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Abstract: Climate, human disturbances, and management practices jointly control the spatial and
temporal patterns of land surface phenology. However, most studies solely focus on analyzing the
climatic controls on the inter-annual variability and trends in vegetation phenology. Investigating the
main and interacting effects of management practices and climate might be crucial in determining
vegetation phenology and productivity. This study examined the impacts of climate and management
practices on vegetation phenology and productivity in adjacent native and introduced prairie pastures,
which have detailed long-term management records, by combining climate, management, and satellite
remote sensing data (e.g., Moderate Resolution Imaging Spectroradiometer (MODIS) and Landsat).
Modeled gross primary production (GPP) using vegetation photosynthesis model (VPM) was also
included to investigate the dynamics of productivity. When comparing the impacts of the same
management practices on different pastures, we used paired comparison, namely, comparing the
native and introduced prairies side by side in the same year. The interactions of management
practices and climate were investigated through comparing years with similar management but
different climate (e.g., years with rainfall or not following baling events) in the same pasture. Results
showed that air temperature (Ta) was an important factor in determining the start of the season
(SOS) and the length of the season (LOS). Total rainfall (RF) during the annual growing season (AGS,
derived from vegetation indices (VIs)) had the largest explanatory power (R2 = 0.53) in explaining
the variations in the seasonal sums of VIs. The variations in GPP were better explained by RF
(R2 = 0.43) than Ta (R2 = 0.14). Using the thermal growing season (March–October) or AGS climate
factors did not show large differences in determining the relationships between phenology, GPP, and
climate factors. Drought shortened the LOS and decreased GPP. In terms of management practices,
grazing generally reduced the VIs and burning induced early greening-up and enhanced vegetation
growth. Drought plus other management practices (e.g., grazing or baling) greatly affected vegetation
phenology and suppressed GPP. The negative impacts (i.e., removal of biomass) of grazing on
vegetation was compensated by enhanced vegetation growth after good RF. This study demonstrated
that the interactions of climate and management practices could be positive (burning plus baling in
a good RF year) or negative (grazing/baling plus drought), and can significantly affect vegetation
phenology and production.

Keywords: MODIS; Landsat; interacting effects; gross primary production (GPP); drought; grazing;
baling; burning

1. Introduction

Vegetation phenology plays an important role in climate–carbon cycle feedback such
as determining the impacts of climate change on the growing season and characterizing the
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sensitivity of ecosystem processes to climate change [1–4]. Satellite remote sensing datasets
have been extensively used to study vegetation phenology over space and time [5–11]. The
Advanced Very High Resolution Radiometer instrument (AVHRR) onboard the National
Oceanographic and Atmospheric Administration (NOAA) satellite series had been used
to study global-scale phenology back in the 1990s [11]. Other satellite datasets, including
the Satellite Pour l’Observation de la Terre-Vegetation (SPOT-VGT) [12], Landsat [13], and
the Moderate Resolution Imaging Spectroradiometer (MODIS), have also been utilized
to investigate vegetation phenology to understand the impacts of phenological changes
on terrestrial carbon budget and evaluate crop productivity and management [14]. Many
studies combined two [6,8,15] or more satellite datasets [9,16] to take advantage of different
sensors with various spatial and temporal resolutions. For example, one can merge the
long-term AVHRR and Landsat datasets with high-quality but short-term MODIS and
SPOT-VGT datasets to investigate the trends of regional land surface phenology [16].

The Normalized Difference Vegetation Index (NDVI), which combines two vegetation-
sensitive bands to strengthen and simplify the information contained in vegetation [17,18],
is the most widely used index in vegetation monitoring. It first gained popularity in
vegetation phenology detection [2,19–21]. The Enhanced Vegetation Index (EVI) [22], which
reduces sensitivity to soil and atmospheric effects, was frequently used in recent years
in the monitoring of vegetation phenology [5,7,23]. Hybrid approaches, which combine
multiple indicators, have also been developed [10,12,24]. In terms of phenology detection
methods, a large variety of software packages exist [5,7,9,10,25–28], with TIMESAT being
one of the most popular software packages to analyze time series of satellite data [28].

Many case studies have tried to investigate the climatic controls on vegetation phenol-
ogy using climate data and vegetation phenology from various satellite datasets [2,23,29,30].
However, to truly understand carbon cycling on a global scale, assessing the impacts of
climate and management interactions on vegetation phenology is also essential, though
challenging to quantify due to their confounding effects [9,26,31,32]. Using information
on vegetation greenness and land surface temperature from MODIS, a disturbance in-
dex named MODIS Global Disturbance Index has been developed to study global dis-
turbances [33,34]. This index can help detect disturbance events, but has difficulty in
identifying the causality without the support of other climate and management data. Addi-
tionally, the commonly used 500 m surface reflectance product [35] is generally too coarse
for monitoring localized disturbances [36] such as grazing, baling, and patch burning. Finer
spatial resolution of Landsat imagery (optical: 30–80 m and thermal: 60–120 m) can enable
more detailed vegetation monitoring. While in comparison to the daily MODIS overpass,
the 16-day revisit cycle of Landsat is more susceptible to cloud cover, making it prone
to miss the short-term disturbances and quick recovery of vegetation after disturbances.
Combining MODIS and Landsat is a good strategy to balance the trade-off between spa-
tial and temporal resolutions [37] for studying field-scale vegetation responses to climate
and management.

In addition to frequent exposure to drought [38–44], grassland in the Great Plains of
the United States also experiences various common management practices such as burning,
grazing, and baling (hay harvesting). Prescribed burning is a recommended management
practice to sustain the grassland ecosystem function and structure [45–47]. Grazing and
baling remove the aboveground biomass and thus can reduce canopy coverage and vege-
tation photosynthesis. The effects of grazing on vegetation vary under different climate
conditions and grazing intensity [48]. The interactions of climate and management or
multiple management practices in the same year could make their impacts even more
complicated to assess [49] due to the many possible combinations of climate and manage-
ment practices. For example, burning could have a positive or negative effect on grassland
phenology and productivity depending on the rainfall of the year. In order to detect the
complex/confounding interactions of climate and management, site-specific investigation
of vegetation phenology becomes valuable. The repeated observations of satellite imagery
provide an opportunity to examine the dynamics of vegetation phenology using time series
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data. High-quality climate data and detailed management records help ascribe the causes
of variations in vegetation phenology and productivity [48].

This study aims to combine MODIS and Landsat imagery to examine the impacts of cli-
mate and management interactions on vegetation phenology and gross primary production
(GPP) in native and introduced prairie pastures where detailed management and quality-
controlled climate and eddy flux data exist. First, the relationships between vegetation
phenology, GPP, and climate factors were examined using MODIS and climate data from a
weather station located in the native prairie pasture. The impacts of a single factor (climate
or management) on intra-annual dynamics of vegetation phenology were then investigated
through combining MODIS and Landsat data. Finally, the impacts of interactions of climate
and management on vegetation phenology and GPP were examined. Results from this
detailed field-scale study will help ranchers adopt appropriate management strategies
based on different climatic conditions.

2. Materials and Methods
2.1. Study Area

The study area is located at the United States Department of Agriculture-Agricultural
Research Service (USDA-ARS), Oklahoma and Central Plains Agricultural Research Center
(OCPARC) in El Reno, Oklahoma (Figure 1). It consists of two adjoining pastures: (1) a
native pasture (NP) with big bluestem (Andropogon gerardi Vitman) and little bluestem
(Schizachyrium halapense (Michx.) Nash.) as the dominant species [50] and (2) an introduced
(managed) pasture (IP) dominated by old world bluestem (Bothriochloa caucasica C. E.
Hubb.) [37]. The Oklahoma Mesonet El Reno weather station is located within the NP, which
provides quality-controlled measurements of several meteorological variables, including
precipitation, air temperature, solar radiation, soil moisture, and so on [51] (http://www.
Mesonet.org/, accessed on 30 June 2020). Each field is equipped with an eddy covariance
(EC) system to measure CO2 and H2O fluxes. Four MODIS pixels with the majority of them
overlapped with the study area are presented in Figure 1. In this study, we focus on the two
MODIS pixels having EC towers where modeled GPP and EC-derived GPP have already
been compared [37,52].
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Figure 1. Location of the study area overlapping with MODIS pixels (red lines). Locations of
the Oklahoma Mesonet El Reno site (yellow point) and two eddy covariance towers (35.54865◦ N,
98.03759◦ W in native pasture and 35.54679◦ N, 98.04529◦ W in introduced pasture) are also shown
(red diamonds). Yellow rectangle is the boundary of the native pasture and green rectangle is the
boundary of the introduced pasture.
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2.2. Climate Data

The daily rainfall (RF) and average air temperature (Ta) were collected from the
Oklahoma Mesonet El Reno station in the NP. Annual and thermal growing season (AGS
and TGS, respectively) total RF and mean Ta were calculated for 2000–2015. The AGS
climate metrics were calculated for the entire calendar year (January–December) while TGS
climate metrics were calculated specifically for March–October (i.e., growing season) in
each year. The ratios between AGS and TGS RF were also calculated to further indicate the
rainfall deficit during the growing season each year. Since the weather station is located in
the NP and the IP is just beside, we used the same weather data for both pastures.

Total RF varied largely in both AGS and TGS during the study years. Wet years were
observed in 2007, 2013, and 2015, while 2001, 2003, 2006, 2011, 2012, and 2014 had less than
normal total RF (Figure 2a). Wet and dry years were defined by the mean plus or minus
one times of standard deviation. The lowest ratio of TGS to AGS RF (0.64) during the study
period was observed in 2011. Average Ta for the TGS in 2006, 2011, and 2012 was more
than 1 ◦C higher than the mean, indicating severe dry and hot years (Figure 2b).
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2.3. Management Records for the Native and Introduced Pastures

The USDA-ARS OCPARC has archived long-term management records for the NP
and IP. This study only focuses on the years after 2000 when the MODIS time series were
available to detect vegetation phenology and model GPP. The major management practices
in the NP were grazing and occasionally burning, while the IP was more intensively
managed. Only in 2005 and 2006, the NP field was divided into two sub-sections. The
northern half of the NP was burned before the 2005 growing season, while the southern
half was not burned. Management practices in the IP were much more complex with the
occurrence of burning, baling, grazing, weed control, and fertilization occurring in different
years. The entire IP field was not homogeneously covered by the old world bluestem until
2009. Perennial rye grass (Lolium perenne) subplots existed in the IP field before 2009. Thus,
data prior to 2009 were not included for the IP. The major management practices in the NP
and IP from 2009 to 2015 are summarized in Table 1.
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Table 1. Major management practices in the native pasture (NP) and introduced pasture (IP) from
2009 to 2015.

Year Native Pasture Introduced Pasture

2009 (1). Stocking rate 0.39 head/ha for
May–October

(1). Burned on 15 April 2009;
(2). May~1st, Weed control and fertiliza-tion
(3). July~1st, Hayed

2010 (1). Stocking rate 0.37 head/ha for
May–October

(1). Burned on 18 March 2010;
(2). July~1st, Hayed

2011 (1). Stocking rate 0.45 head/ha for
May–October (1). July~1st, Hayed

2012 Rested all year (1). Stock rate 0.83 hd/ha for January–May and
0.32 hd/ha for June–July

2013
(1). Burned on 3/6/2013;
(2). Stocking rate 0.78 head/ha
for December

(1). Stock rate of 0.64 hd/ha for January–March

2014 (1). Stocking rate 0.78 head/ha for
April, May, July and November

(1). 9 April 2014 Burned;
(2). 7/23 60% of East half of pasture cut for hay,
8/15 40% of East half of pasture cut for hay;
(3). Stock rate of 0.40 hd/ha for
September–December

2015
(1). Stocking rate 0.78 head/ha for
February and 0.39 head/ha for
June–July

(1). Stock rate of 0.40 hd/ha for
January–February and June–July;
(2). Stock rate of 0.96 hd/ha for
August–December

2.4. MODIS and Landsat Images and Vegetation Indices

The 8-day composite MODIS surface reflectance product (MOD09A1) [35] was used to
calculate two commonly used vegetation indices (Vis): NDVI, (Equation (1)) [17,18] and
EVI (Equation (2)) [22]. Both NDVI and EVI were then used to derive vegetation phenology
metrics and greenness.

NDVI =
ρnir − ρred
ρnir + ρred

(1)

EVI = 2.5 × ρnir − ρred
ρnir + 6.0 × ρred − 7.5 × ρblue + 1

(2)

Our study area is located in the center of the image tile (Path28/Row35) and was not
affected by the strips in Landsat 7 imagery caused by the failure of the ETM+ scan line
corrector. Thus, both Landsat 7 and Landsat 8 data were included in the analysis. All
of the available Landsat 7 and Landsat 8 surface reflectance products during the study
period (2000–2015) covering the study area were downloaded from the USGS EarthExplorer
(http://earthexplorer.usgs.gov/, accessed on 10 July 2020) and images for the NP and
IP were extracted. Only clear pixels were included in data analysis based on the quality
assessment band, which helped to exclude image artifacts caused by cloud, cloud shadow,
and aerosols [37,53]. The color composite images (shortwave infrared (SWIR-2), near
infrared (NIR), and red bands as RGB) were used to reduce atmospheric effects and to
highlight vegetation. The Landsat EVI values for the paired and homogeneous subplots
were calculated to compare the impacts of management practices on vegetation phenology.

2.5. Vegetation Phenology Metrics and Greenness Derived from MODIS Vegetation Indices

The time series of NDVI and EVI from MODIS were used to estimate phenology
metrics from the TIMESAT software package [28]. Major phenology metrics included in
this study were the start of season (SOS), end of season (EOS), length of season (LOS),
and peak value of NDVI/EVI. The sum and average NDVI/EVI were also calculated
corresponding to the SOS and EOS in each year. As mentioned before, the IP did not have

http://earthexplorer.usgs.gov/
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homogeneous land cover type until 2009, thus the phenology metrics and greenness data
were only used from 2009 onwards for the IP, while they were used for the entire study
period (2000–2015) for the NP.

2.6. Gross Primary Production (GPP) Estimates from the Vegetation Photosynthesis Model

The Vegetation Photosynthesis Model (VPM) [54] was used to estimate GPP from
2000 to 2015 for NP and from 2009 to 2015 for IP. The VPM estimates GPP as a product of
light use efficiency (εg) and absorbed photosynthetically active radiation (APAR) by the
chlorophyll (APARchl):

GPPVPM = εg × APARchl (3)

APARchl = f PARchl × PAR (4)

where f PARchl is set equal to EVI. The εg is derived by down-regulating the theoret-
ical maximum light use efficiency (ε0) with scalars of temperature (Tscalar) and water
(Wscalar) stresses.

εg = ε0 × Tscalar × Wscalar (5)

The VPM-estimated GPP has been evaluated using results for the two EC sites located
in the NP and IP by previous studies [37,52,55]. The comparison showed good agreement
between the two GPP products, indicating the reliability of the modeled GPP for further
analysis in this study.

2.7. Statistical Analysis

Using the 16 years of Vis and climate data in NP, we performed regression analyses to
examine the relationships between phenology metrics/greenness and climatic variables.
Multiple combinations were tested to include possible causal relationships (Table 2). Early
and late seasons were defined for March–June and July–October, respectively. Both NDVI-
and EVI-derived phenology metrics and greenness were correlated with different climate
factors. Since the IP was converted to old world bluestem and had homogeneous land
cover type only after 2009, we did not examine the phenology–climate relationships at
the IP site. The TGS GPP sums were also correlated with the TGS/AGS total RF and
average Ta.

Table 2. Pairs of parameters used in a simple linear correlation for vegetation phenology and
greenness. NDVI: normalized difference vegetation index, EVI: enhanced vegetation index, SOS: start
of the season, EOS: end of the season, and LOS: length of the season.

SOS (NDVI/EVI-based)

Early season total RF

Early season average Ta

Early season maximum Ta

EOS (NDVI/EVI-based)
Late season total RF

Late season average Ta

LOS (NDVI/EVI-based)

Thermal GS total RF

Thermal GS average Ta

Annual GS total RF

Annual GS average Ta

Peak NDVI/EVI
Early season total RF

Early season average Ta
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Table 2. Cont.

NDVI/EVI sum

Thermal GS total RF

Thermal GS average Ta

Annual GS total RF

Annual GS average Ta

NDVI/EVI average

Thermal GS total RF

Thermal GS average Ta

Annual GS total RF

Annual GS average Ta

3. Results
3.1. Relationships of Vegetation Phenology, Greenness, and GPP with Climate Factors

After analyzing the relationships between phenology metrics/greenness and climate
factors, the results with coefficients of determination (R2) larger than 0.4 were selected
and presented in Figure 3. The NDVI- (first column panels in Figure 3a) and EVI-derived
(second column panels in Figure 3a) SOS advanced with increasing early season average
Ta, demonstrating the role of higher spring temperature for greening-up of vegetation. The
NDVI- and EVI-derived LOS was negatively correlated with the TGS and AGS average Ta
with a larger R2 in the former. The relationships between NDVI- or EVI-derived phenology
metrics and climate factors were generally similar.
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The NDVI sum was positively correlated with total RF for both TGS and AGS
(R2 = 0.38 and 0.52, respectively), while it was negatively correlated with TGS and AGS
average Ta (R2 = 0.51 and 0.42, respectively) (first column panels in Figure 3b). These
relationships indicated that rainfall was a limiting factor while temperature was a stressor,
especially during the TGS. The relationships between EVI sum and climate factors also
showed similar trends (second column panels in Figure 3b). The VI sum vs. AGS total RF
had the largest R2 values (0.52 for NDVI and 0.53 for EVI), indicating the importance of RF
in the influencing of vegetation phenology and productivity.

TGS sum of GPP was positively correlated with total RF during TGS/AGS and nega-
tively correlated with TGS/AGS average Ta (Figure 4). As in the VI vs. climate relationships
(Figure 3), RF provided stronger explanatory power than did Ta. GPP showed large varia-
tions in both NP and IP (Figure 5). The GPP in 2011 had the lowest values due to severe
drought. After IP was homogeneously covered by old world bluestem, GPP in both NP
and IP was very similar for the following two years (2009 and 2010). The GPP decreased
more in IP than NP during the continuous droughts in 2011 and 2012.
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3.2. Intra-Annual Dynamics of Vegetation Phenology Affected by a Single Factor

The previous section demonstrated the impacts of total RF and average Ta on vegeta-
tion phenology, greenness, and GPP using annual data. However, the relationships were
not very strong, necessitating the analysis of intra-annual dynamics of vegetation phenol-
ogy. This section analyzed the impacts of a single climate event (drought) or management
practice (grazing and burning) on vegetation phenology in specific years.

3.2.1. Impacts of Drought in the NP

Both 2006 and 2012 were drought years (Figure 2). Since the IP field was not homoge-
neous in 2006, we investigated the impacts of drought in the NP only. Vegetation in the NP
greened up earlier in 2012 (Figure 6, left panel, right side) than in 2006 (Figure 6, middle
panel, right side) due to a warmer and wetter spring (15.64 ◦C and 28.78 mm for 2012;
14.91 ◦C and 26.24 mm for 2006). Additionally, the VIs in 2012 recorded much higher values
than in 2006 especially during the early growing season (Figure 6, right panel). However,
the plants quickly exhausted soil moisture because of the combination of early season rapid
growth and subsequent precipitation deficit and high temperature in the summer of 2012.
These circumstances caused a so-called “flash drought [44,56]”, where vegetation became
dormant after the flash drought and resulted in the left-skewed VIs curves in 2012.

3.2.2. Impacts of Grazing in the NP and IP

In 2009, IP was not grazed and NP was grazed from May through October by breed
cows (635 kg average weight) at a stocking rate of 0.41 head/ha. The two pastures were
visually similar on DOY 167 (mid-June) (Figure 7, left panel) in 2009. With continuous
grazing pressure, NP became less green than the IP. In 2015, IP was grazed throughout
most of the year, while NP was grazed for only three months (February, June, and July).
However, the two pastures did not show much difference in greenness during the 2015
growing season (Figure 7, right panel). When we overlay RF with VIs for these two years
(Figure 8), the interactions of RF patterns and grazing were clear. In 2015, RF was greater
than in 2009 and the majority of RF was received during peak growth (May and June). In
2009, the majority of RF came later in the growing season (August through mid-October).
Thus, the VIs values in 2015 were higher and the sites showed sustained growth over the
entire growing season. However, in 2009, the lack of early season rain and lower overall RF
prevented the recovery growth in grazed pasture.
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Figure 6. Drought in the native (NP) and introduced (IP) pastures in 2006 and 2012. The left panels
are Landsat color composite (SWIR-2, NIR, and Red) images overlapped with the MODIS in 2006
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and EVI time series for the NP in 2006 and 2012 from the MODIS. Daily RF are also added in the VIs
plots to show the RF deficit.
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3.2.3. Impacts of Burning in the NP and IP

The northern half of the NP was burned in 2005 and the entire area was burned in
2013 (Figure 9). Burning caused early greening-up and enhanced vegetation growth in
both 2005 and 2013 (Figure 9, left and middle panels). Given the improved vegetation
growth caused by burning, VIs were significantly higher in NP than in IP in 2005 and 2013
(Figure 9, right panel; AGS NDVI is 0.625 in NP and 0.592 in IP). However, this might have
been attributed to the differences in species composition between NP and IP. We, therefore,
extracted a pair of subplots within burned and non-burned areas of NP and analyzed the
EVI values from Landsat images from 2005 to evaluate the impact of burning on the same
species (native tallgrass). Burning (8 March 2005, DOY67) initially decreased EVI values
compared to non-burned (Figure 10), but the EVI values were much higher in the burned
subplot than in the unburned subplot during the entire growing season, demonstrating
that the burning enhanced vegetation growth.

3.3. Impacts of Climate and Management Interactions on Vegetation Phenology and GPP
3.3.1. Interactions of Burning plus Baling with RF in the IP

The IP was burned in both 2010 and 2014 while part of it was also baled for hay
(Table 1). Time series Landsat images captured the burning and baling events in both years
well (Figure 11, left and middle panels). The two baling events which occurred during
different periods in 2014 were also captured (Figure 11, third and fourth figures in the
middle panel). As expected (Section 3.2.3), the two burning events enhanced vegetation
growth, making the land surface greener in IP than in unburned NP. To investigate the
interactions of burning and baling, we generated the paired subplots of burning only and
burning plus baling, and then analyzed EVI values for the paired plots in 2010 and 2014
from high-quality Landsat surface reflectance data.
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Figure 9. The impacts of burning on vegetation phenology reflected by color composited Landsat
images and time series of NDVI and EVI from the MODIS. The left panels are Landsat color composite
images for 2005. The middle panels are for 2013. The right panels are NDVI and EVI time series
for the introduced pasture (IP, (top)) and native pasture (NP, (bottom)) in 2013 from the MODIS.
Yellow boxes in the second figure of the left panels are the subplots used in further analysis using
Landsat imagery.
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Figure 11. Interactions of burning plus baling with rainfall (RF) in the introduced pasture (IP) in 2010
((left) panels) and 2014 ((middle) panels), and the Landsat-based EVI values for the paired subplots
of burning only and burning plus baling ((right) panels). Yellow rectangles are the subplots used to
extract EVI values. Daily RF data were also marked out in the time series EVI values.

The vegetation regrowth after baling can be observed from the EVI values in both 2010
and 2014 (Figure 11, right panel). However, the extent of vegetation regrowth was different.
The burned and burned plus baled subplots had very similar EVI values before the baling
in 2014. The baling immediately decreased EVI. Then, the EVI values in the burned plus
baled subplot surpassed the burned-only subplot due to the removal of senesced plant
material and quick vegetation regrowth. We can also see the vegetation regrowth after
baling in 2010 but the extent of increasing in EVI was much less compared to 2014. The
precipitation deficit after baling in 2010 (13 July–23 August accumulated RF was 0.9 cm)
suppressed the vegetation regrowth. In contrast, there were large amounts of precipitation
after baling in 2014 (27 July–6 September accumulated RF was 13.7 cm), which greatly
facilitated the vegetation regrowth.

3.3.2. Drought plus Grazing in the NP and Drought plus Baling in the IP

In 2011, NP was affected by drought plus grazing and IP was affected by drought plus
baling. The vegetation phenology was very similar in the two pastures despite different
management practices (Figure 12). Drought shortened the LOS through advancing the
EOS. Both pastures had increased VIs after relatively concentrated precipitation in August.
Although there was a large rain event in early November (a typical time for the first frost in
the study area), it was not effective for vegetation growth due to vegetation senescence and
low temperature.

3.3.3. Summary of Vegetation Phenology and GPP under Different Climate
and Management

The major phenology metrics, greenness, and GPP in both NP and IP from 2009 (the
year with homogeneous land cover in IP) to 2015 are summarized in Table 3. Drought in
2011 and 2012, combined with other management practices, greatly shortened the LOS (an
average of 47 days). Both the NP and IP had the largest GS EVI average and sum in 2013
because of the large amount of rainfall in the AGS. Although annual GPP appears to be
correlated with the AGS RF, it is clear that other factors play a major role as well. Burning
and high AGS RF caused the highest production in 2013 at the NP. It was in the same year
that IP, which had no other types of management, had the highest GPP. Grazing decreased
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GPP at the IP when compared to the IP in 2013 and 2015. The interactions of drought and
other management practices (grazing or baling) greatly suppressed GPP in both NP and IP.
The impacts of burning plus baling combinations increased the vegetation production in
good rainfall years such as 2014.
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introduced pasture (IP). The (left) panels are color composite Landsat images. The (right) panels are
NDVI and EVI for the NP and IP from the MODIS. Daily rainfall (RF) data were also marked out.

Table 3. Summary of phenology metrics, greenness, and gross primary production (GPP) in the
native pasture (NP) and introduced pasture (IP) from 2009 to 2015.

Year Disturbance Type Pastures SOS
(DOY)

EOS
(DOY)

LOS
(Days)

GS EVI
Average

GS EVI
Sum

GPP
(g C m−2)

AGS
Rainfall (cm)

2015
Three month grazing NP 113 290 178 0.48 10.92 2062.18

86.56
Whole year grazing IP 110 293 182 0.47 11.36 1895.86

2014
Four month grazing NP 141 310 169 0.38 8.35 1411.02

45.80
Burning + baling IP 133 282 149 0.48 9.16 1711.64

2013
Burning NP 131 294 162 0.52 11.35 2281.61

82.55
None IP 137 304 167 0.52 11.49 2111.77

2012
Drought NP 85 212 128 0.45 7.24 1709.79

20.80
Drought + grazing IP 93 209 116 0.41 6.10 1143.39

2011
Drought + grazing NP 128 253 125 0.35 5.95 1049.30

27.71
Drought + baling IP 131 257 126 0.33 5.59 863.00

2010
Six month grazing NP 114 293 180 0.46 11.09 2059.05

47.00
Burning + baling IP 110 291 181 0.51 11.66 1965.43

2009
Six month grazing NP 116 297 181 0.40 9.66 1382.18

57.91
Burning + baling IP 128 296 168 0.41 9.09 1435.70

2006 Drought NP 119 282 163 0.38 7.98 1204.27 37.11

Note: the LOS might not equal to the differences between EOS and SOS due to different rounding.
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4. Discussion
4.1. Combination of MODIS and Landsat to Study Vegetation Phenology and Production

Results showed that grassland phenology and production were jointly controlled by
climate and management practices. The management practices such as burning, graz-
ing, and baling examined in this study can be considered anthropogenic disturbances
on vegetation. The climate- and human-induced disturbances on vegetation have dif-
ferent spatial and temporal extents with various severity. For example, long-term and
short-term flash droughts can exert different influences on vegetation phenology and
production [44,56]. Additionally, the baling-affected area and grazing intensity can be
different among fields [37,57,58]. To balance the consideration of spatial and temporal
resolutions in studying vegetation phenology and production, the combination of coarser
spatial resolution but higher temporal resolution datasets (i.e., MODIS) and finer spatial
resolution but lower temporal resolution datasets (i.e., Landsat) becomes necessary and
straightforward. These types of combinations can be used to better characterize regional
and localized disturbances on vegetation.

Utilizing the higher temporal resolution of MODIS and higher spatial resolution of
Landsat enables the characterization of inter- and intra-annual variations of vegetation
phenology and production. More importantly, it can help ascribe the causes of variations
in vegetation phenology and production with the auxiliary climate data and management
records, which provides more ecological understanding of those disturbances [59,60] and
more possibility to extrapolate to a larger scale. The ever-increasing remote sensing data
volumes and computational methods have enabled the wide application of different satellite
datasets to study vegetation dynamics. The Google Earth Engine, which contains many
global satellite datasets including MODIS and Landsat, has led to rapid advances in land
cover and land use change, disturbances detection, and regional modeling [61–63]. Using
this free and powerful platform, one can study both the global and localized vegetation
phenology and production through combining different satellite datasets, such as MODIS
and Landsat.

4.2. The Impacts of Climate and Management Interactions on Vegetation Phenology and GPP

Both climate and management can affect vegetation phenology and GPP. To achieve
higher production, ranchers use different management strategies in grasslands which
makes the interactions of climate and management an important aspect in determining
grassland phenology and GPP. Our results showed that drought itself can shorten the LOS
and thus reduce vegetation production (e.g., 2006). However, the interactions of drought
and management practices (baling or grazing in 2012) further exacerbated the vegetation
conditions. On the positive side, the burning plus baling could be a good management
strategy in years with good RF (e.g., 2014) to increase production. Burning can enhance both
above- and below-ground plant productivity in tallgrass prairie in good RF years because
of more plant-available nitrogen [48]. On the negative side, burning further reduces the
availability of soil water and adversely affects forage production in drought years. The
impact of cattle grazing is visible during drought but the removal of biomass by grazing is
compensated by quick recovery under good RF (Figures 7 and 8). These results suggest
that the interactions of climate and management practices are important in determining
grassland phenology and productivity.

Previous studies have shown that moisture stress (precipitation deficit) was a domi-
nating factor in controlling the carbon exchange of the prairie [64,65]. This study further
demonstrated that the interactions of climate and management practices also played an
essential role in controlling grassland phenology and production. However, we did not see
the interactions between burning and drought as burning usually occurred in normal to
good precipitation years in the study period. The interactions between them are important
as the reduced soil moisture and increased temperature and solar radiation at the soil
surface due to burning can exacerbate drought conditions and greatly reduce grassland
production during dry years [48,66].
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4.3. Implications and Future Steps

This study combined MODIS and Landsat imagery to examine the impacts of climate
and management interactions on grassland phenology and productivity. The method
can be utilized to study field-scale management and climate impacts in other regions.
With the auxiliary climate data and management records, assessment of the impacts of
specific climate events (e.g., drought) and management (e.g., burning, grazing, or baling)
on grassland phenology and productivity can be accomplished. It also allows for inspection
of the interactions of climate and management. Combining MODIS and Landsat imagery
to study localized disturbances on vegetation can offer new insights for the understanding
of the extent, type, and consequences of disturbances.

Intensively managed grassland (both native prairie and introduced pasture) is a major
forage source for beef cattle in the region. Thus, higher productivity in grasslands is of great
importance to the beef industry. By utilizing satellite data, climate data, and management
records, this study demonstrated that the interactions of climate and management can
significantly affect forage productivity. Ranchers should consider both management and
climate when trying to maximize forage productivity. The drought plus management in the
same year caused the lowest production (Table 3), which indicates the necessity of drought
preparedness. Adjusting management strategies by considering climate conditions is a
better practice than a static or predefined management plan [67].

As demonstrated in the results, the interactions of climate and management are
intricate and dynamic. Further observations over a longer period are necessary to develop
effective strategies for forage production in different scenarios. Multisite analysis, such
as using data from FLUXNET and AmeriFlux [68], can help understand the interactions
in a large geographic domain and potentially produce more general discoveries. MODIS-
derived NDVI and EVI were used to calculate phenological metrics. The mixed pixel
problem could affect the accuracy of the phenology metrics. Ground observations such as
in situ PhenoCam digital images can be used to evaluate them. Moreover, one can fuse the
Landsat and Sentinel-2 data to reduce the impacts of the mixed pixel problem. However,
the interactions of climate and management could happen fast (e.g., rapid green-up after
burning and rainfall). Evening fusing of two optical sensors might miss the critical detecting
window [69].

5. Conclusions

By combining MODIS and Landsat imagery, this study examined the impacts of
climate and management interactions on vegetation phenology and GPP in native and
introduced prairie pastures. Climate factors, namely Ta and RF, played an important role in
controlling the SOS/LOS and VIs sum, respectively. GPP was controlled by RF more than
Ta. However, the explanatory power was usually low (mostly R2 < 0.5). In general, drought
shortened the LOS and decreased GPP, grazing reduced VIs, and burning caused early
greening-up and enhanced vegetation growth. The interactions of climate and management
practices were evident in specific years only (2011 and 2014). The interactions of drought
and management (baling or grazing) can greatly affect vegetation phenology and suppress
production. Burning plus baling might be a good management strategy in a good RF
year to increase forage productivity. Similar analyses can be adapted in other regions
to investigate localized management and climate impacts on vegetation dynamics. The
impacts of climate and management interactions suggested that ranchers need to adjust
management strategies (dynamic instead of static management plans) based on climatic
conditions to maintain productive and sustainable grasslands.
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