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Abstract: Intensive pasture management that aims at providing season-long forage while minimizing
soil degradation is increasingly becoming an important grazing strategy in Kentucky. Typically,
it involves the use of high-yielding warm and cool season forage species that are well suited to
local soil and climate conditions, meeting the dual-purpose provision of high nutritional value
while remaining resilient to grazing pressure and changing climate. Monitoring carbon exchange is a
crucial component for effective pasture management to promote sustainable pastureland management
practices. We hypothesized that pasturelands, when intensively managed, would exhibit a small but
important CO, cumulative uptake year-round. We used the Eddy covariance method to measure
the net ecosystem exchange of CO, (NEE) and productivity of an intensively managed pastureland
at Kentucky State University Research and Demonstration station from 2015 to 2020. The study
has two objectives: to quantify interannual variability in net ecosystem exchange, and examine the
controlling environmental factors, in particular temperature, sunlight, and precipitation of NEE.
Diurnal and seasonal fluctuations followed typical patterns of carbon uptake and release. Overall,
the pasture site consistently was carbon sink except for 2016, in part due to a warmer winter season
than usual, sequestering 1394 gCm~2 over the study period. Precipitation and temperature were
critical environmental factors underpinning seasonal CO, uptake and release. Of critical importance
was the net carbon uptake during the non-growing season.

Keywords: soil organic carbon (SOC); managed pasturelands; Eddy covariance; net ecosystem
exchange (NEE); gross primary productivity (GPP); respiration (Re)

1. Introduction

Animal agriculture is a carbon-intensive sector emitting 75-80 percent of the total
agricultural greenhouse gases (GHG) [1]. The sector’s activities take up a massive 40 mil-
lion km? (77 percent) of the land available globally for agriculture (51 million km?) [2,3].
This comes as no surprise, as the sector is a leading source of protein products, including
dairy, eggs, meat, and poultry, with demand growing rapidly in developing economies [4].
Kentucky’s mild climate, optimum precipitation, and productive soil are conducive for
establishing wider use and adoption of intensive pasture management practices. With
a land mass of 1.65 million hectares [5], Kentucky’s pastures are predominantly planted
with high-yield grass-legume mixtures as key components of rotational grazing. However,
their intensive management and rotational grazing practices make them sensitive to carbon
losses, distinguishing them from permanent grasslands. Improved pasture management
practices to increase productivity and increase soil C sequestration include rotational grazing
systems (rotational grazing), amendments to boost pasture productivity, and market and
financial incentives for early adopters and ranchers. The increased demand for beef and
dairy products has intensified grazing, and today 40 percent of the US’s total methane (CHy)
emission, is mostly from livestock production [6].
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The intention of managing pastures intensively is to stimulate intermittent above-
ground biomass accumulation via photosynthesis while allowing recovering soils to slowly
accumulate soil organic carbon over time [7]. How land for future grazing and animal
feed production is sustainably managed with increasing demands for animal protein is
a question that continues to evolve [8,9]. While the biological and ecological damages
of extensive grazing on ecosystems, such as overgrazing and vegetation degradation,
extensive damage to water quality, soil compaction and erosion increase, elevated risk to
threatened species, and other ecosystem disruptions, are well documented and have been
extensively explored [7,10,11], intensively managed pastures remain largely unknown. This
is despite the fact that over the past three decades, intensive pasture farming has evolved
substantially.

Of the 5.1 billion hectares of land agriculture occupies, 78 percent (~4 billion hectares of
land) is under grazing or used for livestock production [12], making it the largest land use
devoted to human use by area [13,14]. This is gaining increasing importance and increased
emphasis in the C sequestration options considering that it accounts for 10-30 percent of the
global SOC [15,16]. According to recent data, of the total land area of 370 million hectares in the
U.S.A,, about 40% was farmland, of which 45.4% was permanent pasture [17]. The deployment
cost of improved grazing could be higher than conventional grazing systems.

The traditional intensive or mob grazing system is often blamed for soil degradation
and the crisis has forced ranchers and producers in the livestock sector to accelerate the
use and adoption of rotational grazing practices. In rotational grazing, animals (mainly
cows or sheep) are on a regular schedule to move from one paddock to another. It may
also be seen as moving animal herd assets from one sector to another. This practice in
particular buys time while another recovers. This process is used to capture carbon gains
from cycles and diversify holdings. The strategy used for animal rotation is quite tricky
and somewhat risky, as the costs associated with the operation are high. In the United
States, large-scale use and implementation of managed pasturing have recently become a
particularly popular C sequestration strategy, with multiple carbon and other soil benefits,
both on and off sites. In contrast with intensive grazing (e.g., mob grazing), rotational
grazing has been proposed as the scenario where soil and recovery grass species would
profit from the decaying animal feces (cow dung), potentially adding organic carbon. This
pathway is thought of as a contribution to the long-term carbon livestock decarbonization.

Effectively managing pastures can enhance the significant accumulation of carbon [18].
Most of the strategies for raising pasture yield revolve around encouraging soil-based car-
bon resources and targeting ground carbon storage, while maintaining moderate stocking
rates [19-22]. Accordingly pasture areas have the potential to trap a net 295 Tg CO, yr~!
globally (1 Tg = 10'? g), and when properly managed could store 50% more annually [23].
Some studies have demonstrated that grazed grasslands are both sources and sinks of
carbon [24], while others have shown them to be carbon neutral [25]. Regarding the effect
of grazing on the amount of soil carbon, it has been established that it can enhance and
reduce it, largely influenced by intensity [26,27].

The carbon status of an ecosystem serves as an indicator of its ecological productivity [28].
Gross Primary productivity (GPP) is important in that it is quantified as the carbon fixed during
photosynthesis over a given period and is driven by biophysical drivers such as air temperature,
vapor pressure deficit (VPD), soil water content (SWC), incoming radiation, vegetation type,
and canopy characteristics [29,30].

NEE is driven by many biophysical factors and processes, such as soil moisture [31-33].
Constraining the global C balance requires an understanding of the diurnal, monthly, and
yearly variations in ecosystem exchange, as well as the micrometeorological and biophys-
ical drivers of NEE [34,35]. Therefore, this study aims to measure the pasture’s NEE at
temporal scales (diurnal and seasonal). We employed a 4-m tall Eddy Covariance (flux)
station. Intensive pasture production practices that aim at maximizing the yield and quality
of forage while minimizing soil degradation are increasingly becoming an important man-
agement strategy for producers. Typically, it involves the alternative use of high-yielding
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warm and cool season forage species that are well-suited to local soil and climate conditions,
providing high nutritional value to grazing animals and are resilient to grazing pressure.
Measurements that monitor soil carbon loss are also a crucial part, as they provide insights
into how different land management practices, such as rotational grazing, fertilization,
and soil conservation, impact carbon dynamics in pasture ecosystems. To address this
measurement gap and help understand the soil organic carbon sequestration potential,
we studied the net ecosystem exchange (NEE) of a pastureland at a demonstration site
located at Kentucky State University. We hypothesized that pasturelands, when intensively
managed, would exhibit a small but important CO, uptake throughout the seasons. The
goal was to quantify interannual variability in NEE and to investigate the environmental
factors influencing carbon exchange, particularly temperature, radiation, and precipitation.

This paper was structured as follows: First, we give a detailed introduction of the
study covering the key research questions and the objective we intend to satisfy, and then
present the materials and methods inclusive of site description, Eddy Covariance principle,
data collection, and processing. The next sections present the results, the discussion, and
then the conclusion session.

2. Materials and Methods
2.1. Site Characterization

The study was carried out at the 40-ha Kentucky State University Research Farm in
Frankfort, Kentucky, which is located at 38° 6'56.71” N, 84°53/22.91” W (Figure 1). The site
has a humid temperate climate with a mean yearly temperature of 15.8 °C and 1460 mm of
rainfall. The instrumentation for the flux site is listed in Table 1.

Figure 1. Location of the Flux station (38°6'56.71" N, 84°53/22.91” W), Franklin County, Kentucky.
Inset map showing Kentucky State with the arrow pointing to the study site.

Table 1. Micrometeorological Instrumentation at the Kentucky State University Research Farm.

Measurement Parameter

Instrumentation Model

H,0/CO; EC-Flux, 10 Hz

Precipitation, total

Photosynthetic Photon Flux Density
(PPED)

Soil, heat flux

Temperature, air

3D Wind

LI-7200, Closed Path (LI-COR Environmental GmbH, Bad
Homburg, Germany)

Tipping bucket rain gauge Texas Electronics TE525 (Texas Electronics, Dallas, TX, USA)
LI-190R Quantum Sensor (LI-COR Environmental GmbH, Bad
Homburg, Germany)

Infrared Gas Analyzer

Quantum Sensor

Soil heat flux plate REBS HFT (Radiation and Energy Balance Systems, Inc., Seattle, WA, USA)
Temperature/humidity probe Vaisala HMP 35C (Vaisala Oyj, Vantaa, Finland)
3D Sonic Anemometer Gill (Gill Instruments Limited, Lymington, Hampshire, UK)

The soil at the station is mainly composed of well-drained McAfee silt loam and
Lowell-Sandview silt loam. Organic matter is around 2%, and bulk density is 1.4 g/cm?,
categorizing it as Hydrologic soil group C, indicating a slow infiltration rate. Moderate
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frost action occurs, with 182-191 frost-free days. The climate is humid subtropical with
abundant rainfall, while the EC tower aligns with the prevailing southwest wind. The
parent material is clayey residuum from phosphatic limestone/limestone and shale. Cation
exchange capacity is 16-18 milliequivalents per 100 g, and soil pH is 6.6, with a 6% to 20%
slope. Meat goats undergo four weeks of rotational grazing in a pasture of mixed grasses.

2.2. Principles of Eddy Covariance

Eddy covariance is a micrometeorological approach that measures turbulent gas flux
and wind at the boundary layer [36], by focusing solely on the turbulent, non-deterministic
portion of the layer [37,38]. This methodology has allowed for the quantification of trace gas
exchange over any canopy and ensures that these observations can be conducted over long
periods compared to destructive approaches that are often laborious to conduct and largely
unscalable [38,39]. Through this methodology, we were able to determine the patterns of
gas emissions across temporal scales and therefore have a better understanding of how
they relate to environmental variables [25,39-41].

The Eddy covariance technique is premised on the law of mass conservation. Con-
sidering a plant canopy acting as a uniform source (sink) of gas (e.g., CO,), we wish to
determine the exchange of C between the canopy and the layer of air above it. For ease of
understanding, micrometeorologists use an idealized notional control volume (CV) placed
above a plant canopy. The EC calculates flux as the cross product (covariance) of the
instantaneous turbulent vertical wind velocity (w’) and concentration of a scalar quantity
(density, ¢’) of interest averaged over a sufficiently long time, crossing a horizontal plane at
the measurement height (where z = z;) in the Eulerian frame of reference.

The principle of Reynolds averaging guides Eddy Covariance. As a result of the
changing and random character of turbulent motion, meteorological factors recorded at a
given location in space show considerable changes around the mean over time. Fluxes in the
unstable atmosphere are random, necessitating statistical analysis of their observations [38].
Following Reynolds (1895) [42], it is a usual practice to divide flow variables into mean
and fluctuation components; to do this, we express the two field variables (CO;) as a scalar
amount and upward wind speed, respectively. W is taken to be normal to the ground. The
Reynolds averaging rule helps to partition into slowly shifting mean values and relatively
fluctuating unstable parts:

/ 1)

where the mean values are indicated by overbars and the fluctuating components by primes.
Based on this rule, the average of a fluctuating variable is zero, and the average of a product
between a mean and fluctuating variable:

wec=w't=0 2)

al

However, the product of two co-varying variables is non-zero. The average of the
product of two variables is equal to the product of the averages of the means (wc ) plus the

product of the averages of the fluctuating components (c‘w’). This is represented below.
WC = (w+w)(c+c)=wc+cw (3)

The measured and computed parameters (variance, covariance, and flux) are also
regarded as random variables as the materials that traverse the interface are carried by
random turbulent movements. Other estimated flow values and statistical variables for the
second instant are also random values.

Certain simplifying assumptions were made for the Eddy Covariance principle to
work. Under steady flow, scalar concentrations and wind velocities remain constant over
time. Also, when the surface is flat, uniform surfaces eliminate horizontal advection,
focusing only on vertical mass flux. Moreso, advection occurs when the assumption of
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surface homogeneity fails [43,44]. At night, thermal stratification develops due to cooler
soil surfaces and warmer atmospheric air, due to accompanying long-wave radiative heat
loss to the atmosphere. The steady-state conditions assume materials leaving the surface
reach reference height within the averaging time [45]. Calm nights or weak turbulence
hinder material transport to measuring height, affecting flux measurements. However,
Eddy covariance techniques may underestimate nighttime fluxes due to weak turbulence.

2.3. Data Collection

In 2015, an EC flux tower equipped with a closed-path Li-COR (Li-7200) Infrared Gas
(CO,/H,0) Analyzer (IRGA) and 3D sonic anemometer began collecting high-frequency
gas, wind and Biomet data established over a grass pasture (Table 1). The site has a gentle
slope and 100-150 m fetch. Standard micrometeorological instruments are used at the
LI-7200RS supporting site. These include precipitation, air temperature (Ta), and relative
humidity (RH), which are monitored using a humidity and temperature probe, Vaisala,
Helsinki area (Vantaa), Finland. Photosynthetic Photon Flux Density and a CNR-1 4-way
component radiometer were used for radiometric measurements. The LI-7550 interface
unit was used to gather data, which were then stored in GHG file format. The raw data
were processed using EddyPro® v6.2.2 as seen in Figure 2. Time series data were checked
for temporal discontinuities, outliers, and missing observations (Not a Number, or NANs),
and noted for gap filling.

Data collection
(10Hz flux data)

Conversion to 30 mins flux using EddyPro-7.0.9
(Despiking, Detrending, Rotation, Stationarity testing,
co-spectral analysis, WPL correction done by the software)

CSV Data Inspecsion/Cleaning
(Missing/outlier values designated as -9999)
E.g. NEE filtered at +40umolm-2s-1

Gap filling using REddyProc online tool
U* filtering (moving point test); Gap filling (Michelis-Menten model &
ecosystem respiration model); and Flux partitioning (Reichstein 2005
night-time based). Variables used: U*, VPD, Rg, & Tair

Determine diurnal, seasonal and annual
NEE, GPP & Re.

Figure 2. Schematic representation of the EC data flow and analysis performed at the study site for
the years under study.

NEE is determined by calculating the covariance between instantaneous variances of
the trace gas (¢’) and the vertical wind velocity (w’), as represented by Equation (4).

NEE = ¢/ v/ 4)
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The covariates are averaged over half-hour intervals. The micrometeorological sign
standard was used in this analysis, where negative NEE numbers imply the gain of CO,
into the reference ecosystem.

2.4. Data Filtering, Gap Filling, and Flux Correction

Before completing the gap-filling process, low-quality data were eliminated from the
requisite EddyPro® output file. Data entries in the output files are flagged for quality follow-
ing [46,47], and despiking algorithms are executed within EddyPro® v6.2.2 to generate flux
calculations. In consideration of the biological exchange capacity inherent in grasslands, CO,
flux values exceeding 40 umolm —2s~! and falling below —40 umolm 2s~! were also removed
for subsequent gap-filling. Additionally, outliers were excluded (Table 2). For gap-filling, the
REddyProc software (1.3.2) was used [48,49]. In both day and nighttime conditions, when data
gaps were smaller than one hour, the 30 min averages of the preceding and following time
steps were averaged (i.e., interpolation) and used to fill in the missing values. Under these
assumptions, daytime R, is temperature dependent as well, and the time R, vs. T; relationship
can be extended to daytime conditions (i.e., nighttime NEE (NEE;;g1,t) = R,). Finally, GPP was
calculated by subtracting NEE from R, (GPP = R, — NEE). Percentages of data gap filled for the
years were: 2015 (66.33%), 2016 (38.85%), 2017 (37.65%), 2018 (47.78%), 2019 (33.70%), and 2020
(61.03%). In the years 2015 and 2020, due to instrument failure and calibration challenges, 151
and 127 days of observations were not recorded.

Table 2. Michaelis—-Menten model curve-fitted parameters of the maximum ecosystem C uptake
rate—Aay (g C m~2 s~ 1) at saturated light intensity, daytime ecosystem respiration—R, (g m~2 s 1),
cumulative photosynthetic photon flux density—PPFD (kW m~2 month~!) and apparent quantum
efficiency—a (g Cm~2s~! PPFD1).

Amax o Re n R? PPFD
(gCm~2) (KW/m?/Month)

January 0.1778 0.0004 0.0331 551 0.9351 5.80
February 0.2515 0.0003 0.0379 563 0.9446 6.44
March 0.6049 0.0008 0.0882 684 0.9245 9.49
April 0.8722 0.0010 0.1327 743 0.9318 13.24
May 0.8908 0.0014 0.1979 810 0.8980 12.85
June 2.3603 2.3603 5.3614 820 0.4730 16.46
July 0.7138 0.0011 0.2616 541 0.9030 8.97
August 0.9800 0.0017 0.3086 785 0.8954 13.26
September 0.3788 0.0014 0.1880 697 0.8155 12.01
October 0.3292 0.0015 0.1257 644 0.8176 9.23
November 0.2384 0.0011 0.0795 566 0.8389 6.96
December 0.1954 0.0008 0.0605 510 0.8650 4.40

3. Results
3.1. Meteorological Conditions in 2015-2020

The study area’s air temperature varied significantly with the seasons; in July, it was
the hottest at 24.57 & 0.35 °C, and in January, it was lowest at 1.19 £ 1.23 °C (Figure 3). Every
year was hotter than the historical average (13.21 °C) from 2008 to 2022, with 2016 being the
hottest at 13.95 °C (21.9%) (Figure 4). January, February, and December saw considerable
shifts in temperature from the norm (1.66 °C, 1.78 °C, and 1.41 °C, respectively). All the
months were hotter than the historical average except for March, April, and June (—0.37 °C,
—0.16 °C, and —0.35 °C, respectively). Monthly precipitation followed clear historical
patterns for the site (Figure 5). February, March, June, August, October, and November had
higher average precipitation than other months over the study period. The year 2018 had
the highest amount of precipitation (1828.3 = 0.61 mm) (Figure 6).
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Figure 3. Average monthly temperature (°C) under study (2015-2020) and the historical (2008-2022)
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Figure 5. Average monthly precipitation (mm) under study (2015-2020) and the historical (2008-2022)
monthly average.
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Figure 6. Total precipitation (mm) for all years under study (2015-2020) shown in black bars and the
historical (2008-2022) yearly average shown in grey-colored bar.
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3.2. Light Response Curve

The Michaelis-Menten (light response) model was used to assess the response of Net
Ecosystem Exchange (NEE) to light intensity (PPFD) for a pasture typical year (2016) in the
study area. The model was fitted according to this equation:

B PPFD o Apax
NEE =R+ e (5)

where Ay is the maximum ecosystem C uptake rate (g C m~2 s~1) at saturated light
intensity, R, is the daytime ecosystem respiration (g m~2 s~1), PPFD is photosynthetic
photon flux density PPFD (umol m~2 s~ 1), and « is the apparent quantum efficiency (g C
m~2s~1 PPFD1).

A typical year, 2016, was chosen from the dataset for the modeling (Table 2). The
Michaelis-Menten rectangular hyperbolae model (Equation (5)) was used to determine the
effect of light intensity, proxied using photosynthetically active photon flux density (PPFD),
on net ecosystem exchange (Figure 7).

Jan Feb Mar
0.40
Amax=0.1778 Amax=0.2515 Amax = 0.6049
0.20 a=0.0004 a=0.0003 @=0.0008
- Re=0,0331 Re =0.0379 Re =0.0882
Q‘E 0.00 RSQ=0.9351 RSQ=0.9446 RSQ=0.9245
&
w
i o2 5
0.40
68 g
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o Amax =0.8722 Amax = 0.8908 [¢] Amax = 2.3603
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Figure 7. Monthly response of Net Ecosystem Exchange (NEE) to photosynthetic photon flux density
(PPED) for the year 2016. Note that negative NEE indicates Carbon uptake by the pasture ecosystem.
The empty black circles represent the observed NEE (g Cm~2) while black lines stand for the fitted
curves of NEE to PPFD.

Apax was lowest in the winter months, particularly lowest in January (0.18 g C m2s7 1),
and peaks in the growing season, June (2.36 g C m~2 s~!). This indicates that despite the
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summer months having the highest optimal carbon uptake rate at saturated lights, the pasture had
substantial carbon uptake even in the cold winter months. The non-zero values of this Michalis
Menten constant reveal that photosynthesis and carbon storage occur year-round, even at low
PPFD (4.4 KW /m?). The efficiency at which pasture converts photons of light to stored carbon
follows a similar trend, as « was lowest in the winter months (0.0003-0.0008 g C m~2s~! PPFD7)
and highest in June (2.36 g C m~2 s~! PPFD ™). July and August had relatively lower light use
efficiency, which may be attributable to the oversaturation of light making the pasture highly
inefficient. Likewise, respiration was highest in June (5.36 g C m~2 s 7).

3.3. Daily, Diurnal and Seasonal Variations

The amount of carbon exchanged within an ecosystem, or net ecosystem exchange,
is a key indicator of its overall productivity, which explains the relationship concerning
respiration and photosynthesis as well as the flow of carbon dioxide between land and
above ecosystems [50-52], and is better understood when examined daily, diurnally, and
seasonally.

3.3.1. Daily and Diurnal NEE

Diurnal NEE patterns were a clear U-shape (Figure 8d,f). Typically, the pasture begins to
gain carbon from 8 am and increases towards noon as more light is received for photosynthesis.
This typically peaks from 12 noon to 1 pm and diminishes as the day passes by. NEE was
positive (carbon loss) typically at hours before 8§ am and beyond 8 pm. This shows a distinct
diurnal trend that rules daytime and nighttime carbon exchange. A slightly similar but reversed
pattern was observed for GPP. The observed pattern for NEE varies by month and season with
a higher carbon uptake rate (-ve NEE) observed in the spring and summer months. Due to the
lower winter air temperatures, diurnal NEE patterns were diminished in all of the years under
investigation during the nongrowing seasons, which ran from January through March, and
October through December (Figure 8d—f). January—March had the lowest NEE, GPP, and Re.
The daily rate of carbon uptake was not constant all year round. The average diurnal uptake
rate of carbon (0.163 gCm~2day ') by the pasture vegetation from April to September was
higher than the Re (0.139 gCm~2day!), and clearly for the growing season for DOY-135 and
26 October 2016 (Figure 8a,c) thereby acting as storage of carbon.

3.3.2. Seasonal NEE

Significant seasonal fluctuations were also observed for carbon exchange; more carbon
was lost from January to March (Figure 9). Carbon assimilation started in March, at the
time GPP was higher than respiration, and NEE peaked in April which gradually reduced
towards the end of the year. After that, there was a consistent change in both photosynthetic
and respiratory processes through July (Figure 9). Across the years, the monthly total of
GPP, NEE, and Re ranged from 1488.58 gCm 2, —400.95 gCm 2, and 1271.70 gCm 2 in
July, April, and July, respectively, to 135.25 gCm 2, 63.19 gCm 2, and 198.44 gCm 2 all in
January.

Cumulative carbon for the pasture site for the 6-year period (2015-2020) was calculated
by aggregating the half-hourly data, totaling —1394 + 146 gCm 2, indicating carbon uptake
of —1242 + 151 gCm~2 during the growing season and —152 4 91 gCm~2 outside of the
growing season, indicative of its sink status (Figure 10, Table 3). Carbon assimilation was
higher in the growing seasons than in other periods. This indicates that the pasture acted as
a carbon sink all year long (Table 3). For example, the non-growing seasons of 2018 and 2019
had lower carbon uptake of 44.31 gCm~2yr~! and 31.37 gCm~2yr~!, respectively, due to
lower precipitations. Overall, both the growing (—1242 + 151 gCm~2) and the non-growing
(—152 + 91 gCm~2) seasons of the pasture were net carbon sinks. The non-growing season
contributed about 11% of the total carbon sink in the pasture.
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Figure 8. Diurnal courses of net ecosystem exchange of C (NEE), ecosystem respiration (Re), and gross
primary productivity (GPP) for all seasons (a—c) for DOY—43, the non-growing season; DOY-135, the
early growing season; DOY-200, the peak growing season, and DOY-300, late growing season) in
2016; and the average diurnal fluxes for all years measured (d-f).
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Figure 9. Monthly values of GPP, NEE, and RE from 2015 to 2020.
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Figure 10. Yearly total values of GPP, NEE, and RE from 2015 to 2020.
Table 3. GPP, RE, and NEE by year and season.
GPP (gCm—2yr-1) RE (gCm~2yr-1) NEE (gCm~2yr-1)
Year GS NGS GS NGS GS NGS NEE Status
2015 1411.92 333.87 1261.98 239.62 —149.94 —94.25 —244.19 Sink
2016 1008.99 330.33 1079.65 276.52 70.65 —53.80 16.85 Neutral
2017 1651.25 340.42 1498.81 315.99 —152.44 —24.43 —176.88 Sink
2018 1343.22 220.29 763.50 264.59 —579.72 44.31 —535.41 Sink
2019 1731.87 246.13 1672.11 277.50 —59.75 31.37 —28.38 Sink
2020 836.14 148.43 465.32 93.56 —370.83 —54.87 —425.69 Sink
Sub Total 7983 + 279 1619 + 165 6741 + 291 1468 + 90 —1242 + 151 —152 £ 91
Cumulative 9603 + 479 8209 + 410 —1394 + 146 Sink

GS = Growing Season (April-October) and NGS = Non-Growing Season (January—March, November—December).

When comparing the ratio of GPP to Re, the growing season of year 2016 had the
highest ratio of 1.07, indicating that 107% of the plant carbon assimilation was excessively
consumed by pasture or to support the activities of heterotrophs in the soil. The lowest
ratio for the growing season was in the year 2020 with an average value of 0.56. For the
non-growing season, the year 2018 had a higher ratio of 1.2 while 2020 also had the lowest
(0.63). When both seasons were pooled together for each year, 2016 had the highest ratio,
1.01, while 56.8% of the photosynthesis assimilation of pasture in 2020 was used for plant
support, structural maintenance, and other soil activities. The values fell within the range
of 0.55-1.02 presented by [39]. Pasture maintains a critical balance of photosynthesis and
respiration (carbon storage and usage) efficiently in both the growing and non-growing
seasons which supports why they sequester carbon year-long.

4. Discussion

The primary focus of this study is to examine how bioclimatic factors and a moderately
grazed pasture in Kentucky, which proxy the roles of management, interact to control the
exchange of carbon dioxide (CO;) in pastureland at temporal scales. Our investigation
into the carbon exchange dynamics reveals consistent patterns in line with established
vegetation ecosystem behaviors and prior research [53]. Diurnal variations in Net Ecosys-
tem Exchange (NEE) are observed, with negative values during daylight hours indicating
heightened photosynthesis, while respiration processes dominate during the nighttime,
resulting in near-zero or positive NEE values. This diurnal pattern corresponds to normal
carbon dynamics in central Kentucky throughout the growing cycle [54].

This study emphasizes the significance of temporal scaling in understanding carbon
dynamics, particularly about precipitation and air temperatures. These factors significantly
influence surface-atmosphere CO, exchange at temporal scales ranging from 30 min to
interannual. Seasonal Net Ecosystem Exchange (NEE) mirrors pasture phenology, with
precipitation playing a pivotal role in determining net productivity. Natural responses
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regulate the quantity of NEE rates [55]. These reactions also adjust respiration to respond
to changes in temperature and moisture [56], which in turn affects the timing and rate of
CO2 sequestration [57].

The non-growing season of 2015 displayed unique favorable conditions for carbon
assimilation, characterized by a mean temperature of 4.2 °C and substantial total rainfall
of 566.7 mm. A favorable carbon balance resulted from lower temperatures suppressing
respiration and microbial breakdown. GPP was more than RE, leading to carbon uptake.
Abundant precipitation provided the moisture necessary for plant health and photosyn-
thetic activity, further promoting carbon uptake. The presence of evergreen or cold-tolerant
species sustained active photosynthesis during the non-growing season, contributing to
carbon sequestration. Furthermore, the carbon storage benefit was strengthened by carbon
accumulated from the previous growing period as with forest ecosystems [58].

In contrast, the non-growing months of 2018 and 2019 exhibited net carbon losses.
Elevated precipitation (712.216 mm) and lower air temperatures (3.99 °C) resulted in GPP
(220.29 gCm~?) falling behind RE (264.59 gCm~2). Colder conditions inhibited plant
growth, photosynthesis, and microbial activity, causing a net release of carbon in the form
of CO2. Excessive precipitation led to waterlogged soils, reducing oxygen availability, and
limiting root respiration and microbial activity. Plant senescence during the non-growing
season further contributed to reduced photosynthetic activity, exacerbating the carbon
imbalance. Carbon allocation and potential decomposition further accentuated carbon
losses.

The cumulative carbon budget, evaluated over a six-year research period, underscores
the consistent role of the pasture as a carbon sink. Our observations align with the work
of Henderson et al. (2015), documenting carbon sequestration and exchange dynamics.
The net carbon exchange for the study was estimated at —1394 4 146 gCm ™2, comprising
a carbon uptake of —1242 + 151 gCm~2 during the growing season and a net carbon
absorption of —152 + 91 gCm~2 during the non-growing season. This sustained carbon
sequestration highlights the pasture’s role as a year-round carbon sink.

In this study, the non-growing season’s contribution to the total carbon uptake, ap-
proximately 11%, underscores the importance of pasture ecosystems throughout the year.
Moreover, when considering all seasons combined, an average of 14.5% (—1393.7 gCm~?2) of
the photosynthetic assimilation generated was stored within the pasture systems (Table 4).
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Table 4. Mean annual temperature, precipitation and NEE across the world.

NEE
(gCyr 1)

Continent Station 1(\:; opping Temp. (°C) Precip. (mm) Study Years Location Reference
anagement

Harold Benson
N. America i. Research Farm, Managed Pasture 13.54 1369.95 —232.3 2015-2020 38.11° N, 84.88° W Present Study
Frankfort, KY
SGS ecoregion of the
North American Heavy/moderate
Great Plains, continuous grazing
Colorado, USA
Sardinilla, N.E. Barro
iii. Colorado Island, 261 2008-2009 9°19' N, 79°38' W [60]
Panama
Pennsylvania State
iv Uni. Haller Research 9.7 1014 14/-5 2008 40.9° N; 77.8° W [61]
Farm

—23/-59 2018 [59]

Ulastai station, Tien

Shan Mountains, Middle Tien Shan
Xinjiang Uygur grassland ecosystem
Autonomous Region.
Yunnan-Guizhou
Plateau, China
Horqin District,

iii. Inner Mongolia, Grassland ecosystem —32.91 2015-2018 42°55' N, 12°42' E [64]
China
Kherlenbayan-
Ulaan, Hentiy
province, central
Mongolia

Asia i. 7.26 257.61 —89.95 2018 43°28' N, 87°12' E [62]

Grassland ecosystem —116.06 2017-2018 27°46' N, 107°28' E [63]

-1 2005 [65]

Condroz region,

Belgium

Grassland at

Nakashibetsu,

ii. Shizunai, —245/—-158 2013 [67]

Nasushiobara, and

Kobayashi., Japan

Laqueuille, Puy de

Dome, France

European grazed

grassland

Seminatural

grassland site in Extensively managed

Auvergne, paddock

‘Laqueuille’, France

“ Intensively managed
paddock

Europe i. —141 2016 [66]

i 1.32 2007 [68]

iv. 32 2007 [69]
7.07 9975 —225 2003-2008 45°38' N, 2°44' E [70]

vi. 7.07 997.5 —209 2003-2008 45°38' N, 2°44' E v
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Table 4. Cont.

Continent

Station

Cropping
Management

Temp. (°C)

Precip. (mm)

NEE
(gCyr 1)

Study Years

Location

Reference

Oceania

ii.

iii.

vi.

vii.

Waikato region, New
Zealand

u

Troughton Farm,
Waikato region,
North Island, New
Zealand

Canterbury, New
Zealand

Hamilton Basin,
Waikato region,
North Island /Te
Ika-a-Maui, New
Zealand

Scott Farm, Waikato
region, North Island,
New Zealand
Rukubhia peatland,
Waikato region, New
Zealand

Rotationally grazed
pasture

u

old pasture/renewed
pasture

dryland/irrigated

Intense, year-round
rotational grazing

13.3

133

1249

1249

—114

11

—187/-148

—20/—408

190

—195

2018

2017

2017

2016

2015

2011

2005

37°45.6' S, 175°47.2'
E
37°45.6' S, 175°47.2'
E

37°45.6' S, 175°47.2'
E

43.7542° S, 171.1637°
E

[71]

“”

[72]

[73]

[74]

[75]

[76]

S. America

Experimental station,
GEFORP
-EAJ-UFRN,
Northeast coast of
Brazil, Macaiba
district, Brazil

Rotational grazing

25.5

1100

—215+22

2015-2017

505334 S.
35021'50" W

[77]
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We compared our findings with other values obtained in the reviewed literature in Table 4.
Several studies have estimated the amount of NEE derived from pastures across the world,
which ranged from —408 to 261 gC m~2 yr~! (Table 4). Our pasture site was intensively
managed with moderate grazing allowed for one month only in a year, which led to an
annual average of —232.3 gC m~2. This was within the range of values observed at the
experimentation station in Macaiba District, Brazil, South America [77] where a rotationally
grazed pasture yielded —215 + 22 gC m~2 yr~!, Asia (—116 to —41 gC m~2 yr~!), Europe
(—245t0 1.32 gCm 2 yr~!), and Oceania (—408 to 190 gC m~2 yr1).

In North America, NEE values ranged from —59 to 261 gC m~2 yr~!. This showed
some disparities in the values, which were due to the type and intensity of grazing, soil
characteristics, and other variables. Upon close examination, the finding by [60], which was
261 gC m~2 yr~! where pasture was a net source, was reported to have been influenced
by the severe drought and the uncontrolled grazing at the Sardinilla site. Also, the carbon
source study [74] at the Waikato dairy deep peat farm in Oceania was a result of an intense,
year-round rotational grazing coupled with the use of a mobile Eddy covariance setup, and
carbon loss was determined using Phytomass Index approach, which estimates all carbon
lost within the farm.

Based on our findings in Kentucky (232.3 g Cm~2yr~! or 0.04 tCO,Ha~lyr~1), of the
available 1.7 million hectares of pasture lands in Kentucky, there is a potential to annually
sequester about 0.07 MtCO, and 0.22 MtCO, when projected over the available farmland
of 5.2 million hectares

When scaled for the entire U.S., the available pasture lands of 51 million hectares save
2.2 MtCO, annually while the entire farmland of 362 million hectares could help reduce
emissions by 15.4 MtCO, in the same referenced timeframe. This more than doubles the
US projection of 6.6 Mt COzyr’1 Follett, Kimble and Lal (2001). This may be insignificant
but highlights the potential role of pasture establishment in carbon sequestration and the
global reduction of CO, emissions.

Highlighting the limitations of this study is very important as to the magnitude
and the interpretation of the results, as well as the Eddy covariance technique scalability.
Micrometeorology tools might not be ideal to capture pasture carbon exchange, as animals
are constantly moving about and their contribution may not be properly captured. Another
limitation is the fact that pasture grows all year round, and the simplistic models employed
by the Eddy covariance gap-filling techniques pose a challenge, as the minute changes
might be under- or overestimated. Also, the assumptions of turbulence and horizontal
fluxes not factored into total flux calculations pose a great risk of underestimation, although
most of these are factored in the model calibrations.

5. Conclusions

This study focused on the carbon exchange over a moderately graced pasture in
Kentucky from 2015 to 2020 using the Eddy Covariance technique. In all the analyzed
years, our study revealed that the pasture site was able to sequester carbon significantly.
This six-year study revealed that the pasture ecosystem’s ability to sequester carbon is high
and is modulated greatly by precipitation and temperature, becoming a carbon sink in
years with high precipitation (wet) and source/neutral in years with higher levels of air
temperature (dry).

Our analysis also revealed that towards noon, the pasture begins to sequester carbon; it
also stores more carbon in the spring months in particular when air temperature is moderate.
Also, we observed a clear diurnal NEE pattern which is limited by photosynthetically
active radiation, and seasonal trends consistent with pasture phenology and precipitation,
marking the growing season. Despite the harsh conditions of the non-growing seasons in
some of the years under study, the pasture was able to sequester carbon, indicative of its
potential when properly managed.

Assessing the pasture carbon exchange cumulatively revealed that year-round, the
pasture ecosystem is a carbon sink. Coupling this with the relative ease of establishing,
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growing, and managing pastures indicates that it is a potential game-changer CO, emission
reduction strategy if developed, in both the short and long term. The findings of this
study fill the knowledge gap on how a managed pasture in a typical humid temperature
climate exchanges carbon diurnally and seasonally, revealing a clear picture of year-round
carbon storage potential, and placing the same finding within the range of the existing
literature. As the world keeps searching for sustainable options to reduce global warming,
recognizing the pasture ecosystem’s all-season importance in carbon sequestration may be
key to actualizing this.
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