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Abstract 

Burning, grazing, and baling (hay harvesting) are common management practices for tallgrass 

pasture. To develop and adopt sustainable management practices, it is essential to better 

understand and quantify the impacts of management practices on plant phenology and carbon 

fluxes. In this study, we combined multiple data sources, including in-situ PhenoCam digital 

images, eddy covariance data, and satellite data (Landsat and Moderate Resolution Imaging 

Spectroradiometer (MODIS)) to examine the impacts of burning, baling, and grazing on canopy 

dynamics, plant phenology, and carbon fluxes in a tallgrass pasture in El Reno, Oklahoma in 

2014. Landsat images were used to assess the baling area and the trajectory of vegetation 

recovery. MODIS vegetation indices (VIs) were used in the Vegetation Photosynthesis Model 

(VPM) to estimate gross primary production (GPPVPM) at a MODIS pixel for the flux tower 

(baled) site. For comparison between baled and unbaled conditions, we used MODIS VIs for a 

neighbor MODIS pixel (unbaled) and ran VPM. Daily PhenoCam images and green chromatic 

coordinate (GCC) tracked canopy dynamics and plant phenology well. The grassland greened up 

immediately after burning in April. GCC values showed two peaks with the similar magnitude 

because of quick recovery of grassland after baling. Satellite-derived VIs and GPPVPM showed 

that the pasture recovered in one month after baling. The GPPVPM matched well (R
2
 = 0.89) with 

the eddy covariance-derived GPP (GPPEC). Grazing in the late growing season did not influence 

plant phenology (VIs and GCC) and carbon uptake (GPP) as plants were in the late growing 

stage. Neither did it affect GPP differently in those two conditions because of even grazing 

intensity. The reduction in GPP after baling was compensated by higher GPP after large rain 

events in late July and early September, causing little seasonal differences in GPP (-0.002 g C m
-

2
 day

-1
) between the baled and unbaled conditions. Interactions of different management 
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practices with climate make it complicated to understand the impacts of different management 

practices on carbon dynamics and plant phenology. Thus, it is necessary to further investigate the 

responses of tallgrass pastures to different management practices under different climate regimes 

at multiple temporal and spatial scales. 

Keywords: PhenoCam images, green chromatic coordinate (GCC), gross primary production 

(GPP), plant phenology, Vegetation Photosynthesis Model (VPM), eddy covariance (EC) 
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1. Introduction 

Tallgrass (both native prairie and planted/introduced pasture) is a major forage feed for 

millions of beef cattle in the Great Plains of the United States. Management practices in tallgrass 

prairie pasture are diverse (e.g., burning, grazing, baling, fertilizing), complex (e.g., mixture of 

management practices such as grazing and baling, different duration and timing), and can vary 

over space and time. Prescribed burning is a recommended management practice to recycle plant 

nutrients, remove senesced vegetation, and to control weeds and inhibit woody species 

encroachment (Brockway et al. 2002; Reinhart et al. 2016; Twidwell et al. 2013; Valkó et al. 

2014). Grazing and baling remove aboveground biomass and reduce canopy coverage and 

vegetation photosynthesis. The effects of grazing on carbon fluxes (e.g., gross primary 

production, GPP) vary under different ecological conditions and grazing intensity (Rogiers et al. 

2005). Field experiments that mechanically clip vegetation to mimic hay or biofuel feedstock 

harvest, showed that grassland ecosystems may not be a sink of carbon depending on the amount 

of biomass removal (Luo et al. 2009; Niu et al. 2013; Wagle and Kakani 2014). These 

management practices can have multiple impacts on vegetation canopy, phenology, and carbon 

dynamics (Campioli et al. 2015; Wilson et al. 2013). Thus, it is a challenging task to track those 

management practices and assess their impacts on tallgrass prairie pasture as well as beef cattle 

production.  

A number of tools are available to study the impacts of management practices on 

vegetation phenology and carbon fluxes of grasslands, including in-situ digital cameras 

(PhenoCam), eddy covariance (EC) measurements, and satellite remote sensing. PhenoCam 

takes multiple digital photography in a day and provides ―near surface‖ observations of plant 

phenology with high temporal resolution (Migliavacca et al. 2011; Richardson et al. 2009). 
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Satellite remote sensing acquires consistent and periodic observations of the land surface to track 

vegetation phenology (Zhang et al., 2003). Vegetation indices (VIs) derived from satellite 

images are also used in production efficiency models to estimate gross and net primary 

production of vegetation (Potter et al. 1993; Running et al. 2004; Sims et al. 2008; Wu et al. 

2010; Xiao et al. 2004a; Xiao et al. 2004b; Yuan et al. 2007). Because of the higher temporal 

resolution (8-day), the Moderate Resolution Imaging Spectroradiometer (MODIS) is used more 

often in GPP modeling than Landsat which has a higher spatial resolution (30 m) but lower 

temporal resolution (16-day). EC observations reflect effects of land use and management on the 

exchange of carbon dioxide, water vapor, and energy fluxes (Chi et al. 2016; Fischer et al. 2012; 

Owensby et al. 2006; Suyker et al. 2003). As the footprint of eddy flux tower is often comparable 

with the spatial resolution of the MODIS surface reflectance products, EC-derived GPP (GPPEC) 

are widely used to evaluate modeled GPP using MODIS data (Dong et al. 2015; Jin et al. 2013; 

Sims et al. 2008; Wagle et al. 2014; Wu et al. 2010; Yuan et al. 2007).  

Although field experiments help to examine the effects of management practices on 

carbon dynamics (Luo et al. 2009; Niu et al. 2013; Wagle and Kakani 2014), the influence of 

management practices on canopy scale carbon dynamics is not well understood, necessitating the 

integration of EC and remote sensing observations to study the effects of grazing, baling, or 

other management practices on canopy and carbon dynamics. Ideally, paired towers are needed 

in both the control and manipulated (e.g., unbaled and baled) area for the comparison. However, 

the high construction cost and logistical requirements of EC systems prohibit the utilization of 

paired towers in most cases (Chi et al. 2016; Fischer et al. 2012). Alternatively, modeling 

approaches can be used. Remote sensing-based production efficiency models estimate GPP as 

the product of the absorbed photosynthetically active radiation (APAR) and light use efficiency 
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(LUE, Ɛg) (Potter et al. 1993; Running et al. 2004; Xiao et al. 2004a; Xiao et al. 2004b; Yuan et 

al. 2007). Most of these models use VIs and meteorological parameters as inputs. In the case of a 

single eddy flux tower site with disturbances or management practices, VIs of the nearby 

undisturbed area of similar vegetation cover, can be combined with the meteorological 

parameters of the flux tower site to simulate GPP for the undisturbed condition. By comparing 

the two scenarios (e.g., baled and unbaled), we can show the effects of management practices or 

disturbances on GPP. 

The objective of this study is to examine the impacts of burning, baling, and grazing on 

canopy and carbon fluxes in a tallgrass pasture through integrating PhenoCam images, satellite 

remote sensing, and eddy covariance data. In addition, the impacts of management practices (e.g., 

baling and grazing) on GPP were investigated using the satellite-based vegetation photosynthesis 

model (VPM) for disturbed and undisturbed conditions. This case study, using multiple 

observation techniques to detect the impacts of diverse management practices, can serve as an 

example of utilizing different data sources to better understand the impacts of management 

practices on vegetation phenology and carbon fluxes.  

2. Materials and methods 

2.1. Study site description   

The study site (Fig. 1) is located at the United States Department of Agriculture—

Agricultural Research Service (USDA-ARS) Grazinglands Research Laboratory (GRL) in El 

Reno, Oklahoma (35.54679
o
N, 98.04529

o
W, 435 m above sea level). The field (red rectangle in 

Fig. 1) is an introduced warm-season, tallgrass pasture which was planted with old world 

bluestem (Bothriochloa caucasica C. E. Hubb.) (Samuel and Forbes 1998). The pasture‘s soil is 
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classified as Norge silt loam (Fine-silty, mixed, active, thermic Udic Paleustolls) (Staff 1999) 

with a depth greater than 1 m and high water holding capacity (Fischer et al. 2012).  

Several management activities (e.g., burning, fertilizer and herbicide applications, baling 

for hay, and cattle grazing) were implemented at the site in the same year (2014). The field was 

burned on April 9
th

 (DOY 99) and sprayed on May 1
st
 with herbicide (2.35 l/ha of GRAZON) 

and followed immediately by fertilizer (44.8 kg N/ha 46-0-0) application. In late July, part of the 

eastern half of the field close to eddy flux tower was cut for hay and baled on July 23
rd

 (DOY 

204, the first baling). The remaining part of the eastern half was cut for hay in early August and 

baled on August 15
th 

(DOY 227, the second baling). Twenty five cows with an average weight of 

520 kg continuously grazed the entire field from September 25
th

 (DOY 268) until end of the 

calendar year.  

2.2. Eddy flux tower site and EC data processing 

The EC system was deployed at the beginning of May 2014 to measure fluxes of CO2 and 

H2O using a LI-7500 A (LI-COR Biosciences Inc., NE, USA) and CSAT3 sonic anemometer 

(Campbell Scientific Inc., UT, USA). PhenoCam (StarDot Technologies, CA, USA) images, and 

other meteorological variables such as surface energy balance components, air temperature, 

relative humidity, soil temperature, soil water content at 25 cm (SWC), and solar radiation were 

also included as part of an integrated Grassland Observation System in the west of GRL (iGOS 

W). The Oklahoma Mesonet El Reno site is 800 m to the east of iGOS W which provides 

quality-controlled measurements of meteorological and land-surface variables such as 

precipitation, temperature, and soil moisture at intervals spanning 5-30 minutes depending on the 

variables (McPherson et al. 2007) (http://www.Mesonet.org/). Precipitation, photosynthetically 

active radiation (PAR), air temperature, and SWC at 25 cm are presented in Fig.2.  
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The raw 10 Hz EC data were processed using EddyPro software version 5.1.1 (LI-COR 

Biosciences Inc., NE, USA) to produce 30-min fluxes of CO2, H2O, and energy. The EddyPro 

output results were further screened based on quality assurance/quality control (QA/QC) flags 

[i.e., fluxes with quality flags of ‗2 (bad quality)‘ were rejected]. In addition, fluxes beyond the 

reliable range of fluxes [i.e., net ecosystem CO2 exchange, NEE: beyond ±50 µmol m
-2

 s
-1

 

(Zeeman et al. 2010)] were also excluded. The EddyPro also provides flux footprint estimations 

which can show the contribution of flux measurements from different directions and distances 

for different periods (before and after baling).  

Gaps in the flux data were filled using a moving lookup table approach which considers 

both the covariance of fluxes with meteorological variables and temporal auto-correlation of 

fluxes (Reichstein et al. 2005). The NEE was partitioned into GPP and ecosystem respiration 

(ER) based on the temperature sensitivity of ER (Lloyd and Taylor 1994). Both gap filling and 

partitioning were conducted using the online R package ―REddyProc‖ (https://www.bgc-

jena.mpg.de/bgi/index.php/Services/REddyProcWebRPackage), developed at the Max Planck 

Institute for Biogeochemistry, Jena, Germany (Moffat et al. 2007; Reichstein et al. 2005). Daily 

sums of NEE, ER, and GPP were presented to show the carbon dynamics for the growing season 

in 2014 (May-October). 

2.3. PhenoCam images and greenness index 

Canopy images were collected with a StarDot NetCam SC camera installed in a 

weatherproof enclosure at a height of 3.0 m above the ground. The camera was pointed south and 

set at an angle of about 20
o
 below horizontal. The camera provides regular RGB images for the 

same scene as the camera position was fixed. Various greenness indices can be derived from the 

PhenoCam images to detect the plant phenology (Richardson et al. 2007). For this study, the 
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green chromatic coordinate (GCC) value was used to indicate the vegetation status for one 

specific ―Region of Interest‖ (ROI) located in the baling affected area (black rectangle showed in 

Fig. 3e) using the following equation (Eq. 1): 

    
   

           
      (1) 

where RDN, GDN, BDN are RGB digital numbers (DN). The time series of GCC values were 

calculated using the PhenoCam toolkit from PhenoCam network 

(https://phenocam.sr.unh.edu/webcam/tools/). 

2.4. MODIS images and VIs  

The 8-day composite MODIS surface reflectance product (MOD09A1) (Vermote and 

Vermeulen 1999) was used to investigate the seasonal dynamics of the VIs for the flux tower 

located pixel (iGOS W) and for its neighbor pixel (iGOS WN) (Fig. 1). The majority of both 

iGOS W and iGOS WN MODIS pixels are old world bluestem pasture. Both pixels were burned 

and received applications of fertilizer and herbicide. The first baling only affected iGOS W and 

the second baling did not affect both pixels which was to the south of the iGOS W pixel. 

MOD09A1 has reflectance values of the seven spectral bands: blue (459-479 nm), green (545-

565 nm), red (620-670 nm), two near infrared (NIR1: 841-876 nm; NIR2: 1230-1250 nm), and 

two shortwave infrared (SWIR1: 1628-1652 nm, SWIR2: 2105-2155 nm) at a 500-m spatial 

resolution. It also includes quality control flags for consideration of various image artifacts (e.g., 

clouds and cloud shadow). All data that did not pass the quality control were excluded in further 

analysis based on the following criteria: cloud state flag indicates cloudy or mixed, or cloud 

shadow existence, or aerosol quantity flag shows high, or cirrus detected flag is average or high. 
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Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), and 

Land Surface Water Index (LSWI) were calculated from MOD09A1 using surface reflectance (ρ) 

from blue ( blue ), red ( red ), NIR1 ( nir , 841-876 nm), and SWIR1 ( swir , 1628-1652 nm) 

bands (Eq. 2-4). The coefficients C1, C2, and L are 6.0, 7.5, and 1.0, respectively, and G is a 

gain factor set to 2.5 in EVI calculation (Huete 2002). EVI and LSWI were also used in VPM to 

simulate GPP. Bad observations of EVI and LSWI values were linearly interpolated using good, 

nearby observations.  

       
          

          
                                                                       (2) 

       
          

                                  
                                      (3) 

      
           

           
                                                                       (4) 

2.5. Landsat images and VIs   

Landsat has higher spatial resolution than MODIS (30 m vs. ~500 m). The baled area was 

smaller than one MODIS pixel which could introduce error if the baling areas are not examined 

using higher spatial resolution images. Landsat surface reflectance product (Landsat 7 ETM+ 

and Landsat 8) covering the study area were downloaded from the USGS EarthExplorer 

(http://earthexplorer.usgs.gov/) and the images for the study area were extracted. Landsat 8 does 

not have the same data gap problem as Landsat 7 ETM+ and keeps the same spatial resolution 

(30 m) (Roy et al. 2014). Fortunately, our study area is located in the center of the image tiles 

and was not affected by the gaps in Landsat 7 data. Thus, both Landsat 7 ETM+ and Landsat 8 

images were included in the analysis. The data quality control approach is similar to use of 

Landsat imagery in a previous study to exclude the effect of clouds and cirrus observations 



11 

 

(Zhou et al. 2016). Shortwave infrared (SWIR-2), near infrared (NIR), and red bands were used 

to construct false color composite images for use in reducing atmospheric effects and highlight 

vegetation. EVI and LSWI values for iGOS W and iGOS WN were calculated using Landsat 

pixels in the corresponding MODIS pixels. The EVI and LSWI differences between iGOS W 

and iGOS WN derived from MODIS and Landsat for the same period were used to investigate 

the comparability of these two satellite observations.   

2.6. Vegetation Photosynthesis Model 

 The Vegetation Photosynthesis Model (VPM) (Xiao et al. 2004a; Xiao et al. 2004b) 

estimates GPP as the product of light use efficiency (Ɛg) and absorbed photosynthetically active 

radiation (APAR) by chlorophyll, 

                                   (5)    

                     (6) 

where          is the fraction of PAR absorbed by chlorophyll which is estimated as a linear 

function of EVI where the coefficient   is set to be 1.0 (Xiao et al. 2004a). 

                (7) 

 The Ɛg is derived by down-regulating the theoretical maximum light use efficiency (Ɛ0) 

with scalars of temperature (Tscalar) and water (Wscalar) stresses.  

                                                       (8) 

More information about the Tscalar and Wscalar can be found in previous studies (Wagle et al. 2014; 

Xiao et al. 2004a; Xiao et al. 2004b). 
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The site-specific Ɛ0 is usually determined using a rectangular hyperbola light-response 

function (NEE-PAR relationship) at 30-minute intervals during peak growing season (Falge et al. 

2001). For this study the Ɛ0 is set to be 0.062 mol CO2 mol
-1

 PPFD (PPFD represents 

photosynthetic photon flux density) which was used for nearby tallgrass prairie sites in a 

previous study (Wagle et al. 2014).  

 We first ran VPM for flux tower located MODIS pixel to determine GPP for iGOS W 

(GPPVPM_W). Then we used the same PAR, air temperature and VIs of the nearby MODIS pixel 

to simulate GPP for iGOS WN (GPPVPM_WN). This substitution should introduce minimal error as 

PAR and air temperature do not vary significantly at the scale of one MODIS pixel (~500 m) in 

flat terrain. GPPVPM_W  was compared with the EC derived GPP (GPPEC) to evaluate the 

performance of VPM. The dynamics of GPPVPM_W  and GPPVPM_WN were plotted to visually 

examine the course of grassland recovery after disturbance due to different management 

practices (e.g., baling). The differences in GPP sums between the two MODIS pixels indicate the 

cumulative impacts of disturbances/management practices. 

2.7. Statistical analysis 

 A simple linear regression model was used to investigate the relationship between GPPEC 

and EVI (one of the major inputs in VPM). GPPEC and GPPVPM_W values were compared to 

assess the validity of the model. The coefficient of determination (r
2
) was used to evaluate the 

model agreement in both statistical analyses. To show the impacts of different management 

practices, we tabulated GPP for iGOS W and iGOS WN for different periods.  

3. Results 
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3.1. Canopy dynamics and plant phenology in response to management practices as observed by 

PhenoCam, Landsat, and MODIS images 

3.1.1 Canopy dynamics and GCC values in response to management practices as observed by 

PhenoCam images 

  The real-time images from PhenoCam showed different management practices (burning, 

baling, and grazing) and phenology of the grassland (Fig. 3) occurred within its field of view. 

The quick recovery of grasses after baling was also observed in the time-series of PhenoCam 

images (Fig. 3d and f). The chronology of management practices (the time and period), climate 

events (rain), and plant phenology is shown in Fig. 4. The GCC values derived from PhenoCam 

images showed the daily growth dynamics of the vegetation (Fig. 5). The green-up, peak 

growing season, and senescence stages were clearly reflected by GCC values. While the range of 

GCC values was small (0.32-0.38), the GCC values showed two peaks at early May and mid-

August with the magnitude of 0.37-0.38, whereas GCC values during senescence were around 

0.34. As expected, the GCC values decreased after baling. However, grazing in the late growing 

season (September 25
th 

- end of the year) did not affect GCC values. 

3.1.2. Canopy dynamics and plant phenology in response to management practices as observed 

by Landsat images 

 The time-series images from Landsat 8 and Landsat 7 ETM+ clearly showed the areas 

affected by burning and the two baling events (Fig. 6b, d, and f). The Landsat images showed 

some heterogeneity within the corresponding MODIS pixels. For example, the first baling mostly 

affected the center of the MODIS pixel for iGOS W (around 67% of the pixel affected) (Fig. 6d). 

The second baling affected only the area to the south of the MODIS pixel for iGOS W (Fig. 6f). 

From these images, we can see that the vegetation phenology of the field was quite different than 
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areas outside since the study site is covered by introduced pasture with better vegetation growth 

than the native pasture. The introduced pasture was much greener than the native pasture in July 

(Fig. 6c and d) before baling. The area affected by the first baling recovered quickly after one 

month after cutting (Fig. 6d and f), which was also reflected by high GCC values in mid-August 

(Fig. 5). The second baling affected area also recovered after about one month (Fig. 6f and i). 

The introduced pasture (inside field) entered senescence stage much later than the native 

grassland (outside field) (Fig. 6h and i). 

3.1.3. Plant phenology in response to management practices at iGOS W and iGOS WN as 

observed by MODIS images 

Dynamics of NDVI, EVI, and LSWI derived from MODIS images for iGOS W and 

iGOS WN were synchronous from January to early June and from early October to December 

(Fig. 7). The grassland greened up immediately after burning in April and entered senescence 

stage at the end of October. LSWI had the most significant drop among three VIs after burning 

because of SWIR band embedded (Eq. 4). The lower VIs in mid-June in iGOS WN occurred 

because of disturbance associated with more frequent sample collection during an intensive field 

research campaign (Steiner 2014) that was more focused in the western part of the field, where 

most of MODIS pixel for iGOS WN was located (Fig.1). The intensive field research campaign 

investigated multiple aspects of the soil (soil water content and soil greenhouse gas emission) 

and plant systems (canopy reflectance, leaf area index, canopy height, and aboveground biomass) 

through sampling soil and plants. VIs values at both MODIS pixels became very similar again at 

around mid-July. VIs diverged after the first baling in iGOS W on July 23rd. After two big large 

rain events, VIs of both pixels increased, but VIs at iGOS W increased more. Grazing in the late 
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growing season did not cause differences in VIs between iGOS W and iGOS WN, most likely 

due to the similar grazing intensity.  

3.1.4. Differences in VIs between iGOS WN and iGOS W derived from MODIS and Landsat 

images 

The EVI and LSWI differences between iGOS WN and iGOS W derived from MODIS 

images varied between -0.1 to 0.1 throughout the growing season (Fig. 8). The relatively larger 

differences in EVI and LSWI between two pixels derived from Landsat images were observed 

after the first baling (0.3) and during senescence (-0.1). The EVI differences derived from both 

MODIS and Landsat images showed that EVI in iGOS W was higher (by around 0.1) than iGOS 

WN at the beginning of October, which indicates re-growth of more photosynthetically active 

vegetation after baling.  

3.2. Carbon fluxes in response to management practices as observed by eddy flux tower  

 Diurnal patterns of NEE in the tallgrass pasture across the growing season in 2014 are 

presented in Fig. 9. As expected, NEE increased with the increasing photosynthetic capacity and 

NEE rates decreased during the late growing season because of senescence of plants. The 

magnitude of daily NEE reached up to -11.51 g C m
-2

 day
-1

. The iGOS W was a carbon sink (i.e., 

negative NEE values) for most of the growing season until late October when it turned to carbon 

neutral. Baling changed NEE values from negative to positive (from carbon sink to carbon 

source). The magnitudes of diurnal peak NEE (monthly average) reached up to -37.33 ± 1.46 µ 

mol m
−2

 s
−1

 in June (leaf area index: 5.95 and aboveground biomass: 563.44 g/m
2
) and declined 

quickly in July (-22.02 ± 2.68 µ mol m
−2

 s
−1

). The diurnal patterns of NEE in May and July were 

similar. It is noteworthy to mention that NEE in September was higher than in August, which 

showing that the tallgrass pasture was a stronger carbon sink in September than in August.  
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The seasonal pattern of GPP was similar to NEE but with the opposite sign (Fig. 10). The 

magnitude of daily GPP reached up to 21.47 g C m
-2

 day
-1

. ER had small variation during the 

growing season (approximately 5 g C m
-2

 day
-1

) except for June and early July when it reached 

about 12 g C m
-2

 day
-1

. A decreasing trend of GPP was observed after early June and dropped 

abruptly in mid-July because of cloudy (also indicated by very low PAR in Fig. 2) and windy 

weather (identified from PhenoCam images during this period). As expected, GPP decreased 

more than ER after baling, turning the grassland into a net carbon source for approximately 10 

days. After that period, both GPP and NEE increased rapidly again which might have been 

triggered by re-growth of vegetation and two large rain events (~50 mm/day) at the end of July 

and early September (Fig. 2). These two peaks for GPP after baling had similar magnitudes (~10 

g C m
-2

 day
-1

). Grazing in the late growing season did not affect carbon dynamics substantially.   

3.3. GPP in response to management practices and disturbance as estimated by VPM 

3.3.1. GPP simulation from VPM 

GPPEC was highly correlated with EVI (Fig. 11a), showing the capability of EVI to track 

GPP. GPPVPM_W captured the trends of GPPEC very well (r
2
 = 0.89) throughout the growing 

season (Fig. 11b). Three peaks of GPPEC were also tracked by GPPVPM_W. GPPEC decreased 

sharply immediately after baling and it began to increase again with increasing greenness in the 

baled area, which as well captured by GPPVPM. This result strengthens the comparison of 

GPPVPM for baled and unbaled conditions. The VPM tended to underestimate GPP in the early 

stages of flowering (head emergence) which was detected from PhenoCam images (Fig. 3c and 

h). For example, GPPVPM were smaller than GPPEC values for mid-June and mid-September.  
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3.3.2 GPP in response to intensive field campaign, baling, and grazing as estimated by VPM 

GPPVPM_W and GPPVPM_WN were very similar in May, August, and October (Fig. 12) 

because of little differences in VIs and the identical meteorological data input into the VPM. 

Event-based GPP statistics are presented in Table 1 to reflect impacts of intensive field research 

campaign, baling, and grazing. Before the intensive field research campaign in mid-June, 

GPPVPM_W and GPPVPM_WN were almost identical. The intensive field research campaign in iGOS 

WN caused the lower GPP values than in iGOS W (12.633 g C m
-2

 day
-1

 vs. 15.962g C m
-2

 day
-

1
). The GPP difference caused by the intensive field research campaign disappeared around mid-

July as GPPVPM_W and GPPVPM_WN became similar (Fig. 12). Baling (July 23
rd

) decreased 

GPPVPM_W by around 2 g C m
-2

 day
-1

 for the following two 8-day periods. GPPVPM_W and 

GPPVPM_WN converged again in early August and remained similar for the rest of the month. 

Following the large rain events in late July and early September (Fig. 2) both GPPVPM_W and 

GPPVPM_WN increased, with GPPVPM_W having a higher magnitude because of more 

photosynthetically active vegetation in iGOS W after baling. This compensated for the decreased 

GPP due to baling and resulted in negligible difference between GPPVPM_W and GPPVPM_WN (-

0.002 g C m
-2

 day
-1

) for the period after baling to before grazing (July 20
th

 - September 22
th

). The 

late growing-season grazing in the whole field did not exert different impacts at iGOS W and 

iGOS WN. With different management practices, the growing season average GPP was similar 

(7.528 g C m
-2

 day
-1

 in iGOS W and 7.286 g C m
-2

 day
-1

 in iGOS WN).  

4. Discussion 

4.1. Necessity of utilizing multiple observations to study the impacts of management practices on 

plant phenology and carbon fluxes 
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This study incorporated PhenoCam images, satellite remote sensing products, and eddy 

covariance data to investigate the impacts of burning, baling, and grazing on vegetation 

phenology and GPP of a tallgrass pasture. Because of different spatial and temporal resolutions 

of data sources, their applications on detecting the impacts of management practices are different. 

Since PhenoCam provide high temporal frequency in situ images, it is suitable for detecting plant 

phenology. Satellite remote sensing has larger spatial coverage than PhenoCam which makes it 

suitable for investigating larger scale events (e.g. characterizing the baling affected area). The 

EC data quantifies the impacts of management practices on carbon fluxes and provides data to 

evaluate GPP models. Combination of remote sensing and EC data in VPM for disturbed and 

undisturbed scenarios allowed assessment of the impacts of intensive field research campaign 

and baling on GPP. Multiple datasets allowed an investigation of intra-annual variations caused 

by different management practices.  

PhenoCam has been a popular tool to study plant phenology (Migliavacca et al. 2011; 

Richardson et al. 2007; Richardson et al. 2013). PhenoCam images vividly showed the 

management practices (burning, baling, and grazing) and the quick recovery of grassland after 

baling (Fig. 3). The underestimation of GPP from VPM (Fig. 11b) was attributed to the 

underestimation of VIs for the early stages of flowering (seed heads tend to have lower VIs 

values than leaves because of lower chlorophyll content.), which was identified from PhenoCam 

images (Fig. 3c and h and Fig. 5). The in situ observation from PhenoCam indicated its potential 

applications in ecosystem management studies as an aided tool.  

Satellite remote sensing provides observations at larger spatial scale than does PhenoCam 

but at lower temporal resolution. Free satellite remote sensing data, namely MODIS and Landsat, 

are suitable for different purposes depending on the temporal and spatial scales and objectives of 
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the study. The 8-day temporal resolution of MODIS makes it well suited to quantify GPP 

dynamics, while the higher spatial resolution of Landsat (30 m) allows quantification of areas 

affected by various small-scale management practices (Fig. 6). Although the higher spatial 

resolution of Landsat image provides more detail at the land surface, the lower temporal 

resolution (16-day) limits its application in remote sensing based GPP models. Sixteen days 

between observations are long periods of time for characterizing vegetation, especially 

grasslands and crops. In addition, some observations are affected by cloud covers. Thus, Landsat 

may not be suitable to track the recovery trajectory of vegetation. For example, Landsat images 

were not available during the intensive field research campaign, while MODIS images captured 

this event well (Fig. 7). Thus, combining observations from Landsat and other high spatial 

resolution sensors (e.g., SPOT HRB/HRVIS and Sentinel-2A/B) can help to alleviate this issue.  

With a single flux tower site, we simulated GPP using VPM for both disturbed and 

undisturbed scenarios. This approach of combining remote sensing and EC data to study the 

impacts of management practices on GPP helps to extend the use of EC data collected within 

flux networks (e.g., AmeriFlux and FLUXNET) to study the impacts of management practices 

(Campioli et al. 2015) in cases where paired-tower data are not available.  

4.2. Complexity of assessing the impacts of management practices  

There are a multitude of management practices that can occur in different durations and 

intensities. Most tallgrass pastures in the Great Plains are used to support livestock grazing. The 

management practices evaluated in this study (burning, baling, and grazing) are quite common in 

the tallgrass pasture region (Fischer et al. 2012; Luo et al. 2009; Owensby et al. 2006; Suyker et 

al. 2003). The grassland greened up immediately after burning in April. Our results showed 

quick recovery (about one month) of grassland after baling. The tallgrass pasture was a stronger 
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carbon sink in September than in August mostly because of more precipitation in September. 

The net overall effect of baling on GPP was negligible because of the fact that baling enhanced 

the production in the post-baling period and resulted in higher GPP than the unbaled condition. 

The effect of baling may have been confounded by climatic conditions as well. For example, 

large rain events in late July and early September increased GPP, possibly offsetting the 

reduction in GPP caused by baling. Because of the large variability in climate from year to year, 

this may not be the case for baling in other years or locations. Beside climatic conditions, timing 

and intensity (e.g., stubble height) of baling could also play important roles in determining the 

response/recovery of ecosystem from the disturbances. To better understand the impacts of 

baling and other management activities, multiple years of data and consideration of interaction 

between management practices and climatic conditions (Fischer et al. 2012; Luo et al. 2012; 

Wagle et al. 2015) are needed. Grazing in the late growing season had similar impacts on VIs 

and GPP in both iGOS W and iGOS WN, indicating similar grazing intensity over the entire 

field. To investigate the impacts of grazing, comparison between grazed and un-grazed fields is 

needed.  

4.3. Importance of the examination of EC footprint 

As GPPEC was used to evaluate the performance of VPM, we assume that the EC system 

and MODIS observed the same area. To test this assumption, we overlapped the EC footprint 

with the affected area characterized by Landsat images during different periods (Fig. 13). 

Contribution of flux measurements outside the iGOS W MODIS pixel boundaries can be 

detected by flux tower, while it cannot be detected using VIs derived from MODIS. The peak 

contribution of flux measurement from the upwind distance increased from 50-60 m before the 

first baling (Fig. 13a) to 80-90 m after the first baling (Fig. 13b and c). This discrepancy may be 
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a function of decreased roughness due to reduced canopy height after baling (Chen et al. 2011; 

Chen et al. 2012; Schmid 1994). Since the flux tower is 100 m away from the southern boundary 

of the iGOS W pixel, the second baling in the southeastern part of the field had little effect on the 

flux measurement (Fig. 13c). This observation suggests that we need to bring the EC footprint 

dynamics (size, shape, and direction) into consideration because the affected areas in second 

baling might be in the fetch area and observed by the flux tower, while the iGOS W pixel cannot 

reflect this effect. If this scenario is the case then the pixel-to-pixel comparison in GPP model 

evaluation using EC measurements might be biased. Thus, investigating the dynamics of the 

footprint and its relative location to managed area is important to reflect the true impacts of 

management practices. 

4.4. Implication and future steps 

 This comprehensive case study used different data sources to investigate the impacts of 

different management practices on grassland phenology and carbon dynamics. We quantified the 

impacts of disturbance from an intensive field research campaign and baling on GPP using a 

single flux tower data, satellite remote sensing data, and modeling. This approach could be used 

in other similar conditions for better utilization of carbon fluxes data to quantify the impacts of 

management practices. The study only includes one year of data. Thus, to better understand the 

interactive effects of management practices and climatic conditions, additional study years and 

sites are needed. There is a potential to use data from different networks (e.g., EC data from 

FLUXNET and PhenoCam images from PhenoCam Network) (Baldocchi et al. 2001; 

Richardson et al. 2009) to better understand impacts of various land management practices on 

plant phenology and carbon fluxes in different years. 
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The difference between GPPVPM_W and GPPVPM_WN was highly dependent on the 

differences in VIs for the two neighbor MODIS pixels. However, MODIS obscured this 

difference because of its spatial resolution. We showed large differences in the VIs derived from 

MODIS and Landsat images (Fig. 8), which needs further research. The low temporal resolution 

of Landsat also limited the ability to detect GPP dynamics over short periods of time. 

Although we proposed a way to simulate the impacts of management practices and 

disturbances on GPP in a complex agricultural production field, additional research is needed to 

better estimate the individual and confounding effects of different management practices. 

Ensuring the fetch area of the flux tower can reduce the effects of changed footprint on GPP 

model and management evaluation (Chen et al. 2011; Chen et al. 2012). Locating the flux tower 

in the center of the MODIS pixel can facilitate the linkage between EC and satellite observations 

(Zhang et al. 2014). Each management regime needs better understanding before we blend 

different management practices. The compounding effects of interactive management practices 

need further examination with multiyear data. For example, burning in the early growing season 

might increase nutrient availability and affect the response of the field to baling.  

5. Conclusion 

This case study used digital repeat photography (PhenoCam), satellite remote sensing, 

and the eddy covariance technique to investigate the impacts of burning, baling, and grazing on 

plant phenology and carbon fluxes in a tallgrass pasture. Multiple datasets allowed studying 

intra-annual variations caused by various management practices. PhenoCam images provided 

valuable information for both management practices and plant phenology. MODIS and Landsat 

images reflected different aspects of management practices. Higher temporal resolution of 

MODIS helped in understanding the GPP dynamics, whereas Landsat detected the burning and 
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baling affected area because of its higher spatial resolution. VIs from MODIS showed impacts of 

burning and baling on plant phenology. Responses of GPP in baled and unbaled grasslands to 

large rain events were different because of different stages of vegetation. The larger increase of 

GPP after large rain in baled grassland (photosynthetically more active vegetation) compensated 

the reduction in GPP caused by baling. This result indicated that the interaction of management 

practices with climate is important when studying their impacts on GPP. Since management 

practices are often complex (e.g, grazing and baling in tallgrass pasture), we need multiyear data 

from different sources for better understanding of individual and confounding impacts of those 

management practices. Investigation of the dynamics of EC footprint and its relative geolocation 

to affected area is important when evaluating the impacts of management practices. The 

approach of integrating EC data with remote sensing to study the impacts of management 

practices on plant phenology and carbon fluxes can be helpful to extend the usage of EC data 

collected within the flux networks (e.g., AmeriFlux and FLUXNET) to study the impacts of 

different management practices. 
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Figures 

 

[Fig. 1. Location of flux tower site and overlapping with MODIS pixels. Location of the flux 

tower site is marked as red point and labeled. Red rectangle is the boundary of the study field. 

Green diamonds are boundaries of MODIS pixels.] 
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[Fig. 2. Seasonal dynamics of photosynthetically active radiation (PAR), precipitation (Precip), 

air temperature (Tair), and soil water content (SWC) at 25 cm observed at the flux tower 

site/nearby Mesonet site. Each data point represents daily average. ] 
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[Fig. 3. PhenoCam images showing management practices and phenology of grassland. The 

black rectangle in panel e shows the region of interest (ROI) used to calculated GCC values.] 
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[Fig. 4. Management practices, climate events, and plant phenology in the field. The plant 

phenology was delineated through interpreting individual time series PhenoCam images.] 
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[Fig. 5. Daily GCC values from PhenoCam images.] 
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 [Fig. 6. Landsat images of the study area in different periods. Location of flux tower site 

and boundaries of MODIS pixels are also shown.] 
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 [Fig. 7. MODIS vegetation indices (VIs) for the flux tower located pixel (iGOS W) and its 

neighbor pixel (iGOS WN).] 
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[Fig. 8. Differences in Enhanced Vegetation Index (EVI) and Land Surface Water Index (LSWI) 

at iGOS WN and iGOS W MODIS pixel derived from MODIS and Landsat images.]  
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[Fig. 9. Half-hourly binned diurnal courses of net ecosystem CO2 exchange (NEE) from May to 

October 2014 at the iGOS W site. Negative values of NEE indicate net carbon uptake and 

positive values indicate carbon release by the ecosystem. Each data point is a mean value for the 

specific time step for the entire month and bars represent standard errors of the means. ] 
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[Fig. 10. Daily sums of gross primary production (GPP), ecosystem respiration (ER), and 

net ecosystem CO2 exchange (NEE) from flux tower in the 2014 growing season.] 
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[Fig. 11. (a) Relationship between enhanced vegetation index (EVI) and gross primary 

production (GPPEC). (b) Comparison between gross primary production (GPP) from VPM 

simulation and EC measurement (GPPVPM_W and GPPEC).] 
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[Fig. 12. Differences in gross primary production (GPP) difference of the flux tower 

located pixel (iGOS W) and its neighbor pixel (iGOS WN).] 
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 [Fig. 13. Footprint before and after hay baling. (a) Prior to first baling, (b) after first but 

before second baling, (c) after second baling. The background images are from Landsat which 

showed conditions prior to baling, after the first baling, and after the second baling. The circular 

dots are contribution of flux measurements from different direction and distance. Colors indicate 

the frequency of contribution of flux measurements.] 

 

 



41 

 

Tables 

Table 1. Event based GPP statistics for iGOS W and iGOS WN  

Event 

Time point or period in 

8-days 

GPPVPM_W (g 

C m
-2

 day
-1

) 

GPPVPM_WN (g 

C m
-2

 day
-1

) 

1. Before field campaign  May 1
st
 - June 2

nd
 7.799 7.790 

2. Field campaign Mid-June     

    a. 2 weeks after field campaign June 10
th

 - July 18
th 

 15.962 12.633 

    b. 3-5 weeks after field campaign June 26
th

 - July 12
nd

 13.278 13.629 

    Average  June 10
th

 - July 12
nd

  14.352 13.230 

3. The first baling July 23
rd

     

    a. 2 weeks after baling July 20
th

  - July 28
th

 6.143 8.157 

    b. 3-7 weeks after baling Aug. 5
th

 - Sept. 6
th

 6.004 5.758 

    c. 8-9 weeks after baling Sept. 14
th

 - Sept. 22
nd

 5.484 4.098 

    Average  July 20
th

 - Sept. 22
nd

 5.920 5.922 

4. Grazing Sept. 30
th

 – Oct. 24
th

 2.277 2.294 

Whole growing season May 1
st 

– Oct. 24
th

 7.528 7.286 

 

 

 

 

 

 

 

 

 


