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water-use efficiency and yield
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Seeds account for one of the highest costs in peanut production. Moreover, the
climate in most of the Southeastern US is predicted to become drier and warmer
throughout the growing season. Thus, this paper examines how seeding rates
alter ecosystem water-use efficiency (WUE) and yield. Experiments with 31.2,
23.0, and 14.8 seed/m were conducted in irrigated fields in Plains, Georgia, US in
2020, 2021 and 2022. WUE was determined continuously at the field scale
throughout the growing seasons using the eddy-covariance method. Results
suggest that the impact of seeding rate on WUE is highly dependent on weather
conditions. With ‘'normal’ weather conditions in 2020, both the WUE expressed
as the ratio of the net ecosystem exchange (NEE) of CO, to evapotranspiration
(ET) (noted as WUEyNge) and the WUE as the ratio of gross primary productivity
(GPP) to ET (WUEgpp) of 14.8 seed/m generally tended to be larger than those of
31.2 seed/m by 6-17% and 6-13% in all accumulated growing-degree day (aGDD)
ranges respectively. In particularly wet 2021, both WUENge and WUEgpp with 31.2
seed/m were larger than those with 23.0 and 14.8 seed/m. This may be because
ET in the high seeding rate was hindered more than those in the lower seeding
rates in such wet conditions. In contrast, the hot dry weather conditions early in
2022 season (aGDD 500-1000, the period of beginning bloom — full pod) led to
high respiration rates with 14.8 seed/m and thus to much lower NEE values. As a
result, WUENge of the low seeding rate was much lower than those of 23.0 and
31.2 seed/m by 65% and 70% during the period respectively, but the WUEgpp of
the low seeding rate was equivalent to those of the higher seeding rates. The mid
seeding rate had the greatest yield among seeding rate treatments in the wet
season and had yield equivalent to other seeding rates in other two years, making
it the best option in this three-yr study. The mid seeding rate is recommended to
obtain both high yield and high WUE in a hot dry year and high yield in a
rainy year.
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1 Introduction

Georgia produces the largest amount of peanuts in the most
planted area in the thirteen states growing commercial peanut
(Arachis hypogaea L.) in the United States, which ranks the
fourth in the world in terms of peanut production after China,
India, and Nigeria (www.nationalpeanutboard.org). With 277,210-
313,632 ha of peanut planting area, Georgia produced about 52-
53% of total peanut production in the USA in 2021-2023 (USDA/
NASS, 2024).

Peanut seeds account for the greatest cost beside pesticides in
peanut production (Smith and Smith, 2010, 2012; Tubbs et al.,
2011). These can contribute up to 20% of the total cost (UGA
extension, 2024, https://agecon.uga.edu/extension/budgets.html),
particularly for large-seeded cultivars such as Georgia-06G
(Branch, 2007; Smith and Smith, 2012; Hagan et al., 2015).

Planting fewer seeds leads to a reduction of plant stands thus
reducing the yield. On the other hand, overseeding not only
increases the cost, but also leads to increased competition for
light, water, and nutrients. This competition leads to weak plant
stands while not increasing the yield beyond a certain point
(Minton and Csinos, 1986; Wehtje et al., 1994).

Previous research has addressed the influence of seeding rate on
various aspects of peanut production:

1. plant characteristics such as plant height (Tewolde et al,
2002; Tubbs et al., 2011; Ekram et al., 2019), number of
branches (Tewolde et al., 2002; Ekram et al., 2019), leaf area
index (LAI) (Tewolde et al., 2002; Tallarita et al., 2021), and
plant dry weight (Tewolde et al., 2002; Tallarita et al., 2021);

2. yield and pod/nut properties such as pod number and weight
(Tewolde et al., 2002; Ekram et al., 2019; Bakal et al., 2020),
pod and/or kernel yield (Sorensen et al., 2004, 2007; Tubbs
et al,, 2011; Konlan et al,, 2014; Hagan et al., 2015; Morla
et al., 2018; Ekram et al., 2019; Bakal et al., 2020; Oakes et al.,
2020; Sujathamma and Santhosh Kumar Naik, 2022),
protein percentage (Bakal et al., 2020; Tallarita et al., 2021),
oil content (Ekram et al., 2019; Bakal et al., 2020; Tallarita
et al,, 2021), and other compositions (Tallarita et al., 2021);

3. diseases (Wehtje et al., 1994; Black et al., 2001; Branch et al.,
2003; Sorensen et al., 2007; Hagan et al.,, 2015); and

4. economic return (Sorensen et al., 2007; Tubbs et al., 2011;
Konlan et al., 2014; Oakes et al., 2020).

Tubbs et al. (2011) experimented with seven cultivars in single and
twin row patterns at three seeding rates (17, 20, and 23 seed/m) on a
sandy loam soil at Plains, GA. They reported that the 17 seed/m rate in
a twin row pattern tended to have lower yields, but its net returns were
not diminished compared to the higher seeding rates since lower seed
costs offset yield reductions. Among the seven cultivars, Georgia-06G
and Florida-07 had the highest yield and adjusted net revenue, while
Tifguard and Georgia Green had the lowest overall yields. Hagan et al.
(2015) experimented with three cultivars Georgia-06G, Georgia
Green, and Florida-07 planted at seeding rates of 6.6, 9.8, 13.1, and
19.7 seed/m in mid-April and mid-May. They found higher yields
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with 13.1 and 19.7 seed/m than 6.6 seed/m, and higher yields with
Georgia-06G and Florida-07 than Georgia Green.

As different seeding rates lead to different plant populations and
competition, seeding rates should influence plant photosynthesis and
water use and thus water-use efficiency (WUE). This is the hypothesis
of the current paper. This aspect has yet to be addressed despite the
growing season in the southeastern United States becoming drier: the
duration of the dry period throughout the growing season has
increased by 130% over the last 120 years (Fill et al, 2019). In
addition, a heightened temporal variability in precipitation is
reported by NOAA (National Oceanic and Atmospheric
Administration) (2021) and IPCC Core Writing Team (2023). These
drier conditions call for an increase in irrigated acreage by
approximately 2000% from 1976 to 2013 in addition to declining
aquifer resources in the Southeast, adding pressure on peanut
production (Voérosmarty, 2000; Golladay et al., 2004; Sun, 2013;
Williams et al., 2017; Engstrom et al,, 2021). From this, it can easily
be seen why documenting the influence of management practices on
peanut water use and water conservation is needed to improve
sustainable crop production while preserving the highest yield possible.

Water-use efficiency can be defined across various spatiotemporal
scales for diverse agroecosystems (Hoover et al, 2023). Ecosystem
WUE is defined as the ratio of CO, gained through photosynthesis to
water lost through evapotranspiration (ET) at the ecosystem level
(Baldocchi, 1994). The advanced eddy-covariance (hereafter EC)
method has been used successfully to measure CO, and water vapor
fluxes between the atmosphere and various agricultural, forest, and
marine ecosystems (Baldocchi, 1994; Dekker et al., 2016; Anderson
et al,, 2017; Nahrawi et al., 2020; Wagle et al., 2020; Zhang et al., 2022,
2023; Bogati et al.,, 2023). Ecosystem WUE can be estimated as the ratio
of gross primary productivity (GPP) to ET (Wang et al., 2018), gross
ecosystem productivity (GEP) to ET (Law et al., 2002; Niu et al,, 2011),
or net carbon uptake to ET (Baldocchi, 1994; Scanlon and Albertson,
2004; Niu et al., 2011; Zhang et al., 2022, 2023; Bogati et al., 2023).

As part of a series of peer-review publications characterizing the
impact of management practices in peanut production, i.e., planting
date (Zhang et al., 2022), planting pattern (Zhang et al., 2023), and
tillage practices (Bogati et al., 2023), the present study quantifies the
impact of seeding rate on peanut ecosystem WUE using the EC
method. Using this method, the WUE is continuously evaluated at
the field scale, an improvement to traditional methods with discrete
measurements, most often separated in time, and typically using
small agronomic-size plots. The study also presents the net CO,
exchange and ET, in addition to the WUE throughout the growing
season. Compared to previous studies by Zhang et al. (2022, 2023)
and Bogati et al. (2023) in which only daytime was considered, the
current study includes both daytime and nighttime.

2 Materials and methods
2.1 Site description

The three-year study was conducted at the University of
Georgia (UGA) Southwest Georgia Research and Education
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Center (32°2'48.912" N 84°22'14.3178" W, Figure 1) in Plains, GA,
USA in 2020, 2021, and 2022. The soil type of the experimental site
was Greenville sandy loam (fine, kaolinitic, thermic Rhodic
Kandiudults). Three quasi-flat fields next to each other were
selected each year (Figure 1).

The planting date was May 15 in 2020, May 17 in 2021, and May
18 in 2022. The large-seeded peanut cultivar Georgia-06G (Branch,
2007) was planted in single row pattern with row space of 91 cm at
seeding rates of 14.8, 23.0, and 31.2 seed/m in these fields, respectively.
This cultivar was chosen as it is in widespread cultivation in Georgia
(Beasley, 2013; Monfort, 2017) because of its high yield potential and
resistance to tomato spotted wilt virus (Tubbs et al, 2011). The
management practices in the field including irrigation scheduling,
fertilization, weed control, and pest and disease spraying were
conducted following the guidelines recommended by the University
of Georgia Extension (UGA Extension, 2022).

The irrigation was conducted with a pivot irrigation system,
with the irrigation drops positioned at 1.8 m above the ground level.
The irrigation scheduling was made, based on how long it had been
from the prior water event, either in rain or irrigation. Weather
forecasts were also used to help guide irrigation decisions. Fertilizer
decisions are based on the grid soil sampling conducted by an
outside consultant. Fertilizer maps were provided by the consultant
and used for grid spread of fertilizers. This was done by using
Trimble guidance systems and the Trimble variable rate technology
(Trimble Inc., Westminster, CO, USA) installed on a fertilizer
buggy. According to grid soil samples, an average of 22.4 kg of P
(from diammonium phosphate) per ha was applied in April each
year as a pre-plant application.

2.2 Measurements
2.2.1 EC flux measurements

The EC method was used in this study to measure CO, and
water vapor exchange between the peanut canopy and the

I Plains, GA

FIGURE 1
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atmosphere, i.e., CO, flux and ET, respectively. The EC system is
composed of an omnidirectional sonic anemometer (CSATS3,
Campbell Scientific, Logan, UT, USA) and a fast response open-
path CO,/H,O gas analyzer (LI-7500, LI-COR Inc., Lincoln, NE,
USA) mounted about 1.5 m high from the soil surface on a tripod
(Figure 2). The 10 Hz data collected from the instrumentation were
logged to a datalogger (CR 1000, Campbell Scientific, Logan, UT,
USA). LI-7500 sensors were calibrated and CSAT3 anemometers
were checked for the zero offset in the same environmental
conditions just before the experiment each year.

The location of the instrumentation (Figure 1) was chosen to
minimize any advection from adjacent fields and to reduce the
impact on peanut management practices during the measurement
period. EC measurements require that the flux footprint be
contained within the field of interest (see Section 2.4 for details of
the footprint). In 2020, an EC system was placed approximately in
the center of each field with the field area being 6.1, 3.6, and 3.5 ha
for the seeding rate treatments of 31.2, 14.8 and 23.0 seed/m from N
to S, respectively.

To reduce the data gaps created due to small dimensions of the
fields, more EC systems were deployed in 2021 and 2022. In 2021,
the field for 23.0 seed/m was large (9.2 ha) and an EC system was set
up near the center of the field with the anemometer facing the S
direction. The fields for 14.8 and 31.2 seed/m were small, 4.4 and
4.2 ha respectively. Three EC systems were applied: the first EC
system was installed on the W side of the field for 14.8 seed/m with
the anemometer toward E, the second system on the E side of the
field for 31.2 seed/m with the anemometer toward W, and the third
system between the contiguous fields for 14.8 and 31.2 seed/m with
the sonic anemometer toward S. The collected data were separated
for the upwind field according to the wind direction.

In 2022, the field area was 5.1, 4.0, and 4.7 ha for 14.8, 31.2, and
23.0 seed/m from N to S, respectively. The first EC system was set
up close to the N side of the northern field for 14.8 seed/m with the
anemometer toward S, rejecting data with upwind from NW, N,
and NE to avoid the influence of vehicles on the road to the N. The

(A) Location of the study site, Southwest Georgia Research and Education Center of the University of Georgia, Plains, GA, USA and (B) fields for
seeding rates of 31.2, 23.0, and 14.8 seed/m and locations (yellow triangles) of eddy-covariance systems with the arrows indicating the directions in

which the anemometers pointed in 2020-2022.
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Li-7500

FIGURE 2

An eddy-covariance system consisting of an omnidirectional sonic
anemometer (CSAT3) and the fast-response open-path CO,/H,O
gas analyzer (LI-7500) installed in a peanut field.

second system was placed between the northern and middle fields
and the collected data were separated for the upwind field according
to the wind direction. An area of water logging was present in the
middle between the middle and southern fields (Figure 1). To
exclude the influence of the waterlogging area, two systems were
used: the third system was set up near both S of the middle field and
N of the waterlogging area with an anemometer pointed N with the
data collected for the middle field of 31.2 see/m, and the fourth
system was set up near both N of the S field and S of the
waterlogging area with an anemometer pointed S with the data
collected for the S field of 23.0 seed/m. The fifth system was installed
near the southern side of the S field with the anemometer toward N.

2.2.2 Meteorological measurements

Meteorological data was obtained at the UGA weather
station at the UGA Research and Education Center at Plains
(www.weather.uga.edu) in both 15-min intervals and daily
intervals. Solar radiation was measured with a pyranometer
(CS301, Apogee Instruments, Logan, UT, USA), air temperature
and relative humidity with a humidity and temperature transmitter
(HMP60, Vaisala, Vantaa, Finland), wind speed and direction with
a wind sensor (034B, Met One, Grants Pass, Oregon, USA), and
precipitation with a data-logging rain gauge (TB4, Hydrological
Services America, Lake Worth, FL, USA). Vapor pressure deficit
(the difference between the vapor pressure in the air and the
saturated vapor pressure associated with the air temperature at
that time) was calculated with the air temperature and relative
humidity. The predominant wind direction was westerly during
summer and early fall and easterly during spring and late fall.

2.2.3 LAl measurements

Peanut LAT was measured weekly with a plant canopy analyzer
(LI-2000, LI-COR Inc., Lincoln, NE, USA). In each plot, LAI was
measured at ten locations with an interval of 0.5 m in one row. At
each location, one reading above the peanut canopy and four
readings at positions located equally between two rows beneath
the canopy on the ground were taken to determine the LAL In the
meantime, the peanut plant height and width were also measured.
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2.2.4 Yield measurements

Peanuts were inverted with a KMC inverter (Kelley
Manufacturing Co., Tifton, GA, USA) at harvest maturity
according to the peanut maturity profile (Williams and Drexler,
1981). The plants were left in the field for approximately 7 d to cure
before harvesting. Six representative locations in each field were
selected randomly to take biomass samples, stand counts, and assess
the yield of each field. Each yield sampling location was 12.2 m long
and 1.8 m wide and peanuts were picked with a KMC two row
peanut picker (Kelley Manufacturing Co., Tifton, GA, USA). The
yield was adjusted to 7% moisture.

2.3 Signal processing and flux calculations

The EC data were processed using the LI-COR proprietary
software EddyPro (2019). Low-quality data points, i.e., those
characterized by abnormal “automatic gain controls” (AGC)
values from the gas analyzers and/or by abnormal diagnostic
values from the sonic anemometers were removed. The 30-min
periods with more than 10% missing data were discarded. Data
spikes were detected and removed according to Vickers and Mahrt
(1997). The planar-fit method (Wilczak et al., 2001) was applied to
the sonic anemometer data to remove sensor tilt errors. Any linear
trend was also removed from each 30-min period. Density
fluctuation corrections were made following the Webb-Pearman-
Leuning method (Webb et al., 1980).

2.4 Fetch and footprint analysis

Due to the field size limitation, the EC systems were placed at
the edge of the fields in an effort to maximize the flux footprint
contributed by the field of interest. A rigorous footprint analysis
(Kormann and Meixner, 2001) was carried out to check if the
footprint is within the upwind fetch of the interested field. The fetch
was estimated by measuring the distance from the EC system to the
upwind edge of the field in a direction interval of 10 degree using
Google Earth Pro (2019).

The footprint is defined as the spatial extent of the source area of
fluxes measured at the EC system location (Leclerc and Thurtell, 1990;
Leclerc and Foken, 2014; McCombs et al., 2019; Helbig et al., 2021). To
ensure that the EC system measures both the CO, flux and the ET
contributed from the peanut field of interest, the footprint model of
Kormann and Meixner (2001) was applied. In this model, the
contributing distances to the fluxes are calculated using the Equation 1:

L & ¢ (1)

fo= T €

where f, is the percentage of the measured fluxes contributed
from the source distance x in the upwind direction from the sonic
anemometer, E=E(z) is the flux length scale that depends on the
height above the ground z, |l is a dimensionless model constant, and
T'(u) is the gamma function. This procedure was performed using
the EddyPro software. The flux data with f, equal to or more than
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90% were selected for further processing. If the footprint was larger
than the fetch and more than 10% of the flux was contributed from
sources outside the field of interest, the flux was removed from
further data analysis.

2.5 Data filtering

The calculated fluxes during transition time between day and
night of two hours in the morning and two hours in the evening were
removed from the dataset (Angevine et al,, 2020). This is a standard
procedure since atmospheric conditions during these periods are
non-stationary (Moffat et al., 2007). Data accompanied by rain were
also removed. The data were then filtered with (1) the 0-1-2 system
by Mauder and Foken (2006) for data quality to remove data with the
combined flag = 2; (2) wind coming from the back of the sonic
anemometer (within +15°) due to flow distortion caused the tripod
and flux instrumentation structure; (3) friction velocity u~ threshold
(0.1 m s) to remove the data with weak turbulence; (4) the
atmospheric stability (z-d)/L< 0 in daytime unstable conditions and
(z-d)/L > 0 in nighttime stable conditions to remove the daytime data
with (z-d)/L > 0 or stable conditions that indicates local advection
bringing heat from outside the interested peanut canopy and the
nighttime data with (z-d)/L< 0 or unstable conditions, where z is the
EC measurement height above the ground, d the zero-plane
displacement height taken as 0.67 times the canopy height, and L
the Obukhov length defined as L = 136,/ kgw’i&’,, where u~ is the
frictional velocity, 6, the mean virtual potential temperature, w’79’V
the covariance between the surface virtual potential temperature and
the vertical wind component, k the von Karman constant taken as
0.41, and g the gravity acceleration taken as 9.81 m s (5) filtering
data with the above-stated footprint analysis: data points that lie
outside the footprint (when 10% or more of the measured flux was
contributed from outside the field fetch in that wind direction)
were removed.

2.6 Gap filling

An R package REddyProc (Reichstein and Moffet, 2015) was
used to fill the gaps in the filtered fluxes of CO, and water vapor. As
presented in Reichstein et al. (2005), marginal distribution sampling
(MDS) gap filling algorithm was adopted. This method was reliable
on gap-filling with minimum annual sum bias (Moffat et al., 2007;
Paharia et al, 2018). This approach integrates the lookup table
algorithm outlined by Falge et al. (2001) with the mean diurnal
variation technique. The gap filling using the MDS method was
done through the built-in function sMDSGapFill in the R package
REddyProc (Reichstein and Moffet, 2015).

2.7 Carbon dioxide flux partition

The net ecosystem exchange (NEE) of CO, is the result of two
major CO,-related processes of a plant ecosystem: one is the
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carbon fixation rate through photosynthesis or GPP, and another
is ecosystem respiration (R.) (Reichstein et al., 2005). The
partition of NEE into GPP and R. can provide an insight into
which quantity, GPP or R., has more influence on NEE at a given
time. In this study, NEE was partitioned into R. and GPP
using the nighttime-based flux partitioning algorithm of
Reichstein et al. (2005). For nighttime periods (average solar
radiation< 20 W m’z), GPP is assumed to be zero. Thus, NEE is
derived with in the Equation 2:

R, ——— For nighttime periods
NEE = )
R, — GPP — —— For daytime periods
The Lloyd and Taylor model (Lloyd and Taylor, 1994)
describing the temperature dependence of R. was applied to
estimate R, in the current study. The respiration model is
expressed with the Equation 3:

( )

R, = Rref xe T T (3)

where, R. (umol m? s is the sum of autotrophic and
heterotrophic respiration at air temperature T,, R is the
respiration rate at a reference temperature T, (15°C), Ey (K) is
the activation energy or temperature dependency of R, expressed in
temperature scales and Ty is the base temperature set to -42.02°C as
in Lloyd and Taylor (1994).

The model parameters R, and E, were estimated by
regressively fitting the model to the nighttime data of R, (= NEE)
and Ta for overlapping short-term nighttime periods. Then, the
model was used to extrapolate R, values for daytime periods. R, and
GPP were computed for the entire study period.

2.8 Ecosystem WUE calculations and data
partitioning

Peanut ecosystem WUE was calculated in two ways in this
study, the ratio of NEE to ET and the ratio of GPP to ET both on a
daily base (Zhao et al., 2007; Tallec et al., 2013; Baldocchi et al.,
2021), i.e. the Equations 4, 5.

WUENgE = (4)
NEE = g
and
WUEgpp = (5)
GPP T ET

The data collected in the present study were partitioned into
four periods based on accumulated Growing-Degree Days (aGDD)
(Table 1) to account for the change in NEE, GPP, ET, and WUE
with crop growth. aGDD is defined as a cumulative amount of the
Growing Degree Days (GDD) from planting date to the interested
date. The Mills’ Growing Degree Day method (Mills, 1964) was
taken in the current paper, as it was shown as the best relationship
with peanut maturity (Rowland et al., 2006). The Mills’ GDD is
defined in the Equation 6:
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TABLE 1 The partition of mean 30-min filtered data according to accumulated growing degree days (aGDD) and corresponding days after planting

(DAP) and peanut growth stages (Boote et al., 1982).

Growth stage

I <500 Seeding ~ Vegetative before beginning bloom 0-29 0-28 0-26
I 500-1000 Beginning bloom ~ Full pod 30-55 29-56 27-46
111 1000-2000 Beginning seed ~ Beginning maturity 56-98 57-104 47-93
v >2000 Beginning maturity ~ Harvest maturity >=99 >=105 >=94

ATmaxss +13.3 + ABS[ATmin — 13.3]
2

GDD =

— 133+ AT, (6)

where ATmax is daily maximum air temperature, ATmax;s; is
daily maximum air temperature limited to the threshold of 35°C,
ATmin is daily minimum air temperature, AT, is the absolute value
of the difference between ATmax and 24.4, and ABS means the
absolute function.

2.9 Statistical significance test

The analysis of variance (ANOVA) was performed on ET, Re,
NEE, GPP, WUEgg, and WUEgpp using a linear regression model
in R (RStudio, 2024). These variables were evaluated as a function of
seeding rates, aGDD, and their interactions within each year.
Estimated marginal means (least-squares means) were then
calculated using the “emmeans” package in R, followed by
pairwise comparisons at a significance level of p = 0.1.

Similarly, ANOVA was conducted for weather variables,
including average air temperature, average vapor pressure deficit,
and total solar radiation, considering their response to year, aGDD,
and their interaction. Statistical significance was assessed using the
Bonferroni-Sidak test at p = 0.1. Moreover, mean yield across
different years was compared at various seeding rates using the
least significant difference test at a significance level of 0.1.

3 Results
3.1 Weather conditions

The average daily total solar radiation, air temperature, vapor
pressure deficit, total rainfall and total irrigation during various
ranges of aGDD < 500, 500-1000, 1000-2000, and > 2000 among
2020, 2021, and 2022 are compared in Figure 3.

The weather conditions varied with both aGDD stage and
growing season. The year 2021 experienced lower solar radiation,
air temperature and vapor pressure deficit when aGDD > 500 as
compared to the 2020 and 2022 growing seasons (Figures 3A-C).
This is possibly due to increased cloudiness associated with more
rainfall in 2021. The latter was a year characterized by abundant
rainfall totaling 676 mm throughout the peanut growing season, i.e.
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considerably higher than 2020 (564 mm) and 2022 (546 mm)
(Figure 3D). Even together with irrigation, the total water supply
in 2021 (795 mm) was still the highest, compared to 671 mm in
2020 and 724 mm in 2022. Therefore, 2021 was a wet year in the
study period.

On the other hand, the year of 2022 experienced abnormally hot
and dry conditions during aGDD 500-1000. The average air
temperature was 27.3°C during that period, about 2.5°C higher than
both 2020 and 2021 (Figure 3B). The vapor pressure deficit was 1.3
kPa, about double those in 2020 and 2021 (Figure 3C). Solar radiation
during the period was also higher than 2020 and 2021 (Figure 3A).

2020 was generally moderate in solar radiation, air temperature,
and vapor pressure deficit in the three-yr period (Figures 3A-C).
Although the total rainfall in 2020 was also moderate, it was
unevenly distributed in the growing season with much less
rainfall during aGDD 500-1000 and more rainfall during
aGDD > 2000 than in 2021 and 2022 (Figure 3D).

3.2 LAI

Figure 4 describes the LAI of peanut canopies with different
seeding rates of 31.2, 23.0, 14.8 seed/m in 2020, 2021, and 2022. In
2020, the 31.2 seed/m peanut canopy had larger LAI than 14.8 seed/
m canopy through the growing season, while LAI of 23.0 seed/m
was between them (Figure 4A). In 2021, the comparison of LAI with
aGDD < 1500 was like that in 2020, but LAI of 14.8 seed/m became
larger than those of 23.0 and 31.2 seed/m when aGDD > 2000
(Figure 4B). In 2022, LAI of 23.0 seed/m was the largest among
different seeding rates through the growing season, while LAI of
14.8 seed/m was the smallest until aGDD got 2000 and then became
similar to LAI of 23.0 seed/m (Figure 4C).

3.3 Carbon budget

The averages of daily NEE, GPP and R, during three ranges of
aGDD 500-1000, 1000-2000, and > 2000 in 2020-2022 are
compared among the different seeding rates of 31.2, 23.0, 14.8
seed/m in Figures 5-7, respectively. There were no data for 23.0
seed/m in 2020 and aGDD 500-1000 in 2021 due to malfunction of
the EC sensors (same for ET and WUE below).
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FIGURE 3

Comparison of weather conditions averaged in various ranges of
accumulated growing degree day (aGDD) among 2020, 2021, and
2022: (A) daily total solar radiation, (B) daily average air temperature
(Ta), (C) daily average vapor pressure deficit (VPD), and (D) total
rainfall and irrigation during the individual aGDD ranges, with error
bars indicating the standard error of the mean and letters
representing significant test results at the p = 0.1.
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In 2020 during aGDD 1000-2000, NEE3; 5, GPP3; ,, and Res1,
(hereafter subscript number denoting seeding rate) were
significantly larger than NEE,45, GPPy4s, and Rej45 by 2.8, 5.0,
and 2.1 g CO, m™ day™, respectively (Figures 5A, 6A, 7A). During
aGDD 500-1000 and aGDD > 2000, there was no significant
difference in NEE, GPP and R. between the seeding rates 31.2
and 14.8 see/m, except for R.3;, significantly larger than R.;4¢ by
1.8 g CO, m™ day™ during aGDD > 2000.

In 2021, there was no significant difference in NEE and GPP
among different seeding rates during each aGDD period
(Figures 5B, 6B). But there was a trend that the NEE of 31.2 seed/
m was larger than other seeding rates during aGDD 500-1000 and
1000-2000 while the GPP of 31.2 seed/m was smaller than other
seeding rates during aGDD 1000-2000 and > 2000. On the other
hand, R.3;, was significantly smaller than both Res0 and Reag
during periods of aGDD 1000-2000 and > 2000,
respectively (Figure 7B).

In 2022, NEE,, g during aGDD 500-1000 was only -3.8 g CO,
m™ day’!, significantly smaller than NEEj;;, (Figure 5C). The
NEE,, 5 values were also significantly lower than NEE,;, during
aGDD 1000-2000 but not significantly lower than the two other
seeding rates during aGDD > 2000. GPP had no significant
difference among all three seeding rates during each aGDD
period, except for GPP,s significantly larger than both GPPj;,
and GPPy, g during aGDD > 2000 (Figure 6C), although GPP3; ,
tended to the largest during aGDD 500-1000 and the smallest
during aGDD 1000-2000. R.145 was either significantly or non-
significantly larger than those of other seeding rates during aGDD
500-1000 and 1000-2000 (Figure 7C). During aGDD > 2000, it was
significant that Re30 > GPP1ys > Respa.

3.4 Evapotranspiration

Figure 8 shows the comparison of daily ET during various
ranges of aGDD for the three consecutive growing seasons in 2020-
2022, respectively.

In both 2020 and 2022, ETj3, , generally tended to be larger than
ET of other seeding rates during different aGDD ranges (Figures 8A,
C). In 2020, ET3;, was 4.6, 5.6, and 3.5 kg H,O m™* day ™' on average
during aGDD 500-1000, 1000-2000, and >2000, larger than ET;,5
by 0.7, 0.8, and 0.2 kg H,O m™ day ', respectively, in which only the
difference during aGDD 1000-2000 was significant (Figure 8A). In
2022, ET3;, > ET,39 > ETq45 during both aGDD in the range of
500-1000 and aGDD > 2000, while the difference is small among
the seeding rates during aGDD 1000-2000. However, only the
difference between ET3;, and ET 45 during aGDD > 2000 was
significant (Figure 8C).

In contrast, ET3; , tended to be smaller than ET of other seeding
rates while ET»;3 tended to be largest among all seeding rates in
2021 (Figure 8B). During aGDD ranges of 1000-2000 and > 2000,
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Comparison of the leaf area index (LAI) of peanut canopies among different seeding rates of 31.2, 23.0, and 14.8 seed/m in the growing season of

(A) 2020, (B) 2021, and (C) 2022.

ET)s, was 4.9 and 3.4 kg H,O m™ day™' respectively, significantly
larger than both ET,,g and ET3;, during aGDD 1000-2000, and
significantly larger than ET3, , during aGDD > 2000. ET5; , was 3.9,
4.0, and 2.8 kg H,O0 m™ day™ in average during aGDD 500-1000,
1000-2000, and >2000, smaller than ET;4¢ by 0.1, 0.4, and 0.3 kg

H,0 m™ day™, respectively.
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3.5 Ecosystem WUE

The daily ecosystem WUE was estimated as both ratios of NEE
and GPP to ET (Equations 4, 5). A comparison of WUExgg
between different seeding rates of 31.2, 23.0, and 14.8 seed/m

during various aGDD ranges along the growing season in 2020,

08
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FIGURE 5
Comparison of the average daily net ecosystem exchange (NEE) of CO2 of peanut canopy among different seeding rates of 31.2, 23.0, and 14.8
seed/m during various ranges of accumulated growing degree day (aGDD) along the growing season in (A) 2020, (B) 2021, and (C) 2022, with error
bars indicating the standard error of the mean and letters representing significant test results at the p = 0.1.

2021 and 2022 was plotted in Figure 9. Figure 10 is for the  differences were significant except for WUEgpp during the aGDD
comparison of WUEGpp. 1000-2000 period.

In 2020, both WUENg, 148 and WUEGpp, 14 5 tended to be larger In 2021, however, both WUEyNgE 31, and WUEGpp 31, were
than WUENgg 31, and WUEGpp 31, by 6-17% and 6-13% in all  larger than WUEwgg 145 and WUEGpp 148 by 4-27% and
aGDD ranges, respectively (Figures 9A, 10A). None of the 4-11% throughout all aGDD ranges (Figures 9B, 10B),
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FIGURE 6
Comparison of the average daily peanut ecosystem gross primary productivity (GPP) among different seeding rates of 31.2, 23.0, and 14.8 seed/m

during various ranges of accumulated growing degree day (aGDD) along the growing season in (A) 2020, (B) 2021, and (C) 2022, with error bars
indicating the standard error of the mean and letters representing significant test results at the p = 0.1.

although only the differences in WUEygg during the periods Different from 2020 and 2021, WUENgg 145 in 2022 tended to
of aGDD 500-1000 and 1000-2000 were significant. Moreover,  be the lowest among all seeding rates during each aGDD range
both WUENgg 250 and WUEgpp 230 were significantly the  (Figure 9C). It is noted that WUEygg, 145 during 500-1000 was
lowest among all seeding rates during aGDD 1000-2000 and  extremely low, 65% and 70% lower than WUEy\gg 30 and
aGDD > 2000. WUENgE31.2> respectively. Moreover, WUENgg30 tended to be
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Comparison of the average daily peanut ecosystem respiration (Re) among different seeding rates of 31.2, 23.0, and 14.8 seed/m during various
ranges of accumulated growing degree day (aGDD) along the growing season in (A) 2020, (B) 2021, and (C) 2022, with error bars indicating the
standard error of the mean and letters representing significant test results at the p = 0.1.

the highest among all seeding rates during aGDD 1000-2000 and
aGDD > 2000. All the differences were basically non-significant
except for WUENgg 53,0 being significantly higher than WUENgg 148
during aGDD 1000-2000.

WUEGpp was different from WUEygg in 2022. During aGDD
500-1000, WUEGpp 145 Was equivalent to WUEGpp3;, and 10%
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higher than the middle seeding rate 23.0 seed/m (Figure 10C).
During both aGDD 1000-2000 and aGDD > 2000, however,
WUEGpp 31, tended to be the lowest in all three seeding rates,
respectively. Moreover, while WUEGpp 230 Was equivalent to
WUEGpp 148 during aGDD 1000-2000, it tended to be the highest
in all three seeding rates during aGDD > 2000.
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Comparison of the average daily peanut evapotranspiration (ET) among different seeding rates of 31.2, 23.0, and 14.8 seed/m during various ranges
of accumulated growing degree day (aGDD) along the growing season in (A) 2020, (B) 2021, and (C) 2022, with error bars indicating the standard
error of the mean and letters representing significant test results at the p = 0.1.

3.6 Yield yield of 8296 kg ha! in 2021, but there were no significant yield

differences among seeding rates in 2020 or 2022, although the

Peanut yields with different seeding rates are compared in  seeding rate of 14.8 seed/m gave the non-significantly lowest yield

Figure 11. Peanut had the highest yield in 2021 and the lowest  in both 2020 and 2022, and 31.2 seed/m gave the non-significantly
yield in 2022. The 23.0 seed/m seeding rate exhibited the largest  lowest yield in 2021.
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FIGURE 9

Comparison of the average daily peanut water-use efficiency (WUE) defined as the ratio of daily net ecosystem exchange (NEE) of CO2 to
evapotranspiration (ET), noted as WUEygg, among different seeding rates of 31.2, 23.0, and 14.8 seed/m during various ranges of accumulated
growing degree day (@GDD) along the growing season in (A) 2020, (B) 2021, and (C) 2022, with error bars indicating the standard error of the mean
and letters representing significant test results at the p = 0.1.

4 Discussion stages. Throughout the study, the lower values of these properties
during the period of aGDD 500-1000 (corresponding to the period

41 Ecosystem WUE, carbon budget and ET  of beginning bloom - full pod, see Table 1) are mainly due to a
lower LAI (Figure 4). As the LAI increases, the values of these

The present study demonstrates how peanut properties NEE,  properties increase and reach a maximum during aGDD 1000-2000
GPP, R,, ET, and WUE evolve throughout the different growth  (beginning seed - beginning maturity). As for solar radiation,
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FIGURE 10

Comparison of the average daily peanut water-use efficiency (WUE) defined as the ratio of daily gross primary productivity (GPP) to
evapotranspiration (ET), noted as WUEgpp, among different seeding rates of 31.2, 23.0, and 14.8 seed/m during various ranges of accumulated
growing degree day (aGDD) along the growing season in (A) 2020, (B) 2021, and (C) 2022, with error bars indicating the standard error of the mean
and letters representing significant test results at the p = 0.1.

temperature, and LAI decrease during aGDD > 2000 (beginning The impact of seeding rate on these attributes varies with
maturity - harvest maturity), these properties values decrease, too. ~ weather conditions. In 2020 a typical year with average weather
This is consistent with the behavior of daytime CO, fluxes, ET and  conditions, both WUEygg and WUEgpp of 31.2 seed/m were lower
WUE with growth stages reported by Zhang et al. (2022, 2023) and  than those of 14.8 seed/m, although the difference in WUEygg was
Bogati et al. (2023). not significant. This is because, although all the NEE, GPP, and ET
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Comparison of peanut yield with different seeding rates in 2020, 2021, and 2022, with error bars indicating the standard error of the mean and

letters representing significant test results at the p = 0.1.

of the higher seeding rate tended to be larger than those of the lower
seeding rate, which was consistent with the difference in LAI
between different seeding rates, the increment in ET of the high
seeding rate compared to the ET of the lower seeding rates
(Figure 8A) tended to be larger than the increments in NEE and
GPP (Figures 5A, 6A) in the ‘normal” weather conditions.

2021 was a wet year with more rainfall when aGDD > 500. Both
WUEygr and WUEgpp with the high seeding rate of 31.2 seed/m
tended to be the largest in all three seeding rates in different growth
stages, either significantly or not. This is because, in such a wet year, ET
with the high seeding rate was the smallest in all seeding rates especially
during both aGDD 1000-2000 and aGDD > 2000, more affected by the
wet conditions than both GPP and NEE that were not significantly
different among different seeding rates. However, both WUEygg and
WUEgpp of 23.0 seed/m were the lowest due to the highest ET among
different seeding rates, possibly indicating peanut with the mid seeding
rate is less affected by the wet conditions due to its moderate LAI This
variation may be related to the humidity and vapor pressure deficit in
the canopy, both variables sensitive to the seeding rate and by extension
the canopy density. Previous studies, such as Baldocchi (1994) in a
wheat field; Law et al. (2002) at different flux sites in deciduous and
evergreen forests, grasslands, crops, and tundra vegetation; Ponton
et al. (2006) in a Douglas-fir forest, aspen (broad leaf deciduous) forest
and wheatgrass (C;) grassland; and Guo et al. (2022) in maize fields, all
indicated that the ecosystem WUE decreased with vapor
pressure deficit.

In 2022, WUEygg of 14.8 seed/m during aGDD 500-1000 was
extremely low (-0.9 g CO,/kg H,O), the lowest among all seeding rates.
This period experienced unusually high temperatures, vapor pressure
deficit, and solar radiation, averaged at 27.3°C, 1.3 kPa, and 21.6 MJ m?
day™, respectively (Figure 3). The NEE of 14.8 seed/m was also
extremely low, only -3.8 g CO, m™ day” during this period
(Figure 5C). This is due to its large R, values (Figure 7C) resulting
from high temperature and elevated vapor pressure deficit (Figures 3B,
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C), and moderate GPP (Figure 6C). Peanut leaves with low seeding rate
intercept a higher solar radiation level per unit leaf area and thus higher
local temperature and vapor pressure deficit than those with the higher
seeding rates in early growing stages. This could be harmful to peanut
growth in the abnormal higher air temperature and vapor pressure
deficit conditions and thus increase its respiration and reduce NEE and
WUEnge. The impact even influenced the next growth stage, leading to
higher R, and lower NEE and WUEgg. High temperature and vapor
pressure deficit reducing WUEygg observed in 2022 in the current
study is consistent to previous research. Craufurd et al. (1999) reported
that high temperature decreases peanut WUE defined as the ratio of
total dry matter accumulated between first flowering and harvest to
total water use over the same period. Baldocchi (1994) indicated that
the ecosystem WUE defined as the ratio of CO, flux to LE decreased
with vapor pressure deficit in wheat field but not is a sparse corn field.

However, WUEgpp of 14.8 seed/m in 2022 in the current study
was like other seeding rates during aGDD 500-1000, and equivalent
to that of 23.0 seed/m and higher than 31.2 seed/m during both
aGDD 1000-2000 and aGDD > 2000. This is different from
previous studies, which show that the ecosystem WUE defined as
the ratio of GPP to ET is negatively related to vapor pressure deficit
(Law et al., 2002; Ponton et al., 2006; Guo et al., 2022).

4.2 Yield

In contrast with the influence of seeding rate on WUE which
varies with weather conditions and growth stages, the seeding rate
of 23.0 seed/m exhibited the largest yield of all three treatments in
2021 and had equivalent yield to other seeding rates in 2020 and
2022 for different weather conditions. Of all three years, this makes
it the overall best seeding rate for high yield. This is possibly because
the mid seeding rate has a canopy with an optimum plant density
with a lower competition for light, soil moisture and nutrient which
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would be present at higher density levels.

Such results for the seeding rate of 23.0 seed/m to tend to be the
largest yield agree with those of Tubbs et al. (2011) who reported that
the seeding rate of 17 seed/m exhibited lower yields than those higher
seeding rates of 20 and 23 seed/m. Hagan et al. (2015) tested lower
seeding rates from 6.6, 9.8, 13.1, and 19.7 seed/m. The Hagan et al.
study also reported that higher seeding rates lead to higher yield. That
may be because the range of seeding rates in the experiment were
noticeably on the low side of the plant density scale. The 23.0 seed/m
seeding rate is similar to the UGA Extension recommended seeding
rate (UGA Extension, 2022). The present findings support the UGA
Extension recommendation and demonstrate that there is an optimum
seeding rate potentially avoiding lower yield for seeding rates that are
either higher or lower than the recommended rate.

The yield results combined with the WUE results in the current
study indicate that the high WUE with high yield can be achieved
with mid seeding rate in a hot dry year, while the high WUE and
high yield may not be simultaneously obtained by the seeding rate
in a wet year.

5 Conclusions

This paper has examined the influence of three seeding rates of
14.8, 23.0, and 31.2 seed/m on peanut ecosystem water-use efficiency
(WUE). The latter was determined by the ratio of the net CO,
exchange to the evapotranspiration (ET) measured. Both are
obtained using the eddy-covariance method, a technique capturing
fluxes at the field scale and continuously round the clock throughout all
growth stages over a three-year study period. This approach constitutes
a considerable improvement over traditional methods that use discrete
measurements and typical small agronomic-size plots.

Results suggest that the influence of seeding rate on WUE is
closely coupled to weather conditions. In 2020, a season with
‘normal’ weather conditions, both the WUE as the ratio of net
ecosystem exchange of CO, (NEE) to ET (WUEygg) and the WUE
as the ratio of gross primary productivity (GPP) to ET (WUEgpp)
for the low seeding rate of 14.8 seed/m tended to be larger than
those for high seeding rate of 31.2 seed/m by 6-17% and 6-13%
throughout all accumulated Growing Degree Day (aGDD) ranges,
respectively. This is because the increment in ET of the high seeding
rate compared to that of the low seeding rates tended to be larger
than the increments in NEE and GPP.

In 2021, a particularly wet season with more rainfall, both
WUEygr and WUEGpp in the high seeding rate were larger than
those with lower seeding rates. This is attributed to the fact that ET in
the high seeding rate was hindered more than those in lower seeding
rates in such wet conditions as the dense canopy prevented the lower
canopy layers from drying quickly the way a canopy with a lower
seeding rate would.

2022 was a year characterized by abnormally hot and dry year
specially throughout the early growing season (aGDD 500-1000, the
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period of beginning bloom - full pod). These conditions resulted in
high respiratory losses and considerably low NEE in the low seeding
rate field compared to both higher seeding rate fields. This leads to the
WUEygg with the low seeding rate being 65% and 70% lower than the
higher seeding rates during aGDD 500-1000 respectively, while
WUEgpp with the low seeding rate was equivalent to that with the
higher seeding rates.

Of all three experimental years, peanut had the highest yield
in the wet year of 2021 and the lowest yield in 2022 with
abnormally hot and dry conditions. Peanut with the mid
seeding rate had the greatest yield amongst the three seeding
rate treatments in 2021 of wet season and had yield equivalent to
other seeding rates in the other two years. The mid seeding rate is
thus considered to be the best option to get the overall highest
yield. This result further corroborates the University of Georgia
Extension recommendation.

In the current study, combining both the yield and WUE
results, the highest WUE with high vyield is achieved using the
mid seeding rate in a hot dry year. However, high WUE with high
yield might not be obtained by selecting the seeding rate in a wet
year. Thus, the results reported in this paper concur with the Peanut
Rx, i.e., the mid seeding rate is recommended to obtain high yield
with high WUE. Our data further support the assertion that
regardless of whether the growing season is predicted to be dry or
wet, the mid seeding rate is the indicated choice: In a forecast of a
rainy year, the mid seeding rate is expected to still produce high
yield, though its WUE would not be as high as the other seeding
rates, but WUE is not that important in a rainy year.
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