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Abstract

Accurately quantifying the net ecosystem exchange (NEE) of CO, is a critical pre-
requisite for developing alternative farm management strategies to enhance carbon
sequestration in biological systems and reduce greenhouse gas emissions. A 2-year
study quantified the NEE of CO, from cotton (Gossypium hirsutum L.) on silty clay
in farm-scale fields using an eddy covariance approach. On a seasonal scale, NEE
and evapotranspiration were 8836 kg CO, ha~! and 367 mm, respectively, in 2017,
and 10,759 kg CO, ha~! and 430 mm in 2018. Harvested cotton lint yields were 1269
and 1569 kg ha~! in 2017 and 2018, respectively. The water use efficiency (WUE)
for lint production (WUE;;,;) and ecosystem level WUE for NEE (WUEygg) across
the two seasons was nearly constant. WUE};,, was 3.5 and 3.6 kg lint ha=! mm~!,
respectively, in 2017 and 2018, and WUEyg was 24 and 25 kg CO, ha™! mm~'.
The NEE and WUE measured in this study can be used as a benchmark for compar-
ing carbon sequestration potential in cotton production. However, further research is
needed to understand NEE responses to long-term climate variability and to develop

climate-smart crop-soil management strategies.

Plain Language Summary

The balance between the amount of carbon dioxide absorbed by crops through pho-
tosynthesis and released back into the atmosphere through respiration is known as
the net ecosystem exchange (biomass production) of carbon dioxide. Through this
process, plants and soil remove carbon dioxide in the air that causes global warm-

ing and store it away in soil-plant systems. The efficiencies of the water pumped for

Abbreviations: CT, conventional tillage; EC, eddy covariance; ET, evapotranspiration; GHG, greenhouse gas; GPP, gross primary productivity; IRGA,

infrared gas analyzer; LAI, leaf area index; LMD, Lower Mississippi Delta; NEE, net ecosystem exchange; R

eco» €COsystem respiration; WUE, water use

efficiency; WUE;, water use efficiency for lint production; WUEygg, water use efficiency for net ecosystem exchange.
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1 | INTRODUCTION

A global evaluation by the Food and Agriculture Organi-
zation shows that agriculture contributes to approximately
31% of the total greenhouse gas (GHG) emissions (FAO,
2022), surpassing those from the entire transportation sec-
tor. In terrestrial landscapes and ecosystems, carbon dioxide
(CO,) is continuously absorbed as a substrate for photosyn-
thetic reactions in the Calvin cycle for biomass production
and released back into the air through the respiratory pro-
cesses and biomass degradation owing to microbial ingestion
of biomass. The balance of these processes constitutes the pri-
mary mechanism for sequestering atmospheric CO, by plant
communities on the Earth (Hugler & Sievert, 2011). The bal-
ance between the amount of carbon dioxide absorbed by an
ecosystem through photosynthesis and released back into the
atmosphere through organic respiration and microbial decom-
position is known as the net ecosystem exchange (NEE) of
CO,. In crop production systems, NEE quantifies different
farming practices’ potential to impact the carbon balance for
mitigating GHG emissions by utilizing carbon sequestration
avenues (D. Baldocchi et al., 2020; Law et al., 2006). Soil
carbon sequestration involves the absorption and storage of
atmospheric CO, by plants and soil, helping to offset GHG
emissions. Monitoring NEE in the crop ecosystems requires
observing the gas exchange at the plant canopy to the land-
scape level, for which eddy covariance (EC) methods based
on sound micrometeorological and statistical sciences have
gained wide acceptance in recent years (D. Baldocchi, 2014,
2020; Hernandez-Ramirez et al., 2011; Wagle et al., 2024). In
the EC method, NEEs of CO, and evapotranspiration (ET) are
estimated by (tracking and measuring the turbulent transport
of eddies carrying the gases (water vapor and CO,) from the
plant canopy boundary layer of the atmosphere.

In this regard, the use of ground-level closed chambers
cannot estimate gas fluxes from land—plant ecosystems for
quantifying NEE, as the chambers installed on soil surfaces
can only measure gas fluxes in and out of the soil but cannot
include the carbon assimilated into the system through pho-
tosynthesis and losses through plant maintenance respiration
(D. D. Baldocchi, 2003; Katayanagi & Hatano, 2005). NEE,
which represents the balance between gross ecosystem pro-
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irrigation in producing biomass and yield of interest (e.g., cotton lint) are known
as their water use efficiencies. Accurately quantifying the net ecosystem exchange is
critical for developing alternative climate-smart farm management strategies to adapt
and reduce climate change impacts. We conducted a multiyear study in large farm-
scale fields and assessed the carbon storage potential of cotton and their water use
efficiency. Reducing consumptive water use in lint production appears less feasible,

but improving WUE through efficient irrigation techniques needs to be explored.

ductivity and ecosystem respiration (R.,), is influenced by
climate factors such as air and soil temperatures, solar radia-
tion, and water inputs (precipitation and irrigation) (Janssens
etal., 2001).

To understand the linkages between climate change—
global connotation—and the fluxes of CO,, water (ET), and
energy from landscapes, monitoring at the ecosystem level
to elucidate climate—ecosystem interactions and feedback
analysis are required (Pielke et al., 1998). In this context, con-
tinuous EC-based measurements of NEE and gross canopy
photosynthesis (gross primary productivity [GPP]) have been
conducted globally since the 1990s (D. Baldocchi et al.,
2018). A study by Byrne et al. (2020) examined interannual
variability in NEE and GPP across the global forest ecosys-
tems and their relationship with potential drivers in North
America using the EC flux measurements. The study revealed
that the arid western region of America contributes more to
the observed interannual variability than the eastern regions.

An analysis of NEE in cotton (Gossypium hirsutum L.)
systems in Texas, reported by Menefee et al. (2020), found
significant variability in NEE between crop seasons due to
variabilities in meteorological conditions, especially rainfall
receipts, affecting water availabilities to support optimum
growth. D. Baldocchi et al. (2018), reviewing 20 years of
research on NEE from forest ecosystems and their interan-
nual variability, concluded that most of the variabilities were
caused by climate and ecological factors like phenology, rain-
fall, temperature, and solar radiation. Quantifying NEE is
essential in crop production as it can help understand how
different farming practices affect the carbon balance of agri-
cultural ecosystems. Certain practices, such as cover cropping
or reduced tillage, increase carbon stored in the soil, thereby
decreasing NEE and potentially offsetting some of the GHG
emissions associated with agriculture.

NEE from soybean (Glycine max L.)—corn (Zea mays L.)
rotations under various conservation tillage under rainfed and
irrigated systems in the central United States were extensively
investigated using the EC system (Baker & Griffis, 2005;
Hernandez-Ramirez et al., 2011; Suyker et al., 2005). The
studies concluded that NEE over cropping systems could vary
considerably across soil landscapes; therefore, monitoring it
across soils and climates was advised (Falge et al., 2001).
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Additionally, using the EC method, Zheng et al. (1988) moni-
tored NEE and its seasonal variation over a semiarid grassland
in northwest China.

The Lower Mississippi Delta (LMD) is an important
agricultural production region in the Southeast United
States where cotton is one of the staple crops grown
(http://extension.msstate.edu/agriculture/crops/cotton). Ana-
palli et al. (2020) quantified cotton’s consumptive water
use (ET) in the region using the EC method. Anapalli et al.
(2019) compared NEE from cotton with soybean and corn
by monitoring CO, and H,O fluxes using the EC technology
in the LMD region. The research presented in this paper is
an extension of the investigation by Anapalli et al. (2020) to
understand further the extent to which NEE and water use
efficiency (WUE) for NEE and cotton lint production varied
in cotton fields in response to the realized climates across crop
seasons.

2 | MATERIALS AND METHODS

2.1 | Cotton experiment
Experiments for this study (2017-2018) were conducted in
a ~50-ha cotton farm situated about 1 km from the research
farm of the Crop Production Systems Research Unit, USDA-
ARS at Stoneville, MS (33° 42’ N, 90° 55’ W, 32 m elevation
above mean sea level). On average, the location receives about
1300 mm of rainfall year‘l, and the climate is classified as
subtropical humid with warm summers. The cotton growing
season is from May through October, during which about 30%
of the annual rainfall is received (Anapalli, Fisher, et al., 2016;
Anapalli, Pettigrew, et al., 2016). The soil was a Tunica clay
loam (clayey over loamy, montmorillonitic, nonacid, thermic
Vertic Halaquepet) up to about 1.2-m depth and did not vary
spatially substantially. The soil was graded to have a slope of
about 1% to support surface irrigation and was managed under
conventional tillage (CT). In brief, the CT consisted of three
rounds of primary tillage to remove crop residues and con-
trol weeds. Another secondary tillage was conducted before
crops were planted to create furrows and ridges for row crop
planting with furrows in between for irrigation water to run.
The cotton variety Deltapine Land 152 was planted on May 2,
2017, and May 10, 2018, with a row spacing of about 97 cm.
Plant density was an average of 42,000 seeds ha~!. Crops
were harvested on September 23, 2017, and September 26,
2018. In both years, N fertilizer was applied at 160 kg N ha~!.
Starting with the first square growth stage, mepiquat chloride
was applied three times to control excessive plant height and
vegetative growth.

Irrigations were applied by releasing water at the head of
the furrows through lay-flat poly tubes, roughly when the
plant-available water in the 45-cm soil profile was at 60% of
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Core Ideas

* Net ecosystem exchange of CO, (NEE) signifies
the carbon balance in plants from its absorption
and release in the photosynthetic processes.

* The study quantified the NEE from cotton on silty
clay in farm-scale fields using an eddy covariance
approach.

* The average seasonal WUE for cotton NEE was 24
kg CO, ha™! mm~!.

* The average seasonal WUE for cotton lint produc-
tion was 3.5 kg ha™! mm~.

* NEE and lint yield between cropping seasons var-
ied by 22% and 24%, but their WUE for NEE and
lint differed only between 3-4%.

maximum. Each irrigation consumed about 3 cm of water, and
there were three irrigations each in both years. We followed
the Oosterhuis (1990) method for determining cotton pheno-
logical growth stages by visual observations; when 50% or
more of the plants crossed a particular growth stage, they were
recorded as crops actively growing in that stage (Table 1).
Leaf area index (LAI) was measured biweekly using the Accu-
PAR LP-80 Ceptometer (Decagon Devices Inc.). Plant height
was measured biweekly to adjust the EC flux tower height for
positioning the wind sensors and gas analyzers in the constant
flux layer. The cotton was harvested 26 days in 2017 and 29
days after the open boll stages.

2.2 | Computing water vapor (ET) and CO,
fluxes (NEE) from the EC data

To quantify fluxes of CO, and ET from the cotton field,
their densities in vertically propagated eddies from the crop
field were measured using LI-7500-RS open-path infrared
gas analyzers (IRGAs) (LI-COR, Inc.). Velocities for verti-
cal transport of eddies in the air were measured using an
omnidirectional Gill New Wind Master sonic 3D anemometer
(Gill Instruments). IRGA, anemometer, and sensors for other
ancillary micrometeorological variables were installed and
maintained in the constant flux layer about 1.5 times canopy
height above the plant canopy on telescopically height-
adjustable towers. The maximum average canopy height of
cotton plants across seasons was 1 m. Sensor height on
the tower was adjusted when the measured canopy height
increased by about 10 cm from the previous measured height.
CO, and water fluxes were measured using the IRGA at a
fixed frequency of 10 Hz.
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TABLE 1
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Cotton lint yield, net ecosystem exchange (NEE) of CO,, consumptive water use (evapotranspiration [ET]), water use efficiency

(WUE) for NEE (WUEygg) and WUE for lint production (WUE; ) during the 2017 and 2018 crop seasons. NEE, the net CO, removed from the air,

was expressed as a positive quantity.

NEE
Year (kg CO, ha™') ET (mm)
2017 8836 367
2018 10,759 430
% change compared to 2017 22 17

Ancillary micro-meteorological data measured along with
the above fluxes were air temperature (7,;) and relative
humidity using HMP 155 (Vaisala), net radiation (NR-LITE2,
Kipp & Zonen B.V.) installed above the crop canopy (within
the cropped field) along with the EC sensors. Heat flux into
the soil at 8-cm depth was measured at three locations using
self-calibrating soil heat flux sensors (HPO1SC, Hukseflux
Thermal Sensors B.V.,). Soil temperature, water content, and
heat flux plates were measured using a Stevens HydraProbe
(Stevens Water Monitoring Systems, Inc.). From the soil
water and temperature data, the heat energy stored in the layer
of soil above the heat flux plates was computed using eqgs. (1)
and (2) in Anapalli et al. (1997). Additional micrometeoro-
logical data were collected at 1-min intervals, averaged every
30 min, and used in the analysis. All the data collected in the
study were averaged in 30-min intervals, from planting until
harvest in both years. All the sensors were recalibrated and
maintained yearly.

2.3 | Data processing, screening, and
gap-filling of fluxes

The EddyPro software version 6.1.0 (LI-COR Inc.) installed
on a SmartFlux microprocessor installed inside the IRGA
datalogger enclosure box attached to the flux tower was
used to process raw flux data collected at 10 Hz inter-
vals and accumulated at 30-min averages. In the Smartflux,
EddyPro-standardized corrections for anemometer tilt by dou-
ble coordinate rotation, time-lag compensation following
Vickers and Mahrt (1997), wind speed spike removal by spec-
tral correction (Moncrieff et al., 1997, 2004), corrections for
air density changes by Webb et al. (1980), and eddy veloc-
ity corrections for humidity by van Dijk et al. (2004) were
applied.

The EddyPro-processed output of 30-min CO, and
H,O fluxes and other micrometeorological data were post-
processed meticulously, eliminating low-quality and unreli-
able data using the Tovi software (LI-COR Inc.). The Tovi
was built based on the OzFlux method developed by Isaac
etal. (2017). We used Tovi in a human-machine mix approach
for data quality control. The software removed the periods
with negligible air turbulence due to low windspeed using the

Lint yield WUEygg WUE;;,¢

(kg ha™1) (kg ha—! mm™1) (kg ha—! mm™1)
1269 24 3.5

1569 25 3.6

24 4 3

Mauder and Foken (2006) method. The energy balance imbal-
ance in the data was corrected by the De Roo et al. (2018)
method.

In Tovi, the process of filling gaps in the eddy covariance
fluxes was achieved by using the method proposed by Falge
etal. (2001), in which covariation of fluxes with weather vari-
ables and autocorrelation of fluxes in the time series were also
incorporated for computing the possible value to fill the gap
with Reichstein et al. (2005). Cotton ET was quantified from
the quality-controlled and gap-filled lateen heat flux using
latent heat of evaporation of water corrected for variations in
air temperatures.

24 | NetR., and GPP

Further data gaps in ancillary micrometeorological mea-
surements were filled, and R.., and GPP were computed
using the online REddyProc program available from the
Max Planck Biogeochemistry Institute (https://www.bgc-
jena.mpg.de/5622399/REddyProc) (Wutzler et al., 2018).
Using REddyProc, in this study, R.., was computed from
measured NEE and nighttime air temperatures using the
procedure outlined by Reichstein et al. (2005). In microme-
teorological measurements, the fluxes directed away from the
surface of the earth or matter removed from the air (e.g., CO,
used in photosynthesis—a sink for the gas) are designated as
—ve, and the fluxes directed toward the earth or matter added
to the air are +ve (e.g., CO, emitted in plant respiration—a
source for the gas) (Lee, 1998). However, all quantities are
real or +ve; before using NEE for computing WUE, as this
quantity cannot be —ve, daily NEE values computed from the
above method were converted to +ve and used. The WUE
for NEE (WUEygg), expressed as kg CO, ha~! mm~! of
water, was computed by dividing the half hourly NEE by the
corresponding ET values.

2.5 | WUEy,; and WUE for lint production
(WUE,)

The WUE of crop plants at the leaf level refers to the amount
of photosynthate produced by taking in CO, from the air
at the expense of the amount of water lost through the
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stomatal openings (transpiration) (Anapalli et al., 2019; Guo
et al., 2021; Lei et al., 2018). At the cotton production level,
in the context of the measured CO, and water fluxes at the
canopy level quantified using the EC method, WUE can be
defined as the carbon assimilated in biomass in the ecosystem
from water consumed in the process (WUEygg, ecosystem
WUE). As lint production is the prime objective of culti-
vating the cotton plants, the WUE;;,, was computed as the
ratio of lint produced per unit of lint harvested from the
system.

3 | RESULTS AND DISCUSSION

3.1 | Weather and crop performance

Plant growth, development, and yield are affected by several
factors, including genetic makeup and weather conditions,
primarily solar radiation, air and soil temperatures, and pre-
cipitation. In 2017, the daily solar radiation (Rg) during the
crop season varied between 29.9 MJ m~ 2 day~! on the 10th
day after crop emergence (DAE) and 7.7 MJ m~ 2 day~! on
the 36 DAE (Figure 1). The differences in the amount of Rg
recorded between observations were due to the differences
in clouding that masked the sunlight from reaching the crop
canopy (Figure 1). In 2018, the highest observed Rg was
30.1 MI m~2 day~! on 19 DAE, and the minimum was 5.1 MJ
m~2 day~! on 34 DAE. These observed maximum and min-
imum values represented the Rg receipts on clear skies and
near-overcast days, respectively. The average Rg during the
crop season was 22.2 MJ m~2 day~! in 2017 and 22.4 MJ m~>
day~! in 2018. The difference of 0.2 MJ m~2> day~! between
the 2 years was not substantial in the solar radiation receipts
during the two crop seasons at a seasonal scale. Solar radia-
tion received in half-hour intervals, that is, the interval used
for accumulating the fluxes of CO, and ET, were between 298
and 1120 Wm~21in2017 and 252 and 1116 W m~2 in the 2018
crop season (Figure 1).

In the 2017 season, the observed T,;, maximum ranged
from 17°C in September (when the crop matures) to 36°C
in August (94 DAE) during the active crop growing season.
Likewise, the daily minimum T;, ranged from 12°C in June
to 27°C in July. In 2018, the daily maximum air temperatures
were between 36°C in July and 23°C toward the end of July.
The fluctuations in T, at the site were influenced by varying
cloud cover, with overcast and sunny skies. The daily mini-
mum 7;. in 2018 was 18°C in June and 27°C in July. None
of the T,;, in the 2017 and 2018 seasons were strong enough
to cause significant heat stress, which could have substan-
tially impacted the cotton growth (Figure 1). During the crop
growth period from May 2 to September 23, 2017 (132 days),
the total rainfall received was 71.9 cm, exceeding the 30-year
average of 47.3 cm. In the crop growth season 2018, from May
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10 to September 29, the total rainfall received was 54.2 cm,
compared to the 30-year average of 46.2 cm (Figure 2).

In 2017, there were 63 days of rainfall; in 2018, there were
49 days of rainfall during the crop growth period. The amount
of rainfall received and water stored in the soil profile is
usually sufficient to support optimum growth of cotton. How-
ever, due to erratic amounts and uneven distribution of the
rainfall events, whenever the dry spell exceeds about 2 weeks,
it causes a depletion in available water in the active root zone
of cotton (at a depth of 45 cm) to fall below 60% of maximum.
At this point, irrigations were provided as described above.

Crop phenology depends on the weather, especially the T;,
during crop growth (Hatfield et al., 2011; Oosterhuis, 1990).
In 2017, cotton seedlings emerged after 12 days after plant-
ing (DAP), and in 2018, 9 DAP. The difference in the number
of days to emergence was primarily from differences in air
and soil temperatures, up to about 8 cm in the soil, between
the crop seasons (Figure 1). The average soil temperature in
the first week after planting in 2017 was 22°C; in 2018, it
was 26°C. In the 2017 crop season, the subsequent growth
stages—the first square, first flower, first boll, and first cracked
boll—occurred on 36, 59, 77, and 106 DAE. In 2018, these
growth stages were observed on 33, 57, 78, and 100 DAE.
The seed cotton harvested in 2017 was on 132 DAE; in 2018,
it was on 129 DAE. Cotton is a plant characteristic of inde-
terminate growth, and the plants continue to grow even after
flowering and active reproductive growth; as such, the growth
regulator, mepiquat chloride, was applied three times each in
2017 and 2018 between the first square and full flower stage to
control excess vegetative growth and promote photosynthate
translocations into the reproductive sinks. For these reasons,
maximum leaf growth occurred at the flowering stage, with
an LAI of 3.9 in 2017 and 4.1 in 2018. Cotton lint harvested
was 1269 kg ha~! in 2017 and 1569 kg ha~! in 2018 (24%
higher lint yield in 2018 than in 2017, Table 1).

3.2 | Diurnal and seasonal variations in NEE
The average daily patterns of NEE across the two growing sea-
sons exhibited substantial variations (Figure 3). July was the
month with the highest NEE during both seasons. In 2018,
NEE in August was slightly higher than in July, from 1:00
p-m. to 7:00 p.m. The highest amount of NEE was —15 kg
CO, ha~! in 2017, while in 2018, it was —18 kg CO, ha~!.
The peak value in NEE in both seasons occurred between
noon and 1:00 p.m. May is the month the crop was planted,
with measured LAI below 1 (Figure 3 for NEE; Figure 4 for
LAI). Consequently, the NEE exchange this month was the
lowest among the four months of the crop season (May, June,
July, and September). NEE increased with the crop growth
in June and July (Figure 3), while LAI increased to values
between 1 and 4 (Figure 4). Daily NEE, after reaching its peak
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FIGURE 1
growing season in 2017 and 2018.

in July, substantially decreased in August 2017 when LAI also
decreased to 2 with senescing leaves as the crop reached phys-
iological maturity. However, the decline in NEE in August
was relatively less in 2018, and the values were comparable
to those observed in July, mainly due to the late planting (May
12,2018 vs. May 2, 2017). Solar radiation, the primary driver
of photosynthetic biomass production in plants, received in
August 2018, was comparable to July with younger plants.
The NEE measured in September for maturing plants with
open bolls was the lowest.

On a half hourly basis, in 2017, the measured NEE fluxes
ranged from a maximum value of —31 kg CO, ha~! on 108
DAE during the later stages of boll development and the open
boll growth of the cotton plants, and a minimum value of
+27 kg CO, ha~! on 34 DAE during the active squaring (bud
development) stage of the plant. There were rain events dur-
ing this period, and it was reported that soil emissions of CO,
increased tremendously after rain events through the enhance-
ment of microbial activity in the soil (Rajan et al., 2013). In a
rainfed cotton production system in a semiarid climate at Col-

Measured half hourly 8 cm soil temperature and global solar radiation, and computed air vapor pressure deficit during the cotton

lege Station, TX, the maximum daily NEE reported in 2017
was —64 kg CO, ha~! in 2017 and —66 kg CO, ha~! in 2018
(Menefee et al., 2020). However, the daily NEE we obtained
in this study was only about half of that value. This is possi-
bly an artifact of the difference in climate and soil between the
locations of the studies. In 2018, the maximum we measured
was —31 kg ha™! on 85 DAE during the boll development
stage of the plants (Figure 4), while the minimum half-hour
NEE in 2018 was 36 kg CO, ha~! on 80 DAE, coincid-
ing with the end of the flowering stage of cotton. Generally,
the daily CO, flux progression followed the measured LAI
(Figure 4).

In 2017, the measured daily NEE of the cotton crop ranged
from 120 on 104 DAE to —274 kg CO, ha~! on 38 DAE
(Figure 4) from the emergence of cotton seedlings until
it reached physiological maturity. The highest NEE value
occurred when the LAI reached 3.3. Around 104 DAE, there
was a substantial decrease in measured solar radiation at
the crop canopy due to heavy clouds (solar radiation val-
ues in Figure 1); the soil and plant respiratory loss of CO,
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dominated during the day. Corroborating our findings,
Amthor (1995) reported that the daily plant maintenance
respiration could be as high as 40%-60% of the carbon
assimilated. Ray et al. (2020) also indicated that soil micro-
bial activity may significantly contribute to net CO, flux
from cropping systems. The total CO, captured from the
atmosphere through photosynthesis and sequestered in cot-
ton plants during the crop season was 8836 kg CO, ha~!
in 2017 and 10,759 kg CO, ha~! in 2018 (Table 1), repre-
senting a 22% decrease from 2018. These results highlight,
irrespective of their inherent variabilities arising from real-
ized climate across seasons, the high potential of the cotton
production system as a carbon sink to absorb the GHG emitted
into the atmosphere. In a rainfed cotton production scenario
in a semiarid climate, at College Station, TX, the crop sea-
sonal NEE reported in 2017 was 8830 and 9470 kg CO, ha™!
in 2018. Given the differences in climate between the two
locations (the location of our experiments was a humid sub-
tropical), these measurements corresponded well with ours.
They also reported significant differences between measured
NEE between the two seasons that were attributed to differ-
ences in rainfall between the years. Though our experiments
were irrigated, they were not always enough to compensate for

the soil water stress imposed by the absence of rainfall during
such dry periods when crop water uptake was high, especially
during the peak crop growth periods; as such, CO, fixed in
photosynthesis during this period was affected as reflected in
the measured NEE (Table 1; Figure 2). For example, in 2017,
when rainfall was absent during the 45-55 DAP period, there
could have been some soil water stress impacting biomass
production.

33 | NetR,, and GPP
In 2017, the computed daily R.., ranged from 56 at emer-
gence to 257 kg CO, ha~! at 58 DAE with a seasonal total
of 17,397 kg CO, ha~! (Figure 5). In 2018, the seasonal
total R, was 26,232 kg CO, ha~!, with daily values ranging
between 47 at emergence and 433 kg CO, ha~! at 87 DAE.
The daily values of GPP and R,., were 26,227 kg CO,
ha~! (NEE was 8836 kg ha™!) in 2017 and 37,081 kg CO,
ha=! (NEE was 10,759 kg CO, ha~') in 2018 (Figure 6).
In 2017, the half hourly GPP rates varied between 1 at
emergence (beginning of crop growth) and 39 kg CO, ha~!
during the active growth, closely following the LAI growth.
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Monthly (May, June, July, August, and September) averaged diurnal patterns of net ecosystem exchange of CO, quantified using

the eddy covariance method during cotton growing seasons in 2017 and 2018.

Increased leaf area intercepted more light for photosynthesis
and biomass assimilation (Figure 6). Daily GPP in 2017 var-
ied between 90 kg CO, ha~! at the beginning of the growth
season and 501 kg CO, ha~! when the plants attained LAI
values above 4. In 2018, GPP ranged from 90 at emergence to
545 kg CO, ha~! when LAI progressed to 3.9.

The GPP and R, from cropping systems are controlled
primarily by air and soil temperatures, solar radiation, pre-
cipitation, and irrigation (Janssens et al., 2001). In nature,
R.., results from complex interactions between climate, soil
(physical, chemical, and biological), and crop characteristics.
In the absence of measurements, the computed R,., can only
be a preliminary (modeled) estimate of the quantity. The lin-

ear correlation between R.., and NEE obtained in this study
showed an R? (coefficient of determination) of 0.67 in 2017
and 0.41in 2018 (Figure 7). Lasslop et al. (2010) developed an
algorithm (model) for partitioning NEE to GPP and R,., using
a light response curve fitted to daytime NEE and modified
for temperature sensitivity and vapor pressure deficit impacts.
They obtained correlations between GPP and R, with R?
between 0.7 and 0.8. However, comparing the two methods
(Reichstein et al., 2005 vs. Lasslop et al., 2010), Lasslop et al.
(2010) reported some differences in the computed values of
R.., and GPP across sites, but the overall pattern remained
the same. The method, however, is not widely adopted for flux
portioning (Wutzler et al., 2018).
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FIGURE 4 Half hourly and daily net ecosystem exchange (NEE) of CO2, quantified using the eddy covariance method during cotton growing
seasons in 2017 and 2018. Leaf area indices (LAls) measured during the crop seasons are also presented. Numbers 1, 2, 3, and 4 marked on the X
axis crop stages (phenology) correspond to the first square, flower, boll, and open boll stages, respectively.
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FIGURE 5 Half hourly and daily ecosystem respiration (R,,) of CO, was quantified using the eddy covariance method for the cotton growing
seasons in 2017 and 2018. Leaf area indices (LAIs) measured during the crop seasons were also presented.
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FIGURE 6 Half hourly and daily gross primary productivity (GPP) of CO,, quantified using the eddy covariance method for the cotton

growing seasons in 2017 and 2018. Leaf area indices (LAlIs) measured during the crop seasons were also presented.

3.4 | ET of cotton

Anapalli et al. (2020) quantified cotton ET using the EC
approach, in which the latent heat data collected in the exper-
iments presented in this study were used. In that study, the
quantified ET was used to compute crop coefficients, which
can be used by irrigation researchers, consultants, and farm-
ers to predict actual cotton ET from reference ET computed
using realized weather data in the field during the growing
season. The ET data were used in this study to calculate
the water use efficiencies of cotton NEE and lint produc-
tion. A summary of the results of the Anapalli et al. (2020)
study that was adopted in this study for quantifying WUE was
presented here: Cotton seasonal ET was 367 mm in 127 days
in 2017 and 439 mm in 132 days in 2018 (Table 1; Figure 8).
Wide variations in daily values of ET were noticed in both
years. The highest daily ET reported in 2017 was 5.6 mm,
against 6.7 mm in 2018. The variations in ET, daily and sea-
sonal, were attributed to the measured variations in realized
weather during the crop seasons, which left the soil surface
dry between dry and wet conditions, contributing to variable
soil surface evaporation components of ET (figs. 1 and 2 in
Anapalli et al. [2020]). In an attempt to quantify the contri-
bution of weather in explaining the variabilities in quantified
ET, Anapalli et al. (2020) reported that the highest correla-
tion between ET and weather factors, Rg ranked highest with

R? values 0.85 and 0.78, respectively, in 2017 and 2018. The
relationship of measured ET with air temperatures was the
least, with R? values of 0.28 and 0.44 in 2017 and 2018,
respectively.

3.5 | WUEyg, and WUE,,

In 2017, the computed daily WUEygg (NEE is expressed as
a +ve quantity when there is a CO, sequestration in plant
biomass) varied from —4 kg CO, ha~! mm~! (—ve sign shows
net CO, release from the system) on 38 DAE to 81 kg CO,
ha~! mm~! on 40 DAE. The average seasonal WUEyg was
24 kg CO, ha~! mm~! (Figure 8). In 2018, the average sea-
sonal WUEygg was 25 kg CO, ha~! mm™!, varying between
—2 and 92 kg CO, ha~! mm~! (Figure 8). The slightly lower
values of WUEygg in 2017 were due to decreased solar radi-
ation received throughout the season from excessive clouding
and rainfall (Figures | and 2). In 2017, the seasonal aver-
age half hourly solar radiation received was 470 W m~2,
compared to 554 Wm~2 in 2018.

In 2017, the cotton’s seasonal average daily WUE;;,, was
3.5kg ha=! mm~!; in 2018, it was 3.6 kg ha™! mm~!, a 3%
change across seasons (Figure 8). The WUEygg computed for
2017 was less than that of 2018 by 4%. For the two-season data
presented, we conclude that WUEygg and WUE;;,, in cotton
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systems in the region remain constant across seasons. In this
context, it is important to note that the water availability for
irrigated agricultural production systems in the region is being
challenged by users of this natural resource from other com-
peting human enterprises (Powers, 2007; Runkle et al., 2017).
In the emerging scenario, soil-water—crop management that
can enhance WUE in agriculture can help alleviate some pres-
sure on the consumptive water demands for irrigated crop
production in the region (Cai et al., 2003). However, when
WUE, the crop produced per unit of water consumed (ET),
is a conservative property, there is little room for drastically
reducing ET to save water. Reducing water use in irrigated
systems by adopting more efficient irrigation methods like
sprinkler irrigation in place of furrow-flooded irrigation as
prevalent in the Mississippi Delta region and reducing water
losses between its source and delivery at the crop potentially
help in addressing the issue (Burt et al., 1997; Evans & Sadler,
2008). As in any other crop cultivated for human use, water
consumption and crop production in cotton also depend on

200 400 600 800

Daily GPP, kg CO, ha!

genotype by environment by management interactions that
determine its growth, development, and yield (Kang et al.,
2021). Further investigations on the physiological processes
in cotton for optimum WUE in NEE production are critical
for sustainable cotton production, especially in the face of
increasing water scarcity.

4 | CONCLUSIONS

Quantifying NEE is crucial for effectively managing crop
ecosystems and reducing GHG emissions by sequestering
CO, removed from the atmosphere into terrestrial biomass
to combat climate change. Using an EC approach, seasonal
variations in fluxes of ET and NEE from cotton in the Mis-
sissippi Delta region were quantified. WUEygg and WUE;;
were computed for quantifying their seasonal variations. This
study demonstrated the possible variations in quantified NEE
(22%), lint yield (24%), and ET (17%) between the two
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FIGURE 8 Eddy covariance quantified daily water use efficiency for net ecosystem exchange (WUEyy) during the cotton growth seasons in

2017 and 2018. ET, evapotranspiration; LAI, leaf area index.

growing seasons. Irrespective of the 22% difference in NEE
and 24% difference in harvested lint yield between the sea-
sons, the WUE;,, and WUEygg differed by only 3% and 4%,
respectively, suggesting WUE conservation across seasons
in the region’s climate. These findings can provide invalu-
able insights for researchers and policymakers in developing
irrigation water management practices for enhanced produc-
tivity of water pumped from aquifers for irrigation. Quantified
NEE and its variabilities across the seasons enable researchers
to gain in-depth knowledge of cotton ecosystems’ role in
the global carbon cycle and develop climate-smart decisive
actions to enhance their carbon sequestration capabilities. The
results of this investigation highlighted the high carbon sink
potential of cotton production systems in the Mississippi Delta
region. However, the study did not investigate the carbon
source-sink relationships during crop-fallow season. Further
studies will be necessary to recommend fallow season soil
management to achieve the system’s carbon sink potential
throughout the year. This study also highlights the need for
continued long-term monitoring of NEE and WUE across
soils and climates, as the data developed can be crucial for
understanding and managing these ecosystems for sustainable
agriculture.
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