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Abstract: It is crucial to understand the impacts of climatic and crop factors, and management
practices on carbon and water dynamics of Wheat (Triticum aestivum L.) and Canola (Brassica
napus L.) ecosystems for long-term water planning and improved resource use efficiencies. Net
ecosystem exchange (NEE) of CO2 and H>O was measured using eddy covariance systems over
neighboring wheat and canola fields with different tillage practices such as conventional till (CT)
and no-till (NT) in El Reno, Oklahoma, USA. In addition, wheat fields received different grazing
managements such as grain only and graze-grain. The objectives of this study were to determine
the seasonality of NEE, evapotranspiration (ET), and ecosystem water use efficiency (EWUE)
over wheat and canola ecosystems in response to biophysical factors and management practices.
In wheat ecosystems, the results revealed that large differences in ET and EWUE were attributed
to different climatic conditions and grazing management. Large differences in CO> fluxes and
ET during the canola growing season were caused by differences in stand establishment after
winter dormancy rather than by tillage practices. The cumulative wheat ET was 459 mm for CT
and 469 mm for NT under grain-only wheat and 365 mm for CT and 404 mm for NT under
graze-grain wheat. The growing season EWUE was 3.49 (CT) and 3.27 (NT) g C mm™ ET for
the grain-only and 2.82 (CT) g C mm™ ET and 2.99 (NT) g C mm™ ET for the graze-grain wheat
fields. Daily ET reached 6 mm at CT and NT fields for grain-only wheat and 4.6 mm (CT) and
5.3 mm (NT) for graze-grain wheat.

The seasonal sums of NEE were -346 g C m2 and -188 g C m™ at the CT and NT canola fields.
Cumulative seasonal ET during the growing season was similar for both fields (429 mm for CT
and 415 mm for NT). The EWUE at the growing season scale was 2.97 and 2.78 g C mm™* ET
for CT and NT canola fields, respectively. The maximum NEE (7-day average) reached -5.19 +
0.49 and -4.66 + 0.35 g C m2 d* at CT and NT canola fields, respectively. Magnitude of daily
canola ET (7-day average) reached 4.69 + 0.42 mm d™* and 4.28 + 0.36 mm d* at CT and NT
canola fields, respectively. This research showed the similar seasonal ET between CT and NT
management and higher EWUE at CT field for grain-only wheat field under favorable
conditions. The CT canola field was a strong carbon sink at the season scale. The ET were
similar between CT and NT canola fields, however the higher EWUE was observed at CT field.
However, long-term measurements are required to understand the influence of tillage practices
and climatic conditions on carbon and ET dynamics.
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CHAPTER I

INTRODUCTION

Background

Over the past century, the states of the earth’s atmosphere and biosphere have experienced much
change. Since the dawn of the industrial revolution, the mean global carbon dioxide (CO3)
concentration has risen from about 280 ppm to over 400 ppm (Tans and Keeling, 2014), mainly
due to the burning of fossil fuels. The CO, abundance is expected to reach 600 ppm in the next
century, even if growth of fossil fuel use is slow (Rotty and Marland, 1980). Rising atmospheric
CO- concentration and other greenhouse gases (GHG) are believed to be partially responsible
for climate change (West and Marland, 2002) and have a direct and positive impact on the
photosynthesis, growth, and other physiological processes of C3 plant species (Wang et al.,
2013). Under climate change, both air and soil temperature are subjected to rise directly affecting
cereal crops production. Future agricultural systems is fated to face problems such as extreme
temperature and drought stress which may detrimentally impact crop production (Wang et al.,
2013). Therefore, more information on carbon, water, and energy fluxes, and interactions among

earth surface, atmosphere, and plants is needed. (Baldocchi et al., 2001).



The hydrologic balance of terrestrial ecosystems is gaining interest in recent years
(Aubinet et al., 1999) because drought is globally increasing in area and intensity in the last five
decades (Dai et al., 2004). Drought is a major concern since it is expected to influence the
terrestrial hydrologic cycle in the near future (Wagle and Kakani, 2014). In the hydrological
balance, evapotranspiration (ET, combination of loss of water from soil (evaporation) and plants
(transpiration) to the atmosphere) is the second largest term after precipitation in most cases,
consuming about 50-90% of precipitation (Ford et al., 2007). Increase in food production has to
be achieved to support the growing global population. Unfortunately, this higher food production
demand must be achieved under reduced water availability (Singh et al., 2007). Furthermore,
another concern in future is how elevated CO> concentration may affect crop ET (Hunsaker et al.,
2000). Increase in ET may affect plants growth and yield. Therefore, in order to understand the
role of global climate change on crop water use, ET is an essential component of the energy and
water budgets in grassland and agricultural ecosystems (Verma et al., 1989; Hunsaker et al.,

2000).

Obijectives

The objectives of these studies were to: 1) determine the seasonality of Net ecosystem exchange
of carbondioxide (NEE) and its components [ (Gross primary photosynthesis (GPP) and
ecosystem exchange (ER)] from conventional till and no-till wheat and canola systems, 2)
quantify seasonal variations in ET, EWUE, and energy partitioning in wheat and canola crop
under conventional till and no-till systems, 3) investigate the response of CO2 and H20O fluxes to
changes in major environmental factors, and 4) compare difference in water use between

conventional till and no-till systems.
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CHAPTER II

LITERATURE REVIEW

Ecosystem level flux measurements

Flux is defined as how much of something moves through a unit area per unit time. Flux
measurements are widely used in order to estimate the exchange of heat, water vapor (H20),
carbon dioxide (CO), methane (CHa), and other trace gases. Flux is dependent on various
factors, including the number of elements crossing the area, the size of the area being crossed,
and the amount of time it takes to cross the area. Flux is measured from single-point
measurement and represents the entire ecosystem exchange (Burba, 2013). The eddy flux (F) is

expressed as follow:

F=paw's' 1)

where F is flux, pa is the mean air density, w is the vertical wind speed, and s the mixing ratio.

The over bar denotes temporal averaging (i.e., 30-min).



Flux Measurement Techniques

Various methods like Bowen ratio energy balance (BREB), surface renewal (SR), scintillometer,
and eddy covariance (EC) are used to measure fluxes over terrestrial surfaces. Bowen ratio
energy balance method (BREB) is a practical and relatively reliable micrometeorological method
(Allen et al., 2011), which is often used to measure latent heat (LE) and sensible heat (H). This
concept enables solving the energy balance equation by measuring simple gradients of air
temperature and vapor pressure in the near-surface layer above the evaporating surface. The
method works best when soil water is an evapotranspiration (ET) limiting factor (Bowen, 1926).
However, when the Bowen ratio is small, the method will be useful at fetch-to-height ratios as
low as 20:1 (Heilman et al., 1989). The BREB method has following advantages: 1) it measures
ET over both potential and non-potential surfaces, 2) the gradient-based fluxes are averaged over
a medium sized area (200-100,000 m?), 3) the system is quite robust, and 4) the instrumentation
is relatively less expensive (Allen et al., 2011). The BREB method returns good results when
employed in large extent, relatively smooth and uniform wetlands (Drexler et al., 2004). The
disadvantage of this method is that it assumes equal transfer coefficients for H and LE which
may not be true during stable (inversion) conditions (Drexler et al., 2004). The accuracy of ET
depends substantially on the representativeness and accuracy of net radiation (Rn) and soil heat
flux (G) (Allen et al., 2011). However, due to certain disadvantages such as need for an extensive
study site having sufficient fetch, system inaccuracy and labor intense, BREB is currently

considered as an outdated methodology.

Surface Renewal (SR) is based on analyzing the short-term energy transfer between
canopy elements and air parcels during the turbulent exchange process. Therefore, it is less

dependent on fetch, which make the SR methodology useful for calculating ET for locations with



fetch limitations such as edges of wetlands and small wetland patches. The advantages of this
system are portability, easy maintenance, and relatively low costs. The main disadvantage of the
SR method is that it must be calibrated against an independent measure of H flux density

(Drexler et al., 2004).

The scintillometer is used to measure H and it consists of an optical transmitter and a
receiver at the ends of an atmospheric propagation path. Scintillometer measurements require
assumptions related to Monin—Obukhov stability functions, the estimation of mean shear stress
(or friction velocity), and some empirical corrections related to the frequency spectrum. Some
advantages of this device is it is relatively simple to operate and maintain, consistency in
application (Kleissl et al., 2008), the integration of H over large distances (i.e., few hundreds of
meters up to 10 km), with weighting toward the center of the transect (Meijninger et al., 2002).
The disadvantages are it measures only the magnitude of H, it may require some post-processing
correction, and the device is relatively expensive (Allen et al., 2011). This technique is currently
being used.

The most commonly used and highly accurate method to measure fluxes such CO3, H>O,
H, and LE fluxes is through in-situ EC towers that utilize a sonic anemometer with an CO. and
H>0 gas analyzer to produce 30-minute flux averages from 10-20 Hz data (Baldocchi et al.,
2000; Burba, 2013).

The first EC measurements that focused on CO> exchange occurred in the early 1970s
(Desjardins, 1974; Desjardins and Lemon, 1974). This set of studies was performed over corn
(Zea mays L.) using a propeller anemometer and a modified closed-path infrared gas analyzer,
with a capacitance detector; a set of sensors with relatively slow time constants on the order of

0.5 s. There was almost ~40% error of CO- flux from these measurements, so the next



technological improvements came nearly a decade later and were reliant on the commercial
availability of sonic anemometers and the development of rapid-responding open path infrared
gas analyzers (Bingham et al., 1978; Jones et al., 1978; Brach et al., 1981; Ohtaki and Matsui,
1982). Open-path CO. sensors were a key innovation because they are able to acquire CO;
fluctuations as rapidly as ten times or even higher per second.

In recent years, the EC technique has emerged as an alternative way to assess ecosystem
carbon exchange and H2O fluxes (Running et al., 1999; Canadell et al., 2000; Geider et al.,
2001). This technique provides unique measurements of CO2, H->O, and energy fluxes between
the biosphere and the atmosphere at the ecosystem scale. Assuming perfect turbulent mixing
these measurements are typically integrated over periods of half an hour (Goulden et al., 1996)
building the basis to calculate carbon and water balances from daily to annual timescales. A clear
advantage is that if the water vapor covariance flux is measured, it provides a direct measure of
LE. In addition, if Rn, G, and H are measured at the same time, energy balance closure can be
computed to provide some verification of the measurements and fluxes are averaged over
medium-sized (50 m-200 m) areas. If all of the energy balance components are measured
accurately and there is no horizontal advection, then Rn — G = H+LE. None of the other methods
have this self-verification. The greatest disadvantages of using eddy covariance are the cost
andthe complexity and sensitivity of instruments to damage. Eddy covariance instrumentation

generally requires high maintenance to ensure good results (Drexler et al., 2004).

Chamber techniques have been the most commonly used approach to measure
greenhouse gases (GHGs) (Rochette and Hutchinson, 2005). Chambers can be linked to the
Infrared gas analyzer (IRGA) equipment and measurements can be taken either by using open or

closed chambers. In closed systems, sample material is enclosed in a sealed chamber and the



changes in the gas concentration in the enclosed air over time are used to estimate the fluxes.
Outside air is continuously introduced into the chamber in the open systems and fluxes are
estimated by the products of the airflow rate and differences in gas concentrations between
inflowing and out flowing air (Teitel et al., 2011). The main disadvantage of using chambers are:
1) it provides measurements over a small surface area (Koskinen et al., 2014) and 2) data
collection is made manually resulting in discontinuous and short-spanned data (Gagnon et al.,
2016) which further could be misleading for data interpretation. Therefore, this technique might
not be suitable for the fields with well-established canopies because single measurements will

not be adequate to predict the strongly modified wind and concentration profiles (IFIA, 2019).

The Eddy Covariance Technique, Theory, and Flux Computations

The Eddy Covariance method is a micrometeorological technique, which provides a
direct measure of net carbon between vegetated canopies and the atmosphere (Baldocchi et al.,
1988; Foken and Wichura, 1996; Baldocchi et al., 2000). The EC method is capable of
measuring ecosystem COz exchange across a spectrum of times scales, ranging from hours to
years with minimal disturbance of the underlying vegetation (Baldocchi et al., 2001). The
atmosphere contains turbulent motions of upward and downward moving air that transports trace
gases such as CO». The EC technique samples these turbulent motions to determine the net
difference of material moving across the canopy-atmosphere interface (Baldocchi, 2003). The
EC technique produces a direct measure of net ecosystem carbon exchange (NEE) and H.O
fluxes across the canopy-atmosphere interface by using the micrometeorological theory to
interpret measurements of the covariance between vertical wind velocity and scalar

concentration fluctuations (Baldocchi et al., 1988; Verma, 1990; Desjardins, 1992; Lenschow,



1995). Some assumptions made in EC method are: 1) flat terrain, 2) homogeneous canopy height
and structure, 3) instruments should face the predominant wind, and 4) the site location should
be large enough to place the tower to provide adequate footprint. Violation of these assumptions
can cause systematic errors in the interpretation of the eddy covariance measurements (Baldocchi

et al., 1988; Foken and Wichura, 1996; Massman and Lee, 2002).

CO: Fluxes
In EC technique, CO> commonly measured using infrared gas analyzer (IRGA) in either open or
closed configuration. The CO> detector has a filter at the 4.26 pm absorption band, and the gas

analyzer is usually placed at or slightly below the sonic anemometer level (Burba, 2013).

The flux of CO2 and water vapor (H2O flux) is given by (Webb et al., 1981)

F=pxw'xs' (2)

where p is the density of the dry air, W' is vertical wind speed, and s’ is dry mole fraction. The bar

above the product of the fluctuations denotes time averaging.

H>0 fluxes or Evapotranspiration (ET)
Total ET for a 30-min period (mm 30-min-1) is calculated from EC measured H>O fluxes (mmol
m” 2s7') as follows:
ET = (H20 flux*18.01528*1800)/10° )
where H>0 is measured using infrared gas analyzer (IRGA) in either open or closed
configuration.

Ecosystem water use efficiency (EWUE) is the net carbon uptake per amount of water

lost from the ecosystem, which is a useful methodology to quantify the functionality in semiarid

10



shrubs and grassland communities (Emmerich, 2007). According to Emmerich (2007), EWUE is
determined from the ratio of daily daytime NEE of CO> to daily nighttime ET (g CO2 18 per mm
H20) that is summoned for the growing season. For the maximum regression equation, day times
with maximum CO; uptake with minimum ET were selected, and the slopes for the maximum
EWUE were selected to compare EWUE between plant communities. The slope of NEE vs. ET
and gross primary production (GPP) vs. ET using half-hourly measurement of the day was used
to determine EWUE (Kuglitsch et al., 2008). Kuglitsch et al. 2008 reported that GPP and ET
were strongly associated than NEP and ET since NEP depends on respiration and respiration is
not tightly coupled with ET. On seasonal scale, EWUE is estimated from the slope of the
regression of daily daytime NEE or GPP vs. ET and daily or monthly EWUE can be calculated

from the ratio of daily or monthly integrals of GPP or NEE to ET (Baldocchi et al., 2001).

Latent heat flux (LE)

Latent Heat Flux is the stored heat energy in water, which is the same as ET. When the
LE flux is positive, ET is occurring meaning that energy is transferred from the surface to the air.
When the LE flux is negative, condensation is occurring which means that energy is transferred
from the air to the surface. In this case, the surface warms up and the energy can be used to warm
the subsurface. LE flux is negative usually during the night. LE flux is determined from the
average values of wind speed and vapor density. LE flux is corrected for oxygen effects (Tanner
and Greene, 1989) and density differences caused by heat and vapor transfer (Webb et al., 1980).
Mathematical equation to estimate LE is

LE = Ap,w' *q’ 4)

11



where A is latent heat of vaporization, p is the density of the dry air, W' is vertical wind speed,
and q is water vapor.

Sensible heat flux (H)

Sensible Heat flux is defined as the energy required to change the temperature of a
substance with no phase change. If H is negative, the dominant direction of energy flow is from
the air to the earth’s surface, which means that air is losing energy and the earth’s surface is
gaining energy. If the H is positive, the dominant direction of energy flow is from the earth’s
surface to the air, which means the air is gaining energy and the surface of the earth is losing
energy. Sensible-heat flux is determined by the covariance of instantaneous departures from the
average values of wind speed and air temperature. Sensible heat flux can be estimated by the

following equation.

H=p.Cpw T’ (5)

where p is the air density, Cp is specific heat, w’ is vertical wind speed and T’ is the temperature.

Energy Balance Closure (EBC)

Measurements of latent- and sensible- heat flux, combined with measurements of net
radiation and subsurface-heat flux allow the estimation of an energy budget. The evaluation of
energy budget using data collected at EC sites provides an indication of instrument efficiency in

measuring the available energy (Berger et al., 2001).
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Processing and screening of fluxes

Some of the basic corrections used in data processing includes Webb Pearman and
Leuning (WBL) method, quality control, friction velocity (U*) correction, and EBC. The post
processing data includes statistical analysis for quality control, determination of the appropriate
averaging period (Vickers and Mahrt, 2003), correction for sonic temperature (Schotanus et al.,
1983), density effects (Webb et al., 1980), and tilt correction (Mahrt et al., 2001). Time series
data can be processed using Quality Control (QC) Software, version 3.0 (Vickers and Mahrt,
1997).

The data processing includes processing the real-time, instantaneous data (at 10-20 Hz),
processing averaged data (0.5 to 2 hours), quality control, and long-term integration and analysis.
Some of the main element of the data processing are correcting the time delay, screening, gap
filling and partitioning (Burba, 2013). Several Software packages that are used for processing of
eddy fluxes are TK3, Alteddy, ECPack, EddySoft, EdiRE eth-flux, TUDD, S + packages,

ECO2S and eddy pro.

Time delay

The delay between the two-time series is mainly caused by differences in electronic
signal treatment, spatial separation between wind and scalar sensors, and air travel through the
tubes in closed-path eddy covariance systems. Time delays caused by electronic signal treatment
(signal conversion and computation) are generally relatively small, constant and can thus be
considered directly. The air parcel needs some time to pass both of the instruments, which
depends on wind speed, wind direction, and the distance between the sensors (Aubinet et al.,

2012).
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Data screening

The EC method underestimates all the fluxes in stable conditions. This underestimation
acts as a selective systematic error (Moncrieff et al., 1996) and could lead to a strong
overestimation of net ecosystem exchange (NEE) at stable nighttime conditions and also at night,
the turbulent flux is sensitive to the friction velocity (u*). The nighttime flux error leads to
overestimation of a carbon sequestration and it also underestimates the flux-climate relationships
such as photosynthetically active photon flux density (PPFD). Unreliable flux data during calm
periods are excluded in order to avoid this error. During screening, negative nighttime NEE (as
no photosynthesis occurs during the night) during low wind velocity is removed. Sensible heat
and LE fluxes are filtered to keep in the ranges of -200 to 500 Wm~2 and —200 to 800 Wm™2,
respectively (Sun et al., 2010). Physically unreasonable CO> fluxes beyond +3.5 SD (standard
deviation) are removed (Wagle and Kakani, 2014).

The different types of data screening methods are: the statistical outlier method, the
artificial time series method (Press et al., 1989), normal (Gaussian) distribution, the prediction

model, and self-contained model (Hojstrup, 1993).

Velocity friction (u*)
Uncertainties and Drawbacks of u*

Varying footprints can be a source of errors and uncertainties that can affect data quality,
particularly if the ecosystem is inhomogeneous and patchy (Gockede et al., 2006). At night, EC
systems located above terrestrial ecosystems may report little or no CO2 exchange even when
such exchanges are known to be occurring. These flux deficits occur under stable, low-wind

conditions when turbulence is not well developed (Hollinger et al., 1994; Goulden et al., 1996;

14



Aubinet et al., 1999; Massman and Lee, 2002; Gu et al., 2005; Barr et al., 2006). Therefore, the
ecosystem respiration (ER) is underestimated and the carbon sequestration is overestimated
(Moncrieff et al., 1996). Aubinet (2008) and Aubinet et al. (2009) identified two primary causes
of nighttime EC flux deficits: intermittent turbulence and advective transport. Nighttime flux
deficits are a major source of uncertainty and potential bias in EC measurements of NEE.
Because they affect the magnitude of the day-night difference altering the size of the daily and
annual NEE integrals (Goulden et al., 1996; Barford et al., 2001) and the partitioning of NEE
into ER and gross primary production (GPP) (Falge et al., 2001; Barr et al., 2006; Papale et al.,
2006). The uncertainties associated with nighttime deficits typically overwhelm other
methodological sources of uncertainty such as coordinate rotation, instrument noise, or
calibration errors (Morgenstern et al., 2004, Loescher et al., 2006). The friction velocity is
currently used as a criterion to discriminate low and well mixed periods. This approach is
generally known as the ux correction. In general, diurnal variations in u* tend to synchronize
with diurnal variations in temperature, particularly air temperature. The u* is higher during
daytime and lower during nighttime. Since ER is strongly influenced by temperature, ER also
exhibits diurnal cycles. Therefore, ER and u* are potentially positively correlated at diurnal
timescales even though there may have no causal relationship between them. Interestingly,
nighttime u* is out of phase with temperature and ER at seasonal time scales with lower u* in
summer and higher u* in winter. Therefore, a negative correlation between ER and u* can be
expected at seasonal time scales (Gu et al., 2005). Bootstrapping technique is used to assess the
uncertainty of the ux* threshold detection (Papale et al., 2006), values below the threshold are
removed and the gaps filled. Also, an automated statistical method (Moving Point Test, MPT)

can be used to determine the u* thresholds in nighttime eddy flux filtering. The potential
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correlative changes between ER and u* must be removed before u* can be used as a filter
criterion. Moving point test uses an iterative approach to simultaneously determining a valid
temperature response function, which is used to normalize nighttime flux measurements, and
identify u* thresholds based on the normalized fluxes (Gu et al., 2005).

First, an implicit application of the correction could lead to even bigger errors: indeed,
during calm night conditions, the CO> can be either removed by advection or stored in the
canopy air. Another problem with the us correction is that it depends on the operator’s
subjectivity. The ux threshold used to discriminate well and poorly mixed data is generally
chosen by visual inspection (Papale et al., 2006). Finally, the hypotheses underlying the ux
correction are still debatable: firstly, it is based on the assumption that flux in calm conditions
can be inferred from measurements made in windy conditions, which is not proven. Secondly, it
supposes that measurements made during turbulent periods are free of errors which are
questioned by recent experiment results (Cook et al., 2004; Massman et al., 2004; Wohlfahrt et

al., 2005).

Gap filling

Data from EC are usually reported half-hourly, 24 hours a day, and 365 days a year.
According to (Falge et al., 2001), gaps in EC data are unavoidable due to several reasons such as
power issues, sensor malfunction, data rejection and unmet assumptions of EC system..
Therefore, gap-filling procedures need to be established for providing complete data sets. The
gaps in observed data can cause at least three problems: (1) difficulty in annual estimation of
NEE, LE and H; (2) biased relationships between NEE, LE and H with climatic variables; and

(3) low quality data for modeling validation (Hui Wan et al., 2004). Several gap-filling
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techniques that have been proposed in scientific literature are (1) mean diurnal variation method
(MDV - an interpolation technique based on the temporal auto-correlation of fluxes), (2) look-up
tables (LUT - is an empirical method in which missing values are gap filled with the average of
valid measurements under similar meteorological conditions), (3) artificial neural networks
(ANNSs - an empirical nonlinear regression models), and (4) nonlinear regression relationships
between the flux and environmental drivers (Aubinet et al., 2012). Empirical models have been
employed in the majority of the studies to fill data gaps for daytime and nighttime. Since
photosynthesis is mainly driven by light during daytime in the growing season, the hyperbolic
relationship between GPP and PPFD is commonly used to fill gaps for daytime during the
growing season (Flanagan et al., 2002). Linear interpolation between the values adjacent to the
missing values is generally used for small gaps (2—3 half-hourly means missing) for missing
meteorological variables (temperature and relative humidity) (Falge et al., 2001). An average
value before and after the gap was used to fill half-hourly gaps (Wever et al., 2002). Interpolated
values were used to fill two hour or fewer gaps (Flanagan et al., 2002). Diurnal values derived
for each time stamp of the day based on 14-day means were used to fill gaps in H>O flux data
(Kochendorfer et al., 2011). Established monthly ET — ETO regression models developed from
existing data were used to fill gaps in a 30-min ET data set, and regression relationships between
ET and Rn were employed if ETO is unavailable (Sun et al., 2010). They used linear
interpolation method during the unavailability of all meteorological variables. Diurnal variations
were used to estimate missing data in the absence of empirical relationships due to missing
meteorological data. The size of the dataset used to develop these relationships depends on the

size of data gap (Falge et al., 2001; Flanagan et al., 2002).
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The REddy Proc based on R package is also available online from the Max Planck
Institute for Biogeochemistry, which is widely used to fill gaps in flux data. This tool fills gaps
using similar methods as (Falge et al., 2001) and it considers the co-variation of fluxes with
meteorological variables and the temporal auto-correction of the fluxes (Reichstein et al., 2005;
Wagle et al., 2017). The gap filling service is provided for the variables like fluxes (including
uncertainty estimates) for NEE, H, LE and meteorology data like Rg, VPD, rH, Tair (air

temperature), and Tsoil (soil temperature).

Partitioning of NEE
Eddy covariance estimates net exchange of matter and energy. The NEE of CO: can be
divided into two components: GPP (uptake of carbon by photosynthesis) and ER (carbon release

from autotrophic and heterotrophic activities). It is represented by the following equation:

NEE = ER - GPP (6)

Here ER is always positive and GPP is positive during daytime and zero at nighttime (no
photosynthesis occurs at nighttime). In this equation, NEE is equal to ER when GPP is zero,
resulting in positive values of NEE. However, during daytime, larger values of GPP than ER
results in negative values of NEE. Therefore, the sign convention of NEE considered in this
study is that CO2 uptake by the ecosystem is negative and a net CO; release to the atmosphere is

positive.

NEE flux partitioning is needed for a better understanding on how interannual and
between-site variability of NEE is caused (Valentini et al., 2000; Reichstein et al., 2005). The EC
system does not measure ER and GPP individually. Instead, it provides a balance between these
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two terms. Therefore, flux-partitioning algorithms are necessary to estimate these component
fluxes from measured NEE. Hyperbolic light-response curve is one of the simple and most

commonly used methods to partition NEE into GPP and ER.

NEE = (a*GPPmax * PPFD/a*PPFD + GPPmax) + ER  (7)

Where a is the apparent quantum yield [i.e., the initial slope of the light — response curve (mol
CO2 mol ™1 of photons)], GPPmax is the maximum canopy CO; uptake rate (umol m~2 s™1) at
light saturation, PPFD is measured photosynthetic photon flux density

(umol m™2s71), and ER is respiration rate.

Several factors such as temperature, VPD (vapor pressure deficit), and moisture stress
influence the relationship between NEE and PFD. The CO. flux of canopy saturates relatively
less than that of a single leaf because lower leaves in plant canopies may have a PPFD deficit
while the upper leaves are PPFD saturated (Ruimy et al., 1995). The rectangular hyperbolic
light-response function failed to describe NEE only as a function of PPFD in several ecosystems
(Li et al., 2005; Wang et al., 2008; Pingintha et al., 2010). The failure reason was that the light-
response function underestimates the daily peak of NEE before noon and overestimate NEE in
the afternoon and failed to account for the reduction in NEE at high VPD in the afternoon
(Lasslop et al., 2010; Wagle and Kakani, 2014). Wagle and Kakani (2014) used modified
rectangular hyperbolic light VPD model which included limitation of VPD on photosynthesis,
which was able to provide better estimate of GPP and daytime ER and reproduce asymmetrical
diurnal NEE cycles. Lasslop et al. (2010) and Wagle and Kakani (2014) calculated GPPmax as
the exponential decreasing function at high VPD to include the effect of VPD on photosynthesis
as shown below:

GPPmax = GP0exp (-K (VPD-VPDO0)), if VPD > VPDO (8)
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GPPmax = GPO, if VPD < VPDO (9)
Where k indicates the response of GPPmax to VPD. (Lasslop, et al. 2010) set VPDO threshold as

1kPa.

Role of Vapor pressure deficit (VPD)

Vapor pressure deficit could be particularly important in non-irrigated crop production.
Large VPD might be responsible for limitation of photosynthesis as demonstrated by Wagle and
Kakani (2014). The authors demonstrated that the rectangular hyperbolic-light response curve
failed to provide good fits when VPD >3kPa, and that the modified model provided good fits
when considering VPD <3kPa. During dry period, higher NEE was noticed in the morning and
then decreased at higher VPD at equal light levels (PPFD). Stomatal closure control of
photosynthesis and reduction of carbon uptake at higher VPD causes asymmetric shapes of

diurnal NEE cycles.

Daytime and nighttime Ecosystem Respiration (ER)

The ER is the release of CO, from the ecosystem to the atmosphere due to autotrophic
(vegetation respiration) and heterotrophic (soil respiration) activities. According to Davidson et
al. (2006), respiration is the second most important flux in the global carbon cycle after
photosynthesis. Soil respiration is the release of CO- by roots, soil microorganism, and chemical
oxidation of carbon compounds (Lloyd and Taylor, 1994). Understanding the response of ER to
major environmental drivers is critical for estimating carbon sequestration and large-scale
modeling research (Wagle and Kakani, 2014). During nighttime, NEE is considered equal to ER

due to the absence of photosynthesis at night. According to Lalrammawia and Paliwal (2010),
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the maximum ER occurred when the soil moisture content was maximum and decreased
gradually with the gradual depletion of soil moisture. Researchers have employed various
approaches in order to estimate ER, for instance, the use of the same ER during night and
daytime, daytime ER can be estimated by the extrapolated functional relationships between
nighttime NEE and temperature to daytime conditions (Xu et al., 2001). However dark
respiration was estimated in the leaves of two woody species (Heteromeles arbutifolia Ait. and
Lepechinia fragans Greene) and in all cases dark respiration in the light was lower than

respiration in darkness due to light inhibition of dark respiration (Villar et al., 1994).

Falge et al. (1996) modeled daytime respiration. At low levels of light intensities, the
relationship between NEE and PPFD is linear, but as a result of the reduction in CO; assimilation
and higher respiration rates due to a lack of light-induced inhibition of dark respiration the linear
relationship breaks and slope changes abruptly. Therefore, estimation of the linear relation of
light curve to zero PPFD before the change in slope provides correct estimates of respiration for
daytime (Villar et al., 1994; Bruhn et al., 2011). Generally, the intercept value of a hyperbolic
light-response curve fit has been used in the majority of the studies to estimate ER using all

daytime data.

Energy balance closure (EBC)

The accuracy of EC measurements is assessed from energy balance closure (EBC) test.
The EBC is based on the first law of thermodynamics and determined by comparing turbulent
heat fluxes (H+LE) with the available energy fluxes (Rn — G) as given below:
Rn—G=H+LE (10)
where Rn is net radiation, G is soil heat flux, H is sensible heat flux, and LE is latent heat flux.
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The sum of turbulent fluxes (H + LE) measured is always less than the available energy
(Rn — G), as the EC system under-estimates H and LE fluxes (Twine et al., 2000). The EBC is
currently about 80% for many field experiments and for the CO2 flux networks (Aubinet et al.,
1999; Wilson et al., 2002). Therefore, it is obvious that experimental data could not close the
energy balance at the Earth’s surface.

It was assumed that the EC system would underestimate turbulent fluxes systematically.
Improvements in the sensors and the flux correction methods helped to improve EBC over the
past decade (Foken et al., 2004). Another possible reason for the lack of EBC could be the errors
in available energy measurements or from neglecting heat storage in biomass (Cook et al., 2004;
Desai et al., 2005). Various location of the footprints for the measurements of Rn and G, which
are close to the EC tower, whereas H and LE which are larger and upwind of the tower may
induce some divergence in EBC (Flanagan et al., 2002). It is recently reported that either the
time-averaged fluxes (Finnigan et al., 2003) or spatially averaged fluxes including turbulent-
organized structures (Kanda et al., 2004) can close the energy balance. According to these
findings, the unclosed EBC problem is not related to errors involved in the EC system. Rather,
the error is related to the atmospheric phenomena which EC systems fail to measure. So it can be
concluded based on previous studies that the lack of EBC correction in the surface layer is not
due to EC method but it is related to the heterogeneous terrain and its influence on the turbulent
exchange (Foken et al., 2011). A common procedure to reduce problems with the relative EBC
consists of eliminating observations with a (very) low u* (so-called “u* filtering”), (Aubinet et

al., 1999).
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Footprint

The footprint defines the field of view of the flux/concentration sensor and reflects the influence
of the surface on the measured turbulent fluxes (or concentrations). A source area is a fraction of
the surface (mostly upwind) containing effective sources and sinks contributing to a
measurement point (Kljun et al., 2002). The footprint is then defined as the relative contribution
from each element of the surface area source/sink to the measured vertical fluxes or
concentrations (Leclerc and Thurtell, 1990; Schuepp et al., 1990). The footprint is sensitive to
both atmospheric stability and surface roughness. Mathematically, the surface area of influence
on the entire flux goes to infinity and thus one must always define the %-level for the source area
(Schmid, 1994). Often 50%, 75%, or 90% source areas contributing to a point flux measurement

are considered.
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CHAPTER IlI

DYNAMICS OF EVAPOTRANSPIRATION IN RAINFED WINTER WHEAT

MANAGED UNDER DIFFERENT TILLAGE AND GRAZING SYSTEMS

Abstract

Evapotranspiration (ET) and energy fluxes were measured using the eddy covariance technique
from rainfed winter wheat (Triticum aestivum L.) fields managed under different tillage and
grazing systems in central Oklahoma, as a part of the United States Department of Agriculture
(USDA) Long-Term Agroecosystem Research (LTAR) network. The objective of this study was
to quantify and compare dynamics of ET during the 2016-2017 (grain-only) and 2017-2018
(graze-grain) growing seasons and summer fallow period (2017) between conventional (CT) and
no-till (NT) winter wheat fields. Seasonal distributions of energy partitioning and ecosystem
water use efficiency (EWUE) were also examined. Daily ET reached approximately 6 mm in
both fields for grain-only wheat during the 2016-2017 growing season, while it reached 4.6 mm
(CT) and 5.3 mm (NT) for graze-grain wheat during the 2017-2018 growing season. Similar
canopy stands resulted in similar seasonal ET sums (459-469 mm) for the 2016-2017 growing
season between CT and NT fields. However, slightly better canopy stands in NT caused slightly

higher cumulative ET in NT (404 mm) than CT (365 mm) for the 2017-2018 growing season.

34



Daily ET reached up to 4.9 mm (CT) and 3.6 mm (NT) during fallow. The fallow period ET sum
was ~1.5 times higher in CT field, indicating the role of residue on the surface as a barrier to
minimize ET loss from NT field. The growing season scale EWUE was 3.49 g C mm™ ET (CT)
and 3.27 g C mm™ ET (NT) for the 2016-2017 growing season and 2.82 g C mm™ ET (CT) and
2.99 g C mm™ ET (NT) for the 2017-2018 growing season. The ET measurement over a longer-
term will provides more insights onto the impact of CT and NT on water use of wheat-based

agroecosystems in the southern Great Plains of the United States.

1. Introduction

Wheat (Triticum aestivum L.) is an important cereal crop that serves as an essential food
source for human and livestock (Balkovi¢ et al., 2014). The forecast level of global production of
wheat for 2018/2019 is 754.1 million tons (FAO, 2018). Since wheat production will remain
crucial as an important component of human and livestock nutrition, increasing its production is
essential for food security (Balkovic et al., 2014). In the United States, wheat ranks third among
field crops in terms of acreage and production after maize (Zea mays L.) and soybean (Glycine
max L.) (USDA-ERS, 2018).

The dominant cropping system in the U.S. Southern Great Plains (SGP) is continuous
production of winter wheat (Redmon et al., 1995; Edwards et al., 2011). Wheat is grown in the
region for the production of a range of commodities, including single (grain-only or forage-only)
and dual purpose (both graze and grain) production (Hansen et al., 2012; Hossain et al., 2004).
The winter wheat system is subject to failure in the SGP due to variable amounts of annual
precipitation, which can range from 600 to 1000 mm (Hansen et al., 2012). Thus, it is common

for farmers in the SGP to adopt wheat followed by summer fallow to secure enough soil moisture
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at wheat planting. Normally, grain-only wheat is grown for eight to nine month periods (plant in
October and harvest in June/July), with a 3-4 month period of summer fallow before the next
wheat planting (Hansen et al., 2012). Management systems that include forage production
(grazing-only, or graze-grain) plant wheat in early-September. This earlier planting provides
biomass for grazing from mid-November through early-May of the following year in graze-out
scenarios, and from mid-November to late February (before the development of first hollow
stem) in graze-grain systems (Decker et al., 2009; Phillips et al., 1999).

Conventional tillage (CT) is the traditional management technique applied to winter wheat in
the SGP (Hossain et al. 2004). It utilizes a range of different implements and timing of
operations for an integrated chemical and mechanical weed control during the fallow period and
preparation of seedbed. Conventional tillage potentially increases soil erosion, and decreases soil
organic carbon (SOC) and aggregate stability (West and Marland, 2002). Half of Oklahoma’s
cropland wheat fields are classified as highly erodible land; thus erosion is a concern. Some
authors cited that an 18-fold reduction in soil erosion can be achieved by shifting from CT to
conservation tillage (e.g., reduced tillage or no-tillage (NT) (Epplin and Peeper, 1998; Patrignani
et al., 2012). Furthermore, NT may increase water infiltration and soil water content during
fallow periods (Bonfil et al., 1999). Even though CT is the main adopted winter wheat
management in the SGP, NT system is adopted by several farmers and is gaining more attention
in the last decades.

Evapotranspiration (ET) is an important component of the energy and water budgets at site-
specific, regional, and global scales. Dynamics of ET are affected by various factors including
weather conditions, crop characteristics, management practices, and environmental aspects

(Allen et al., 1998). Projections of Climate Change represent a challenge for the agricultural
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sector to produce more food with less water, which can be achieved by increasing crop water
productivity (Zwart and Bastiaanssen, 2004). Climate change has some direct, e.g., change
biological processes like respiration, and indirect impacts, e.g., change in management practices,
in the ecosystem (Kaur et al., 2017; Lloyd and Taylor, 1994). Further, management practices
applied in agricultural systems can alter water dynamics by changing crop performance (Van
Wie et al., 2013). Hence, it is important to understand the impacts of climatic and crop factors,
and management practices on dynamics of ET for long-term water planning in water limited
areas (Zhang et al., 2011).

Ecosystem water use efficiency (EWUE, the ratio of net carbon uptake to loss of water from
the ecosystem) is an important characteristic of ecosystem productivity (Niu et al., 2011).
Because water loss from the ecosystem can involve different sources other than transpiration,
upscaling of leaf level measurements to the ecosystem level causes additional complications that
affect EWUE estimations (Ponton et al., 2006). Alternatively, EWUE can be determined at the
ecosystem level from continuous and direct measurements of carbon dioxide (CO.) and water
vapor (H20) fluxes by eddy covariance (EC) system (Law et al., 2002).

A few studies have reported ET in winter wheat in the SGP. Howell et al. (1997) measured
ET from an irrigated field of winter wheat under CT management in the southern High Plains of
Texas using a lysimeter method. Burba and Verma (2005) measured ET from a rainfed field of
winter wheat under CT management in north-central Oklahoma using an EC system. These
previous studies have shown large differences in ET magnitudes (maximum ET was >10 mm d*
for irrigated wheat and ~7 mm day* for rainfed wheat). However, comparative studies of ET
measurements from paired fields of winter wheat managed under different forms of tillage and

cropping systems (graze-only and graze-grain) under the diverse climatic conditions of the SGP
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are lacking. In addition, earlier studies lacked thorough investigation of the dynamics of ET,
EWUE, and energy partitioning.

In this paper, we evaluated EC measurements of ET from co-located CT and NT winter
wheat fields during two growing seasons (2016-2017 grain-only and 2017-2018 graze-grain).
Both seasons were followed by summer fallow. This study addresses the following questions: (1)
What are the differences in ET patterns for the two growing seasons and a summer fallow period
between co-located CT and NT fields under single (grain-only) and dual purpose (graze-grain)
winter wheat production systems? (2) What are the seasonal distributions of EWUE and energy
partitioning at those winter wheat fields? and, (3) How do H>O fluxes respond to major climatic
variables [photosynthetic photon flux density (PPFD), air temperature (Ta), and vapor pressure

deficit (VPD)]?

2. Material and methods
2.1. Site description and weather conditions

The study sites were located at the United States Department of Agriculture — Agricultural
Research Service (USDA-ARS), Grazinglands Research Laboratory (GRL) in El Reno, OK.
Measurement of ET was obtained using EC systems from co-located winter wheat fields
managed under CT (27.5 ha, Lat. 35.5598 and Long. -98.06231) and NT (18.7 ha, Lat. 35.5643
and Long. -98.0614) systems from November 2016 to May 2018. The soil type was classified as
a fine-silty, mixed, superactive, thermic pahich, Haplustolls (dale soil series) (USDA-NRCS,
1999).

A multi-purpose winter wheat (variety Gallagher) was sown at 90 kg seed ha in rows spaced
~19 cm apart during October 16-18, 2016 (for grain-only purpose) and September 23-24, 2017

(for graze-grain purpose). As a result of poor crop stand due to water logging after heavy rainfall
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events in September and October 2017, the fields were replanted during November 9-13, 2017
(~67 kg ha'* additional seed). Although graze-grain wheat fields are generally grazed from
November to February, these fields were only grazed during January and February in 2018
because of late re-planting. The fields were harvested for grain in mid-June 2017 and 2018. All
agricultural practices and management are presented in Table 1. The grain-only CT field
received total of 194 kg N fertilizer while the grain only NT field received only 101 kg N
fertilizer based on soil tests.

Average monthly temperature and rainfall for the study period are compared with the 30-
Year means (1981-2010) in Table 2. Fields were rainfed and adjacent; therefore same climatic
conditions in both fields were assumed. The site has a continental climate, with total rainfall
during the study period (November 2016 to May 2018) of 1294 mm over two growing seasons,
the 30-Year mean of total rainfall for the same period was 1494 mm. The fields received 6%
more rainfall (502 mm) than the 30-Year mean (473 mm) during the 2016-2017 growing season
(November 2016 — May 2017). In contrast, the crop experienced drought during the 2017-2018
growing season (October 2017 — May 2018), with total seasonal rainfall of 264 mm (44% less
than the 30-year average). The fallow period (June - September 2017) received ~47 % more
rainfall (529 mm) as compared to the 30-Year mean (359 mm). As compared to 30-Year mean,
the fields received ~74% less rainfall from November 2016 to January 2017, but ~37% more
rainfall from February to May 2017. Similarly, total rainfall was 49% lower from October 2017

to January 2018 and 57% lower from February to May 2018.

2.2. Eddy fluxes and biometric measurements
The EC systems were comprised of an open path infrared gas analyzer (LI- 7500-RS,

LICOR, Lincoln, NE, USA) and a 3-D sonic anemometer (CSAT3, Campbell Scientific Inc.,
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Logan, UT, USA). The sensors were mounted at a fixed height of a 2.5 m above the ground.
Wind velocity and concentration of CO2 and H20 fluxes were collected at 10 Hz frequency. The
following supplementary measurements were also collected: PPFD (using LI- 190, LICOR.
Lincoln, NE, USA), soil temperature at 2 and 6 cm depths (using thermocouples), soil moisture
at 5 cm depth (using Hydra probe, Stevens Water Monitoring Systems Inc., Portland, OR, USA),
soil heat fluxes (G) at 8 cm depths (using HFT3, REBS Inc., Bellevue, WA, USA), and above
canopy net radiation (Rn — using NRLite, Kipp & Zonen, Delft, The Netherlands).

Biometric measurements such as canopy height, percentage of canopy cover, leaf area index
(LATI), and aboveground dry biomass were collected from five randomly located positions in
both fields approximately at 16-day intervals that coincided with Landsat overpass dates. The
LAI was measured using a LAI -2200C plant canopy analyzer (LICOR Inc., Lincoln, NE, USA)

and biomass samples were collected destructively from 0.5 x 0.5 m quadrats.

2.3. Data processing, screening, and gap filling

The raw flux data from EC systems were processed using EddyPro (LICOR Inc., Lincoln,
NE, USA) software to compute 30-min fluxes. The EddyPro provides a quality flag, ranging
from O (best quality fluxes) to 2 (bad quality fluxes that should be excluded). In addition,
unreliable fluxes and statistical outliers beyond + 3.5 SD (standard deviation) were also
discarded from 14-day running windows unless there were four or more consecutive values
beyond + 3.5 SD (Wagle and Kakani, 2014a). Sensible heat flux (H) from -200 to 500 Wm and
latent heat flux (LE) from -200 to 800 Wm were filtered to keep them within reliable ranges
(Wagle and Kakani, 2014b). The 30-min ET value was calculated from LE. The REddyProc
(REddyProc, 2015) R—package from the Max Planck Institute for Biogeochemistry, Germany,

was used to fill gaps in data and to partition net ecosystem CO, exchange (NEE) into gross
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primary production (GPP) and ecosystem respiration (ER). This tool fills gaps using methods
similar to Falge et al. (2001) and considers the co-variation of fluxes with meteorological
variables and the temporal auto-correction of fluxes (Reichstein et al., 2005). Based on the
relationship between Ta and nighttime NEE, the ER was estimated using the Lloyd and Taylor

(1994) model.

2.4. Examining the response of H2O fluxes to major climatic variables (PPFD, Ta, and VPD)
The response of H20 fluxes to major climatic variables (PPFD, Ta, and VPD) were compared
across two growing seasons separately. To examine the H.O-PPFD relationship, daytime H.O
fluxes (PPFD > 5 pmol m s1) for each season (2016-2017 and 2017-2018) were binned into 12
classes of PPFD (<100, 100-200, 200-400, 400-600, 600-800, 800-1000, 1000-1200, 1200-1400,
1400-1600, 1600-1800, 1800-2000, and >2000 pumol m2s?), 11 classes of Ta (<-5, -5-0, 0-4, 4-
8, 8-12, 12-16, 16-20, 20-24, 24-28, 28-32, and >32 °C), and 10 classes of VPD (<0.5, 0.5-1, 1-

1.5,1.5-2,2-2.5, 2.5-3, 3-3.5, 3.5-4, 4-4.5, and > 4.5 kPa).

2.5. Energy balance closure (EBC) and ecosystem water use efficiency (EWUE) estimations

The accuracy of EC measurements was assessed from energy balance closure (EBC) (Foken
et al., 2004). The EBC was calculated from a linear regression of sum of turbulent fluxes (H+LE)
vs. available energy (Rn-G) for 30-min fluxes for two growing seasons separately.

The EWUE is generally computed as the ratio of carbon gain (GPP) to water loss (ET). We
computed monthly EWUE as the ratio of monthly sums of GPP to ET, and growing season

EWUE as the ratio of growing season sums of GPP to ET (Wagle et al., 2016).

3. Results and discussion

3.1. LAI, above ground biomass, and canopy coverage
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Dry biomass, canopy coverage, and LAI were higher during the 2016-2017 growing season
than the 2017-2018 growing season due to grazing as part of the graze-grain component of the
management sequence of paddocks, and lower rainfall in the 2017-2018 growing season (Fig. 1
and 2). Maximum LAl reached 7-7.5 m? m2 in late March in 2017 and 3-3.3 m? m? in early May
in 2018. The highest aboveground biomass of ~1.3 kg m (equivalent to 13 t ha* in both fields)
was observed in late April in 2017, while the greatest amount of biomass during the mid-May
2018 was only ~ 0.4 Kg m (equivalent to 4 t ha’* in both fields). The maximum canopy
coverage during the 2016-2017 was > 95% and remained fairly constant from March to mid-
April. However, the maximum canopy coverage reached only 58% (CT) and 74% (NT) during

the 2017-2018 growing season.

Grain yield approximated 4.86 and 3.53 t ha* in 2017 and 1.67 and 1.55 t ha® in 2018 for
CT and NT fields, respectively. Although lower grain yields can be expected in graze-grain
fields compared to grain-only fields, graze-grain management does not usually result in such low
levels of grain production in the SGP, if properly managed (Redmon et al., 1995). Grain yields
were reduced by only 14% when compared between graze-grain and grain-only wheat fields
(Edwards et al., 2011). The substantial lower yields observed in 2018 might be mostly attributed
to the late re-seeding in early November after water logging conditions which limited good
wheat root system development during Fall. The grain yields of 4.86 t ha* (CT) and 3.53 t ha*
(NT) observed in in 2017 were higher than the average yield (~3.0 t hal) recorded for
Oklahoma, Texas, and Kansas in past years (Patrignani et al., 2014). However, some previous
studies have reported higher yields in Oklahoma. Lollato and Edwards (2015) reported
maximum yield of 7.11 t ha* for rainfed winter wheat during the 2012-2013 growing season at

Chickasha, Oklahoma and 7.68 t ha™ for irrigated winter wheat during the 2013-2014 growing
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season at Stillwater, Oklahoma. Patrignani et al. (2012) reported maximum grain yields of 4.39 t

ha! for CT and 4.45 t ha' for NT winter wheat during the 2009-2011 period at Lahoma, OK.

3.2. Energy balance closure and energy partitioning

The EBC for the November 2016 — September 2017 period was 0.74 for CT field and 0.76
for NT field (Fig. 3). For the 2017-2018 growing season (October 2017 — May 2018), it was 0.75
for CT field and 0.85 for NT field. The results showed that the measured turbulent fluxes
(H+LE) accounted for 88-93% of the available energy (Rn-G). The EBC values of 0.75-0.76 in
this study fell within the typical range (0.7-0.8) of EC experiments (Foken et al., 2006). The
correction factor for EBC was not applied to correct underestimation of fluxes since causes of
these energy imbalances are not well known. These imbalances may arise from errors in
measurement of any of four components of energy balance and from neglecting stored energy in
soil and biomass (Cook et al., 2004; Desai et al., 2005) or related to atmospheric phenomena
which EC systems cannot measure (Foken, 2008).

Diurnal peak values (monthly average) of H and LE fluxes during the study period in CT and
NT fields are presented in Figure 4. Diurnal peak values of H decreased as the growing season
progressed, then increased after crop senescence and harvesting. In contrast, diurnal peak values
of LE increased as the growing season progressed and decreased after crop senescence and
harvesting. During the 2016-2017 growing season, diurnal peak H reached lows of 44 (NT) and
64 (CT) W m and LE reached ~250 W m during peak growth in April and May. During the
period of summer fallow of 2017, diurnal peak H approximated 340 Wm- in both fields in June.
Diurnal peak values of LE were approximately 56 (NT) and 99 (CT) W m2 in July when the
monthly rainfall was 22 mm, but increased to 253 (CT) and 113 (NT) W m2 in August when the

monthly rainfall was 252 mm. It was evident from Figure 4 that diurnal peak values of LE were
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higher for CT than for NT wheat field during the entire fallow period (June-September 2017),
illustrating the role of crop residues on reduction of ET.

During the dry 2017-2018 growing season, diurnal peak H reached lows of ~100 W mZ in
November and December, but increased to ~170 W m from January to March and further
increased beyond 200 W m in April and May. As a result, H was the dominant turbulent flux
even during the active growing season (February to May) in 2018 (Table 3) due to dry
conditions.

Table 3 shows that 43-44% of R, was converted to LE in both CT and NT fields during the
2016-2017 growing season, and LE was the dominant turbulent flux. In comparison, only 30-
33% of Rn was converted to LE during the dry 2017-2018 growing season, and H was the
dominant turbulent flux at the seasonal scale. For the active growing season (February-May), 46-
51% of Rn was converted to LE and 22% of R, was converted to H in 2017. In contrast, only 31-
33% of Rn was converted to LE and 38-44% of R, was converted to H in 2018. Some
discrepancies in partitioning of R, into H and LE between the two seasons can be attributed to
the different managements. In addition, drought conditions in the 2017-2018 growing season
caused higher proportion of H over LE. Several studies have shown that H can dominate over LE
even during the active growing season under dry conditions (Veenendaal et al., 2004; Wagle and

Kakani, 2014).

3.3. Diurnal and daily patterns of ET during growing seasons
Diurnal trends in ET during the 2016-2017 and 2017-2018 growing seasons for CT and NT
fields are shown in Figures 5 and 6. The ET rates were higher in the 2016-2017 growing season

due to more favorable climatic conditions and the management practice (grain-only) that was
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applied. Peak diurnal ET reached 0.19-0.20 mm 30-min™ in May 2017 and 0.13-0.16 mm 30-
min* in May 2018.

Daily ET patterns for the study period is presented in Figure 7. Daily ET during the 2016-
2017 growing season reached ~6.0 mm d in both fields. Daily ET for the 2017-2018 growing
season reached up to 4.6 mm d* and 5.3 mm d in NT and CT fields, respectively. Lower
magnitudes of daily ET in grazed fields than in grain-only fields was due to reduced transpiration
from plants related to dry conditions and biomass removal by grazing. Burba and Verma (2005)
reported maximum daily ET of ~7 mm during the growing season for rainfed winter wheat at
Ponca City, Oklahoma. Slightly lower ET rates (~6 mm d for grain-only wheat) occurred in our
study as compared to 7.0 mm d™* for rainfed winter wheat reported by Burba and Verma (2005).
The differences in ET at these two locations can be attributed to amount of annual rainfall
received. Total mean annual rainfall was higher (1258 mm) during their study period, compared

to 1046 mm from October 2016 to September 2017 for the current study.

3.4. Daily patterns of ET during fallow

Daily ET during the fallow period ranged from 0.39 to 3.6 mm d* for NT field and 0.43 to
4.9 mm d for CT field (Fig. 7). Lower ET rates under NT indicates reduced water evaporation
from soil due to the residue on surface that retained the soil moisture. In contrast, higher rates of
ET in CT infers more water loss through evaporation from soil that is exposed directly to the
radiation. A previous study showed more water storage during the fallow period of winter wheat
when herbicides were used to control weeds rather than CT practices (Smika and Wicks, 1968).
Soil moisture played a key role on ET during the fallow period. For example, daily ET rates
increased from 1.5 mm d*to 4.2 mmd*and 1.1 mm d?to 2.2 mmd?! at CT and NT fields,

respectively, after a 150 mm rainfall event during August 10-12, 2017.
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3.6. Cumulative ET during the growing season and fallow period

Monthly sums of ET for the study period for NT and CT fields are provided in Table 4.
Monthly ET for both fields was similar during the 2016-2017 growing season, ranging from 25-
29 mm in December to ~115 in May. Monthly ET during the 2017-2018 growing season ranged
from 12-19 mm in December-January to 85 mm (CT) and 113 mm (NT) in May. Dormancy of
wheat and cold temperatures caused lower monthly sums of ET in winter. Cumulative ET during
the most active growing period in 2017 (February-May) was approximately 80% of cumulative
rainfall, while cumulative ET during the entire growing season (November 2016 — May 2017)
was approximately 90% of the seasonal rainfall (502 mm). In comparison, cumulative ET during
the fallow period was 28% (NT) and 41% (CT) of cumulative rainfall (528 mm). Cumulative ET
during the most active growing period in 2018 (February-May) approximated 56-63% of the
cumulative rainfall, while cumulative ET during the entire growing season (October 2017 - May
2018) was 66 % (NT) and 72% (CT) of the seasonal rainfall (265 mm). We observed similar
seasonal ET sums (459-469 mm) for the 2016-2017 growing season between CT and NT fields,
most likely due to similar stand characteristics as shown in Figure 1. However, ET sums were
higher in NT (404 mm) than CT (365 mm) during the 2017-2018 growing season because of
slightly better canopy stand in NT as shown in Figure 2.

Cumulative ET during the fallow period was substantially higher under CT (216 mm) than
NT (146 mm) management (Table 5). The result is further supported by higher daily ET rates
under CT management during the entire fallow period (Fig. 7). The fallow period ET sum was
~1.5 times higher under CT, indicating the role of residue on the surface that served as a barrier

to minimize ET loss from NT field.

46



Annual ET for the November 2016 — October 2017 period for grain-only winter wheat in our
study was 755 mm for CT field and 684 mm for NT field. Burba and VVerma (2005) reported
annual ET of 710-750 mm for grain-only winter wheat at Ponca City, Oklahoma. These results
suggest that annual ET of 700-750 mm could be the baseline ET for grain-only winter wheat in

the region.

3.6. Seasonal patterns of ecosystem water use efficiency (EWUE)

During the 2016 — 2017 growing season, the magnitude of EWUE (monthly sums of GPP/ET)
for the study period is presented in Figure 8. The highest EWUE was observed in February 2017
(499 CmmtET for CT and 4.5 g C mm™ ET for NT) in response to rapid increases in GPP
relative to ET, caused by favorable environmental conditions for carbon uptake. The increase in
GPP was 54% (CT) and 51% (NT) as compared to 28% increases in ET (both CT and NT) from
January to February. The lowest EWUE was observed during late growing season in May (1.9 g
C mm?ET for CT and 1.8 g C mm™ ET for NT) because of the rapid decrease in carbon uptake
with approaching crop senescence. The magnitude of monthly EWUE during the 2017-2018
growing season reached 5.6 g C mm™ ET and 4.6 g C mm™ ET in January at CT and NT fields,
respectively. Lower monthly sums of ET that occurred in relation to significant carbon uptake
caused higher EWUE (> 3.5 g C mm™ ET) during winter months. Minimum monthly EWUE of
~2.4g C mm™ ET were observed in May at both fields.

At the growing season scale, overall EWUE was 3.49 g C mm™ ET (CT) and 3.27 g C mm*
ET (NT) for the 2016-2017 growing season and 2.82 g C mm™ ET (CT) and 2.99 g C mm* ET
(NT) for the 2017-2018 growing season. Slightly better canopy stands (Fig. 1 and 2) might have

caused slightly higher EWUE in CT field for the 2016-2017 growing season and in NT field for
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the 2017-2018 growing season. Results illustrated that the difference in canopy stand was the
major determinant for growing season EWUE rather than the tillage system.

Different methods of calculating EWUE make directly comparisons of EWUE values among
different studies complicated. Lollato and Edwards (2015) reported maximum water use
efficiency of winter wheat in central Oklahoma between 7.8 to 12.6 kg ha* mm™, based on the
ratio of grain yield to seasonal ET (ET derived from a soil water balance). When the same
method was used to compute EWUE, values of 10.59 and 7.54 kg ha™ mm™ (2017) and 4.57 and
3.83 kg ha* mm™ (2018) were obtained for CT and NT systems, respectively. Water use
efficiency (based on grain-yield and ET) of dry land wheat ranged from 3.4 to 18.8 kg ha mm
for CT and 4.7 to 14.8 kg ha* mm™ for NT in Loess Plateau, central China (Zhang et al., 2013).
The average water use efficiency (based on grain-yield and ET) was about 8.9 kg ha™ mm for
the northern Great Plains of North America, while the maximum water use efficiency under
favorable conditions for rainfed wheat worldwide was 22.3 kg ha* mm™ (Sadras and Angus,

2006).

3.7. Response of H20 flux to major climatic variables

The H20 flux increased rapidly with increasing T, VPD, and PPFD, and reached a maximum
at Ta0of ~24°C and VVPD of ~2.25 kPa in both fields during the 2016-2017 growing season (Fig. 9
and 10). Optimum values of T, and VPD for the 2017-2018 growing season were approximately
29°C and 3.5 kPa in both fields. The H>O flux decreased or plateaued beyond those optimum
values of T, and VPD. However, H>O flux did not decline up to the observed ranges (>1900
pmol m-2 s-1) of PPFD.

To further examine the response of H>O flux to Ta and VPD, diurnal trends of H2O, T,, and

VPD were examined for two selected weeks (May 1-15) of both growing seasons (Fig. 11).
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Daily H,0 patterns during 2017 were symmetrical in both fields, reaching maximum at 2:00-
3:00 pm when Ta was ~24°C and VPD was ~2.25 kPa. In comparison, daily H20 patterns were
still symmetrical in both fields when T,was ~28°C and VPD was ~2.7 kPa during 2018. Higher
thresholds of T, and VPD noted for the 2017-2018 growing season, compared to the 2016-2017
growing season, could be due to two drivers. First, optimum values of T, and VPD are generally
higher in dry seasons due to adaptation to dry conditions (Wagle and Kakani, 2014). Secondly,
higher contribution of evaporation to ET due to sparse vegetation (lower biomass, LAI, and
canopy cover) during the 2017-2018 growing season may have contributed for higher thresholds
of Ta and VPD, since evaporation is not regulated by stomata and not sensitive to higher T, and
VPD (Ritchie, 1998). Lei and Yang (2010) reported a threshold VPD of ~2.5 kPa for H20 flux

for irrigated winter wheat in the North China Plain.

4. Conclusion

Cumulative ET was similar during the 2016-2017 growing season (grain-only wheat) in
both systems (459 mm for CT and 469 mm for NT) due to identical canopy stands. However,
cumulative ET for the fallow period (June — September 2017) was about 1.5 times higher for CT
than NT system. Cumulative ET during the 2017-2018 growing season (graze-grain wheat) was
365 mm for CT and 404 mm for NT fields. Seasonal cumulative ET for the 2016-2017 growing
season was approximately 90% of the seasonal cumulative precipitation in both fields. During
the 2017-2018 growing season, cumulative ET was 72 % and 65 % of the seasonal cumulative
precipitation in CT and NT fields, respectively. The growing season average EWUE was 3.49

and 3.27 g C mm™ ET for the 2016-2017 growing season and 2.82 g C mm™* ET and 2.99 g C
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mm* ET for the 2017-2018 growing season for CT and NT fields, respectively. Large
differences in ET and EWUE during two growing seasons were attributed to different climatic
conditions, 2016-2017 growing season received higher amount of rainfall that resulted in higher
ET and EWUE, whereas 2017-2018 growing season was dry with less rainfall that contributed
less ET and EWUE. In grain-only management both evaporation and transpiration contributed to
ET as a result ET was higher during the 2016-2017 growing season, and lower ET and EWUE
during 2017-2018 graze-grain management was due to reduced transpiration from plants due to
biomass removal by grazing. Evaluation of longer streams of data are necessary to understand
variability in seasonal and fallow period ET of winter wheat in response to tillage systems and

climatic conditions.
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Table 1. Management practices in winter wheat fields during the study period.

Fields Date Event Product Rate
Grain-only CT field | 9/6/2016 Fertilizer (broadcast) Dry 46-00-00 112 kg hat
10/16/2016 Fertilizer in furrow Dry 32-23-00 82 kg hat
3/3/2017 Herbicide Chem-Surf 90, Quelex
8/13/2016 Tillage (tandem disc harrow) | 10-13 cm
2016 (9/8, 10/8) Tillage (field cultivator) 10-13 cm
10/15/2016 Seedbed preparation 8-10 cm
Grain-only NT field | 10/17/2016 Fertilizer (broadcast) UAN 28% 19 kg ha?
10/18/2016 Fertilizer in furrow Dry 32-23-00 82 kg hat
3/3/2017 Herbicide Chem-Surf 90, Quelex
10/17/2016 Seedbed preparation 5cm
Graze-grain CT 9/23/2017 Fertilizer in furrow Dry 29-29-00 94 Kg ha'
field
2017 (6/28, 7/29, 9/5) Tillage
9/23/2017 Seedbed preparation 8-10 cm
Fields Date Event Product Rate
Graze-grain NT 9/24/2017 Fertilizer in furrow Dry 29-29-00 94 Kg hat
field
7/6/2017 Herbicide Glyphosate
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Table 2. Monthly total rainfall and average air temperature (T5) for the 2016-2018 study period in
comparison with the 30-Year Normals (1981-2010).

Month 2016-2018 30-Year Normals
T (°C) Rainfall (mm) T.(°C) Rainfall (mm)
October 2016 18.57 15 15.91 95
November 11.98 15 9.25 59
December 2.60 23 3.62 46
January 2017 3.49 7 2.85 33
February 8.95 114 5.33 48
March 12.49 50 10.04 80
April 14.99 227 15.13 82
May 18.78 66 20.14 124
June 24.44 136 24.63 113
July 27.43 22 27.43 65
August 23.90 252 27.02 87
September 21.59 119 22.21 94
October 15.8 109 15.91 95
November 10.3 3 9.25 59
December 3.3 6 3.62 46
January 2018 1.8 3 2.85 33
February 3.29 39 5.33 48
March 10.91 9 10.04 80
April 11.92 50 15.13 82
May 23.12 46 20.14 124

58



Table 3. Partitioning of net radiation (Rn) into soil heat (G) and turbulent (sensible heat, H and
latent heat, LE) fluxes.

Seasonal scale (November-May)

Fields 2016-2017 R? 2017-2018 R?
CT G =0.0852 X Rp-5.6048 0.38 G =0.1004 X Rp-5.1844 0.59
H=0.2342 X Ry- 19.718 0.48 H = 0.3883 X Ry - 2.9934 0.70
LE =0.4379 X R, + 38.918 0.74 LE =0.2972 X R, + 21.343 0.67
NT G =0.0605 X Rq-4.5678 0.38 G =0.0677 X Rn- 5.6722 0.46
H =0.2986 X Rn—21.539 0.53 H =0.4458 X R\ - 2.2684 0.68
LE =0.431 X Rn +43.29 0.71 LE =0.3297 X R, + 28.184 0.71

Active growing season (February-May)

CT G =0.0703 X Rp- 1.4328 0.39 G =0.0931 X Rp-2.6908 0.63
H =0.2244 X Ry- 31.524 0.55 H =0.38 X Rn- 9.1366 0.73

LE =0.4624 X R, + 51.014 0.80 LE =0.3118 X R, + 29.502 0.71

NT G =0.0473 X Ry- 2.2875 0.36 G =0.0633 X Ry-3.4019 0.48
H =0.2206 X R»- 31.64 0.49 H =0.4384 X Rp- 2.8047 0.69

LE =0.5136 X R, + 52.308 0.83 LE =0.3338 X R, + 29.319 0.73
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Table 4. Monthly sums of evapotranspiration (ET, mm) and rainfall (mm) for the 2016-2018 study

period.

Months ET Rainfall
CT NT

November- 2016 42 38 15
December 25 29 23
January- 2017 31 31 7
February 49 49 114
March 93 97 50
April 107 110 227
May 113 116 66
June 34 27 136
July 42 26 22
August 96 56 252
September 44 37 119
October 79 68 109
November 27 36 3
December 18 24 6
January-2018 12 19 3
February 18 19 39
March 54 58 9
April 72 66 50
May 85 113 46
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Table 5. Cumulative evapotranspiration and rainfall for the growing season (2017 and 2018) and
fallow period (June — September 2017).

Period Evapotranspiration Rainfall
Conventional till No-till
__________ Gt —

2016-2017 growing 459 468 501
season

Fallow 216 146 528
2017-2018 growing 365 404 264
season

Total 1040 1019 1294
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Fig. 1: Seasonal changes in aboveground dry biomass, percent of canopy coverage, and leaf area
index for the 2016-2017 growing seasons in conventional (CT) and no-till (NT) winter wheat fields.
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Fig. 2: Seasonal changes in aboveground dry biomass, percent of canopy coverage, and leaf area
index for the 2017-2018 growing seasons in conventional (CT) and no-till (NT) winter wheat fields
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Fig. 3: Energy balance closure in conventional (CT — closed circles) and no-till (NT — open circles)
winter wheat fields. Turbulent fluxes [sensible heat (H) and latent heat (LE)] were measured by
eddy covariance and the available energy [net radiation (Ry) - soil heat flux (G)] was measured
independent of eddy covariance.
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Fig. 7: Daily patterns of evapotranspiration (ET), soil moisture, and rainfall for the study period in
conventional till (CT) and no-till (NT) winter wheat fields.

68



1016 - 917 Grain only . CT
107 - 5/18: Graze-Grain CNT
-
L
- 4
S
£
(@]
=
0 2
)
=
i
0
© 0 AN A A A A A A N AN NN YN O3S e e e
S LTI IS S S SIS SSS
R RS WP LR R CA R D VRS SR SR RS KK

Time
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CHAPTER IV

ANNUAL DYNAMICS OF CO2 AND H20 FLUXES FROM CONVENTIONAL TILL AND

NO-TILL CANOLA-FALLOW SYSTEMS IN THE U.S. SOUTHERN GREAT PLAINS

Abstract

A year-round fluxes of carbon dioxide (CO) and water vapor (H20) were measured over
conventional till (CT) and no-till (NT) canola (Brassica napus L.) from planting through the end
of following fallow period (DOY 289, 2016 — DOY 288, 2017). Daily magnitude (7-day
average) of net ecosystem CO; exchange (NEE) reached -5.19 + 0.49 and -4.66 + 0.35 g C m?2 d-
! for CT and NT canola fields, respectively. The CT field was 1.8 times larger sink of carbon (-
346 g C m™) than the NT field (-188 g C m-2) during the growing season (DOY 289, 2016 - 251,
2017), due to poor recovery of crop stand and shorter period (two months less) of carbon sink
after winter damage at the NT field. During the fallow period, the NT field released more carbon
(408 g C m) than did the CT field (261 g C m) due to offset of release of carbon by some
uptakes due to regrowth of weeds at the CT field. Maximum daily evapotranspiration (ET, 7-day

average) reached 4.69 + 0.42 mm (CT) and 4.28 + 0.36 mm (NT).
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Cumulative ET for the growing season was similar (429 mm for CT and 415 mm for NT)
between tillage systems, but cumulative ET for the fallow period was ~16 % lower in NT (254
mm) than in CT field (296 mm). At the growing season scale, ecosystem water use efficiency
(EWUE) was 2.97 and 2.78 g C mm™ ET and ecosystem light use efficiency (ELUE) was 0.19
and 0.16 g C mol"t PAR for CT and NT fields, respectively. Since tillage practices were initiated
just a year prior to this study period, long-term measurements will provide more insights into the

influence of tillage practices and climatic conditions on carbon and ET dynamics of canola.

1. Introduction

Winter wheat (Triticum aestivum L.) is one of the major dryland crops grown in the Southern
Great Plains (SGP) of the United States (U.S.) (Musick et al., 1994). Continuous wheat cropping
systems are prone to failure due to yield-constraining insects and diseases (Duke et al., 2009).
Italian ryegrass (Lolium multiflorum Lam.), introduced as a forage and erosion control grass, is
also an important weed which has invaded many wheat fields and reduced wheat yields in
Oklahoma (Barnes et al., 2001; Trusler et al., 2007). The application of herbicides to control
weeds in wheat fields is limited by the cost, treatment efficiency, and grazing restrictions
(Trusler et al., 2007) that can limit the use of wheat as pastures (Edwards et al., 2011; Redmon et
al., 1995). Further, weeds decrease the value of the wheat crop by reducing its quality and yield.
As a result, it is not viable for producers to grow continuous monocultures wheat (Barnes et al.,
2001; Trusler et al., 2007).

Crop rotation involves growing different types of crops in the same land in a sequence and it
has been a widely used strategy to minimize weed, insect, and disease problems in continuous
winter wheat cropping systems (Duke et al., 2009; Liebman and Dyck, 1993). Canola (Brassica

napus L.) has been identified as an economically viable crop to rotate with winter wheat in the
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SGP (Duke et al., 2009; Gunstone, 2004). Bushong et al. (2012) and Duke et al. (2009) reported
significantly higher wheat yield and net returns from a wheat-canola rotation as compared to a
continuous wheat system. Furthermore, canola is the second most important oilseed crop in the
world after soybean (Glycine max L.). Canola seeds contain an average of 45% oil, and can
produce meal as animal feed with protein contents of ~21% (Johnston et al., 2002; Raymer,
2002). The global production of canola oilseed is forecast to rise 3.9 million tons in 2017-2018
(USDA, 2017). In the U.S., the consumption of domestic canola oil was approximately 2.74
million tons in 2017 (United States statistics, 2018).

Winter wheat production systems in the SGP have largely relied on different forms of
conventional tillage (CT) to prepare land for planting and weed control during fallow periods.
Surveys showed ~56% of croplands planted to wheat in Oklahoma was managed by CT (0 to
15% residual cover) (Hossain et al., 2004). However, conservation tillage (such as no-till (NT),
or reduced tillage) are becoming more attractive to producers to reduce the production costs and
increase soil water content during the fallow period, a critical component of wheat production
(Patrignani et al., 2014). Both CT and NT are commonly used for production of canola in the
region (Borstlap and Entz, 1994; De Vita et al., 2007).

Due to increasing atmospheric concentration of carbon dioxide (CO.) and air temperature
(Ta), the two major elements that contribute to global climate change, there has been a great
interest in the measurement of net ecosystem exchange (NEE) of CO2 and H20 fluxes between
atmosphere and various terrestrial ecosystems. Transferring CO> from the atmosphere to the
terrestrial biosphere is an option to stabilize ever rising atmospheric CO, (West and Marland,
2002). As a result, the application of the eddy covariance (EC) technique to measure CO> and

H>0 fluxes from a diverse range of terrestrial ecosystems has been rapidly increased (Baldocchi,
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2014). However, EC-based measurements of CO and H.O fluxes is limited in canola (Taylor et
al., 2013). Taylor et al. (2013) compared annual NEE budgets of three adjacent fields of hay
[mix of timothy grass (Phleum pretense L.), rough fescue (Festuca campestris Rydb), and
smooth brome (Bromus inermis Leyss)], oat (Avena sativa L.)-canola-oat, and hay-oat-fallow in
Manitoba, Canada. They reported that canola had greater NEE than oat and smaller NEE than
hay pastures. However, annual dynamics of CO2 and H20 fluxes from canola-fallow systems are
lacking. In addition, comparative studies of the dynamics of CO; and H20 fluxes between co-
located CT and NT fields are scarce.

To achieve maximum production of agricultural systems, it is necessary to have an improved
understanding of ecosystem water use efficiency (EWUE, the ratio of carbon gain to water 10ss)
and ecosystem light use efficiency (ELUE, the ratio of carbon gain to radiation energy) (Wagle
et al., 2016a). The EC measurements offer the opportunity to estimate NEE, ET, EWUE, and
ELUE at the ecosystem level. Measurement of CO2 and H20 fluxes along with major climatic
variables by the EC systems will also allow to investigate the functional responses of CO2 and
H0 fluxes to changes in major climatic variables.

This is a pioneering study to thoroughly investigate annual dynamics of CO> fluxes and ET
of economically important canola crop. The specific objectives of this study were to: 1) quantify
year-round estimates of NEE and its components [gross primary production (GPP) and
ecosystem respiration (ER)], and ET from co-located CT and NT canola-fallow systems, 2)
investigate the responses of canola CO» and H.O fluxes to changes in major climatic variables
such as photosynthetically active radiation (PAR), vapor pressure deficit (VPD), and T,, and 3)

determine the seasonal dynamics of EWUE and ELUE at CT and NT canola fields.
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2. Materials and methods
2.1. Field description

The study was conducted at the United States Department of Agriculture — Agricultural
Research Service (USDA-ARS), Grazinglands Research Laboratory (GRL) in El Reno,
Oklahoma. The experiment included two adjacent fields of winter canola under CT (19.8 ha,
latitude: 35.5673, longitude: -98.0630, and elevation: 386 m above sea level) and NT (19.4 ha,
latitude: 35.567922, longitude: -98.058708, and elevation: 384 m above seas level) systems.
These fields have soil types of Renfrow-Kirkland silt loams, Bethany silt loams, and Norge silt
loams (Mollisols) with an average pH < 6.1 and organic matter < 2.8 % (USDA-NRCS, 1999).
Canola (cv. DKW46-16) was sown at 6 kg seed ha™* in rows spaced 19 cm apart during October
3-4, 2016 at both fields, and harvested during June 15-29, 2017. Flux data were collected from
mid-October 2016 (after planting canola) through mid-October 2017 (end of the fallow period
and start of the next cropping cycle for grain-only winter wheat). Tillage systems were initiated
in 2015, a year prior to the study period. Additional information on management practices (e.g.,

tillage, applications of fertilizers and pesticides) are presented in Table 1.

2.2. Eddy fluxes and biometric measurements

Continuous measurements of CO2 and H20O fluxes were collected from both fields using EC
systems. The EC systems were situated near the center of fields, and equipped with a three-
dimension sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA) and an open
path infrared gas analyzer (LI- 7500-RS, LICOR, Lincoln, NE, USA), mounted at a fixed height
of 2.5 m. Other supplementary meteorological measurements such as PAR (using quantum
sensor LI- 190, LICOR, Lincoln, NE, USA), T. and relative humidity (using HPM45C, Vaisala,

Helsinki, Finland), soil temperature at 2 and 6 cm depths (using thermocouples), soil heat flux
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(G) at 8 cm depth (using HFT3, REBS Inc., Bellevue, WA, USA), soil water content (SWC) at 5
cm depth (using Hydra probe, Stevens Water Monitoring Systems Inc., Portland, OR, USA), and
above canopy net radiation (Rn, using NRLite, Kipp & Zonen, Delft, The Netherlands) were
collected at 30-min intervals using Campbell Scientific data loggers.

The raw data collected at 10 Hz frequency were processed using the EddyPro (version 6.2)
software (LICOR Inc., Lincoln, NE, USA) to get 30-min values of eddy fluxes. The EddyPro
provides a quality flag, ranging from 0 (best quality fluxes) to 2 (bad quality fluxes that should
be excluded). Data were excluded for periods of low turbulence (friction velocity, u* <0.20 m s’
1y and unreasonable fluxes. The fluxes were filtered to keep them within reliable ranges: sensible
flux (H) from -200 to 500 Wm and latent heat flux (LE) from -200 to 800 Wm (Wagle and
Kakani, 2014). Statistical outliers beyond + 3.5 SD (standard deviation) based-on 14-day running
windows were removed (Wagle and Kakani, 2014). The REddyProc (REddyProc, 2015) R—
package, available online from the Max Planck Institute for Biogeochemistry, Germany, was
used to fill gaps in data and to partition NEE into its two components: GPP and ER. The NEE
sign conventions are considered negative if the ecosystems are carbon sinks and positive if the
ecosystems are carbon sources.

Biometric measurements were collected at both fields at approximately two week intervals,
which coincided with dates of Landsat overpass. The biometric measurements included leaf area
index (LAI, using a LAI -2200C plant canopy analyzer, LICOR Inc., Lincoln, NE, USA), canopy
height, and destructive biomass samples from five randomly located 0.5 x 0.5 m quadrats on

each sampling date.
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2.3. Examining the response of CO; and H-O fluxes to major climatic variables (PAR, Ta, and
VPD)

The response of CO, and H20 fluxes to major climatic variables (PAR, Ta, and VPD) were
compared across (2016-2017) growing season. Daytime CO; and H2O fluxes (PAR > 5 pmol m
s'1) for the growing season were binned into 12 classes of PAR (<100, 100-200, 200-400, 400-
600, 600-800, 800-1000, 1000-1200, 1200-1400, 1400-1600, 1600-1800, 1800-2000, and >2000
umol m2 sy, 13 classes of Ta (<-5, -5-0, 0-3, 3-6, 6-9, 9-12, 12-15, 15-18, 18-21, 21-24, 24-27,
27-30 and >30°C), and 10 classes of VPD (<0.5, 0.5-1, 1-1.5, 1.5-2, 2-2.5, 2.5-3, 3-3.5, 3.5-4, 4-

4.5, and > 4.5 kPa).

2.4. Ecosystem water use efficiency and ecosystem light use efficiency estimates

We estimated the seasonal distribution of EWUE and ELUE as the ratios of monthly sums of
GPP to ET and GPP to PAR, respectively (Wagle et al., 2016a; Wagle et al., 2016b). We also
determined seasonal and annual values of EWUE as the ratio between seasonal and annual sums
of GPP to ET, respectively. The ELUE was computed at the seasonal scale as the ratio of

seasonal sums of GPP to PAR.

3. Results and discussion
3.1. Weather conditions and crop growth

Because both fields were rainfed and co-located, they experienced similar weather
conditions. The climate is temperate continental. Monthly mean T, and total rainfall for the 2016-
2017 study period in comparison with the 30-year means (1981-2010) are presented in Table 2.
The annual average Ta and total rainfall during the 2016-2017 study period was ~15 °C and 1046
mm, respectively. The fields received ~1.13 times more annual rainfall from October 2016 to

September 2017 as compared to the 30-year mean annual rainfall (926 mm). During the growing
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season (October 2016 — May 2017), canola received 1.1 times more rainfall (517 mm) as
compared to the 30-year mean (567 mm) for the same period. However, total rainfall was 74 %
lower from October 2016 to January 2017, but it was 36 % higher from February to May 2017 as
compared to the 30-year mean. During the fallow period (June — September 2017), both fields
received 529 mm which was ~47 % higher than the 30-year mean precipitation for the same
period (359 mm). During the fallow period, higher rainfall was recorded in all months except
July as compared with the 30-year means.

Evolution of dry biomass, LAI, and canopy coverage during the 2016-2017 canola growing
season is presented in Fig. 1. There was no substantial difference in dry biomass, LAI, and
canopy coverage of CT and NT fields during fall 2016, but in spring 2017, they were
substantially lower at the NT field due to poor recovery of crop stand after winter dormancy.
Maximum dry biomass reached 0.82 and 0.41 kg m™ in April, LAI reached 4.75 and 5.3 m? m™
in December, and canopy coverage reached 97-98% in December at CT and NT canola fields,
respectively. Grain yield approximated 0.91 t ha™ and 0.97 t ha for CT and NT fields,
respectively. Bushong et al. (2012) reported mean canola yield of about 1.6 t ha® and 1.9 t hat in
2009 at Chickasha and Perkins, Oklahoma, respectively, which were south (Chickasha, ~ 67 km)
and northeast (Perkins, ~ 145 km) of the current study area. The lower grain yield in our study
was attributed to the grain loss to shattering related to delayed harvesting caused by rains. If
harvested on time, the tentative grain yield was estimated at 35 bu ac™ (1.96 t ha't) for the CT
field in this study.

Soil temperature (Ts) was lower (average of ~3 °C) throughout the growing season and
relative soil water content [relative SWC = (0 — Omin)/(Omax — Omin)] Was higher (average of 0.4 m?

m-3), especially from mid-January through harvesting, at the NT field than the CT field (Fig. 2).
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Note that our soil moisture measurements at 5-cm depth near the flux tower do not reflect the
actual SWC of water logging conditions in micro-depressions in different parts of the NT field
during higher rainfall in February-March. Lower Ts and poor drained condition could be the
reasons for poor stand recovery after winter dormancy at the NT field since canola requires well-
drained conditions to perform well (Agronomic recommendations, 2018). More winter kill
problems have been observed in NT conditions by farmers in Oklahoma as well (South West

farm press, 2018).

3.2. Diurnal patterns of NEE and ET

Diurnal trends of NEE and ET for few selected months, including both peak growth and
dormant periods, are shown in Fig. 3 and 4, respectively. The NT field had slightly higher NEE
rates in November 2016. However, the NEE rates were higher in CT field than in NT field from
December 2016 to April 2017. This discrepancy can be attributed to differences in seasonal
dynamics of dry biomass, LAI, and canopy cover % as shown in Fig. 1. The maximum diurnal
peak NEE (monthly average) for the peak growing season were observed in April of -21.7 £ 1.34
and -15.9 + 1.21 umol m2 stat CT and NT fields, respectively. Diurnal peak NEE values were
only -6.7 + 1.21 (CT) and -5.8 + 1.39 (NT) umol m2 st during the period of winter dormancy in
December. The magnitude of diurnal peak NEE (2-weeks period) reached up to -18.92 + 1.07
umol m2 st during November 1-15 at the NT field and -23.49 + 1.66 pmol m s during March
16-31 at the CT field. The magnitude of NEE in canola in this study was similar (-23.18 + 1.63
umol m2 s1) to the magnitude of NEE reported for soybean (Glycine max L.) in El Reno,
Oklahoma (Wagle et al., 2017), but smaller than the magnitudes of NEE (~36 pmol m2s) for
switchgrass (Panicum virgatum L.) and high biomass sorghum (Sorghum bicolor L. Moench) in

Chickasha, Oklahoma (Wagle et al., 2015a).
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Peak diurnal ET (monthly average) for canola approximated 0.15-0.16 mm 30 min in April
at both fields. In contrast, the magnitude of diurnal ET in December was only 0.004-0.005 mm
30 min. Diurnal peak ET (2-weeks period) reached 0.16 + 0.016 (CT) and 0.19 + 0.018 (NT)
during April 16-30. The magnitude of canola ET in this study was substantially smaller than the
ET for rainfed switchgrass (0.31 = 0.02 mm 30 min) and sorghum (0.28 + 0.02 mm 30 min) in

Chickasha, Oklahoma (Wagle et al., 2016b).

3.3. Seasonal patterns and sums of NEE, GPP, ER, and ET

The seasonal courses of daily (7-day average) NEE, GPP, ER, and ET for both fields
followed the similar seasonal dynamics (Fig. 5). As expected, CO> fluxes and ET increased with
increasing crop growth after planting, declined during their dormant stage in winter, started
increasing again after mid-January with increasing temperature and crop growth. Fluxes peaked
during the period that corresponded to peak growth, and declined rapidly during the late growing
season due to senescence.

The maximum NEE (7-day average) reached -5.19 + 0.49 and -4.66 + 0.35gC m2dtatCT
and NT fields during the growing season, respectively. The seasonal sums of NEE were -346 g C
m2 (CT) and -188 g C m (NT). Based on monthly sums of NEE, the CT field was a carbon sink
for six and half months, from mid-October to December and February to May. In contrast, the
NT field was a carbon sink for four and half months, from mid-October to December and March
to April (Table 3). The rates of CO; fluxes were very similar until end of January. Due to
differences in winter recovery, as reflected in dry biomass, LAI, and canopy cover (Fig. 1), large
differences in NEE and GPP occurred from end of February to end of April. As a result, CT field
gained about 50% more carbon during the growing season. Chi et al. (2016) and Montanaro et al.

(2017) reported more carbon sequestration in NT wheat and peach (Prunus persica L.
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Batsch) fields than CT fields. In contrast, more carbon was sequestered by CT canola field in our
study because of the better crop stand after winter dormancy. For the same study area during the
same study period (2016-2017), Wagle et al. (2018b) reported maximum (7-day average) NEE of
-7.79 + 1.08 and -8.68 + 0.87 g C m2 d* and seasonal NEE sums of -542 and -469 g C m™ for
grain-only winter wheat under CT and NT systems, respectively. The results showed that canola
fields were smaller sinks of carbon as compared to winter wheat fields.

Maximum daily (7-day averages) GPP reached ~12.5 g C m2d* at both fields. The
magnitudes (7-day averages) of ER reached 9.74 + 0.34 and 13.4 + 1.2 g C m2?d?* at CT and NT
fields, respectively. In comparison, the 7-day averages of GPP were ~16.62 + 0.95 and 16.92 +
0.49 g C m?2d?, and ER were ~9.47 + 0.23 and 9.98 + 0.51 g C m2d"! for grain-only winter wheat
under CT and NT systems, respectively (Wagle et al., 2018b). The seasonal sums of GPP were
1322 and 1214 g C m, and seasonal sums of ER were 1002 and 1055 g C m2 at CT and NT
canola fields, respectively. Wagle et al. (2018b) reported seasonal GPP sums of 1643 and 1571 g
C m and seasonal ER sums of 1101 and 1102 g C m2for grain-only winter wheat under CT and
NT systems, respectively. The results showed GPP sums were substantially lower (~20-22%) but
ER sums were similar or slightly lower (4-8%) in canola, compared to those of grain-only winter
wheat for the same study area and study period.

Magnitude of daily ET (7-day average) reached 4.69 + 0.42 mm d* and 4.28 + 0.36 mm d*
at CT and NT fields, respectively, during the growing season. Monthly ET sums at CT and NT
fields were similar during the growing season, ranging from 20-22 mm in December and January
to >110 mm in May (Table 3). As a result, cumulative growing season ET (October 2016-May
2017) was similar between both fields (429 mm for CT and 415 mm for NT). These seasonal ET

sums were slightly smaller than those (460-470 mm) for grain-only winter wheat CT and NT
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fields for the same study area and study period (unpublished data). Similar cumulative ET
despite large differences in canopy stand and CO: fluxes during spring 2017 indicated more

evaporative loss of water from the NT field due to sparse vegetation after winter dormancy.

3.4. Variability in NEE, GPP, ER, and ET during the fallow period.

The cumulative NEE for the fallow period was 250 and 401 g C m2at CT and NT fields,
respectively. The results showed the NT field released 38% more carbon during the fallow
period. Less release of carbon by the CT field can be attributed to the offset of release of carbon
by some uptakes due to regrowth of weeds. As a result, cumulative GPP for the fallow period
was 18% higher at the CT than the NT field. In comparison, cumulative ER for the fallow period
was ~7% higher at the NT field than the CT field. Decomposition of the crop stubble and more
residues, and higher microbial activities could also be attributed to relatively higher ER at the NT
field (Al-Kaisi and Yin, 2005; Linn and Doran, 1984).

Maximum daily ET rates (7-day average) were 4.42 + 0.39 mm d* and 3.11 + 0.18 mm d*
during the fallow period at CT and NT fields, respectively. Monthly ET values during the fallow
period were higher at the CT field than the NT field (Table 3). The highest difference in monthly
ET was observed in August (~29 % higher for CT than NT) when monthly rainfall was higher
(252 mm). Overall, cumulative ET for the fallow period was ~14 % higher at the CT field (296
mm) than the NT field (254 mm). The residue on the surface served as a barrier to minimize ET
loss from NT field. Cumulative ET for a complete year (from mid-October 2016 to mid-October
2017) was 725 mm at the CT field compared to 669 mm at the NT field. Burba and Verma
(2005) reported similar annual ET (714 to 750 mm) during 1996-2000 for grain-only winter

wheat in north-central Oklahoma.
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Tillage practices and rainfall events also influenced dynamics of CO> fluxes and ET during
the fallow period. For example, daily NEE rates increased from ~3 g C m2to ~9-10 g C m2in
both fields after rainfall event of 20 mm on July 3. Similarly, rates of ET also increased after the
rainfall event. At the CT field, ET rates decreased and the field switched from sink of carbon to

source of carbon due to removal of weeds after tillage during June 28-30.

3.5. Response of NEE and H2O fluxes to Ta, VPD, and PAR

Response of NEE and H>O fluxes to major climatic variables are presented in Figs. 6 and 7,
respectively. Both NEE and H»O fluxes exhibited similar responses to Ta, VPD, and PAR at both
fields. Optimum thresholds of Ta and VPD for H2O fluxes were approximately 25° C and 2.7 kPa,
respectively (Fig. 7). The H20 flux did not decrease with increasing PAR > 2050 umol m2 s,
The results showed that NEE was more sensitive to major climatic variables than H>O fluxes,
consistent with the findings of previous studies (Wagle et al., 2018a; Wagle et al., 2015b). Wagle
et al. (2018 b) reported optimum threshold T, of 22 °C, VPD of 1.25 kPa, and PAR of 1500 pmol
m2 s for NEE of winter wheat at the same study area and study period. The results indicated a
similar threshold value of T, (22-23° C) for NEE in winter wheat and canola, but thresholds of
VPD and PAR for NEE were higher in canola than in winter wheat.

There were different responses of H2O fluxes to Ta and VPD beyond the threshold values at
CT and NT fields. The H20 fluxes declined beyond threshold T, and VVPD at the CT field, but
not at the NT field. This discrepancy can be explained by higher contribution of evaporation to
ET at the NT field due to sparse vegetation. Transpiration rate increases as VPD increases, which
leads to a reduction in leaf water potential resulting in stomatal closure, thereby reducing ET at

higher Taand VPD (Monteith, 1995).
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To further examine the responses of NEE and H2O fluxes to Ta and VPD, we created diurnal
trends of NEE, H-O, Ta, and VVPD for selected periods of growing season at the CT field (Fig. 8).
Since the NT field had sparse vegetation and resulted higher contribution of evaporation to ET,
we only examined for the CT field. Results illustrated that NEE exhibited symmetrical diurnal
patterns (reaching peak values at around 2:00 pm) in November and March when Ta and VPD
were below thresholds by 2:00 pm. However, NEE showed an asymmetric diurnal pattern in
May. The NEE peaked at 12:00 pm when Ta and VPD were close to thresholds (Ta of ~23° C
and VPD of ~1.7 kPa). However, H>O fluxes showed symmetric diurnal pattern (reaching peak
values at around 2:00 pm) for all selected periods due to higher thresholds of T, and VPD. These
results further confirmed the smaller threshold values of T and VPD for NEE than for H.0
fluxes.

We further evaluated the response of daytime NEE (PAR > 5umol m?s™) to PAR for
different periods of the growing season at CT and NT fields (Fig. 9). Results showed that NEE
increased with the observed ranges of increasing PAR for all selected periods (~1300 pumol m2s-
1in November, ~1800 pumol m2s™ in March, and ~2000 umol m2s in April), except in May. In
May, NEE reached a maximum at around 1000 umol m2s? PAR and did not increase much

when PAR increased further due to senescence of vegetation.

3.6. Seasonal trends and magnitudes of EWUE and ELUE

Both EWUE and ELUE increased with increasing crop growth during October-November,
decreased during December-January due to the decline in carbon uptake caused by low solar
radiation and winter temperature, then increased with crop growth from February to April (Fig.
10). The monthly EWUE ranged from 1.69 to 3.82 g C mm™ ET at the CT field and from 1.18 to

3.95 g C mm™ET at the NT field. The magnitude of monthly EWUE reached 3.82 g C mm™*ET
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in March and 3.95 g C mm™ ET in November at CT and NT fields, respectively. Minimum
monthly EWUE of 1.69 and 1.18 g C mm™ ET were observed in January at CT and NT fields,
respectively. Growing season EWUE (October 2016 — May 2017) was 1.13 times higher at the
CT field than the NT field, most likely caused by higher proportion of evaporation (waste water)
loss due to sparse canopy at the NT field during spring 2017.

The monthly ELUE ranged from 0.05 to 0.32 g C mol™ PAR at the CT field and from 0.03 to
0.28 at g C mol™ PAR at the NT field (Fig. 10). Maximum ELUE reached about 0.32 g C mol™*
PAR in April at the CT field and 0.28 g C mol™ PAR in November at the NT field. Minimum
ELUE rates were 0.05 (CT) and 0.03 (NT) g C mol™ PAR in January. The ratio of seasonal sums
of GPP to PAR yielded higher ELUE at the CT field (0.19 g C mol™ PAR) than at the NT field
(0.16 g C mol™ PAR), due to higher photosynthetic activity and carbon sink potential at the CT
field. The maximum ELUE (monthly) of 0.32 g C mol™* PAR in canola was higher than the
maximum ELUE (weekly) reported in rainfed soybean (0.22 g C mol™ PAR) for the same
location (Wagle et al., 2017). The growing season ELUE values of 0.16-0.19 g C mol™ PAR in
canola were smaller than those reported growing season ELUE values of 0.23-0.24 g C mol™*

PAR in grain-only winter wheat for the same study period and study area (Wagle et al., 2018b).

4. Conclusions

The seasonal sums of NEE were -346 g C m™ and -188 g C m™ at the CT and NT canola
fields, respectively. Sums of NEE for mid-October-December period were -91 and -100 g C m™?,
but for January-May period were -254.97 and -88.23 g C m2at the CT and NT fields,
respectively. The large discrepancy in NEE for the January-May period was due to poor recovery
of crop stand after winter damage at the NT field. During the fallow period, NT field released

38% more carbon than did the CT field. Cumulative seasonal ET during the growing season was
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similar for both fields (429 mm for CT and 415 mm for NT). Similar seasonal cumulative ET
despite large differences in canopy stand during spring 2017 indicated more evaporative loss of
water from the NT field due to sparse vegetation. Cumulative ET for the fallow period (June-
October 2017) was 1.16 times higher at the CT field than the NT field. Overall, cumulative ET
for a complete year (from mid-October 2016 to mid-October 2017) was 725 mm at the CT field
and 669 mm at the NT field. Optimum values of T, VPD, and PAR for NEE were approximately
23’ C, 1.7 kPa, and 1700 umol m2 s, respectively. Optimum values of T, and VVPD were higher
for H,0 fluxes (=25 C and 2.7 kPa, respectively) than for CO- fluxes. Poor canopy stand after
winter dormancy at the NT field caused lower ELUE and EWUE.

Large differences in CO- fluxes and ET during the growing season between CT and NT
fields were mainly caused by differences in stand establishment after winter dormancy rather
than by tillage treatment since tillage experiment was initiated just a year prior to this study.
However, the impact of tillage on CO; fluxes and ET was more evident during the fallow period.
Long term measurements will provide further insights on the influence of tillage practices and

climatic conditions on CO> and ET dynamics of canola.
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Table 1. Management practices applied to conventional till (CT) and no-till (NT) canola fields.

Fields Date Event Product Rate
CT field 9/6/2016 Broadcast Fertilizer Dry 46-00-00 112 kg hat
10/4/2016 Fertilizer in Furrow Dry 18-46-00 49 kg ha*
11/4/2016 Herbicide Glyphosate, Insecticide
3/3/2017 Herbicide Glyphosate, Insecticide
2016 (7/13, 8/12) Tillage (tandem disc harrow) 10-13 cm
9/7/2016 Tillage (field cultivator) 10-13 cm
10/4/2016 Sowing
6/15/2017 Harvest
Fallow period 2017 (6/28-6/30) Tandem disc harrow 10-13cm
tillage at CT field
2017 (7/29-7/31) Vertical till 5cm
9/5/2017 Vertical till 5cm
2017 (9/23-9/24) Seedbed preparation 8-10 cm
NT field 8/19/2016 Broadcast Fertilizer Dry 46-00-00 112 kg hat
Date Event Product Rate
10/3/2016 Fertilizer in Furrow Dry 18-46-00 49 kg ha'
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9/19/2016 Herbicide Glyphosate
10/27/2016 Herbicide Glyphosate, Insecticide
3/3/2017 Herbicide Glyphosate, Insecticide

2016 (9/20, 10/3)

Vertical Tillage

5cm

10/3/2016

Sowing

6/29/2017

Harvest
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Table 2. Monthly total rainfall and average air temperature (T5) for the 2016-2017 study period in
comparison with the 30-year Normals (1981-2010).

Month 2016-2017 30-Year Normals
Ta (°C) Rainfall (mm) Ta(°C) Rainfall (mm)
October 2016 11.00 15 15.91 95
November 11.98 15 9.25 59
December 2.60 23 3.62 46
January 2017 3.49 7 2.85 33
February 8.95 114 5.33 48
March 12.49 50 10.04 80
April 14.99 227 15.13 82
May 18.78 66 20.14 124
June 24.44 136 24.63 113
July 27.43 22 27.43 65
August 23.90 252 27.02 87
September 21.59 119 22.21 94
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Table 3. Monthly sums of net ecosystem CO, exchange (NEE, g C m™), gross primary production
(GPP, g C m), ecosystem respiration (ER, g C m), and evapotranspiration (ET, mm) for the study
period.

NEE GPP ER ET
Month CT NT CT NT CT NT CT NT
October 15-31, | -5 -10 42 71 37 61 15 24
2016
November -70 -90 161 196 91 107 43 50
December -17 -3 71 72 54 70 23 24
January 2017 12 26 39 24 51 50 23 20
February -24 15 111 59 86 73 39 30
March -140 -53 292 161 152 108 76 60
April -99 -85 341 274 242 189 97 92
May -4 9 216 295 212 303 111 113
June -1 59 168 109 168 168 72 64
July 53 77 81 84 133 160 16 32
August 126 150 84 67 210 217 104 75
September 47 77 76 59 124 136 45 44
October 1-15 34 43 19 31 53 74 54 35
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Fig. 1. Seasonal change in aboveground dry biomass, leaf area index (LAI), and percent of canopy
coverage for the 2016-2017 growing season in conventional till (CT) and no-till (NT) canola fields.
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growing season.
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Fig. 9: Comparison of the response between net ecosystem CO; exchange (NEE) and
photosynthetically active radiation (PAR) for selected periods during the growing season.
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Fig. 10: Monthly values of ecosystem water use efficiency (EWUE) and ecosystem light use
efficiency (ELUE) for the 2016-2017 growing season in conventional till (CT) and no-till (NT)
canola fields.
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CHAPTER V

GENERAL CONCLUSIONS

Eddy covariance (EC) system was used to measure ecosystem level CO2 and H.O fluxes from
neighboring wheat and canola ecosystems in El Reno, Oklahoma, USA. The study period for
wheat spanned from 2016 to 2018, where the 2016-2017 growing season was grain-only and the
2017-2018 growing season was graze-grain wheat. The major objectives of this study were to
determine the seasonality of net ecosystem CO2 exchange (NEE), evapotranspiration (ET), and
ecosystem water use efficiency (EWUE) over wheat and canola ecosystems in response to

change in environmental factors and management practices.

The energy balance closure (EBC) for the November 2016 — September 2017 period was
0.74 for conventional till (CT) field and 0.76 for NT field. For the 2017-2018 wheat growing
season (October 2017 — May 2018), it was 0.75 for CT field and 0.85 for no-till (NT) field.
Diurnal peak values of sensible heat (H) decreased as the growing season progressed, then
increased after crop senescence and harvesting. In contrast, diurnal peak values of latent heat
(LE) increased as the growing season progressed and decreased after crop senescence and
harvesting. The ET rates were higher in the 2016-2017 wheat growing season due to more
favorable climatic conditions and the management practice (grain-only) that was applied. Daily

ET during the 2016-2017 growing season reached ~6.0 mm d! in both fields. Daily ET for the
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2017-2018 growing season reached up to 4.6 mm d! and 5.3 mm d* in NT and CT fields,
respectively. Lower magnitudes of daily ET in grazed fields than in grain-only fields was due to
reduced transpiration from plants related to dry conditions and biomass removal by grazing.
Cumulative ET was similar during the 2016-2017 growing season (grain-only wheat) in both
systems (459 mm for CT and 469 mm for NT). Cumulative ET during the 2017-2018 growing
season (graze-grain wheat) was 365 mm for CT and 404 mm for NT fields. Cumulative ET
during the fallow period was substantially higher under CT (216 mm) than NT (146 mm)
management. Annual ET for the November 2016 — October 2017 period for grain-only winter
wheat in this study was 755 mm for CT field and 684 mm for NT field. The growing season
average EWUE was 3.49 and 3.27 g C mm™ ET for the 2016-2017 growing season and 2.82 g C
mm™ ET and 2.99 g C mm™ ET for the 2017-2018 growing season for CT and NT fields,
respectively. Large differences in ET and EWUE during two growing seasons were attributed to
different climatic conditions, 2016-2017 growing season received higher amount of rainfall that
resulted in higher ET and EWUE, whereas 2017-2018 growing season was dry with less rainfall
that contributed less ET and EWUE. In grain-only management both evaporation and
transpiration contributed to ET as a result ET was higher during the 2016-2017 growing season,
and lower ET and EWUE during the 2017-2018 graze-grain management was due to reduced
transpiration from plants to biomass removal by grazing. The H20 flux increased rapidly with
increasing Ta, VPD, and PPFD, and reached a maximum at optimum T, of ~24°C and VPD of
~2.25 kPa in CT and NT fields during the 2016-2017 wheat growing season. Optimum values of
Taand VPD for the 2017-2018 growing season were approximately 29°C and 3.5 kPa in CT and
NT fields, respectively. We further examined the response of H>O flux to T. and VPD by

creating diurnal trends of H20, Ta, and VPD for two selected weeks (May 1-15) of both grain-
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only and graze-grain growing seasons. Daily H>O patterns during 2017 were symmetrical in
grain-only when T, and VPD was ~24°C and ~2.25 kPa. In comparison, daily H2O patterns were
still symmetrical in graze-grain fields when Tawas ~28°C and VPD was ~2.7 kPa. Higher
thresholds of T, and VVPD for the graze-grain growing season could be due to two factors, 1)
thresholds of Ta and VVPD are generally higher in dry seasons due to adaptation to dry conditions,
and 2) higher contribution of evaporation to ET due to sparse vegetation during the graze-grain

growing season.

The seasonal sums of NEE were -346 g C m?2 and -188 g C m™ at the CT and NT canola
fields, respectively. Sums of NEE for mid-October-December period were -91 and -100 g C m™,
but for January-May period were -254.97 and -88.23 g C m?at the CT and NT fields,
respectively. The large discrepancy in NEE for the January-May period was due to poor recovery
of crop stand after winter damage at the NT field. During the fallow period, NT field released
38% more carbon than did the CT field. Cumulative seasonal ET during the growing season was
similar for both fields (429 mm for CT and 415 mm for NT). Tillage practices and rainfall events
also influenced dynamics of CO. fluxes and ET during the fallow period. Optimum thresholds of
Ta and VPD for H,0 fluxes were approximately 25°C and 2.7 kPa, respectively. The H20 flux
did not decrease with increasing PAR > 2050 pmol m s, The results showed that NEE was
more sensitive to major climatic variables than H2O fluxes. To further examine the responses of
NEE and H2O fluxes to T and VPD, we created diurnal trends of NEE, H2O, Ta, and VPD for
selected periods of growing season at the CT field. Results illustrated that NEE exhibited
symmetrical diurnal patterns (reaching peak values at around 2:00 pm) in November and March
when T, and VPD were below thresholds by 2:00 pm. However, H>O fluxes showed symmetric

diurnal pattern (reaching peak values at around 2:00 pm) for all selected periods due to higher
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thresholds of T, and VPD. The monthly EWUE ranged from 1.69 t0 3.82 g C mm™ET at the CT
field and from 1.18 to 3.95 g C mm™ ET at the NT field. Growing season EWUE (October 2016
— May 2017) was 1.13 times higher at the CT field than the NT field, most likely caused by
higher proportion of evaporation (waste water) loss due to sparse canopy at the NT field during
spring 2017. The monthly ecosystem light use efficiency (ELUE) ranged from 0.05t00.32 g C
mol? PAR at the CT field and from 0.03 to 0.28 at g C mol™* PAR at the NT field. Large
differences in CO> fluxes and ET during the growing season between CT and NT fields were
mainly caused by differences in stand establishment after winter dormancy rather than by tillage
treatment since tillage experiment was initiated just a year prior to this study. However, the

impact of tillage on CO> fluxes and ET was more evident during the fallow period.
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