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Abstract: The Great Plains of the USA is one of largest expanses of prairie ecosystems in the world.
Prairies have been extensively converted to other land uses. The remaining prairie ecosystems are
important for livestock grazing and provide benefits including habitat for avian, terrestrial, and
aquatic species, carbon regulation, and hydrologic function. While producers, land management
agencies, and some researchers have promoted livestock management using rotational stocking
for increased production efficiency and enhanced ecosystem function, scientific literature has not
provided a consensus on whether rotational stocking results in increased plant biomass or animal
productivity. To address this research need, we established long-term grazing research using an
adaptive management framework to encompass a wide range of production and ecological interactions
on native grassland pastures. This paper describes objectives, design, and implementation of the
long-term study to evaluate productivity and ecological effects of beef cow–calf management and
production under continuous system (CS) or rotational system (RS) on native tallgrass prairie.
Findings from 2009 to 2015 indicate that plant biomass and animal productivity were similar in
the two grazing management systems. There were some indicators that forage nutritive value of
standing biomass and soil nutrient content were enhanced in the RS system compared with the CS,
yet individual calf body weight (BW) at weaning was greater in the CS. This prepares us to engage
with producers to help determine the focus for the next phase of the research.

Keywords: long-term agroecosystem research network; LTAR; rotational grazing

1. Introduction

Efficiency of forage use in livestock production systems is important for global food security.
Pastures, rangeland, and forest lands suited to grazing ruminant livestock constitute 35% of the U.S.
land area [1]. Pastures and rangelands are a dominant land use and support ruminant production
in every climatic regime on every continent [2]. In 2000, about 35 million km2 were in permanent
pasture, representing 30% of the world’s land area and over 70% of the agricultural area [3]. Animal
meat and dairy products are a critical component of human food systems, including in some of the
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least food-secure regions of the world. It has been estimated [4] that 1 billion people depend on
livestock for income and food security, including 70% of the world’s 880 million rural-poor populations.
It has been suggested [5] that as protein and micronutrient concentrations of grain crops decline with
increasing atmospheric carbon dioxide (CO2) concentrations, an additional 122 million people could
struggle with protein-deficient diets, 175 million people would experience zinc-deficient diets, and
1.4 million women of child-bearing age and children under 5 could face a 20% increase in occurrence of
anemia. These estimates are based on the 2050 projections for human population and atmospheric CO2

concentration. Food security challenges and biodiversity conservation must be addressed as a linked
process [6] based on increasing productivity while enhancing biodiversity and other ecosystem services
from existing agricultural lands, particularly in the face of changing climate. [7,8]. Understanding
interactions between climate variability and agricultural systems is essential to ensure a sustainable
food supply while maintaining agricultural soil and water resources for the next generation [9,10].

Pasture systems around the world are heterogeneous, ranging from those dominated by native
vegetation, such as in the central portion of North America, Argentina, and parts of Asia, to those that
are dominated by domesticated pasture, such as in Europe, New Zealand, eastern North America, and
parts of Asia [11]. The native vegetation can range from relatively intact ecosystems to vegetation that
may have regrown on abandoned cropland. Grasslands face numerous challenges, some long-standing
and others of growing importance. As human populations have expanded, lands that were formerly
grassland have been converted to urban and cropland or fragmented into smaller holdings. In general,
remaining grasslands are located on drier, steeper, or less fertile areas in every region of the world.

Prairies, particularly tallgrass prairies, have been extensively converted to other land uses.
However, the Great Plains of the USA remains one of largest expanses of prairie ecosystems in
the world [12–14]. These remaining prairie ecosystems are important for livestock grazing and
provide numerous benefits of diverse habitat for avian, terrestrial, and aquatic species [15–17], carbon
regulation [18,19], and hydrologic function [20,21]. The Northern Great Plains has exhibited cooling
and wetting over recent decades, while the Southern Great Plains (SGP) has exhibited increased
aridity [19]. Challenges to these critical ecosystems in the SGP include encroachment by woody
species [22–25], increased aridity and drought [19,26], climate change [27], and fragmentation of the
landscape [28]. Additional resource concerns include low-productivity land and unstable stream
networks. To address complex, interactive challenges such as these, an interdisciplinary systems
research approach is needed [29].

Synthesis of a large body of literature indicated stocking rate to be the key management decision [30].
Low to moderate stocking rates provided the optimal vegetation required for livestock and wildlife
productivity and the best economic returns. High-intensity, rotational stocking was advanced in the
1960s to improve forage harvest efficiency, increase livestock-carrying capacity, and boost economic
returns [31]. Adoption of conservation cropping and adaptive multi-paddock grazing management
was proposed to reduce the carbon footprint of agriculture in North America and promote a wide
range of ecosystem services from agricultural lands [32]. However, a review of number of grazing
studies found no plant or animal production benefit to rotational stocking compared with continuous
stocking [33]. Subsequently, [34] recommended a research framework that would incorporate human
elements such as goal setting, experiential knowledge, and decision making along with ecological
variables and an adaptive framework for managing rangelands systems. Published studies of grazing
systems indicated that grazed grasslands accumulated soil organic carbon (SOC) at a faster rate than
undefoliated grasslands and that low to moderate livestock stocking rates favored SOC accumulation
compared with high stocking rates [7]. Additionally it was found that more digestible forages defoliated
at optimal maturity may decrease methane emissions by grazing ruminants. However, the effects of
methods of applying grazing pressure on the C balance of grasslands have been mixed, particularly
as stocking methods have regularly been shown to have little effect on productivity of grasslands at
moderate stocking rates [35–41].
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Adaptive management of grazing systems may incorporate periods of intensive grazing in a
rotational framework, but with a focus on goal setting, monitoring, and adaptive response to conditions
in the field. Some ranchers in the SGP have reported improved rangeland health and increased
productivity and/or profitability after adopting holistic, rotational, or intensively managed grazing
systems, but relatively little research focuses on these types of systems. To address this research need,
we established long-term grazing research within an adaptive management framework to encompass
a wide range of production and ecological interactions on native grassland pastures, specifically to
evaluate productivity and ecological effects of beef cow–calf management and production under
continuous and rotational stocking systems on native tallgrass prairie. The purpose of this paper is to
describe the objectives, design, and implementation of the long-term study and present productivity
indicators from 2009 to 2015. Additional papers in this issue present findings related to plant and soil
responses to grazing management systems.

2. Stakeholder Engagement

The need for research was identified in collaboration with ranchers from the Oklahoma Grazing
Lands Conservation Association. In spring of 2008, a workshop was convened at the United States
Department of Agriculture (USDA) Agricultural Research Service (ARS), Grazinglands Research
Laboratory, El Reno, OK, USA to identify producer concerns and priorities and identify research needed
to develop the information requested. The producers were interested in research on continuous versus
rotational stocking management, and, in particular, the impacts of high-stocking-rate, short-duration
rotations. They recommended that the number of animals available be concentrated into herds that are
managed to balance grazing periods with forage recovery periods to keep the forage in the rotational
system physiologically “young”. For the continuous stocking system, the producers identified winter
management as an important factor impacting the next growing season. The producers recommended
that fall- and winter-dormant forage be rationed (limited grazed) but grazed down prior to onset
of spring growth to create litter and open the canopy to sunlight. The goal was to use adaptive
management to optimize productivity and ecosystem performance for each management system.
Responses that producers and researchers identified were grazing system effects on plant vegetative
community and soil biology, as well as overall beef production and profitability. Approximately
250−300 ha of land was identified to support the experiment. After discussion, the research group
determined that continuous stocking (CS) and rotational stocking (RS) management treatments would
be established, with an embedded experiment that included exclosures for ungrazed (UG) land
treatments and for high-stocking-density, short-duration (HDSD) grazing treatments. Results from the
HDSD treatments are not reported in this paper but are reported by Northup et al. [42,43], and those
from the UG plots are reported by Starks et al. [44].

3. Research Questions

In 2013, this experiment was incorporated into the Long-Term Agroecosystems Research (LTAR)
Common Experiment [45,46]. The LTAR Common Experiment was established at 18 sites across the
U.S., with each site implementing research with two treatments, Business as Usual (BAU, in this case
CS) or Aspirational (ASP, in this case adaptive, RS). Research teams at each site and across sites focused
on sustainability from the perspective of production, environment, and social or cultural responses.
Table 1 summarizes research questions, based on input from the 2008 producer workshop, articulated
into the LTAR framework of linked ecosystem services and metrics used to quantify the system effects
on sustainability.
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Table 1. Research questions and metrics to address ecosystem services of alternate grazing systems.

Sustainability Pillars Ecosystem Services Research Questions Metrics

Production Primary production
Secondary production

How does grazing
management system
affect gross primary
production? Is animal
performance impacted
by management system?
How do management
system and climate
interact in controlling
productivity?

Biomass production
Forage nutritive value
Breeding efficiency
Weaning weights per
unit area
Drought indices

Environment

Climate regulation
Soil nutrient cycling
Soil biodiversity
Plant biodiversity

How does management
system affect plant and
soil biodiversity, soil
carbon and nutrients?

Soil nutrient budgets: C,
N, macronutrients
Soil organic matter
(Phospholipid Fatty Acid
analysis—future)

Grazed tallgrass prairies also provide considerable social and cultural services, which are generally
realized at landscape, watershed, and regional scales. While no research questions were developed
around these ecosystem services in this field-scale experiment, the research site has provided education
benefits through graduate and postdoctoral research projects. Additionally, on a regional scale, such
land uses provide supporting services such as wildlife habitat and watershed function and extensive
recreational services including hunting and birding.

4. Site Description

The USDA Agricultural Research Service, Grazinglands Research Laboratory is located in El Reno,
Oklahoma (35◦33′29” N, 98◦1′50” W, 414 m above mean sea level). The laboratory is located on 2700 ha
of land, of which approximately 1200 ha are tallgrass prairie, most of which have been grazed at low
stocking rates (animal unit (AU) ha−1) over the past several decades. In addition, a prescription of
spring burns had been applied on a 3–5 year interval to limit invasion by woody species. However,
after implementation of the study in 2009, the paddocks included in the study have experienced no
burns of any kind.

4.1. Climate

The SGP has pronounced seasonal, year-to-year, and multi-year variations in air temperature and
precipitation [47,48], which are key drivers of ecological processes and agricultural production [49].
Average annual minimum air temperature over the study region is about 9.2 ◦C. Typically, July and
August are the warmest months of the year, while the coolest months coincide with the driest months
of December, January, and February (mean −2.3 ◦C). Average monthly temperature peaks in July
at 28 ◦C. Average annual precipitation over Central Oklahoma, USA is about 870 mm. The “wet”
season is generally the months of April through June (spring). On average, the spring months receive
approximately 326 mm of rainfall or 38% of the annual precipitation. The “dry” season occurs in
the winter months of December, January, and February. These months contribute about 13% to the
annual precipitation, with an average seasonal precipitation of 111 mm. Long-term monthly mean
precipitation and temperature for 1994–2018 (period of record at the site) are shown in Figure 1.
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Figure 1. Monthly mean temperature precipitation for the El Reno site of the Oklahoma Mesonet,
1994–2018. Month 1 = January . . . Month 12 = December. Data Source: Oklahoma Climate Survey,
http://climate.ok.gov.

The average monthly soil volumetric water content (θv) for the 0–100 cm layer indicates the
strong intra- and interannual variability in the moisture regime (Appendix A Figure A1, methods in
Appendix A.2). The general pattern is that the soil recharges with moisture in autumn, winter, and
spring during the cool months and is depleted during the hot summer growing season. The 2011 and
2012 time periods experienced the driest summer conditions (June−August), with the difference being
that 2012 entered the summer growing season with high soil water storage due to a wet autumn and
winter and spring. Values for the 5, 10, 20, 50, and 100 cm layers are shown in Figures A2–A6.

The SGP experienced a persistent pluvial period lasting most of the last quarter of the 20th
century [47], with a return to drier conditions in the early 21st century. Since 1990, extreme precipitation
events have increased [50]. An increased frequency of dipole events–wet years following drought
years was reported by [51]. The dipole events in the SGP can be extremely damaging as intense
precipitation acts on depleted soil and vegetative surfaces, resulting in runoff, erosion, and flooding
risks. Additionally, a high frequency of severe storms [52] with hail, extreme winds, and tornados
can produce catastrophic losses to agricultural crops, livestock, and agricultural infrastructure. The
variable and changing climate makes long-term research essential in order to determine interactive
impacts of climate and management on a broad range of production and ecosystem responses.

4.2. Soils and Vegetation

The site is located in the Central Great Plains ecoregion [53], with dominant grass species being big
bluestem (Andropogon gerardii), little bluestem (Schizachyrium scoparium), and Indiangrass (Sorghastrum
nutans). The soils included the Norge silt loam (fine-silty, mixed, active, thermic Udic Paleustolls),
Pond Creek silt loam (fine-silt, mixed, superactive, thermic Pachic Argiustolls), Kirkland–Pawhuska

http://climate.ok.gov
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complex (fine, mixed, superactive, thermic Udertic Paleustolls), and Bethany silt loam (fine, mixed,
superactive, thermic Pachic Paleustolls).

Analysis of particle sizes of soils in the study area (see methods below) showed the texture of
the 0–30 cm layer was statistically similar in all field replicates and that there were no significant
differences in pH or electrical conductivity (EC) (Table A1). The sand and clay fractions each accounted
for 21% to 26% of the soil in each field replicate, and pH and EC were about 6 in all replicates.

4.3. Layout and Experimental Design

We established two replicates of two grazing systems on native tallgrass prairie, each with a
dedicated herd of beef cattle (Figure 2). Two of the herds are managed using CS on assigned paddocks,
and two herds are managed using RS management assigned to two groups of 10 sub-paddocks under
an adaptive rotational grazing framework. Land area and initial animal information for each replicate
in 2009 are given in Table 2. Cow numbers for each herd were based on an animal cow/calf unit (500 kg
cow body weight (BW)) and a targeted stocking rate of ~3 ha per cow/calf unit. Bodyweight of cows
was measured at the time of weaning in 2009 to determine stocking rate for each replicate. Calves
remain with the cows from March through weaning in October. Bulls are present with each cow herd
during the June 1 to July 31 breeding season. The 10 sub-paddocks in the RS treatments ranged from
4.3 to 9.5 ha in RSa and from 5.3 to 12.9 ha in RSb.

Figure 2. Map of research site at the USDA-ARS Grazinglands Research Laboratory, showing continuous
(CSa, CSb) and rotational (RSa, RSb) locations on the USDA Natural Resources Conservation Service soils
map. White boxes indicate exclosures for embedded high-density, short-duration grazing treatments
described in Appendix A.



Agronomy 2019, 9, 699 7 of 22

Table 2. Paddock size, cow numbers, average cow bodyweight, cow animal unit (AU), and stocking
rate (500 kg per AU) for 2009.

Treatment & replicate Area Cows Cow Bodyweight Stocking Rate

ha # Kg Cow AU ha−1

Continuous—CSa 58.6 20 614 0.42
Continuous—CSb 62.7 21 613 0.41
Rotational—RSa 78.1 25 584 0.37
Rotational—RSb 82.8 25 584 0.35

5. Materials and Methods

5.1. Soil Parameters

In 2009, 40 soil sampling sites were located within each field replicate using a stratified sampling
design, where the strata were composed of the soil mapping units in the area (downloaded from the
USDA Natural Resources Conservation Service (NRCS) Geospatial Data Gateway—https://datagateway.
nrcs.usda.gov/GDGOrder.aspx). The number of soil samples for a given strata within a field replicate
was based upon an area-weighted average of the soil mapping units. Thus, if 50%, 30%, and 20% of a
field replicate was underlain by soil mapping units X, Y, and Z, then map unit X would be assigned 20
sampling sites, whereas Y would be assigned 12 and Z eight. Sampling points within a given strata
were randomly located and their positions recorded by a hand-held GPS device. Soil sampling in
subsequent years was guided by these GPS coordinates.

Soil cores were extracted using a Giddings (Windsor, CO, USA) probe equipped with a 30 cm
long barrel, having an inside diameter of 4 cm (nominally). Soil cores down to 60 cm were collected
in 2009, from which bulk density (ρb) and particle fractions of sand, silt, and clay were determined
for the 0–6, 6–12, 12–20, 20–30, and 30–60 cm intervals at all sampling locations. Bulk density was
determined from the oven-dry soil weights and sampling volume, and particle size fractions were
determined using the hydrometer method [54]. In 2012 and 2017, ρb was measured in the 0–15 and
15–30 cm intervals. Thus for 2009, the 0–6 and 6–12 cm layer ρb values were averaged to represent the
0–15 cm layer, and the 12–20 and 23–30 data were averaged to represent the 15–30 cm layer.

Particle size fractions, EC, and pH were determined only from the 2009 soil core data. The EC
and pH were measured using a VWR Scientific conductivity meter (Control Company, Friendship, TX,
USA). Additional methods for soil measurement and analysis are given in references [42,43,55].

5.2. Forage Biomass and Nutritive Parameters

Two and five exclosures measuring 1.07 m × 6.4 m were randomly located within the CS and RS
replicates, respectively, for the purpose of measuring end-of-year biomass. The vegetative biomass
in these exclosures was clipped to a height of ≈1 cm above the soil surface using a sickle bar mower
and then weighed fresh. A grab sample was collected for determination of dry (forced-air oven, 65 C)
biomass on a kg ha−1 basis for each paddock.

In addition to the end-of-year biomass samples from exclosures, forage biomass and nutritive
values were measured during the season. The CS paddocks were sampled from four to 11 times,
depending upon year. Both CS replicates were sampled at least once a month from June through
August. The biomass in the RS sub-paddocks was sampled prior to the introduction of cattle (three to
four times per year, depending upon year). Samples were collected by clipping all standing vegetation
within a 0.5 m2 sampling frame to within 1 cm of the soil surface and determining dry mass as indicated
above. Four random forage subsamples per replicate were collected for each sample date.

Aliquots of oven-dried forage subsamples were ground, packed into sample cuvettes, and scanned
on a benchtop near-infrared spectrometer (NIRS; Foss-NIR Systems, Silver Spring, MD, USA). The NIRS
scans were analyzed in WinISI 1.5 (FOSS North America, Eden Prairie, MN, USA) for the purpose of
identifying a representative subset of forage samples for wet chemistry determinations of total nitrogen

https://datagateway.nrcs.usda.gov/GDGOrder.aspx
https://datagateway.nrcs.usda.gov/GDGOrder.aspx
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(N), acid detergent fiber (ADF), neutral detergent fiber (NDF), and in vitro true digestibility (IVTD).
Analysis for ADF, NDF, and IVTD followed the procedures outlined by Ankom Technology (Macedon,
NY, USA; https://www.ankom.com/analytical-methods-support/fiber-analyzer-a2000). Total N was
determined through combustion analysis (Elementar Americas, Inc., Mt. Laurel, NJ, USA). The
laboratory-measured values were then used in conjunction with the NIRS scans to develop and validate
calibration equations to predict total N, ADF, NDF, and IVTD. Once satisfactorily calibrated and
validated, the calibration equations were applied to the NIRS scans of the remaining forage samples to
predict total N, ADF, NDF, and IVTD. Additional methods and analysis for plant data are detailed in
reference [44].

5.3. Animal Parameters

The cows utilized for experimental purposes were Angus-cross cows with Brahman influence.
These cows were bred to terminal sires to maximize heterosis (i.e., sire breed was not represented
within the cow). Cows were bred to calve in the spring, and generally calved between mid-March and
mid-May. Calves were typically weaned from the cows in October. At weaning, individual cow and
calf weights were taken, as well as cow body condition score (BCS). The BCS score was based on a 1–9
scoring system, with a score of 5–6 being desirable, 1–4 being too thin, and 7–9 being overly fat. During
the course of the year, each herd had ad libitium access to fresh water and a commercially available
mineral. During the fall through spring seasons, all dry cows were supplemented with a 40% crude
protein cattle cube to meet production-stage nutritional requirements. Cows were supplemented with
a 20% crude protein, high-energy cube to meet production-stage nutritional requirements during early
spring, after calving. Within the RS treatment, herds were moved to the next paddock in the rotation
(sub-paddocks 1 through 10) when available forage biomass was reduced to approximately 50% of that
available upon start of grazing, determined by visual examination of pastures by trained personnel.
Cattle were not supplemented with conserved forage (hay) except during periods of snow or ice cover
(at this research location, the snow or ice cover does not occur frequently nor persist for long periods).
In those instances, cattle within each system were offered native hay at the rate of approximately 30 kg
dry matter (DM) per head per day until snow or ice cover had cleared.

All applicable national and/or institutional guidelines for the care and use of cattle were followed.
Cattle were cared for in accordance with the standards of the Guide for the Care and Use of Agricultural
Animals in Agricultural Research and Teaching [56]. Care of cows and calves grazing pastures followed
approved standard operating procedures (SOPs) for beef cattle care and management. Short-term
confinement of cows and calves in small paddocks (HDSD treatments) was conducted under approved
protocol #GRL-2016-10-19-1. Rumen fluid collected from rumen-cannulated beef steers and used
to determine forage digestibility (IVTD) in the laboratory was conducted under approved protocol
#GRL-2018-6-12-1. All animal care and use SOPs and protocols were reviewed and approved by the
Institutional Animal Care and Use Committee, Grazinglands Research Laboratory, El Reno, OK, USA.

5.4. Statistical Analysis

Means of ρb, percent sand and clay, pH, EC, and biomass means were compared using Tukey’s
Honestly Significant Difference (HSD) test. All analyses were performed in JMP 13 Pro (SAS Institute,
Cary, NC, USA), and the level of significance was set at α = 0.05. Descriptive statistics and linear
least-squares regression of means (α = 0.5) of plant biomass, herbage nutritive value, and soil properties
were conducted in JMP Pro 14 (SAS Institute, Cary, NC, USA). Animal performance data were analyzed
by ANOVA in SAS (SAS Institute, Cary, NC, USA) that included year as a random effect and grazing
system (GS) and rep as fixed effects. Year × GS × rep was the error term.

https://www.ankom.com/analytical-methods-support/fiber-analyzer-a2000
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6. Results

6.1. Temperature and Precipitation

Box plots of temperature and precipitation during the 2009–2015 experimental years (Figure 3)
show that the experimental years were highly variable but representative of the long-term climate in
the region (Figure 1). Precipitation was especially variable during the months of May and July over the
6 yr period. Average annual precipitation was below normal of 871 mm for the first four years of the
study (557 to 795 mm), above normal in 2013 (1157 mm), below normal in 2014 (610 mm), and above
normal in 2015 (1273 mm).

Figure 3. Box plots of monthly (a) temperature and (b) precipitation for 2009–2015, El Reno, Oklahoma.
Month 1 = January . . . Month 12 = December. Data Source: Oklahoma Climate Survey, http:
//climate.ok.gov

6.2. Soil parameters

Soil Bulk Density

Averaged across measurements collected in 2009, 2012, and 2017, the ρb of the 0–15 cm layer was
1.12 g cm−3 under CS management compared with 1.16 g cm−3 in RS management. While RS was
higher density than CS (p < 0.05), the difference was minimal. There was no treatment effect on ρb in
the 15–30 cm layer across the three years. However, both treatment and year effects were significant,
with ρb being higher in 2012 than in 2009 and 2017 (data not shown). Appendix A Table A2 shows
that the initial samples from 2009 had slightly higher ρb in the 0–15 cm layer in the RS replications
than in the CS replicates, but that there was no difference between treatments in the surface layer in
other years or at the 15–30 cm layer in any year. Samples from 2009 would not be expected to show
treatment differences, since the treatments were initiated in 2008, but represent variability at the site.
Changes in soil characteristics after 2009 could be related to treatment; however no differences were
found in 2012 or 2017.

6.3. Forage

6.3.1. Above-Ground Biomass

Biomass production was highly variable over the study and was highest in 2013 and lowest in
2011 and 2014 (Table 3). The year 2010 also showed a high level of biomass production, but was
statistically lower (p < 0.05) than that of 2013, while statistically greater than biomass production
during the remaining years. Biomass production in 2010, 2009, 2012, 2014, and 2011 was 78%, 58%,
50%, 39%, and 25%, respectively, of amounts measured in 2013. No statistically significant differences
between treatments were observed in end of season, which was expected as the samples were from

http://climate.ok.gov
http://climate.ok.gov
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ungrazed exclosures. There was also no difference by treatment in biomass collected through the
growing seasons (data not shown).

Table 3. Avearge annual forage biomass production by year, pooled across treatments.

Year Biomass 1

kg ha−1

2009 4563 C

2010 6084 B

2011 2015 D

2012 3992 C

2013 7813 A

2014 3127 CD

1 Site-specific means in the same column not connected by the same letter are statistically different (α = 0.05) based
on Tukey’s Honestly Significant Difference (HSD).

6.3.2. Monthly Mean and Variability of Forage Nutritive Values

Monthly means of nutritive value during 2009 through 2014 illustrate the annual pattern of forage
quality and level of variability (Figure 4). On average, N concentrations peaked in the May–June
timeframe (≈1.0%) and sharply decline thereafter, reaching minimum values by November (≈0.6%).
From November through March, total N remained low, but began to increase in April (Figure 4a).
The ADF (Figure 4b) and NDF (Figure 4c) were highest in January through April and in November
and December (≈50 and 81%, respectively). Lowest values of ADF and NDF occurred in June and
July (≈41 and 74%, respectively). Typically, digestibility (IVTD, Figure 4d) was highest in June and
July (≈60%) and was generally above 50% in May through August. As indicated by the error bars in
Figure 4, interannual variability was considerable for all forage nutritive variables shown, especially in
the months April through July.

Figure 4. Monthly mean concentrations of (a) total nitrogen, (b) acid detergent fiber, (c) neutral
detergent fiber, and (d) in vitro true dry matter digestibility of standing biomass. Error bars are ± 1
standard deviation. Month 1 = January . . . Month 12 = December.
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6.3.3. Forage Nutritive Values during Summer Grazing Season

Mean concentrations of total N (Table 4) were highest in 2009, but statistically similar to that of
2010, and lowest in 2011. Mean ADF concentration was highest in 2011 but statistically similar to that
observed in 2009 and 2014. ADF was lowest in 2010, which was similar to that measured in 2013. Mean
NDF was highest in 2011 (significantly different than all other years) and lowest in 2013. Mean IVTD
was highest in 2010 and lowest in 2011. Statistical differences were observed for some forage nutritive
values at the treatment level. While small, when they differed, total N concentration was higher in RS
than in CS in 2011, 2013, and 2015; IVTD was higher in RS than in CS in 2012–2015; and ADF and NDF
were lower in RS than in CS in 2013 and 2015.

Table 4. Comparison of treatment (CS = continuous stocking, RS = rotational stocking) means of
concentrations (% of dry matter) of total nitrogen (N), acid detergent fiber (ADF), neutral detergent
fiber (NDF), and in vitro true digestibility (IVTD) by year of study.

N ADF NDF IVTD

Year CS RS CS RS CS RS CS RS

2009 1.0 1.0 46.0 45.3 76.3 76.1 54.5 56.8
2010 0.95 0.93 42.5 42.9 75.3 76.4 59.2 59.0
2011 0.60 b 0.65 a 48.1 47.3 79.6 78.9 41.2 41.7
2012 0.72 0.75 47.0 46.4 77.1 76.9 42.1 b 45.4 a

2013 0.74 b 0.87 a 47.0 a 45.0 b 77.2 a 75.6 b 45.6 b 52.1 a

2014 0.63 0.65 48.8 49.7 79.9 79.6 42.2 b 46.0 a

2015 0.72 b 0.82 a 49.2 a 46.5 b 78.5 a 76.3 b 39.4 b 47.2 a

Mean 0.74 b 0.80 a 47.0 a 46.3 b 77.8 a 77.0 b 45.8 b 49.5 a

Mean values within the same row and forage nutritive variable with unlike superscripts differ (p < 0.05).

6.4. Animal Parameters

6.4.1. Stocking Rate

Stocking rate by replicate and year are shown in Figure 5. Analyzed across the experimental
period, the CS and RS stocking rates did not differ (p = 0.05). As discussed below, stocking rates in CS
replicates were reduced in the latter years of the study.

Figure 5. Stocking rate for each replicate from 2009 to 2015.
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6.4.2. Animal Performance

Cow–calf performance measures are presented by management and year, since no management X
year interactions were observed (Table 5). Years 2010 and 2011 were not utilized for statistical analysis.
In 2010, data collection was compromised by faulty livestock scales. In spring 2011, a tornado caused
catastrophic damage to our animal research facilities, including pasture areas, which hindered the
research and collection of data. All animal measurements were taken in the fall, at the time of calf
weaning. Fall cow BCS and calf weaning weight (WW) were higher in the CS treatment compared
with RS, which could be indicators of either herbage nutritive value or intake (Coleman et al. [57]).
Cow BCS varied between years, with 2014 being greater than 2015 (p < 0.05), and both of those years
being greater than previous years. Calf WW also impacted by year (p < 0.01), with 2013 being the
highest and 2015 being the lowest. When slight differences in stocking rate and calf weaning percentage
were considered, no differences were observed in WW per cow AU or total calf kg WW ha-1 due to
grazing system.

Table 5. Effect of grazing system (GS) and year on cow body weight (BW), body condition score (BCS),
calf weaning weight (WW), WW per cow AU, and WW per ha.

Measurement Continuous Stocking Rotational Stocking p value
Mean SE Mean SE

Cow BW, kg 640 6.0 630 4.9 0.2122
Cow BCS 5.8 a 0.06 5.6 b 0.05 0.0021

Calf WW, kg 235 a 7.6 215 b 6.2 0.0477
WW ha−1, kg 59 2.1 61 1.7 0.6342

Measurement 1 Year p value
2009 SE 2012 SE 2013 SE 2014 SE 2015 SE

Cow BW, kg 638 7.8 640 8.7 637 9.2 623 8.8 637 9.0 0.6538
Cow BCS 5.5 c 0.07 5.5 c 0.08 5.6 bc 0.09 6.1 a 0.08 5.8 b 0.09 <0.0001

Calf WW, kg 232 9.9 219 11.0 243 11.7 225 11.1 208 11.4 0.2730
WW Cow-AU−1, kg 183 8.1 170 9.0 195 9.6 181 9.1 168 9.4 0.2689

WW ha−1, kg 74 a 2.7 59 b 3.0 57 b 3.1 58b 3.0 53b 3.1 <0.0001
1 Within individual measurement and across years, means with unlike superscripts differ p < 0.05.

7. Discussion

The 2011–2012 drought resulted in poor plant productivity and vigor, particularly on the “A”
replicates; increased brushy vegetation was observed in the CSa replicate (reference [58], this issue).
Based on the observation of forage availability following drought periods in 2011 and 2012, stocking
rate was reduced slightly on the CS grazing treatments in 2013. However, the 2009–2015 mean stocking
rate did not differ for CS and RS grazing system (Figure 5).

Plant biomass did not differ between CS and RS grazing systems, but there were significant
year effects, which were mainly related to the timing and amount of rainfall received. Forage quality
naturally changes throughout the season, but it also was impacted by the timing and amount of rainfall.
Statistically significant treatment effects were observed for some forage nutritive values, and while
these differences were small, when they occurred, they indicated higher nutritive value in RS than in
CS treatment The plant nutritional values (Table 4) were determined from clipped biomass (whole
plant samples). Nutritive value of forage evaluated from clipped samples is influenced by many
factors including climate and ambient temperature, water stress, soil nutrient (fertility) levels, plant
species, cultivar, stage of maturity, leaf-to-stem ratio, plant pests and disease, and management [59].
When related to herbage production and nutritive value estimates, there is no clear relationship with
animal productivity. This lack of relationship is indicative that other “system” factors (including
animal behavior) are impacting animal responses. Animal performance is related to the forage actually
selected and consumed by the grazing animal. In this study, cow BCS and calf BW, both taken at
weaning, were greater for CS than for RS, indicating greater DM intake [57] and perhaps greater diet
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selection. Cows on CS had more area from which to select. The nature of management of RS is to
force/encourage animals to more uniformly graze the available herbage, and may result in lower diet
nutritive value or lower intake.

A collection of papers present additional findings from this experiment to date. Reference [44]
reported that the Standardized Precipitation and Evaporation Index (SPEI) has potential for use as
a predictive tool for aboveground biomass and thus could provide an early indicator of above- or
below-average forage production, which could benefit land and herd management. Findings in this
paper that aboveground biomass was not different in CS and RS grazing systems, based on clipping, is
similar to results of reference [60], who applied remote sensing techniques to calculate gross primary
productivity and the enhanced vegetative index (EVI), which also reported no significant treatment
effect for grazing systems. They also reported that variations in EVI among paddocks managed with
rotational stocking were small relative to paddocks managed with continuous stocking, suggesting that
rotational stocking generated a more uniform grazing pressure on vegetation at annual scale. Overall,
climate and inherent pasture conditions are the major drivers of plant growth and productivity.

While individual calf WW was higher in CS grazing systems than in RS grazing systems (Table 5),
productivity expressed as calf WW ha-1 was not different in the two grazing systems, which is consistent
with the findings of [61] that different grazing systems did not affect gain of stocker cattle in South
Africa. Economics of forage-based livestock systems are driven by several factors, but productivity and
income per unit land area are key for decision-making. Calf rate of gain and WW are determined by
genetic influence of both sire and dam, normally defined by mature size, but also by milk production.
Both milk production and calf WW were highly related to herbage DM intake by their dams [57],
suggesting those management decisions that affect availability and quality of herbage on offer will
affect productivity. If RS management can increase forage nutritive value, then animal performance
may be improved. However, in this study, the individual calf WW was higher in CS than in RS systems,
but total weaned calf weight per unit area did not differ across treatments. Therefore, producers
should perhaps look for changes in other response variables such as soil conditions, plant community
dynamics, or total forage production as indicators of system effects.

Reference [55] reported that total, particulate, microbial biomass and mineralizable carbon and N
fractions were highly stratified with depth and that no significant differences in soil organic carbon and
N fractions occurred due to stocking method at any sampling time or depth. Evidence for biological
nitrification inhibition in both treatments suggested a mechanism for conservation of available soil
N with less opportunity for loss in the prairie soils. In addition, strong association of available N
with biologically active carbon indicated slow, but sustained release of N that was strongly coupled to
carbon cycling.

Reference [42] reported that effects of stocking methods on macronutrient availability in soil and
spatial distribution of macronutrients in soil [43] were variable and often difficult to define. All tested
grazing regimes affected soil levels of availability and flux of macronutrients at different times of
growing season, and among locations in paddocks. Such responses indicated grazing regimes may
not provide uniform distribution of labile macronutrients. The grazing regimes tested appeared to
generate localized increases in plant-available macronutrients with change in time of growing season,
and among paddock locations, indicating no one system of grazing will prevent hot spots of soil
macronutrient availability and flux. This result indicated that organization of the landscape included
within the boundaries of individual paddocks played a role in distribution, but actual distances from
sampled locations to water sources had less of a material effect on nutrient distributions.

Reference [60] analyzed the phenology and gross primary production of tallgrass pastures in
response to CS and RS management systems in drought and non-drought years and found that both the
CS and RS grazing systems were resilient to drought, probably due to the conservative stocking rates
applied during the study. Spatial patterns of landscape metrics (richness, evenness, and fragmentation)
were evaluated for CS and RS grazing system by reference [58], who indicated that shrub encroachment
was mainly controlled by the initial status of the pastures rather than the grazing system. Their study
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also indicated higher proportion of bare soil occurred in RS sub-paddocks that were being grazed or
were recently grazed, compared with the CS treatments.

8. Conclusions

In developing the initial study, input from ranchers, conservationists, and others was solicited
to identify the most important knowledge gaps, relevant evaluation criteria, and grazing systems
of interest. The research was designed in a way to facilitate transfer of knowledge to ranchers.
However, due to turnover of key staff, the connection to the producer group was not maintained to the
extent envisioned.

Findings to date indicate that plant biomass and animal productivity of the two grazing
management systems were similar. There were some indicators that forage nutritive value and
soil nutrient content were enhanced in the RS system compared with the CS system, though differences
were small and not supported by animal productivity. Analyses of these results prepares us to engage
with producers to share the findings. With minimal differences in plant and animal productivity, future
research should continue to evaluate changes in soil and plant ecological responses. Additionally,
researchers should explore with producers alternative production practices that might increase
productivity or profitability and enhance ecological responses. Methods to improve the overall
responses to the applied grazing systems might include the use of applied spring burns to manipulate
the herbaceous community and eliminate areas of standing dead biomass and provide uniform stands
of higher quality biomass, use of patch burning [62] to enhance biodiversity of paddocks, or use of
strip grazing to provide more uniform use of paddock and sub-paddock areas. Detailed assessment of
vegetative and soil biodiversity may identify responses that plant biomass monitoring and soil nutrient
analysis did not detect to date.
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Appendix A

Appendix A.1 High-Density, Short-Duration (HDSD) Treatments

In addition to the grazing system experiment, an additional study utilized two sets of two small
paddocks (0.405 and 0.202 ha) that were established as exclosures within each of the continuous
paddocks (see Figure 2) to examine impacts of high-density short-duration (HDSD) stocking on
vegetation and soil characteristics. Each year, the herd assigned to each CS paddock were confined
within the 0.405 ha paddocks (HDSDx1) for 24 h, returned to the CS paddock overnight, then confined
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into a 0.202 ha paddocks (HDSDx2) for 24 h (Appendix A). No HDSD occurred in 2012 due to severe
drought conditions. The removal of animals for no more than 2 days per year for the embedded stock
density experiment was assumed to have a negligible impact on the CS treatment. To avoid unintended
plant community shifts caused by high-density grazing in any particular season, the timings of these
treatments were sequenced to be different months in different years.

Appendix A.2 Soil Water Content by Depth

The only soil water measurements available for this study were from the USDA-NRCS Soil and
Climate Analysis Network (SCAN; https://www.wcc.nrcs.usda.gov/ scan/) site that was installed in
the study area in late 1998. Hourly soil volumetric water content (θv), at the 5, 10, 20, 50, and 100 cm
(nominally) depths, are measured with a Hydroprobe (Steven’s Water Inc., Grants Pass, OR, USA). Due
to electronic issues, measurements at the 5 and 10 cm depths were not recorded from November 2014
through June 2015. Measurements from the 20 and 50 cm depths were not recorded from September
2011 through July 2013, and data from the 100 cm depth are missing from November 2014 through
June 2015. However, enough data was available to calculate a simple soil profile average for most of
the study period.

The averaged measured monthly soil θv for the –100 cm profile and 5, 10, 20, 50, and 100 cm
depths are shown in Figures A1–A6. At the 5 cm depth (Figure A2), with only two exceptions, θv
was typically >15% during the 2008–2010 timeframe. However, due to low precipitation amounts
beginning in December of 2010, a steady drying of the soil occurred at this depth. For most of the
period from April to November 2011, θv was >15%. The relatively large rainfall events in late 2011 and
early 2012 served to bring θv >15%, which lasted through May of 2012. Beginning in June of 2012,
however, θv was again <15%, briefly rebounding to 20% in October, and then falling below 15% in
November and December 2012. Precipitation in 2013 was above normal, and this is reflected in the
5 cm θv measurements, where θv was >19% in all months and >25% in seven months. Although 2014
was a below-normal rainfall year, the rainfall amounts received enabled θv to stay above 16% in all
months for which data were available. The data for the November 2014 through June 2015 was not
available, but the precipitation data suggest that θv was likely >15% during this time period. Only
four of the 30 months from July 2015 through December 2017 exhibited θv <15%.

Time periods where θv at the 10 cm depth (Figure A3) falls below 15% are largely similar to those
observed at the 5 cm depth. Some exceptions include: in 2011, θv at 10 cm is <15% only in three
months, whereas at 5 cm, six months were <15%; in 2012, θv was <15% in four months vs. 6 months at
5 cm; no month was below 15% in 2015, 2016, or 2017.

Two 7 to 8 month long time periods were observed where θv <13% was observed at the 50 cm
depth (Figure A5): July 2009 through January 2010 and August 2012 through March 2013. One- to
two-month-long periods occurred in November of 2011, January of 2015, and December of 2016. Profile
averages of θv (Figure A1) indicated July of 2008 and 2009, June of 2010, July through September 2011,
January of 2012, and July through September and December of 2012 were ≤13%. The 50 cm (Figure A5)
and 100 cm (Figure A6) depths showed similar patterns.

https://www.wcc.nrcs.usda.gov/
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Figure A1. Monthly average volumetric water content (%) for the 0–100 cm profile by year.

Figure A2. Monthly average volumetric water content (%) at 5 cm depth by year.
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Figure A3. Monthly average volumetric water content (%) at 10 cm depth by year.

Figure A4. Monthly average volumetric water content (%) at 20 cm depth by year.
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Figure A5. Monthly average volumetric water content (%) at 50 cm depth by year.

Figure A6. Monthly average volumetric water content (%) at 100 cm depth.
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Appendix A.3 Soil Properties

Table A1. Means of percent sand and clay and pH and electrical conductivity (EC) by layer for
each treatment.

Treatment † % Sand % Clay pH EC (uS cm−1)

0–30 cm 0–15 cm 15–30 cm 0–15 cm 15–30 cm

CS 26.7 A 23.1 A 6.1 A 5.92 A 329.8 A 260.0 A

RS 22.6 A 25.3 A 6.1 A 6.02 A 292.8 A 207.5 A

† Column means with unlike superscripts differ (p < 0.05).

Table A2. Average bulk density for the two soil layers as a function of year × treatment effects.

Year, Treatment †
Depth Interval

0–15 cm 15–30 cm

———– g cm−3———
2009, CS 1.04 C 1.21 B

2009, RS 1.12 B 1.21 B

2012, CS 1.28 A 1.35 A

2012, RS 1.28 A 1.33 A

2017, CS 1.05 C 1.14 C

2017, RS 1.07 BC 1.16 C

† Column means with unlike superscript differ (p < 0.05).
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