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Abstract: Cattle grazing is an important economic activity in the tallgrass prairie systems in the
Great Plains of the United States. Tallgrass prairie may respond differently to grazing management
(e.g., high and low grazing intensity) under variable climate conditions. This study investigated
the responses of two replicated (rep a and rep b) tallgrass prairie systems to continuous (C) and
rotational (R) grazing under different climate conditions over a decade (2008–2017). The enhanced
vegetation index (EVI) and gross primary productivity (GPP) were compared between grazing
systems (C vs. R), while EVI was compared among paddocks under rotational grazing to show
the impacts of time since grazing. The average EVI in rep a was usually higher than that in rep b
which could be explained by different land characteristics (e.g., soil types) associated with different
landscape positions. Similar to EVI, GPP was usually higher in rep a than rep b. The average growing
season EVI and GPP were higher in rotational grazing than continuous grazing in rep b but not in
rep a. The average EVI of paddocks in rotational grazing systems only converged in the growing
season-long drought year (2011). In other years, EVI values varied from year to year and no paddock
consistently outperformed others. The variations in EVI among rotational grazing paddocks in both
reps were relatively small, indicating that rotational grazing generated an even grazing pressure on
vegetation at annual scale. Overall, climate and inherent pasture conditions were the major drivers of
plant productivity. However, the stocking rate in continuous grazing systems were reduced over
years because of deteriorating pasture conditions. Thus, the results indirectly indicate that rotational
grazing improved grassland productivity and had higher stocking capacity than continuous grazing
systems under variable climate conditions. Adaptive grazing management (adjustment in stocking
rates and season of use to adapt to changing climatic conditions) instead of a fixed management
system might be better for farmers to cooperate with changing climatic conditions.

Keywords: tallgrass prairie; grazing management; climate; enhanced vegetation index (EVI); gross
primary production (GPP)

1. Introduction

Tallgrass prairie systems are important forage sources for beef cattle in the Great Plains of the
United States [1] where cattle production is a major revenue for farmers in the region [2]. Cattle
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grazing also acts as an effective way to maintain the prairie landscape [3,4]. There are two main
grazing management systems nowadays: continuous grazing and rotational grazing. The cattle herd
remains in the same pasture in continuous grazing management, while the herd is alternately moved
to different paddocks in rotational grazing management. In contrast to year-long (or growing season)
continuous grazing, rotational grazing has been recommended as an effective tool to maximize livestock
production and maintain sustainability of the operations since the mid-20th century [5–9]. However,
there has been a long history of debate over continuous versus rotational grazing by both rangeland
managers and research scientists across the world that is yet not resolved [10–23].

The overall assumption behind multi-paddock rotational grazing is that it can reduce selective
grazing (spatially uneven distribution of livestock grazing) [24] and allow rest to vegetation in
the paddocks, during different periods of the year, to help improve species composition and/or
productivity [12,21,25]. The disadvantages of the rotational grazing system include trampling damage
in high intensity grazing paddocks and waste of feed values in the rested pastures because forage quality
decreases after plant maturity [12,26,27]. In comparison, continuous grazing has lower stocking rate and
can promote biodiversity for conservation goals [28]. However, selective grazing and underutilization of
forage production in the peak growing season can occur in continuous grazing [18,25]. The long-lasting
grazing management debate indicates the complexity of direct comparison between continuous and
rotational grazing. A wide range of variation exists in vegetation structure, composition, productivity,
prior condition, and climate. Climate interacts with multiple objectives (e.g., production, wildlife, soil,
and water conservation) and capabilities among ranchers to make responses of grassland to grazing
management variable in time and space. Studies that compare continuous and rotational grazing in the
Great Plains have not generated consistent conclusions due to varied landscape types, experimental
settings, and rancher objectives. Several of them found no statistically significant differences in
vegetation responses to continuous and rotational grazing [7,8,15,29–31], while some studies favored
rotational grazing [25,32]. Thus, it is still not clear how vegetation will respond to different grazing
management strategies in the tallgrass prairie systems of the Great Plains over years under variable
climate conditions.

The responses of vegetation to continuous and rotational grazing are usually examined from the
perspectives of vegetation canopy structure, species composition, primary productivity, and forage
quality using field survey data [14–16,18,23,29,30,32–34]. Field data collection is time-consuming and
labor intensive. Little work has been done using periodic and long-term satellite remote sensing data
to examine the responses of vegetation to different grazing management systems [35,36]. The major
difficulty of utilizing satellite remote sensing in grazing studies lies in the relatively coarse spatial
resolution satellite data compared to the size of paddocks. For example, the widely used Moderate
Resolution Imaging Spectroradiometer (MODIS) surface reflectance product has a spatial resolution
of ~500 m, which might be larger than a single paddock in a rotational grazing system. Landsat has
a spatial resolution of 30 m in visible and near infrared (NIR) bands, which makes it more suitable
to study the impacts of different grazing management on vegetation phenology. However, Landsat
has a longer revisit time than MODIS (eight-day vs. daily) which makes it challenging for studying
vegetation productivity. Thus, the combination of MODIS and Landsat data might be a better option
to examine the responses of grassland phenology and productivity to varied grazing management
under variable climate conditions.

In order to study the impacts of different grazing management under variable climate conditions,
this study examined the vegetation phenology and productivity of tallgrass prairies in two pairs of
continuous (C) and rotational (R) grazing systems during a span of ten years (2008–2017). All paddocks
in the experiment were located in the same area and thus exposed to the same climatic conditions
(e.g., air temperature and precipitation). There were large annual and seasonal variations in air
temperature and precipitation during the study period, which provide the opportunity to investigate
the interactions of climate and grazing management on vegetation phenology and productivity. This
paper focuses on the responses of vegetation phenology and productivity to climate and grazing
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management systems. Other aspects of these systems are discussed in Steiner et al., 2019; Starks et al.,
2019; Ma et al., etc [37–39].

2. Materials and Methods

2.1. Study Area and Experiment Design

The study was conducted (Figure 1) at the United States Department of Agriculture–Agricultural
Research Service (USDA–ARS), Grazinglands Research Laboratory (GRL) in El Reno, Oklahoma.
It consists of two replicates (rep a and rep b) of continuous (Ca and Cb) versus rotational grazing
(Ra and Rb) systems. The experiment was initiated in 2009. There were about 20 cow–calf pairs within
each of the continuous grazing pastures (Ca and Cb) year-round. In comparison, around 27 cow–calf
pairs were allocated in 10 paddocks of the rotational grazing systems (Ra and Rb) following the
same routine each year. Cow–calf pairs in the rotational grazing systems grazed paddocks in 7 to
10 day grazing bouts depending on the vegetation conditions. The herd sizes in the continuous and
rotational grazing systems were 18(±3.4) and 26(±2.5) heard year−1, respectively. The average stocking
rates for Ca, Cb, and paddocks in Ra and Ra were 0.26, 0.25, 3.36, and 3.07 heard ha−1, respectively.
Though the stocking rate was adjusted in continuous grazing paddocks considering pasture conditions
(details about the experiment can be found in Steiner et al., 2019 in the same issue). The size of each
paddock is presented in Table 1.

In the study region, the long term (1981–2010) annual average air temperature (Ta) is 15.14 ◦C
and average annual precipitation (P) is 91.3 cm. According to data from the Soil Survey Geographic
Database (https://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm), multiple soil types exist in
the study area (Figure S1). Most of the paddocks were typical tallgrass prairies with big bluestem
(Andropogon gerardii Vitman) and Indian grass (Sorghastrum nutans Nash) as dominant species. However,
there were some trees and brushy vegetation which were not edible for cattle (mainly buckbrush,
Ceanothus cuneatus Nutt.), especially in Ca (Figure S2). Large proportions of Rb-4 and Rb-7 were usually
covered by ponds (Figure 1).
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Table 1. The size of paddocks in the grazing experiment: replications a and b of continuous (Ca and Cb)
and rotational (Ra and Rb) grazing.

Plot Name Area (ha) Plot Name Area (ha)
Ca 58.6 Cb 62.7

Ra-1 9.3 Rb-1 5.1
Ra-2 9.2 Rb-2 7.5
Ra-3 9.5 Rb-3 12.9
Ra-4 9.2 Rb-4 12.2
Ra-5 4.4 Rb-5 9.0
Ra-6 6.7 Rb-6 6.7
Ra-7 7.6 Rb-7 9.1
Ra-8 5.9 Rb-8 6.6
Ra-9 8.7 Rb-9 7.0
Ra-10 7.6 Rb-10 6.7

2.2. Climate Data

The daily average Ta and total P were collected from the Oklahoma Mesonet El Reno site
(35◦32′54′′ N, 98◦2′11′′ W) (http://mesonet.org/), which is located two km away from the study area.
The daily Ta and P data were aggregated to monthly average Ta and sum P for 2008–2017 to show the
seasonality. The annual average Ta and total P for the study period were calculated to indicate the
dynamics of climate at the annual scale.

2.3. Landsat Images and the Enhanced Vegetation Index (EVI)

As Landsat 8 data (started from 2013) does not cover the whole study period (2008–2017), we also
used the Landsat 7 data, which has been operating without the scan line corrector (SLC) since 2003.
Fortunately, our study area is located within the central part of the image tile (Path28/Row35) and is
not affected by the strips in Landsat 7 imagery caused by SLC-off. Landsat 7 and Landsat 8 surface
reflectance products (Tier 2) covering the study area were downloaded from the USGS EarthExplorer
(http://earthexplorer.usgs.gov) to provide an 8-day temporal resolution and 30 m spatial resolution.

False color composite images around early May and late August were used to represent the
vegetation conditions in late spring and late summer of each year, depending on the data availability
and its quality (Landsat 7 or Landsat 8). A commonly used vegetation index, the enhanced vegetation
index (EVI) [40], was calculated using the Landsat images following the equation below (Equation (1)).
EVI is linearly correlated with the green leaf area index (LAI) in crop fields [41] and it remains sensitive
to canopy variations in high chlorophyll content [40]. Only clear pixels were included in analysis based
on the quality assessment band.

EVI = 2.5×
ρnir − ρred

ρnir + 6.0× ρred − 7.5 × ρblue + 1
(1)

where ρblue, ρred, and ρnir represent surface reflectance from blue, red, and near infrared bands
(841–876 nm), respectively.

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

The vegetation photosynthesis model (VPM) [42] was used to calculate the annual gross primary
production (GPP) from 2008 to 2017. The VPM is a light use efficiency model which estimates GPP as a
product of actual light use efficiency (εg) and absorbed photosynthetically active radiation (APAR) by
chlorophyll (APARchl).

GPPVPM = εg ×APARchl (2)

APARchl = f PARchl × PAR (3)

http://mesonet.org/
http://earthexplorer.usgs.gov


Agronomy 2019, 9, 219 5 of 15

where f PARchl is set equal to EVI. The εg is derived by down-regulating the theoretical maximum light
use efficiency (ε0) with scalars of temperature (Tscalar) and water (Wscalar) stresses [42–44].

εg = ε0 × Tscalar ×Wscalar (4)

The VPM can be driven by either site level data [45–47] or remote sensing data [48]. The GPP data
for the two pairs of MODIS pixels in two replicates (Figure 1) were collected from the global VPM-GPP
(8-day and 500 m resolution) product [48] and the annual sums of GPP were calculated for each year.

2.5. Statistical Analysis

The statistical analysis included two parts: inter-treatment comparison (C versus R) and
intra-treatment comparison (paddocks among R systems). For the inter-treatment comparison,
we treated all the paddocks in the R system as a whole and compared the difference between C and
R. For the intra-treatment comparison, we considered all paddocks in the R system as independent
units and investigated the variations among them. The average, maximum, minimum, and standard
deviation of EVI (σEVI) values were included in both inter-treatment and intra-treatment comparisons.
The growing season was considered as May–September and all of the statistical values were derived
for the growing season.

3. Results

3.1. Annual and Seasonal Variations of Ta and P

There were large variations in annual Ta and P during the study years (Figure 2). Compared to
the long-term annual P, 2011, 2012, 2014, and 2016 were dry years, while 2013, 2015, and 2017 were wet
years. Compared to the long-term annual average Ta, 2011, 2012, and 2016 were hot years, while 2013
and 2014 were cool years.
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Figure 2. Annual average air temperature (line with open circles) and total precipitation (vertical bars).
Long dash line indicates long term annual average temperature while dot line is for long term annual
total precipitation.

Figure 3 shows the monthly distributions of Ta and P to illustrate drought development. Summer
was very hot in 2011 and 2012, especially in the month of July. In comparison, 2013 and 2015 had
relatively cool summers (Figure 3a). Although the total P in 2011 was higher than in 2012, a large
proportion of P (26.5%) occurred in November, a part of the non-growing season (Figure 3b), and the
growing season was relatively dry and hot. Warmer spring and a good amount of P in March–April of
2012 facilitated vegetation growth in early spring. However, the peak growing months (May–August)
were very dry. The dry and hot conditions made 2012 a severe summer drought year. Both 2014 and
2016 were moderate dry years, with the latter hotter than the former.
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3.2. A glimpse of the Continuous and Rotational Grazing Paddocks in Late Spring and Late Summer

Figure 4 shows the false color composite images in late spring and late summer of 2008–2017.
Before the experiment in 2008, the study area was heterogeneous. Ca was actually composed of
two sub-paddocks. Areas that greened-up early (early May) usually entered senescence stage early
(late August). Starting from 2009, most of the paddocks became synchronized in terms of greenness.
The paddocks were generally green in early May and remained green until late August. However,
the paddocks lost greenness relatively earlier in late August in 2011, 2012, and 2016 due to dry and hot
conditions. The size of ponds in Rb-4 and Rb-7 also indicated severe droughts in 2011 and 2012 when
they almost dried up.
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Figure 4. False color composite images (shortwave infrared (SWIR-2), near infrared (NIR), and red
bands as RGB) for continuous and rotational grazing paddocks around early May and late August.
Green color represents green vegetation and pink or brown color represent dry grasses or soil. The title
of each panel includes three parts separated by an underscore: the sensor (LE07 for Landsat 7 ETM+

and LC08 for Landsat 8 OLI/TIRS combined), the path/row number, and acquisition date of the image.
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3.3. The Dynamics of EVI Values in the Continuous Versus Rotational Grazing Paddocks

The average growing season EVI is a good indicator of vegetation production during the growing
season. The initial condition of average growing season EVI values (Figure 5) varied largely during the
prior year (2008) and the first year of the experiment (2009). After that, climate was the major driver in
affecting the average growing season EVI. The growing season average EVI values were larger than 0.5
in wet years (2013 and 2015). In severe drought years (2011 and 2012), all treatments had low average
EVI values. Treatment differences were larger in moderate drought years (2014 and 2016). Even though
2012 was a drier and hotter year than 2016, the average EVI in 2012 and 2016 were comparable because
of early greening up of vegetation and more growth by May in 2012 (Figure 2). The average growing
season EVI in Rb was consistently larger than in Cb. However, the average growing season EVI in Ra
could be similar to, higher, or lower than Ca in different years.
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Figure 5. Growing season average EVI from Landsat 7 for different treatments in rep a and rep b. Solid
lines are for rep a and dashed lines are for rep b. Solid and hollow shapes represent continuous grazing
and rotational grazing.

The maximum growing season EVI indicates the peak vegetation growth during the growing
season. Rep a consistently had larger growing season maximum EVI values than rep b during the
study period (Figure 6 top), indicating higher photosynthesis capability in rep a than rep b. Maximum
EVIs were largest in wet years (2013 and 2015) and lowest in severe drought years (2011 and 2012),
showing the significant control of climate conditions on maximum productivity in all treatments.
The maximum EVI values in 2012 were higher than those in 2016 because peak EVI occurred before
severe drought in 2012. The maximum EVI values only tended to converge in very wet or dry years,
otherwise they had large ranges. The maximum EVI values in Rb were larger than in Cb in majority of
cases. The differences in maximum EVI between Ra and Ca were smaller than between Rb and Cb.

The minimum growing season EVI can represent the low photosynthesis capability caused by
climate or other stresses on vegetation. The growing season minimum EVI (Figure 6 bottom) converged
more than maximum EVI, with larger differences in moderate drought years (2014 and 2016). In contrast
to what it was observed in maximum EVI, the minimum EVI was much lower in 2012 than in 2016,
suggesting a collapse of vegetation condition because of the severe summer drought. The minimum
EVI values in both rotational grazing treatments were larger than their counterparts (Rb larger than Cb
and Ra larger than Ca) in most years.
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The growing season standard deviation of EVI (σEVI) shows the variation of vegetation production
during the growing season. Rep a had larger growing season σEVI than rep b (Figure 7). Ca had
larger σEVI than Ra in most years while the differences between Cb and Rb were small throughout
the years. Ca usually had the largest σEVI because of its mixture of grass, brush, and trees, which had
different seasonality.
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3.4. Dynamics of GPP in the Continuous Versus Rotational Grazing Paddocks

The dynamics of the annual sum of GPP (Figure 8) were similar to that of the average EVI (Figure 5)
as EVI is a major input parameter in the calculation of GPP. Similar to average EVI, all treatments had
the lowest GPP in 2011 due to the severe drought during the whole growing season. The GPP in 2012
and 2016 were comparable in spite of higher drought and heat stresses in the former because of early
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greening up of vegetation and more growth by May in 2012. The GPP in Rb was consistently larger
than in Cb, especially while the GPP in Ra and Ca were similar.
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3.5. Variations in EVI among Paddocks in the Rotational Grazing Systems

Variations in EVI among paddocks in Ra and Rb were used to examine the impacts of time since
grazing within an individual paddock. Overall, the variations in growing season average EVI for
paddocks in both reps (Ra and Rb) were relatively small (Figure 9). Ra had lower variation in growing
season average EVI than Rb, indicating the differences among pastures in rep a were smaller than in
rep b. The average EVI converged only in a very dry year (2011). Rb-4 and Rb-7 usually had lower
average EVI values than other paddocks because large proportions of them were covered by ponds
(Figure 1) in non-drought years. The ranges of maximum EVI within a year were large and no paddocks
consistently outperformed than others (Figure 10 left panels). Similarly, as found in inter-treatment
comparison (Figure 6), minimum EVI among paddocks converged more than maximum EVI (Figure 10
right panels). The σEVI in Ra and Rb were the largest in 2012 (Figure 11) caused by the severe summer
drought. In wet years (2013 and 2015) Ra had lower σEVI than Rb.
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4. Discussion

This study provided a direct comparison of vegetation productivity in continuous and rotational
grazing management systems in tallgrass prairies of the Southern Great Plains. The large climate
variation during the study period allowed us to examine the differences in response to climate under
continuous and rotational grazing management. Many studies indicated that multi-paddock rotational
grazing can improve grassland productivity by allowing post-grazing recovery [25,32,49]. Our study
found that the rotational grazing had higher vegetation production in rep b but not in rep a. Both
average growing season EVI and GPP were higher in rep a than rep b probably caused by their
inherent differences such as soil type. Additionally, our results indicated that productivity of tallgrass
prairie was greatly controlled by climate, more specifically by the seasonality of air temperature and
precipitation. This finding is also supported by other studies that compared the continuous and
rotational grazing in the same experiment from perspectives of aboveground biomass (Starks et al.
2019) and landscape pattern (Ma et al. 2019), which were also presented in this issue.

The initial experiment design was to put around 25 cow–calf pairs in each of the treatments.
However, the stocking rate in the continuous grazing system was adjusted according to the paddock
conditions (considering woody encroachment, climate, species composition and desirable species, and
grass growth). With reduced stocking rate in continuous grazing systems, the vegetation production
was still similar with rotational grazing systems that had higher stocking rates. Thus, the concept
of adaptive grazing management [19,21,23,50–53], adjusting grazing management depending on the
vegetation and climate conditions, might be better to help ranchers to understand the necessity of
adjusting their grazing routine to achieve sustainable and profitable usage of pastures.

Since little differences in vegetation growth were detected between Ca and Ra, it indirectly
demonstrated that rotational grazing has higher grazing capacity, as Ca had a reduced stocking rate.
Variations in EVI among paddocks in rotational grazing systems were small (Figure 11), indicating
their similarity in vegetation growth. The relative small variations among paddocks in different years
demonstrated that rotational grazing generated evenly distributed grazing pressure on tallgrass prairies
in different climate conditions. Even with a higher stocking rate, the rotational grazing management
generated similar vegetation responses with continuous grazing and an evenly grazed vegetation
pattern. The results indicate the rotational grazing may support higher livestock production while
maintaining sustainable usage of the tallgrass prairie pastures in the region.

The interaction of climate variability and grazing management makes the study complicated.
There were very dry (2011 and 2012) and wet years (2013 and 2015) during the study period. Even the
drought years had different characteristics. For example, 2011 was a growing season-long drought year
and 2012 was a summer drought and hot year. The seasonal distribution of Ta and P generated different
impacts on vegetation. Their dynamics combined with different grazing management controlled the
grassland phenology and productivity. Thus, it is hard to conclude a general comparison between C
and R for the entire study period. The average EVI only converged in very dry years (2011 and 2012)
among treatments (Figure 5) and large variations exist in other years. Although 2012 was a drier
and hotter year than 2016, they had comparable EVI. This difference was caused by the seasonal
distribution of Ta and P. There was more precipitation in spring 2012 (March–April) than in 2016, which
facilitated the vegetation growth in spring and early summer in 2012. It was hot and dry in summer
2012. Favorable vegetation growth in spring and a hot and dry summer induced a flash drought and
quickly suppressed vegetation growth [45,54,55]. The largest σEVI in 2012 (Figure 7) was caused by
good vegetation growth in spring and poor vegetation growth in summer. The larger average EVI in
rep a than in rep b could be attributed to their original characteristics, such as soil types (Figure S1).

Besides comparing the difference between C and R, we also examined the differences among
rotational grazing paddocks in both reps (Figures 9–11). Except in severe drought years (2011 and 2012),
large variations existed among individual paddocks in rotational grazing systems. Similar with
the inter-treatment comparison, their EVI variations were mostly controlled by climate conditions.
The variations in Ra were consistently smaller than in Rb, which supported the idea that the difference
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between rep a and rep b was caused by innate differences, such as soil type. This is also demonstrated
by Ma et al. (2019) in the same issue from the shrub encroachment perspective.

5. Conclusions

Through examining the responses of vegetation to continuous and rotational grazing, this study
demonstrated that vegetation growth in tallgrass prairies were mainly controlled by the seasonality
of precipitation and temperature. The average EVI values only converged in a very dry year in
inter- and intra-treatments comparisons. The vegetation growth was also highly related to the
original pasture conditions (e.g., soil types), as rep a consistently had higher EVI values than rep b.
The intra-treatment analysis showed that paddocks in rotational grazing systems had relatively small
variations in different years, indicating that the rotational grazing created an even grazing pressure
on grassland. The growing season average EVI and GPP were higher in Rb than in Cb. Although
there were no significant differences in EVI and vegetation production between Ra and Ca, rotational
grazing might increase vegetation productivity as the stocking rate in C had been reduced because
of the deteriorating pasture conditions. The study suggests that an adaptive grazing management
approach might better help farmers to adapt to ever-changing climatic conditions (e.g., annual and
seasonal variations in air temperature and precipitation).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/5/219/s1,
Figure S1: Soil types in study area. Data is from the Soil Survey Geographic Database, Figure S2: Brush and tree in
the continuous grazing pasture in rep a.
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