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a b s t r a c t

The eddy covariance method was used to investigate carbon fluxes and evapotranspiration (ET) from a
high biomass forage sorghum (Sorghum bicolor L.) field in the Southern U.S. Great Plains for three
growing seasons (2013e2015). Above normal precipitation and narrow row spacing (50 cm) led to higher
biomass production (25 Mg ha�1) and leaf area index (LAI ¼ 7.2) development in 2014. This also resulted
in higher carbon uptake or net ecosystem production (NEP) and ET during that year. Early and late season
precipitation enhanced ecosystem respiration (Reco) resulting in lower NEP in 2015. Shorter growing
season (119 days) also contributed to lower cumulative NEP in 2015. Estimated gross primary production
(GPP) in 2014 (1780 g m�2) was 10% higher than the GPP in 2013 (1591 g m�2) and 24% higher than the
GPP in 2015 (1353 g m�2). During all growing seasons, the site was a source of carbon (negative NEP) at
the beginning and transitioned to a sink (positive NEP) later in the season. Biomass-GPP relationship
indicated that approximately 65% of total GPP was allocated to above ground biomass (AGB). Average
monthly ecosystem WUE (expressed as gross carbon gain per unit of ET) ranged from 1.7 g mm�1 to
4.2 g mm�1. Results from our study indicate that weather conditions, growing season length and crop
management are important factors in determining the magnitude of carbon uptake and release, and ET of
this cellulosic biofuel feedstock crop in the Southern U.S. Great Plains.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Fuel ethanol production in the U.S. has increased from 40 billion
liters in 2009 to 55.6 hm3 in 2015 [1]. Approximately 3.2 hm3 of U.S.
fuel ethanol was exported to more than 50 countries in 2015 [1].
Although U.S. is the largest exporter of fuel ethanol in the world, it
also imported 0.36 hm3 of ethanol in 2015. Majority of this im-
ported ethanol came from Brazil. The main reason for the import
was that the Renewable Fuel Standards (RFS) and the Low Carbon
Fuel Standards of California and other states specify the use of
biofuels with lowgreenhouse gas (GHG) emissions [2]. Based on life
ciences, Oklahoma State Uni-

riscience, Middle Tennessee
cycle analyses, GHG emissions from sugarcane (Saccharum spp.)
cropping systems in Brazil are considered to have less GHG emis-
sions compared to corn (Zea mays) cropping systems in the U.S.,
thus promoting its import [3]. The RFS statutory requirement for
renewable fuel production is 113.6 hm3 in 2020, of which at least
35% of total renewable fuels must be produced from cellulosic
biofuels with low GHG emissions [4].

Cellulosic biofuels are produced from lignocellulosic biomass
feedstocks using advanced conversion technological processes [5].
The main cellulosic biomass feedstocks include agricultural resi-
dues and dedicated herbaceous and woody energy crops [6,7].
Many cellulosic bioenergy crops are ideal candidates for growing in
the Southern Great Plains due to their adaptation to water-limited
and semi-arid environmental conditions. A potential bioenergy
crop that is gaining popularity in the Southern Great Plains is sor-
ghum (Sorghum bicolor L.). Several studies have reported the
drought tolerance and high water use efficiency (WUE) character-
istics of biomass and forage sorghums in the Southern Great Plains

mailto:nrajan@tamu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biombioe.2017.07.021&domain=pdf
www.sciencedirect.com/science/journal/09619534
http://www.elsevier.com/locate/biombioe
http://dx.doi.org/10.1016/j.biombioe.2017.07.021
http://dx.doi.org/10.1016/j.biombioe.2017.07.021
http://dx.doi.org/10.1016/j.biombioe.2017.07.021


S. Sharma et al. / Biomass and Bioenergy 105 (2017) 392e401 393
[8e11]. In addition to agronomic characteristics such as high WUE
and high biomass production, physical and chemical properties of
the feedstocks also play a major role in determining their suitability
for biofuel production [12e14]. The brownmidrib (bmr) cultivars of
forage sorghum have lower lignin content, and hence are ideal for
ethanol production as lignin tends to prevent the enzymes from
accessing cellulose [12,15,16]. Additionally, forage sorghum is
cheaper to produce than corn [17]. Several new bmr cultivars of
forage sorghum have already been successfully introduced in the
Southern Great Plains region.

Changes in land surface properties and management practices
due to land use change to cellulosic biofuel crops can significantly
influence regional carbon and hydrologic cycles [18,19]. In recent
years, eddy covariance systems with fast response instruments
have been increasingly used for direct measurements of the ex-
change of CO2 and water vapor between the vegetation surface and
the atmosphere [20e22]. Using this method, CO2 flux or net
ecosystem production (NEP) is determined as the covariance be-
tween vertical wind velocity and CO2 concentration. During the
daytime, NEP measured using the eddy covariance method repre-
sents the balance between CO2 absorbed by plants through
photosynthesis (gross primary production, GPP) and CO2 that is
released through a combination of autotrophic and heterotrophic
respiration (ecosystem respiration, Reco). At night, NEP measure-
ments represent Reco. Similar to NEP, latent heat flux (LE) is deter-
mined as the covariance between vertical wind velocity and water
vapor concentration. Latent heat is the energy flux used in evapo-
transpiration (ET). Scientists have established networks of experi-
mental sites such as Ameriflux with eddy covariance systems for
quantifying NEP and ET from key ecosystems in North America [23].
Data from these experimental sites are critical for gaining a proper
understanding of regional and global carbon and hydrologic cycles.
However, very few studies have been conducted to investigate ET
and CO2 fluxes of cellulosic biofuel crops such as sorghum [24]. In
this three-year study (2013e2015), we examined half-hourly, daily,
and seasonal ET and carbon flux dynamics of annual high biomass
forage sorghum in the Southern U.S. Great Plains. Our results pro-
vide further insights into the dynamics of carbon fluxes and ET for
this lesser studied, yet crucial, cellulosic biofuel cropping system in
the Southern U.S. Great Plains.

2. Materials and methods

2.1. Study site

The study was conducted in a farmer's center-pivot irrigated
field planted to high biomass forage sorghum for commercial seed
production. The field was located approximately 4.5 km northeast
of Plainview, TX in the Southern Great Plains region (34�12034.7000

N and 101�37050.8500 W,1100m elevation). The climate of the region
is semiarid with long-term mean annual rainfall of 460 mm [25].
The total area of the center pivot field was 0.5 km2 (50 ha) and
sorghumwas planted to half of the area (0.25 km2). Remaining half
of the field was planted to cotton (Gossypium hirsutum L.). The
farmer practiced an annual rotation of sorghum and cotton in these
two sections. The sorghum cultivar planted was Surpass XL bmr
(Coffey Seed Company, Plainview, TX). The crop was planted on 20
May (DOY 140) in 2013 and 2014. Heavy rains in 2015 delayed
planting, thus the crop was planted on June 4 (DOY 155) that year.
In all three years, the planting density was approximately 120,000
plants per hectare. However, the row spacing was narrower in 2014
(50 cm) compared to 2013 and 2015 (100 cm). Urea (46-0-0) was
broadcasted in the field in spring before planting at a rate of
325 kg ha�1. In addition, triple superphosphate (0-45-0) was
applied at a rate of 65 kg ha�1 prior to planting. For the first 40 days,
the field was supplied with approximately 19 mm of water during
each irrigation event. For the rest of the season, the field was irri-
gated with 38 mm of water during each irrigation event. Overall,
the field was supplied with 400 mm of irrigation water in 2013 (12
irrigations) and 2014 (13 irrigations), and 267 mm of irrigation
water in 2015 (7 irrigations). The field was harvested at physio-
logical maturity for seed on 8 October in 2013 (DOY 282), 11
October in 2014 (DOY 285), and 1 October in 2015 (DOY 275). The
growing season was 140, 147, and 119 days long in 2013, 2014, and
2015, respectively. Since the farmer practiced crop rotation, the
field was disked in early spring to incorporate residues. The field
was disked again before planting and was cultivated twice in June
to control weeds. The major soil at the study site is Pullman Clay
Loam (a fine, mixed, superactive, thermic Torrertic Paleustoll) with
0e1% slope.

2.2. Eddy covariance and ancillary data collection

Continuous measurements of CO2 and water vapor were made
using an eddy covariance flux tower established in the field at
planting. Wind speed, CO2, and water vapor concentrations were
measured using IRGASON, which is an integrated open-path
infrared gas analyzer (IRGA, Model EC-150, Campbell Scientific
Inc., Logan, UT, USA) and sonic anemometer (Model CSAT-3A,
Campbell Scientific Inc., Logan, UT, USA) system. These in-
struments were set up facing southwest (into the prevailing wind
direction) at 2 m above the ground level at the beginning of the
season. The instruments were raised to 2.6 m above the ground
level as the average plant height increased to a maximum of 1.3 m.
The movement of the irrigation system did not interfere with data
collection as the height of the center-pivot system was over 3 m.
The fetch (distance from boundary of the field to the tower) was
about 200 m in east and west directions, and about 350 m in north
and south directions. Data from the CSAT3A sonic anemometer and
EC150 system were measured at 10-Hz sampling rate using a
CR3000 datalogger (Campbell Scientific Inc., Logan, UT, USA). The
raw 10-Hz wind velocity, CO2, and water vapor data from CSAT3A
sonic anemometer and EC150 were saved for further post-
processing and analysis of NEP, GPP, Reco and ET.

Other environmental variables measured include air tempera-
ture (Tair) and relative humidity (RH) (HMP50, Campbell Scientific
Inc., Logan, UT, USA), net radiation (Rn) (NR-Lite net radiometer,
Kipp & Zonen, Delft, The Netherlands), photosynthetically active
radiation (PAR) (LI-200SL quantum sensor, LI-COR Biosciences,
Lincoln, NE, USA), solar irradiance (LI-190SB pyranometer, LI-COR
Biosciences, Lincoln, NE, USA), and precipitation (TE525 rain
gauge, Campbell Scientific Inc., Logan, UT, USA). Soil temperature
(Tsoil) was measured using two averaging soil thermocouples
installed at 2 and 6 cm below the surface (TCAV averaging soil
thermocouples, Campbell Scientific Inc., Logan, UT, USA). Soil
volumetric water content (VWC) at 4 cm below the surface was
measured using two CS616 time domain reflectometer soil mois-
ture sensors (Campbell Scientific Inc., Logan, UT, USA). Soil heat flux
at 8 cm below the soil surface (G8cm) was measured using four self-
calibrating soil heat flux plates (HFP01SC, Hukseflux, Deft, The
Netherlands). All the environmental variables were measured at 5 s
interval. The CR3000 datalogger was programmed to calculate and
save 30-min average values of these environmental variables.

Soil heat flux at the surface (G) was estimated every 30-min by
adding soil heat storage above the heat flux plate (S) to the
measured soil heat flux at 8 cm using Eq. [1].

G ¼ G8cm þ S (1)

Heat storage above the heat flux plates was calculated as follows:



Fig. 1. The 30-min averages of the balance of net radiation (Rn) and soil heat (G) fluxes
plotted versus corresponding values of the sum of latent heat (LE) and sensible heat
(H) fluxes for (a) 2013, (b) 2014, and (c) 2015. The solid line represents the regression
through the points.
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S ¼ DTsCsd
t

(2)

where S is heat storage, DTs is the temporal change in Tsoil (differ-
ence between two consecutive 30 min observations), d is depth of
soil in meters above soil heat flux plate, Cs is the heat capacity of
moist soil, and t is time in seconds. Heat capacity of soil in Eq. (1)
can be calculated using bulk density (rb ¼ 1:3 g cm�3Þ, volu-
metric water content (qv) at 4 cm depth, density of water
(rw ¼ 1000 kg m�3Þ, heat capacity of water
(Cw ¼ 4:2 kJ kg�1K�1 ), and heat capacity of dry mineral soil
(Cd ¼ 840 J kg�1 K�1) as follows:

Cs ¼ rbCd þ qvrwCw (3)

Measurements of phenological development were started once
the plant stand was well established (June). Data were collected at
weekly intervals in 2013 and at bi-weekly intervals in 2014 and
2015 growing seasons. Plant measurements collected include leaf
area index (LAI) and above ground biomass (AGB). Plant samples
were taken randomly from the field to measure LAI and AGB. Plants
were stored in an ice chest in the field and leaf area was measured
(after separating leaves from shoots) using a leaf area meter (Model
LI-3100, Licor Biosciences, Lincoln, NE, USA) immediately after they
were brought to the laboratory. Plant density (number of plants per
m2) and leaf area were used to calculate the LAI.

2.3. Eddy covariance data processing and analysis

Using the eddy covariancemethod, half-hourly fluxes of CO2 and
LE were calculated as the covariance between fluctuations from the
mean vertical wind speed and corresponding fluctuations of CO2
and water vapor. The sensible heat flux (H) was calculated similarly
using vertical wind speed and Tair. The open source EddyPro 4.0
software (LI-COR Biosciences, Lincoln, NE, USA) was used to
compute half-hourly fluxes. Calculation of fluxes requires a series of
operations including raw data filtering and applications of algo-
rithms for calculating and correcting fluxes. Some of these correc-
tions include spike removal, spectral corrections for flux losses [26],
and corrections for air density fluctuations [27]. EddyPro assigns
quality flags based on widely used tests for steady state and tur-
bulence [28,29]. The flag ‘0’ indicates high quality fluxes and ‘1’
indicates intermediate quality fluxes. All poor quality fluxes are
flagged as ‘2’. The processed half-hourly fluxes were subjected to
additional quality control before gap filling. In addition to 30 min
data that were flagged as ‘2’, data were screened and filtered for
physically implausible values occurred during precipitation,
equipment maintenance, and low turbulence conditions (when the
friction velocity was <0.10 m s�1).

All missing and poor quality 30 min flux data (NEP, LE and H)
were gapfilled using the on-line CarboEurope and Fluxnet eddy
covariance gap-filling tool [30]. This online tool uses methods
similar to those described in Falge et al. [31] and Reichstein et al.
[32]. Small gaps in the data (4 half-hour periods or less) were filled
by linear interpolation. Larger gaps were filled by the average
values calculated using look up tables within a certain timewindow
under similar meteorological conditions. Similarity between
meteorological conditions was determined when deviation in solar
irradiance was not more than 50 W m�2, Tair was not more than
2.5 �C and vapor pressure deficit (VPD) was within 0.5 kPa. The
standard time window was ±7 days, which was expanded to ±14
days in case similarity in meteorological conditions were not pre-
sent within the 7 days window. This online tool also partitioned
NEP and provided estimations of half-hourly GPP and Reco using an
established flux-partitioning approach [31,32]. Night-time (solar
irradiance less than 20 W m�2) NEP values represent Reco.
Following Lloyd and Taylor [33], short-term temperature sensitivity
equations developed between original night-time NEP measure-
ments (quality flag ‘0’) and corresponding soil temperature (Tsoil)
measurements made at the 4-cm depth. Half-hourly daytime Reco
was modeled using these temperature sensitivity relationships.
Half-hourly GPP was estimated as the difference between Reco and
NEP. Additional details on gap-filling and flux partitioning pro-
cedure can be found in Falge et al. [31] and Reichstein et al. [32].
2.4. Energy balance

We examined the main components of energy balance which
include LE, H, Rn and G. For this study, the steady state surface
energy balance was defined by the equation,



S. Sharma et al. / Biomass and Bioenergy 105 (2017) 392e401 395
Rn � G ¼ LE þ H (4)

where Rn is net radiation flux density (W m�2), G is the soil heat
flux density (Wm�2), LE is the latent heat flux density (Wm�2) and
H is the sensible heat flux density (Wm�2). The difference between
Fig. 3. Weekly averages of meteorological variables for the 2013 (DOY 140-282), 2014 (DOY
vapor pressure deficit (VPD) in kPa, (c) soil temperature (Tsoil) at 4 cm depth in oC, and (d)

Fig. 2. Weekly averages of precipitation in mm for the 2013 (DOY 140-282), 2014 (DOY
140-285), and 2015 (DOY 155-275) growing seasons. Error bars represent standard
error of the mean.
Rn and G represents the available energy at the surface. We
assumed negligible net horizontal advection of energy and heat
storage within the canopy. Surface energy balance was examined
by plotting thirty-minute averages of Rn - G vs. corresponding
values of the sum of LE and H. The slope of the regression through
the distribution of points is an indication of the degree of closure of
the steady-state energy balance with a slope of 1 indicating com-
plete closure and a slope <1 indicating partial closure.
2.5. Water use efficiency

Ecosystem WUE at daily, monthly, and seasonal scales were
calculated by dividing daytime cumulative GPP by daytime cumu-
lative ET at daily, monthly, and seasonal time scales, respectively as
shown in Eq. (5).

WUE ¼ GPP
ET

(5)
3. Results & discussion

3.1. Energy balance

Seasonal energy balance was calculated using half-hourly tur-
bulent fluxes (LE and H) and available energy (Rn and G) compo-
nents. Data were included in the analysis only when all four
measurements were available. The sum of half-hourly LE and Hwas
strongly correlated to the sum of available energy (Rn-G) in all three
years with an R2 value of 0.94 (Fig. 1). The slopes of the regression
140-285), and 2015 (DOY 155-275) growing seasons: (a) air temperature (Tair) in oC, (b)
solar irradiance (Rs) in MJ day�1. Error bars represent standard error of the mean.
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lines were 0.87, 0.84 and 0.85 for 2013, 2014, and 2015, respectively,
indicating that 84e87% of the variation in available energy (Rn-G)
was accounted for by the sum of the turbulent energy fluxes (Fig.1).
This degree of energy balance closure at our site is similar to those
reported in other studies. Foken [34] reported that energy balance
was in the range of 70e90% for a variety of ecosystems studied
using eddy covariance measurements. Wagle and Kakani [24] re-
ported closure on the order of 77% for a biomass sorghum field in
the Southern Great Plains. Rajan et al. [20,35] reported energy
balance in the range of 80e90% for cotton and improved pasture
fields in the Southern Great Plains. In our study, we did not consider
residual energy terms associated with radiant energy used in
photosynthesis and heat energy transiently stored in the canopy.
Fig. 5. Seasonal evolution of above ground biomass (AGB) of sorghum in 2013, 2014
and 2015. Error bars represent standard error of the mean. No replications were
conducted in the 2013 growing season.
3.2. Meteorological conditions and plant phenology

Weekly average environmental data from the site is presented in
Figs. 2 and 3. The 2013 growing season precipitation (235 mm) was
less than the precipitation received in 2014 (328 mm) and 2015
(271 mm). The distribution of precipitation over the growing sea-
son also varied among the three study years (Fig. 2). This resulted in
differences in weekly average VPD and solar irradiance among the
three study years (Fig. 3). Weekly average VPD over the course of
the growing season ranged from 0.42 to 2.4 kPa in 2013,
0.33e1.7 kPa in 2014 and 1.1e1.9 kPa in 2015.Weekly averages of air
and soil temperatures were closely correlated (R¼ 0.91 in 2013 and
2014 and R ¼ 0.84 in 2015). Early in the season (May and June),
average Tsoil was slightly higher than Tair which decreased to below
Tair later in the season. Weekly average Tair during study period
ranged from 17.5 to 26.3 �C in 2013, 14.1e26.1 �C in 2014, and
19.8e26.4 �C in 2015. Average Tair for the growing season was
23.2 �C in 2013, 21.9 �C in 2014, and 23.9 �C in 2015. In 2013 and
2015, seasonal average Tair was close to the thirty year (1981e2010)
average temperature of 23.6 �C (U.S. Climate Data available at:
http://www.usclimatedata.com/) for the corresponding period. In
2014, seasonal average Tair was approximately 2 �C less than the
long-term average temperature. The average daily Tair during the
first week after planting in 2014 was approximately 8 �C less than
the Tair during the corresponding period in 2013 (Fig. 3a). Similar to
Tair, the average daily Tsoil during the first week after planting in
2014 was approximately 6 �C lower than the Tsoil during the cor-
responding period in 2013. Year 2014 also had low growing season
average Tsoil (21.9 �C) compared to 2013 (22.8 �C) and 2015
Fig. 4. Seasonal evolution of leaf area index (LAI) of sorghum in 2013, 2014 and 2015.
Error bars represent standard error of the mean. No replications were conducted in the
2013 growing season.
(24.6 �C). Spring 2014 was cooler than normal and the low air and
soil temperatures were due to many late spring cold fronts passing
over the region.

In all three years, LAI changed rapidly during the growing sea-
son. The maximum LAI measured was 4.1 in 2013, 7.2 in 2014 and
5.1 in 2015 (Fig. 4). In 2015, the maximum LAI was observed
approximately 2- weeks later than in 2013 and 2014 due to delayed
planting. In all three years, LAI remained at its peak for approxi-
mately 2 weeks. Aboveground biomass increased significantly from
Fig. 6. Diurnal patterns of half-hourly net ecosystem production (NEP) and evapo-
transpiration (ET) during the flag leaf period in 2013 (DOY 201-210), 2014 (DOY 201-
209) and 2015 (DOY 214-221). Only measured data during clear sky conditions were
used. Error bars represent standard error of the mean.

http://www.usclimatedata.com/
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June to September. Peak AGB measured was 18 Mg ha�1 in 2013,
25 Mg ha�1 in 2014, and 21 Mg ha�1 in 2015 (Fig. 5). The inter-
annual variation in LAI and AGB was primarily due to the differ-
ence in plant population density. Plant density was higher in 2014
(11 m�2) compared to that in 2013 (8.33 m-2) and 2015 (9.25 m-2).
The higher plant density in 2014 was due to narrower row spacing.
The influence of plant density on LAI and biomass has been re-
ported in several previous studies [36e38].

The growth period of sorghum from emergence to maturity was
approximately 100 days in our study. Even without a second har-
vest, the biomass production of sorghum at our study site was
comparable to the seasonal biomass production of several other
bioenergy crops in the U.S [39]. Researchers have reported the yield
of biomass sorghum ranging from less than 10 Mg ha�1 to over
30 Mg ha�1, depending on the region and growing conditions.
Oikawa et al. [40] reported dry biomass production of sorghum
ranging from 11.7 Mg ha�1 to 16.2 Mg ha�1 for three harvests be-
tween February and November in California. In Florida, Singh et al.
[41] reported AGB production of 19.4 Mg ha�1 for biomass sor-
ghum. Cotton et al. [42] reported dry biomass yield for forage
sorghum ranging from 13.2 to 30.1 Mg ha�1 in the Texas High
Plains. These authors reported that the biomass yield varied
depending upon irrigation level and cultivar characteristics. Results
from our study suggest that high biomass forage sorghum could be
a promising biomass crop in the semi-arid Southern Great Plains
under irrigated conditions. Additionally, several researches have
reported ratooning capabilities of sorghum in the Southern U.S.
[43]. Ratoon crop yields are highly variable depending on factors
such as environmental conditions (for example, water stress), pest
issues, crop growth stage at first harvest, genetic makeup and
physiology of cultivars [44,45]. McCormick et al. [43] demonstrated
ratooning capabilities of sorghumwithout compromising the yield
Fig. 7. Diurnal patterns of half-hourly measurements of (a) photosynthetically active radiati
(Tair) during the flag leaf period in 2013 (DOY 201-210), 2014 (DOY 201-209) and 2015 (D
represent standard error of the mean.
frommultiple harvests in Franklinton, LA. The short growing period
of sorghum to reach maturity in the Southern U.S. Great Plains also
suggests double-cropping possibilities with winter wheat or other
short duration crops in the region.
3.3. Diurnal variations: Net ecosystem production and
evapotranspiration

We compared diurnal changes in NEP and ET at the peak crop
growth stage (flag leaf) in all three years by plotting half-hourly
values (Fig. 6). The diurnal half-hourly averages of meteorological
variables (PAR, Rn, Tair, and VPD) during the same measurement
period are presented in Fig. 7. Themaximum Tair was 33.1 �C in 2014
and 33.6 �C in 2015 (Fig. 7d). In 2013, Tair during the same time
period was 4 �C lower with a maximum of 29.6 �C. Although Tair
was similar in 2014 and 2015, the VPD was higher in 2015
compared to 2014 (Fig. 7c). Daytime VPD was the lowest in 2013
(Fig. 7c). The maximum half-hourly measured NEP was
55.0 mmol m�2 s�1 in 2014, whereas the peak half-hourly NEP was
approximately 42.6 mmol m�2 s�1 in 2013 and 42.8 mmol m�2 s�1 in
2015 (Fig. 6a). Similar to NEP, ET was high in 2014 compared to 2013
and 2015 (Fig. 6b). The maximum half-hourly measured ET was
0.45 mm in 2014, 0.32 mm in 2013 and 0.35 mm in 2015. Average
daily ET during the peak growth stage was 5.55 mm day�1 in 2013,
7.06 mm day�1 in 2014 and 5.91 mm day�1 in 2015. Low VPD and
air temperature combined with lower LAI during the peak growth
stage in 2013 resulted in the lowest measured ET among the three
study seasons. The amount of leaf area exerts a major influence in
mediating diurnal changes in carbon exchange and ET from eco-
systems [46,47]. Due to narrower row spacing and higher plant
density, LAI in 2014was approximately 75% higher compared to leaf
area in 2013 and 40% higher compared to leaf area in 2015. The high
on (PAR) (b) net radiation (Rn), (c) vapor pressure deficit (VPD), and (d) air temperature
OY 214-221). Only measured data during clear sky conditions were used. Error bars
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LAI and canopy closure in 2014 effectively increased evaporative
surface area and light-harvesting efficiency resulting in higher CO2
uptake and ET that year. Increases in ET and NEP with increasing
leaf area has been reported for both managed and natural ecosys-
tems [48,49]. In 2014, CO2 uptake (NEP) increased as PAR increased
and peaked around solar noon time (13:00) when PAR was the
highest. However, in 2013 and 2014, carbon uptake peaked 2 h
earlier (11:00) and remained relatively constant until 13:00, and
declined thereafter. Many scientists have reported saturation of
NEP at high levels of PAR [50,51]. The average nighttime loss of CO2
to the atmosphere was slightly higher in 2014 (10.4 mmol m�2 s�1)
compared to other years (8.6 mmol m�2 s�1 in 2013 and 2015). The
maximum value of NEP and ET for this sorghum field was higher
than that of a non-irrigated biomass sorghum field in Oklahoma
[10,52]. Similar maximum NEP values (68 mmol m�2 s�1) were re-
ported by Oikawa et al. [40] for an irrigated biomass sorghum field
in California.
Fig. 8. Carbon exchange variables during the growing season for the high biomass forage so
in 2013, 2014 and 2015, (b) gross primary production (GPP) in 2013, 2014 and 2015 and
exchange variables during the growing season: (d) NEP, (e) GPP, and (f) Reco.
3.4. Seasonal variations in carbon exchange

Daily and seasonal cumulative estimates of NEP, GPP and Reco
are presented in Fig. 8aef. During all growing seasons, the site was
a source of carbon (negative NEP) at the beginning and transitioned
to a sink (positive NEP) later in the season. Carbon uptake peaked in
July and August. The maximum daily NEP (net carbon gain) was
13.3 g m�2 in 2013 (DOY 199), 14.5 g m�2 in 2014 (DOY 202) and
12.3 gm�2 in 2015 (DOY 216). Cumulative net carbon uptake during
growing season was 710.3 g m�2 in 2013, 665.3 g m�2 in 2014, and
471.0 g m�2 in 2015. Similar to NEP, GPP peaked in July and August
across all growing seasons. Maximum daily GPP (gross carbon
uptake) estimated was 22.8 g m�2 (DOY 203) in 2013 and
26.4 g m�2 (DOY 204) in 2014, and 21.9 g m�2 (DOY 216) in 2015.
Shorter growing season contributed to lower cumulative GPP in
2015. Cumulative seasonal GPP of sorghumwas 1591 gm�2 in 2013,
1780 g m�2 in 2014, and 1353 g m�2 in 2015. In all three years, days
with the highest respiration occurred after precipitation or
rghum field in the Southern U.S. Great Plains. (a) Daily net ecosystem production (NEP)
(c) ecosystem respiration (Reco) in 2013, 2014 and 2015. Cumulative fluxes of carbon



Table 1
Cumulative gross primary production (GPP), evapotranspiration (ET), and ecosystem
water use efficiency (WUE) in 2013, 2014, and 2015 growing seasons. WUE is
expressed as gross carbon gain (g m�2) per unit of ET (mm).
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irrigation. Total Reco includes components of autotrophic respira-
tion and heterotrophic respiration by plant roots, microorganisms
and soil fauna. The intermittent peaks in Reco (Fig. 8c) were respi-
ration pulses associated with enhanced microbial activity due to
precipitation or irrigation. The relative magnitude of Reco in com-
parison to GPP was greater in 2014 and 2015 than 2013. Ecosystem
respiration was 55% of GPP in 2013, and about 65% of GPP in 2014
and 2015. Years 2014 and 2015 registered greater Reco at early and
late growing seasons following precipitation events. Cumulative
Reco (carbon loss) was 872.1 gm�2, 1138.4 gm�2, and 882.2 gm�2 in
2013, 2014 and 2015, respectively. It should be noted that NEP was
greater in 2013 despite lower GPP due to proportionately lower Reco
during that year compared to 2014 and 2015. Longer growing
season and greater LAI contributed towards higher GPP in 2014
than 2013 and 2015. Canopy development is an important deter-
minant of light interception, hence influences GPP and carbon
balance [46,47,53e56].

We calculated carbon amount in the AGB assuming 50% carbon
in biomass [57]. The carbon content of AGB was a strong linear
function of the cumulative GPP. Gross primary production is mainly
distributed among AGB, below ground biomass and autotrophic
respiration [58]. Combined above and below ground biomass
components constitute net primary production. The slope of AGB
and GPP relationship was about 0.65, which indicates that 65% of
total GPP was allocated to AGB (Fig. 9). Remaining GPP is part of
below ground biomass and autotrophic respiration. Campioli et al.
[58] obtained a similar relationship for managed and unmanaged
ecosystems, including forests, grasslands, and croplands. The au-
thors concluded that managed systems favor allocation of more
carbon to AGB due to better nutrient influxes from soil. However,
our estimates of carbon allocation to AGB are greater (65%) than
those reported by Campioli et al. [58] formanaged croplands (about
50%). Allocation of biomass to different parts is an adaptation
strategy for different types of vegetation [59]. For example, Blum
and Arkin [60] reported that sorghum plants growing under water
stressed conditions had deep and uniform roots while well irri-
gated sorghum plants had a high concentration of roots in shal-
lower soil. This suggests that good management in terms of
nutrients and water at our study site might have been responsible
for higher carbon allocation to AGB.
Year GPP (g m�2) ET (mm) WUE (g mm�1)

2013 1591 495 3.2
2014 1780 522 3.4
2015 1353 423 3.2
3.5. Water use efficiency and evapotranspiration

Table 1 shows cumulative GPP, cumulative ET and WUE calcu-
lated for different time periods. Cumulative ET was the highest in
Fig. 9. Cumulative gross primary production (GPP) plotted versus above ground
biomass (AGB) carbon.
2014 (522 mm), followed by 2013 (495 mm) and 2015 (423 mm).
The higher ET in 2014 was in part due to higher water input that
year (728 mm through irrigation and precipitation). Measured ET
was 72% of total water input in 2014. As discussed previously,
higher LAI was another major factor that influenced ET that year.
The total water input through irrigation and precipitation was
635mm in 2013, of which 78%was lost as ET. In 2015, ET was 78% of
total water input (538 mm). During all three years, cumulative ET
and GPP for July and August were higher than for other months.
There was a strong agreement between monthly ET and monthly
GPP (Fig. 10). Monthly WUE was calculated as the ratio of monthly
cumulative GPP to monthly cumulative ET. Monthly WUE
(expressed as gross carbon gain per unit of ET) for the three years
was the lowest in June, ranging from 1.7 g mm�1 in 2015 to
2.3 gmm�1 in 2014. In other months,WUE ranged from 3.0 gmm�1

to 4.2 g mm�1. On average, monthly WUE was the highest in 2014
(3.5 g mm�1) and lowest in 2015 (3.0 gmm�1). HigherWUE in 2014
might have been due to reduced loss of water through soil evapo-
ration due to narrower row spacing [61]. The slope of the linear
relationship between GPP and ET represents overall WUE, which
was 4.5 g mm�1 water in our study. The ecosystem WUE estimated
in our study was higher than that reported by Wagle et al. [24] for
forage sorghum under rainfed conditions in Oklahoma. The authors
reported seasonal WUE of 2.47 g mm�1 water. For other bioenergy
crops, Eichelmann et al. [62] reportedWUE of 3.7 g mm�1 water for
rainfed switchgrass in Canada and Wagle et al. [24] reported
3.2 g mm1 water for rainfed switchgrass in Oklahoma. The higher
WUE of sorghum in our study is comparable to that of corn
(4.1 g mm�1 water) reported by Abraha et al. [63] for the U.S.
Midwest. Unlike less intensively managed switchgrass fields, our
sorghum field was intensively managed with fertilizer application
and irrigation to boost production. Thus, the relatively highWUE of
forage sorghum at our site is not surprising.
Fig. 10. Relationship between monthly integrals of gross primary production (GPP)
and evapotranspiration (ET) during the active growing season (JuneeSeptember)
across all three years (2013e2015). Coefficient of determination (R2) was 0.89.
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4. Conclusions

Eddy covariance measurements made on a high biomass forage
sorghum field in the semi-arid Southern Great Plains demonstrated
that the dynamics of carbon fluxes and ET were strongly affected by
weather conditions, growing season length and crop management
(row spacing and irrigation). The year-to-year variability in ET and
carbon uptake was mainly explained by variations in leaf area
development. Irrigated sorghum in this studywas found to bemore
water use efficient compared to similar cropping systems under
rainfed conditions in the Southern Great Plains. As the demand for
cellulosic biofuels is increasing, observations from field experi-
ments quantifying seasonal changes in carbon, ET and energy bal-
ance could be important in understanding the contributions of
large-scale production of cellulosic biofuel feedstock crops to
regional weather, carbon and hydrologic cycles.
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