting  allows  rapid  cotton  plants  establishment  enabl-
ing their competitive advantage over weeds during the critical
early  growth  stages[83].  This  cotton  cultivation  technique  also
permits  an  extended  cultivation  season  because  the  early
planting affords  cotton plants  a  longer  growing period,  which
can  potentially  increase  vegetative  growth,  early  squaring/
flowering,  and  higher  yields[84].  Lastly,  because  of  controlled
conditions  during  transplantation,  crop  uniformity  enhance-
ment  is  another  benefit  achievable  with  the  adoption  of  this
technique in cotton production, facilitating management prac-
tices  and harvest  efficiency later  in  the season[81].  Other  bene-
fits  and  challenges  of  using  this  technique  for  cotton  produc-
tion are available in studies such as that of Ahmad et al.[81].

As global warming effects spread aridification across natural
cotton-growing habitats where cultivation is by direct seeding,
early  planting  aided  by  transplantation  continues  to  gain
acceptance  as  a  promising  approach  in  cotton  production,
offering several potential advantages for growers. It is also suit-
able  for  successful  cotton  production  adaptation  to  regions
where  elevated  temperatures  generally  overlap  with  May
sowing and blooming height days in several traditional cotton-
producing areas[81].

Finally,  while  studies  like  Ahmad  et  al.  contribute  valuable
insights  on  early  planting  aided  by  transplantation,  by

reporting  about  14%  higher  cotton  productivity  for  this
method  than  direct  sowing,  continued  research  is  essential  to
refine  and  optimize  the  implementation  of  early  planting
strategies,  considering  regional  variations  and  specific  crop
management practices[81].

Monoseeding/single-seed sowing[85] and cotton-based inter-
cropping[86] are other relevant cotton sowing/plant stand estab-
lishment and cropping techniques currently gaining significant
attention.

 Chemical and mechanical growth regulation/
topping

Cotton  is  a  perennial  crop  successfully  adopted  and  grown
commercially  as  an  annual  crop,  yet  its  indeterminate  growth
pattern  still  subsists.  So,  the  advent  of  mechanical  harvesting
machines, which require height and ripeness uniformity for effi-
cient  performance,  has  necessitated  the  need  to  control  the
growth of the apical meristem of cotton plants to hasten repro-
ductive  maturity  and  limit  the  height  of  plants  to  those
amenable  to  mechanical  harvesting.  There  have  been  three
main  methods  widely  used  for  cotton  growth  regulation  (also
known  as  topping),  including  manual  (Fig.  11a),  mechanical,
and  chemical[87−91].  Each  of  these  methods  has  its  advantages
and  demerits  (see Fig.  11b for  some  merits  of  the  manual
topping  method),  but  there  have  been  continuous  efforts  to
shift  the  cotton-growing  industry  more  towards  chemical
topping,  especially  in  advanced  cotton-producing  economies
and  other  countries  like  China[88−90].  I  briefly  review  the  two
non-conventional topping methods below.

 Chemical topping
Chemical  topping,  the  application  of  plant  growth  regula-

tors (PGRs) to control (inhibit or delay) indeterminate growth of
cotton  plants  by  terminating  the  apical  dominance/meristem
and increasing the boll ratio and lint output, has become a vital
practice in modern cotton agronomy, replacing the customary
manual topping technique (manual removal of the main stem)
and  competing  with  mechanical  topping[88,89].  The  increasing
adoption  of  mechanical  harvesting  techniques,  which  require
height and ripeness uniformity for efficient performance, across
various  countries  has  necessitated  this  trend  shift  in  modern
cotton production.  Although manual  topping is  still  the domi-
nant topping method, especially in developing economies, it is
only  suitable  for  use  in  small-  to  medium-sized  cotton  farms
because  of  its  intensive  labor  needs  and  cannot  meet  the
broad-acre  production  demands  in  advanced  economies[88,89].
On  the  other  hand,  chemical  topping  offers  a  low-labor  need,
harvest efficiency enhancing (through improved plant architec-
ture), a time-efficient, convenient, and easily mechanized tech-
nique which does not cause physical damage or missed hitting
to  plants  as  with  mechanical  and  manual  topping,
respectively[92−94].

Some  other  benefits  of  chemical  topping  available  in  the
literature  include  its  ability  to  replace  manual  topping  at
moderate  and  high  plant  densities  with  increased  yield via
greater assimilates partitioning to fruits and without ecological
dependence,  enhancement  of  synchronous  cotton  fruit  matu-
ration,  and  fiber  quality  (length,  strength,  and  micronaire)
augmentation[89,95,96].

However,  some  considerations  and  challenges  still  need  to
be  addressed  before  this  topping  technique  properly  fits  into
the  overall  sustainability  agenda  for  cotton  production.  These
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include  the  environmental  impacts  and  implications  (residue
concerns  and  potential  effects  on  non-target  organisms)  of
chemicals  like  mepiquat  chloride  used  for  cotton  PGR,
economic feasibility that depends on factors such as PGRs costs
and application equipment, and resistance in pest and disease
issues  that  may  result  from  the  overreliance  on  some  PGRs,
which  may  create  problems  for  integrated  pest  management
(IPM) strategies[91,96−99].

Finally,  chemical  topping  in  cotton  farming  embodies  a
viable  tool  for  height  control,  consistent  maturation,  and
increased harvest efficiency. Nonetheless, a balanced approach
considering  environmental  effects,  potential  weed  and  pest
resistance  issues,  and  economic  factors  is  crucial  for  sustain-
able  cotton  production.  Ongoing  research  and  refinement  of
agronomic practices will further optimize the gains of chemical
topping in modern cotton agronomy[88,95,96].

 Mechanical topping
Mechanical  topping  involves  physically  removing  the  apical

meristem  or  terminal  bud  on  cotton  plants  using  specialized
equipment  or  machinery  other  than  manually  or  chemically.
The  primary  aim  is  to  regulate  plant  height  by  promoting
branching  and  managing  the  vegetative  growth  of  plants.
However,  mechanical  topping of  cotton has not  gained popu-
larity  in  commercial  cotton  agronomy,  like  the  chemical
topping  technique,  because  of  its  associated  plant  and  boll
damage  characteristics[88].  Thus,  some  have  suggested  that
extensive  exploration  of  more  effective  and  lost-cost

mechanical  topping  technology  is  still  necessary  for  modern
cotton agronomy[88,87].

Although  mechanical  topping  offers  the  benefits  of  reduc-
ing  the  overreliance  of  cotton  production  on  chemical  PGRs
and  the  associated  environmental  and  IPM  issues,  it  is  rela-
tively  more  labor-intensiveness  than  chemical  topping  on
broad-acre  farms,  and  the  critical  timing  challenge  that  may
influence its effectiveness are significant challenges that it must
overcome for it to gain more market share[87].

Table 1 itemizes some of these significant technological and
methodological  advancements  in  cotton  agronomy  over  the
past  few decades and their  implications for  cotton production
globally.  The main advantages and challenges these technolo-
gies  and  methods  have  introduced  in  cotton  agronomy  with
specific example territories of application are summarized .

 Summary and projections

Over the past few decades,  cotton agronomy has witnessed
tremendous transformations.  There are now many exceptional
methods  for  cotton  crop  management,  but  choosing  which
varieties  to  cultivate  has  become  a  highly  imperative  compo-
nent  of  such  management  approaches.  The  foundation  for
making  appropriate  variety  selection  relies  on  the  progress
made over the past years in biotechnology and plant breeding
technology.  Desired  traits  for  healthy  growth  and  develop-
ment  and  amenability  to  highly  mechanized  cultivation,
leading to high-quality fibers and yield, agronomical efficiency,
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Fig. 11    (a) Representation of cotton plant topping (apical bud removal from the main stem) and pruning (vegetative and fruiting branches
apical points removal). (b) Depiction of some benefits of these cotton agronomy practices. (Adopted from Llandres et al.[91]).
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Table 1.    Summary of some technological  and methodological  shifts in conventional cotton agronomy, their  benefits and associated challenges,  and
applicable regions.

Change Key benefits Challenges Prospects Region of
adoption/use

Plastic
mulching

• Improved soil temperature and
moisture level regulation[3].
• Offers opportunity for early
planting, germination, and maturing
cotton production[48].
• Minimizes water use and
contributes to preserving freshwater
sources.
• Good for weed control/
management[31].

• Increasing in-field residual plastic;
plastic contaminant source in value
chain[2].
• Potential soil pollution which may
affect soil microbes’ natural habitat.

• Full development and use of
biodegradable plastic instead of
polyethylene mulch[2].

China, US[31,49]

Fertigation
technique

• Improved fertilizer- and water-use
efficiency[52].
• Reduced groundwater

contamination from either solid or
liquid fertilizers and human labor
needs.

• Some expensive equipment, which
generally require expensive, skilled
maintenance schedules, are needed
for these advanced irrigation systems.

• Cost optimization to minimize
the associated high capital
outlay.

US, China,
Australia[51,52]

GM crop/
New hybrids

• Resistance to pest and diseases.
• Higher yield/acre globally[29,30].
• Ease of selecting desired fiber and
seed quality and trait from a
growing pool of cultivars.
• Improved plant physiology with
more tunable features for
automation management.

• Large-scale crop growth simulation
models now need fine-tuning not
only for local environmental

conditions, but for genetic variations
of which the pool of available cultivars
keeps growing exponentially with the
continuous introduction of several
new cultivars by researchers and seed
companies[61].
• High cost of cultivation (especially
for seed acquisition).
• Seed production is difficult and not
reuseable, makes breeding for
improved fiber yield and quality
challenging.

• Continuous development of
new hybrid varieties with
stacked traits to meet multiple
needs simultaneously.
• Higher adoption rate in
countries not yet accepting GM
crops.

US, India,
China, Australia,
some African
Countries[29−30,

33−36]

Heavy-duty
mechanical
harvesters

• High harvesting efficiency.
• Generally reduces labor
costs/input.
• Minimizes investments in multiple
equipment (tractor, boll buggys,
module builders, etc.) for harvesting.

• High capital outlay
• In regions of cheaper labor,
machine-harvested cotton is more
expensive and contains higher trash
content than manually harvested
seed cotton[100].

• Seed cotton module Plastic
cover will likely be replaced by
another sustainable material[2].
• Will most likely be replaced by
smaller, modular and cheaper
multipurpose robotic
platforms[24].

US, Australia,
Israel,
Brazil[2,24,59]

Multipurpose
robotic
platforms

• High modularity and
multifunctional systems.
• Cheaper compared to large heavy-
duty machinery.
• Low soil compaction and better
steerability[24].
• Enables cost-effective multi-pass,
gradual cotton harvesting.
• Supports the goals of PA/SSCM.

• Technology has not reached
maturity, research ongoing to
perfect operational modalities for
various agronomy practices.
• Usually limited onboard seed
cotton storing capacity.
• Currently, reported operational
efficiencies for many agronomy
operations have significant rooms
for improvement.

• After full development, will
mostly replace heavy duty
machinery and equipment for
in-field agronomy
management.
• Prospect for cheaper and more
precise agronomic practices.

US, Australia,
Israel, partly
China[24,59]

Drip/center-
pivot irrigation
technology

• High water-use efficiency with
minimal labor cost[50,51].
• Enable simultaneous application of
water and chemicals thereby
enhancing chemical use[50,51].
• Suitable for medium and broad-
acre farms.

• High capital outlay and sometimes
running costs.
• A significant source of groundwater
depletion which may lead to future
water crisis[51].

• When combined with other
sustainability-oriented
agronomy practices like
biodegradable PM, will enhance
the continued cotton
profitability and appeal of
cotton to users.
• Creation of official standard for
preventing the depletion of
groundwater sources when
using these technologies[51].

US, China,
Australia,
Israel[39−41,51,52]

Organic cotton
cultivation
technique

• Highly environment friendly and
sustainability compliant[3].
• Minimal input and no use of
inorganic/synthetic inputs/
chemicals in many cases.
• Preserves the natural balance of
soil microbes, ensuring sustainability
for future generations[3].

• Uneconomical production in many
regions, like Australia, US and other
advanced economies with high land
and labor costs[62].
• Highly susceptible to pest damage
compared to GM/transgenic
cotton[62].

• Will be more widely acceptable
as more people choose
sustainable products.

Tanzania, India,
China, Turkey,
US[62]

(to be continued)
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and improved profitability for farmers, have been and are being
engineered  into  conventional  cotton  cultivar  genes  to  create
efficient hybrids suitable for sustainable cotton production.

Next,  advanced  mechanized  harvesting  technologies  that
replaced  the  labor-intensiveness  of  cotton  agronomy  with
highly efficient long-term and more profitable capital-intensive

Table 1.    (continued)
 

Change Key benefits Challenges Prospects Region of
adoption/use

High-density
planting
technique

• High input efficiency.
• Fast maturity and improved
yield[31,63].
• Early crop establishment (high leaf
area index) and suitability for rain-
fed cultivation[31,63].

• The optimum planting density must
be matched to prevent excessive
competition among plants, which
results in lower lint yield[63].
• Small boll size and squares/bolls
shedding because of crowding[31].

• Universal standardization of
the protocol for HDPT of cotton
cultivation[31].

China, US, Brazil
Mexico
Australia,
India[31,63]

Plastic film
mulching
combined with
drip irrigation
and fertigation

• Combines the benefits of PM and
the most water-efficient irrigation
technology to enhance early cotton
planting and plant establishment
possibilities[3,50,51].
• Minimizes water-use costs and
helps with weed control, ensuring
optimal soil nutrient utilization and
crop growth.

• Plastic is potentially the most
harmful contaminant in the cotton
value chain. It should be cautiously
used, or its use should be
minimized[2].
• Although drip irrigation is water-
efficient, it requires a high capital
outlay and strict maintenance.

• Development of fully
biodegradable plastic material
that can practically reduce
contamination of the cotton
value chain.
• Opportunity to apply high-
tech UAV, remote sensing,
computer vision, and machine
learning for an effective
integrated water use system on
a large scale.

US,
China[31,48,49]

Flat-sowing
technique

• Offers cost- and water-saving
benefits on farmlands where drip
irrigation systems are not feasible
(e.g., leased farmlands)[68].
• Supports convenient mechanical
harvesting not needing row-end
plow down as in raised-bed planted
cotton harvesting[64, 68].
• When used it helps compensate for
yield losses in HDPT paradigm[64].

• On large-scale farms, it requires laser
leveling of the ground to achieve the
best outcome[68]. This may be
expensive and inaccessible to small
scale-farmers and developing
economies.
• Less efficient than raised-bed sowing
method.

• Adoption for higher density
planting with narrow-row
spacing configuration to gain
improved lint output benefits[76]

US, Pakistan,
India, and rest
of the world
(ROW)[64,68]

Ridge-planting
technique

• High seed-cotton yield than flat-
planting technique[64].
• Offers good erosion-and weed-
control benefits[77].
• It complements furrow irrigation
and is suitable for use on poorly
drained level–gently sloping
farmlands[77].

• The suitability and success of this
sowing technique are also
significantly influenced by crop
rotation practices. It requires
perennial maintenance of ridges[77].
• Produces lower seed cotton yield
than raised-bed sowing[80].

• Improving the yield to be on
par with the raised-bed planting
method.

Pakistan, USA
India,
ROW[64,77−79]

Chemical
topping

• Offers benefits of low-labor need,
enhanced harvest efficiency easily
mechanized operation[92−94].
• Increased Seed cotton yield
without quality defect[99].

• Environmental pollution and risk of
increased pest and disease
resistance[91,96−98].

• Despite being less labor-intensive, it
is more expensive than other
methods.

• Optimizing the rates and time
of PGR applications for different
regions and growing conditions.

USA, Australia,
China,
Pakistan[88,95,96].

Mono-seeding/
Single-seed
planting

• Improves stand establishment with
comparable yield to HDPT[85].
• Offers the potential to reduce seed
and thinning labor inputs without
sacrificing yield of cotton[85].

• There is bigger pressure on
individual seedlings from top-soil
during emergence compared to
cluster seeding[85].

• Only works well with good-quality
seeds and conducive soil
microenvironment[85].

• Experimentation to adapt the
technique to regions with
similar growing conditions as
Yellow River valley of China.

China[85]

Early planting
assisted by
transplanting

• Excellent for enhancing production
in regions with temperature
extremities (e.g., arid and semi-arid
regions) during the prime sowing
periods[31,81,82].

• Provides optimal establishment
and growing conditions for young
cotton seedlings, minimizing
exposures to adverse weather that
affect root development[82].

• Minimizing the effect of weed
competition with seedlings[83].

• Requires investments in additional
resources like greenhouses and
irrigation facilities[81].

• Coordinating the transplanting
process with optimal planting dates
can be challenging.

• Transplanted cotton plants may
experience transplant shock, causing
slowed growth and development.

• Research to refine and
optimize the implementation of
early planting strategies,
considering regional variations
and specific crop management
practices is essential as global
warming spreads
desertification[81].

• Establishing standard
procedures for low-cost
seedling production.

Pakistan, China,
India, Iran[82−84]
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methods  are  notable  advancements  in  cotton  agronomy.
Although  these  technologies  need  high  capital  outlay  that
would pay off  in  the long term against  alternatives,  they have
eliminated  the  need  for  investment  in  multiple  tractors,  boll
buggies, other equipment, and at least four human workers to
conduct  mechanized  harvesting  of  a  large-acre  cotton  field  in
the pre-2009 season.

However,  with the increasing reliability (and affordability)  of
mobile  robotics  platforms  for  navigating  rough  terrains  as
obtained  in  large  cotton  fields,  coupled  with  numerous
research efforts on adopting these platforms for cotton agron-
omy,  the  age  of  large-scale  heavy-duty  land  tillage  and
harvester machines may be ending in the next decade. In that
light,  researchers  aiming  to  key  into  this  cotton  future  may
focus their efforts on optimizing the operation of these off-the-
shelf  or  custom-made  robotic-platform-based  systems  for
different  agronomic  practices  like  weeding,  high-through-
put/real-time  plant  physiological  stage  evaluation/phenotyp-
ing,  soil  sampling,  and  harvesting,  to  name  a  few.  After  fully
developing these robotic platforms for various agronomy prac-
tices,  they  will  have  comparative  advantages  over  the  heavy-
duty  machinery  currently  in  use,  which  is  not  sustainable  or
environmentally friendly and is cost-prohibitive.

Also,  organic  production  techniques  for  cotton,  which
emphasize  the  no  use  of  chemicals  and  inorganic  input  and
minimal  or  no-till  cultivation,  can  potentially  enhance  the
image of  cotton as a sustainably grown crop.  However,  efforts
are still needed to improve the yield/acre and economic viabil-
ity  of  this  technique of  cotton cultivation to  bring it  up to  par
with conventional cotton cultivation, if ever possible.

Furthermore,  research  focused  on  re-engineering  cotton
module  cover  materials  that  do  not  create  cotton  contamina-
tion  sources  for  harvested  seed  cotton  may  be  a  worthy
endeavor that  would revolutionize the industry,  if  it  can result
in a suitable replacement for plastic seed cotton module covers
because  we  cannot  achieve  cotton  sustainability  if  after  fixing
all  the  loose  ends  in  the  field  management,  plastic  contami-
nants in lint bales still deny the producers the maximum bene-
fits for their efforts.

Moreover,  we  must  revisit  research  on  organic  biodegrad-
able  plastic  mulching  materials  developed  to  substitute  con-
ventional  polyethylene  plastics,  which  constitute  a  significant
contamination source for cotton but are yet to gain widespread
acceptance.  If  we  need  to  re-engineer  the  plastic  mulch  and
combine  it  with  available  improved  irrigation  management
systems,  researchers  and  industry  experts  who  desire  sustain-
ability  for  cotton,  agriculture,  and the earth must dedicate the
effort  to  do  that  because  solving  this  issue  will  amount  to
saving the industry billions of dollars in lost revenue and loss of
reputation and make cotton production more environmentally
friendly.

Chemical  topping  is  another  technological  trend  that  has
continued  to  gain  relevance  in  cotton  agronomy  worldwide.
Manual topping has been the traditional method of plant vege-
tative  growth  and  height  control  in  favor  of  reproductive
growth  and  natural  pest  management.  However,  with  the
advent  of  mechanized  cotton  harvesting  technologies  requir-
ing uniform cotton plant height and the increasing average size
of  cotton  farms  and  labor  cost  globally,  effective  alternative
methods  like  chemical  and  mechanical  topping  have  become
essential  in  profitable  cotton  production.  While  the  chemical
topping technique has been more adopted and effective in the

market  (US,  Australia,  Isreal,  and  gradually  China  and  other
countries)  than  the  competing  mechanical  method,  which  is
still  relatively  more  labor-intensive  and  time-critical,  through
rigorous  research  efforts,  it  must  overcome  some  concerns/
negative  perceptions  with  its  environmental  impact,  cost,  and
connection  to  pest  and  disease  resistance.  Also,  continuous
research  efforts  should  soon  produce  more  efficient  and  less
labor-intensive  mechanical  topping  methods  that  can  reduce
the overdependence of the cotton industry on chemical PGRs.

Finally, one must note that while it is possible to give a broad
overview  of  recent  technological  developments  and  innova-
tions  in  global  cotton  agronomy,  variabilities  in  local  condi-
tions  and factors  (e.g.,  weather,  soil,  finance,  production scale,
etc.)  typically  affect  the  actual  mode  of  practice  of  these  vari-
ous  techniques  in  the  several  cotton  producing  conditions.
Therefore,  entities  must always consider this  fact  when adopt-
ing  or  further  researching  these  discussed  technologies  and
other related ones.

 Conclusions

Cotton must maintain its leadership of fiber market share as
the  most  abundant  and  natural  fiber  of  choice  for  various
industrial  and  sundry  applications.  To  achieve  this,  cotton
production,  which  has  traditionally  been  input-intensive  and
has an indelible adverse environmental footprint, must contin-
uously  be  optimized  to  use  minimal  inputs  while  maximizing
yield, fiber quality, and profit using existing and emerging tech-
nologies and techniques. These enabling tools (such as variety
breeding,  improved  irrigation  systems/biodegradable  mulch-
ing,  autonomous  aerial  systems,  computer  vision/agricultural
remote  sensing  techniques,  robotic  harvesters  and  multipur-
pose platforms,  HDPT,  and chemical  topping)  for  cotton agro-
nomy optimization,  some of  which have been well-researched
and commercialized in the global cotton industry, must contin-
uously  be  improved  upon  to  take  full  advantage  of  emerging
advanced techniques and technologies  as  various experts  and
entities develop them globally.
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