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Abstract: Knowledge on sustainable grassland management is available in the large body of literature.
However, it is unclear where to look for it, and what is really relevant to the many interrelated
challenges of sustainable grassland management. This special issue illustrates options to fill some
of those gaps. This editorial introduces the Special Issue entitled “Grassland Management for
Sustainable Agroecosystems”. Two review articles deal with (i) concepts for monitoring grassland
degradation (by Tiscornia et al. Agronomy 2019, 9, 239) and (ii) impacts of alternative management
practices and disturbances (by Wagle and Gowda et al. Agronomy 2018, 8, 300). One paper (by
Steiner et al. Agronomy 2019, 9, 699). summarized a series of papers of the special issue. Other topics
covered include four main aspects: (I) Landscape features (Ravetto Enri et al. Agronomy 2019, 9, 333),
two papers by Northup et al. Agronomy 2019, 9, 329, Northup et al. Agronomy 2019, 9, 281, and Ma et al.
Agronomy 2019, 9, 238; (II) climate (Zhou et al. Agronomy 2019, 9, 219, Starks et al. Agronomy 2019, 9,
235, and Moinet et al. Agronomy 2019, 9, 124); (III) soil fertility (Franzluebbers et al. Agronomy 2019, 9,
204, Poblete-Grant et al. Agronomy 2019, 9, 191); and (IV) one on modeling (Puche et al. Agronomy
2019, 9, 183). Two additional papers are from Andueza et al. Agronomy 2019, 9, 273 (on the feed value
of barn-dried hay) and Úbeda et al. Agronomy 2019, 9, 340 (on the role of prescribed burns).

Keywords: continuous and rotational grazing; phosphorous availability and uptake; potential
management; site use intensity; soil macronutrient responses and distributions; soil organic carbon
and nitrogen; soil respiration

1. Introduction

Grasslands should no longer be considered only for global food supply contributing to ruminant
milk and meat productions, but also, and above all, as a source of production of ecosystem services
that contribute to the sustainability of agriculture. The intensification of agricultural production has
been accompanied by a specialization of production systems, which has led to a spatial separation of
agriculture and livestock and an excessive standardization of territories [1]. This has led to unacceptable
environmental impacts on society. Grasslands, like forests, play a key role in this regard (i) by strongly
coupling the cycles of C, N, and P, thus limiting emissions to the hydrosphere and atmospheres, and (ii)
in acting positively on the dynamics of biodiversity. However, the intensification of grasslands aimed
at maximizing their production function tends to decouple the C and N cycles through the animal and
therefore minimize their environmental function [2]. A compromise must therefore be sought through
reasoned intensification. In this regard, the importance of studies on grasslands has intensified during
the last years, as awareness has grown that societies and individuals gain important benefits from
these ecosystems [3]. The location of grassland vegetation in the agricultural landscape contributes
greatly to soil erosion control, and this is often coupled to other services relating to water supply and
regulation, carbon sequestration, and soil fertility [4–6]. These roles are widely recognized by actors in

Agronomy 2020, 10, 78; doi:10.3390/agronomy10010078 www.mdpi.com/journal/agronomy1
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the agricultural world and by public policies. On the recognition that species-rich grasslands are a
source of multiple ecosystem services, several contributions have provided the ground for innovative
management practices that can increase fodder production, while, at the same time, enhancing other
services like pollination, biological control, climate regulation, and soil conservation [7–9].

The renewed interest in grasslands, observed since the turn of the 21st century, is precisely driven
by a greater recognition of the importance of grassland and livestock grazing systems in relation to
soil conservation, biodiversity promotion, farming communities’ stabilization, and the provision of a
wealth of natural ecosystem services [10]. The special issue is an excellent overview of the management
actions taken on different types of grasslands worldwide, with particular care on the Great Plains of
North America. As known, this area is one of the most hit zones of the world because native grasslands
have mostly disappeared in the past century due to agricultural expansion. The remaining prairie
ecosystems are important for livestock grazing and provide additional benefits including habitat for a
diversity of avian, terrestrial, and aquatic species, and the regulation of hydrological and carbon cycles.

2. Special Issue Overview

The special issue of Agronomy entitled “Grassland Management for Sustainable Agroecosystems”
publishes 15 articles that provide insights into challenges of, and possible solutions to, sustainable
grassland management. It contains two review articles dealing with: (1) Concepts for monitoring
grassland degradation and (2) the impacts of alternative management practices and disturbances,
including restoration. We add that while describing the initial results from a major grazing experiment
in the Southern Great Plains of the USA, Steiner et al. ([11]. introduced and summarized a series of
papers in this special issue. This is probably the article that most readers who are unfamiliar with this
field of research should begin with.

The review by Tiscornia et al. [12] provides the background and context to the study of grassland
degradation, clarifying the related drivers, processes, and consequences. This is important because
grassland degradation has multi-casual drivers. The possibility of a common interpretation of the
degradation issue over different scales is certainly fascinating. In fact, this paper is both a literature and
an expert analysis on how the grassland degradation is defined and studied across the world, and more
particularly, for the pasture ecosystems of the Region of Río de La Plata (across the central-eastern
part of Argentina, most of Uruguay, and southern Brazil). The importance of natural grasslands to
food security, the provision of ecosystem services, and the economy of many developing countries
such as Uruguay, Argentina, and Brazil, implies that their degradation is a major political, economic,
and environmental issue. This importance is reinforced by the experts’ perception that the effects of
livestock production intensification and climate change can increase degradation. The review paper
has the merit of proposing a novel conceptual model, where multiple drivers (e.g., rainfall variability
and overgrazing) operate simultaneously and interact in different site-specific conditions like soil types,
bioclimatic zones, and history of grazing. To advance in the knowledge of grassland degradation
process, the authors represented such interactive effects in a conceptual state and transition models
of the main processes affected (e.g., decreased primary production by a reduced leaf area index,
reduced plant species diversity by an increment of interspecific competitive exclusion for light) and
the consequences of management practices.

The review [13] of Wagle and Gowda compiled several information about how multiple aspects of
tallgrass prairie respond to a variety of treatments applied in experimental settings, with some of those
actually being common management practices. In fact, tallgrass prairie grasslands can range from
unmanaged low productive systems to highly managed, high-productive systems. Notably, whether
nitrogen (N) fertilization is a widely used management practice to improve the productivity of managed
prairie grasslands for grazing or hay harvests, a judicious use of N fertilization is recommended to
minimize undesirable and invasive species and to maintain healthy native prairie stands. There are
increasing efforts from government and private organizations to restore diverse prairies in agricultural
sites, but restored prairies show a tendency of community composition to shift towards C4 grass
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dominance and lower soil quality compared to native remnants. Prescribed fire and grazing together
can create highly productive, diverse, and heterogeneous grassland systems because of the modulation
of the fire effect on plant diversity by reducing the dominance of C4 grasses and increasing the diversity
and richness of species.

The role of prescribed burns was also addressed in the study conducted by Úbeda et al. [14] in
Catalonia (Spain). When alternating with livestock (goat) grazing, it may be an acceptable way to
promote abandoned terraces into pasture and reduce the risk of fire.

The other papers addressed three broad topics: Landscape features, climate, and soil fertility.
We add the contribution of Andueza et al. (France) [15], who highlighted a higher feed value (for
digestibility and intake) of barn-dried hay (hay is cut, wilted in the field, and then further dried in a
burn) obtained from permanent grasslands than fresh forage.

2.1. Landscape Features

Sustainable grassland management involves highly complex challenges. There is a need to take
into account all framework conditions, including the soil resources, water supply, and the climatic
conditions, among others. A study conducted in the Italian Alps (Ravetto Enri et al.) [16] provided
new knowledge to support sheep grazing management, as it highlighted that environmental and
management factors, such as distance from night penning areas, distance from water, and slope, can be
reliable proxies of the pasture use intensity by grazing sheep. This is particularly relevant, considering
that Alpine pastures are characterized by a high spatial heterogeneity due to changes in topography
and vegetation.

Landscape features included within paddocks, including organization of water and other features,
require higher attention because they influence the (non-uniform) distribution of plant-available
macronutrients fluxes beyond the stocking method adopted. The potential to define grazing effects on
macronutrient distribution was addressed in two contributions by Northup et al. [17,18] in central
Oklahoma (USA), while Ma et al. [19] highlighted the need of high spatial and temporal resolution
images to monitor the tallgrass prairie landscapes (notably shrub encroachment, for which grazing
management effects are hardly detectable).

2.2. Climate Change

Numerous indicators confirm the reality of climate change, which should affect several grasslands
and forage systems not only through the average evolution of climatic variables (temperature,
precipitation, and CO2 concentration), but also by their interactions and increasing their variability.
Considering the inertia of the climate system, grassland management adaptation is now inevitable
whatever additional efforts we manage to deploy to reduce greenhouse gas emissions. Contributions
from American grassland systems indicating that 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 (Zhou et al.) [20].
Thanks to the study of Starks et al. [21] in Konza Prairie, Kansas (USA), the standardized precipitation
and evaporation index (SPEI) is offered as a suitable predictive tool of aboveground grassland or
forage mass. Yet not conclusive about which of mowing or grazing enhance drought resilience,
Moinet et al. [22] found in a French study that different management practices and decisions strongly
contribute to determine the response of soil carbon dynamics to changes in soil water content. In other
words, grassland management practices can change the relationship between soil respiration and its
water content.

2.3. Soil Fertility and Modeling

Grazing lands typically have greater soil organic C and N contents than other agricultural land
uses. An important aspect of regaining full functionality of grasslands focuses on how animals
are stocked and allowed to graze available forage. Grazing livestock is an important regulator of
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how C and N in grasslands are partitioned in the ecosystem, but this may not be discernible in the
short-medium time (Franzluebbers et al.) [23]. Though further testing in long-term field experiments
is required, Poblete-Grant et al. [24]. evoked the use of poultry manure compost as a strategy to
replace inorganic fertilizers. It is known that current and past management practices interact with soil
and environmental factors in determining pasture and animal productivity, and soil organic carbon
stocks. These multiple, complex, and interacting factors can realistically only be assessed through
modeling approaches, as the number of possible interactions exceeds the number that could feasibly
be studied experimentally. At the same time, models need to be tested and verified against real-world
observations to build confidence in their ability to accurately describe the patterns we are interested
in, in particular, the effect of different management options in enhancing soil organic carbon storage
without compromising pasture productivity. The contribution from Puche et al. [25] is a modeling
work on mown and grazed paddocks in France, equipped with eddy-covariance (EC) measuring
systems. The model used, CenW, confirms the difficulty of simulating grazing systems where EC
devices may not completely detect C losses.

3. Conclusions

Grasslands produce forage to support livestock farming. Grassland ecosystems are also a reservoir
of biological diversity and soil carbon, and the lever of multiple ecosystem services supporting the
life and the economy of various communities and territories. This special issue gathered research
investigations that relied on the grassland management, with various objectives and methodologies,
showing to which extent grassland ecosystems are the object of multiple researches from large
communities of scientists. Furthermore, this special issue also demonstrated ways to address the
complexity of sustainable grassland management and its current and future challenges with respect to
climate change and landscape features.
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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
least food-secure regions of the world. It has been estimated [4] that 1 billion people depend on
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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].

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
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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
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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.
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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
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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.
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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
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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.

Author Contributions: Author contributions are as follows: J.L.S: conceptualization, methodology, original
draft preparation, administration, funding acquisition; P.J.S: conceptualization, methodology, formal analysis,
writing original draft, and writing and editing; J.P.S.N.: formal analysis, investigation, writing—original draft
preparation; B.N. conceptualization, methodology, data curation, writing—review and editing; K.E.T.: forage
nutritive value assessment, and writing—review and editing; P.G. supervision, resources, writing—review and
editing, project administration; S.C.: methodology, project administration, writing- review and editing; M.B.
investigation, supervision, writing—review and editing.

Funding: This research is a contribution from the Long Term Agroecosystem Research (LTAR) network, a project
of the USDA-ARS, and was partially supported by funds from the Agriculture and Food Research Initiative
Competitive Projects 2012-02355 and 2013-69002-23146 from the USDA National Institute of Food and Agriculture.

Acknowledgments: This project was established to address concerns of ranchers raised at a workshop in 2008
attended by USDA-ARS, USDA-NRCS, the Oklahoma Grazing Lands Conservation Association, the Holistic
Management Institute, and Texas AgriLife. The authors gratefully acknowledge the leadership of Dr. Brad Venuto
(posthumously) in the establishment of this project. Site management and data collection efforts of Clendon
Tucker, Dr. David Von Tungeln, Scott Schmidt, Pat King, Bill Jensen, and many others were critical to this project.
Additional researchers have been engaged over time, as evidenced by authorship on this collection of papers.

Conflicts of Interest: The authors declare no conflict of interest.

Disclaimer: Mention of trade names or commercial products is this publication is solely for the purpose of
providing specific information and does not imply recommendation or endorsement by the U.S. Department of
Agriculture. USDA is an equal opportunity provider and employer.

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.

20



Agronomy 2019, 9, 699

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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Abstract: The abandonment of the economic activities of agriculture, livestock, and forestry since
the second half of the 20th century, in conjunction with the exodus of inhabitants from rural areas,
has resulted in an increase in the forest mass as well as an expansion of forest areas. This, in turn,
has led to a greater risk of forest fires and an increase in the intensity and severity of these fires.
Moreover, these forest masses represent a fire hazard to adjacent urban areas, which is a problem
illustrated here by the village of Capafonts, whose former agricultural terraces have been invaded
by shrubs, and which in the event of fire runs the risk of aiding the propagation of the flames from
the forest to the village’s homes. One of the tools available to reduce the amount of fuel in zones
adjoining inhabited areas is prescribed burns. The local authorities have also promoted measures to
convert these terraces into pasture; in this way, the grazing of livestock (in this particular instance,
goats) aims to keep fuel levels low and thus reduce the risk of fire. The use of prescribed fires is
controversial, as they are believed to be highly aggressive for the soil, and little is known about
their long-term effects. The alternation of the two strategies is more acceptable—that is, the use of
prescribed burning followed by the grazing of livestock. Yet, similarly little is known about the effects
of this management sequence on the soil. As such, this study seeks to examine the impact of the
management of the abandoned terraces of Capafonts by means of two prescribed fires (2000 and 2002),
which were designed specifically to prevent forest fires from reaching the village. Following these
two prescribed burns, a herd of goats began to graze these terraces in 2005. Here, we report the results
of soil analyses conducted during this period of years up to and including 2017. A plot comprising
30 sampling points was established on one of the terraces and used to monitor its main soil quality
properties. The data were subject to statistical tests to determine whether the recorded changes were
significant. The results show modifications to the concentration of soil elements, and since the first
prescribed burn, these changes have all been statistically significant. We compare our results with
those reported in other studies that evaluate optimum soil concentrations for the adequate growth of
grazing to feed goats, and conclude that the soil conditions on the terrace after 17 years are optimum
for livestock use.

Keywords: grassland; rural abandonment; goats; soil nutrients; fire risk
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1. Introduction

Fire is a widespread phenomenon throughout our planet, and moreover, it is an ecological
factor in many ecosystems [1]. In the ecosystem of the Mediterranean basin, the role played by
fire is especially important given the region’s climate and the inflammable nature of its vegetation.
Indeed, some Mediterranean plants have developed reproduction strategies that are dependent on
fire. This explains why some Mediterranean fires should be considered part of the natural process [2].
However, today, forest fires present themselves as a problem due to the socioeconomic changes suffered
by the region, primarily those associated with the depopulation of rural areas and the abandonment
of the silvoagricultural economy over recent decades [3]. Forests have replaced what used to be
agricultural fields, increasing plant cover and the spatial continuity of the vegetation, and as a result
modifying the fire regime and increasing the risk of forest fires [4]. In short, the accumulation of fuel in
Mediterranean forests has become a significant environmental problem [5].

Since the beginning of the 21st century, there has been a need to manage the landscape to avoid
large forest fires and minimize their impact at all levels [6]. In this regard, fire management strategies
can reduce the fuel load of forests [7]. Two such strategies, prescribed fires (PFs) and prescribed grazing,
allow these objectives to be achieved without them having dramatic consequences for the environment.
In Catalonia, PFs have been widely employed since 1999; the aims are diverse and dependent on
the type of landscape requiring management. Usually, however, the aim has been to reduce the
accumulation of fuel in the forest due to the abandonment of forestry, agricultural, and livestock
activities over the preceding century [8]. Additionally, the effects of the wind, in combination with
certain plant diseases, have led to the accumulation of dead wood in forest areas [9]. In Catalonia,
the team responsible for implementing this particular management strategy is the Forest Action
Support Group (GRAF in its Catalan acronym), which is part of the Catalan Government’s body
of firefighters.

A further objective of PFs is the need to reduce fuel loads that have accumulated around inhabited
nuclei, especially on former agricultural terraces in the immediate vicinity of villages or towns. Here,
the aim is to ensure that the wildfire does not reach the village by eliminating the fuel that can help
propagate the fire from the forest to the houses, that is, by creating a firebreak [10].

As stressed above, the abandonment of livestock farming in rural areas has been widespread in
many countries. However, these earlier livestock practices served as an efficient control mechanism,
as grazing animals not only consumed the vegetation, they also trampled down grasses and plants.
In recent years, government agencies have sought to encourage new generations to return to livestock
farming—not always, but sometimes, by offering financial aid—for reasons of fire prevention (one such
association is known as Ramats al Bosc [11]).

As PFs have become more commonplace, their potential effects on a soil’s physical, chemical,
and biological properties have been widely studied (for a review, see [12]). These effects, in common
with those of wildfires, depend on a range of factors and combinations of variables that include fire
intensity, soil type, vegetation, land use, and a site’s recent management history [13]. Moreover, in the
specific case of wildfires, volatilization and the addition of elements, in part due to ash, are important
for understanding changes in soil composition [14]. In short, the literature reports a broad range of
effects—although not necessarily negative—on the physical, chemical, and biological properties of
a soil [12].

Despite the research conducted to date, some questions have yet to be fully addressed. For example,
how often can a PF be set in a given ecosystem without causing irreparable damage to its soil parameters?
Does the alternation of PF and livestock grazing constitute an effective sequence for managing areas
of grazing?

Landscape managers, researchers, and even the public fail to agree on the right frequency of PFs
and whether, indeed, this practice is the best management tool that can be applied [15]. Alternatives,
most notably mechanical management employing heavy machinery, are expensive, and forest owners
are usually unwilling to spend money if they have no guarantee that they can ultimately make a profit.
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Here, to understand the scale of the problem, it should be born in mind that in Catalonia, 65% of the
territory is forest, and 80% of the property is under private ownership.

The reintroduction of livestock into rural areas has been seen as a natural way to manage the
accumulation of forest fuel [16]. In this regard, many actions have been promoted in Catalonia seeking
the repopulation of sparsely inhabited areas—including, for example, the opening of a center to
train shepherds and the provision of a government subsidy to purchase cattle—while initiatives have
been taken to promote rural economies and recover and manage abandoned agricultural terraces
and scrubland.

The impact of livestock farming on soils has been quite widely studied in Spain’s dehesa
ecosystems—that is, extensive grassland areas on which large ruminants (primarily, cattle) and
pigs are set to feed [17]. More specifically, these studies have examined the impact of trampling on
the soil’s physical parameters: i.e., compaction, hydrophobicity, bulk density, and erosion problems
associated with these surface changes. However, few studies to date have examined the impact of small
ruminants—sheep and goats—on a soil’s chemical properties. Here, we go some way to rectifying
this by identifying the consequences of the reintroduction of livestock on the soil characteristics of the
abandoned terraces of the village of Capafonts in a long-term study that spans a period of 17 years.

Capafonts has undergone a process of rural abandonment, its population falling from 400 at
the beginning of the 20th century to 100 by the end [18]. This was accompanied by a shift in the
predominant economic sector in which its inhabitants were employed, with the primary sector
(agriculture–livestock–forestry) losing importance to the tertiary (services, primarily rural tourism) [19].
These social changes have been accompanied by a negative impact on the local environment: the forests
have expanded and the tree density has increased, above all, with the abandonment of the terraces on
which the almond trees were tended [20].

The village of Capafonts stands on a hill and was formerly surrounded by agricultural terraces.
However, today, these have been abandoned to herbs and bushes. The vegetation that now surrounds
the village makes it highly vulnerable to fire. Indeed, a wildfire in the forests of the Prades Mountains
could easily be propagated to the village as a result of the inflammable vegetation on the terraces
(Figure 1). In 2000, to eliminate this risk, firefighters set a PF to burn the vegetation on these terraces
and create a firebreak around Capafonts. A second PF was set two years later, in 2002. Since that date,
no more interventions have been taken on these terraces.

 

Figure 1. Photographs of the abandoned terraces and the village of Capafonts and of our study plot
with the Prades mountains in the background (2017).

However, the beginning of the 21st century has seen the emergence of a new social and demographic
phenomenon: that of, deurbanization or neo-ruralization, in which the urban population has begun
to move back to the rural world [21]. Young entrepreneurs believe that the rural world provides
opportunities for them to change their lifestyle and put their business ideas into practice. For example,
in Capafonts, a young family set up home in the village and began farming goats to make cheese—and
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significantly, for our study here, the livestock began to graze on the terraces of the former almond
groves, which had finally been abandoned in 2004.

The new farmers do not own these terraces, but there are no restrictions on their using them for
grazing. Indeed, the original owners appear to have lost any interest in staking claim to them many
years ago. In recent years, this farming family has bought various hectares of forest to convert into
grazing land for their animals. As a result, the current land use of these terraces is grass pasture.

This study provides novel information about the use of PFs as a long-term management tool.
The use of this type of management practice combined with controlled grazing is common in
Mediterranean forest environments, such as those found in Catalonia, but few studies of their impact
have been carried out to date, and so, few details are available about their effects. The specific objective
of this study is to determine the soil conditions on these abandoned terraces after 17 years of fire
management—which was designed to create a firebreak around Capafonts—and after more than
a decade of goat herding; as such, it represents a significant advance in studies of this type.

2. Materials and Methods

Capafonts, a municipality in the province of Tarragona (NE Spain), provides a classic example of
rural abandonment that was initiated in the final decades of the 20th century, a process not unlike that
which affected many towns and villages in the developed world. The traditional forestry practices
involving the extraction of wood and charcoal from the oak woodlands were discontinued, and the
farmers gradually abandoned their rain-fed crops and livestock grazing (primarily, goats in this area).

The municipality of Capafonts lies in the Prades Mountains in the province of Tarragona (NE Iberian
Peninsula). It has a population of 102 inhabitants (2017) and occupies an area of 13.27 km2. Our study
plot is at an altitude of 740 m a.s.l. and was burnt for the first time on 25 February 2000.

Capafonts has an average annual rainfall of 712 mm, with autumn and spring maxima,
and an average annual temperature of 12 ◦C. The substrate is calcareous and the soil is
Xerorthents [22]. Until the first half of the 20th century, the municipality’s terraces were planted
with almond trees. Following their abandonment, the vegetation that emerged was a grass species
(Brachypodium phoenicoides L.), which reached heights of around one meter. The plant cover was
homogeneous and quite dense, and represented a considerable fire risk, as it could serve to propagate
flames from the forest to the village.

The physical characteristics of the soil in terms of its particle sizes are as follows: 34.14% sands,
31.84% silt, and 34.02% clays, with 53.6% of the soil comprising coarse elements (>2 mm).

The sampling design was based on a 4 m × 18 m grid, with 30 sampling points set at 2-m intervals.
This experimental design without replicates, including that of the control area, was previously used
and described by Francos et al. [9] and Alcañiz et al. [15]. The large number of samples taken at each
sampling ensures the reliability of our statistical outcomes. Sampling was conducted before and just
after the prescribed fire. An additional sampling was completed one year after the prescribed fire
of 2000. A second prescribed fire was set in 2002 two years after the first PF. We sampled the soil to
determine the impact of repeating the fire management exercise. In 2004, four years after, another
sampling was conducted to determine the changes that had taken place in the soil and, from that
year onwards, a herd of goats was set to graze on this plot. A final sampling was conducted in 2017,
17 years after the first prescribed fire.

The sampling design used in this study is the same as that described for the Montgrí plot (see [15]).
Soil samples were taken from the top layer (0–5 cm) at each of the 30 sampling points using a small pick.
Then, ash was removed, and the sample was air dried in the laboratory and sieved to obtain a <2 mm
fraction. Soil pH [1:2.5] was analyzed following extraction with deionized water and measured with
a pH meter [23]. Soil organic carbon (OC) was measured using the loss-on-ignition (LOI) method
described in [24]. Total N was determined by elemental analysis (NaA2100 Protein Nitrogen Analyser).
Available P was analyzed using the Olsen Gray method [25]. Exchangeable cations, Ca2+, Mg2+,
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and K+ were analyzed by ammonium acetate extraction [26] and determined by atomic absorption
spectrophotometry. CaCO3 was analyzed with a Bernard calcimeter.

Before conducting the statistical analyses, data normality and homogeneity were checked using
a Shapiro–Wilk and Levene test. All the data followed a Gaussian distribution and presented
homogeneity of variance. Thus, we applied a one-way ANOVA test, and significant differences were
identified at p< 0.05. Tukey’s post-hoc test identified significant differences between sampling moments.
A redundancy analysis (RDA) was carried out to identify the variations between the different sampling
moments. The soil properties included were pH, OC, N, Ca2+, Mg2+, K+, and CaCO3. These analyses
were carried out using SPSS 20.0 and Canoco for Windows 4.5.

3. Results

We show the soil chemical results from the six sampling periods in Table 1, and also report
statistically significant increases or decreases in these properties by means of the p-values from
a one-way ANOVA.

Almost all the soil parameters analyzed here increased after the first PF; however, a year later,
these values had fallen. The second PF caused slight increases in soil calcium, magnesium, potassium,
and phosphorus, but organic carbon and nitrogen levels did not rise. At the end of the study in
2017, there was considerable variation in the soil parameters compared to their initial values, and our
objective here is to determine (see Section 4.6 for details) whether the soil quality is optimal for
sustaining grazing.

Figure 2. Redundancy analysis (RDA) showing the relation between factors 1 and 2. pH, organic carbon
(OC), nitrogen (N), Ca2+, Mg2+, K+, P2O5 and CaCO3. Before the prescribed fire (BPF), after the
prescribed fire (APF), one year after the prescribed fire (1YAPF), two years after the prescribed fire
(2YAPF), four years after the prescribed fire (4YAPF), and 17 years after the prescribed fire (17YAPF)
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Table 1. Minimum, maximum, mean (in bold), Prescribed Fire (PF), standard deviation (SD), variance,
and standard error (SE) values before the prescribed fire (BPF), after the prescribed fire (APF), one year
after the prescribed fire (1YAPF), two years after the prescribed fire (2YAPF), four years after the
prescribed fire (4YAPF), and 17 years after the prescribed fire (17YAPF). Different letters represent
significant differences at a p < 0.05. * p < 0.05, ** p < 0.01, *** p < 0.001. N = 30.

Soil
Properties

Statistics Before PF After PF 1 Year
2 Years and

Immediately
after Second PF

4 Years Goats
Introduced

17 Years

pH

Min 7.37 7.73 7.63 7.60 7.29 7.07
Max 8.11 8.23 7.91 7.79 8.24 7.63

Mean 7.83 8.00 7.77 7.71 7.76 7.37

SD 0.14 0.13 0.07 0.05 0.18 0.13
Variance 0.02 0.02 0.01 0.00 0.03 0.02

*** b a bc c bc d

OC (%)

Min 3.55 4.32 6.54 7.77 4,54 1.10
Max 21.98 24.74 14.18 12.17 12.98 12.51

Mean 10.32 11.53 11.42 10.09 8.56 5.39

SD 4.56 4.04 1.70 1.10 2.00 2.85
Variance 20.76 16.34 2.90 1.21 3.76 8.13

*** ab a a ab b c

N (%)

Min 0.26 0.32 0.29 0.23 0.20 0.32
Max 0.53 0.64 0.64 0.50 0.50 0.94

Mean 0.36 0.46 0.48 0.34 0.32 0.63

SD 0.08 0.24 0.11 0.07 0.08 0.14
Variance 0.01 0.06 0.01 0.00 0.01 0.02

*** c b b c c a

Ca2+ (ppm)

Min 16,710 13,830 5120 15,138 4578 9014
Max 29,900 31,280 13,420 21,731 9066 12,632

Mean 22,130 20,784 8836 18,179 6469 10,177

SD 4329 4121 2037 1668 869 790
Variance 18,748,186 16,990,130 4,149,975 2,783,349 756,751 625,038

*** a a c b d c

Mg2+ (ppm)

Min 614 960 320 533 474 325
Max 1583 1444 830 838 886 640

Mean 1006 1244 507 627 713 446

SD 254 139 130 67 78 73
Variance 63,476 19,543 17,043 4522 6173 5446

*** b a d c c d

K+ (ppm)

Min 697 900 459 606 563 460
Max 1732 1816 928 1003 956 865

Mean 1132 1326 665 738 771 591

SD 319 246 134 95 96 98
Variance 101,881 60,900 18,183 9155 9273 9617

*** b a cd c c d

P2O5 (ppm)

Min 49.12 5.98 78.95 105.20 41.20 45.00
Max 138.01 245.72 253.16 320.44 142.54 143.55

Mean 84.70 132.24 137.25 216.53 65.24 69.61

SD 24.33 42.62 36.59 48.89 20.28 19.39
Variance 591.74 1816.65 1338.91 2390.59 411.39 375.89

*** c b b a c c

CaCO3 (%)

Min 21.48 19.57 11.01 20.60 21.00 21.60
Max 43.61 32.97 28.76 30.91 29.05 29.13

Mean 28.72 24.34 20.80 24.28 25.87 24.54

SD 4.30 3.23 3.86 2.04 1.99 1.67
Variance 18.50 10.45 14.95 4.16 4.03 2.81

*** a b c b b b

The RDA allows us to determine differences in soil properties over time. Factor 1 in the RDA
explains 27.7% of the variance, and Factor 2 explains 26.7% of the variance, that is, a combined total of
54.4% of the variance. The variables with the highest explanatory capacity are Ca2+, Mg2+, and pH,
while those with the lowest capacity are CaCO3 and OC. The RDA clearly separates the prescribed fire
events that played an important role—that is before the prescribed fire (BPF), after the prescribed fire
(APF), and two years after the prescribed fire (2YAPF)—from those that happened some time after
the prescribed fire. Ca2+ could be associated with BPF, Mg2+, pH, K+, OC, and CaCO3 were closely
associated with APF, and P2O5 was associated with 2YAPF (Figure 2).
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4. Discussion

4.1. pH

Changes in pH after a fire can be attributed to the oxidation of the organic matter and the
incorporation of cations produced by combustion [27]. According to the literature, after a PF,
different outcomes are found: some studies report no changes in the pH in their soils [28,29], some
observe no significant changes [30], while others report an increase [31,32].

The reasons for these changes, significant or otherwise, as well as for the lack of alterations
in soil pH, after prescribed burns appear to be related to any treatments conducted prior to fuel
combustion [30], and, according to Alcañiz et al. [15], the intensity at which the fire burned at the
surface and in the first few centimeters of the soil layer. Various authors, including [15], stressed that
the recurrence of prescribed fires at short time intervals can also have a differential impact on soil
pH. This conclusion is ratified by Muqaddas et al. [33], who reported the effects of periodic PFs with
frequency regimes of two and four years over a 35-year period.

Here, we found a significant increase in pH after the first burn, but no significant change was
recorded after the second. This behavior can be attributed to there being more fuel to burn in the first
PF as different species of bush had colonized the area, whereas during the second burn, what was
burnt was largely dry grasses. Moreover, in line with the findings of Muqaddas et al. [33], repeated PFs
at the same site result in different impacts on a soil’s chemical qualities.

Few studies have examined the pH changes in soils subject to grazing. However, Teague et al. [34]
reported significant pH changes and variations depending on whether grazing is intense
(‘heavy continuous’) or more moderate (‘light continuous’). Here, we found a statistically significant
decrease in pH values 13 years after goats were introduced (i.e., 17 years after the first PF). This decrease
is not unexpected if we consider (see below for more details) that the cation levels responsible for
higher pH values also undergo a decrease.

4.2. Organic Carbon and Total Nitrogen

Organic carbon (OC) is one of the most widely studied parameters in this context, given that it
is critical for understanding soil quality, whether it be for forestry or agriculture [35]. Most studies
report an increase in OC since with combustion, part of the organic matter that burns is partially
pyrolyzed [14]. In PFs of both high and low intensity, this causes OC levels to increase [36,37]. However,
in line with other parameters, the recurrence of PFs at short time intervals can reduce the magnitude of
these changes [33]. Here, we found that the changes after the first PF were more noticeable than those
after the second, when OC levels actually fell.

In the case of grazing, Teague et al. [34] reported that plots subject to heavy continuous grazing
had the lowest levels of organic carbon. Qasim et al. [38] reviewed 12 studies from around the globe
comparing non-grazed plots with those used for grazing, and reported a fall in OC levels in all cases,
with just one of the studies not reporting a significance greater than 95%. In our study, we also recorded
a statistically significant decrease in OC levels 4YAPF and the introduction of livestock grazing, which is
logical if we consider that there is less vegetation after the reintroduction of goats.

Most studies reported an increase in nitrogen after a prescribed burn [15,39]; however, some did
not find any significant change [40]. Úbeda et al. [10] associated this increase to the incorporation of
micro ash particles produced by combustion into the soil.

In Capafonts, while there was no significant increase in nitrogen after the first PF, we did
record a significant rise after the second burn. Similar responses have been recorded by both
Muqaddas et al. [33] and Blankenship and Arthur [41]. In these two studies, plots were also burned
every two years, suggesting that such frequent burning does not provide sufficient time for the
stabilization of certain soil parameters.

In the case of grazing, some studies reported a decrease in soil nitrogen following the passage of
cattle [38] compared to soils on which cattle had not been allowed to graze. However, in Capafonts,
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nitrogen increased considerably, which may be due to the type of vegetation grown on this plot.
Brachypodium phoenicoides is a legume and, apart from having high nitrogen content [42], it has been
shown to be a good nitrogen fixer in the soil [43].

4.3. Cations

Various studies indicate that PFs act to trigger a change in levels of calcium, magnesium,
and potassium, as well as changes in the distribution of these cations [44]. Some report an increase
after a PF [31,39], as occurred at the Capafonts plot after the first burn, although not after the second.
The small quantity of ash produced by the first fire could account for this increase, while the washing or
leaching of ash following the second fire might explain why cation values fell. Several studies have also
examined the duration of these increases, with some reporting long-term effects [32] and others finding
only very ephemeral changes [45]. Alcañiz et al. [15] found that after burning, and once the vegetation
had begun to recover (after a year), there was a very significant reduction in potassium levels due to
leaching and the high consumption of this cation by plants. Here, we recorded a similar trend. Overall,
Alcañiz et al. [15] concluded that PFs are beneficial because they increase nutrient availability.

In line with our findings here, Teague et al. [34] found a statistically significant decrease in the
content of calcium and potassium in grass grazing. These authors attribute part of the decline in these
cations to erosive processes in places of heavy grazing. However, in Capafonts, the decrease must be
attributable to the consumption of these cations by plants, given that our plot is a terrace, and as such
provides no slope for erosive processes to occur.

4.4. Phosphorous

In the case of available phosphorus, we found an increase after both PFs. McKee [46] claimed that
PFs accelerate the phosphorus cycle, and that in places where limited phosphorus is available, PFs can
trigger levels of this nutrient. However, it is not advisable to set frequent PFs, because according
to Brye [28] in the United States, annual PFs over a 12-year period significantly reduced the soil
phosphorus content.

Teague et al. [34] found no changes in phosphorus levels in association with heavy or light grazing.
Likewise, our data showed no statistically significant change in phosphorus content, rising only slightly
from 65.24 mg/kg to 69.61 mg/kg between 2005–2017.

However, Aarons et al. [47] and Sharpley and Moyer [48] reported an increase in assimilable
phosphorus in the soil, which they attribute to cattle droppings. However, here, given that the number
of goats grazing the plot was small, phosphorous levels in the soils of Capafonts did not increase
following the reintroduction of livestock on the terraces.

4.5. Calcium Carbonates

Various studies have attributed the changes in soil CaCO3 content after a fire to the incorporation
of ash. Pereira et al. [14], in studies conducted both in Portugal and Catalonia, showed how the ash
resulting from a very severe combustion (white ash) contains a high percentage of CaCO3. However,
here, we recorded an overall fall in CaCO3 content, which could indicate that the PFs were not severe
enough to create intense burning.

In the case of grazing, CaCO3 content is typically reported as increasing. Stavi et al. [49] found that
there was an increase of CaCO3 content with livestock grazing, although they detected the importance
of plot orientation in relation to the predominant vegetation type. This suggests that the vegetation
available to the livestock is determined by the soil’s calcium carbonate content.

4.6. Multivariable Analysis and Soil Quality in 2017

The multivariable analysis shows that the groups of variables, and the changes in soil properties,
are largely determined by the two prescribed burns, and as such, this type of management practice
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produces greater changes than those resulting from controlled grazing. This is particularly true of the
first prescribed burning, around which a large number of variables are grouped.

The soil properties recorded at the Capafonts site in 2017 were compared with the reference values
published in various studies conducted on soils dedicated to the cultivation of grazing to provide
grazing for different types of livestock. INIA [50], Espinoza et al. [51], and Sela [52] established a range
of reference values for P2O4 from >30 to 100 mg/kg. The corresponding value for Capafonts stands at
69.61 mg/kg, which means it lies within these limits. In the case of the cations (i.e., Ca, Mg, and K) the
values recorded at Capafonts (see Table 1) are above the minimum values specified as references by
Sela [52], namely 2000 mg/kg in the case of calcium, 180 mg/kg in that of magnesium, and between
200–800 mg/kg for potassium. Espinoza et al. [51] also established an optimal percentage value for OC
in soils for grazing. The minimum value of 1.16% is well below that of 5.39% recorded at Capafonts.

Therefore, we can conclude that exposure to prescribed burnings and 13 years of goat herding
have not degraded the soils’ chemical properties with the exception of a slight magnesium deficiency,
according to the recommended limits identified by Landon [53]. However, the other references
consulted do not consider this level unsuitable for grazing. Likewise, AQM [54] recommended a 1%
nitrogen level for grazing soils, while our sample has a level of 0.63%, albeit that nitrogen levels at
our site have increased in recent years after falling as low as 0.32% (see Table 1). Overall, the soil
quality data indicated that the soil of the Capafonts plot is of optimum quality and has not suffered
degradation over time.

5. Conclusions

Prescribed burns are a good tool for managing the accumulation of forest fuel, but repeating PFs
every two years can result in soil nutrient loss.

The soil parameters analyzed herein present a normal variation if we consider their exposure to
prescribed fires and goat browsing. While the changes in the soil’s chemical properties are significant,
this does not mean that PFs and livestock farming should be shunned. Indeed, on the basis of the data
reported herein, the state of the soil today, 17 years after the first PF, can be considered optimal.

A recommendation that could be made to GRAF firefighters when setting prescribed burns is to
ensure that the fires do not acquire any great intensity, as it has been shown that high-intensity PFs
reduce soil phosphorus content. Therefore, the next step is to sit the GRAF firefighters, the local council,
and livestock farmers down at the same table to consider the best timing for the next PF in Capafonts.
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Abstract: Livestock site use intensity can vary widely across a grazing area due to several factors
such as topography and distance from sheds and water sources. However, an accurate approximation
of animal site use should be assessed for each part of the grazing area to apply effective management
strategies. In the Alps, shepherds manage sheep through lenient supervision during the day and
confining the animals in temporary night penning areas (TNPA) at night. In our case study, we assessed
sheep site use over the grazing area with global positioning system (GPS) collars and calculated
the sums of inverse distances from all TNPA (unweighted and weighted on the number of penning
nights) and from all water sources, as well as the slope, on 118 sample points. We assessed the relative
importance of these variables in affecting site use intensity by animals using different sets of models.
Both the unweighted and weighted distances from TNPA were found to be the most important factors.
The best fitting model accounted for the weighted distance from TNPA and the distance from water,
but the latter showed a lower relative importance. Our study suggests that using the distance from
TNPA, preferably weighted on the number of penning nights, is an effective proxy to estimate the
spatial variability of sheep stocking rate during grazing in the Alps.

Keywords: drinking sources; GIS; grazing behavior; pastures; spatial distribution; stocking rate

1. Introduction

Livestock grazing is useful for the implementation of management strategies that address the
restoration, improvement, or maintenance of grassland vegetation [1]. As a basic criterion, the
effectiveness of such strategies depends on livestock stocking rate, which can strongly affect nutrient
availability, plant species diversity, and vegetation dynamics [2,3]. Stocking rate can be quantified for
the entire grazing area as the overall average number of animals per hectare and time unit. However,
the overall stocking rate dismisses animal site use intensity, which can have wide variability over
the grazing area due to differences in forage quality and quantity, topography (e.g., slope), animal
behavior, and the presence of attractive points such as drinking troughs, sheds, and milking areas [4–9].
Animal site use can be measured directly at each site of the grazing area through global positioning
system (GPS) collars, visual observations, etc. Otherwise, it can be estimated through indirect measures
(proxies) such as the distance from congregation areas like sheds or water sources. These proxies
usually assume that animal site use decreases with increasing distances from congregation areas [10].
More specifically, several authors [6,11,12] proved that inverse distances from congregation areas were
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linearly related to animal site use. However, the reliability of such proxies was rarely validated with
direct measurements [5,13] and, to date, no comparative studies have been conducted to assess the
different proxies.

In the Alps, a reliable proxy to estimate site use intensity by animals would be particularly useful
since pastures are characterized by a high spatial heterogeneity due to changes in topography and
vegetation. In these environments, sheep flocks are commonly managed by shepherds in a daily routine,
which entails lenient supervision during the day and confinement in temporary areas during the night
(temporary night penning areas—TNPA) [14]. TNPA confine flocks to areas of about 1–3 m2/sheep by
means of electrified fences, and they are moved over the grazing area every one-four days, generally
located in sites with homogeneous topographic conditions and limited presence of rocks. TNPA help to
prevent wolf attacks and, occasionally, contrast shrub encroachment and improve grassland vegetation
due to livestock trampling and dung deposition [15,16]. TNPA, as well as water sources, gentle terrains,
and milking areas, can therefore be considered the main congregation areas that affect grazing sheep
site use in the Alps.

Our study aims to implement a method that uses a GPS/GIS assessment to determine the relative
importance of distance from TNPA, distance from water sources, and slope in affecting sheep site use
intensity during grazing.

2. Materials and Methods

The study was conducted in the northwestern Italian Alps (45◦08′ N, 7◦06′ E) in the Site
of Community Interest ‘Oasi xerotermiche della Valle di Susa—Orrido di Chianocco e Foresto’
(SCI IT1110030), an area characterized by a xerothermic and sub-Mediterranean climate with an
average annual temperature of 11 ◦C and an average annual precipitation of 670 mm [17]. Slopes
ranged from 4◦ to 65◦ (average 28◦) and the elevation ranged from 510 to 1260 m a.s.l. The grazing
area was characterized by homogeneous seminatural dry grasslands dominated by Stipa pennata L.,
Bromus erectus Hudson, and Festuca ovina s.l.

From 15 April to 16 May 2015, a flock of 250 Bergamasca (meat breed) sheep grazed over a 45 ha
area. Fourteen TNPA (average area: 737 ± 74.0 m2) were progressively set out over the area and
each was used to fence the sheep in for two to three consecutive nights (2.3 ± 0.47; mean ± standard
deviation). During the period, four water sources homogeneously distributed over the grazing area
were also made available to the sheep.

Ten randomly selected sheep were equipped with GPS collars (Model Corzo, Microsensory SLL,
Fernàn Nùñez, Spain; 5 m accuracy) and tracked at 15 min intervals for the entire duration of the
experiment. The tracked sheep were dry ewes, two to four years old, weighing approximately 70 kg,
and regularly fed on Alpine pastures during the summer. During the study, the flock experienced this
specific grazing area for the first time. We assumed the 10 selected sheep as representative of the entire
flock, since sheep are a livestock species characterized by a highly cohesive grazing behavior.

We randomly generated 160 sample points over the grazing area and assessed the number of GPS
fixes within a 30 m buffer zone around each of them as a direct measurement of the site use intensity
by grazing sheep [13,16]. The 30 m distance was considered to encompass a zone with homogeneous
vegetation and topographic conditions. The sample points were spaced 60 m apart to avoid overlaps
between buffers. When a buffer zone exceeded the grazing area, the number of GPS fixes included was
weighted by the within-the-grazing-area portion and rounded to the nearest integer value. Forty-two
sample points were excluded from further analysis, as they exceeded the boundaries of the grazing
area for more than 25% of their buffer zone, so 118 sample points were retained.

According to the following formulas, for each sample point we calculated:

(i) the sum of inverse distances from all TNPA (hereafter ‘unweighted distance from TNPA’)

Unweighted dTNPA =
i=14∑
i=1

(
1
di

)
(1)
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where di is the distance from each TNPA;
(ii) the sum of inverse distances from all TNPA weighted on the number of consecutive penning

nights for each of them (hereafter ‘weighted distance from TNPA’)

Weighted dTNPA =
i=14∑
i=1

(
ni
di

)
(2)

where di is the distance from each TNPA and ni is the corresponding number of nights;
(ii) the sum of inverse distances from all water sources (hereafter ‘distance from water’)

dwater =

j=4∑
j=1

(
1
dj

)
(3)

where dj is the distance from each water source;
(iv) the slope, which is assessed as the average value of the buffer zone using a 10 m resolution digital

terrain model [18].

Geographical analyses were conducted using Quantum GIS version 2.18.26 [19].
To assess the relative importance of (i) distance from TNPA (weighted and unweighted), (ii) distance

from water, and (iii) slope in predicting the actual site use intensity by the sheep during grazing, we ran
11 generalized linear models (GLMs). We set the sheep site use intensity (i.e., the count of GPS fixes
within each buffer zone) as response variable and set the distances from TNPA and from water as well
as the slope in all possible combinations as explanatory variables. We specified a negative binomial
error distribution for the GPS count and a logarithmic link function [20]. All explanatory variables
were standardized (Z-scores) before performing GLMs to allow for the analysis of effect size by
scrutinizing model parameters (β coefficients). Autocorrelation was tested using Pearson’s correlation
before running the GLMs. Residual deviance, percent of explained deviance (D2), Akaike information
criterion with small-sample correction (AICc), and Bayesian information criterion (BIC) were used to
compare the goodness of the model fit. D2 was calculated according to the following formula:

D2 =
null deviance− residual deviance

null deviance

where null deviance is the deviance of an intercept-only GLM and residual deviance is the deviance
that remains unexplained after the model fit. Statistical analyses were performed using SPSS 25 (SPSS
Inc., Chicago, IL, USA).

3. Results

The daily acquisition rate of the GPS devices refers to the total potential of daily fix acquisitions,
and was 44.2± 2.54% (mean± standard error). Explanatory variables showed a not significant (p ≥ 0.05)
or weak (R ≤ 0.25) autocorrelation and all of them were retained in the models. Average values for
the response and explanatory variables in buffer zones are provided in Table 1. According to the
performed GLMs, the sheep site use was significantly related to the selected predictors (Table 2). More
particularly, it was always positively affected by both unweighted and weighted distances from TNPA
and the distance from water sources, but negatively by the slope. However, the slope effect was not
significant when the distances from TNPA were weighted on the number of penning nights (M7 and
M8). Among the explanatory variables, the distance from TNPA had the most influence (highest β
coefficients) in all the models, followed by the distance from water and then by the slope. β coefficients
increased for the distance from water and the slope in M9, M10, and M11, but their effect size was
lower than those of the distances from TNPA.
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4. Discussion

All GPS devices worked as expected with a satisfactory acquisition rate. However, the harsh
morphology of the study area (i.e., very rocky, rough, and a steep mountainous environment) had a
negative effect on the accuracy of GPS fix acquisition. This determined that the signal bounced off of
a considerable proportion of GPS fixes out of the study area borders, so these were excluded from
the analyses.

The present research highlighted the remarkable relationships that exist among site use intensity
by grazing sheep and specific environmental/management predictors, namely, distance from night
penning areas, distance from water, and slope. As expected, site use intensity was inversely related
to the slope and directly related to the distance from TNPA and water sources in all GLMs we
performed [5,21]. Specifically, the models that included the distance from TNPA (both unweighted
and weighted, i.e., from M1 to M8) explained remarkable percentages of deviance (>63%, higher
than shown in Putfarken et al. and in Dorji et al. [13,22]), which proved the pivotal role of TNPA in
affecting sheep distribution during grazing. Instead, the distance from water sources and the slope
showed a weaker influence, as demonstrated by their lower β coefficients. This was also observed in
models based only on these variables (M9, M10, and M11), which had the lowest explained deviances,
confirming the findings of other authors [13,22]. Nevertheless, unlike our study, previous studies did
not compare different regressive models that consider environmental and management variables.

The models that included distances from TNPA (M1 to M8) also achieved the best fitting results in
terms of AICc and BIC, which varied within a range of 10 points. Therefore, according to Burnham and
Anderson [23], all of them can be considered as having comparable reliability. The limited differences
among the models including the unweighted and weighted distances from TNPA may be due to the
low variability in the number of penning nights among TNPA used in Equation (2), which resulted
in distributions with a high similarity. Nevertheless, M6 (weighted distance from TNPA + distance
from water) can be considered as the best fitting model as it presented the lowest AICc and BIC scores.
Moreover, in this model, the relative importance of distance from water was lower (β coefficient was
sevenfold smaller) than that of the weighted distance from TNPA, suggesting that the implementation
of predictive models that include the distance from water sources could be of limited effectiveness.
This finding was in contrast to the results of the study by Putfarken et al. [13], which highlighted
a higher relative importance of the distance from the drinking trough as compared to the distance
from the sheep shed. Nevertheless, in their trial study, they tested the effects of only one drinking
trough and one sheep shed in different management conditions (i.e., higher stocking rate, longer
grazing season, lowland mesotrophic grasslands, and with a cow and sheep mixed grazing system).
Moreover, the distance of a given site from all available water sources could be difficult to assess in
some situations, e.g., when linear water sources like mountain streams are available for livestock over
the grazing area. Therefore, according to our results, the distance from TNPA, preferably weighted
on the number of penning nights (Equation (2)), can be reasonably considered as the main driver
and a suitable and easily measured proxy to estimate the spatial variability of sheep stocking rate
during grazing.

Future research should avoid some shortcomings still evident in our study, such as (i) the short
duration of the experiment, (ii) the low grassland forage variability related to the occurrence of one
vegetation community, (iii) the limited number of tracked animals (avertible by selecting rotating
collared sheep), and (iv) the lack of information about animal behavior activity (i.e., resting, grazing,
and traveling categories). Nonetheless, the approach we propose, which is based on a comparison
among different models including environmental and management predictors, could also be applied for
other livestock species and categories, shepherding managements, vegetation types, and environments.
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Abstract: Macronutrient (N, P, S, K, Ca, and Mg) availability and distribution in soils of grassland
ecosystems are affected by diverse factors, including landscape position, climate, and forms of
management. This study examined flux in plant-available macronutrients in production-scale
(60 to 80 ha) paddocks of southern tallgrass prairie of central Oklahoma, United States, managed
(2009–15) under two contrasting stocking methods (continuous yearlong; rotational stocking among
10 sub-paddocks). Macronutrient availability within the 0–7.5 cm and 7.5–15 cm soil depths were
determined with sets of anion-cation exchange membrane probes at 16 locations within paddocks,
oriented along transects from water sources to far corners. No clear overall effect related to stocking
method was recorded for all macronutrient distributions. The only significant stocking method ×
location interaction occurred for K (p = 0.01). All other macronutrients displayed significant (p < 0.08)
location effects that were common across stocking methods. Effects relatable to stocking method
occurred in interactions with soil depth or time of year (p < 0.10), but responses of macronutrient
flux to stocking method in these interactions varied. Higher flux occurred in available S, Ca, and
Mg in proximity (<24 m) to water sources, which may be related to grazing, but local features of
the landscape may also have been involved. More attention to landscape features included within
paddocks, and standardized organization of water and other features within paddocks, would
improve the potential to define grazing effects on macronutrient distribution.

Keywords: exchange membranes; grazing management; soil macronutrients

1. Introduction

Macronutrients are present in a range of forms within soils of grasslands, and are related to
the nature of underlying parent materials [1]. Macronutrient availability and distributions are also
affected by type and productivity of plant communities, position within landscape, and climate,
and varies with time [1–3]. Livestock grazing has been considered an important component of
altering availability of macronutrients within grassland ecosystems. Cattle consume plant biomass,
and redistribute macronutrients within consumed biomass through removal by grazing, movement
of nutrients off-paddock in body weight, and recycling through excreta that is returned to the
landscape [3–6]. Re-distribution of macronutrients in excreta tends to be non-uniform, and can result in
high concentrations within localized areas of paddocks [7,8]. Increased amounts of labile N, P, K, and S
were reported in areas adjacent to watering facilities, corners, and other paddock structures [6,9,10].

Methods of stocking cattle (grazing systems) are thought to be capable of altering distribution
of grazing and excreta within grazed landscapes, and hence improve the distribution of labile
macronutrients [3,10,11]. Dividing larger land units into smaller sub-paddocks and applying rotational
stocking to shift timing and frequency of grazing among paddocks is thought to be capable of achieving
more uniform levels of grazing, and use of paddock areas [10,12,13]. However, both availability and
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distribution of macronutrients in production-scale paddocks are both primarily related to local soil
properties, at pedon (m2) through catena (100’s m2) scales of organization [2,14,15]. Macronutrient
availability and distributions are further affected by type of plant community, position within landscape,
and climate [1–3,16–18]. Such features tend to result in variable distribution patterns without overlaying
any effects related to grazing [2,16–18].

United States southern tallgrass prairies are diverse native ecosystems (up to 120 herbaceous
and woody species within 1.0 ha areas) that can be productive components of livestock production
in the region, with proper management and adequate precipitation [19]. They are definable as
low-input–low-output ecosystems and function without fertilizer or irrigation applications [2,12].
However, the tallgrasses still require adequate amounts of macronutrients to be productive during
growing seasons, and grazing by cattle can re-distribute important resources within the landscape
of paddocks [2,8]. A companion paper to this study [20] reported a lack of uniform responses in the
distribution of 8 macronutrients among a limited set of contrasting locations in paddocks of southern
tallgrass prairie managed under four different stocking methods. The most notable effect [20] was
that levels of plant-available macronutrients either changed among locations, or times of growing
season, within paddocks under the different applied stocking methods. Local landscape conditions
within paddocks were noted as possible drivers of responses [20], and results indicated the need for
a more comprehensive examination of macronutrient distributions within larger production-scale
paddocks. This result, combined with the dichotomy related to management effects versus inherent
natural variability of landscapes, points to the question of whether grazing applied in different
stocking methods influences distribution of excreta, and hence plant-available macronutrients, within
production-scale paddocks of rangeland.

This study was undertaken to define the degree of flux in plant-available macronutrients (NO3
−,

NH4
+, P, S, K, Ca, and Mg) in soils within larger areas of southern tallgrass prairie encompassed in

production-scale paddocks under two contrasting stocking methods. The working null hypotheses
were: (1) no difference would occur in distributions and levels of 8 plant-available macronutrients at a
range of locations within landscapes of production-scale paddocks, and (2) no difference would occur
among times of growing seasons or soil depths, in response to stocking methods.

2. Materials and Methods

2.1. Study Site

This study was conducted within sets of production-scale paddocks of tallgrass prairie at the
United States Department of Agriculture–Agricultural Research Service, Grazinglands Research
Laboratory (35◦33′29” N, 98◦1′50” W) in central Oklahoma, United States. The entire site was located
in a rolling upland landscape, with a range of landscape features present. Included were local easterly
and westerly-facing slopes of 3 to 6% on riser positions, and toe and tread slope positions with 0 to 2%
slope, bordering the risers [21]. The long-term average (±1 standard deviation (s.d.)) precipitation
(long-term average (LTA); 1977 to 2012) during calendar years was 941 (±174) mm. Annual amounts
ranged from 1468 mm (2007) to 646 mm (2011), with a bimodal distribution pattern. Maxima occurred
during April through June (334 ± 58 mm), and September through October (175 ± 54 mm). Long-term
minimum and maximum monthly temperatures occurred during January (2.8 (±2.7) ◦C; −4.0 to 8.6 ◦C)
and July (28.1 (±1.5) ◦C; 25.6 to 32.4 ◦C).

The ecosystem of the study area (346 ha) was defined as southern tallgrass prairie, and was
identified as a Loamy Prairie ecological site [21]. These perennial grasslands are remnant plant
communities of the original southern tallgrass ecosystems that existed in central Oklahoma, United
States, prior to European settlement. They were never cultivated, nor replanted to native species
following cultivation. The dominant species were the perennial warm-season tallgrasses big bluestem
(Andropogon gerardii), Indiangrass (Sorghastrum nutans), and little bluestem (Schizachyrium scoparium).
These three species provide an average (±1 s.d.) of 70% (±10%) of the total annual biomass produced
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at the study area [21]; annual productivity ranges from 1 to 5 Mg ha−1, depending on amount and
timing of precipitation [20–23]. The area has historically (1970’s to 2009) supported cowherds that were
managed to produce calves for research on growth and production of yearling stocker cattle [22,23].
Stocking methods applied throughout the historical period were not consistent. They were changed
regularly to meet management requirements for calves used in research projects. Included were
periods of management under either, or both, continuous and rotational stocking during growing
seasons (April to September) at lower densities (2.0 to 3.0 ha cow/calf pair−1 year−1).

A range of soil series belonging to different families and subgroups of the Mollisol order have
been recorded in the area, based on landscape position within the site [24,25]. All listed soils evolved
from parent material that was Permian-aged Dog Creek shale, a reddish-brown shale containing thin
inter-beds of sandstones and siltstones [24]. Three sub-types of Norge series silt loams (Fine-silty,
mixed, active thermic Udic Paleustolls) situated on riser (mid-slope) positions of the landscape were
the most-common [21]. Kirkland or Renfrow silt loams (Fine, mixed superactive, thermic Udertic
Paleustolls) situated on tread positions (summit locations) and Port silt loams (Fine-silty, mixed
superactive, thermic Cumulic Haplustolls) at toe positions bounded the Norge series. Six additional
related soils exist as inclusions, or complexes, within boundaries of each of these primary soils [20].
The surface soils (upper 30 cm) of these series have variable, but near-neutral pH (6.7 (±0.6)), cation
exchange capacity of 13.5 (±3.8) cmol kg−1 soil, low water-holding capacities (3 (±1) mm cm−1 soil),
and variable rates of permeability (33 (±17) mm h−1) [20].

2.2. Experimental Design

The study area included sets of paddocks assigned to different stocking methods [25]. Two replicate,
61 (±2) ha paddocks were managed by continuous yearlong stocking as controls. The remaining area
included two ~80 ha sites that were each sub-divided into sets of 10 sub-paddocks of rotationally
stocked rangeland. These sub-paddocks were managed by application of shorter grazing periods, with
timing and frequency changed annually to mimic an adaptive system of rotational stocking [12,13].
Paddocks were managed under their assigned stocking methods from 2009 through 2015, to define
impacts of stocking methods on plant communities and soil properties. Grazing pressure of the
different treatments were achieved with herds of cow-calf pairs (~600 kg cows and ~249 kg calves at
weaning, hereafter defined as animal units (AU)), that were assigned to each replicate paddock. Annual
(2009–2015) herd sizes in the continuous and groups of rotational-stocked sub-paddocks were 18 (±3.4)
and 26 (±2.5) head, respectively. Animal units assigned to rotationally stocked paddocks during 2009
to 2015 grazed sub-paddocks in 7- to 10-day grazing bouts, 2 to 4 times annually, with timing of bouts
varied annually. Daily allotment of forage per AU was 17 kg day−1, or ~6.2 Mg AU−1 year−1. Total
grazing pressure applied to the continuous and rotational-stocked paddocks was, respectively, 108
(±20) and 119 (±11) animal unit days (AUD) ha−1 year−1.

2.3. Data Collection

Data were collected twice during the 2015 growing season—mid-March and early-August. These
two periods represented (1) the time when growth by native grasses initiated during growing seasons
(March), and (2) the time when peak living biomass occurs (August) for southern tallgrass prairies
during late summer [21]. Availability of macronutrients within the 0 to 7.5 cm and 7.5 to 15 cm depth
increments of soil were determined on each date, at a series of 16 locations oriented along transects
from water sources (W) to far corners (FC), and three additional points, within paddocks (Figure 1).
Sampled locations included a set (n = 7) within paddocks that were at the same physical distances,
between 1.5 to 37 m between sampled locations and water sources (W) within paddocks, and at W. Past
research at other US sites noted increased amounts of macronutrients in soils in “zones” close to water
or shade, but not specific distances [8,10]. The intense spacing of these 8 locations was to determine if
exact areas in proximity to water exist where high amounts of macronutrients might occur.
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Data were also collected from eight additional locations (Figure 1) that were identified as potential
high- and low-traffic areas [7,8,10,11]. Included were nearest and furthest corners (NC and FC,
respectively), nearest and furthest fence lines (NF and FF, respectively), paddock midpoint (PMP),
and 25%, 37%, 50%, and 75% of distances between W and PMP (0.25 PMP, 0.37 PMP, 0.50 PMP, and
0.75 PMP, respectively). Distances from W to locations were defined by measuring wheel, and elevation
of locations defined by hand-held Global Positioning System (GPS) units. The sampled locations for
NF and FF were at closest points along fences that were immediately north or south of water sources.
While similar in geographic terms, the actual location of these eight positions and FC within paddocks
and sub-paddocks varied in distance from W (Table 1). This variance in distance for the same position
within paddocks was due to differences in size, shape, and dimensions of paddocks, and locations of
water within paddocks, assigned to the applied stocking methods [25].

Table 1. Mean (±1 standard deviation (s.d.)) distances (meters) from 9 locations where macronutrient
availability was measured to water sources within paddocks and sub-paddocks assigned to
stocking methods.

Location †

Stocking Near Near Far Far

Method Corner Fence 0.25 PMP 0.37 PMP 0.50 PMP 0.75 PMP PMP Fence Corner

Continuous 14 (11) 77 (13) 112 (5) 167 (8) 222 (8) 338 (9) 450 (10) 976 (69) 912 (43)
Rotational 55 (14) 35 (11) 58 (17) 82 (11) 110 (13) 166 (13) 220 (10) 423 (14) 455 (43)

† PMP = paddock mid-point.

Macronutrient availability (hereafter also noted as flux) within soils was determined with Plant
Root SimulatorTM probes (Western Ag Innovations Inc., Saskatoon, SK, Canada). The probes are
comprised of paired sets of anion and cation exchange membranes encased in plastic housings.
The probes provide estimates of nutrient uptake by plant roots, and represent a rate-based process
(μg uptake cm−2 probe surface area 14 days−1 soil depth−1) of the soil–plant interface [26,27]. At each
location within paddocks, two sets of probes with anion and cation membranes were located at each
depth. The probes were buried in situ during the March sampling for 14-d incubation periods, as soil
moisture approximated field capacity (21.5% (±3%) volumetric water) in response to precipitation
events immediately before, and early in, incubation periods.

Figure 1. Illustration of locations sampled within production-scale paddocks.
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Soil moisture during the August sampling approximated permanent wilt point (12.5% (±1%)
volumetric water) due to a summer drought. Therefore, replicate (n = 4) cores (5.38 cm diameter) of soil
at each location and soil depth were collected by plunging hammer and core tubes. These cores were
removed from core tubes in a laboratory, wetted with deionized water to field capacity, and dissected
into two longitudinal sections. Replicate (n = 2) anion and cation membrane probes were sandwiched
within dissected cores for 14-d incubation periods at a temperature of 23 ◦C.

The probes used during both incubation periods were removed from soil post-incubation, lightly
washed with deionized water to remove soil, packaged in groups, refrigerated, and sent to the
probe manufacturer for analyses. The manufacturer used colorimetric analyses by automated flow
injection to determine NO3-N and NH4-N, and all other macronutrients (ions) were measured using
inductively-coupled plasma spectrometry.

Two sets of soil samples were collected by plunging hammer and 5.38 cm diameter core tubes
on each sampling date at each location within paddocks, to define physical properties of soils for the
two depth increments. Collected samples were placed in soil tins for transport and storage. Moist
bulk densities of one set of samples were defined [28], followed by analyses for particle fractions
by hydrometer methods in a sodium hexa-metasulfate solution [29]. The second set of soil samples
was passed through a 2.0 mm sieve and used to define estimates of soil organic matter based on low
temperature loss on ignition [30].

2.4. Statistical Analyses

Probe-measured availability of total mineral N (NH4
+ + NO3

−), NO3
−-N, NH4-N, P, S, K, Ca,

and Mg in soils were explored (Table 2) to determine whether data transformations were required
for statistical tests [31]. The natural logarithm (Ln) transform was applied, as required, to improve
cumulative distribution functions of the populations of observations to more closely fit a normal
distribution. Transformed levels of flux of total minerals of N, NO3, NH4, P, S, and K, and the raw
values for Ca and Mg were analyzed in SAS 9.3 (SAS Institute, Cary, NC, USA).

Table 2. Descriptive statistics and distribution functions of populations (n = 256) of macronutrient
fluxes in the upper 15 cm of soils in paddocks managed by different stocking methods.

Macronutrients

Mineral N NO3
−-N NH4+-N P S K Mg Ca

Distribution

Skewness 3.7 3.6 7.9 3.6 3.2 1.7 0.4 <0.1
Kurtosis 17.8 16.7 82.6 18.5 10.1 3.8 0.2 −0.6
K-S normality † 0.25 0.26 0.31 0.26 0.32 0.15 0.04 0.05
K-S p † <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 >0.15 0.10
c.v. † 144 156 204 157 190 74 44 43

-------------------------------------- (μg cm−2 probe) --------------------------------------
Statistics

Mean 8 7 0.8 1.2 15 34 39 189
s.d. † 12 12 1.6 1.7 28 25 17 8
Median 4 3 0.4 0.4 5 28 38 192
Minimum <1 < 1 0.1 0.1 <1 <1 4 21
Maximum 87 83 20.0 15.0 154 155 93 399
Ln Transform Y Y Y Y Y Y N N
† K-S = Kolmogrov-Smirnov normality test; p ≥ 0.10 approximate normality; c.v. = coefficient of variation (%);
s.d. = standard deviation.

Data were analyzed by longitudinal (repeated) measures analyses [32] within mixed models (PROC
MIXED). Grazing regime, soil depth, and time of growing season were main effects in analyses, while
sampled locations within paddocks were the longitudinal element. Preliminary analyses of variance
applied to macronutrients attempted to utilize different physical attributes of soils and distances
between paddock locations and water sources as covariates to improve the function of statistical
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models. However, all attempts to use these attributes as covariates were non-significant (p > 0.13)
and failed to improve statistical tests. An examination of correlation coefficients of the relationship
between macronutrient fluxes and physical attributes showed weak relationships in all cases (Table 3).
The most effective variance-covariance matrix to account for covariance and autocorrelation among
the varied locations within paddocks would be the unstructured (UN) procedure [33]. However,
there were not enough degrees of freedom (d.f.) to produce stable models with this, or other more
complex (i.e., power, exponential) matrix structures [32,33]. Therefore, the compound symmetry (CS)
structure was used to account for covariance and autocorrelation among locations within paddocks.
The limited number of d.f. also forced analyses to be restricted to main effects and 2-way interactions
between stocking methods, and remaining main effects and longitudinal factor [32]. Reported means
for significant main and interaction effects were back-transformed to original scales [31]. Level of
significance of statistical tests was set at p = 0.10.

Table 3. Correlation coefficients (r) of relationships between soil properties and physical features of
paddock locations with plant-available flux in 8 macronutrients.

Macronutrients

Soil Properties NO3 NH4 Total N P S K Mg Ca

Clay 0.04 −0.08 0.04 −0.08 0.50 # −0.36 0.17 0.24
Silt −0.37 −0.01 −0.38 −0.05 −0.39 0.12 −0.19 −0.16
Sand 0.40 # 0.06 0.40 # 0.30 0.18 0.05 0.13 0.05
Bulk Density −0.09 −0.04 −0.10 −0.38 0.01 −0.29 0.07 −0.16
Organic matter −0.01 −0.01 −0.01 0.11 0.20 0.14 0.01 0.11
Elevation −0.15 −0.25 −0.13 −0.02 −0.14 0.17 −0.26 −0.12
DTW † −0.17 −0.01 −0.16 −0.02 −0.25 −0.09 −0.09 −0.11

† Distance (m) to water source from sampled locations; # indicates significance of p ≤ 0.10.

3. Results and Discussion

3.1. Soil Properties

The means and standard deviations (s.d.) of the measured physical attributes are presented here
to provide estimates of soil properties at the sampled locations within paddocks (Table 4). Soils on
the study site showed a degree of variability in physical attributes among paddocks assigned to the
two stocking methods. Percentages of different particle fractions of soils in paddocks assigned to
continuous stocking were less consistent than in sub-paddocks assigned to rotational stocking, which
was likely due to the greater number of soils encountered within these larger units [25]. Paddocks
receiving continuous stocking had greater percentages of sand and lower amounts of silt than in
rotational-stocked sub-paddocks, while percentages of clay in soils were similar. Moist bulk densities of
soils within paddocks receiving rotational stocking were lower than in paddocks receiving continuous
stocking, most likely due to the higher percentage of sand in soils of continuously stocked paddocks [34].
Amounts of soil organic matter showed distinct differences among stocking methods. Paddocks
managed by continuous stocking had lower concentrations than were recorded in paddocks managed
under rotational stocking. However, organic matter in soils was more variable in paddocks receiving
rotational stocking (c.v. = 29% vs. 24%).

A review of these properties (Table 4) indicates the two stocking methods may have affected some
of the physical properties of soil, as has been noted in responses to both longer- and shorter-term
applications of stocking methods [13,35,36]. However, the amount of natural variability (e.g., standard
deviation) present in the measured attributes, which is also a component of the landscapes enclosed
within paddock boundaries [1], indicated the means were not consistent within different paddocks
assigned to the same stocking method. The location of paddocks within the landscape of the study
area likely affected these properties. The continuous stocked paddocks had predominantly western
exposures, while rotationally stocked sub-paddocks had largely easterly exposures. Such differences
in exposure can have large effects on catena-based soil development within landscapes [1,2,34]. This
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difference in predominant exposure likely contributed to the higher amounts of sand, corresponding
greater bulk densities, and lower amounts of silt, noted in the continuously stocked paddocks.

Table 4. Mean and standard deviations of particle fractions, bulk density, and organic matter of 7.5 cm
increments of surface soils in paddocks managed by two stocking methods.

Soil Attributes

Particle Fractions Bulk Organic

Stocking Method Clay Silt Sand Density Matter

----------------- (%) ----------------- (g cm−3) (g kg−1)
Continuous 23 (6) 35 (12) 42 (9) 1.17 (0.15) 38 (9)
Rotational 22 (1) 46 (4) 33 (3) 1.09 (0.16) 43 (12)

Stocking methods have some capacity to result in changes in soil organic matter and bulk density in
the US Southern Great Plains (SGP) over time. Research in south-central Oklahoma, United States [35],
noted increasing bulk densities of soils of perennial grassland in response to 10 years of different
animal densities applied by rotational stocking, compared to no grazing. However, the higher bulk
density of soils in the continuously stocked paddocks of the current study may be related to the greater
amounts of sand that were recorded [34]. Concentrations of soil organic matter were lower in the
continuously stocked paddocks, though amounts were variable within paddocks managed under
both stocking methods. However, the distribution of soil properties and the native grasslands they
support varies within landscapes without grazing [2]. For example, variable patterns were recorded
in the spatial distribution of bulk density and organic matter of soils in 1.6 ha paddocks of southern
tallgrass prairie within 2 km of this study site, after 25 years of three sustained stocking methods [15].
Distribution patterns noted within those paddocks were definable both within and across multiple
paddocks, often within 20 m of spatial scale, which defined the catenae-scale organization of the
landscape. Such patterns indicate soils in the area of the current study, which were defined as members
of different families and subgroups of Mollisols, likely had similar non-uniform distributions, and
variable, fine-scale patterns of spatial distribution.

3.2. Mineral N

Main effects related to stocking method (0.15 < p < 0.76) and stocking interactions with paddock
locations (0.21 < p < 0.34) were not significant for NO3

−, NH4
+, or total N. This lack of effect by

stocking method in general, and their effects on N fluxes at paddock locations, was unexpected given
the number of years of applied treatments and broad range of sampled locations (n = 16). These
locations included a series with a low likelihood of animal visitation, such as the middle area of
paddocks under continuous stocking under the low animal densities that were applied. In comparison,
studies in introduced perennial grasslands reported significantly greater amounts of NO3

− and total
mineral N with increase in length of time cattle grazed rotationally stocked sub-paddocks, but found
no differences between effects of longer rotational or continuous stocking [10,37]. Studies on the effects
of stocking methods on soil properties of native prairie in northcentral Texas, United States, also
reported no differences in NO3

−-N concentrations between continuous and rotationally stocked native
prairie [13].

Stocking methods interacted with soil depth for NO3
− (F1, 194 = 3.4; p = 0.07) and total N

(F1, 194 = 3.4; p = 0.07). The stocking method × with time of year interaction on NH4
+ flux was also

significant (F1, 194 = 16.6; p < 0.01). Main effects related to paddock location were also significant
(0.01 < p < 0.08) for NO3

−, NH4
+ and total N. The highest amount of total mineral and NO3

−N within
the stocking method × soil depth interactions (Table 5) were noted for the upper 7.5 cm of the profile
under rotational stocking, with the second-highest amounts recorded for the upper 7.5 cm under
continuous stocking. The lowest amounts of NO3

− flux were recorded in the upper soil depth under
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rotational stocking. Within the stocking method × time of year interaction on NH4
+, the highest and

second-highest amounts of flux were recorded, respectively, in response to rotational and continuous
stocking during March. The lowest amounts of flux were noted for responses to rotational stocking
during August. The greater total and NO3-N fluxes recorded in the upper 7.5 cm of soil was similar
to results noted in studies on other warm-season grasslands [10]. The higher amounts noted during
March were likely related to cooler soil temperatures that occur during winter and early-spring in the
region, which result in lower amounts of mineralization of NH4

+ to NO3
− [3]. Research in paddocks

of other warm-season grasses in Florida, United States, noted no differences in concentrations of NH4
+

among different forms of rotational and continuous stocking [10].

Table 5. Stocking method × soil depth interactions in flux of total mineral N and NO3, and stocking
method × time of year in NH4 flux within soils. †

Macronutrients

Total N NO3-N NH4-N

Soil Depth Soil Depth Time of Year

Stocking Method 0–7.5 cm 7.5–15 cm 0–7.5 cm 7.5–15 cm March August

-------------------------------------- (μg cm2 probe 14 d−1)--------------------------------------
Continuous 3.8 ab 3.1 bc 3.0 ab 2.3 bc 0.5 b 0.3 c
Rotational 4.6 a 2.3 c 3.7 a 1.6 c 0.7 a 0.2 d
Diff 1.3 1.2 0.1
† Diff is statistical differences for means tests; numbers within groups of columns with the same letter were not
different at p = 0.10.

The greatest amounts of flux in NO3
− among paddock locations occurred at locations 37 m

from water sources, with the second-greatest amounts noted from 3 to 6 m from water (Figure 2A).
Alternatively, the lowest amounts of flux were recorded at locations near 0.25 PMP, 0.5 PMP, PMP, and
FC. Locations with the second-lowest amounts of flux in NO3

− were noted at water sources and 1.5 m
from water. Amounts of flux at remaining locations belonged to groups with intermediate amounts.
Overall, there was a general decline in amounts of NO3

− flux from 3 m from water sources to the far
corner of paddocks (FC), with the notable exception of 37 m.

The distribution of amounts of NH4
+ flux recorded at paddock locations differed from the

distribution noted for NO3
− (Figure 2B). The greatest amounts of flux in NH4

+ among paddock
locations occurred along fence lines furthest from water sources (FF). Amounts of flux (0.3 to 0.5 μg
NH4

+ cm−2) at all remaining sampled locations were ≤31% of this level, and belonged to the same
means group. The distribution of NH4

+ within paddocks was unusual, given the 3- to 7-fold greater
amounts at FF, across stocking methods, compared to the other locations. Studies in paddocks of tame
warm-season grasses noted greater amounts of NH4+ in zones of paddocks that were closest and
furthest from water, relative to intermediate locations [37]. The driver for high amounts of NH4

+ flux
at FF in the current study was not clear, as these locations were not consistent in terms of landscape
positions, or distances from water. The FF locations were situated at both tread and toe positions of the
landscapes of the two continuously stocked and four rotationally stocked units that were sampled.
However, the amounts of NH4

+ flux recorded in differences among locations were small, covering a
range of 1.1 μg cm−2 of surface areas of probes.

The distribution of amounts of flux in total mineral N recorded at paddock locations were
somewhat similar to the distribution pattern noted for NO3

− (Figure 2C). This similarity was related
to the high amounts of NO3

− relative to the total amount; 65% to 88% of total mineral N at 14 of 16
locations was NO3

−. The greatest amounts of flux in total N among paddock locations occurred at
locations 37 m from water sources, with the second-greatest amounts noted from 3.0 from water, and
at sampled locations along the fence furthest from water sources. Alternatively, the lowest amounts of
flux were recorded at locations near 0.25 PMP and FC. Locations with the second-lowest amounts of
flux in total N were noted within 1.5 m of water sources, 0.37 PMP, 0.5 PMP, and PMP. Amounts of flux
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at remaining locations belonged to different groups with intermediate amounts. As with NO3
−, there

was a general decline in amounts of flux in total N from 3.0 m from water sources to the far corner of
paddocks, with the notable exception of 37 m.

Other studies have noted hotspots of mineral N in soils at specific locations within paddocks,
especially in closer proximity to water, corners, and along fences, due to uneven distribution of animal
use of paddock areas [38]. For example, research [8] reported that cattle grazing shortgrass rangeland in
northeast Colorado, United States, spent ~27% of the time on paddocks at locations near water sources
and corners, which represented 2.5% of the total area of paddocks, resulting in shifts in N distributions.
Studies undertaken to define redistribution of N in tamegrass paddocks in Florida, United States,
noted greater amounts of mineral N in zones closer to water and shade, relative to the remainder of
paddock areas [10,37]. These distribution patterns were similar across different forms of rotational and
continuous stocking applied to bermudagrass (Cynodon dactylon) and bahiagrass (Paspalum notatum)
paddocks [10,37]. In comparison, the distribution of flux in plant available NO3

− and total mineral
N in the current study showed variability among sampled locations, but higher amounts occurred
at locations other than in immediate proximity to water. Further, fluxes in plant available N at other
(supposed) high-traffic locations (i.e., NC and FC) were among the lower groups of mean responses that
were recorded. Other studies on native rangeland noted positive correlations between heterogeneity in
paddock use by cattle and size of paddocks [11]. Given the variable distributions of mineral N in the
current study, the large sizes of paddocks and sub-paddocks may have limited uniform use of paddock
(and sub-paddock) areas by cattle.

 
Figure 2. Location effects on flux in plant-available soil (A) NO3

−, (B) NH4
+, and (C) total mineral N;

columns within panels with the same letter were not different at p = 0.10.
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3.3. Phosphorus and Magnesium

There were significant soil depth (F1, 194 = 86.8; p < 0.01) and paddock location (F15, 194 = 5.3;
p < 0.01) main effects on flux of available P. The interaction between stocking method and time of year
was also significant (F1, 194 = 24.8; p < 0.01) for flux in available P. Among effects of soil depth, greater
amounts of P flux were noted within the upper 7.5 cm depth than the 7.5–15 cm increment (0.75 versus
0.28 μg P cm−2; Diff = 0.45 μg). Greater amounts of flux in plant-available P within the uppermost
segment of the soil profile was not unexpected, as such responses have been reported elsewhere for
a range of different grasslands [3]. Larger concentrations in P were recorded in the upper 15 cm of
soil than in deeper increments of bermudagrass paddocks in Florida, United States, managed under
continuous and rotational stocking methods, with similar responses across stocking methods [10].

Within the stocking method × time of year interaction (Table 6), the largest fluxes in plant-available
P occurred in response to rotational stocking during March, while the second-largest occurred under
continuous stocking during August. The lowest flux in available P within the interaction was recorded
for responses to rotational stocking during August. Differences among mean amounts of plant-available
P during the growing season are driven by amounts present in soil solution at the start of growing
seasons, plus amounts that become soluble during growing seasons [3]. Responses to continuous
stocking indicated a degree of consistency between these factors and uptake by plants (Table 6), while
declines in P flux under rotational stocking in summer may indicate depletion of available pools.
However, the concentration of plant-available P in soils is generally low [3], so the effects of stocking
methods during different times of the growing season are unclear. It is difficult to assess what such
low fluxes in plant-available P represent, as it is only a portion of the entire P pool. Other research on P
distributions within paddocks of grassland under rotational and continuous stocking noted differences
in amounts related to lengths of applied grazing [10,37].

Table 6. Stocking method × time of year interaction effects on flux in plant-available P and Mg in soil †.

Macronutrients

P Mg

Time of Year Continuous Rotational Continuous Rotational

---------------------- (μg cm−2 probe 14 d−1) ----------------------
March 0.50 ab 0.63 a 25.2 bc 37.7 a
August 0.58 a 0.24 b 35.5 ab 18.6 c
Diff 0.26 6.6

† Diff was statistical difference of means tests, and numbers within groups of columns with the same letter were not
different at p = 0.10.

Among effects related to paddock location, the greatest amounts of flux in P were recorded at 6 m
from water, while the second-greatest amounts occurred at 12 m from water (Figure 3A). In contrast,
locations with the lowest amounts of P flux were noted at 0.25 PMP through 0.5 PMP. Locations with
the second-lowest amounts of P flux occurred at NF and FF. Flux in P at all other locations belonged to
different means groups, with intermediate amounts recorded. The potential of the two applied stocking
methods to affect distribution of plant-available P within different areas of paddocks (sub-paddocks)
was not entirely clear. While there were definite areas with high and low P flux, these zones did
not translate to locations normally considered high-traffic areas, such as water sources, corners, or
fences [37,38]. Cattle could have loafed roughly 6 to 12 m from water in all sampled paddocks and
sub-paddocks, but that would have also resulted in higher flux in other neighboring locations.

The primary sources of plant-available P in soils during growing seasons is derived from recycling
of P in soil organic matter via microbes, and through inputs and decomposition of livestock feces,
which are slow processes [3,10]. Small amounts are also derived by weathering of parent materials of
soils. In this instance, a likely contributing factor for the lower amounts of flux in available P at the
more centrally-located positions in paddocks could be a lack of use of these areas by cattle [10], or a
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lack of deposition of excreta in these areas when frequented by cattle. Cattle grazing larger areas of
rangeland can travel up to 1.6 km day−1 while searching for forage, though areas frequented in such
travel may not be grazed or used for loafing [38,39]. Other research on P distributions within paddocks
of grasslands under rotational and continuous stocking noted higher amounts of inorganic P closer to
water or shade compared to paddock centers and more distant locations (78–130 [10], and 8–17 [40]
ppm), or different times of growing seasons (11–27 ppm [9]), but no effects of stocking method on
distributions, as was recorded in the current study.

 

Figure 3. Location effects on flux in plant-available (A) phosphorus and (B) magnesium in soils;
columns within panels with the same letter were not different at p = 0.10.

Among effects on plant available Mg, main effects related to paddock location (F15, 195 = 1.8;
p = 0.03) and stocking method × time of year interactions (F1, 194 = 12.2; p < 0.01) were significant.
All other main and interaction effects were not (0.11 < p < 0.60). Within stocking method × time of
year interactions (Table 6), the largest fluxes in plant-available Mg occurred in response to rotational
stocking during March, while the second-largest occurred under continuous stocking during August.
The lowest flux in Mg occurred in response to rotational stocking during August.

Differences in mean responses in this interaction varied compared to results of other studies.
Studies on both native prairie and tame pasture have reported higher amounts of Mg in soils under
rotational than continuous stocking [3,13], as was noted in the current study, in addition to changes
in distribution patterns related to stocking methods [37]. Research has also recorded declines in Mg
concentrations in soils through leaching under grazing [3,39], as in the decline in flux recorded under
rotational stocking between March and August. In contrast, the increase in Mg over the growing season
under continuous stocking may be related to inputs via feces, which is the primary input source, due
to yearlong residency on paddocks [3,37]. Soil type can also have some effects on flux in available Mg,
with lower amounts recorded in sandier soils. However, the primary sources of plant-available Mg are
found in animal excreta, and primarily (>75% of total) in feces [3], so the longer grazing time afforded
by continuous stocking provided a greater opportunity for Mg enrichment. The current study noted
higher amounts under rotational stocking in March, but continuous stocked paddocks, dominated by
sandier soils, generated similar high fluxes in August.

The greatest amounts of flux in available Mg among paddock locations, across stocking methods,
occurred at water sources, with the second-greatest amounts noted at 3 m from water (Figure 3B).
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Alternatively, the lowest amounts of flux were recorded at FC locations. Locations with the
second-lowest amounts of flux in Mg were noted at 0.75 PMP. Amounts of Mg flux at remaining
locations belonged to groups with intermediate amounts, with some mean fluxes belonging to 5 means
groups. Therefore, there was a degree of similarity in amounts of Mg flux at different locations along
transects. A total of 13 means belonged to the group containing the largest response, while 7 responses
belonged to the means group with the lowest amounts of flux. Overall, there was a general decline
in Mg flux from water sources to FC, but the degree of variability present in flux among paddock
locations makes identifying the presence of hot spots difficult. Research on paddocks of introduced
perennial grasses managed by different stocking methods reported greater amounts of Mg in larger
zones of paddocks closer to water or shade [10,37]. A similar effect was noted in the current study in
the lower means of Mg flux with increasing distance from water, though the test for differences noted a
degree of similarity between locations near water through FF, which were distances of 423 and 976 m
from water.

3.4. Calcium and Sulfur

Main effects of time of growing season (F1, 194 = 155.7; p < 0.01) and paddock location (F15, 194 = 2.3;
p < 0.01) on flux in available Ca were significant; all other main and interaction effects were not
(0.11 < p < 0.90). The lack of effects related to stocking methods was unexpected. Earlier research on
native prairie in north-central Texas, United States, noted greater amounts of Ca in surface soils of
rotational stocked sub-paddocks than in larger, continuously stocked paddocks [13]. Among times of
growing season, higher flux in available Ca was noted at time of sampling during August, compared
to March (181 vs. 116 μg Ca cm−2 probe; Diff = 5.4 μg). Among effects related to paddock location, the
greatest amounts of flux in Ca were recorded at water sources 3.0 and 6.0 m from water (Figure 4A).
Locations with the second greatest amounts of Ca flux were noted at 1.5 m from water, and 0.75 PMP.
Locations with the lowest and second-lowest amounts of Ca flux were noted at far corners from water
sources, and 0.25 PMP, respectively. Flux in Ca at all other locations belonged to different means groups
with intermediate amounts recorded.

 

Figure 4. Location effects on flux of plant-available (A) calcium and (B) sulfur in soils; columns within
panels with the same letter were not different at p = 0.10.
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Calcium in excreta from animals is primarily found in feces, with <3% of animal inputs to soil
found in urine. Fecal sources of Ca are also more significant drivers of Ca flux in grassland soils
than amounts derived from decomposition of plant residues, or breakdown of parent materials of
soils [3]. However, reports of Ca inputs to grassland soils via cattle excreta varies widely. Further, Ca
movement from dung into available pools in soils is not well defined, particularly in native rangelands
of the United States. A study on soil responses of native prairie ecosystems in northcentral Texas,
United States, reported higher concentrations of Ca in soils of paddocks managed by rotational than
continuous stocking, with both concentrations lower than was recorded under no grazing [13]. While
the current study did show greater amounts of Ca flux in close proximity to water across stocking
methods, other locations that would be considered high-traffic zones for cattle (i.e., corners and fences)
tended to show lower flux, despite the application of stocking methods for 6 years.

Differences in amounts of flux of plant-available Ca during different seasons have been previously
reported. Dickinson and Craig [40] reported Ca in soils increased with amount of precipitation received.
However, the current study showed lower amounts of Ca flux during spring, under wetter conditions
in conjunction with precipitation events, compared to flux recorded in summer. Precipitation received
during individual calendar years in the US SGP, including the study site, is highly variable in amount
and timing of precipitation [41]. Such variability in received precipitation would result in some
level of variability of plant-available Ca and other macronutrients. Larger precipitation events than
were encountered during this study may be required. As such, Ca movement from dung into soil
without such events likely occurs at rates that are similar to amounts derived from organic matter in
dung [42,43].

The main effects of time of growing season (F1, 194 = 5.4; p = 0.02) and paddock location
(F15, 194 = 2.0; p = 0.02) on flux in available S were significant; all other main and interaction effects
were not (0.34 < p < 0.98). Among times of growing season, higher flux in available S was recorded at
time of sampling during August than March (4.8 vs. 3.7 μg S cm−2 probe; Diff = 0.7 μg). Among effects
of paddock location, the greatest amounts of flux in available S were recorded within 3.0 m of water
sources (Figure 4B). Thereafter, amounts of S flux at 6.0 m from water to FC belonged to the same
means group and displayed low and consistent amounts of flux. Flux of available S at these locations
ranged from 6 to 28% of amounts recorded closer to water sources.

The majority (>90%) of plant-available S within the uppermost sections of soil profiles in grazed
temperate grasslands are present in labile organic forms derived from animal excreta and plant
residues [44]. Inputs of plant-available S from grazing animals is related to relationships between
retention and throughput of consumed forage in animals. Amounts of S in urine and feces varies with
type of grassland, location within landscape where deposited, and form of management. Research in
Australia and New Zealand reported 50 to 70% of S excreted by cattle was labile forms of sulfate in
urine [44,45]. Alternatively, S concentration in dung tends to be small (~0.3% of dung dry matter) and
generally in organic forms that mineralize at slow rates, similar to soil organic matter [3,44].

Cattle retain roughly 25% of S within biomass of consumed forage, with the remainder excreted,
primarily in urine [3]. The current study showed redistribution of S within grazed paddocks was
limited, and largely occurred in proximity (≤3.0 m) to water, compared to other locations. Further,
other high traffic areas (corners and fences) showed low amounts of flux compared to water sources.
In comparison, research in Florida, United States, [10] reported no significant effects of stocking method
or paddock locations related to S distribution within grazed bermudagrass paddocks.

3.5. Potassium

There were significant differences in main effects related to time of year (F1, 194 = 37.4; p < 0.01)
and soil depth (F1, 194 = 66.9; p < 0.01) on plant-available K, as was the stocking method × paddock
location interaction (F15, 194 = 2.3; p = 0.01). All other main and interaction effects were not significant
(0.14 < p < 0.96). Greater amounts of flux were noted during March than were recorded in August
(24.4 vs. 14.7 μg K cm−2 probe; Diff = 7.4 μg). Among soil depths, greater amounts of flux were noted
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within the upper 7.5 cm depth of profile than the 7.5 to 15 cm increment (26.1 vs. 13.7 μg K cm−2

probe; Diff = 7.4 μg). Main effects of time of year and soil depth were similar to results reported in the
broader literature, with greater amounts of K flux noted during periods with greater amounts soil
water and in sections of soil profiles near the surface [3,15]. Sampling during March of the current
study occurred after a series of precipitation events that allowed moisture in the upper sections of
soil profile to approximate field capacity. Such conditions are important in movement of K from plant
residues and excreta into soil solution [3]; drought conditions prior to sampling in August would limit
such movement, and reduce amounts of plant-available K in soils.

Within the stocking method × paddock location interaction in flux of available K, the greatest and
second greatest amounts occurred, respectively, under rotational stocking at 12 and 24 m from water
sources (Figure 5). Amounts at 37 m from water in continuous stocked paddocks had some similarity
to amounts at 24 m locations in rotational stocked paddocks. In contrast, the lowest flux in available
K were recorded at 0.37 PMP under both stocking methods, and FC in rotational stocked paddocks.
All remaining means within the interaction belonged to ranges of means groups, with many values
belonging to 7 means groups within the interaction. Amounts of flux in plant available K under both
stocking methods displayed undulations among low and high amounts with increasing distance from
water, though at different locations.

 
Figure 5. Stocking method × paddock location interaction in flux of plant-available K in soils; columns
with the same letter were not different at p = 0.10.

The interaction between stocking method and paddock location on K flux (Figure 5) was the only
occurrence of stocking method affecting the distribution of a macronutrient within paddock space.
However, this impact is not clear and displayed a degree of variability, as was recorded for most of
the macronutrients. Potassium is highly labile and can be easily leached from excreta and grassland
soils, particularly with occurrences of high rainfall [3], which are uncommon in the US SGP [41]. Cattle
excreta (particularly urine) is a primary source of plant-available K, and amounts in urine patches tend
to exceed uptake requirements of plants [3,35]. Therefore, amounts of K flux could be related to some
combination of conservation of K in soils by drought and local distribution of urine patches, though
many of these locations did not translate to areas normally noted for high animal use [37,38]. Effects
related to stocking method and paddock location on K flux showed both similarities and differences
from results of other studies. Experiments testing distributions of macronutrients within paddocks
of bahiagrass reported no difference among rotational and continuous stocking for soil K, but higher
concentrations of K in zones near water and shade [37]. In comparison, experiments on stocking
methods applied to bermudagrass paddocks also reported no difference in K concentrations in soils

60



Agronomy 2019, 9, 329

among stocking methods [10]. Similarly, K concentrations in soils of native prairie in northcentral Texas,
United States, reported no differences among continuous and rotational stocking [13]. In contrast,
amounts of flux in available K in the current study showed differences among stocking methods that
occurred as undulations across paddocks and sub-paddocks.

4. Conclusions

Responses noted during this study did not provide clear definitions of the impact of stocking
methods on amounts and distributions of flux in most plant-available macronutrients within paddocks.
There was some evidence of redistribution in the higher fluxes of S, Ca, and Mg close to water sources,
but little evidence related to effects of individual stocking methods, despite the differences between
rotational (multiple grazing periods per year) and continuous (year-round) stocking. There were
effects recorded for amounts of macronutrient flux among times of year and soil depths, with both
stocking methods generating hot spots of flux, as was noted in other research. However, flux of
7 of the macronutrients at different locations within paddocks and sub-paddocks assigned to the
stocking methods were similar, despite the large differences in paddock (and sub-paddock) sizes
(and transect lengths) under the two stocking systems. One factor that likely contributed to the lack
of effects of stocking methods on distributions of fluxes within paddocks and sub-paddocks was
the non-uniform distribution and orientation of different features of landscapes within paddocks in
relation to water sources [46], and differences in the primary exposure of landscapes within these
paddocks and sub-paddocks.

Such variability in landscape features is not unusual in paddocks at production-scales, compared
to smaller experimental paddocks, and can affect distribution of grazing and pasture use by cattle [47].
One feature that defines the occurrence of non-uniform landscapes within production-scale paddocks
of the US SGP is related to the organization of land ownership by the Public Land Survey System.
This system results in regular grids organized by township and range, on a sectional (259 ha) and
sub-sectional basis. Therefore, paddocks and sub-paddocks applied to rangelands are largely organized
without regard to positions within the larger landscape, resulting in multiple landscape features with
multiple soils, and local plant communities, within paddock boundaries. This variability, in turn, limits
the capacity of research to determine if stocking methods influence macronutrient distributions through
landscape use, and placement of excreta, in production-scale paddocks and sub-paddocks. Therefore,
if large production-scale paddocks are to be used in research, attention to how landscape features and
locations of water sources are organized within paddocks is required [48]. Such an approach would
improve the capacity of studies to define effects of stocking methods on macronutrient distributions,
and landscape use by grazing cattle [49].
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Abstract: Broad ranges of factors (parent materials, climate, plant community, landscape position,
management) can influence macronutrient availability in rangeland soils. Two important factors in
production-scale paddocks are the influences of location in space and land management. This study
examined plant-available macronutrients (total mineral and nitrate-N, P, S, K, Ca, and Mg) in soils,
with paired sets of probes (anion and cation exchange membranes) that simulate uptake by plant
roots. Data were collected from sets of paddocks of southern tallgrass prairie in central Oklahoma,
managed by four stocking methods during the 2015 growing season (mid-March, growth initiation
by native grasses, and early-August, time of peak living plant biomass). Macronutrient availability in
the 0–7.5 cm and 7.5–15 cm depths were determined at locations in close proximity to water (water
tanks and 25% of the distance between tanks and paddock mid-points (PMP)), and distances near the
mid-points of paddocks (70% of the distance between water and mid-points (0.7 PMP), and PMP).
All of the tested stocking methods affected levels of availability of macronutrients at different times
of the growing season, and among different locations within paddocks. Such responses indicated
stocking methods may not result in uniform distributions of flux in plant-available macronutrients.
The overall exposure of landscapes and arrangement of features within paddocks also appeared to
influence macronutrient distributions.

Keywords: exchange membranes; range management; soil macronutrients

1. Introduction

A diverse range of factors influence the availability of macronutrients in soils of native grasslands,
often with a large degree of interaction among factors. The availability of macronutrients, and the
forms of macronutrients, within soils of native grasslands generally reflects the nature of parent
materials from which the soils evolved, and is further affected by plant communities, climate, position
within landscapes, and management [1–3]. These factors result in variable spatial and temporal
distribution patterns for plant-available macronutrients in soils of ecosystems dominated by perennial
grasses [1,3]. Hence, the importance of macronutrients to landscape organization and biological
function of grasslands [4–6].

Cattle can affect the distribution of plant-available macronutrients in grassland ecosystems by
grazing plant biomass and; removing macronutrients from paddocks in weight gain (via consumption,
rumination and conversion of macronutrients to animal mass), and by redistributing unincorporated
macronutrients in excreta within paddocks in heterogeneous patterns [3,7–9]. The behavior of cattle
and their preferential use of different zones of the landscape within paddocks are factors that can
drive redistribution of macronutrients within paddocks [1,10,11]. The redistribution of macronutrients
through excreta can be non-uniform, resulting in high concentrations of more labile forms in localized
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areas of paddocks [12,13]. There have been reported increases in amounts of labile forms of N, P, K, and
S in areas near watering facilities, corners, and other structures within paddocks of grazed rangeland
and perennial grasslands [9,14,15].

Some systems of stocking are thought to be capable of altering how cattle redistribute more labile
forms of macronutrients, primarily N, P, K, and S within grazed landscapes [3,15,16]. This impact
is of particular interest in cases where perennial grasslands are managed by different methods
of rotational stocking, which may prevent high and disproportionate loadings in certain areas of
paddocks [15]. However, the natural distribution of macronutrients, and physical properties, of soils
in production-scale paddocks tend to be variable without overlaying the effects of applied grazing
systems [1].

Given the naturally variable landscapes within production-scale paddocks, an important question
is whether stocking methods can influence distributions of plant-available macronutrients within
managed rangeland landscapes. The objective of this study was to apply a simple test for differences
in levels of plant-available macronutrients in soils at two contrasting locations within paddocks (near
water sources, near paddock centers) of southern tallgrass prairie managed under different methods of
stocking. The working hypotheses were, that there would be no difference in the level of availability of
eight macronutrients at these locations within paddocks, or differences in amounts at different times of
growing seasons, in response to four stocking methods.

2. Materials and Methods

This study was conducted at the USDA-ARS Grazinglands Research Laboratory (35◦33′29′′ N,
98◦1′50′′ W; 435 m elevation) in central Oklahoma, USA. The entire site was located in a rolling
upland landscape, with a range of features present. Included were local easterly and westerly-facing
slopes (3 to 6%) on riser positions, and toe and tread slope positions (0 to 2% slopes), bordering the
risers [17]. The long-term average (LTA; 1977 to 2012) precipitation [±1 standard deviation [SD) during
calendar years was 941(±174) mm. The majority of precipitation received annually had a bimodal
distribution with maxima in April through June (334 ± 58 mm), and September through October
(175 ± 54 mm). Long-term monthly minimum and maximum temperatures (±1 s.d.) were recorded in
January [2.8(± 2.7) ◦C; −4.0 to 8.6 ◦C] and July [28.1(± 1.5) ◦C; 25.6 to 32.4 ◦C].

The study was located within production-scale paddocks on 346 ha of native grassland defined
as southern tallgrass prairie. The grasslands within the paddocks are remnants of the original
southern tallgrass ecosystem that existed in central Oklahoma prior to settlement, and were never
cultivated or replanted to native grasses following cultivation. The plant community was identified
as a Loamy Prairie ecological site ([17], ecological site number 080AY056OK). Dominant grasses
were the perennials big bluestem (Andropogon gerardii), little bluestem (Schizachyrium scoparium), and
Indiangrass (Sorghastrum nutans). These three indigenous species generate 60% to 80% of the total
above-ground biomass produced annually within the area that was included in the study [18]. The area
was historically (1977 to 2009) used to support cow herds that were managed to generate calves of
different breed-types and crosses for research projects on production systems applied to yearling
stocker cattle [19,20]. Stocking methods that were applied during the historical period were changed
regularly to meet management requirements for yearling cattle used in research projects. Included
were periods of management under either, or both, continuous and rotational stocking applied to
portions of the area during growing seasons (April to September) at low densities (2.0 to 3.0 ha cow/calf
pair−1 growing season−1).

A range of soils exists within the area [17,21], based on position within the landscape. Norge series
silt loams (fine-silty, mixed, active thermic Udic Paleustolls), situated on riser (mid-slope) positions of
the landscape were the most common soil [17]. The Norge series has three sub-types based on the
location along risers, and degree of slope. Renfrow or Kirkland silt loams (fine, mixed-superactive,
thermic Udertic Paleustolls) on tread positions (summit locations) and Port silt loams (fine-silty,
mixed-superactive, thermic Cumulic Haplustolls) at toe positions bounded the Norge series within
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the study site. Up to six related soils are present as inclusions within the boundaries of each of
these soils [17]. The surface soils of these series have near-neutral but variable pH levels (6.7 ± 0.6),
a water-holding capacity of 3 ± 1 mm cm−1 soil, and permeability rates of 33 ± 17 mm h−1 [17].
These soils evolved from parent material, defined as Permian-aged Dog Creek shale, comprised of
reddish-brown shale with thin inter-beds of siltstone and sandstone [21].

Two replicate 61(± 2) ha paddocks, managed by continuous yearlong stocking, were included in
the study as controls. Additional sets of sub-paddocks that were components of two replicate 80(± 2)
ha paddocks (10 sub-paddocks each) of rotationally-stocked rangeland were also included. The design
and organization of paddocks and sub-paddocks used in this study were variable in size, shape, and
dimensions. Two sets of additional small paddocks (0.4 and 0.2 ha) were also established within the
areas of the continuous paddocks, with one set each at toe and tread positions. These small units were
used to mimic the application of high-density short-duration rotational stocking (HDRG), known as
mob stocking [22], and their impacts on plant communities and soil properties.

Grazing pressure was achieved by herds of cow–calf pairs (~500 kg cows and up to 249 kg calves
at weaning) as animal units (AU) that were assigned to replicate experimental units receiving continuous
and rotational stocking. Daily forage allotments per AU were 14 kg d−1, or ~5.1 Mg AU−1 yr−1. Herd
sizes in the continuous paddocks and sets of rotational-stocked sub-paddocks were 18(± 3.4) and
26(± 2.5) AU yr−1 respectively, during 2009–2015. The total grazing pressure applied to the continuous
and rotational paddocks averaged roughly 108 and 119 animal unit days (AUD) ha−1 yr−1. The cow
herds assigned to continuous-stocked paddocks were used to apply the high-density short-duration
stocking treatments, which are also known as mob stocking. These paddocks were grazed once per
year for 24-h, with the timing of grazing varied annually. Cattle from the two continuous-stocked
paddocks were randomly applied to one of the HDRG treatments on each replicate for 24 h, returned
to the continuous paddocks for 48 h, and then applied to the remaining HDRG treatment for 24 h.
The mob-stocked paddocks served as examples of two levels of high-density rapid-rotation stocking
[18(± 3.4 head) for 24 h on 0.8 ha (HDRG-1×) and 0.4 ha (HDRG-2×) units, which applied 23 and
45 AUD ha−1 yr−1 of grazing pressure] that have garnered producer interest in Oklahoma, USA, in
recent years. Cow–calf pairs assigned to the rotational-stocked paddocks grazed sub-paddocks in 7 to
10-day grazing bouts, up to four times per year, with the number and timing of bouts varied annually.
Therefore, the applied rotational and HDRG systems were representative of different adaptive forms
of rotational stocking [22]. All paddocks in this study were managed under their assigned stocking
methods from 2009 through 2015.

Data were collected at two times during the 2015 growing season: mid-March at the initiation of
growth by native grasses, and early August, when peak living biomass occurs for southern tallgrass
prairie during late summer [18]. Sub-paddocks within the rotational stocked units that were sampled
in March 2015 were last grazed in mid-August 2014, while the mob-stocked paddocks were previously
grazed in early September 2014. The ~7-month delay in sampling of the rotational and mob-stocked
paddocks in March 2015 occurred because there was only one set of mob-stocked paddocks per replicate,
and their planned timing of grazing for 2015 was late summer. Sampling of the rotational sub-paddocks
and mob-stocked units in August 2015 occurred ~7 days after grazing by cattle. This coordination of
sampling within the rotational and HDRG-stocked paddocks allowed for more effective comparisons
among different forms of rotational stocking.

At each sampling date, the availability of macronutrients within the 0 to 7.5 cm and 7.5 to 15 cm
depth increments of soil were determined at four locations within the paddocks at four locations within
two replicate paddocks (or sub-paddocks) per stocking method. Locations were oriented along straight
lines from water sources to centers of units. All water sources within paddocks or sub-paddocks of
this study were located near paddock corners. Locations were: (1) 1.0 to 2.0 m distance from water
tanks, (2) 25% of the distance between tanks and the mid-point of paddocks (0.25 PMP), (3) 70% of
the distance between water and the mid-point of paddocks (0.7 PMP), and (4) at the mid-points of
paddocks (PMP). The distances of 0.25 PMP, 0.7 PMP, and PMP locations from water within paddocks
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varied with size and shape of the individual paddocks and sub-paddocks that were sampled (Table 1).
Therefore, all locations represented random locations within each paddock or sub-paddock due to
pasture size, shape, and dimensions. These locations represented areas within rangeland paddocks
with two divergent capacities to attract cattle: (1) areas where animals are guaranteed to interact with
the soil and plant community (locations closer to water), and (2) areas at the furthest point from water
and other attractant features (fence lines, corners) within paddocks [23].

Table 1. Paddock sizes and distances (±1 SD) between water and locations within paddocks.

Paddock Paddock Locations

Stocking Method Size Water 0.25 PMP 0.7 PMP PMP

(ha) ——————— (m) ———————
Continuous 61.0 (±2) 2(±1) 109(±7) 301(±9) 435(±8)
Rotational 6.7 (±2) 2(±1) 43(±17) 119(±33) 174(±29)
HDRG-1× 0.4 2(±1) 10(±2) 26(±2) 37(±2)
HDRG-2× 0.2 2(±1) 9(±1) 23(±2) 35(±2)

Availability of macronutrients within soils was determined with Plant Root Simulator TM probes
(Western Ag Innovations Inc., Saskatoon, SK, Canada). The probes consist of paired sets of anion and
cation exchange membranes encased in plastic housings. At each sampled location within paddocks,
two sets of probes with anion and cation membranes were co-located within 30 cm areas around
paddock locations, at each soil depth. The probes were buried in situ during the March sampling for a
14-day incubation period. Soil moisture approximated field capacity in March [22(±3)% volumetric
water] due to precipitation events that occurred prior to incubation periods.

Soil moisture at the time of the August sampling approximated permanent wilt-point [12(±1)%
volumetric water] due to a prolonged dry period during summer. Therefore, replicate (n = 4) 5.38 cm
diameter soil cores for each location and soil depth were collected and removed intact to a laboratory.
Collected cores were wetted to field capacity with deionized water, dissected into two sections along
the long axis of cores, and probes with anion and cation membranes were each sandwiched within
two separate cores for incubation. The probes were removed following incubation periods for both
sampling dates, lightly washed with deionized water to remove soil, packaged in groups by paddocks,
refrigerated, and sent to the probe manufacturer for analyses. The manufacturer used colorimetric
analyses via automated flow injection to determine NO3-N and NH4-N, and the other macronutrients
(ions) were measured using inductively-coupled plasma spectrometry.

Two additional sets of soil cores were collected at times of sampling to define physical properties
of soils, within a 50 cm diameter area as the probes, at the different sampled locations. Moist bulk
densities of one set of samples (n = 8 soil depth−1 stocking method−1) were defined [24], followed
by analyses of particle fractions by hydrometer methods in a sodium hexa-metasulfate solution [25].
A second set of soil samples (n = 8 soil depth−1 stocking method−1) were used to define estimates of
soil organic matter based on low temperature [380 ◦C for 16 h on oven-dried (105 ◦C for 24 h) samples]
loss on ignition [26].

Exploratory analyses were applied to amounts of macronutrients absorbed by the probes (Table 2)
to determine whether data transformations were required for statistical tests [27]. We applied natural
logarithm (Ln) transforms, as required, to improve the cumulative distribution functions of the
populations of observations so they more closely fit a normal distribution. Transformed levels of flux
of total mineral N, NO3, NH4, P, S, and K, and the raw values for Ca and Mg were analyzed in SAS
9.3 (SAS Institute, Cary, NC) by longitudinal (repeated) measures analyses [28] within mixed-models
(PROC MIXED). Grazing regime, soil depth, and time of growing season were main effects in analyses,
while sampled location within paddock was the longitudinal effect. Particle fractions, bulk density,
organic matter, and distances between water sources and sampled locations were tested as covariates,
to improve function and tests of statistical models. However, all physical attributes of soil were
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reported as non-significant for effects on analyses (0.23 < P < 0.88). Distances between water and
sampled locations were retained as a covariate, as they differed among individual paddocks assigned to
stocking methods, and tests indicated there was some influence on the function of statistical models [29].
Therefore, means and standard deviations (SD) of particle fractions, bulk density, and organic matter
are reported to provide some estimates of soil properties at the sampled locations within paddocks.

Compound symmetry (CS) variance–covariance matrices [28] were used to account for covariance
and autocorrelation among locations within paddocks as there were not enough degrees of freedom
(d.f.) to utilize more complex matrix structures [29]. All analyses were restricted to 2-way interactions
among main factors and the longitudinal factor due to a lack of d.f. required to test higher-order
interactions [27]. The PDIFF procedure of SAS [29] was used to test for differences among means of
significant main and interaction effects. Reported means were back-transformed to original scales of
flux [27]. The level of significance of statistical tests was set at P = 0.10.

Table 2. Descriptive statistics and distribution functions of populations of plant-available macronutrients
in soils of paddocks managed under different stocking methods.

Macronutrients

Mineral N NO3
−-N P S K Mg Ca

——(μg 10 cm−2 probe 7.5 cm soil depth−1 14 d−1) ——
Statistics

Mean 57 53 4.2 93.9 203 1444 292
Std. deviation 78 74 6.4 191.6 142 602 111

Median 32 30 2.1 27.4 190 1465 307
Minimum 2 1 0.2 0.7 10 113 26
Maximum 481 426 44.8 1124.1 781 2770 563

Distribution

Skewness 3.4 3.1 4.0 3.7 1.2 −0.1 −0.2
Kurtosis 13.9 11.2 19.5 14.4 2.3 −0.6 −0.5

K-S normality 0.3 0.3 0.3 0.3 0.1 0.1 0.1
K-S P <0.01 <0.01 <0.01 <0.01 >0.2 >0.2 <0.2

Ln Transform Y Y Y Y Y N N

3. Results and Discussion

3.1. Physical Properties

Soils on the study site showed a degree of similarity for some physical attributes among paddocks
assigned to the different stocking methods, while other attributes were more variable (Table 3).
Particle fractions of soils in paddocks were not constant among paddocks assigned to the different
stocking methods, based on SD. Soils in paddocks assigned to continuous stocking had proportions
of sand and silt with coefficients of variation (c.v.) that ranged from 16% to 41%, while soils in
the rotational and HDRG-stocked paddocks varied from 4% to 14%. Soils in the HDRG-2× and
rotational-stocked paddocks had greater, and more uniform percentages of silt. Alternatively, soils in
paddocks managed by continuous and HDRG-1× stocking had higher mean percentages of sand than
was noted for rotational or HDRG-2× stocked paddocks. Percentages of clay in soils of all paddocks
were relatively similar.

Moist bulk density of soils in paddocks managed under all stocking methods showed greater
variance in the upper 7.5 cm (c.v. = 15% to 21%) than the 7.5 to 15 cm (c.v. = 7% to 12%) increment
(Table 3). Bulk density was lower for the upper 7.5 cm increment in rotational-stocked paddocks
compared to densities in paddocks assigned to the other stocking methods. Moist bulk density in all
sampled paddocks increased with soil depth. Bulk density of the 7.5 to 15 cm increment was 36%, 75%,
39%, and 49% higher than the upper 7.5 cm increment in the continuous, rotational, HDRG-1×, and
HDRG-2×-stocked paddocks, respectively.
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Amounts of soil organic matter showed distinct differences within paddocks assigned to the
different stocking methods. Paddocks managed by HDRG stocking had lower mean concentrations in
the upper 7.5 cm of the profile than in paddocks managed by continuous or rotational stocking (Table 3).
Soil organic matter in paddocks managed by HDRG and rotational stocking were more uniform among
soil depths, while continuous grazing had lower concentrations in the 7.5 to 15 cm increment. Overall,
soil organic matter was more variable in paddocks managed by continuous (c.v. = 25%) and rotational
(c.v. = 29%) stocking than under HDRG-1× (c.v. = 23%) and HDRG-2× (c.v. = 8%) stocking, which
was primarily due to the larger size of paddocks and broader ranges of soils encompassed within the
paddocks [17].

Table 3. Mean (±1SD) particle fractions, bulk density, and organic matter of two soil depths (0–7.5 and
7.5–15 cm) in paddocks managed by different stocking methods; 8 samples depth−1 method−1.

Soil Properties

Particle Fractions

Stocking Clay Silt Sand Bulk Density Organic matter

Method † 0–7.5 7.5–15 0–7.5 7.5–15 0–7.5 7.5–15 0–7.5 7.5–15 0–7.5 7.5–15

———————– (%) ———————– —— (Mg m−3) —— —– (g kg−1) —–
Continuous 20(5) 26(6) 34(14) 36(10) 46(9) 38(6) 0.99(0.15) 1.35(0.15) 42(10) 34(9)
Rotational 20(2) 23(2) 45(5) 46(2) 35(5) 31(2) 0.79(0.17) 1.39(0.15) 43(13) 43(12)
HDRG-1× 17(2) 21(2) 41(4) 37(4) 42(4) 42(4) 0.93(0.12) 1.29(0.15) 33(8) 35(7)
HDRG-2× 18(2) 22(2) 55(6) 53(3) 27(6) 25(2) 0.92(0.19) 1.37(0.10) 35(2) 35(4)
† HDRG-1× and HDRG-2×were high-density rapid-rotation stocking (62 and 123 AU ha−1 for 24 h respectively,
each year).

The review of these properties indicated the physical attributes of soils within the paddocks
included in the study were variable among paddocks assigned to stocking methods. Stocking methods
may have affected some soil properties after sustained application from 2009 to 2015, particularly under
rotational stocking. However, the amount of variability (c.v.) in the measured attributes indicated that
such means were not consistent among the different larger-paddocks and sub-paddocks assigned to
continuous and rotational stocking. The level of variability present in most of the physical attributes
also declined with the size of the paddock. Therefore, the size, organization, and location of paddocks
within the larger landscape of the study area likely had some effects on soil properties [1]. For example,
the rotational-stocked paddocks had largely easterly exposures, while the continuous-stocked paddocks
had predominantly westerly exposures [17]. Both the continuous- and rotational-stocked paddocks
also included multiple slope positions, from toe slope through to tread positions. Such organizational
features of the landscape within paddocks can have large effects on localized, catena-based development
of soils, and their physical (and chemical) properties [1,2,30]. In contrast, the paddocks assigned to
HDRG stocking were of sizes and dimensions that likely contained fewer soils, resulting in more
consistent responses of macronutrients to stocking [15].

The stocking methods applied during this study also have some capacity to result in changes in
organic matter and bulk density in soils of the US southern Great Plains (SGP). Research in Oklahoma,
USA, [31] noted increased bulk density of soils of a perennial grassland in response to 10 years of
different, increasing levels of stocking density applied by rotational grazing, compared to no grazing.
Other research showed similar effects on bulk density after 27 years of different stocking methods [32].
However, bulk density and organic matter of soils of native grasslands in the SGP also have naturally
variable distribution patterns, which appear to be related to the catenae-scale organization of plant–soil
complexes that exist within landscapes of native prairies [32,33]. High levels of variance in both bulk
density and organic matter were recorded within soil profiles at scales <20 m, both within and across
a series of adjacent 1.6 ha experimental paddocks of tallgrass prairie managed by different stocking
methods [33]. Such results indicated that soils in the area of the current study also have non-uniform
distributions [17], and variable patterns of spatial distribution for soil properties beyond the effects
related to the stocking method.
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3.2. Mineral N

Main effects related to soil depth and time of growing season were significant for total mineral
(P ≤ 0.02) and NO3

−-N (P ≤ 0.05). Higher amounts of total mineral and NO3
−-N were noted during

the spring than summer (37.8 versus 27.1μg N 10 cm−2 probe−1 7.5 cm soil−1 14 d−1 (Diff = 5.7 μg); 31.8
versus 22.3 μg NO3

− 10 cm−2 probe 7.5 cm soil−1 14 d−1 (Diff = 8.2 μg)). The highest available amount
of total mineral and NO3

− N within significant effects of soil depth was noted for the upper 7.5 cm
compared to the 7.5 to 15 cm depth (47.0 versus 21.8 μg N 10 cm−2 probe-1 7.5 cm soil−1 14 d−1 (Diff =
5.7 μg); 39.2 versus 18.1 μg NO3

− 10 cm−2 probe−1 7.5 cm soil−1 14 d−1 for (Diff = 8.2 μg)).
The stocking method × paddock location interaction was significant for both total mineral

(F9, 96 = 4.8; P < 0.01) and NO3
−-N (F9, 96 = 3.3; P < 0.01); all other interactions among effects for

both total and NO3
--N were not significant (0.15 < P < 0.84). The highest flux in availability of

total mineral (Table 4) and NO3
--N within the interactions (Figure 1) were recorded at 0.7 PMP in

paddocks receiving the HDRG-1× treatment. A group with the second-highest flux occurred at PMP of
HDRG-1× paddocks, and 0.7 PMP in rotational-stocked paddocks. The group with the lowest flux
recorded occurred at 0.7 PMP and PMP of HDRG-2×-stocked paddocks. Amounts of flux at all other
locations within paddocks belonged to different intermediate, and usually multiple, groups of means.
The amount of flux at 0.7 PMP of HDRG-1× paddocks was 510% greater overall than the amounts
across all locations in continuous-stocked (control) paddocks, while the group with second-highest flux
was 164% greater than those in the control paddocks. In contrast, the locations in HDRG-2×-stocked
paddocks with the lowest amounts of recorded flux had amounts that were 49% to 52% lower than
fluxes in NO3

- and total N recorded in continuous-stocked paddocks.

Table 4. Stocking method × paddock location effects on flux of total mineral N in soils; LSD was least
significant difference and numbers with the same letter were not different at P = 0.10.

Location†

Stocking Method ‡ Water 0.25 PMP 0.7 PMP PMP

—(μg 10 cm−2 probe 7.5 cm soil−1 14 d−1) —
Continuous 31.7 cde 27.2 def 23.1 efg 25.0 ef
Rotational 19.1 fg 32.4 cde 61.0 b 42.5 c
HDRG-1× 42.3 c 22.2 efg 141.1 a 61.2 b
HDRG-2× 37.5 cd 33.9 cde 11.9 g 12.2 g

Diff 11.9
† PMP, pasture mid-point; ‡ HDRG-1× and HDRG-2×were high-density rapid-rotation grazing at one and two-times
normal stocking density (62 and 123 AU ha−1 d−1, respectively).

Distribution of flux in plant-available NO3
− -N and total mineral N were more uniform among

sampled locations in paddocks that were continuous-stocked than in paddocks managed under the
other stocking systems (Figure 1, Table 4). This was a surprising result given that these paddocks were
grazed year-long by cattle (as a control treatment), and the sampled transects covered substantially
larger areas than in either the rotational- or HDRG-stocked paddocks. There was an expectation of the
occurrence of specific hotspots of mineral N (or higher overall amounts of mineral N) in soils within the
continuous-stocked paddocks. This premise was based on the greater opportunity (longer occupancy
time) for cattle to congregate in certain areas (e.g., water sources) of paddocks, resulting in less-even
distributions [10]. However, the response of mineral N to the form of stocking can be variable. A study
of the effects of 2- and 12-day rotations with continuous stocking on Bermudagrass (Cynodon dactylon)
paddocks reported no differences in paddock-scale NO3

−-N, but greater accumulations closer to water
and shade [15]. The same results were noted in Bahiagrass (Paspalum notatum) paddocks managed
by similar stocking methods [34]. In comparison, the amount of NO3

−-N flux in the rotational- and
HDRG-grazed paddocks of this study showed definable hotspots, and greater ranges in amounts of
flux among locations within paddocks, despite the shorter residence times of cattle
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This result runs counter to one of the hypothesized effects for systems of rotational stocking,
i.e., that subdivision into smaller sub-paddocks would result in more uniform use of paddock areas by
cattle, and hence, provide more uniform distribution of excreta by grazing animals [16,22]. However,
the inherent behavior and preferences of cattle for certain features of landscapes may prevent the
achievement of uniform distribution of grazing in production-scale paddocks, regardless of stocking
method [23]. For example, cattle wearing global positioning system (GPS) collars on rangeland
in northeastern Colorado spent ~27% of their total time on paddocks in locations (water sources
and corners) that represented just 2.5% of the total area of 65 to 130 ha paddocks [13]. Cattle
redistributed 49% of all N in consumed biomass to these areas [13]. Similar results have been reported
for different types of perennial warm-season grasses managed under both continuous and rotational
stocking [15,34]. In comparison, the current study on native tallgrass prairie showed a series of high-N
areas at more distant locations from water under rotational and HDRG-1× stocking, but responses
were not consistent across all forms of rotational stocking. Such results indicate that the application of
more management-intensive methods of stocking cattle may not achieve uniform use of the entire
area of paddocks, and hence, uniform distribution of NO3

− or mineral N. Application of animal
densities, that do not exceed carrying capacity of the plant community (as in the current study)
to continuously-stocked paddocks may be as effective at preventing hotspots of labile NO3

−N as
rotational methods.

Figure 1. Grazing treatment × location interactions in flux of NO3
−-N in soils; DIFF was significant

difference used in means test. Columns with the same letter were not different at P = 0.10.

3.3. Phosphorus

There were significant differences in main effects related to soil depth (F1, 96 = 29.3; P< 0.01) for flux
of available phosphorus (P), with greater fluxes within the upper 7.5 cm than the 7.5–15 cm increment
of soil profiles (4.0 versus 2.4 μg P 10 cm−2 probe 7.5 cm soil−1 14 d−1). Studies reporting the effects of
rotational and continuous stocking on soil P in other perennial grasslands have noted similar effects
related to soil depth [15,35] The stocking method× date (F3, 96 = 10.3; P< 0.01), paddock location × date
(F9, 96 = 2.6; P = 0.01), and date × paddock location interactions (F3, 96 = 4.9; P < 0.01) were also
significant, while all other interactions were not (0.47 < P < 0.93). Within stocking method × time of
season interactions (Table 5), the largest P flux occurred under rotational stocking during spring, and
the second-largest under continuous stocking during summer. All other levels of P flux within the
interaction were low and belonged to the same means group. In spring, rotationally-stocked paddocks
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had 109% greater amounts of P flux than in continuously-stocked (control) paddocks. In comparison,
paddocks managed under HDRG had 36% lower P flux than continuous-stocked paddocks.

Within the paddock location × time of season interaction (Table 5), the greatest flux in P occurred
during spring at 0.25 PMP. This amount of P flux was 97% greater than the flux recorded at other
locations in spring. During summer, the 0.7 PMP locations generated the second-largest flux in
available P, with 33% greater flux than other locations within paddocks. All other fluxes in available P
within the interaction were at similar low amounts. Within the stocking method × paddock location
interaction (Table 6), the highest flux of available P in soils was noted at 0.25 PMP and PMP locations
under continuous stocking. A group with the second-highest amounts of P flux was noted at 0.7 PMP
in rotational-stocked paddocks and at water sources in continuous-stocked paddocks. Amounts of P
flux in the elements of the interaction occurred at low and similar levels (1.3 to 2.1 μg). The highest
amount of flux (0.25 PMP in continuous-stocked paddocks) was 34% greater than rotational-stocked
paddocks at the same location, and 162% and 358% greater respectively, than P flux in HDRG-1× and
2×-stocked paddocks.

Table 5. Stocking method × time of year, and paddock location × time of year, interactions in P flux
(μg 10 cm−2 probe 7.5 cm soil depth−1 14 d−1) within soils. Diffwere significant differences in means
tests; numbers with the same letter were not different (P < 0.10).

Time of Year

Main Effect Level of Effect Spring Summer

Stocking Method † Continuous 3.2 bc 5.1 ab
Rotational 6.7 a 2.5 c
HDRG-1×† 2.4 c 2.4 c
HDRG-2×† 2.3 c 2.3 c

Diff 2.5
Location ‡ Water 3.2 b 2.5 b

0.25 PMP 6.3 a 3.3 b
0.7 PMP 2.3 b 3.6 ab

PMP 2.5 b 2.3 b
Diff 2.7

† HDRG-1× and HDRG-2× were high-density rapid-rotation stocking at 62 and 124 AUD ha−1 24 h−1, respectively.
‡ PMP, pasture mid-point.

While significantly higher amounts of P flux were noted in all three interactions (Tables 5 and 6),
these amounts were not large, and may have limited biological significance. The entire range in flux of
available P in the interactions was 4.4 (grazing regime × time of year), 4.0 (paddock location × time
of year), and 4.3 (grazing regime × paddock location) μg per 10 cm2 surface area of probes 7.5 cm
soil−1 14 d−1. The majority of the means of P flux noted in interactions also fell within narrow ranges
(0.9 to 1.3 μg), when the statistically highest responses were excluded. Such results indicate that
the amounts of plant-available P in soils in response to stocking method, time of year, and paddock
locations was relatively small. Also, the higher amounts recorded (continuous and rotational stocking)
were not consistent in terms of paddock locations or times of year, so variability was present in the
responses. It is difficult to assess what these low fluxes in plant-available P represent, as it is only a
portion of the entire P pool. Other research on P distributions within grass paddocks under rotational
and continuous stocking methods noted differences in amounts related to lengths of applied grazing
periods, and higher amounts close to water or shade (78–130 [15], 8–17 [34], and 15–22 [35] mg P kg−1)
in different soils.

The primary source of plant-available P within perennial grasslands is largely derived through
recycling of amounts in soil organic matter consumed by soil microbes, and through inputs from
decomposition of livestock feces [3]. Therefore, amounts of plant-available P in grassland soils are
generally low, compared to other macronutrients like N, K, Ca, and Mg [3,36]. Another likely driver
for the lower amounts of P flux within paddocks receiving the HDRG forms of stocking may be the
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short periods that cattle were assigned to these units. Though large numbers of cattle were present
on these small areas, they spent only 24 h on these paddocks each year, which limited the potential
input of feces, compared to the longer residence times of cattle in continuous- and rotational-stocked
paddocks. Other studies have reported more random forms of feces distribution under short-term
(24 to 48 h) rotational stocking on small paddocks, instead of patterns related to water or shade [34].
Research on paddocks of introduced warm-season perennial grasses in Florida also reported greater
amounts of soil P in closer proximity to water across longer rotational (10–14-day grazing periods) and
continuous stocking systems [15,34], which was a different result from the current study.

Table 6. Effect of stocking method × paddock location interactions on P flux. Diff was significant
difference used in means test; numbers with the same letter were not different (P < 0.10).

Location †

Stocking Method ‡ Water 0.25 PMP 0.7 PMP PMP

(μg P 10 cm−2 probe 7.5 cm soil depth−1 14 d−1)
Continuous 3.2 cd 5.5 a 1.6 d 1.3 d
Rotational 1.5 d 4.1 ab 3.5 bc 1.7 d
HDRG-1× 1.3 d 2.1 c 1.1 d 1.4 d
HDRG-2× 1.4 d 1.2 d 1.5 d 1.5 d

Diff 1.9
† PMP, pasture mid-point. ‡ HDRG-1× and HDRG-2×were high-density rapid-rotation grazing at one and two-times
stocking density (62 and 123 AU ha−1 d−1, respectively).

3.4. Potassium

There were significant differences in main effects related to soil depth (F1, 96 = 22.8; P < 0.01)
for plant-available potassium (K), with greater flux within upper 7.5 cm depth of profiles than the
7.5 to 15 cm increment (335 versus 137 μg 10 cm−2 probe area 14 d−1 in the 0−7.5 and 7.5−15 cm
increments, respectively). Interactions between stocking method and date were also significant (F3, 96 =

2.7; P = 0.05), but the main effects of paddock location (P = 0.66) and all other interactions were not
(0.23 < P < 0.93).

Within the stocking method × date interaction in flux of available K (Figure 2A), the greatest
and second greatest amounts occurred, respectively, under rotational and continuous stocking during
spring. The lowest flux in available K included a group of responses under HDRG-2× stocking during
spring and summer, and continuous and rotational stocking in summer. The flux in available K in soils
of rotational-stocked paddocks was 149% larger than under continuous stocking during the spring,
while K flux under HDRG-1× and HDRG-2× stocking were 30% and 44% lower than the control.
In contrast, there was little difference in amounts of flux in available K among stocking methods
during summer.

The location of lounging areas of cattle within paddocks has been defined as a potential key to
change in distribution of K within landscapes of paddocks [3]. Movement of K in excreta from the
larger area of paddocks to high traffic zones can translate to higher amounts of K (and N) in plant
biomass produced near urine patches, relative to amounts actually retained within the body mass of
cattle [3,36]. Higher amounts of K were noted in lounging areas of Bermudagrass and Bahiagrass
paddocks in Florida, USA [15,34], likely due to greater inputs of urine in such areas. In contrast,
the current study found no notable redistribution of plant-available K within any of the sampled
paddock locations related to stocking method. While the two sampled locations near water within
paddocks represented extremes for positions near water, these locations may have missed lounging
areas near water [34]. More intense sampling regimes within paddocks may be required to identify
areas with high amounts of plant-available K. The only definable effects noted on flux of available
K were related to conditions during different times of the year, with greater amounts of flux during
spring (80% and 150% greater under continuous and rotational stocking), and 2.4 times less flux in the
deeper section of sampled soil.
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Figure 2. Stocking method × time of year interactions in flux of (A) K and (B) Mg in soils. Diffwere
significant differences used in means tests. Columns in panels with the same letter were not different at
P = 0.10.

3.5. Magnesium

Main effects of soil depth were significant (F1, 96 = 9.4; P < 0.01), with the upper 7.5 cm increment
having greater magnesium (Mg) flux than the 7.5 to 15 cm increment (342 versus 316 μg 10 cm−2 7.5 cm
soil depth−1 14 d−1; Diff = 23 μg). Similar patterns in amount of Mg in different sections of the soil
profile were noted in other grazed grasslands [34,35]. Stocking method × time of growing season
(F3, 96 = 4.3; P = 0.01), and stocking method × paddock location (F9, 96 = 2.4; P = 0.02) interactions were
also significant. All other interactions among main effects were not significant (0.19 < P < 0.78). Within
the stocking method × time of year interaction, the greatest amount of Mg flux occurred in response to
rotational and HDRG-1× stocking during summer (Figure 2B), and slightly lower levels of Mg flux
were noted in response to continuous and HDRG-2× stocking. In contrast, the lowest amounts of flux
were noted during spring under HDRG-2× stocking, while responses to the other stocking methods
during spring belonged to means groups with intermediate and lower responses.

Rotational and HDRG stocking resulted in 23% to 29% lower flux in Mg during spring than
continuous stocking, but 7% to 20% greater amounts of flux during summer (Figure 2B). In contrast,
the amount of flux present under continuous stocking was more consistent during different times of
year than responses to the other stocking methods. Magnesium flux between spring and summer
under continuous stocking increased 15%, while rotational and HDRG stocking resulted in larger
increases. Higher fluxes in available Mg occurred under all stocking methods during summer, with an
average difference of 61%.

Factors that generated the stocking method × time of year interaction in Mg flux were not
immediately evident. The longer residence time of cattle on the continuous stocked paddocks was
thought to result in increased amounts of Mg (and other nutrients) within paddocks [34,36]. Sandier
soils, such as those in the continuous-stocked paddocks also tend to have lower amounts of available
Mg [3,34]. The difference in timing of sampling between spring (delayed seven months) and summer
grazing might have provided the higher amounts of Mg during summer. However, the primary
excretal source of Mg is from feces (>75% of total animal inputs) and has slower rates of movement
than N or K into the soil [3]. The summer sampling event occurred within seven days of termination of
grazing, so there was not enough time for Mg enrichment prior to summer sampling. A more likely
agent for the interaction would be leaching of Mg from soil profiles during the delay between grazing
and spring sampling [34–36].
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Among stocking methods, both rotational and HDRG-1× stocking resulted in greater amounts of
Mg during summer, despite being grazed for shorter periods than the continuous paddocks, and the
drier conditions that were prevalent during summer. In comparison, research on Bahiagrass paddocks
reported no differences in Mg concentrations within soils of paddocks in Florida after three years of
different forms of rotational stocking were applied during summers [34]. Alternatively, research on tall
fescue (Lolium arundinaceum) paddocks grazed during April through September reported differences in
amounts of Mg in soils in response to a series of rotational stocking systems, and consistent declines in
amounts across all systems after five years [35].

Within the stocking method× paddock location interaction, the highest and lowest flux in available
Mg occurred respectively, in proximity to water tanks and the 0.25 PMP locations of rotational- and
continuous-stocked paddocks (Figure 3A). The second-highest Mg flux occurred for a group of mean
responses for locations near water tanks, 0.7 PMP and PMP locations in continuous-stocked paddocks,
and PMP locations in HDRG-2×-stocked paddocks. A difference in distribution patterns of Mg flux
was the driver of the interaction between stocking methods and paddock locations. Both continuous
and rotational stocking had higher levels of Mg flux at locations closer to water tanks, while HDRG-1×
stocking generated more uniform levels across locations, and HDRG-2× stocking resulted in increased
flux in available Mg with increasing distance from water. This change in distribution pattern generated
by stocking methods resulted in a range of responses belonging to the means groups with intermediate
amounts of flux in available Mg. Other research on paddocks of warm-season grasses managed under
continuous and rotational stocking reported increasing amounts of Mg in areas closer to water or
shade [15,34]. A similar effect was noted in the current study, with the continuous and rotational
paddock, though the effects was not consistent across or within all stocking methods.

Figure 3. Stocking method× location interactions in (A) Mg and (B) Ca flux in soils; Diffwere significant
differences used in means tests. Columns in panels with the same letter were not different at P = 0.10.

3.6. Calcium

Main effects related to soil depth (F1, 96 = 13.7; P < 0.01) and time of growing season (F1, 96.1 =

102; P < 0.01) on calcium (Ca) flux were significant, as was the stocking method × paddock location
interaction (F9, 96 = 1.7; P = 0.09). All other interactions were not significant (0.11 < P < 0.84). Among
main effects related to soil depth, the upper 7.5 cm had greater flux in available Ca than the 7.5 to 15 cm
increment (1779 versus 1551 μg 10 cm−2 probe area−1 7.5 cm soil−1 14 d−1; Diff = 59 μg). Among times
of growing season, lower flux in available Ca was noted at the time of spring sampling compared to
summer (1512 versus 1817 μg 10 cm-2 probe area−1 7.5 cm soil−1 14 d−1; Diff = 59 μg).
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Within the stocking method × paddock location interaction, the highest flux in Ca occurred under
rotational stocking at 0.25 PMP locations (Figure 3B). A group with the second-highest Ca flux included
locations near water tanks in continuous- and rotational-stocked paddocks, and 0.25 PMP locations
in continuous-stocked paddocks. In contrast, the lowest recorded Ca flux occurred near water in
paddocks under HDRG-2× stocking. The interaction between stocking method and paddock locations
was due to differences in the pattern of amounts of flux among forms of grazing. Both continuous
and rotational stocking had higher levels of Ca flux at locations closer to water tanks. In contrast,
HDRG-1× stocking generated more uniform levels of flux across locations, and HDRG-2× stocking
resulted in increasing amounts of flux with distance from water tanks.

Calcium in animal excreta is primarily in feces; < 3% of animal inputs to soil are reported to be in
urine [3]. Therefore, fecal sources have been considered a significant factor for flux in plant-available
Ca, compared to decomposition of plant residues. However, amounts of Ca input to grassland soils via
cattle excreta varies widely, and movement rates of Ca from dung to soils is not well-defined. Evidence
suggests an increase in Ca flux with greater amounts of precipitation [36,37]. In comparison, the current
study showed lower amounts of flux during spring, when greater amounts of soil moisture were
present, compared to the amounts recorded during summer after a prolonged dry period. The delay
between grazing and sampling for macronutrients may have contributed to this result. However,
heavier rainfalls than those which were encountered during this study may be required. Movement of
Ca from dung into soil without such events occurs at slower rates, similar to the change in amounts of
organic matter in dung [38].

3.7. Sulfur

The effects of distance to water as a covariate in defining flux of plant-available sulfur (S) in soils
were significant (F1, 12.9 = 3.7; P = 0.08), indicating distance between sampled locations and water
sources were important to the amounts of flux recorded in plant-available S. However, the related effect
of sample location of these distances (a measure of paddock organization) as a main effect (F3, 96 = 1.2;
P = 0.30), and interaction of sample location with other factors, were not significant (0.12 < P < 0.72).
Main effects of stocking method (F3, 93.1 = 8.8; P < 0.01) and soil depth (F1, 96 = 5.4; P = 0.02) were the
only significant factors that affected flux in plant-available S in soils.

Among stocking methods, continuous and rotational stocking had the highest and second-highest
flux (58.7 and 43.3μg S 10 cm−2 7.5 cm probe−1 soil depth−1 14 d−1; Diff = 4.4 μg), while HDRG-2×
and HDRG-1× stocking had significantly lower and similar amounts (30.2 and 27.3 μg S, respectively).
The range from greatest to least amounts of flux (31.4 μg) was 78% of the mean amount of flux across all
stocking methods. In comparison, research on S in soils of other grasslands reported greater amounts in
soils managed under rotational stocking with long residence times and continuous stocking, compared
to rotations with short residence times on paddocks [15]. Among soil depths, the surface 7.5 cm
increment had significantly more S flux than the 7.5 to 15 cm increment (47.1 versus 30.7 μg S 10 cm−2

probe−1 7.5 cm soil depth−1 14 d−1; Diff = 8.6).
Sulfur is present in soils in both organic and inorganic forms, and in variable amounts [3].

The amounts of S present in soils also depends on such factors as amounts and types of organic matter,
mineral composition, and pH of soils [3,39]. The majority (>90%) of S in soils of temperate grasslands
was found in the upper 10 cm of the profile, in organic forms derived from animal excreta and plant
residues [35]. Large proportions of this S are labile forms, including water-soluble sulfates derived
from excreta and residues [39]. In comparison, there was 53% more S flux in the upper 7.5 cm increment
of soil in the current study, which corresponded to findings noted in earlier research [15].

Inputs to soils from excreta of grazing animals, primarily in urine, represent an important source
of S flux in graze grasslands [15,39], and stocking method has been reported to effect distributions.
Sources of plant-available S from grazing animals is related to both retention and throughput of forage
consumed. Roughly 25% of S in the biomass of forage consumed by cattle is retained within animals,
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with the remainder excreted in urine and feces [3,15]. Amounts of S in both forms of excreta varies
with type of grassland, location within landscape where deposited, and form of management.

In the current study, higher amounts of flux in available S appeared to occur in response to
the length of time animals were assigned to paddocks, with a sequential decrease from the longest
(continuous) to shortest (HDRG) periods of applied grazing. Research in Australia and New Zealand
noted that 50% to 70% of S excreted by cattle was in urine, primarily in labile forms of sulfate [36,39].
In contrast, S concentration in dung tends to be small (~0.3% of dung dry matter) and generally in
more stable organic forms that mineralize slowly, at rates similar to those noted in mineralization of
soil organic matter [39]. Therefore, the longer residence times of cattle on the continuous and rotational
paddocks was an important contributor to the greater amounts of plant-available S that were recorded.

4. Conclusions

Responses during this study provided a mixed result for defining how, or if, seven years of applied
stocking methods affected levels and distributions of plant-available macronutrients at contrasting
locations within production-scale paddocks. All stocking methods tested, from continuous through to
different forms of rotational stocking, appeared to generate varied responses in different plant-available
macronutrients among paddock locations and time of growing season, though amount of sampling
was limited. These variable responses were likely driven by interactions of climate and local soil–plant
assemblages (catenae) with paddock management and time of year [1,6,11,22], which were noted
in a range of other studies [11,13,15,16,31,34–36]. Though the number of locations within paddocks,
number of paddocks, and amount of sampling in the study were limited, such responses indicate
that stocking methods may not prevent high levels of flux in plant-available macronutrients within
paddocks, which is similar to results reported for other ecosystems [15,34,35]. Production-scale
paddocks of tallgrass prairie are generally large in size, and variable in terms of landscape features
and soils that are included within their boundaries. Such variability makes identifying changes in
soil attributes to management a difficult and complex process. Though limited in number of locations
within paddocks, number of paddocks sampled, and amount of sampling, the current study does
provide a preliminary example of whether stocking methods influence distribution of macronutrients
within paddocks after seven years of application. Longer and/or more detailed studies of macronutrient
distributions across a broader range of landscape positions are required to better describe responses
within production-scale paddocks.
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Abstract: In mountain areas, hays are the main forage in winter diets for livestock. Barn-dried hays
can be an alternative to traditional hays, which are generally characterized by a low feed value.
The aim of this study was to compare the feed value of barn-dried hays with that of the fresh forage
from a permanent meadow. The study was carried out over three periods during the first growth cycle
of the meadow’s vegetation (from 30 May to 3 June, from 13 to 17 June, and from 27 June to 1 July).
Fresh forage and barn-dried hays of the same fresh forages were tested for dry matter digestibility
(DMD), organic matter digestibility (OMD), and voluntary intake (VI). Both types of forage obtained
each period were tested with an interval of 15 days. Chemical composition and OMD of forages did
not change (p > 0.05) according to the feeding method. However, the DMD values for barn-dried hays
were higher (p < 0.05) than for fresh forages at the end of the cycle. VI and digestible organic matter
intake of barn-dried hays were higher (p < 0.05) than that of fresh forages. In conclusion, barn-dried
hays obtained from permanent grasslands presented a higher feed value than fresh forages.

Keywords: permanent grassland; fresh forage; barn-dried hay; chemical composition; digestibility;
voluntary intake

1. Introduction

In many regions of Europe and particularly in mountain areas, semi-natural grasslands are the
predominant land types, and milk and meat production are based on forages they supply. The grassland
systems of these areas seek to maximize the use of grass for grazing purposes, but preserved forages
are also needed for feeding during the winter or to offset shortages during summer droughts. However,
poor knowledge of their feed value and the reduced performance obtained when they were compared
to seeded forages, such as that provided by Lolium perenne L. grasslands [1], make farmers reluctant
to use forages obtained from semi-natural grasslands. The results obtained by Bruinenberg et al.
(2002) [1], partially disagree to those obtained by Andueza et al. (2010) [2] and Andueza et al. (2013) [3]
which reported a broad variability in digestibility and voluntary intake (VI) of different permanent
grasslands at different maturity stages.

Haymaking is the most popular forage preservation method in mountain areas. However,
the nutritive quality of hays is not optimal as it is often conditioned by weather, particularly in spring.
According to Rotz and Muck (1994) [4] average dry matter (DM) losses in hay making are estimated
between 24% and 28% of the original forage. To overcome this problem, farmers increasingly use
barn-dried hays. However, their relative nutritive value is often not well known. French National
Institute for Agricultural Research (INRA) nutritive value estimates for permanent grasslands are not
exhaustive, while nutritive value of barn-dried hays is unknown, and the few relevant references in
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the literature mostly concern seeded forages. In general, in this preservation system, changes in the
quality of forages are mainly related to plant respiration of grass after cutting. However changes in
the feed value of artificially dried forages are often conflicting in the literature: Pasha et al. (2004) [5],
reported higher digestibility and intake values for forced-air-dried hays than for frozen grass, but
Archimède et al. (1999) [6] found higher organic matter digestibility (OMD) and VI for fresh Digitaria
decumbens Stent than the equivalent forage dried for 20 h at 60 ◦C. Similar results were found in
sheep by Dulphy and Rouel (1987) [7] for VI. Finally, Demarquilly (1970) [8] and Delaby and Peccatte
(2008) [9] reported similar results between fresh forage and barn dried hay or those dehydrated at low
temperatures, but Andueza et al. (2009) [10] found higher OMD values for lucerne hays than the same
dehydrated forages, although no differences between preservation methods were found for VI. From
these results, we hypothesized that the feed value of barn-dried permanent grassland hays might be
similar to that of fresh forage.

Our aim in this work was to assess the effects of the barn-dried preservation method as a
management alternative option to fresh forage feeding, for a permanent grassland across its first
growth cycle on the chemical composition and feed value of the forage.

2. Materials and Methods

The study was conducted indoors at the French National Institute for Agricultural Research
of the Marcenat experimental farm (INRA-Herbipôle) in France. The animals were handled by
specialized personnel who applied animal care and welfare in accordance with European Union
Directive no. 609/1986, under agreement no. A63 565. The experimental procedures complied with
French regulations for the use of experimental animals (statutory order no. 87-848, guideline of
19 April 1988).

2.1. Forages and Climatic Conditions

One permanent grassland, located at Marcenat (Cantal, France 2◦49′ E, 45◦18′ N) at 1060 m above
sea level, was used. It received 33 kg of N/ha in March 2005. The experimental period started on
20 May and lasted 8 weeks including an 8-day period of adaptation to the experiment (between 20
to 29 May). The sward was used three times during the first growth cycle of 2005 for fresh forage
or barn-dried forage (from 30 May to 3 June, from 13 to 17 June and from 27 June to 1 July). Every
Wednesday, (1, 15, and 29 June) an area of the 0.5 ha of this plot was cut, and forage was harvested for
drying in an experimental barn. The rest of the Wednesdays between 18 May and 29 June, forages
were barn-dried but they were not used in the current study. Briefly, air was heated to a maximum of
40 ◦C and then blown into the bottom of a box (2 × 2 × 2 m3) containing the forage harvested using
a fan and an electric heating element. The 3 kW centrifuge fan produced an air flow of 4000 m3/h.
The ambient air at the inlet of the ventilator was heated by 6 ◦C using a 9-kW electric heating element.
Two boxes were used. The drying procedure lasted between 4 and 7 days according to the dry matter
content of the fresh forage. Forage was manually turned once a day during each drying period to
ensure consistent dehydration. Finally, 300 kg of dried forage was obtained each week.

Total rainfall during the growth cycle (1 April–30 July) was 300 mm. Total rainfall during the
period of the study was 31 mm (Figure 1). Average temperatures ranged between 14 ◦C and 18 ◦C.
Previous management of the grassland consisted in general on cutting the plot for hays at the end of
June and then grazed in August and October. Plots received usually 30 kg of N/ha early in spring.
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Figure 1. Gaussen ombrothermic diagram of the study site (Marcenat, France) from 1 May until 31 July
in the period of 10-days including the experimental period when forage tested was grown (from 30 May
to 1 July). Bars indicate rainfall. Average temperatures are line joined.

2.2. In Vivo Digestibility Trials

Twelve 2-year old Texel wethers (mean live weight: 63 kg) were used. Each forage type (fresh or
barn dried forage) was randomly assigned to six wethers. The in vivo digestibility trials were run
in each of the three measurement periods over 15 days, in which the first 10 days were devoted to
adaptation to diet and the last 5 days (dates showed previously) to data collection (daily offering,
refusals and feces). The offered diet consisted of fresh unpreserved forage cut daily from the grassland,
or barn-dried hay, chopped to a length of 5–7 cm and offered ad libitum twice a day, at 8:00 a.m. and
4:00 p.m. [11]. The amount of forage offered was adjusted daily on the basis of the previous day’s
intake. A refusal of 0.1 of the offered quantity was allowed. Throughout the experimental period,
the·animals had free access to water and vitamin–mineral blocks. Barn-dried hays were tested 15 days
after testing the same forage cut daily and offered fresh.

2.3. Samples

During the data collection of each period in the digestibility trials, three samples of about 200 g
were randomly collected per day and per forage before chopping of herbage (total = 15 samples). These
samples were stored at −20 ◦C and were used for the determination of the botanical composition and
the phenological stage. Botanical composition was determined by hand separation and weighing of
samples of different plant species on five samples per forage. Senescent material (Sm) was considered
globally for all plants. Phenological stage was determined on three samples per forage using 50 random
grass tillers according to an adaptation of the method proposed by Moore et al. (1991) [12]. The mean
plant stage by weight (MPW) for each sample was calculated by

MPW = Σ (Ci Di)/D (1)

where Ci, is the code of stage i as defined in Table 1, Di the total dry weight for tillers in stage i, and D
the total dry weight for all tillers.

Furthermore, during digestibility trials, forage offered refusals and the feces of each animal were
sampled daily. At the end of each period, three samples of forage and one sample of refusals and feces
were made up and they were used for chemical analyses.
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Table 1. Definition of the plant stages (in grasses) used to characterize the medium plant stage of the
grasslands (adapted from [12]).

Stage Code Description

Vegetative

Vegetative leaf development 1.5

Stem Elongation

Elongation (beginning) 2 First node palpable/visible
Elongation 2.5 Nodes palpable/visible

Elongation (end) 3 Boot stage

Reproductive/Floral Development

Inflorescence emergence 3.1 First spikelet visible
Inflorescence 3.3 Spikelets fully emerged/peduncle not emerged

Inflorescence emerged 3.5 Inflorescence emerged/peduncle fully elongated
Anther emergence/anthesis 3.8

Seed Development and Ripening

Caryopsis visible 4
Milk 4.1

Dough 4.4
Endosperm hard/physiological maturity 4.7

Endosperm dry/seed ripe 4.9

2.4. Analyses

All the samples (hand-separated plant species, forage offered, refusal, and feces) were oven-dried
at 60 ◦C for 72 h. Forage offered, refusal and feces samples were ground through a 0.8 mm screen.
Samples of forage offered and refusals were analyzed for crude ash (CA) according to AOAC, (1990) [13].
Forages offered were analyzed for nitrogen (N) [13], water soluble carbohydrates (WSC) [14] neutral
detergent fiber (NDF) according to the method described by Van Soest et al. (1991) [15] and for acid
detergent fiber (ADF) and acid detergent lignin (ADL) according to Van Soest and Robertson (1980) [16].
Neutral detergent fiber and ADF analyses were performed using the Ankom apparatus (Ankom® Tech.
Co., Fairport, NY, USA). Analyses of CA were determined in feces samples.

2.5. Calculations

Crude protein (CP) was obtained by multiplying the N concentrations by 6.25. The relative
proportions of grasses, legumes, and forbs were calculated on a DM basis from botanical composition
data. The in vivo results and DM and CA data were used to calculate dry-matter digestibility (DMD),
OMD, and digestible organic matter intake (DOMI). Voluntary intake (calculated as the average of a
5-day period of daily forage offered minus refusal) and DOMI were expressed in g DM/kg of metabolic
body weight (BW0.75).

2.6. Statistical Analysis

Data on chemical composition of the samples for the two types of forages in the experimental
periods underwent to repeated-measures ANOVA according to the model

Yijk = μ + Fi + Pj + (F × P)ij + R(F × P)ijk + εijk, (2)

where Y is the dependent variable, μ is the overall mean, F is type of forage (1 df), P is the period (2 df),
F × P is the interaction between type of forage and period (2 df), R is the replicate effect (2 df), and ε is
the experimental error. Replicate was considered as a random effect, and period as a repeated measure.

For ANOVA of in vivo digestibility data (DMD, OMD, and DOMI), we used the model

Yijk = μ+ Fi + Pj + (F × P)ij + A(F)ik + εijk, (3)

84



Agronomy 2019, 9, 273

where Y is the result for a single animal, μ is the overall mean, F is type of forage (1 df), P is the effect
of period (2 df), A is the effect of animal (5 df), F × P is the interaction between type of forage and
period (2 df), and ε is the experimental error. Each animal was considered as a block factor and as a
random variable. Single degree-of-freedom orthogonal polynomial contrasts were used to detect linear
and quadratic effects of time on chemical composition, digestibility coefficients, daily feed intake, and
DOMI. Because forage samples were taken at 665, 822, and 1059 growing degree days (GDD), polynomial
contrasts were adjusted for unequally spaced time effects (i.e., 665, 822, and 1059 GDD). The relationships
between temperature accumulation from 1 February using 0 ◦C as minimum base temperature and 18 ◦C as
maximum base temperature [17], phenological stage determined by MPW, chemical composition variables,
in vivo digestibility, and intake data were evaluated by Pearson correlation coefficients. All analyses were
performed using the mixed procedure of the SAS statistical package [18].

3. Results

3.1. Botanical Composition and Phenological Stage

The average botanical composition of the permanent meadow during the three periods of the
experiment is reported in Table 2. Permanent meadow was characterized by higher proportions
of grasses than that of forbs. The ratio between the two groups increased with the advance of
the phenological cycle. At young stages, the proportion of grasses was 0.76 and at more mature
stages, the proportion of grasses increased to 0.83. Proportion of legumes was always less than
0.01. Initially, grassland species >0.10 were Agrostis capillaris L., Dactylis glomerata L., L. perenne, and
Taraxacum officinale F.H. Wigg., whereas at more advanced phenological stages dominated species were
A. capillaris, L. perenne, and Festuca rubra L. Mean plant weight at P1 (665 GDD) was 2.65 (boot stage,
Table 1) and increased until P2 (822 GDD) before finally levelled off between P2 and P3 (1059 GDD)
(Table 2).

Table 2. Botanical composition (percentage of dry matter) and mean plant weight (MPW) (dimensionless)
phenological stage of the permanent grassland in the three periods of the study.

P1 1 P2 2 P3 3

Grasses

Agrostis capillaris L. 20.23 12.96 29.87
Trisetum flavescens L. 4.41 4.01 7.02

Bromus mollis L. 1.03 0.55 0.00
Dactylis glomerata L. 15.39 4.92 0.84

Festuca rubra L. 3.14 2.02 9.97
Anthoxanthum odoratum L. 0.19 0.00 1.61

Poa pratensis L. 6.06 7.37 8.25
Holcus lanatus L. 1.44 0.19 6.34
Lolium perenne L. 18.81 56.46 16.80
Phleum pratense L. 5.64 0.27 2.62

Forbs

Cerastium fontanum Baumg. 9.57 1.54 5.41
Taraxacum officinale P.H. Wigg. 11.64 2.54 3.16

Urtica dioica L. 0.00 1.01 0.02
Sum of grasses+forbs 97.55 93.84 91.91

Others

Senescent material 0.72 4.70 6.36
MPW 2.65 3.79 3.82

1 P1 = first period (from 30 May to 3 June; 665 GDD); 2 P2 = second period (from 13 to 17 June; 822 GDD);
3 P3 = third period (from 27 June to 1 July; 1059 GDD). Only those species that presented a percentage greater than
1 percent are shown.
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3.2. Chemical Composition

There were no differences between types of forages (p > 0.05) for any determinations of chemical
composition (Table 3). Concerning the period or the cumulation of temperature, for the CA content,
there were no differences (p > 0.05) between values found among periods. The CP content decrease in
a quadratic pattern along the first cycle of growth with a more pronounced decrease at the beginning
(between the first and second period) and a weaker one at the end of the phenological cycle (between the
second and third period). Neutral detergent fiber, ADF and ADL concentrations increased linearly over
the beginning (first period) and the end of the experiment third period. Finally, for WSC concentration
there were no significant (p > 0.05) differences between forages obtained across the growth cycle (in the
three periods of the study); this concentration was approximately 100 g/kg DM. For all determinations,
the interaction between type of forage and period (F × P) was non-significant (p > 0.05).

Table 3. Crude ash (CA) (g/kg dry matter (DM)), crude protein (CP) (g/kg DM), neutral detergent fiber
(NDF) (g/kg DM), acid detergent fiber (ADF) (g/kg DM), acid detergent lignin (ADL) (g/kg DM), and
water-soluble carbohydrates (g/kg DM) of the permanent grasslands throughout the first growth cycle.

Forage Period Significance

FF 1 BDF 2 P1 3 P2 4 P3 5 SEM 6 Period Contrast Forage Period × Forage

CA 80 79 82 71 84 10.2 ns 10 ns ns ns
CP 11.9 12.1 15.6 10.6 9.9 0.60 *** L 8,* Q 9,* ns ns

NDF 598 592 545 590 652 16.8 *** L * ns ns
ADF 320 322 287 321 355 6.3 *** L * ns ns
ADL 45 40 33 42 53 5.9 * L * ns ns
WSC 104 92 99 105 90 11.1 ns ns ns ns

1 FF = fresh forage; 2 BDF = barn-dried forage; 3 P1 = first period (from 30 May to 3 June; 665 GDD); 4 P2 = second
period (from 13 to 17 June; 822 GDD); 5 P3 = third period (from 27 June to 1 July; 1059 GDD). 6 SEM = standard
error of the mean; 7 P= Probability; 8 L = linear; 9 Q = quadratic; 10 ns: p > 0.05; *, p < 0.05; ***, p < 0.001.

3.3. Digestibility and Intake

Dry matter digestibility and OMD declined with the increase in accumulated temperature
(p < 0.001) (Table 4). For the DMD, this decline did not varied with the type of forage (p < 0.10)
but a significant (p < 0.001) interaction between type of forage and GDD at which forages were cut.
For DMD of fresh forages, linear effects (p < 0.05) were observed, whereas the DMD of preserved
forages decreased, showing linear and quadratic effects (p < 0.05). The main differences in DMD
between barn-dried hays and fresh forages were obtained at 1059 GDD (P3) (0.09 points between the
two types of forage (p < 0.001). No significant differences between forages (p > 0.05) were found for
OMD, and this declined linearly (p < 0.05) along the development cycle.

Barn-dried hays showed higher mean VI values (p < 0.05) and higher mean DOMI values (p < 0.01)
than fresh forage (65.01 vs. 55.70 g/kg BW0.75 respectively for VI and 36.11 vs. 28.46 g/kg BW0.75

respectively for DOMI) (Table 4). Voluntary Intake and DOMI for both types of forage decreased
quadratically (p < 0.001) along the cycle of growth. For these determinations, the interaction type of
forage by period was non-significant (p > 0.05).

Temperature accumulation (GDD) was closely correlated with digestibility coefficients values and
chemical composition, particularly with cell wall content and cell wall partitioning (Table 5). A close
correlation was also observed with VI of barn-dried hays than with VI of fresh forages. Furthermore,
phenological stage code was more closely correlated with CP than with cell wall contents. On the
other hand, it was also less closely correlated compared to temperature accumulation with digestibility
coefficients of both fresh forages and barn-dried hays.
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4. Discussion

The grassland studied was composed mainly of L. perenne, A. capillaris, and T. officinale, although
its composition varied throughout the growth cycle as reported also by Andueza et al. (2016) [19].
At young stages, competitive species, as L. perenne and D. glomerata characterized according to
Gross et al. (2007) by fast growth rate and high specific leaf area, formed the largest group, whereas
at late stages, conservative species as A. capillaris, Trisetum flavescens L., and F. rubra characterized
by slow growth rate and low specific leaf area Gross et al. 2007 were dominant. Other authors [20]
recorded changes in the proportion of A. capillaris from 0.19 to 0.69 of the total biomass in different
periods of the growing season in permanent grassland. The sward used in our study can be considered
representative of many situations where forage from seeded temperate grasslands provides a major
share of ruminant diets [1].

The present study covers the period between grazing and the time when most permanent
grasslands were cut for hays. Despite the study duration (665–1059 GDD) the MPW ranged only
between 2.65 (elongation) and 3.82 (anthesis). The presence of different species characterized by a
different phenology and the heterogeneity of phenological stages within each one, a typical characteristic
of permanent grasslands, [1] can explain this short evolution of maturity stages observed in the
permanent grassland used in the present study.

The absence of any significant differences (p > 0.05) in chemical composition between fresh forages
and barn-dried hays is difficult to explain. In the literature, DM losses due to respiration are well
documented, and have been estimated at 2–5% [21–23]. According to these authors, WSC and CP were
the main constituents involved in respiratory losses. However, Rees (1982) [21], in his review, point out
that some researchers have produced evidence that crops can sometimes increase their weight of DM
after cutting. This may be due to continuing of photosynthesis and the weight of nutrients assimilated
being greater than that used for respiration [21]. In the present study, the balance between the nutrient
assimilated in the photosynthesis after cutting and that used for respiration might explain the lack of
differences between fresh forages and the barn-dried forages despite the different conditions of plant
species proportions, maturity stage, temperature, and moisture of forages processed.

An interesting result of the present study was the closer relationship between CP and MPW than
between MPW and structural carbohydrates or lignin. The evolution of cell wall content and the
partitioning components remain more closely correlated to temperature accumulation in agreement
with other reported results [24]. In general, factors such as age and maturity stage are confounded,
but Buxton (1996) [24] states that under most circumstances, maturity stage rather than age can be
more closely related to quality. The results found in the present study for CP agree with this statement,
but not those obtained for structural carbohydrates, which are more closely related to the digestibility
values. The coexistence in the permanent grassland of different species and different phenological
stages within each one at a given date could explain these results.

Differences between forages were not significant (p > 0.05) for OMD, in agreement with chemical
composition results. However, a surprising result of the present study is the differences between DMD
and OMD values for the two types of forage and specifically differences for the last period. These
results suggest that the digestibility of minerals could be greatly diminished in P3 for fresh forages.
There is no obvious explanation for this lower DMD for fresh forages at P3. The possible presence of
antinutritive compounds (e.g., condensed tannins) [25] in fresh forages which could be inactivated by
the drying process might explain these results.

The presence of condensed tannins is influenced by the environmental conditions under which
the plant is grown. It is likely that longer photoperiod and higher temperatures lead to an increased
biosynthesis of tannins, as observed by Lees et al. (1994) [26] on lotus. In our study, the average
temperatures were higher in the last period (18 ◦C) than in the first two (14 ◦C). In addition, it has
been found that CT concentration tends to increase with phenological stage [27], so we would expect
the concentration to be higher at P3 than in the other periods in our study. In line with this finding,
Frutos et al. (2004) [28] state that condensed tannins are chelating agents that can reduce the availability
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of certain metal ions. By contrast, Scharenberg et al. (2007) [29] report a lower digestibility of Ca,
P, Mg, and Na of dried and ensiled sainfoin without polyethylene glycol than of dried and ensiled
sainfoin with added polyethylene glycol. This suggests that complexes of condensed tannins formed
with the minerals were the most likely reason for the low mineral digestibility of sainfoin without
condensed tannins.

Another interesting result of this study is the higher VI of barn-dried hays than of fresh forage.
Fresh forages are usually consumed in spring, summer, and autumn, and hays in winter when fresh
forages do not grow. As seasons influence the VI of animals [30], comparison of fresh forages and
hays is difficult to carry out. In some studies, fresh forage is stored frozen until the comparison trial is
performed [5]. In the present study, digestibility and VI trials for fresh forages were run only 15 days
before trials for the same forages preserved as barn-dried hays, thus minimizing the influence of season
on the VI of animals. In the literature, the reported effects of artificial drying on forage intake are
conflicting. Whereas Archimède et al. (1999) [6] reported higher intake of Digitaria decumbens when
it was ingested as fresh forage than as barn-dried hay, Demarquilly (1970) [8] found no differences
between the VI of fresh forages and those dehydrated at low temperature. However, Estrada et al.
(2004) [31] reported higher VI for lactating cows when ryegrass was offered partially dried than when it
was offered after cutting. The results of Archimède et al. (1999) [6] and those of Demarquilly (1970) [8]
could be explained by possible losses associated with the barn drying process, mainly respiratory
losses, [23]. By contrast, Estrada et al. (2004) [31] explain their results by the influence of water content
of fresh grassland forage, which could limit their intake. However, in the present study, this effect still
does not fully explain the differences between VI of barn-dried hays and fresh forages. In the first
period (proportion of DM in the fresh forage of 0.18) the difference between VI of barn-dried hays and
fresh forages was 13.8 g DM/kg BW0.75, whereas in P3 the difference between VI of barn-dried hays
and fresh forages, (proportion of DM 0.29), was 3.45 g DM/kg BW0.75. Other factors that might explain
these results are the possible presence of antinutritive compounds in fresh forage, which could depress
the VI of animals, and which could be inactivated during the barn drying, or also possible differences
in factors associated with ruminal fermentation, which could influence forage intake [5].

5. Conclusions

Barn-drying hay is a very good method of preserving forages from permanent grasslands.
The results of the present study fail to support the hypothesis that the feed value of barn-dried hays
is similar to that of fresh forages. We conclude that feed value of barn-dried hays of permanent
grasslands is higher than that of fresh forage. This higher feed value of barn-dried hays of permanent
grasslands is mainly a consequence of their higher VI in relation to that of fresh grass. More research is
now needed to find a cogent explanation for this higher VI of hays in relation to fresh forages, and
particularly to determine the influence of botanical composition of permanent grassland in this effect.
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Abstract: This study evaluated the impacts of different grazing treatments (continuous (C) and
rotational (R) grazing) on tallgrass prairie landscape, using high-spatial-resolution aerial imagery
(1-m at RGB and near-infrared bands) of experimental C and R pastures within two replicates (Rep A
and Rep B) in the southern Great Plains (SGP) of the United States. The imagery was acquired
by the National Agriculture Imagery Program (NAIP) during the agricultural growing season of
selected years (2010, 2013, 2015, and 2017) in the continental United States. Land cover maps were
generated by combining visual interpolation, a support vector machine, and a decision tree classifier.
Landscape metrics (class area, patch number, percentage of landscape, and fragmentation indices)
were calculated from the FRAGSTATS (a computer software program designed to compute a wide
variety of landscape metrics for categorical map patterns) based on land cover results. Both the
metrics and land cover results were used to analyze landscape dynamics in the experiment pastures.
Results showed that both grass and shrubs of different pastures differed largely in the same year and
had significant annual dynamics controlled by climate. High stocking intensity delayed grass growth.
A large proportion of bare soil occurred in sub-paddocks of rotational grazing that were just grazed
or under grazing. Rep A experienced rapid shrub encroachment, with a large proportion of shrub
at the beginning of the experiment. Shrub may occupy 41% of C and 15% of R in Rep A by 2030,
as revealed by the linear regression analysis of shrub encroachment. In contrast, shrub encroachment
was not significant in Rep B, which only had a small number of shrub patches at the beginning of
the experiment. This result indicates that the shrub encroachment is mainly controlled by the initial
status of the pastures instead of grazing management. However, the low temporal resolution of the
NAIP imagery (one snapshot in two or three years) limits our comparison of the continuous and
rotational grazing at the annual scale. Future studies need to combine NAIP imagery with other
higher temporal resolution imagery (e.g., WorldView), in order to better evaluate the interannual
variabilities of grass productivity and shrub encroachment.

Keywords: tallgrass prairie landscape; grazing management; classification; shrub encroachment;
Normalized Difference Vegetation Index (NDVI)
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1. Introduction

Tallgrass prairie provides various ecological (e.g., carbon sequestration and biodiversity) and
economic (e.g., forage) benefits for people in the Great Plains of the United States. However,
the distribution and condition of the tallgrass prairie is threatened by agricultural land use
(e.g., conversion to crops) and land management (e.g., different grazing management systems).
The tallgrass prairie provides nutritious forage for cattle grazing [1] in the Great Plains, which is a
major revenue stream for farmers in the region [2]. Cattle grazing is an important human disturbance
to the tallgrass prairie landscape patterns (e.g., reducing landscape heterogeneity) and can affect its
ecosystem productivity and health [3,4]. Continuous grazing with a moderate stocking rate (around
six acres per animal unit for a tallgrass prairie, with an average production of 2,885 kg per acre in the
region [5]) and rotational grazing with a relatively high stocking rate are two main grazing management
systems nowadays. Rotational grazing has been recommended since the mid-20th century, as an
effective way to maintain pasture productivity and sustainability [6–10]. Theoretically, multi-paddock
rotational grazing has high stocking in each paddock, which may lead to more even spatial distribution
of livestock grazing [11] and reduce bush encroachment [12]. Rotational grazing also allows for the
rest of paddocks during different periods of the year, which may help improve landscape diversity
or productivity [13–15]. In continuously grazed pastures, cattle may preferentially graze specific
locations the majority of the time, which can cause landscape fragmentation and uneven grass coverage.
However, there is still debate on whether rotational grazing clearly outperforms continuous grazing or
not in terms of plant or livestock productivity [13,15–27].

As a landscape dominated by grasses, the grass coverage of pastures is an important indicator of
grassland landscape and productivity in tallgrass prairie. The presence of shrubs in the tallgrass prairie
as a result of invasion is becoming an important component in many of tallgrass prairie ecosystems.
Woody shrub invasion in the Great Plains [28,29] can cause a decrease in species richness and diminish
cattle grazing capacity [12]. Many researchers have found that shrub invasion may be mitigated by
grazing [12,30]. Thus, investigating the impacts of grazing management on grass condition and shrub
invasion is of great importance.

Since different grazing management systems could exert different impacts on tallgrass prairie
landscape patterns. Evaluating the impacts and further identifying an efficient and sustainable
grazing management system for the tallgrass pastures is essential to maintain the health of prairie
ecosystem [31–33]. However, evaluation of the impacts of grazing on tallgrass prairie landscape is
challenging, mostly due to the potential mismatch between pasture size and spatial resolution of free
and commonly used satellite datasets (e.g., MODIS and Landsat, with spatial resolutions of 500 m and
30 m, respectively). The National Agriculture Imagery Program (NAIP) acquires high spatial resolution
(1 m) multi-spectral (red, green, blue, and near-infrared) aerial imagery during the agricultural growing
season in the continental United States [34]. The high spatial resolution of NAIP imagery provides us
an opportunity to study landscape dynamics within paddocks not of sufficient size to be studied using
medium- to low-spatial-resolution data sets.

To compare and contrast differences in continuously and rotationally grazed pastures with regard
to variations in grass condition and woody shrub, experimental pastures composed of two treatments
(continuous grazing (C) versus rotational grazing (R)), with two repetitions for each treatment (Rep A
and Rep B) located in El Reno, Oklahoma, United States were used in this study. This study evaluated
the impacts of different grazing treatments (continuous versus rotational grazing) on tallgrass prairie
landscape, using NAIP imagery of the experimental pastures. Visual interpretation and two supervised
classification methods were combined to get accurate classification results. Landscape metrics are
used to quantitatively analyze the response of landscape patterns to continuous and rotational grazing.
The findings of this study can help develop better grazing management systems for forage production
and shrub encroachment control.
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2. Materials and Methods

2.1. Study Area and Experiment Design

The study area is located at the United States Department of Agriculture Agricultural Research
Service (USDA-ARS) Grazinglands Research Laboratory (GRL) in El Reno, OK, United States. The study
area is typical tallgrass prairie in the Southern Great Plain (SGP). The main grass species in the study area
are big bluestem (Andropogon gerardii Vitman), little bluestem (Schizachyrium scoparium (Michs.) Nash),
indiangrass (Sorghastrum nutans (L.) Nash), and switchgrass (Panicum virgatum L.). The main woody
shrub in the area is buckbrush (Symphoricarpos orbiculatus Moench), and is not edible by cattle. Photos
of main grass and shrub species were shown in Figure S1. Long term annual average air temperature
is 15.14 ◦C, and total precipitation is 91.3 cm. Dominant soils consist mainly of Norge silt loams
(Fine–silty, mixed, active thermic Udic Paleustolls), Renfrow (fine, mixed super-active, thermic Udertic
Paleustolls), and Kirkland silt loams (Fine–silty, mixed super-active, thermic Cumulic Hapulstolls) [35].

The study was comprised of two grazing treatments (continuous (C) and rotational (R)), with two
replicates (Rep A and Rep B) for each treatment (Figure 1). The areas of the pastures were 58.6, 62.7,
78.6, and 82.7 ha for C in Rep A (Ca), C in Rep B (Cb), R in Rep A (Ra), and R in Rep B (Rb), respectively.
The R pastures were further sub-divided into 10 approximately equally-sized cells. Grazing in Ca and
Ra began in 2009, while Cb and Rb started grazing in 2011. The number of grazing cattle varied across
years: 10 to 20 cow–calf pairs in the C treatments, and 20 to 27 cow–calf pairs in the R treatments.
Cattle herds stayed in the C treatments year-round, while they rotated within the 10 cells in 7- to 10-day
grazing bouts, depending on the vegetation conditions. More detail on the grazing experiment can be
found in Steiner et al. [36].

Figure 1. The study area with the National Agriculture Imagery Program (NAIP) mosaic true color
image as background. The location of the study site within the state of Oklahoma is shown in the inset.
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2.2. National Agriculture Imagery Program Imagery and the Normalized Difference Vegetation Index

The NAIP acquires multi-spectral aerial imagery (natural color (red, green, and blue, or RGB)
and near-infrared (NIR)) during the agricultural growing seasons. NAIP imagery is acquired at a
one-meter ground sample distance, with a horizontal accuracy that matches within six meters of
photo-identifiable ground control points that are used during image inspection. Every NAIP imagery
has no more than 10% cloud cover, weather conditions permitting. Horizontal accuracy and tonal
quality are inspected for all imagery. Thus, these images are analysis-ready. We downloaded the
four-band (RGB and NIR) NAIP product of the experimental pastures for 5 May 2010, 2 June 2013,
6 June 2015, and 21 May 2017 using the Google Earth Engine. The Normalized Difference Vegetation
Index (NDVI) was calculated from the red and near-infrared bands (Equation 1) [37], and the index
was then used to estimate grass coverage.

NDVI =
ρnir − ρred

ρnir + ρred
(1)

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

2.3. Image Classification

According to our field survey of land cover types, the main land cover classes in the study area
are grass, shrub, tree, water body, and miscellaneous (e.g., paths and shades for cattle). The grass
category can be further subdivided into four levels of coverage: high, medium, low cover, and bare
soil. Bare soil is temporary in paddocks, especially in R pastures that are currently under grazing.
Therefore, it is also included in the grass category. In order to achieve a high classification accuracy,
we combined visual interpretation and two supervised classification methods (support vector machine
(SVM) and a decision tree classifier). The work flow is shown in Figure 2.

 

NAIP image 

NDVI image 

Tree, water and other 

Visual interpretation 

Shrub, grass 

SVM 

Decision tree 

High cover, medium cover, low cover, soil 

Figure 2. Flow of the land cover classification.
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2.3.1. Visual Interpretation

Visual interpretation is commonly used, when good prior knowledge of the study area exists,
and one or more cover types are easily distinguished based on color, size, shape, and tonal qualities,
especially for high spatial aerial imagery. In this study, trees, man-made features, and water bodies
were easily identified, and were manually classified by this method. As trees occupied a small area and
distributed in a fixed location, with different sizes in different years depending on growth conditions,
it is easier to extract them by interpretation.

2.3.2. Support Vector Machine

Although shrub and grass have some overlapping spectral features, they have different visual
textural features. We initially evaluated the performances of the support vector machine (SVM),
maximum likelihood (ML), and artificial neural network (ANN) in identifying shrub and the various
levels of grass cover after the manually-identified tree, water body, and man-made feature classes
were masked from the images. Before the classification, a training dataset and validation dataset
representative of shrub and grass were acquired by combining a field survey, Google Earth images,
and the region of interest (ROI) tool of NAIP imagery. The initial analysis revealed that the SVM
achieves a higher level of classification accuracy than the other two methods (Table 1); thus, SVM was
adopted in classification throughout the study years.

Table 1. Accuracy assessment of the support vector machine (SVM), maximum likelihood (ML),
and artificial neural network (ANN).

Classifier
Overall

Accuracy(%)
Kappa Coefficient

SVM 93.58 0.87
ANN 92.6 0.85
ML 87.15 0.75

The SVM classifier is based on statistical learning theory and was initially designed for two-class
problems [38,39]. The SVM has been widely reported as an outstanding supervised classification
method. With given training datasets, SVM outputs an optimal hyperplane that separates categorizes.
Kernel function selection and its parameter (gamma, pyramid levels, etc.) determinations affect SVM
classifier performance. SVM classification in this study was executed in radial basis function kernel
types by using the default value. The default parameter value of gamma is 0.25, the penalty parameter
is 100, the pyramid level is 0, and the classification probability threshold is 0.

2.3.3. Decision Tree

It was noticed during the field survey that the grass coverage was not homogeneous. Thus,
it is necessary to divide them into different categories to reflect the impacts of grazing management
on grass coverage. The NDVI has been shown to have a good relationship with green vegetation
coverage [40–42]. In order to distinguish different proportions of grass coverage, a decision tree
based on the NDVI was used to categorize grass into high-, medium-, and low-cover, as well as bare
soil. Using one of the most recognized algorithms [43], we have calculated the green vegetation
fraction from the NDVI. The thresholds for low-, medium-, and high-coverage grass were 41%, 63%,
and 76%, respectively.

To build the decision tree, about 6000 pixel samples of each class were selected in every pasture
of different years via the region of interest (ROI) tool in ENVI. The samples were used to develop
statistical relationships between the NDVI and different classes. Figure 3 shows that the potential of
misclassifying the tree, shrub, and high-grass-cover categories due to overlap in the NDVI value range
(Table S1); this demonstrates the necessity of classifying trees (through visual interpretation) and shrubs
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(through the SVM) separately before using the NDVI-based decision tree (Figure 2). From Figure 3,
it is observed that the mean and range of the NDVI for the non-tree and non-shrub classes should be
sufficient to distinguish high, medium, and low grass cover and soil with the NDVI-based decision
tree. The average values of the NDVI increased from bare soil to high cover grass. NDVI cutoff values
were the mean of the upper lower quartile of nearby two-class coverage. The decision tree used in this
study is given in Figure 4.

Figure 3. Normalized Difference Vegetation Index (NDVI) box-plot diagram for each category.

 

Soil 

(<41%) 

NDVI<0.41 

NDVI<0.28 NDVI<0.49 

Low 

(41-63%) 

Medium 

(63-76%) 

High 

(>76%) 

Figure 4. NDVI-based decision tree. The percentage in the lower box represents the green vegetation
fraction for corresponding grass class.
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2.4. Landscape Metrics and Statistical Analysis

Landscape metrics are a group of quantitative indices that can highly concentrate the information of
landscape patterns and reflect the structural composition and spatial configuration of the landscape [44,45].
Landscape metrics can be used to show the status of classes in pastures, while interannual comparison
of landscape metrics can show the changes caused by disturbances [46]. The land cover classification
results were used to calculate the following landscape metrics for each year of NAIP data: class area (CA),
number of patches (NP), class percentage of landscape area (PLAND), and fragmentation (FN) using the
FRAGSTATS 4.2 [47]. The landscape metrics used in this study are shown in Table 2.

Table 2. Landscape metrics used in this study. TA, CA, NP, PLAND, and FN represent total area, class
area, number of patches, proportion of the landscape, and degree of fragmentation. The meaning of
indices are as follows: i is class I, j is patch j in class I, m is the total class number, and n is the total
patch number in class I.

Landscape Index Description Formula

TA Area of total landscape TA =
m∑

i=1
Ai

CA Area of class I CA = Ai =
n∑

i=1
Aij

NP Number of patches in class I NP = Ni = n

PLAND Proportion of the landscape occupied by
patch type (class) I PLAND = Ai/A

FN The degree of fragmentation of the class I FN = Ni/Ai

For the impacts of grazing treatments on grass, we focused on the grass coverage and NDVI value.
Percentage of landscape (PLAND) for the four levels of grass cover (high cover, medium cover, low
cover, and bare soil) and average NDVI of the grass category were compared between C and R in
different years. For the impacts of grazing treatments on shrub distribution, we compared the shrub
class metrics (area (CA), number of patches (NP), percentage of landscape (PLAND), and fragmentation
(FN)) of the same pasture in different years. A paired-samples t-test was conducted to compare
proportions of bare soil as well as low-, medium-, and high-coverage grass in continuous and rotational
grazing treatments.

3. Results

3.1. Land Cover Classification

Land cover classification of the study area is shown in Figure 5. It is observed from Figure 5 that
grass was clearly the dominant class in the landscape. Grass coverage of different pastures also largely
differed within the same year, and grass coverage within pasture varied among years. Overall, grass in
continuous pastures was more homogeneous (less mixture of different grass coverage classes) than
rotational pastures, which had some bare soil in some of the paddocks (e.g., Figure 5b,d). The years
2010 and 2015 had better grass cover than other years, whereas grass coverage in 2013 was the poorest.
Shrubs mainly occurred in Rep A, with scattered distribution, with a smaller number of shrubs in Rep B.
Comparison of NAIP images from 2010 and 2017 indicate that shrubs increased in terms of number and
area of patches in Ca and Ra while there were no visible changes in Cb and Rb. The dynamics of grass
condition in different pastures is shown in Section 3.2, and shrub encroachment during these years is
introduced in Section 3.3. Trees are generally concentrated along water bodies, with some scattered in
the pastures and along old road beds. The proportion of trees showed little difference between years.
The proportion of land area occupied by the water bodies varied slightly due to variation in rainfall.
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Figure 5. Land classification results in 2010 (a), 2013 (b), 2015 (c), and 2017 (d).

3.2. Grass Dynamics

Fractional percent for four levels of grass coverage (high, medium, low, and bare soil) and the
NDVI for both the continuous (C) and rotational (R) replicates (Rep A and Rep B) for 2010, 2013, 2015,
and 2017 (Figure 6) were used to quantitatively investigate grass dynamics (refer to Tables S2–S5 for
absolute values).

On a year-by-year basis, it is observed from Figure 6 that in 2010, Ca had more grassland that
was classified as medium coverage (60%) compared to the low coverage (32%) or high coverage (5%)
categories. In contrast to the Ca, the Ra replication had more area classified as low coverage (59%),
which mainly occurred in sub-paddocks Ra1 to Ra4 (Figure 5a), and less in the medium coverage
(35%) category. However, land area occupied by high grass cover was about the same as in Ca.
The NDVI value was higher in Ca (0.43) than Ra (0.4). Cb had a lower NDVI value (0.45) than Rb (0.49).
Cb exhibited less grass in the high category (20%) than Rb (48%), and more in the medium coverage
category (60%) than in Rb (47%). Grass in Rep B was in better condition than in Rep A, shown by
higher grass coverage and NDVI value in the former.
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In 2013, the proportion of grass class classified as low grass coverage was highest in all four
pastures among the four study years. The C pastures had higher percentages of grass classified as
medium coverage (37–44%) than observed for the R pastures (18–26%). Little to no land area was
classified as high coverage grass for any of the four pastures in this year. Comparatively, the R pastures
had more land area classified as low coverage grass (~70%) than observed in the C pastures (55–63%).
The C pastures showed a higher NDVI value (0.4) than the R pastures (0.36–0.37). It is also observed
that for the R pastures during this year, more land was classified as bare soil than was observed in 2010.
Pasture Ra exhibited much higher bare soil areas than Rb. Ra 10 and a small portion of Ra1, and Ra4
(Figure 5b) had large bare soil area.
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Figure 6. NDVI and fractional percent of grass coverage (bare soil, low coverage, medium coverage,
and high coverage) for 2010, 2013, 2015, and 2017.

In 2015, the C and R treatments all showed improved grass coverage over the prior years. The C
pastures had larger percentages of grass classified as medium cover (66–78%) than observed in the R
pastures (53–63%). Pastures Ca, Ra, and Rb had grass classified as high cover, but Cb had very little
land area in this category. Cb and Rb had ~30% low cover grass, while Ca and Ra only had 5% and
16%, respectively. Bare soil was presented in both Ra (Ra3) and Rb (Rb2 and Rb3) (Figure 5c).

In 2017, the low-coverage grass category was highest in all replicates except Rb. Considering
the medium- and high-coverage categories together, Ca had more area in these classes than Ra
(51% versus 30%, respectively), while Cb had less area in these classes than Rb (20% versus 58%,
respectively). The same trend was also found in the NDVI comparison between Ca and Ra (0.42 versus
0.37, respectively), and Cb and Rb (0.37 versus 0.39, respectively). Bare soil occurred in Ra2, Ra3,
and Ra6. In the case of the Rb replicate, three sub-paddocks of Rb (Rb1, Rb7, and Rb8) contributed
most to the total bare soil value (Figure 5d). A noticeable portion (12%) of pasture Cb was bare soil.

Tables 3 and 4 summarize the paired t-test results for four grass coverage categories in Reps A and
B, respectively. There were significant differences (95% confidence interval) in the scores for Ca and Ra
in low- and medium-grass-coverage categories (Table 3). However, there was no significant difference
between Cb and Rb in any grass coverage category. These results suggest that the differences in grass
coverage between rotational and continuous grazing were relatively small.
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Table 3. Paired t-test results for four grass coverage categories in Rep A. The parameters t, df, and p
represent t-statistic, degree of freedom, and the probability value for the t-statistic.

t df p Mean of the Differences

Bare soil −2.95 3 0.06 −0.08
Low grass cover −3.38 3 0.04 −0.13

Medium grass cover 4.45 3 0.02 0.16
High grass cover 1.66 3 0.20 0.05

Table 4. Paired t-test results for four grass coverage categories in Rep B. Refer to Table 3. For the
meaning of the parameters.

t df p Mean of the Differences

Bare soil −1.95 3 0.15 −0.06
Low grass cover 0.89 3 0.44 0.12

Medium grass cover 0.43 3 0.69 0.04
High grass cover −1.83 3 0.17 −0.11

3.3. Shrub Encroachment

Table 5 includes landscape matrices for shrub in two treatments among the study years. Using
the data presented in Table 5, the trend of shrub encroachment is analyzed with linear regressions
between year and PLAND (Figure 7).

Table 5. Landscape metrics for shrub in the four pastures in the years 2010, 2013, 2015, and 2017.

ID Year TA (ha) CA (ha) PLAND (%) NP Patch Fragmentation

Ca

2010 5.49 9.37 1727 314.68
2013 58.6 7.40 12.62 2054 277.69
2015 9.15 15.61 2230 243.76
2017 12.44 21.23 3034 243.87

Ra

2010 3.02 3.85 762 252.03
2013 78.6 3.46 4.40 1266 365.79
2015 4.35 5.54 1353 310.88
2017 6.26 7.96 1438 229.88

Cb

2010 0.28 0.45 238 851.83
2013 62.7 0.08 0.12 129 1710.88
2015 0.06 0.10 93 1492.78
2017 0.05 0.09 90 1679.10

Rb

2010 0.48 0.58 477 988.19
2013 82.7 0.33 0.40 419 1268.54
2015 0.39 0.47 331 842.88
2017 0.63 0.77 346 545.40

From Figure 7 it is readily observed that replicates Ca and Ra show increasing land area being
encroached by shrubs, whereas the increase in shrub area is minimal in Rb and slightly decreased in
Cb. The shrub encroachment was consistent among years in Ca, while there was a turning point at
year 2013 in Ra, which indicates that shrub area was increasing slowly before 2013 and had a larger
increasing rate after that. In 2010, the shrub area was 9% of the land area in Ca and 4% in Ra. By 2017,
the shrub area had increased 12% in Ca and 4% in Ra. From 2010 to 2017, the number of patches and
the area occupied by shrub (NP and CA in Table 2) increased in both Ca and Ra. However, patch
fragmentation decreased, indicating that the patches were growing in size and beginning to cluster
together. The linear regressions (r2 = 0.94 and 0.85 for Ca and Ra, respectively) reveal that by the year
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2030, if shrub encroachment is not addressed, potentially 24 ha (41%) of Ca may be occupied by shrubs,
and that shrubs may account for 11.8 ha (15%) of the land area of Ra.
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Figure 7. Shrub PLAND by year for each replicate (Ca, Ra, Cb and Rb).

As mentioned earlier, both the initial proportion (less than 1%) and dynamics of shrubs were small
in Cb and Rb. Shrubs only occupied a minimal portion of Cb, and can almost be ignored after 2015.
A turning point appeared in 2013, which means the shrub area changing rate decreased after 2013.
In 2010, shrub PLAND was only ~0.5%, and this value was less than 0.1% by 2017. Patch fragmentation
increased during 2010 to 2017. The linear regressions (r2 = 0.77) implies that shrub will disappear in
Cb after 2018. In pasture Rb, the shrub area decreased from 2010 to 2013, then increased after 2013. On
the contrary, patch fragmentation increased first, then decreased after 2013. The increasing shrub was
mainly contributed by newly growing small woody trees distributed around existing trees (Figure 5).

4. Discussion

Grass interannual dynamics were jointly controlled by climate conditions and grazing management.
In 2013, worse grass conditions were caused by severe drought in 2011 and 2012, although the region
had good temperature (T) and precipitation (P) (Figure S2). However, Zhou et al. [48] indicate that
grass productivity in 2013 was high, which means grass grew well after the imaging date. With good T
and P in May and June 2015, grass coverage and NDVI of all pastures improved over 2013, and Rep A
had the best grass condition during the study period. However, grass condition of Rb in 2015 was not
better than in 2010, with less high-coverage area and a lower NDVI; this is probably because Rep B
was not grazed in 2010. The climate was similar in years 2017 and 2015, but the imaging date was
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a half-month earlier in 2017. Thus, there was higher percentage of low-coverage grass in 2017 than
in 2015, due to a shorter growing period until image acquisition date in the former. Rb had highest
medium coverage area, because of most sub-paddocks were rested.

Shrub encroachment rates between years indicated that climate was a key factor controlling
shrub encroachment. In harsh climate conditions, shrub might die. Because of previous consecutive
drought in 2011 and 2012, the shrub encroachment rate in Rep A was the slowest from 2010 to 2013;
meanwhile, shrub area decreased in Rep B. After that, the climate conditions were less harsh, and the
shrub encroachment was faster in Rep A. The shrub distribution in Rb also increased after 2013.
In contrast, the shrub area continued to decrease in Cb at a much lower rate, probably because the
area was too small and isolated distribution made it easy to be destroyed by cattle. Initial shrub area
and distribution in pastures was another key factor in determining shrub encroachment. Rep A had
large shrub encroachment, with a high proportion of shrub area and small patch fragmentation at
the beginning of the experiment. Rep B, which had a small number of shrub area and high patch
fragmentation at the beginning of the experiment, showed little change in shrub distribution.

Our results showed that grazing management affected grass coverage and is not a significant
factor in controlling shrub encroachment. However, since NAIP images were snapshots in the early
growing season, they cannot represent the grass condition for the whole grazing season. Thus, it is
hard to evaluate how the grazing management affected grass production between years, because of low
temporal resolution of NAIP images. The high stocking intensity created bare soil in some of paddocks
in R pastures, which indicates that high grazing intensity in rotational grazing can cause the late growth
of grasses. However, vegetation growth might be better later in the year and compensate for the
damage caused by intensive grazing when grazing pressure is removed. As we found, Ca had better
grass condition than Ra. Zhou et al. [48] studied grass productivity and did not show an advantage in
Ca. More frequent observation is needed to better evaluate grazing management at annual scale. Soil
type is also an important factor in affecting grass condition. Before grazing started, Rb had better grass
condition than Cb. However, Cb had better grass condition than Rb in 2013 and 2015 after grazing, but
also had the grass condition among pastures in 2017. Grass condition getting worse in Cb might be
because of poor soil fertility, which cannot support recovery from grazing.

5. Conclusions

The comparison between paddocks in the same year showed that high grazing intensity in
rotational grazing can cause the late growth of grasses. Ca always had better overall vegetation growth
than Ra. Cb had a better vegetation growth than Rb at the beginning of the experiment (2013). However,
their respective growth was similar in 2015, and Rb outperformed Cb in 2017, which indicates that soil
fertility in Cb might not have been enough to support the grass recovery at current grazing pressure.
The grass condition had large variation and no trend within study years. In the years with good T
and P, grass recovered faster. To sum up, grass coverage was jointly affected by grazing management
(stocking intensity) and climate.

Climate and initial status of shrub distribution (total area, percentage of landscape, fragmentation)
instead of grazing management were the controlling factors of shrub encroachment. Higher initial
proportion and better climate facilitated shrub encroachment. Shrub encroachment at a rapid speed in
pasture Ca may cover 40% of the land area in 2030, and 15% of the land area in Ra. Scattered distribution
of low-percentage shrub might even get suppressed. It is hard to conclude how grazing management
affects shrub encroachment. Both high spatial and temporal resolution images are required to better
monitor the tallgrass prairie landscapes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/5/238/s1. Figure
S1: main plants in study area: (a) trees and shrubs, (b) shrubs, and (c–f) grasses; Figure S2: Monthly normal
temperature and rainfall values from year 2009 to 2017: (a) temperature, (b) rainfall. This figure is an excerpt from
Zhou et al. [1]; Table S1: NDVI value range for different classes; Table S2: PLAND and NDVI values of four grass
categories in 201; Table S3: PLAND and NDVI values of four grass categories in 2013; Table S4: PLAND and NDVI
values of four grass categories in 2015; Table S5: PLAND and NDVI values of four grass categories in 2017.
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Abstract: Early warning of detrimental weather and climate (particularly drought) on forage
production would allow for tactical decision-making for the management of pastures, supplemental
feed/forage resources, and livestock. The standardized precipitation and evaporation index (SPEI)
has been shown to be correlated with production of various cereal and vegetable crops, and with
above-ground tree mass. Its correlation with above-ground grassland or forage mass (AGFM) is
less clear. To investigate the utility of SPEI for assessing future biomass status, we used biomass
data from a site on the Konza Prairie (KP; for years 1984–1991) and from a site at the United States
Department of Agriculture-Agricultural Research Service’s (USDA-ARS) Grazinglands Research
Laboratory (GRL; for years 2009–2015), and a publicly-available SPEI product. Using discriminant
analysis and artificial neural networks (ANN), we analyzed the monthly timescale SPEI to categorize
AGFM into above average, average, and below average conditions for selected months in the grazing
season. Assessment of the confusion matrices from the analyses suggested that the ANN better
predicted class membership from the SPEI than did the discriminant analysis. Within-site cross
validation of the ANNs revealed classification errors ranging from 0 to 50%, depending upon month
of class prediction and study site. Across-site ANN validation indicated that the GRL ANN algorithm
better predicted KP AGFM class membership than did the KP ANN prediction of GRL AGFM
class membership; however, misclassification rates were ≥25% in all months. The ANN developed
from the combined datasets exhibited cross-validation misclassification rates of ≤20% for three of
the five months being predicted, with the remaining two months having misclassification rates of
33%. Redefinition of the AGFM classes to identify truly adequate AGFM (i.e., average to above
average forage availability) improved prediction accuracy. In this regard, results suggest that the
SPEI has potential for use as a predictive tool for classifying AGFM, and, thus, for grassland and
livestock management. However, a more comprehensive investigation that includes a larger dataset,
or combinations of datasets representing other areas, and inclusion of a bi-weekly SPEI may provide
additional insights into the usefulness of the SPEI as an indicator for biomass production.

Keywords: forage management; above ground biomass; standardized precipitation and evaporation
index (SPEI)

1. Introduction

Forage-based agricultural systems in the US Southern Plains (SP) states of Kansas, Oklahoma,
and Texas are vulnerable to climate extremes, especially drought [1]. According to References [2–4],
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the beef cattle industry in these states accounted for ~$26 billion US in total agricultural sales in 2012.
With respect to US cattle production, Texas, Kansas, and Oklahoma ranked 1, 3, and 5, respectively,
in production of all cattle in 2017 [5]. Combined, these states accounted for 21.3 million head of cattle
and contained 55 million ha of grass and range lands in 2012 [2–4]. As with most other agricultural
systems, extremes in weather conditions can adversely impact production. For example, the drought
of 2011 caused ~$7.6 US billion in agricultural losses in Texas alone [6]. Early warning of potential
detrimental effects of weather and climate (particularly drought) on forage production would allow for
tactical decision-making for the management of pastures and/or livestock (e.g., timely implementation
of pasture rotations, adjustment of stocking density, advanced notice of possible needs of earlier
supplemental feeding, or acquisition of additional forage resources).

Precipitation, soil water content, and evapotranspiration (ET) are key variables affecting crop
yield and biomass production. The amount and timing of rainfall in relation to plant development
clearly has an impact on crop yields and biomass production [7–9]. However, not all precipitation
successfully infiltrates the soil, and that which does may percolate to depths beyond the reach of plant
root systems. Many investigators have also shown that the amount of soil water greatly affects crop
yield [10–12] and other grain crops and grasslands [13], but such measurements are not routinely
collected and recorded at most locations.

Over the last several decades, numerous indices and indicators of drought have been developed
to assess the onset/end, extent, and severity of drought. These indices or indicators may be classified as
meteorological (e.g., the Palmer Drought Severity Index [14] and the Standardized Precipitation Index
(SPI) [15]); may be designed to reflect soil moisture conditions (e.g., Soil Moisture Anomaly [16]) or the
status of surface hydrology (e.g., the Standardized Streamflow Index [17]); or may be based on remotely
sensed data (e.g., the Evaporative Stress Index [18]). A more complete listing of indicators may be
found in References [19]. The standardized precipitation and evaporation index (SPEI, [20]), which
builds upon the methodology used to develop the SPI, is a water-balance drought index based on the
difference between precipitation (water supply) and potential evapotranspiration (ETp, water demand).
It has been suggested that the SPEI may be functional for assessment of agricultural drought and,
hence, biomass production [21,22]. Values of the SPEI may be positive (wet conditions) or negative (dry
conditions), and are interpreted as the number of standard deviations away from the mean conditions.
The SPEI is scalable over time periods of 1 to 48 months (or longer). For example, a 3 month SPEI value
calculated for June (i.e., 3SPEI6) would represent the number of standard deviations (+/−) from the
mean for the April–June time period. This scalability allows assessment of the cumulative effects of
local weather/climate for time periods of various lengths.

The 1 month SPEI has been shown to closely follow the decline in soil water content, gross
primary productivity, and ET measured for maize grown near Mead, NE, USA [23], and 1, 3,
and 6 month timescale SPEIs were found to correlate well with biomass production for several different
climate/vegetation regimes [24]. Several drought indices were evaluated by Reference [25], and the
revised SPEI with crop-specific potential ET was found to follow the trends and magnitudes of water
demand for several irrigated summer crops grown in the Texas High Plains in the USA. A linear
regression model, based on a time-series of SPEI (April through September) values, accounted for
≈59% of the variability in yield for several vegetable crops for a study site in the Czech Republic [26].
This study was followed by another assessment [27], and it was shown that the SPEI, computed at
various time scales, was correlated with productivity for 11 different crops grown in the Czech Republic.
These investigators [27] found that the correlations between the SPEI and crop productivity were
different for each crop and for different SPEI timescales, with the greatest correlation (r) achieved for
cereal crops (r = 0.52–0.60; for a monthly timescale SPEI for the months May and June). Above-ground
deciduous tree biomass for Mediterranean forests correlated significantly (r= 0.55 and 0.67, respectively)
with the September and December SPEI [28] for Mediterranean forests, and it was shown that the
interannual variability of above-ground tree (evergreen) mass in the Swiss Alps was also correlated
with SPEI [29]. In terms of grassland above-ground mass, correlation has been reported between
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the 3, 6, 12, and 24 month timescale SPEI and grassland production in China [30], and it was shown
that the monthly scale SPEI for July through September was better related to biomass production for
grasslands and shrublands than SPEIs at other timescales [31]. However, Reference [32] assessed the
SPEI’s sensitivity to drought for six grasslands in the central US, and found no statistically significant
relationships. These investigators also indicated that legacy effects of the previous (calendar) year’s
rainfall contributed little to biomass production in the following year. This lack of impact of the
previous year’s rainfall on the following year’s biomass production was also noted for grasslands in
central Oklahoma, USA [33,34].

Given the inconsistent results noted in the literature, and the probability of non-significant legacy
effects of the previous calendar year’s rainfall on grassland biomass production, we further examined
the relationship of SPEI with grassland production in the Southern Plains of the US. More specifically,
our objectives were: (1) to determine if the monthly-scale SPEIs obtained in the early part of the
calendar year can be used to classify above-ground forage biomass (AGFM) into above average,
below average, and average conditions for months later in the grazing season, and (2) to determine if
successful assessment at one location can be directly applied to another location with similar forage
and climatic conditions. If successful, application of the SPEI in this way could provide an early
warning of probable shortfalls in forage production for grassland and livestock managers, and may be
useful as a grassland management tool.

2. Materials and Methods

2.1. Study Sites

The study was conducted using data collected at Konza Prairie (KP) Long-Term Ecological
Research site near Manhattan, Kansas, USA (39◦06′0.38” N, 96◦36′29.5” W), and at the US Department
of Agriculture’s Agricultural Research Service Grazinglands Research Laboratory (GRL), located
in El Reno, Oklahoma, USA (35◦33′29” N, 98◦01′50” W) (Figure 1). The two sites are similar in
that they both belong to the Level 1 (Great Plains) and Level 2 (South Central Semi-Arid Prairie)
ecoregions, as defined by the US Environmental Protection Agency (https://www.epa.gov/eco-research/
ecoregions-north-america). Additionally, both sites fall within the Koeppen–Geiger (http://koeppen-
geiger.vu-wien.ac.at/usa.htm) Cfa climate classification (warm temperate, fully humid, hot summer).
The 30 year (1981–2010) annual average (“normal”) rainfall at the KP is ~904 mm, and ~913 mm at the
GRL. The normal maximum air temperatures at the KP and GRL in January and July are 5 and 33.3,
and 9.0 and 34.1 ◦C, respectively (data available at https://www.ncdc.novv.gov/normalsPDFaccess/).
Warm season perennial grasses dominate both sites, with the most abundant being big bluestem
(Andropogon gerardii Vtiman), little bluestem (Schizacyrium scoparium, (Michx.) Nash), Indiangrass
(Sorghastrum nutans (L.) Nash), and switchgrass (Pancium virgatum, L.). The terrain at the KP is hilly,
but is gently rolling at the GRL.

Established as a research site in 1971, the KP is 3487 ha in size and is the largest area of
unplowed prairie in North America. The KP has been divided into numerous watershed units which
receive various management treatments (e.g., grazed vs. ungrazed; prescribed burn frequency, patch
burning), and provides a rich data source (including AGFM) related to tallgrass prairies. (See http:
//lter.konza.ksu.edu/ for a more complete site description and for data access and collection protocols.)

The AGFM data from the GRL was collected during a grazing study initiated in 2009 on 346 ha of
native tallgrass prairie grasses, divided into two control paddocks of ~63 ha each and two rotational
units of ~83 ha each. The control paddocks were assigned to continuous year-round stocking.
The rotational units were divided into 10 approximately equally-sized sub-paddocks. The cattle in
these sub-units were moved on a weekly basis. (For specifics on experimental design, stocking rates,
etc. see Reference [34].) From 1949 to 2008, the site was primarily subjected to year-round continuous
stocking by beef cattle.
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Figure 1. Study sites located at the Konza Prairie Long-Term Ecological Research (LTER) site near
Manhattan, Kansas, and the United States Department of Agriculture-Agricultural Research Service’s
Grazinglands Research Laboratory (GRL) in El Reno, Oklahoma, USA.

2.2. Above-Ground Forage Mass

For the purposes of this study, and to minimize the confounding effects of grazing on AGFM
classification, the AGFM data used herein reflect ungrazed conditions.

The AGFM data for the KP were acquired from their website (http://lter.konza.ksu.edu/data) from
the dataset labeled PAB02 [35]. The AGFM data selected from PAB02 were collected on watershed
000a (KP000a), and represent bi-weekly harvests for the years 1984–1991 and for the months May
through September. The samples were collected from five 0.1 m2 areas (clipped to ground level) spaced
10 m apart along four transects (n = 20 per watershed per sampling date) and reflect ungrazed and
unburned conditions. To ensure that areas were not re-sampled, subsequent sampling occurred “one
step” away from and parallel to the previously sampled transect. The AGFM data used from the KP
were provided on a g m−2 on a dry weight basis. The bi-weekly samples (n = 40) for a given month
and year were averaged and converted to kg ha−1 to represent the AGFM for that month within that
year (one value for each month for each year), yielding eight biomass observations per month.

The AGFM data for the GRL were collected from 2009 through 2015. Within the continuously
stocked pastures, biomass samples were collected semi-monthly (May through September) at four
random locations in areas visually identified as not having been grazed within the May through
September timeframe of the current calendar year. Within the rotational units, biomass was collected
(May through September) at two random locations within and prior to (or at the time of) the
introduction of the cattle into the sub-units. All biomass samples were collected within a sampling area
measuring 0.5 m2 and were harvested to within 1 cm of the soil surface. The samples were weighed
fresh, then dried in a forced-air oven at 65 ◦C for 48 h, then weighed dry to determine dry AGFM.
The biomass measurements for a given month and year from both the continuously stocked and
rotational sub-units were averaged to provide a monthly value for each year of study. This averaging
resulted in seven biomass observations per month (one observation for each month for each of the
seven years of study).

The monthly AGFM data from KP000a and GRL were tested for normality using the Shapiro–Wilk’s
W-test [36] (α= 0.05). Those data not meeting the normality test were further examined for outliers using
box plots, and, if found, were removed from the dataset and re-analyzed for normality. Any remaining
non-normal AGFM distributions were transformed using a Johnson Sb transformation [37]. Normally
distributed monthly biomass values were assigned to the appropriate AGFM class based on the upper
and lower 95% confidence intervals of the respective monthly means. Non-normally distributed
monthly biomass values were first transformed using the Johnson Sb transformation, and then assigned
to the appropriate AGFM class based on the upper and lower 95% confidence intervals of the mean of
the transformed data. In all cases, the monthly values above the upper 95% confidence interval were
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designated as “above average” (abv), those biomass values below the lower 95% confidence interval
were designated “below average” (blw), and all other values were designated “average” (avg).

Assuming that the month of September represents peak biomass, within-site annual variability in
peak biomass was examined via plots of biomass and Tukey’s Honestly Significant Difference (HSD,
α = 0.05) [38] means test. Monthly variation in biomass values is depicted using box plots.

2.3. Standardized Precipitation and Evaporation Index (SPEI)

The SPEI was developed by Reference [20], and is a standardized value of the difference (Di) of
precipitation (Pi) and potential evapotranspiration (ETpi) for month i:

Di = Pi − ETpi (1)

The Di values can be aggregated over different timescales, however the Di are first standardized
from a three-parameter log–logistic distribution:

f (x) =
β

α

(x− γ
α

)β−1
(
1 +
(x− γ
α

)β)
(2)

The parameters α, β, and γ are calculated from probability-weighted moments (PWM) and used to
determine the log–logistic distribution, which is applied to the Di dataset. The SPEI is then calculated
as the probability of exceeding a given value of Di (W = −2 × ln(P)):

SPEI = W − C0 + C1W + C2W2

1 + d1W + d2W2 + d3W3 (3)

where C0, C1, C2, d1, d2, and d3 are constants. See References [19,35] for details.
For our study locations, we used the 0.5 degree gridded SPEI product, which was obtained from

the Global SPEI database (https://climatedataguide.ucar.edu/climate-data/standardized-precipitation-
evapotranspiration-index-spei). Latitude and longitude of the approximate centroid of each site were
entered into the user interface, which returns the SPEI values for the grid point nearest to the input
coordinates. In this dataset, SPEI is calculated using monthly precipitation and ETp data provided by
the Climatic Research Unit of the University of East Anglia, East Anglia, UK. For this product, ETp is
based on the FAO-56 Penman–Monteith equation [39] (http://spei.csic.es/database.html). Although the
delivered product provides grid-specific SPEIs at timescales between 1 and 48 months, we only used
the 1 month timescale.

Rather than calculate the SPEIs for each site, we chose to use this readily-available product for our
study. A publicly-available SPEI represents the type of product that could be easily accessible and
implemented for forecasting AGFM.

2.4. Statistical Analysis

We analyzed the ability of the 1 month SPEIs to be used as predictors for classifying AGFM into
the abv, avg, and blw categories using discriminant analysis and artificial neural networks (ANN).
Discriminant analysis is a multi-variate linear technique which seeks to separate observations into
distinct classes based on a set of predictor variables (in this case, the SPEI values), and to assign new
observations into previously defined groups [40]. All SPEI values for the months January through
September, inclusive, were used to determine which months, if any, were most advantageous for
AGFM classification. The objective functions used to evaluate the discriminant results included the
overall misclassification rates and the confusion matrices. We used discriminant analysis and ANN
in four ways: (1) we evaluated each site separately, by month, using the complete data; (2) we then
separated the data for each site into calibration and validation datasets to test the calibrated discriminant
function on data not used in the calibration phase; (3) we applied the site-specific discriminant and
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ANN functions developed for a given site in (1) to the other site to examine the transferability of the
discriminant and ANN classification algorithm across sites; and (4) we combined the two datasets,
from which we created calibration and validation datasets to determine if the accuracy of the resulting
prediction algorithms increased. In (2) and (4), the validation datasets were based upon a random
selection of the dataset that was first stratified according to the AGFM classes. This approach yielded
75% of the observations assigned to the calibration datasets, and the remaining 25% were assigned
to the validation datasets. Misclassification rates for a given month were calculated by dividing the
number of misclassified observations by the total number of observations for that month.

Artificial neural networks are non-linear, non-statistical mathematical models that mimic the
learning process of the human brain [41]. The ANN does not assume normality of the data, nor
is a minimum amount of data specified to develop a predictive algorithm. However, the number
of hidden nodes, which provides the mathematical connection between the input neurons (in this
case the monthly SPEI values) and the output neurons (one neuron in this case, the AGFM class),
is constrained either as a function of the number of records in the dataset, or the number of input and
output neurons, or a combination of these. For this study, the number of input neurons equaled four
and the number of output neurons equaled one for both datasets. The number of records per month
varied from six to eight, depending upon site and month. We set the number of hidden neurons to
two (half of the sum of number of inputs and outputs), in accordance with Reference [41]. The ANN
predictive algorithm is developed through weighting the neurons in the hidden layer, which is located
between the input neurons and the output neurons. At the outset of running the ANN, every input
neuron is connected to every hidden neuron, and every hidden neuron is connected to every output
neuron. As the data records are read and evaluated by the ANN, the weights of the hidden neurons
are adjusted so that inputs are associated as strongly as possible with the intended output neuron.
The reading and evaluating of the dataset is done iteratively until the prediction ability of the ANN
is maximized. The ANN used in this study is described as a fully connected multi-layer perceptron.
We used the hyperbolic tangent transformation function between the input neurons and the hidden
neurons. All analyses were performed in JMP 14 Pro (SAS Institute, Cary, NC, USA).

3. Results

3.1. Above-Ground Forage Mass

No outliers were observed in the AGFM datasets. The Shapiro–Wilks W-test indicated that monthly
biomass was normally distributed at KP000a; thus, the biomass data needed no transformation before
assigning the AGFM values to the appropriate AGFM classes. However, the Shaprio–Wilks W-test
indicated that the GRL biomass data for all months was not normally distributed. Therefore, these data
were transformed before assignment to the appropriate AGFM class.

Assuming that September approximates peak biomass, it was observed (Figure 1) that AGFM
varied by ~388 kg ha−1 at KP000a, which is about 11 times smaller than the range in values observed at
GRL. The AGFM values at KP000a were low compared to what has been reported (1500 to 5000 kg ha−1)
for other locations on the KP [42]. The cause of this low biomass production is not precisely known,
but may relate to its not having been burned or grazed for many years, thus reducing the nutrient cycling
necessary for plant growth. At KP000a, the highest observed AGFM occurred in 1991 (1265 kg ha−1)
and the lowest in 1989 (886 kg ha−1). At GRL, the AGFM was 7230 kg ha−1 in 2015 (Figure 2), which
was statistically higher than all other years. The years 2009 and 2012 exhibited the lowest peak AGFM
(~2800 kg ha−1). It was also observed that considerable variation occurred in May at KP000a, while the
variability was comparatively low and similar for the remaining months (Figure 3). AGFM at GRL was
highly variable for all months.
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Figure 2. September (peak) above-ground forage mass by year for sites KP000a (A) and GRL (B).
Above-ground grassland or forage mass (AGFM) levels within sites not connected by the same letter
are statistically different. Annual rainfall is shown as the blue line.

 
Figure 3. Box plots of AGFM for month of year for KP000a (A) and GRL (B). The number of years
represented in the KP000a and GRL datasets is eight and seven, respectively.

3.2. Discriminant Analysis

Analysis of the entire site-specific datasets revealed that the 1 month timescale SPEIs representing
months January through April (i.e., 1SPEI1–1SPEI4) were useful in differentiating AGFM classes at both
sites (Table 1) for the May through September time periods. For this time period, only the avg class
exhibited any misclassification error (17%) for the KP000a site, whereas only the abv category exhibited
misclassification errors (33%) at the GRL site. Overall, adding SPEI values for months occurring after
April did not substantially change the misclassification rate for site KP000a, but it did increase the
misclassification rate at the GRL site, where the abv AGFM category was impacted more than the
others. In Table 1, note that we are using the 1 month scale SPEIs up to, but not including, the month
for which we are trying to predict AGFM classes. Thus, sequentially adding SPEI values for the months
following April (i.e., 1SPEI4), produces a commensurate decrease in the number of months than can be
evaluated. Given the results noted immediately above, we used only the 1SPEI1–1SPEI4 values in the
following analysis to build and evaluate both the discriminant and ANN models.

At KP000a, it was observed (Table 2) that misclassifications ≥ 50% occurred for all months except
September (0%). At the GRL site, the misclassification rates were 50% (Table 2) for all months except
September, which exhibited no misclassifications. Application of the GRL discriminant function to
KP000a resulted in misclassification errors ≥75% for all months (Table 3). Similarly, application of
the KP000a discriminant function to the GRL site resulted in classification errors ranging from 43%
in August to 86% in July. Results from combining the KP000a and GRL datasets led to calibration
misclassification rates of 0% for May and June, and from 30 to 36% for the remaining months.
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The misclassification rates for the validation dataset ranged from 40 to 100% for all months except
September, which had a 0% misclassification rate.

Table 1. Misclassification rate results from the site-specific discriminant analysis of the 1 month time
scale standardized precipitation and evaporation indices (SPEIs) and AGFM classifications for the
Konza Prairie (KP000a) and GRL research sites. AGFM classifications are: abv = above average,
avg = average, and blw = below average.

KP000a Misclassification Rate 1 GRL Misclassification Rate

SPEI
Months

AGFM
Month

abv avg blw
SPEI

Months
AGFM
Month

abv avg blw

1−4 May 0 17 0 1−4 May 0 0 0
Jun 0 0 0 Jun 0 0 0
Jul 0 0 0 Jul 0 - 0

Aug 0 0 0 Aug 0 0 0
Sep 0 0 0 Sep 33 0 0

1−5 Jun 0 0 0 1−5 Jun 0 0 0
Jul 0 0 0 Jul 0 - 0

Aug 0 0 0 Aug 33 0 0
Sep 0 0 0 Sep 33 0 33

1−6 Jul 0 0 0 1−6 Jul 33 - 0
Aug 0 0 0 Aug 33 50 0
Sep 0 0 0 Sep 33 0 0

1−7 Aug 0 0 0 1−7 Aug 33 50 50
Sep 0 0 0 Sep 33 0 0

1−8 Sep 0 25 0 1−8 Sep 66 0 0
1 Percentage (%).

Table 2. Discriminant analysis within-site validation confusion matrices showing actual and predicted
class membership for the months May through September for both sites. AGFM classes are above
average (abv), average (avg), and below average (blw) above-ground forage biomass. The total
misclassification rate (TMR) for each month is also shown, and is calculated as the number of
misclassifications divided by the total number of observations.

May June July August September

Actual abv avg blw abv avg blw abv avg blw abv avg blw abv avg blw

Site = KP000a

abv 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0
avg 0 0 1 0 0 0 1 0 1 0 0 1 0 1 0
blw 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0

TMR 1 100 50 100 66 0

Site = GRL

abv 0 1 1 0 0 0 0 0 0 0 1 1 3 0 0
avg 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0
blw 0 0 0 0 0 1 1 0 1 0 0 0 0 0 3

TMR 50 50 50 50 0
1 Percentage (%).

3.3. Neural Networks

The KP000a ANN calibrated well for all months except September (Table 4). Within-site
cross-validation resulted in a 0% misclassification rate for May, July, and August, but a 33 and
50% misclassification rate for June and September, respectively (Table 4). The GRL ANN calibrated
well for the months May, June, and August, but exhibited a 40 and 67% misclassification rate for July
and September (Table 5). The GRL ANN cross-validation indicated a 33 and 50% misclassification rate
for May and June, respectively, and 0% misclassification rates for the remaining months. Application
of GRL’s ANN algorithm to site KP000a resulted in misclassification rates ranging from 25% for May
to 38% for June through August (Table 6). Application of KP000a’s ANN algorithm to the GRL site
produced misclassification rates ranging from 33% in May to 57% in June. The monthly average
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misclassification rate for GRL prediction of KP000a was ~34%, compared to ~44% where the KP000a
ANN algorithm was applied to GRL. Results from combining the KP000a and GRL datasets led
to calibration misclassification rates of 31% for July to 89% for June (Table 7). Although the ANN
calibrated poorly, the validation misclassification rates were 0% for July and September, 20% for May,
and 33% both June and August (Table 7).

Table 3. Discriminant analysis confusion matrices from cross-site prediction showing actual and
predicted class membership for the months May through September for both sites. AGFM classes
are above average (abv), average (avg), and below average (blw) above-ground forage biomass. The
total misclassification rate (TMR) for each month is also shown, and is calculated as the number
of misclassifications divided by the total number of observations. Site KP000a class membership
predicted from GRL discriminant analysis algorithm, GRL class membership predicted from site KP000a
discriminant analysis algorithm.

May June July August September

Actual abv avg blw abv avg blw abv avg blw abv avg blw abv avg blw

Site KP000a
Predicted by GRL

abv 0 1 0 0 0 2 0 1 0 1 1 1 0 0 1
avg 3 0 3 1 1 3 3 2 0 0 1 2 3 0 1
blw 0 0 1 0 1 0 1 1 0 2 0 0 0 0 1

TMR 1 88 88 75 75 83
abv 1 1 1 1 1 1 1 2 1 2 0 1 0 3 0
avg 0 1 0 0 0 1 0 0 0 1 1 0 0 0 1
blw 0 2 0 1 2 1 2 1 0 0 1 1 0 1 2

Site GRL
Predicted by

KP000a TMR 67 75 86 43 71
1 Percentage (%).

Table 4. Confusion matrices from artificial neural network (ANN) calibration and cross-validation,
showing actual and predicted class membership for the months May through September for site KP000a.
AGFM classes are above average (abv), average (avg), and below average (blw) above-ground forage
biomass. The total misclassification rate (TMR) for each month is also shown, and is calculated as the
number of misclassifications divided by the total number of observations.

May June July August September

Actual abv avg blw abv avg blw abv avg blw abv avg blw abv avg blw

ANN Calibration
for Site = KP000a

abv 1 0 0 1 0 0 1 0 0 1 0 0 0 1 0
avg 0 5 0 0 3 0 0 5 0 0 3 0 0 2 1
blw 0 0 1 0 0 1 0 0 1 0 0 2 0 0 0

TMR 1 0 0 0 0 50

Cross-Validation
for Site = KP000a

abv 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0
avg 0 1 0 0 2 0 0 0 0 0 1 0 0 1 0
blw 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0

TMR 0 33 0 0 50
1 Percentage (%).

Table 5. Confusion matrices from ANN calibration and cross-validation, showing actual and predicted
class membership for the months May through September for the GRL site. AGFM classes are above
average (abv), average (avg), and below average (blw) above-ground forage biomass. The total
misclassification rate (TMR) for each month is also shown, and is calculated as the number of
misclassifications divided by the total number of observations.

May June July August September

Actual abv avg blw abv avg blw abv avg blw abv avg blw abv avg blw

ANN Calibration
for Site = GRL

abv 2 0 0 2 1 0 3 – 0 2 0 0 2 1 0
avg 0 1 0 0 1 0 – – – 0 2 0 0 0 0
blw 0 0 1 0 0 2 2 0 0 0 0 2 0 3 0

TMR 1 0 17 40 0 67

Cross-Validation
for Site = GRL

abv 2 0 0 0 0 0 0 – 1 1 0 0 0 0 0
avg 0 0 0 0 0 0 – – – 0 0 0 0 1 0
blw 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0

TMR 33 0 50 0 0
1 Percentage (%).
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Table 6. Confusion matrices from ANN calibration at one site applied to the other site, showing actual
and predicted class membership for the months May through September for the GRL site. AGFM
classes are above average (abv), average (avg), and below average (blw) above-ground forage biomass.
The total misclassification rate (TMR) for each month is also shown, and is calculated as the number of
misclassifications divided by the total number of observations.

May June July August September

Actual abv avg blw abv avg blw abv avg blw abv avg blw abv avg blw

abv 1 0 0 2 0 0 1 0 1 1 1 0 0 1 0
avg 1 5 0 2 3 0 1 4 0 0 4 0 0 4 0
blw 1 0 0 0 1 0 1 1 0 0 2 0 0 1 0

GRL ANN
Prediction of Site

KP000a TMR 1 25 38 38 38 33

Site KP000a ANN
Prediction of GRL

abv 3 0 0 3 0 0 4 0 0 3 0 0 2 1 0
avg 0 1 0 1 0 0 0 0 0 1 1 0 0 0 1
blw 1 1 0 2 1 0 3 0 0 1 1 0 1 0 2

TMR 33 57 43 43 43
1 Percentage (%).

Table 7. Confusion matrices from ANN calibration and cross-validation, showing actual and predicted
class membership for the months May through September for the GRL site. AGFM classes are above
average (abv), average (avg), and below average (blw) above-ground forage biomass. The total
misclassification rate (TMR) for each month is also shown, and is calculated as the number of
misclassifications divided by the total number of observations.

May June July August September

Actual abv avg blw abv avg blw abv avg blw abv avg blw abv avg blw

abv 1 1 1 1 1 1 2 0 2 1 0 3 1 1 1
avg 1 3 0 3 0 0 1 4 0 0 4 1 1 3 1
blw 0 2 0 2 1 0 1 0 3 1 1 1 0 0 3

ANN Calibration
for Combined Site

Datasets TMR 1 56 89 31 50 36
ANN

Cross-Validation
for Combined Site

Datasets

abv 1 0 0 2 0 0 1 0 0 0 1 0 1 0 0
avg 0 3 0 0 2 1 0 0 0 0 1 0 0 0 0
blw 0 1 0 1 0 1 0 0 1 0 0 1 0 0 1

TMR 20 33 0 33 0
1 Percentage (%).

The SPEIs with the highest absolute weightings on the two hidden neurons (Hn1, Hn2) during
calibration were tabulated (Table S1) with respect to the scenarios presented in Tables 4–7. Overall,
and for Hn1, 1SPEI1 and 1SPEI3 each accounted for 36% of the highest weightings, followed by 1SPEI2
(16%), and 1SPEI4 (12%). For Hn2, SPEI3 accounted for 56% of the highest weightings, followed by
1SPEI2 (32%), 1SPEI4 (8%), and 1SPEI1 (4%). On a month-by-month basis for Hn1, 1SPEI2 accounted
for 60% of the highest weightings in May. For July and September, 1SPEI3 accounted for 60 and 80%
of the highest weightings, whereas 1SPEI1 accounted for 60% of the highest weightings in August.
In June, both 1SPEI1 and 1SPEI4 accounted for 40% of the hieghest weightings. For Hn2, 1SPEI3
accounted for 60% of the highest weightings in June through and August, whereas 1SPEI2 accounted
for 60% of the highest weightings in September. 1SPEI3 and 1SPEI4 each accounted for 40% of the
highest weightings in May.

4. Discussion

4.1. Study Context

Estimating forage mass or amount of standing forage in pastures and grasslands is important
to allow decisions for agronomic management and limitations to livestock stocking to be made.
The determination/measurement of forage mass reflects the existing growing conditions. Reference [43]
reported that scaling of spring precipitation from the long-term average precipitation provided useful
information for predicting peak standing crop for destocking decisions. They also reported that
grazing did not affect the relationship between peak standing crop prediction of mixed-grass prairie
and precipitation. Reference [44] used soil water content at the beginning of the growing season to
improve predictions of peak standing crop from the Great Plains Framework for Agricultural Resource
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Management Range model in a mixed prairie. Reference [45] used annual precipitation and soil
moisture to evaluate short- and long-term influences on above-ground biomass production in native
grasslands, and Reference [46] used mean annual precipitation and drought to forecast reductions
in above-ground biomass production. Reference [47] combined drought indices (1 and 3 month SPI)
and remote sensing to estimate production of wheat and barley production in a semi-arid region of
Spain. Prevailing patterns of biomass production in a tall-grass prairie site in the US Great Plains have
also been estimated using the normalized difference vegetation index (NDVI) and integrated over
time [47,48]. In the current study, the 1 month scale SPEI (a water-balance drought index) was assessed,
via discriminant analysis and ANN, as a predictive tool for classes of AGFM in native grasslands of
the southern Great Plains of the US.

4.2. Discriminant Analysis

The results in Table 1 suggest that when all the data for a given site were used, that the 1 month
time scale SPEIs for the months January through April (i.e., 1SPEI1–1SPEI4) were useful in assigning
AGFM classifications for the months of May through September. However, when the discriminant
analysis was forced to cross-validate within site (Table 2), misclassification rates of 50% or more were
observed for most months at both sites. Cross-site validation (i.e., the application of one site’s predictive
discriminant function using the other site’s SPEI data) led to misclassification rates of ≥40% (Table 3).
In both of these latter instances, these misclassification rates may be inflated, given the small n-size
available at each site for cross-validation.

In discriminant analyses, classification can be problematic, since variance can cause classification
groups to overlap [39]. Discriminant analysis is most effective when observations contain more variable
information within the tails of the cumulative distribution function of the population, rather than within
the upper and lower 95% confidence intervals of the mean. One potential driver of misclassification
could be the effect of amount and timing of precipitation received during the growing season. There is
variation in the timing and amount of precipitation from year to year, which has the capacity to affect
the amount of biomass produced. Such issues are of particular relevance when considered in relation
to amount and timing of growth by plant communities of native grasslands. One experiment near
the GRL study site noted completely different rates of accumulation of above-ground biomass during
two years that related to variance in precipitation received [34]. In that study, there was a shift in the
rate of biomass accumulation beginning in early May, caused by drier conditions during late May
through August of one year. This drought-affected period received one third less total accumulated
precipitation during March through August of the growing season, compared to the second year,
though amounts received in January through April were similar during both years. The result of this
difference in accumulation of precipitation was a roughly 50% reduction in total biomass by the end of
the more drought-affected growing season.

4.3. Artificial Neural Network

According to Reference [40], it is better for an ANN to validate and perform well than to calibrate
well. For within-site cross-validation, the ANN for the KP000a site (Table 4) both calibrated and
validated well. The GRL ANN site validated better than it calibrated (Table 5). Within the context of
cross-site validation (Table 6) it was observed that the GRL ANN performed better when applied to site
KP000a than when the site KP000a ANN was applied to the GRL site. Given that the sites are similar
in terms of general climate characteristics, and that both are native warm-season tallgrass prairies
(and dominated by the same species of grass), this may indicate that the relationship between SPEI
and AGFM categories is different at the two sites. (This would also impact discriminant analysis.)

Comparison of the maximum and minimum values of 1SPEI1–1SPEI4 for both sites reveals
significant differences between the two sites (Table 8). For example, at site KP000a, the maximum
value of 1SPEI1 was 1.85, compared to a value of 0.80 at GRL. However, for this same SPEI variable
site KP000a experienced a minimum value of −0.89, which is 35% larger than that observed at GRL.
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The minimum 1SPEI2 value at site KP000a indicates much drier conditions than were experienced at
GRL, but the maximum values are similar. The 1SPEI3 and 1SPEI4 values are somewhat similar for
the two sites. These findings suggest it may be possible to develop a more accurate ANN prediction
algorithm by combining datasets from similar climatic and forage types that represent a wider range
of conditions.

Table 8. Maximum, minimum, and range of 1 month timescale SPEI values 1SPEI1 through 1SPEI4 for
sites KP000a and GRL.

Statistic 1SPEI1 1SPEI2 1SPEI3 1SPEI4

Site = KP000a

Maximum 1.85 1.14 0.99 1.95
Minimum −0.89 −1.69 −1.66 −1.20

Range 2.74 2.83 2.65 3.15

Site = GRL
Maximum 0.80 1.09 1.3 1.49
Minimum −1.37 −0.75 −1.42 −1.35

Range 2.17 1.84 2.72 2.84

Examination of the importance (via the weightings) of the SPEIs on the hidden nodes of the ANNs revealed that,
overall, 1SPEI1 and 1SPEI3 played leading roles in the development of the ANN predictive algorithms, whereas
1SPEI4 was of much less importance.

4.4. AGFM and AGFM Classes

The two study sites are similar in terms of climate and vegetation. However, despite the large
differences in biomass production observed at the two sites (Figure 1), the seasonal evolution of this
production is similar—increases steadily from May to about August/September (Figure 3). Variability
in AGFM is more pronounced at the GRL site, but sufficient variability existed at both sites to assign
AGFM values to AGFM classes. The tacit assumption in this approach is that, although biomass
production may vary between two sites in absolute terms, both sites should trend similarly in response
to precipitation and evapotranspiration (ET). That is, a given value of AGFM at a site will represent
average, above average, or below average conditions in response to the variation in precipitation and
ET, as represented by the SPEI. Given that the two sites are similar in terms of climate and vegetation,
the application of the discriminant analysis and ANN predictive algorithms of AGFM class developed
from the GRL data to the KP000a site, and vice versa, is appropriate.

As noted above, the discriminant analysis approach did not perform well. In some cases it
may also be difficult for ANN algorithms to differentiate between categories that closely overlap.
Assuming that the abv and avg categories indicate adequate forage availability, then “true adequate,”
“false adequate,” “false below adequate,” and “true inadequate” forage availability categories can be
constructed from confusion matrices. False adequate conditions represent predictions of adequate
forage, when in reality a below adequate forage availability condition occurred, and false below
adequate would represent predictions of below average forage availability, but average or better
conditions actually occurred. Using the results in Table 6 and the validation portion of Table 7, it can
be seen that the GRL ANN prediction algorithm applied to site KP000a correctly predicted adequate
forage for 79% of the cases (over all months), incorrectly classified 8% of the cases as having adequate
forage (i.e., false adequate forage condition), while 13% of the cases were incorrectly classified as
having below adequate forage (i.e., false inadequate condition). (True inadequate conditions did not
occur for this scenario.) When the KP000a ANN algorithm was applied to the GRL dataset, it correctly
predicted true adequate forage conditions for 59% of the cases, 3% of the cases fell within the false
inadequate condition, 32% of the cases fell within the false adequate condition, and 3% of the cases
were correctly placed in the true inadequate category. The ANN developed from the combined datasets
correctly predicted true adequate conditions for 67% of the cases, 6% of the cases fell within the false
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inadequate category, 11% of the cases fell within the false adequate category, and true inadequate
conditions were correctly predicted for 22% of the cases. This approach might be useful for a grassland
or livestock manager who requires only a basic forecast of forage conditions.

4.5. SPEI

In this study, a gridded SPEI product was used which represented a 50 km × 50 km area, which
may not be representative of the conditions experienced at the study sites. A SPEI calculated using
local meteorological data, such as was done by Reference [25], might improve correlation with biomass
production. Based on References [32,33], we assumed that previous calendar year precipitation had
little to no effect on current year biomass production. The results reported in Table 1, and the ANN
k-fold validation statistics reported in Tables 4 and 5 tend to support this assertion. However, as noted
above, timing and amount of precipitation during the growing season can have a profound impact on
biomass production. We speculate that a bi-weekly SPEI may provide the temporal resolution needed
to improve prediction of AGFM. Moreover, relationships between SPEI and biomass production for
the climatic area represented in this study will likely be different for areas having markedly different
climate and forage (e.g., cool-season grasses) conditions.

5. Conclusions

This study investigated the potential use of early in the calendar year, 1 month scale SPEIs for the
prediction of AGFM for the grazing months May through September of tallgrass prairies in the Southern
Plains of the US. Initial results from the within-site discriminant analysis and ANN indicated that the
January through April monthly timescale SPEIs could be used to predict AGFM class for the months
May through September. However, within-site validation indicated that discriminant analysis led to
high misclassification rates, whereas the ANN approach exhibited much lower misclassification rates.
The predictive discriminant and ANN functions developed for one study site were not transferable to
the other study site. This is likely due to two factors: (1) Neither site fully captured the variability
in SPEI experienced by the other, and (2) The monthly timescale SPEI does not capture the timing
of precipitation, which can have a profound impact on biomass production. A bi-weekly SPEI may
capture this important aspect of biomass production. At present, the results presented herein suggest
that the SPEI may be useful for predicting adequate AGFM (i.e., average to above average forage
availability) conditions, but false positives are to be expected. A more comprehensive investigation
that includes a longer time period of study, an increased number of study sites, and a bi-weekly
SPEI would provide additional insight into the usefulness of the SPEI as an indicator for biomass
production. If AGFM prediction can be based on the SPEI, then a prediction tool can be developed that
could provide an early warning of probable shortfalls in forage production for grassland and livestock
managers, and may be useful for improved grassland management.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/5/235/s1,
Table S1. Monthly scale SPEI exerting the most influence on the ANN hidden nodes 1 and 2 (Hn1, Hn2) by month.
The SPEIs shown are for ANN calibrations for KP (upper portion of Table 4 in the main text), for GRL (upper
portion of Table 5 in the main text), for GRL calibration and prediction of KP, for KP calibration and prediction of
GRL (Table 6 in the main text), and for the calibration of the combined datasets (Table 7 in main text).
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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
grazing also acts as an effective way to maintain the prairie landscape [3,4]. There are two main
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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).

 
Figure 1. Location of the study area overlapping with MODIS pixels. The right-hand panel shows the
location of the study area within the United States Department of Agriculture-Agricultural Research
Service (USDA-ARS), Grazinglands Research Laboratory (GRL).
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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)
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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.

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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Figure 3. Seasonal distributions of air temperature (a) and precipitation (b).

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.

 
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.

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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Figure 6. Growing season maximum and minimum EVI from Landsat 7 for different treatments.

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.

Figure 7. Growing season standard deviation of EVI from Landsat 7 for different treatments.

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.

Figure 8. Annual sum of GPP in different treatments.

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.

Figure 9. Growing season average EVI from Landsat 7 for paddocks in rotational grazing.
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Figure 10. Growing season maximum and minimum EVI from Landsat 7 for paddocks in rotational grazing.

Figure 11. Growing season standard deviation EVI from Landsat 7 for paddocks in rotational grazing.
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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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Abstract: Native grasslands in the Great Plains of North America have mostly disappeared in the past
century due to agricultural expansion. A grazing study was established on Paleustolls and Argiustolls
supporting a remnant, but historically grazed tallgrass prairie in central Oklahoma. Stocking method
of beef cattle was differentiated into continuous and rotational treatments (10 sub-paddocks) in 2009
and these treatments continued until present. Soil was sampled in 2009 and 2012 at depths of 0–6,
6–12, 12–20, and 20–30 cm and in 2017 at depths of 0–15 and 15–30 cm. Total, particulate, microbial
biomass, and mineralizable C and N fractions were highly stratified with depth, having 2–10 times
greater concentration at a depth of 0–6 cm as that at 20–30 cm. Strong associations existed among
most of these soil organic C and N fractions, given the large range that resulted from sampling
at multiple depths. No discernable differences in soil organic C and N fractions occurred due to
stocking method at any sampling time or depth. Evidence for biological nitrification inhibition
suggested a mechanism for conservation of available N with less opportunity for loss. In addition,
strong association of available N with biologically active C indicated slow, but sustained release of N
that was strongly coupled to C cycling. We conclude that stocking method had a neutral effect on
conservation of already high antecedent conditions of soil organic C and N fractions during the first
8 years of differentially imposed management.

Keywords: nitrogen mineralization; soil organic carbon; soil-test biological activity; stocking method;
total soil nitrogen

1. Introduction

Grasslands were historically widespread ecosystems throughout the Great Plains of North
America [1]. Both mass conversion of grasslands to cropland and neglect of remaining grasslands
reduced their favor on landscapes in the 20th century [2,3]. Since the turn of the new millennium, greater
recognition of the importance of grasslands in conserving soil, promoting biodiversity, stabilizing
farming communities, and providing a wealth of natural ecosystem services has led to renewed interest
in how grasslands function [4,5]. An important aspect of regaining full functionality of grasslands has
focused on how livestock are stocked and allowed to graze available forages [6–8].

Grazing lands typically have greater soil organic C and N contents than other agricultural land
uses, despite often relegated to poorer positions of the landscape [9]. Grasslands are ecosystems with
the vast majority of C stored belowground in organic matter [10,11]. However, grazing livestock are
an important regulator of how C and N in grasslands are partitioned in the ecosystem [12]. Grazing
alters N and P cycling by transforming plant nutrients into microbial-enhanced animal feces and
by increasing potential N loss through volatilization and leaching [13,14]. Overgrazing of native
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rangelands can cause significant loss of soil organic C and greater in situ CO2 emission [15]. Soil organic
C and associated biologically active components of microbial biomass and potentially mineralizable C
were greater under pasture than under cultivated cropland in the surface 0–20 cm depth in Texas [16].
Across a diversity of studies in the southeastern USA, soil organic C sequestration under pastures was
0.84 ± 0.11 Mg C ha–1 year–1 [17]. Among mature grasslands, the presence of livestock may or may not
always lead to changes in soil organic C [5,18].

Grazing of perennial forages stimulates regrowth with subsequent impacts on root turnover and
storage of C and N in organic matter [18]. Grazing may also remove sufficient older forage to allow
greater rates of photosynthesis and subsequent deposition of C into soil [19]. Stocking rate can be
a factor in how much C and N is stored in soil as a result of how rapidly forage can recover from
defoliation [20].

Rotational stocking has been recently promoted over continuous stocking to allow forage stands
to rest and accumulate larger quantities of biomass more often during the year prior to initiation
of grazing by livestock [21]. The objective of rotational stocking is to achieve efficient and more
effective defoliation of forages to optimize pasture productivity and persistence [22]. Continuous
stocking allows livestock unlimited and uninterrupted access to a pasture for as long as the manager
desires. If grazed year-round, continuously stocked pastures often have hay fed to livestock during
dormant periods on the same pasture that livestock graze when forage is growing. Under extreme
conditions, continuous stocking can lead to dominance of the most grazing-resistant forage and/or
predominance of undesirable plant species that livestock do not consume. Significant debate still exists
in the scientific community as to if, how, and to what extent rotational stocking methods might improve
upon functioning of grazing lands compared with continuous stocking [23,24]. From a research survey
comparing farms with and without rotational stocking in Texas, soil organic matter and aggregate
stability were greater in multi-paddock systems than in heavy continuous grazing [21]. In the surface
5 cm of soil, soil organic C was significantly greater with high-density rotational stocking than with
continuous stocking on a previously degraded rangeland in South Africa [25]. However, among a
dozen paired sites in Australia, no differences in soil organic C could be detected between rotational
and continuous stocking [26].

Our goal was to contribute to this scientific discourse by documenting ecosystem-relevant effects
of stocking method on soil C and N fractions in a temperate, mostly native grassland ecosystem relic in
central Oklahoma of the U.S. Great Plains region. Our hypothesis was that rotational stocking would
lead to improvements in soil organic C and N fractions relative to continuous stocking in response to
greater residual forage mass, surface residue cover, and deeper and more vigorous rooting.

2. Materials and Methods

2.1. Experimental Conditions

The experiment was initiated in 2009 on existing pastures at the Grazinglands Research Laboratory
in El Reno, Oklahoma (35◦32′46′′ N, 98◦0′37′′ W). Four experimental units were assigned one of two
treatments, i.e., continuous and rotational stocking. A total of ~346 ha was included in the study on
Norge silt loam (fine-silty, mixed, active, thermic Udic Paleustolls), Pond Creek silt loam (fine-silt,
mixed, superactive, thermic Pachic Argiustolls), Kirkland-Pawhuska complex (fine, mixed, superactive,
thermic Udertic Paleustolls), and Bethany silt loam (fine, mixed, superactive, thermic Pachic Paleustolls).
Soil was sampled in April–May 2009 to a depth of 30 cm and contained 22 ± 4% clay and 31 ± 5% sand.
Soil was sampled again in February–March 2012 and June–July 2017. Different sampling times were a
consequence of weather and labor availability. Long-term mean annual temperature is 15.5 ◦C and
mean annual precipitation is 801 mm.

The 346 ha area was divided into two experimental units of ~52 ha each that were assigned to
continuous stocking and two experimental units of ~91 ha each that were assigned to rotational stocking.
Replicates with rotational stocking were further divided into 10 nearly equally sized sub-paddocks.
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Stocking rate was ~0.25 head ha−1 with cow-calf pairs [27]. Continuous stocking had livestock present
from March to October, while rotational stocking had several (1–3) week-long grazing events per year
on any particular sub-paddock.

2.2. Soil Sampling and Analyses

In 2009, 40 soil sampling sites were located within each replicate using a stratified sampling
design, where the strata were composed of soil mapping units in the area (downloaded from the
NRCS Geospatial Data Gateway: https://datagateway.nrcs.usda.gov/GDGOrder.aspx) [27]. Number
of sampling sites for a given strata within a field replicate was based on an area weighted average
of the soil mapping units. 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 from sampling locations using a hydraulically operated
probe equipped with a 30 cm long barrel and inside diameter of 4 cm. Cores were divided into depth
increments (0–6, 6–12, 12–20, and 20–30 cm in 2009 and 2012 and 0–15 and 15–30 cm in 2017), air-dried,
and placed in a sealable plastic bag for later processing.

Dried soil was sieved to pass a screen with 4.75 mm openings prior to all analyses. For total
organic C and total soil N, a representative 20–30 g subsample was ball-milled to a fine powder and ~1 g
of sample was analyzed with dry combustion using a Leco TruSpec on samples collected in 2009 and
2012 and using a Leco TruMac on samples collected in 2017. Using the ball-milled subsample, residual
inorganic N was determined from a filtered extract of a 10 g subsample shaken with 20 mL of 2 M
KCl for 30 min by salicylate-nitroprusside (NH4-N) and hydrazine reduction (NO3-N) autoanalyzer
techniques [28].

All other analyses were determined on coarsely-sieved soil using a standardized laboratory
approach according to the following [29]. In all three years of evaluation, two subsamples of soil were
incubated in tandem for determination of potential C and N mineralization, soil microbial biomass
C, and particulate organic C and N. Two subsamples were weighed into volume-delimited 60 mL
glass bottles—two 20 g subsamples in 2009, two 40 g subsamples in 2012, and two 50 g subsamples in
2017. Dried soil was wetted to 50% water-filled pore space after determining the volume of lightly
packed soil to the nearest 5 mL. Both subsamples were placed into the same 1 L canning jar along with
a screw-cap vial containing 10 mL of 1 M NaOH to trap CO2 and a vial of water to maintain humidity.
Jars were incubated at 25 ◦C for up to 24 days. Alkali traps were replaced at 3 and 10 days of incubation.
Evolved CO2-C was determined by titration with 1 M HCl in the presence of excess BaCl2 and vigorous
stirring to a phenolphthalein endpoint. At 10 days, one of the subsamples was removed from the
incubation jar, fumigated with CHCl3 under vacuum for 1 day, vapors removed, placed into a separate
canning jar along with vials of alkali and water, and incubated at 25 ◦C for 10 more days. Potential C
mineralization was calculated from the cumulative evolution of CO2 during 24 days of incubation.
Soil-test biological activity was from the flush of CO2 that occurred in the first 3 days of incubation.
Basal soil respiration was calculated from the assumed near-linear rate of C mineralization from 10 to
24 days of incubation (i.e., as potential steady-state respiration rate). Potential N mineralization was
determined from the difference in inorganic N concentration between 0 and 24 days of incubation.
Inorganic N (NH4-N + NO2-N + NO3-N) at the end of 24 days of incubation was determined from
the filtered extract of a 10 g subsample of dried (55 ◦C for ≥2 days) and sieved (<2 mm) soil that was
shaken with 20 mL of 2 M KCl for 30 min using salicylate-nitroprusside and hydrazine reduction
autoanalyzer techniques. Particulate organic matter was isolated from the dried subsample (55 ◦C
for ≥2 days) that was incubated for microbial biomass C determination. The entire subsample was
transferred to a 125 mL Nalgene screw-top bottle, shaken with 0.01 M Na4P2O7 overnight for ~16 h,
and the suspension passed over a screen with 0.053 mm openings to collect particulate organic matter.
Material on the screen was washed with a stream of water until effluent became clear and transferred
to a glass drying vessel. Samples were dried in an oven at 55 ◦C for 1 day past visual dryness. Dried
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samples were weighed to determine sand concentration, ball-milled to a fine powder, and analyzed for
C and N concentrations with dry combustion.

2.3. Statistical Analyses

Soil C and N properties were analyzed using the general linear model procedure of SAS v. 9.4 for
each year separately. Grazing method was the main effect and soil depth increment was considered a
repeated measure with a separate error term. Means were separated using least significant difference
(LSD) with alpha set at 0.05. In 2012, soil was collected from each of 10 separate paddocks within each
of the two field replicates of both treatments. Mean values across the 10 subunits were computed,
such that a total of four experimental units with four sampling depths (4 × 4 = 16 observations)
was statistically analyzed the same way in 2009 and 2012. Only two depth increments (0–15 and
15–30 cm) were sampled in 2017 for a total of eight observations. In 2012, mean square error from
within-paddock variation (i.e., 10 locations within a paddock across 2 treatments and 4 depths) was
computed and compared with mean square error from between-paddock variation (i.e., 2 replications
across 2 treatments and 4 depths).

3. Results and Discussion

3.1. Total Organic C and N

Total soil N was not affected by grazing management during any year of sampling and at any soil
depth, as shown in Table 1. However, total soil N was highly stratified with soil depth, and remained
so over time. Concentration of total soil N at the surface depth of 0–6 cm was nearly double that at
the 6–12-cm depth and was 2.5–3 times greater than concentration at the 20–30 cm depth. Total soil
N concentration of the 0–15 cm depth in 2017 was 1.8–2.0 times greater than at the 15–30 cm depth.
These data clearly show that protection of surface soil from erosion is important in preserving N in
soil. Within-paddock variation of total soil N was 3.4 times greater than between-paddock variation,
suggesting that representative sampling of each paddock from multiple cores was a necessary step in
characterizing soil condition.

Table 1. Total soil N (g N kg−1 soil) as affected by stocking method, soil depth, and year of sampling.

Soil Depth
(cm)

2009 2012 2017 *

Continuous Rotational Continuous Rotational Continuous Rotational

0−6 3.05 2.84 2.57 2.49
1.98 1.826−12 1.55 1.52 1.37 1.38

12−20 1.23 1.22 1.15 1.16
0.99 1.0220−30 1.01 0.97 1.00 1.00

LSD (p < 0.05) 0.40 0.08 0.39

LSD: Least significant difference (p < 0.05) is among all means within a year of sampling. * Sampling in 2017 was
0−15 and 15−30 cm depths.

Total organic C followed a similar pattern of declining concentration with a depth like that of total
soil N (data not shown). Soil C:N ratio was greater in the surface 0–6 cm depth than other depths,
and this was likely due to deposition of partially decomposed surface residue inputs. In 2009, soil
C:N ratio was 15.6 ± 0.4 g g−1 at a depth of 0–6 cm and 13.3 ± 0.5 g g−1 at all lower depths. In 2012,
within-paddock variation of total organic C was 3.3 times greater than between-paddock variation.

3.2. Particulate Organic C and N

Grazing management did not significantly affect particulate organic C at any soil depth, as shown
in Table 2. Particulate organic C was more stratified with depth than total organic C or total soil N.
As a portion of total organic C, particulate organic C was 341 ± 48 g kg−1 at a depth of 0–6 cm in
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2009 and 2012 and was 109 ± 20 g kg−1 at depths of 6–30 cm. Such large stratification of particulate
organic C with soil depth has been observed previously in managed pastures of Georgia [30]. Similarly,
in cropland managed with no-tillage following termination of long-term pasture, the portion of total
organic C as particulate organic C was between 300 and 400 g kg−1 at a depth of 0–6 cm, while it
was 200 to 300 g kg−1 under conventional tillage [31]. Keeping soil undisturbed and allowing it to
accumulate decomposing residues leads to an enrichment of particulate organic matter near the surface.
From observations in Georgia, return of residues to the soil surface via dung deposition and trampling
with grazing led to greater particulate organic C and portion of total organic C as particulate organic C
compared with haying [30]. In the current study, stocking method did not appear to alter the balance
between particulate and total organic C.

Table 2. Particulate organic C (g C kg−1 soil) as affected by stocking method, soil depth, and year
of sampling.

Soil Depth
(cm)

2009 2012 2017 *

Continuous Rotational Continuous Rotational Continuous Rotational

0–6 18.9 16.4 10.3 9.9
4.5 4.36–12 2.6 2.9 2.0 2.0

12–20 1.6 1.7 1.4 1.5
0.9 1.020–30 1.2 1.1 1.1 1.1

LSD (p < 0.05) 4.9 1.2 1.4

LSD: Least significant difference (p < 0.05) is among all means within a year of sampling. * Sampling in 2017 was
0–15 and 15–30 cm depths.

3.3. Soil Microbial Biomass and Activity

Soil microbial biomass C was not affected by grazing management regime in any particular year
of sampling, but a shift with time was trending towards greater microbial biomass C near the soil
surface with rotational stocking compared with continuous stocking, as shown in Table 3. Although
not directly comparable, soil microbial biomass C levels were similar in magnitude as a study with
newly developed bermudagrass pasture in Georgia [32]. In 2012, within-paddock variation of soil
microbial biomass C was 5.0 times greater than between-paddock variation.

Table 3. Soil microbial biomass C (mg C kg−1 soil) as affected by stocking method, soil depth, and year
of sampling.

Soil Depth
(cm)

2009 2012 2017 *

Continuous Rotational Continuous Rotational Continuous Rotational

0–6 1306 915 1171 1274
719 8006–12 647 670 560 588

12–20 333 410 472 510
260 29720–30 383 448 401 389

LSD (p < 0.05) 370 129 193

LSD: Least significant difference (p < 0.05) is among all means within a year of sampling. * Sampling in 2017 was
0–15 and 15–30 cm depths.

Basal soil respiration was highly stratified with depth, like other soil C and N properties, but was
generally not affected by stocking method, as shown in Figure 1. However, at a depth of 12–20 cm in 2009,
basal soil respiration was greater under rotational than continuous stocking. The lack of consistency in
this effect over time suggests that it may have been an artefact of sampling/analysis technique or random
variation within the field. All years of data clearly showed the strong depth stratification, even when
changing from narrow soil depth increments to broader depth increments. In 2012, within-paddock
variation of basal soil respiration was 3.6 times greater than between-paddock variation.
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Figure 1. Basal soil respiration as affected by stocking method, soil depth, and year of sampling. Least
significant difference (p < 0.05) is among all means within a year of sampling.

Soil-test biological activity was not affected by stocking method and was gradually stratified
with depth like many other soil C and N properties, as shown in Table 4. Soil-test biological activity
was highly associated with soil microbial biomass C, as well as with other indicators of soil microbial
activity like basal soil respiration and net N mineralization, as shown in Figure 2. Strong association
among these biological indicators has been documented previously [33]. Soil-test biological activity
was also highly associated with total soil N (r2 = 0.86, p < 0.001). Soil-test biological activity has
recently been suggested as a simple, rapid indicator of biologically derived soil N that can supply
greenhouse-grown [34] and field-grown forages [35] with N. Proportional to total soil N, net N
mineralization during 24 days of aerobic incubation at standard temperature and water conditions
released 40 g N kg−1 total soil N. This would be a considerable amount of N that could supply forage
plants with N on an annual basis. Assuming an average bulk density of the surface 12 cm of 1.1 Mg m−3

and using the average total soil N of the surface 12 cm of 2.10 g N kg−1, then this soil would have
contained 2767 kg N ha−1. If 40 g N kg−1 soil (4%) were considered mineralizable, then 111 kg N ha−1

could be expected to be mineralized from inherent soil conditions in a growing season. Considering soil
from 12–30 cm with bulk density of 1.2 Mg m−3 and 1.09 g N kg−1, then an additional 2360 kg N ha−1

would be present with expected mineralization of 94 kg N ha−1. A total of 205 kg N ha−1 mineralized
from organic matter could support 13.7 Mg ha−1 of forage that had an average N concentration of
15 g kg−1. Assuming this forage was consumed and only a small fraction removed in animal carcass,
the majority of this N could be effectively recycled year after year. However, significant losses of N
could occur through NH3 volatilization from urine deposits, as well as denitrification and leaching if
sufficient nitrate were present.

Table 4. Soil-test biological activity (mg CO2-C kg−1 soil 3 day−1) as affected by stocking method, soil
depth, and year of sampling.

Soil Depth
(cm)

2009 2012 2017 *

Continuous Rotational Continuous Rotational Continuous Rotational

0–6 575 565 535 581
497 4756–12 280 297 278 293

12–20 207 225 235 241
203 21020–30 189 174 207 209

LSD (p < 0.05) 72 60 161

LSD: Least significant difference (p < 0.05) is among all means within a year of sampling. * Sampling in 2017 was
0–15 and 15–30 cm depths.
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Figure 2. Association of soil-test biological activity to other indicators of soil biology, including basal soil
respiration, soil microbial biomass C, and net N mineralization during aerobic incubation. *** indicates
significance of association at p < 0.001.

3.4. Residual Inorganic N and Net N Mineralization

Residual inorganic N in soil was predominately in the form of NH4-N and barely detectable in
the form of NO3-N, as shown in Table 5. Low residual soil nitrate in this pasture ecosystem would
suggest that either rapid plant uptake limited accumulation of nitrate in soil or that nitrification was
slow or limited in this soil. Interestingly, evidence for limited nitrification potential was observed
during the laboratory incubation, in which apparent nitrification estimates during the 24 day aerobic
incubation were only ~50% of mineralized N and declined with soil depth, as shown in Table 6.
Nitrification activity is typically high in modern agricultural production systems, but may be much
more limited in low-N-input production systems using traditional crop rotations and diversity of
crops [36]. Biological nitrification inhibition is a potential mechanism that might have prevailed in this
grassland ecosystem, which was dominated by warm-season perennial grasses with relatively low N
input. In Brazil under Brachiaria humidicola pasture, very low nitrate accumulation occurred following
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urine application, suggesting significant biological nitrification inhibition and subsequently reduced
N2O emission [37]. Another possibility is that frequently water-limited conditions at this location in
Oklahoma may chronically impede nitrifying activity. Whatever the mechanism for this low nitrifying
activity, it may be an effective strategy to avoid N loss in an otherwise N limited natural ecosystem
that relies on organic matter accumulation and internal N cycling for maintaining productivity.

Table 5. Residual inorganic N (separated into NH4-N and NO3-N components) as affected by stocking
method, soil depth, and year of sampling.

Soil Depth
(cm)

2009 2012 2017 *

Continuous Rotational Continuous Rotational Continuous Rotational

Residual soil ammonium (mg NH4-N kg−1 soil)

0–6 7 14 24 23
15 96–12 8 9 14 14

12–20 14 7 10 10
9 620–30 11 6 8 8

LSD (p < 0.05) 8 2 3

Residual soil nitrate (mg NO3-N kg−1 soil)

0–6 1 1 1 1
1 16–12 1 1 2 2

12–20 1 1 1 1
<1 <120–30 1 1 1 1

LSD (p < 0.05) 1 <1 1

LSD: Least significant difference (p < 0.05) is among all means within a year of sampling. * Sampling in 2017 was
0–15 and 15–30 cm depths.

Table 6. Apparent nitrification of mineralized N (mg NO3-N accumulation mg−1 mineralized N) as
affected by stocking method, soil depth, and year of sampling.

Soil Depth
(cm)

2009 2012 2017 *

Continuous Rotational Continuous Rotational Continuous Rotational

0–6 0.44 0.58 0.57 0.51
0.12 0.156–12 0.25 0.19 0.08 0.05

12–20 0.12 0.12 0.04 0.04
0.03 0.0320–30 0.11 0.09 0.04 0.04

LSD (p < 0.05) 0.34 0.14 0.11

LSD: Least significant difference (p < 0.05) is among all means within a year of sampling. * Sampling in 2017 was
0–15 and 15–30 cm depths.

Further evidence for inhibition of nitrification was from strong net N mineralization that
corresponded proportionally to variations in C mineralization, as shown in Figure 2. During
the 24 day incubation period, significant accumulation of NH4-N occurred at all depths, averaging
49 ± 14 mg NH4-N kg−1 soil at a depth of 0–6 cm in both 2009 and 2012 and 43 ± 10 mg NH4-N kg−1

soil at depths of 6–30 cm. Significant nitrification occurred at the 0–6 cm depth with additional
accumulation of 57 ± 23 mg NO3-N kg−1 soil, but limited nitrification could be detected at depths
of 6–30 cm with only 5 ± 6 mg NO3-N kg−1 soil accumulated during the 24 day incubation. Net
N mineralization during 24 days of incubation was strongly stratified with soil depth, like many
other soil C and N fractions, as shown in Table 7. The soil-handling process of oven-drying prior
to rewetting may have altered nitrification potential somewhat, but it was not considered a major
factor since apparent nitrification in cropland soils using the same laboratory protocols was 0.92 ± 0.13,
0.71 ± 0.27, and 0.53 ± 0.29 mg NO3-N mg−1 total N mineralized at depths of 0–10, 10–20, and 20–30 cm,
respectively [33].
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Table 7. Net N mineralization (mg N kg−1 soil 24 day−1) as affected by stocking method, soil depth,
and year of sampling.

Soil Depth
(cm)

2009 2012 2017 *

Continuous Rotational Continuous Rotational Continuous Rotational

0–6 110 120 97 99
89 826–12 76 65 55 55

12–20 46 54 46 47
33 3820–30 32 37 33 34

LSD (p < 0.05) 35 7 3

LSD: Least significant difference (p < 0.05) is among all means within a year of sampling. * Sampling in 2017 was
0–15 and 15–30 cm depths.

4. Conclusions

Stocking method on tallgrass prairie pasture during an 8 year period had little discernable effect
on soil C and N fractions within the surface 30 cm of the soil profile. This may have been due to the lack
of recent soil disturbance and high antecedent concentration of soil properties prior to initiation of this
study. All soil organic C and N properties were highly stratified with depth. One curious finding was
the occurrence of what appeared to be significant biological nitrification inhibition, which may have
provided substantial conservation of N for internal cycling of N from soil to forages, and ultimately
for livestock protein intake and animal performance, and subsequent deposition back onto pasture
with urine and feces. We conclude that in this intermediate period of grassland evaluation, rotational
stocking of livestock did not lead to changes in total, particulate, microbial biomass, or mineralizable
fractions of C and N as compared with continuous stocking. Of key importance in this study was the
preservation of soil properties with both grazing management approaches. We documented strong
association among biologically active fractions of soil organic C and N.
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Abstract: To maintain grassland productivity and limit resource depletion, scarce mineral P
(phosphorus) fertilizers must be replaced by alternative P sources. The effect of these amendments on
plant growth may depend on physicochemical soil parameters, in particular pH. The objective of this
study was to investigate the effect of soil pH on biomass production, P use efficiency, and soil P forms
after P amendment application (100 mg kg−1 P) using poultry manure compost (PM), rock phosphate
(RP), and their combination (PMRP). We performed a growth chamber experiment with ryegrass
plants (Lolium perenne) grown on two soil types with contrasting pH under controlled conditions for
7 weeks. Chemical P fractions, biomass production, and P concentrations were measured to calculate
plant uptake and P use efficiency. We found a strong synergistic effect on the available soil P, while
antagonistic effects were observed for ryegrass production and P uptake. We conclude that although
the combination of PM and RP has positive effects in terms of soil P availability, the combined effects
of the mixture must be taken into account and further evaluated for different soil types and grassland
plants to maximize synergistic effects and to minimize antagonistic ones.

Keywords: Poultry manure; phosphate rock; ryegrass; plant biomass; phosphorus uptake;
phosphorus availability

1. Introduction

Fertilization of grasslands with mineral phosphorus (P) fertilizer is a common practice in many
regions of the world to maintain productivity, especially on soils with high P retention [1–3]. In order
to reduce the use of scarce phosphate rock (RP), alternative P fertilizers need to be found [4,5]. In this
context, poultry manure, an abundant organic waste material from the growing broiler industry [6], is
known for its high P content [7]. Its transformation through composting into organic amendments,
and their subsequent application in grassland systems may be a promising strategy [8,9] to reduce
the use of mineral fertilizers. Several studies showed that plant nutrient uptake and the biomass
of several plants could be significantly increased using poultry manure compost (PM) [10,11]. The
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application of PM led to changes in soil P forms and phosphatase activity [12]. However, despite its
positive effects on plant nutrient availability and biomass production, the application of PM may lead
to the simultaneous introduction of contaminants [13] and could also lead to a loss of P to waterways
following long term application.

Therefore, nowadays, the use of PM in combination with RP has been considered as good practice
to limit the use of both materials without compromising plant requirements [14]. However, the fertilizer
value of both substrates may depend on the soil reaction. For example, RP efficiency may be limited in
soils with high pH due to its low dissolution rate [15], while in soils with acid pH, RP may lead to
further acidification [16]. The efficiency of PMRP mixture for increasing wheat and chili yield and
P uptake has already been demonstrated for acid and alkaline soils [17,18]. However, no study has
been carried out to investigate quantitatively the synergetic or antagonistic effects of the combined
application of both materials.

In this study, we carried out a growth chamber experiment to investigate the effect of the combined
use of PM and RP as compared to their application as a single amendment in soils with similar
properties, but contrasting in pH. The objective of the study was to determine the effect of PM
application, alone or combined with RP, on ryegrass biomass production, P use efficiency, and soil P
availability in an acid and an alkaline soil. We hypothesized that the soils’ and plants’ response to the
combined use of PM and RP in terms of biomass production and P use efficiency may depend on the
soil reaction and that the mixture will have additional effects as compared to the use of PM and RP as a
single amendment. Moreover, we hypothesized that the combined use of PM and RP will ameliorate P
availability and biomass production as compared to their use as a single amendment.

2. Materials and Methods

2.1. Materials

We used two silty soils (50–60% silt): A Neoluvisol with a pH of 6.1 (moderately acid soil) and
a carbonated Luvisol, with a pH of 8.5 (alkaline soil) (Table 1) according to the French Référentiel
Pédologique 2008 [19]. Both soils showed similar texture, organic matter content, and soil forming
processes (lixiviation). They were differentiated by pH and also their initial Olsen P concentration. They
are part of the French observatory SOERE PRO (https://www6.inra.fr/valor-pro/SOERE-PRO-les-sites).
The Neoluvisol is located in Eastern France at Colmar, and the Luvisol is located in northwestern France
in Brittany at Le Rheu. We sampled the first 0 to 30 cm. of the control plots without fertilization at the
two sites. After sampling, the soils were transported to the laboratory, air dried, and sieved at 2 mm.
The plant species used was ryegrass (Lolium perenne), a typical pasture plant used for grazing systems.

Table 1. Soil physical and chemical characterization.

Soil Type pH Corg C/N P olsen K2O Clay Silt Sand

g kg−1 mg kg−1 Cmol + kg−1 %

Moderately
acid 6.1 11.9 10 60 0.32 14.6 68.3 16.1

Alkaline 8.5 12.1 * 10 11 0.26 20.7 59.8 6.8

* CaCO3 = 128 g kg−1.

PM compost was provided by KOMECO B.V in pellet form with a dry matter content of 880 g kg−1

with an organic matter content of 600 g kg−1. Phosphorus content was 13.2 g kg−1 d.w. The material
contained 42% organic P and 58% of inorganic P (Table 2). RP was bought from ‘Les comptoirs de
Jardin’ and was derived from bones with 30% P and 50% calcium. It was provided in powder form
with 90% of the particles smaller than 0.16 mm.
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Table 2. Inorganic (Pi) and organic P (Po) in fractions sequentially extracted from poultry manure
compost PM.

H2O NaHCO3 NaOH HCl Residual

P mg kg−1

Pi Po Pi Po Pi Po Pi Po Pt
187 ± 8 122 ± 43 202 ± 3 149 ± 30 47 ± 4 72 ± 13 181 ± 9 97 ± 8 145 ± 7

2.2. Growth Chamber Experiment

The experiment was carried out in pots in the RUBIC V biogeochemical reactor—Servathin,
Carrières-sous-Poissy France—for 7 weeks. To account for the contrasting bulk densities, we amended
490 g of the moderately acid soil and 550 g of the alkaline soil per treatment, with four replicates with
poultry manure compost (PM), phosphate rock (RP), or their mixture consisting of 70% PM and 30%
RP (PMRP). In total, 100 mg P per kg−1 soil d.w. were added to each treatment. The amendments were
supplied in the form of a dry powder. We added 13.30 g of PM and 0.80 g RP to the pots with a single
amendment and 9.31 g of PM and 0.23 g of RP to the pots with amendment mixtures. To account for N
and K supplied by PM (262 mg N and 221 mg K per kg d.w. soil), we added the corresponding amounts
of K and N in the form of KCl and NH4NO3 to all other treatments, including the control. The PM
application was equivalent to 9.8 Mg ha−1 when applied in the mixture with RP and 14 Mg ha−1 when
applied as a single amendment. The RP application was equivalent to 0.25 Mg ha−1 when applied in a
mixture with PM and 0.8 Mg ha−1 when applied as a single amendment.

After addition of the amendments, the soils were thoroughly mixed in plastic bags, added to each
pot, and brought to field capacity with tap water. After one day, a total of 97 ryegrass seeds were added
to each pot. Seeds were sown on the surface and covered superficially with soil material. Plants were
grown at 24 ◦C (day temperature) and at 17 ◦C (night temperature) with a day length (light intensity of
650 μmol m−2 s−1) of 8 h for the first 13 days, and 11 h until the end of the experiment. Soil moisture
was maintained at 40% of the available field capacity by watering regularly. Air humidity was 75% to
65, % respectively, for day and night conditions.

After 7 weeks, shoots and roots were separated from soil and their fresh biomass was weighed.
Thereafter, biomass was dried at 65 ◦C for 48 hours. Oven-dried plant material was ground to pass
through 20-mesh (0.84 mm) sieves. Microbial biomass was determined using 5 g of fresh samples.
The remaining soil masses were oven-dried at 40 ◦C and sieved at 2 mm. An aliquot was ground for
further analyses. All data is expressed on a dry weight basis.

2.3. Soil Analysis

Phosphorus forms based on P solubility were measured using a modified Hedley fractionation
scheme [20] with successive chemical P extraction from soluble to residual fractions. Briefly, 1 g of
dry and sieved soil was extracted sequentially by shaking for 16 h with 30 mL of (1) distilled water,
(2) 0.5 M NaHCO3 at pH 8.5, (3) 0.1 M NaOH, and (4) 1 M HCl. Each suspension was centrifuged at
10,000 rpm for 10 min and the supernatants were recovered and analyzed for total P (Pt) and inorganic
P (Pi). Organic P (Po) was determined by difference. The residues were dried at 60 ◦C and used for
subsequent extractions. Residual P remaining after the last step was extracted with 1 M sulphuric acid
(H2SO4) during 24 h, after calcination of the residue for 1 h at 550 ◦C. Inorganic P was determined
in the solutions by the ammonium molybdate-ascorbic acid method [21]. Total P was determined
by taking aliquots from supernatants for digestion using potassium persulfate (K2S2O8) and 2.5 M
sulphuric acid (H2SO4). Fraction one and two represent readily available P. Moderately available P is
found in fraction 3, less available P in fraction 4, whereas residual P represents unavailable P. Pt, Po
and Pi of bulk soil were calculated as sum of Hedley fractions.

Total organic C and N concentrations of soil samples were determined using an elemental analyzer
(Variopyrocube, Elementar, Langensebold, Hesse, Germany). The acid soil was carbonate free and total
soil C therefore corresponded to organic C. For the alkaline soil (carbonated soil), HCl-fumigation was
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performed before elemental analyses to remove inorganic C [22]. Microbial biomass P was determined
by the chloroform fumigation-extraction method [23]. Briefly, 5 g of fresh soil were extracted with
0.5 M NaHCO3 before and after fumigation with CHCl3. Total P was determined in the solutions
by the ammonium molybdate-ascorbic acid method [21]. Microbial biomass P was calculated as the
difference between fumigated and non-fumigated soil and multiplied by a factor of 0.40 [23].

2.4. Biomass Analysis

Total N and C concentrations were measured using an elemental analyzer (Variopyrocube,
Elementar, Langensebold, Hesse, Germany). Total shoot P contents were analyzed by calcination
followed by acid recovery using inductive coupled plasma mass spectrometry (iCAPTM Q ICP-MS,
Thermo ScientificTM, Waltham, MA, USA). The P uptake (mg) was calculated as a product of the
shoots’ or roots’ nutrient concentrations (mg g−1) and shoot or root biomass (g). Nutrient use efficiency
(PUE) was also calculated according to Baligar et al. [24] as follows:

PUE =
P uptake in treatment (mg) − P uptake in control(mg)

total P applied
× 100 (1)

2.5. Synergistic and Antagonistic Effect of Mixture

Based on the quantities of PM and RP applied as single amendments or in mixture (see 2.2), we
calculated the additional effect of the PMRP mixture on the soil available P, biomass production, and P
uptake resulting from the combined application of PM and RP as compared to their use as a single
amendment. This calculation is justified by the observation made by many others that PM would
lead to enhanced mineralization of RP due to the release of organic acids (exp. 18). However, this
additional effect was never quantified. We used Equation (2) to calculate the additional effect, i.e.,
change of PMRP as compared to the sum of single amendments:

% change =
observed result− expected result

expected result
× 100 (2)

The observed result was corrected for the control in order to obtain the effect of the amendments.
The expected result for PMRP was obtained as a sum of the PM and RM after multiplication of the
observed results in the two treatments with a coefficient accounting for the different proportions of the
two amendments used in the mixture, i.e., 70% and 30%.

2.6. Statistical Analysis

The experiment was arranged in a completely randomized design with four replicates. Data were
checked for normality (Shapiro-Wilk test) and homogeneity of variance (Levene test) were determined
before analyses. Statistical differences of means (95% significance level) were analyzed using two-way
analyses of variance (two-way ANOVA). Post hoc tests with the function Tukey-test were made for
the explanatory variables independently when the ANOVA detected significant differences. The
relationships between soil available P and plant parameters were tested by Pearson correlation analyses.
Statistical testing was done using the statistical program R Foundation for Statistical Computing
Version 1.1.456 (R Development Core Team 2009–2018); effects were deemed significant at p ≤ 0.05.
Principal component analysis (PCA) was performed using the package, Factoextra; we consider one
for the soil P fractions and a second one for the plant P uptake and biomass.
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3. Results

3.1. Total Soil C, N, and P Concentrations

After the end of the experiment, PM treatment led to significantly increased total soil C
concentrations in the moderately acid and alkaline soil by 57 and 29%, respectively (Table 3). The RP
treatment showed no differences as compared to control, while its combination with PM increased the
total C concentrations in both soils, with significant effects only in the moderately acid soil. Total N
concentration was increased by 29% using PM in the alkaline soil. In the moderately acid soil, PM
treatment increased total soil N concentration by 57%, whereas a lower increase was noted in the
PMRP treatment (30%). Total P increased in both soils with PM amendment.

Table 3. Soil parameters in control and soil amended with poultry manure compost (PM), phosphate
rock (RP), and their combination (PMRP) after 7 weeks of ryegrass growth.

Soil Type C N C/N Pt C:Po C:Pi N:Pi N:Po

g kg−1 mg kg−1

Moderate
acid

Control 10.5 Ca * 1.2 Da 8.9 Aa 100.2 Ca 344.9 Ba 192.2 Bb 21.6 Cb 38.6 Ba

RP 11.0 Ca 1.4 Ca 7.7 Ba 97.3 Ca 314.4 Cb 194.4 Bb 25.3 Bb 40.9 Bb

PM 16.5 Aa 2.0 Aa 8.5 Aa 132.1 Aa 356.4 Ba 255.9 Aa 30.2 Aa 42.1 Ba

PMRP 13.7 Ba 1.7 Ba 8.3 Aa 118.0 Ba 414.9 Aa 210.5 Aa 25.3 Bb 49.8 Aa

Alkaline

Control 11.5 Ba 1.3 Ba 9.2 Aa 103.2 Ba 365.3 Ba 241.9 Aa 26.3 Ba 39.8 Ba

RP 12.0 Ba 1.7 Ab 7.2 Aa 103.5 Ba 399.7 Aa 239.2 Aa 33.3 Aa 55.6 Aa

PM 14.8 Aa 1.7 Ab 8.8 Ba 127.2 Aa 383.2 Ba 244.1 Aa 28.1 Ba 44.3 Ba

PMRP 13.4 ABa 1.6 Aa 8.7 Aa 120.8 Aa 275.0 Cb 290.1 Aa 33.5 Aa 31.8 Bb

* Upper case letters denote significant differences (p ≤ 0.05) between treatments for one soil. Lower case letters
denote significanct differences (p ≤ 0.05) between soils for one treatment.

The C:N decreased in both soils amended with RP as compared with PM, PMRP, and the control
(Table 3). In the moderately acid soil, PMRP treatments showed the highest N:Po and C:Po, while for
the alkaline soil, the use of the mixture led to an increase of N:Pi, while C:Po and N:Po decreased. C:Pi
was increased by both PM and PMRP treatments in the moderately acid soil only. N:Pi increased in all
treatments in the moderately acid soil, while in the alkaline soil, only PMRP and RP increased this
ratio significantly as compared with the control (Table 3).

3.2. Soil Phosphorus Forms

Concentrations of readily available fractions (extractable with water and NaHCO3) ranged between
5.20 to 14.94 mg P kg−1 soil for inorganic and 6.07 to 27.58 mg P kg−1 soil for organic P (Figure 1).
The moderately available fraction (NaOH extractable) ranged between 6.07 and 27.58 mg P kg−1 soil.
Soils treated with PM and PMRP increased significantly inorganic and organic P concentrations in
the readily available fraction as compared with the control and RP treatment. In the alkaline soil, RP
amendment increased readily available inorganic and organic P on average 1.2-fold as compared with
the control. No differences were found for the moderately acid soil (Figure 1). In the other fractions,
the P concentrations ranged between 22.52 to 39.73 and 1.20 to 14.30 mg P kg−1 soil as the inorganic
and organic form, respectively.

All amendments increased organic P in the less available P fraction in both soils, whereas residual
P was increased with regards to the control only by PM amendments.
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Figure 1. Inorganic and organic P concentration of fractions extracted from control and soil amended
with poultry manure compost (PM), phosphate rock (RP), and their combination (PMRP) after 7 weeks
of ryegrass growth. Upper case letters denote significant differences (p ≤ 0.05) between treatments for
one soil. Lower case letters denote significant differences (p ≤ 0.05) between soils for one treatment.

3.3. Microbial Biomass P

Microbial biomass P ranged between 7.55 to 35.10 mg P kg−1 soil, and it was significantly increased
with all P amendments as compared to the control (Figure 2). With PM amendment, microbial biomass
P concentrations increased greatly as compared to RP amendment by 81% to 93% in moderately acid
and alkaline soil, respectively (Figure 2). In the moderately acid soil, PM and its combination with RP
induced the greatest increases of microbial biomass P (81–100%) as compared with RP while for the
alkaline soil, only PM as a single amendment increased MBP with regards to RP.

 
Figure 2. Microbial biomass phosphorus (MBP) in in control and soil amended with poultry manure
compost (PM), phosphate rock (RP), and their combination (PMRP) after 7 weeks of ryegrass growth.
Upper case letters denote significant differences (p ≤ 0.05) between treatments for one soil. Lower case
letters denote significant differences (p ≤ 0.05) between soils for one treatment.
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3.4. Shoot and Root Biomass Production

Plants grown in the moderately acid soil showed greater root biomass in all treatments compared
to those grown in the alkaline soil, whereas shoot biomass was similar for both soils, except for the
RP treatment.

The dry weight of plants cultivated in moderately acid soil treated with different P amendments
and their combination was significantly higher (p ≤ 0.05) compared to the control (Figure 3). The PM
and RP increased shoot biomass similarly (~2.5 fold) as compared with the control. Root biomass
increased by 1.2 to 3.3-fold in both soils treated with either PM alone or combined with RP.

 
Figure 3. Dry weight of shoots and roots in control and soil amended with poultry manure compost
(PM), phosphate rock (RP), and their combination (PMRP) after 7 weeks of ryegrass growth. Upper
case letters denote significant differences (p ≤ 0.05) between treatments for one soil. Lower case letters
denote significant differences (p ≤ 0.05) between soils for one treatment.

In the alkaline soil, no difference in dry matter production was observed for the RP treatment with
respect to the control. In contrast, PM alone and its combination with RP significantly increased shoot
biomass (5.6 and 3.5-fold) and root biomass (3.3 and 2.3-fold) as compared to the control (Figure 3).

3.5. Shoot and Root P Concentrations and Uptake

Shoot and root P concentrations and root P uptake increased significantly with all amendments as
compared to the control (Table 4). Shoot P uptake showed no change compared to the control for both
soils. The highest increase was noted for PM and PMRP treatments, which showed on average 37% to
48% higher root and shoot P concentrations than plants of the control treatment (Table 4). This is in
line with a higher P uptake (Table 4). Shoot P concentration and uptake was higher in all treatments
except RP in the moderately acid soil as compared to the alkaline one. Despite differences in uptake,
root P concentrations were similar for both soils.
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Table 4. P concentration and uptake of roots and shoots and P use efficiency after 7 weeks of ryegrass
growth in control soil and soil amended with poultry manure compost (PM), phosphate rock (RP), and
their combination (PMRP).

Soil Type Treatment P conc P uptake P Use Efficiency

Shoot Root Shoot Root

g kg−1 mg % of input

Moderate
acid

Control 7.2 Da 1.4 Da 3.6 Ba 3.6 Ca -
RP 12.5 Ca 2.2 Ca 3.5 Ba 4.6 Ca 6 Ca

PM 24.2 Aa 3.8 Aa 4.9 Aa 14.8 Aa 28 Aa

PMRP 16.6 Ba 2.8 Ba 5.0 Aa 8.7 Ba 14 Ba

Alkaline

Control 1.4 Db 1.7 Ba 2.6 Bb 1.1 Cb -
RP 4.9 Cb 2.1 Ba 3.0 Ba 2.8 Ba 5 Ca

PM 17.7 Ab 3.3 Aa 3.8 Ab 9.7 Ab 25 Aa

PMRP 11.3 Bb 3.0 Aa 3.8 Ab 6.9 Aa 16 Ba

Upper case letters denote significant differences (p ≤ 0.05) between treatments for one soil. Lower case letters denote
significant differences (p ≤ 0.05) between soils for one treatment.

Plant P use efficiency of the added P sources and their combinations ranged from 5% to 6 % for
RP to a maximum of ~28% for PM alone (Table 4). Plant use efficiency of the mixture, PMRP, was in
between these values. Few differences were noted between soils.

3.6. Relationship between Soil and Plant Parameters

In the alkaline soil, the readily available inorganic and organic P fractions, moderately available
Po, residual P, and microbial biomass P were strongly correlated with shoot and root biomass and
nutrient uptake (Table 5).

Table 5. Relationship between soil and plant parameters after 7 weeks of ryegrass growth in control
and soil amended with poultry manure compost (PM), phosphate rock (RP), and their combination
(PMRP). *denotes significant correlation coefficients (p ≤ 0.05), n = 16.

Soil Soil Parameters Shoot Biomass Root Biomass P Uptake

Shoot Root

Moderately
acid soil

readily-Pi 0.41 0.80 * 0.87 * 0.92 *
readily-Po 0.51 * 0.78 * 0.95 * 0.96 *
moderately-Pi 0.61 * 0.59 * 0.83 * 0.83 *
moderately-Po −0.07 −0.43 −0.37 −0.39
Less avail.-Pi –0.10 −0.44 −0.40 −0.45
less-avail. Po 0.71 * 0.61 * 0.93 * 0.89 *
Residual-P 0.19 0.70 * 0.63 * 0.74 *
Microbial P 0.62 * 0.61 * 0.83 * 0.78 *
Total soil N 0.65 * 0.69 * 0.94 * 0.91 *
Total soil C 0.52 * 0.71 * 0.89 * 0.88 *

Alkaline soil

readily-Pi 0.94 * 0.93 * 0.96 * 0.91 *
readily-Po 0.84 * 0.82 * 0.89 * 0.84 *
moderately-Pi 0.75 * 0.67 * 0.75 * 0.67 *
moderately-Po 0.09 0.16 −0.18 −0.13
Less avail.-Pi −0.03 −0.14 −0.03 −0.09
less-avail. Po 0.30 0.38 0.33 0.39
Residual-P 0.81 * 0.80 * 0.70 * 0.66 *
Microbial P 0.88 * 0.84 * 0.95 * 0.88 *
Total soil N 0.45 0.31 0.60 * 0.51
Total soil C 0.81 * 0.80 * 0.82 * 0.77 *
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In the acid soil, inorganic and organic P in the readily available fraction and moderately available-Pi
showed a positive correlation with root biomass and root P uptake (Table 5). Residual P was correlated
with root biomass and less available organic P was somewhat correlated with shoot biomass and root
P uptake. In this soil, the strongest correlations were noted for P uptake in the root and shoot with
readily available P, moderately available Pi, less available Po, microbial P, total C, and total N.

To investigate the effect of the different types of amendments on soil and plant parameters, we
performed PCA analyses. The first two PCA components explained 82% of the total variance of soil P
fractions (Figure 4A). The individual representation of treatments on the factor map showed spatial
separation of treatments in both soils, with a tendency to the formation of two groups, one for the
PM and PMRP treatments and a second one for the control and RP (Figure 4A). Both groups were
separated along the 2nd axis related to the contribution of less available organic P and residual P.
Additionally, acid and alkaline soils could be separated according to soil P forms along the first axis.
Alkaline soils were thus associated with less and moderately available Po and less available Pi, while
acid soils were associated with readily available Pi and Po and moderately available Pi (Figure 4A).

 

Figure 4. Principal component analysis of soil P forms (A) and plant (B) variables studied as the
response to different soil types and treatments.

For the PCA performed with plant parameters, the first two components explained 94% of the
total variability. The individual representation of treatments on the factor map (Figure 4B) showed
spatial separation of all the treatments of both soils. Treatments with poultry manure were associated
with P uptake and aboveground and belowground biomass in the positive direction. Plant parameters
did not differentiate acid and alkaline soils.

3.7. Synergistic and Antagonistic Effects between PM and RP on Soil and Plant Parameters

To elucidate the effects of the amendment mixture, PMRP, on plant and soil parameters, we
compared the expected values as the sum of the single use of PM and RP to the observed value for
the mixture. Differences were interpreted in terms of synergistic and antagonistic effects. While the
mixture had a similar synergistic effect on P availability in both soils, their effect on plant parameters
was strongly dependent on the soil type (Table 6). For the alkaline soil, the mixture had no or a slightly
antagonistic effect on plant biomass and P uptake, while in the moderately acid soil, the mixture had
an antagonistic effect on P uptake, and a synergistic effect on root and shoot biomass.
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Table 6. Synergistic and antagonistic effect on soil and plant parameters as the response of the combined
application of poultry manure compost and phosphate rock applied at a P rate of 100 mg kg−1 soil after
7 weeks of ryegrass growth. +SD.

Observed Expected Mixture Effect (%)

Moderately
acid soil

Soil P availability (mg kg−1) 137.1 ± 21.1 132.5 ± 4.9 9.9 ± 1.8
Shoot Biomass (g) 1.9 ± 0.5 1.6 ± 0.4 25.5 ± 3.9

P uptake (mg) 9.4 ± 1.3 12.3 ± 1.2 −23.6 ± 1.8
Root Biomass (g) 1.16 ± 0.3 0.65 ± 0.2 91.3 ± 4.9

P uptake (mg) 1.5 ± 1.1 3.97 ± 0.9 −59.6 ± 3.7

Alkaline soil

Soil P availability (mg kg−1) 133.5 ± 15.0 114.4 ± 9.5 17.5 ± 3.0
Shoot Biomass (g) 2.1 ± 0.5 2.38 ± 0.2 −13.1 ± 1.9

P uptake (mg) 9.97 ± 0.3 11.6 ± 0.5 −13.6 ± 2.6
Root Biomass (g) 0.78 ± 0.1 0.81 ± 0.1 −3.3 ± 1.2

P uptake (mg) 5.5 ± 2.1 5.82 ± 1.2 1.8 ± 0.2

4. Discussion

4.1. Impact of Organic and Inorganic P Amendments on C, N, and P Stoichiometry and Microbial Biomass P

Treatments with poultry manure compost (PM and PMRP) showed increased soil C, N, and P
concentrations, most probably related to organic matter input through the amendment as well as
higher biomass production (Figure 3). All amendments changed to some extent soil organic matter
stoichiometric ratios. These ratios determine the interlinkage between biochemical cycles of C, N, and
P, providing information about nutrient availability following SOM decomposition and stabilization
processes. The effect of the amendments on stoichiometric ratios was dependent on the type of
amendment and also the soil type. Differences in stoichiometric ratios in the two soil types suggest
that the amendment effect could be soil pH dependent.

Amendments increased P incorporation into the microbial biomass. Soil type had an effect on
the microbial response to the application of the mixture (PMRP). It was interesting to note that while
in the moderately acid soil, microbial biomass P was similar in PM and PMRP, in the alkaline soil,
microbial biomass P was lower in PMRP compared to PM (Figure 2). Similar negative effects of
inorganic fertilizers on soil microorganisms have been reported before [25]. The results of this study
show an antagonistic effect of both materials when applied in combination to alkaline soil. In view of
the importance of soil microorganisms for the maintenance of soil fertility and the sustainability of
grassland ecosystems and their role for P immobilization, especially in soils with low C:P ratios, such
as the ones of the present study [26], we suggest that the soil reaction may be an important criterion to
consider when organic P fertilizers are applied in combination with inorganic ones.

4.2. Impact of Organic and Inorganic P Amendments on Nutrient Uptake and Biomass Production and Soil
P Forms

Our results, indicated that shoot biomass increased with all P sources, except for RP in alkaline soil
(Figure 3). A contrasting effect of RP on plant growth depending on the soil reaction has been observed
before and the higher efficiency of RP under acid soil conditions is well documented (e.g., [18]).
As many studies have shown [12], biomass production was strongly correlated to readily available
inorganic P (r = 0.94 for shoot biomass in the alkaline soil and for root biomass in both soils) (Table 6).
Readily available soil P may be already present in amendments [27] or may have been mineralized from
organic forms after amendment addition [28]. Our data indicate that while large amounts of readily
available P were added with PM (Table 2), in both soils, P uptake was correlated to microbial biomass
P, less available organic P, and/or residual P, C, and N (Table 5). This suggests that the mineralization
of organic matter is an important process for biomass production after amendment addition. Soil
reaction may influence the importance of the latter process, as much stronger correlations between
those parameters were noted in the acid soil as compared to the alkaline one. The importance of the
soil reaction for soil P forms is further illustrated by the PCA analyses of soil parameters (Figure 4A).
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However, this is different for plant parameters, which were differentiated by treatments, but not soil
types (Figure 4B).

Our data show that using 14 Mg ha−1 PM as a single amendment supplied sufficient nutrients
to meet plant requirements well above the critical N, P, and K concentration in shoots for producing
90% of the maximum ryegrass yield, which are 18, 3.4, and 28 mg g−1 [10]. Since PM is a very rich
animal manure compost, it may help to build up soil productivity better than other amendments due
to additional effects [29]. This is especially true for the moderately acidic soil, which was not deficient
in plant available P as indicated by the plant P concentrations of the control treatment. However,
we found that in both soils, PM addition increased the shoot and root P uptake as compared to the
RP when used as single amendments (Table 4). Moreover, PM led to higher plant P use efficiency
than RP (Table 4). This could be an indication that there are nutrient limitations other than N, P, and
K occurring, which were counterbalanced with PM. Moreover, it is also possible that PM led to the
stimulation of microbial activity by promoting P uptake [21].

4.3. Synergistic and Antagonistic Effects of the Combined Application of PM and RP

Our results showed that combining RP with PM may be highly efficient in increasing the soil
available P concentrations, thereby enhancing biomass production. While, in general, RP has low
concentrations of available P [30], various studies [31–34] have demonstrated that P availability from RP
may be increased by co-application of organic amendments. For example, Sohail et al. [35] showed that
combining RP with compost increases soil P availability, and Abbasi and co-workers [18] demonstrated
that the release of P to the soil increased by 80% compared with when RP was combined with PM.

In this study, our data revealed strong synergistic effects in terms of P availability independent of
the soils’ pH (Table 6). In contrast, biomass production showed a strong synergistic response in the
moderately acid soil and an antagonistic response in the alkaline soil. Soil type dependent antagonistic
effects were also observed for P uptake. Root P uptake was lower than expected in the moderately acid
soil, while it was similar to the expected value in the alkaline soil (Table 6). This might be explained
by a higher immobilization of P in the microbial biomass in moderately acid soil as compared to
the alkaline one (Figure 3). Microbial P may become available and thus microbial immobilization as
well as the antagonistic effect might be transitory. Another explanation of these contrasting effects
may be related to the initial P status of the soil. As the moderately acid soil was not P deficient, the
increased availability of P following PM and RP did not foster uptake. We suggest that synergistic
and antagonistic effects in different soil types should be evaluated and taken into consideration, when
elaborating new fertilizer strategies through the combination of organic and inorganic fertilizers.

5. Conclusions

Our study showed that the P distributed between inorganic and organic P fractions was greatly
affected by the type of amendment and soil type. Poultry manure compost increased highly soil P
availability, consequently improving above and belowground plant biomass production on both soil
types, while phosphate rock amendment had limited effects on soil P fractions and positive effects on
aboveground plant biomass production only in moderately acidic soil. In general, the influence of
amendment type on soil parameters was limited and mainly related to the organic matter input. In
contrast, the soil amendment type had a strong effect on plant parameters.

We found synergistic effects of the combined use of PM and RP for soil available P in both soils.
For plant parameters, synergistic and antagonistic effects were soil type dependent. We therefore
suggest that fertilizer strategies through the combination of organic and inorganic fertilizers must be
tested in different soil types by quantifying their synergistic and antagonistic effects. Moreover, the use
of poultry manure compost, alone or combined with phosphate rock, could be a strategy to replace
inorganic fertilizers and should be tested in long-term field experiments.

159



Agronomy 2019, 9, 191

Author Contributions: Data curation, P.P.-G.; Formal analysis, P.P.-G.; Funding acquisition, C.R., P.C. and
M.d.L.L.M.; Investigation, C.R.; Methodology, P.B. and T.B.; Resources, T.B. and C.R.; Software, P.B.; Supervision,
M.d.L.L.M. and C.R.; Visualization, P.P.-G.; Writing—original draft, P.P.-G.; Writing, review, and editing, P.P.-G.,
P.B., P.C., M.d.L.L.M. and C.R.

Funding: This research was funded by CNRS under the framework of the EC2CO project LOMBRICOM,
FONDECYT projects 1181050 and 1161326, and Conicyt scholarship n◦ 21150715.

Acknowledgments: The authors gratefully acknowledge the IEES laboratory for technical support. We also thank
the SOERE-PRO for providing the soils used in this study and the KOMECO company for providing the poultry
manure compost.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Redel, Y.; Cartes, P.; Demanet, R.; Poblete-Grant, P.; Bol, R.; Mora, M.L.; Velásquez, G. Assessment of
phosphorus status influenced by Al and Fe compounds in volcanic grassland soils. J. Soil Sci. Nutr. 2016, 16,
490–506. [CrossRef]

2. Velásquez, G.; Calabi-Floody, M.; Poblete-Grant, P.; Rumpel, C.; Demanet, R.; Condron, L.; Mora, M. Fertilizer
effects on phosphorus fractions and organic matter in Andisols. J. Soil Sci. Nutr. 2016, 16, 294–304. [CrossRef]

3. Rumpel, C.; Crème, A.; Ngo, P.; Velásquez, G.; Mora, M.; Chabbi, A. The impact of grassland management
on biogeochemical cycles involving carbon, nitrogen and phosphorus. J. Soil Sci. Nutr. 2015, 15, 353–371.
[CrossRef]

4. Cordell, D.; Drangert, J.-O.; White, S. The story of phosphorus: Global food security and food for thought.
Glob. Environ. Chang. 2009, 19, 292–305. [CrossRef]

5. Reijnders, L. Phosphorus resources, their depletion and conservation, a review. Resour. Conserv. Recycl. 2014,
93, 32–49. [CrossRef]

6. Food and Agriculture Organization of the United Nations. FAO Food Outlook. Biannual Report on Global Food
Markets; Food and Agriculture Organization of the United Nations: Roma, Italy, 2018.

7. Pagliari, P.H.; Laboski, C.A.M. Investigation of the Inorganic and Organic Phosphorus Forms in Animal
Manure. J. Environ. Qual. 2012, 41, 901. [CrossRef] [PubMed]

8. Calabi-Floody, M.; Medina, J.; Rumpel, C.; Condron, L.M.; Hernandez, M.; Dumont, M.; Mora, M.D.L.L.
Smart Fertilizers as a Strategy for Sustainable Agriculture. Adv. Agron. 2018, 147, 119–157. [CrossRef]

9. Redding, M.; Lewis, R.; Kearton, T.; Smith, O. Manure and sorbent fertilisers increase on-going nutrient
availability relative to conventional fertilisers. Sci. Total Environ. 2016, 569, 927–936. [CrossRef]

10. Evers, G.W. Ryegrass-Bermudagrass Production and Nutrient Uptake when Combining Nitrogen Fertilizer
with Broiler Litter. Agron. J. 2002, 94, 905–910. [CrossRef]

11. Pederson, G.A.; Brink, G.E.; Fairbrother, T.E. Nutrient Uptake in Plant Parts of Sixteen Forages Fertilized with
Poultry Litter: Nitrogen, Phosphorus, Potassium, Copper, and Zinc. Agron. J. 2002, 94, 895–904. [CrossRef]

12. Waldrip, H.M.; He, Z.; Erich, M.S. Effects of poultry manure amendment on phosphorus uptake by ryegrass,
soil phosphorus fractions and phosphatase activity. Boil. Fertil. Soils 2011, 47, 407–418. [CrossRef]

13. Foust, R.; Phillips, M.; Hull, K.; Yehorova, D. Changes in Arsenic, Copper, Iron, Manganese and Zinc Levels
Resulting from the Application of Poultry Litter to Agricultural Soils. Toxics 2018, 6, 28. [CrossRef]

14. Song, K.; Xue, Y.; Zheng, X.; Lv, W.; Qiao, H.; Qin, Q.; Yang, J. Effects of the continuous use of organic manure
and chemical fertilizer on soil inorganic phosphorus fractions in calcareous soil. Sci. Rep. 2017, 7, 327.
[CrossRef]

15. Zapata, F.; Roy, R.N. Utilización de Las Rocas Fosfóricas Para Una Agricultura Sostenible; Food and Agriculture
Organization of the United Nations: Roma, Italy, 2007; p. 15.

16. Rajan, S.S.S.; Fox, R.L.; Upsdell, M.; Saunders, W.M.H. Influence of pH, time and rate of application on
phosphate rock dissolution and availability to pastures. Nutr. Cycl. Agroecosyst. 1991, 28, 85–93. [CrossRef]

17. Abbasi, M.K.; Mansha, S.; Rahim, N.; Ali, A. Agronomic Effectiveness and Phosphorus Utilization Efficiency
of Rock Phosphate Applied to Winter Wheat. Agron. J. 2013, 105, 1606. [CrossRef]

18. Abbasi, M.K.; Musa, N.; Manzoor, M. Mineralization of soluble P fertilizers and insoluble rock phosphate
in response to phosphate-solubilizing bacteria and poultry manure and their effect on the growth and P
utilization efficiency of chilli (Capsicum annuum L.). Biogeosciences 2015, 12, 4607–4619. [CrossRef]

19. Baize, D.; Girard, M.C. Référentiel Pédologique; Editions Quae: Versailles, France, 2008. (In French)

160



Agronomy 2019, 9, 191

20. Hedley, M.J.; Stewart, J.W.B.; Chauhan, B.S. Changes in Inorganic and Organic Soil Phosphorus Fractions
Induced by Cultivation Practices and by Laboratory Incubations. Soil Sci. Soc. Am. J. 1982, 46, 970–976.
[CrossRef]

21. Murphy, B.; Riley, J.P. A modified single solution method for the determination of phosphate in natural
waters. Anal. Chim. Acta. 1962, 27, 31–36. [CrossRef]

22. Harris, D.; Horwáth, W.R.; van Kessel, C. Acid fumigation of soils to remove carbonates prior to total organic
carbon or carbon-13 isotopic analysis. Soil Sci. Soc. Am. J. 2001, 65, 1853–1856. [CrossRef]

23. Brookes, P.C.; Powlson, D.S.; Jenkinson, D.S. Measurement of microbial biomass phosphorus in soil. Soil Biol.
Biochem. 1982, 14, 319–329. [CrossRef]

24. Baligar, V.C.; Fageria, N.K.; He, Z.L. Nutrient use efficiency in plants. Commun. Soil Sci. Plant Anal. 2001, 32,
921–950. [CrossRef]

25. Lupwayi, N.; Lea, T.; Beaudoin, J.; Clayton, G. Soil microbial biomass, functional diversity and crop yields
following application of cattle manure, hog manure and inorganic fertilizers. Can. J. Soil Sci. 2005, 85,
193–201. [CrossRef]

26. Zhang, L.; Ding, X.; Peng, Y.; George, T.S.; Feng, G. Closing the Loop on Phosphorus Loss from Intensive
Agricultural Soil: A Microbial Immobilization Solution? Front. Microbiol. 2018, 9, 1–4. [CrossRef]

27. Giles, C.D.; Cade-Menun, B.J.; Liu, C.W.; Hill, J.E. The short-term transport and transformation of phosphorus
species in a saturated soil following poultry manure amendment and leaching. Geoderma 2015, 257–258,
134–141. [CrossRef]

28. Singh, A.K.; Sarkar, A.K.; Kumar, A.; Singh, B.P. Effect of Long-term Use of Mineral Fertilizers, Lime and
Farmyard Manure on the Crop Yield, Available Plant Nutrient and Heavy Metal Status in an Acidic Loam
soil. J. Indian Soc. Soil Sci. 2009, 57, 362–365.

29. Agbede, T.M.; Ojeniyi, S.O. Tillage and poultry manure effects on soil fertility and sorghum yield in
southwestern Nigeria. Soil Tillage Res. 2009, 104, 74–81. [CrossRef]

30. Kaleeswari, R.K.; Subramanian, S. Chemical reactivity of phosphate rocks—A review. Agric. Rev. 2001, 22,
121–126.

31. Ghosh, P.K.; Tripathi, A.K.; Bandyopadhyay, K.K.; Manna, M.C. Assessment of nutrient competition and
nutrient requirement in soybean/sorghum intercropping system. Eur. J. Agron. 2009, 31, 43–50. [CrossRef]

32. Arcand, M.M.; Schneider, K. Plant- and microbial-based mechanisms to improve the agronomic effectiveness
of phosphate rock: A review. Ann. Braz. Acad. Sci. 2006, 78, 791–807. [CrossRef]

33. Antil, R.S.; Singh, M. Effects of organic manures and fertilizers on organic matter and nutrients status of the
soil. Arch. Agron. Soil Sci. 2007, 53, 519–528. [CrossRef]

34. Akande, M.O.; Adediran, J.A.; Oluwatoyinbo, F.I. Effects of rock phosphate amended with poultry manure
on soil available P and yield of maize and cowpea. Afr. J. Biotechnol. 2005, 4, 444–448.

35. Qureshi, S.A.; Rajput, A.; Memon, M.; Solangi, M.A. Nutrient composition of rock phosphate enriched
compost from various organic wastes. E3 J. Sci. Res. 2014, 2, 47–51.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

161



agronomy

Article

Modeling Carbon and Water Fluxes of Managed
Grasslands: Comparing Flux Variability and Net
Carbon Budgets between Grazed and Mowed Systems

Nicolas Puche 1, Nimai Senapati 2, Christophe R. Flechard 3, Katia Klumpp 4,

Miko U.F. Kirschbaum 5 and Abad Chabbi 1,6,*

1 INRA, Versailles-Grignon, UMR ECOSYS, Bâtiment EGER, 78850 Thiverval-Grignon, France;
nicolas.puche@inra.fr

2 Rothamsted Research, Department of Plant Sciences, West Common, Harpenden, Herts AL5 2JQ, UK;
nimai.senapati@rothamsted.ac.uk

3 INRA UMR 1069 SAS, 65 rue de Saint-Brieuc, 35042 Rennes, France; christophe.flechard@inra.fr
4 INRA, VetAgro Sup, UMR 874 Ecosystème Prairial, 63100 Clermont Ferrand, France; katja.klumpp@inra.fr
5 Manaaki Whenua—Landcare Research, Private Bag 11052, Palmerston North 4442, New Zealand;

KirschbaumM@landcareresearch.co.nz
6 INRA, Centre de recherche Nouvelle-Aquitaine-Poitiers, URP3F, 86600 Lusignan, France
* Correspondence: abad.chabbi@inra.fr; Tel.: +33-(0)1-3081-5289 or +33-(0)6-8280-0285

Received: 2 March 2019; Accepted: 7 April 2019; Published: 10 April 2019

Abstract: The CenW ecosystem model simulates carbon, water, and nitrogen cycles following
ecophysiological processes and management practices on a daily basis. We tested and evaluated the
model using five years eddy covariance measurements from two adjacent but differently managed
grasslands in France. The data were used to independently parameterize CenW for the two grassland
sites. Very good agreements, i.e., high model efficiencies and correlations, between observed and
modeled fluxes were achieved. We showed that the CenW model captured day-to-day, seasonal, and
interannual variability observed in measured CO2 and water fluxes. We also showed that following
typical management practices (i.e., mowing and grazing), carbon gain was severely curtailed through
a sharp and severe reduction in photosynthesizing biomass. We also identified large model/data
discrepancies for carbon fluxes during grazing events caused by the noncapture by the eddy covariance
system of large respiratory losses of C from dairy cows when they were present in the paddocks.
The missing component of grazing animal respiration in the net carbon budget of the grazed grassland
can be quantitatively important and can turn sites from being C sinks to being neutral or C sources.
It means that extra care is needed in the processing of eddy covariance data from grazed pastures to
correctly calculate their annual CO2 balances and carbon budgets.

Keywords: grassland; eddy covariance; carbon cycling; grazing; mowing; CenW model

1. Introduction

Managed grasslands and rangelands represent ~70% of global agricultural area [1], which is 25%
of the Earth’s ice-free land surface [2]. The soils of these agroecosystems contain ~20% of the world’s
soil organic carbon (SOC) stocks, which implies that they play a significant role in the global carbon
and water cycles [3–7]. In Europe, grasslands cover 22% of the land area [8], where management
practices and climate strongly influence their C sequestration rates. Average annual estimates of carbon
balances of temperate grasslands for EU countries ranged from being a C source of 45 kg C ha−1 year−1

to a C sink of 400 kg C ha−1 year−1 [9]. Hence, these managed agroecosystems may contribute to
the mitigation of climate change [7,10–12]. However, these ecosystems are particularly complex and
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difficult to investigate because of the wide range of management and environmental conditions that
they are exposed to, leading to a large variability in their CO2 source/sink capacity [5,13–17].

Most of the vegetation growing on pastoral lands is used to either feed animals directly (grazing),
or it is harvested and used to feed animals at other times or locations (mowing). Grasslands managed
through mowing are fundamentally different to grassland managed through grazing with respect
to their above ground biomass removal patterns, export and cycling of carbon, and applications of
fertilizer, as more nitrogen is returned to the field during grazing through animals excreta compared
to mowing where almost everything is exported from the system [15,18]. In addition, there is large
uncertainties about the effects of mowing and grazing on different ecological processes related to their
C cycle [16,19,20].

The frequency and intensity of foliage removal and its fate (grazed on site or mowed and
exported) have effects on the carbon budgets but also on the nutrient cycling and development of the
grassland [7,21,22]. Grazing intensity showed to have significant effect on the soil carbon sequestration
potential of grassland ecosystems. Positive C sequestration was reported for light-to-moderate grazing
intensities [11,23], while overgrazing or trampling were found to have a negative effect on SOC
stocks [24]. Although less studied than grazing systems [25], mowing is usually related to important
losses of soil organic carbon unless manure is returned to the paddock because of the export of biomass
from the grassland that reduces the amount of C inputs to the agroecosystem [26]. However, previous
studies found that soil carbon stocks of mowed grassland could also increase depending on the
cutting/harvesting intensity [8,18].

Direct and accurate measurements of small changes in soil organic carbon stocks over short time
periods in response to different management practices are difficult to achieve because of the large
spatial variability of SOC and of the large C content of the soil relative to the rate of change [27–29].
Despite the uncertainties associated with flux measurements, eddy covariance (EC) is a powerful
tool for measuring ecosystem/atmosphere carbon fluxes [8,30–32]. With EC, it is possible to detect
changes in net ecosystem exchange (NEE) of carbon at a half-hourly time resolution, which enables
estimates to be made of whether land management practices result in systems being net sinks or sources
of CO2 [12,26]. NEE is the balance of gross primary production (GPP) and ecosystem respiration
(ER) and it represents the net exchange of CO2 between the atmosphere and terrestrial ecosystems.
For managed ecosystems, the carbon balance has to comprise NEE and C losses (harvested biomass,
enteric fermentation, export of animal products, and organic and inorganic C losses through leaching
and erosion) as well as nonphotosynthetic carbon gains (organic fertilization), resulting in the net biome
productivity (NBP =NEE + carbon export − carbon import (positive value indicates that the ecosystem
is a carbon source). NEE is a key variable to determine the carbon balance of an ecosystem and
therefore, understanding it responses to environmental change, management, and site characteristics
is essential [33–35]. Over seasonal and interannual time scales, NEE in managed grasslands can vary
with the frequency, timing and duration of management practices. Mowing and grazing removes
photosynthesizing biomass and can thereby temporarily but substantially reduce GPP [18,36,37].

To develop a better understanding of ecosystem processes, or predict the response of ecosystem
to climate change and management practices, various process-based (mechanistic) vegetation models
have been developed [38–40]. They vary in complexity and can operate at different temporal and
spatial scales. They are being used widely to simulate ecosystem carbon and nitrogen dynamics.
The reliability of these models highly depend on the quantity and quality of the data used for their
calibration [41–43]. Model parameters calibration aims to constrain the uncertainty in model parameter
space and optimize the model output of ecosystem–atmosphere CO2 exchange [44]. Measured CO2

fluxes were used to constrain model simulation through parameter calibration. Once parameterized,
these models allow to simulate separately the constituents of NEE (soil, microbial, plant, and animal
respiration and gross primary production) that cannot be measured directly by EC, or to interpolate
and extrapolate CO2 fluxes in time and space. However, insufficient knowledge about underlying
processes (e.g., all the processes leading to observed carbon and water fluxes and flows that exists
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in the real world but are not or are only poorly understood and modeled) as well as parameters
and initial conditions uncertainties can lead to bias and uncertainty in model simulations [45]. Also,
because interannual responses are usually less well captured by models than daily and seasonal
dynamics [46–48], the availability and quality of long-term datasets are crucial to improve model
performances [49]. Process-based simulation models are therefore required to gain insight of processes
and interactions between managed grasslands C dynamics, climate change, and management practices,
in combination with experimental observations, especially for long-term analyses [50,51].

CenW (carbon, energy, nutrients, and water) is a process-based model, running at a daily time
step. It was originally developed to simulate the carbon balance of forests over time [52–54]. The soil
organic matter module of the model was derived from the CENTURY model [55], which was originally
developed for grasslands (more details are given in Section 2.2). Recently, CenW was successfully
parameterized and used to simulate carbon and water fluxes of an intensively grazed dairy pasture in
New Zealand [56], and to test effects of different climate and management practices on soil carbon
stocks and milk production [57].

In this study, we used the CenW model to simulate the seasonal and interannual variability
of carbon dioxide and water fluxes of two differently managed grassland fields located in France.
The two selected paddocks are part of the Agroecosystem Biogeochemical Cycles and Biodiversity
(ACBB) long-term national research infrastructure. They are located only 200 meters apart and are
equipped with eddy covariance (EC) flux towers. These sites were either regularly mowed or grazed,
and they received different fertilizer doses applied following different application patterns. Within
the framework of this study, we focused on the differences between carbon and water fluxes between
grasslands under mowing and grazing managements. Flux data from the paired paddocks were used
to parameterize and validate the CenW model.

The specific objectives of the present study were to

1. test the ability of the CenW model to simulate water and CO2 flux dynamics of two temperate
grassland ecosystems under mowing and grazing management, respectively;

2. evaluate the model’s ability to capture the seasonal and interannual dynamics of CO2 and
water fluxes in response to climate variability (five years) in interaction with two contrasting
management practices (mowing and grazing); and

3. determine the effects of mowing and grazing on eddy covariance fluxes and on the CO2 budget
of managed grasslands.

2. Materials and Methods

2.1. Experimental Details

The experimental site is located at the Lusignan INRA (National Institute for Agricultural Research)
experimental farm, France (46◦25′12.91′′ N; 0◦07′29.35′′ E), which covers ~22 ha (Figure 1). INRA
and CNRS (National Centre for Scientific Research) jointly designed the long-term observational
study to gain a better understanding of the environmental impacts resulting from different grassland
management practices and grassland/cropping rotations. The study site was established on temporary
grasslands that were sown in spring 2005 (March–April). Before 2005, part of the observational site was
grassland, and the other part was alternated between grass and crop rotations for 17 years. The total
surface area of the experimental site was ploughed to establish a base line for the system before sowing
grass in 2005. The upper soil horizons are characterized by a loamy texture, classified as Cambisol,
whereas lower soil horizons have a clayey texture rich in kaolinite and iron oxides, classified as a
Paleo-Ferralsol [58,59]. The sown grasslands consisted of a mix of three grass species (Lolium perenne,
Festuca arundinacea, and Dactylis glomerata L.). For the original experiment, the 22 ha of the study area
were divided into four blocks of five 0.4 ha plots and four larger plots of 3 ha to test seven different
treatments (shown in different colors in Figure 1) [60]. The treatments relevant for the present work are
two of the 3 ha plots with pasture being either mowed or grazed. The towers footprints are crucial in
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experimental set up of eddy covariance and a detailed footprint study was performed [26]. The wind
rose, which is identical for the two paddocks, is reported in Figure 1. Footprint analysis indicated that
~70% of the median percentage of the footprint was in the field, which is a similar fraction than that
found in other similar studies [26].

For the present study, two temporary sown grasslands paddocks, each of a size of ~3 ha and of
rectangular shape, were equipped with two eddy covariance measurement systems and a meteorological
station (Figure 1). One of the paddocks was regularly mowed (P2), with harvested hay exported
off-site to feed animals during periods of insufficient vegetation growth (mainly drought periods and
during winter). Dairy cows regularly grazed the other paddock (P4), with all animal excreta directly
returned to the paddock, except for the fraction that was deposited off site during milking and during
the daily transit times from the milking shed to the field. Both paddocks received regular applications
of nitrogen fertilizer, with higher rates applied to the mowed than the grazed paddock (Appendix A).

For the two contrasting grassland systems studied here, the dates of mowing and grazing, the
length of each grazing event, the animal stocking densities, and timing and amounts of N fertilizer
applications varied in the different years. Details are given in Appendix A. Over the 5-year study
period (2006–2010) the mowed paddock received 1290 kg N ha−1 split into 17 fertilizer applications
and was mowed 17 times with 3 cuts per year, except for the wetter than normal summer half-year
2007 (5 cuts). Over the same period, the grazed paddock received 590 kg N ha−1 (not including N
returned in dung and urine during grazing) over 14 applications and was grazed 37 times with grazing
events spread, on average, over 5 consecutive days.

Figure 1. (a) Field site layout of the Agroecosystem Biogeochemical Cycles and Biodiversity (ACBB)
experimental farm (22 ha). Different colors are used to distinguish different treatments. The treatments
relevant for the present work are shown by stars indicating the location of the eddy covariance masts
on the two studied paddocks (P2: mowed paddock; P4: grazed paddock). (b) The wind rose shows the
frequency and intensity of winds blowing from different directions. The length of each “spoke” around
the circle is related to the frequency of time that the wind blows from the specified direction.
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2.1.1. Meteorological Conditions at the Study Site

Meteorological conditions for the two paddocks were acquired from a weather station coupled to a
data logger (CR-10X, Campbell Scientific Inc., Logan, UT) placed 1.9 meters aboveground on the mown
paddock [17,26,61]. Briefly, the weather station provided 30 min averaged values of precipitation
(SBS500, Campbell Scientific Inc., Logan, UT), air temperature and relative humidity (HMP 45 AC,
Vaisala), radiation components (CNR1, Kipp & Zonen), and wind speed (A100L2, Vector Instruments)
and direction (W200P, Vector Instruments). Volumetric soil water content data were collected by time
domain reflectometry (TDR) probes at 10, 20, 30, 60, 80, and 100 cm depths (CS616, Campbell Scientific
Inc., Logan, UT), and soil temperatures were measured at 5, 10, 20, 30, 60, 80, and 100 cm down
the soil profile (PT100, Mesurex), but only for the mowed paddock. Soil heat flux was measured at
5-cm-depth (HFP01, Hukseflux), and data were corrected for changes in heat storage in the soil layer
above the flux plate [62]. Over the study period (2006–2010), average air temperature and average
annual precipitation were 11.2 ◦C and 774 mm yr−1, respectively. Half-hourly meteorological data, i.e.,
air temperature, global radiation, humidity, and precipitation, were summed/averaged to daily values
to be used as driving variables for the CenW model runs of both paddocks.

The predominant wind direction was from the southwest and a secondary peak from the northeast
(Figure 1b).

Throughout the five years of the study, daily maximum air temperature exceeded 25 ◦C for 10.5%
of the time, with a maximum of 35.5 ◦C. Daily minimum air temperature was negative for 13.3% of the
time, with a lowest value of −11.0 ◦C (data not shown). Summer months (June–September) were hot
and dry with average monthly air temperature ranging between 15.6 and 19.4 ◦C and precipitations
between 48 and 71 mm mth−1 (Figure 2a). The wettest and coldest month are November (98 mm
mth−1) and December (3.6 ◦C), respectively (Figure 2a). Among the five years of the study, 2006 was
the warmest (11.9 ◦C) and wettest (888 mm yr−1), while 2010 was the coldest (10.5 ◦C) and driest
(697 mm yr−1) year.

Figure 2. Temporal variation of mean daily air temperature and precipitation over the experimental
period (2006–2010) monthly (a) and annual (b) time scales in Lusignan, France.

2.1.2. Eddy Covariance (EC) Measurements and Processing

We used paired eddy covariance systems for the 2006–2010 period because it provided EC data
measurements for both mowed (P2) and grazed (P4) paddocks. The two EC systems recorded raw data
at 20 Hz, and EddyPro®software (LI-COR Inc.) was used for postprocessing and the calculation at
30-minute intervals for fluxes of CO2, momentum, and sensible and latent heat. Each EC unit included
a fast response sonic anemometer (Solent R3-50; Gill Instrument, Lymington, UK) and an open-path
CO2-H2O infrared gas analyzer (LI-7500; LI-Cor Inc., Lincoln, NE, USA) placed at 1.55 m above the
ground. In this study, the micrometeorological sign convention is followed, with negative net CO2

fluxes (NEE) representing the transport from the atmosphere towards the surface (assimilation of CO2
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through photosynthesis) and positive ones indicate that the system is a source of carbon (release of
CO2 through respiration).

Based on previous work using these EC datasets [17,26], flux measurements, and quality checks
were done according to the CarboEurope-IP guidelines [63]. The flux footprint distribution and
random uncertainty were analyzed. High-frequency loss corrections [18,64] were not considered in
flux processing process [26]. The Webb–Pearman–Leuning (WPL) correction [65] was applied except
for the self-heating of the IRGA because of the sensor orientation [66]. All years of flux measurements
for the two EC towers were quality checked and filtered with a custom R program. The quality check
led to the rejection of half-hourly flux observations based on nine criteria:

1. NEE values lower than −35 or higher than 25 μmol m−2 s−1

2. NEE values higher than 3.5 μmol m−2 s−1 when PAR was above 400 μmol m−2 s−1

3. NEE values lower than −2 μmol m−2 s−1 when PAR was below 25 μmol m−2 s−1

4. Rn > 300 W m−2 and LE < 0 W m−2

5. If precipitation > 0 mm
6. If u* < 0.1 m s−1

7. λE values higher than 750 or lower than −100 W m−2

8. H values higher than 750 or lower than −100 W m−2

9. Atmospheric CO2 concentration higher than 650 or lower than 320 ppm, respectively.

Common time series of eddy covariance measurements unavoidably include missing data due to
power failures, instrumental malfunctions, or unfavorable micrometeorological conditions that cause
the rejection of observations through the filtering process of data. However, complete time series of EC
data at the half-hourly timescale are required to be summed to daily, monthly, or annual values [67,68].
Over the five years of EC measurements used in this study, there were gaps for 39.7% and 40.9% of
NEE observations in the dataset for the mowed and grazed paddocks, respectively.

Gaps in 30 minutes NEE were filled and NEE was partitioned between GPP and total ecosystem
respiration rate (ER) using the online gap-filling and flux partitioning procedure described by Reichstein
et al. (2005) [69], hereafter referred to the Reichstein algorithm. This gap-filling method uses an
improved, running-window look-up table that utilizes both the covariation of NEE with meteorological
conditions and temporal autocorrelation of NEE [70]. In the Reichstein algorithm, ER was modeled
using the Lloyd and Taylor equation [71] fitted to air temperature. Following this approach, nighttime
ER was first regressed against nighttime air temperature, and this relationship was then used to
estimate ER for both nighttime and daytime. GPP was determined by subtracting the parameterized
ER from NEE.

2.1.3. Vegetation and Soil Organic Carbon Measurements

Harvested hay production (mowed paddock) was measured after each mowing event (Table A1).
The total amount of harvested C was calculated by multiplying hay dry matter weight by the C
concentration in biomass. Harvested biomass samples were collected from 6 replicates of 7.5 m2 and
oven dried at 60 ◦C. C concentration in the hay was measured in five replicates by dry combustion
using a LECO C analyzer (TruSpecR CN Analyser; LECO Corporation, St Joseph, MI, USA).

Aboveground biomass present on the grazed paddock was measured just before and after each
grazing event on six replicates within the field. Samples were oven dried and their C concentration
measured with the same method than for harvested hay production.

Root biomass of the different treatments was measured once a year in three soil horizons
(0–30, 30–60, and 60–90 cm). Each measurement is the average of twelve samples from a 6.5 cm∅
mechanical auger.

Total SOC and soil profiles physical characteristics were measured before the start of the experiment
in early 2005 and then SOC content was measured every three years. Soil physical properties were
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used to set up the water dynamic procedure of the CenW model and total soil organic carbon content
measured in 2005 was use to initialize the model.

2.2. Modeling Details

2.2.1. CenW 4.2 Overview

CenW is an open-source process-based model, combining the major carbon, energy, nutrient,
and water fluxes in an ecosystem [52]. For the present work, we used CenW version 4.2, which is
available for download, together with its source code and a list of relevant equations available in cenW
documentation, version 4.1.1 (A growth and C balance simulation model,© 2017). A number of additional
routines were added to run the model for managed pastures [56]. A list of relevant parameters is
given in Appendix B. The CenW model runs on a daily time step and encompasses major ecosystem
processes (canopy photosynthesis, allocation and growth, litterfall, decomposition, autotrophic and
heterotrophic respiration), and their relationships to climatic drivers to simulate the behavior of the
ecosystem over time, which are further modified through management practices (i.e., mowing, grazing,
N fertilizer applications, plowing, and sowing).

The main CO2 fluxes are photosynthetic carbon gain by plants which is integrated over the
whole canopy and the whole daytime period [72] and CO2 losses through autotrophic respiration by
plants and heterotrophic respiration by soil organisms and grazing animals, when they are present on
the modeled paddock. CenW simulates soil heterotrophic respiration individually for growth and
maintenance. These fluxes are modified by temperature and nutrient and water balances. Plant growth
is determined by the dynamic allocation of fixed carbon to the different plant organs, which depends
on the plant root/shoot ratio, vegetation type and development stages, and water and nutrient stresses.

The model contains a fully integrated nitrogen cycle as well as a coupled multilayer bucket
water model. Water is gained by rainfall and lost through evapotranspiration. Any amount of water
exceeding the soil’s water-holding capacity is lost by deep drainage beyond the root zone, with
important controls by soil depth and water-holding capacity. CenW simulates total evapotranspiration
by modeling separately canopy and soil evaporation rates, and plant transpiration. These individual
fluxes are calculated using the Penman–Monteith equation, with canopy resistance for calculating
transpiration explicitly linked to photosynthetic carbon gain. This module of CenW is particularly
important, as it is likely that soil water availability constituted an important constraint on plant
productivity over the summer months at the experimental site, which is prone to summer droughts.

The soil organic matter component of CenW is based on the CENTURY model [55], which was
originally developed for grasslands. The model includes three soil organic matter pools (active, slow,
and resistant) with different potential decomposition rates. Leaves and roots senescence and litter
production are controlled by plant type and phenology, and by water, temperature, and specific
senescence parameters which depend on plant species. Dead foliage can either fall onto the soil
surface and become part of the decomposing litter pool, remain standing for some time where it
either decomposes during wet periods, or eventually falls onto the soil surface after some time. It was
important to model these processes as the estimates of foliage biomass included a component of
dead standing biomass that was not separated out in the data. These processes were modeled by
assuming that all senescence, or drought-induced leaf death, initially transferred foliage from a live to
a dead foliage pool [56]. The soil is divided into multiple layers and the same calculations driving
the behavior of organic matter are applied to all of them, with each layer having its own complement
of all organic matter pools. Layers only differ by the amounts and qualities of litter entering each
layer. In addition, a small fraction of each pool is transferred to the corresponding pool in the layer
below [53,73]. This allows changes in organic matter and C:N ratios in the surface litter layer and with
depth in the soil to be simulated.

To effectively model net carbon fluxes in a managed pasture system, it was essential to know the
timing of grazing, feed supplementation, and harvesting carried out on each paddock [56]. For the
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“grazed” paddock of the Lusignan study farm described above, the model assumed (similar to the
study of a dairy farm in New Zealand [56]) that cows consumed, at each grazing event, a given
amount of above ground biomass [74]. If grazing was spread over several consecutive days, grazing
percentages on individual days were adjusted to add to a total of that fixed percentage at the end of
the grazing events. Of that feed, 50% was assumed to be lost by respiration [75], 5% as methane [76],
and 18% removed as milk solids [15,75,77], with the remaining 27% returned to the paddock as dung
and urine. It is also assumed that animal weights remained constant and not added to carbon gains or
losses from the paddocks. For the mowed paddock it is assumed in the model that during each harvest
event, a given amount (depending on total above ground biomass and cutting height) of aboveground
photosynthesizing biomass is cut, and of that amount 95% is exported from the farm with the 5%
remaining being left on the pasture as residues.

2.2.2. Model Parameterization and Statistical Analysis

Harvested hay production was measured after each mowing event for the mowed paddock and
the amounts of biomass on the grazed paddock were measured just before and after each grazing
events. These observations were used to constrain the grazing and harvesting procedures in CenW
simulations and measured root biomass and soil water contents at different depth in the soil were used
to constrain the soil water extraction of the CenW ecosystem model.

Total SOC content was measured in early 2005 for different soil layers and for the two managed
grasslands (mowed and grazed), and these values were used to initialize the CenW model independently
for the two paddocks through the spin up of the model simulations until equilibrium conditions
between measured and modeled initial SOC stocks were reached.

Model simulations were optimized by selecting a set of parameter values that minimized the
residual sums of squares across different EC measurements and ancillary observations. Measurements
used for CenW parameterization were daily- and weekly-averaged estimates of evapotranspiration (ET)
and net ecosystem exchange (NEE). We separated our five years of eddy covariance data into weekly
sets, with one week of daily values used for parameter optimization and the other week for model
validation. There are therefore two flux datasets for each paddock, one for model calibration, and one for
model verification. CenW uses an automatic parameter optimization routine that worked by changing
parameter values within specified boundaries to minimize the residual sums of squares. That was
applied to both daily and weekly-averaged data within the data set selected for parameter optimization.

Initial parameter values to run CenW for managed grasslands were retrieved from a previous
study where the model was run for a grazed dairy farm of New Zealand [56]. Specific management
practices from farm records were implemented in CenW and we used a spin up of the model to initialize
soil carbon and nitrogen pools. Then, model simulations were optimized for these paddocks based on
a selection of eddy covariance observations (NEE and ET) and ancillary data (amounts of vegetation
mowed and grazed and soil water content) by the automatic parameter optimization procedure
imbedded in the model that aim to maximize the agreement between model and observations.

The overall goodness of fit was described by the Nash–Sutcliffe model efficiency (EF) [78]:

EF = 1−
∑
(yo − ym)

2

∑
(yo − y)2 , (1)

where yo represents the individual observations, ym is the corresponding modeled values, and y the
mean of all observations. EF quantifies both the tightness of the relationship between measured and
modeled data and assesses whether there is any consistent bias in the model. Model efficiency values
range from minus infinity to 1. High model efficiency can only be achieved when there is a tight
relationship with little unexplained random variation and little systematic bias. Negative values
of model efficiencies indicate poor model fit and that the mean value of the observation is a better
predictor than the model. EF = 0 implies that the mean of the observations is as good a predictor than
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the model, while positive values indicate that the model is a better predictor than the observed mean.
The closer EF is to one, the stronger the agreement between observed and modeled data.

The final sets of parameters values used for the simulations of the mown and grazed paddocks
are given in Appendix B.

3. Results

3.1. CenW Performances to Simulate Carbon Dioxide and Water Fluxes of Mown and Grazed Grasslands

Over the five years of the study period, a wide range of climatic conditions (Figure 2) were
encountered as well as different management practices like different mowing, grazing, and fertilizer
application frequencies (Appendix A) and different stocking rates for the various grazing events.
Achieving good model/data agreement is challenging because the model needs to incorporate a wide
variety of processes to simulate accurately such complex systems and to capture the variability of
fluxes and vegetation dynamics affected by biotic and abiotic factors. The CenW model used only one
fixed set of parameters for multiple years and after the calibration of the CenW model for the two
grassland sites, daily modeled and observed carbon and water fluxes could be compared.

3.1.1. Carbon Dioxide Fluxes

Comparisons between modeled and measured daily CO2 fluxes for the two differently managed
grasslands are shown in Figure 3, and model efficiencies for model calibration and validation are
given in Table 1. In this section, only the best quality data from background periods (outside mowing
and grazing events) were used for the comparisons. Observations that would have been affected by
mowing and grazing events were omitted from the analyses [56], as well as days when fluxes from the
eddy covariance systems had to be gap filled for more than 1/3 of half hourly periods. This selection of
only best quality observation was necessary to avoid

1. the calibration of the model with data that strongly depended on another simpler model (i.e., the
Reichstein gap-filling and partitioning tool) and

2. to limit the bias that would have resulted from the non or incomplete capture by EC of the
large respiratory losses during measurement periods when grazing animals were present around
the EC tower or when freshly cut or drying grass was present on the ground during mowing
events [56,79].

Table 1. Model efficiencies for six key observations of the two-modeled systems. Only daily NEE and
ET were used for the model parameterization. ‘Total’ refers to the complete data set that included data
in both the parameterization and validation data sets.

Mowed Paddock Grazed Paddock

Daily Weekly Daily Weekly

Calibration Validation Total Total Calibration Validation Total Total

GPP - 0.85 0.85 0.87 - 0.80 0.80 0.79
ER - 0.77 0.77 0.78 - 0.72 0.72 0.67

NEE 0.75 0.73 0.74 0.72 0.64 0.66 0.65 0.64
ET 0.82 0.81 0.82 0.87 0.81 0.80 0.80 0.85

Averaged SWC - 0.85 0.85 0.87 NA NA NA NA
Harvested
biomass

- 0.80 - NA NA NA NA NA

For the NEE dataset, which was separated into parameterization and validation subsets, R2, and
model efficiencies are slightly higher for the parameterization subset than for the validation one for the
two grassland sites. Moreover, in general, model/data agreements (Figure 3 and Table 1) are better
for GPP and ER than for NEE as it is easier to model large photosynthesis and respiration fluxes
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than the relatively small difference between the two (NEE). Model/data agreements are also better for
mowing than for grazing, certainly because of the higher complexity of grazed systems compared
to mowing. On the one hand, for the mowed paddock, management practices (mowing events and
fertilizer applications) are accomplished within a day and evenly applied to the field. While, on the
other hand, for the grazed paddock, grazing events last several consecutive days, the stocking density
vary for the different events, there are dung and urine patches, there is an uneven reparation of cattle on
the paddock, there could be some preferential grazing of plant species, and pasture could be damaged
by trampling.

Figure 3. Scatter plots of observed vs. modeled daily carbon fluxes for the mown (panels a–c) and
grazed (panels d–f) paddocks, for background measurement periods outside management (grazing,
mowing) events. For NEE, negative numbers refer to carbon gain by the system. Corresponding model
efficiencies for each comparison are given in Table 1.
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After parameterizing the model with good quality data over the full length of the study period
(2006–2010), we obtained good agreement between modeled and observed carbon fluxes. Figure 3a,b
shows the comparison of daily modeled GPP against their observation-based counterparts for the
mowed and grazed paddocks, respectively. Good agreement was shown for both managed grasslands
by the slopes close to 1, small intercepts of the linear regressions, and high correlation coefficients
(R2 = 0.80–0.90). For the mowed paddock, model efficiencies for GPP were 0.86 and 0.88 for daily and
weekly averaged fluxes, respectively (Table 1). Slightly lower, but still good EF was also found for GPP
of the grazed paddock with daily and weekly model efficiencies of 0.80 and 0.79, respectively (Table 1).

The model also showed good performance in simulating daily and weekly averaged ecosystem
respiration rates for both sites. For instance, the daily EF and R2 were 0.79 and 0.85 for the mowed and
0.73 and 0.71 for the grazed paddocks, respectively (Figure 3b,e). The grazed paddock had higher ER
values than the mowed paddock and there was more scatter in the model/data comparison (Figure 3b,e)
according to the lower values of R2 for daily and weekly comparisons.

The comparison of modeled NEE with EC measurements showed that the CenW model performed
well in capturing the variability in NEE in background conditions. Across the two studied grassland
sites, the CenW model explained between 65 and 74% of the variation in daily NEE for the mowed
and grazed paddocks, respectively (Figure 3c,f and Table 1). For the mowed paddock, the coefficients
of determination for daily and weekly averaged net carbon fluxes were 0.74 and 0.77, respectively
(Table 1). The agreement between observed and modeled NEE for the grazed paddock was lower than
for the mown paddock with daily and weekly R2 of 0.65 and 0.71, respectively. For the two managed
grasslands, the overall seasonal and annual variations in NEE are reasonably well modeled and
consistent agreement between modeled and measured NEE was achieved with daily model efficiencies
of 0.74 and 0.65 for the mowed and grazed paddocks, respectively.

3.1.2. Soil Water Content and Evapotranspiration

Evapotranspiration (ET) measurements were also used for the parameterization and validation of
the CenW model for both grassland sites. Soil water content observations were only available for the
mowed paddock and were not used for the calibration of the model. Figure 4 shows the time series
of daily observed and modeled soil water content (SWC) of the mowed paddock for three depths
averaged over the entire soil profile.

Over the entire study period, the soil water content measured and modeled at different depth
agree quite well (Figure 4a–c), confirming the correct set up of the soil water flows procedure in
CenW. Averaged soil water content was generally well modeled, with an EF of 0.83. On average,
over the study period and over the entire soil profile, modeled and measured SWC were 22.4% and
21.9%, respectively.

There was no systematic over- or underestimates of soil water content. Lower modeled SWC
were found in spring 2006 and during summers of 2008 and 2010 (Figure 4) and were most likely
due to higher CenW modeled water losses in spring and early summer than actual field conditions.
Conversely, measured SWC was sometimes lower than modeled values. In 2007, observed soil water
drawdown was faster than model simulation, but Figure 6d shows no discrepancies in ET, and so the
problem seems to be linked to water drawdown. It could be that CenW extracted too much water
from deeper layers and preserved it in the top layers. This situation was encountered following a
water-limited period and could be due to cracks in the soil, causing preferential water flows not
accounted for in the model or to the incomplete capture of vegetation dynamic in response to droughts.

Overall agreement for SWC is good, and remaining discrepancies could be due to measurement
errors like the heavy rainfall in 2006 either not measured correctly, or not all water infiltrating but
running off. Others could be due to shortcomings of the model, like not having soil cracks represented,
or because of some measurement uncertainties reducing the model/data agreement. Because SWC and
ET are tightly linked, achieving to get a good agreement between observed and modeled soil moisture
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is consistent with the good results reported for the modeling of daily and weekly evapotranspiration
rates (Figure 5a and Table 1).

 

Figure 4. Time series of daily-modeled (black line) and observed (red symbols) soil water content at (a)
10 cm, (b) 30 cm, (c) 90 cm belowground, and (d) averaged over the whole soil profile (0–100 cm) for
the mowed grassland.

 

Figure 5. Scatter plots of observed vs. modeled evapotranspiration rates for the mown (a) and grazed
(b) paddocks.

The CenW model explained more than 80% of the variation in daily ET for the two grassland
sites. There was a close agreement between modeled and observed daily ET across the monitoring
period (Figure 5), with R2 of 0.82 and 0.81 and EF of 0.82 and 0.80 for mowed and grazed paddocks,
respectively. The coefficients of the linear regression lines (Figure 5) show a tendency of the model to
slightly underestimate low ET (positive intercepts) and overestimate high evapotranspiration rates
(slopes lower than 1), however slopes and intercepts are very close to their optimal values, showing
that there is no systematic differences between modeled and observed evapotranspiration rates.

Overall, very good agreements between the CenW modeled and observed daily CO2 and water
fluxes were achieved for both management practices (i.e., mowing and grazing). This indicated that
the response of the model to climatic conditions and management practices were well captured in the
simulations and that most of the processes encountered in the fields were properly implemented in
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CenW. Student’s t-tests were used to statistically test if slopes of linear regressions were significantly
different from 1 and intercepts different than 0. Results showed that for water and all carbon fluxes,
except NEE, for the two grasslands management, the slopes and intercepts were significant (p-values <
0.05). Even though GPP and ER were not used to parameterize CenW, there was nonetheless very good
agreement between simulations and measurements (Figure 3a–d and Table 1). This indicate a high
correlation between photosynthesis and ecosystem respiration rates derived from NEE data according
to the Reichstein partitioning algorithm and fluxes modeled by the mechanistic CenW model.

3.2. Seasonal and Interannual Variabilities of Modeled and Observed Carbon Dioxide and Water Fluxes

3.2.1. Day-to-Day and Seasonal CO2 and Water Fluxes Variability

For managed grassland ecosystems, important drivers of day-to-day and seasonal variabilities are
management practices, particularly the timing and intensity of mowing and grazing that combine with
the natural temporal climate variability to drive the behavior of ecosystems and strongly affect the
CO2 dynamic and C balance of managed grasslands [8].

Depending on a number of climatic factors (solar radiation, temperature, and precipitation),
ecological factors (leaf area and water, nutrient, and temperature stresses), and management practices
(nitrogen fertilization, mowing and grazing timing, duration, and intensity), modeled and observed CO2

and water fluxes demonstrate pronounced temporal dynamics over several years [79], as exemplified
by the time series presented in Figures 6 and 7.

The apparent day-to-day and seasonal variabilities of observation based GPP was well captured by
the CenW model for both of the managed grassland sites (Figures 6a and 7a). The highest assimilation
rates occurred during spring and summer, with GPP values up to 160 kgC ha−1 d−1 when growth
conditions were the most favorable. Over the summer months, both modeled and observed GPP were
reduced through water limitations, which occurred over most summer months but varied in intensity
from year to year. Lower CO2 assimilations rates were found during the winter months as temperature
and radiation were low and limited photosynthesis and vegetation growth, but some gas exchange
continued throughout even the coldest winters. After mowing events, during the peak growing season,
GPP was strongly reduced down to wintertime levels. GPP typically dropped from preharvest values
in the range of 120 to 160 kgC ha−1 d−1 to postharvest values between 20 and 50 kg C ha−1 d−1 (Figures
6a and 7a). These reductions of GPP by 2/3 are important and even if, on average, only three harvests
were carried out each year, they have significant and long-lasting effects on ecosystem behavior and
gas exchange. CenW managed to simulate accurately the recovery of the ecosystem gas exchanges
rates (Figure 6, Figure 7, and Figure A1) after cutting and grazing events.

The day-to-day variability of observation-derived ER was also reasonably well captured in the
model simulation and the seasonal pattern was well reproduced, in particular, displaying ongoing
reasonably high respiration rates throughout the winter months (Figure 6b). Harvesting did not affect
ER as strongly as GPP (Figure 6a,b) since autotrophic respiration from above ground vegetation is
only part of the total ecosystem respiration, and (belowground) heterotrophic respiration was mostly
unaffected by harvests. Because NEE is the difference between the two large fluxes of C assimilation
through photosynthesis (GPP) and ecosystem respiration (ER), it was also affected by vegetation
harvests (Figure 6c).

Mowing changed the pasture CO2 status from a net carbon sink to a net source, and it usually took
a few days to a week for NEE to become a sink again, and a few more weeks to return to preharvests
carbon fixation levels. On average, over the five years of the study, the GPP recovery from mowing
took 20 to 25 days. The seasonal and day-to-day variability of GPP and ER, controlled by the variability
of climate conditions and timing of harvests causing the sharp reduction of photosynthesizing and
respiring biomass, were well captured by the CenW model for the mowed grassland area.
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Figure 6. Time series of modeled (black line) and observed (red dots) daily carbon fluxes (a) GPP, (b)
ER, and (c) NEE, and water fluxes (d) ET for the mowed grassland site. Vertical green lines represent
mowing events.

Evapotranspiration flux (ET) was highest during spring and summer when climatic conditions
were the most favorable for water losses and vegetation was the most active (Figure 6d). The removal
of aboveground biomass by harvesting or grazing led to sharp reductions of the transpiration rates,
partially compensated by the increase in soil transpiration caused by an increase of solar radiation
reaching—and higher temperature at—the soil surface.

Grazing events greatly affected GPP and ET (Figure 7a,d) and caused massive spikes in modeled
ER due to cattle respiration (Figure 7b). Similarly to the mowed paddock discussed above, the removal
of photosynthesizing biomass by grazing animal caused an important subsequent reduction in carbon
assimilation rates (GPP). However, in contrast to harvest events which were sudden and restricted to
single days, the removal of biomass by dairy cows was progressive and spread over several consecutive
days (on average five days). GPP reductions were therefore not as abrupt as for the mowed grassland
(Figures 6a, 7a and A1) and generally, postgrazing daily modeled and observed GPP values agreed well
and remained higher than postharvest values, which most likely resulted from the extent of biomass
removal that differ between the two treatments.

Day to day variability and seasonality of ER and NEE of the grazed paddock were also reasonably
well captured by CenW (Figure 7b,c), but there were large discrepancies between these two daily
modeled and observed variables during most of the grazing events. These differences resulted from
the fact that the CenW model specifically simulated grazers’ respiration rates based on measured
amounts of vegetation ingested, which caused the large pulses in modeled ER and NEE. According to
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CenW simulations, the grazing animal respiration rate is 4.15 kg C head−1 d−1 (4 μmol CO2 head−1

s−1). In some cases, such pulses were visible but much smaller in the eddy covariance measurements
than in the model. Measurements could only record what happened within the flux footprint, which
varied with wind speed and direction while the CenW model simulated the whole paddock. If all
dairy cows were not inside the footprint at any given time, it would have been impossible for the
EC tower to measure total grazing animals’ respiration while it was fully accounted for in the CenW
model. At other times, a large number of cows might have been present within the flux footprint and
their respiration would have been captured by the EC system. However, because this rate could have
been an order of magnitude higher than the base respiratory carbon flux from the soil and pasture [56]
the corresponding data could have been filtered out during the processing of EC fluxes. If the resultant
data gaps during grazing events were filled using the traditional Reichstein gap-filling and partitioning
algorithms it could have resulted in gaps being filled based on data collected during periods in the
preceding and following week when there were no cows present within the flux footprint.

Figure 7. Time series of modeled (black line) and observed (red dots) daily carbon fluxes and water
fluxes (a) GPP, (b) ER, (c) NEE, and (d) ET for the grazed grassland site. Vertical green lines represent
grazing events.
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3.2.2. Interannual Variability of CenW Modeled and EC Measurements of CO2 and H2O Fluxes

Interannual Variations in Mean Daily Fluxes

Generally, daily modeled and observed fluxes averaged over the five years of the study agreed
very well for the mowed grassland site, as well as their interannual variations (+/– 1 SE from the 5-year
daily averages). This is highlighted in Figure 8 by error bars (for EC observed fluxes) and yellow area
(for CenW modeled fluxes) and confirms that the CenW model simulations captured well the fluxes
variations due to differences in meteorological conditions and management for the mowed paddock.

Figure 8. Daily carbon and water fluxes averaged for each day of the year over the study period
(2006–2010) for the mowed pasture. The blue circles are used for observations, error bars represent one
standard deviation around observed means; the red line is used for CenW modeled fluxes; and the
yellow shaded areas represent one standard deviation around modeled means. GPP (a), ER (b), NEE
(c), and ET (d).

Higher interannual variability was found during the most productive seasons (spring and
summer), in which most of the harvest events occurred (on different days each year). GPP is more
variable than ER because of the larger direct impact of harvest on photosynthesizing biomass that on
total ER. Water limiting conditions and the onset of harvest events (end of April–early May) led to a
substantial reduction of GPP and hence of the net ecosystem exchange rate with NEE averaged values
during this period as low as wintertime fluxes.
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For the grazed paddock, modeled and observed daily averages (over five years) agree very well
for GPP (Figure 9a), as well as their interannual variability (error bars), confirming that the main
biotic and abiotic factors controlling the dynamic of GPP were properly incorporated in the CenW
ecosystem model. Weaker correlations were found between observed and modeled ER (Figure 9b)
and NEE (Figure 9c) during grazing events while outside of grazing periods good agreements were
retrieved. These large differences were likely caused by the noncapture of some or all of grazing
animals’ respiration by the EC system.

Figure 9. Daily carbon and water fluxes averaged for each day of the year over the study period
(2006–2010) for the grazed pasture. Blue circles are used for observations, error bars represent one
standard deviation around observed means; the red line is used for CenW modeled fluxes; and the
yellow shaded areas represent one standard deviation around modeled means. GPP (a), ER (b), NEE
(c), and ET (d).

Overall, model/data agreements are greatly variable and strongly depend of climate conditions
and management practices (Figures 8 and 9).

Variability of Annual CO2 and Water Fluxes

Correlations between climate, management practices and CO2 and water fluxes are showed
through a matrix plot (Figure 10). The different categories correspond to modeled and observed
variables for the mowed and grazed paddocks. All points represent one year of either modeled or
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observed variables for the two sites summed/averaged over the summer half-year (15 April to 15
September), corresponding to the most productive time of the year. Lower panels show the scatter
plots between the different selected variables and the upper panels give their correlation coefficients.
For example, the pink-circled lower panel show the scatter plot of NEE and precipitation and the
pink-circled upper panel give the corresponding correlation coefficients for the different categories
(MG, MM, OG, and OM) and the overall correlation coefficient (Cor). The blue-circled area of the
graph shows the selection of the most important relationships.

Figure 10. Matrix of paired plots showing the interannual variability of summer half-year (15th
April–15th September) averaged climate drivers (air temperature and precipitation), management
practices (N fertilizer application and amounts of C mowed/grazed), and observed and modeled CO2

and H2O fluxes for the mowed and grazed grassland sites (MG: modeled grazing; MM: modeled
mowing; OG: observed grazing; OM: observed mowing). Variable names are given in the matrix
diagonal. Paired scatterplots are in the lower triangle (below the diagonal in gray) with every point
being the summer half-year of one year of the study period and colors are related to the different
categories listed above. Their corresponding Pearson (linear) correlation coefficients are listed in
the upper triangle (above the diagonal in gray). For example, the relationships between NEE and
precipitation is shown in the pink circled scatter plot below the matrix diagonal and corresponding
correlation coefficients for the different categories are given in the symmetric panel above the matrix
diagonal (pink-circled). Important relationships are circled in blue on the upper panels.

First, it is striking (Figure 10) that annual CO2 and H2O fluxes were correlated with annual
meteorological condition (air temperature and precipitation) and with management practices (C
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harvested/grazed and N fertilizer applications) but with marked differences across the two managed
grassland sites.

For the mowed paddock, observed, and modeled amounts of carbon harvested are highly
correlated with air temperature (OM: −0.78 and MM: −0.93), precipitation (OM and MM: 0.82), and N
fertilizer (OM: 0.93 and MM: 0.99). On the contrary, correlations for the grazed paddock were lowest
with N fertilizer (OG: 0.57 and MG: 0.60) and weak with climate (|OG| and |MG| <0.50).

The analysis also showed that, for the mowed paddock, the modeled and observed NEE were
highly correlated with climate and management practices, but that for the grazed paddock NEE values
were only weekly correlated with other variables. In this section and like for all this study, negative
NEE represent a net gain, and a positive NEE is a net loss of CO2 for the ecosystem. It is interesting
that for the grazed paddock, modeled, and observed summer half-year NEE responded differently to
the amount of vegetation grazed (i.e., CenW giving a positive moderate correlation of NEE with the
amount of vegetation grazed while observations were giving a week negative correlation). This is
due to the differences between modeled and observation-derived ER rates during grazing events and
CenW simulating higher ER rates during grazing events: the more vegetation is eaten the more NEE
increased (reduction of the sink strength of the pasture).

There were also high correlations between ET, climate and management practices for both
grasslands, with a general upward trend of ET as precipitation, amounts of N fertilizer and C
mowed/grazed increased and a downward trend with the increase of air temperature. More water
vapor is returned to the atmosphere when there was more rainfall compared to dryer and hotter spring
and summer periods.

The modeled and observed annual (full year average/sum) carbon and water balances for the
mowed and grazed paddocks are shown in Figure 11. For the mowed paddock, observed annual GPP
values ranged between 16 and 20.5 tC ha−1 yr−1 (five-year average: 18.2 tC ha−1 yr−1) and modeled
GPP values ranged between 15.3 and 22.7 tC ha−1 yr−1 (five-year average: 19.2 tC ha−1 yr−1). For the
grazed paddock, observed annual GPP values ranged between 15.9 and 20.3 tC ha−1 yr−1 (five-year
average: 18.1 tC ha−1 yr−1) and modeled GPP values ranged between 14.9 and 20.2 tC ha−1 yr−1

(five-year average: 18.2 tC ha−1 yr−1).

 

Figure 11. Bar plot showing modeled and observed annual CO2 and water balances for the mowed ((a)
and (c)) and grazed ((b) and (d)) paddocks. Carbon fluxes (NEE, GPP, ER, and C harvested are given in
tC ha−1 and precipitation and ET are given in mm yr−1).
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On all years but 2006, CenW-modeled ER for the mowed paddock were lower than annual sums
of EC-derived ER (Figure 11) with annual modeled ER values between 12.7 and 16.1 tC ha−1 yr−1

(five-year average: 14.9 tC ha−1 yr−1), while observation-based ER values varied from 11.6 to 15.7 tC
ha−1 yr−1 (five-year average: 14.1 tC ha−1 yr−1). For the grazed paddock, model/data differences were
even more important with annual EC-derived and modeled ER varying from 14.3 to 19.0 tC ha−1 yr−1

(five-year average: 16.3 tC ha−1 yr−1) and from 15.2 to 19.9 tC ha−1 yr−1 (five-year average: 18.3 tC
ha−1 yr−1), respectively.

There is a good agreement between modeled and observed annual amounts of harvested C.
Generally, the modeled and observed annual NEE agreed reasonably well for the mowed grassland
sites but large differences were retrieved for the grazed paddock and might result from the miss or
only partial capture of grazing animals’ respiratory losses by the EC system. Five-year averages of
observed NEE for the mowed and grazed grassland sites were −4.2 (−3.0 to −4.9) and −1.8 (−0.9 to
−3.2) tC ha−1 yr−1, respectively. CenW modeled NEE, averaged over 5 years, were −4.4 (−3.1 to −6.6)
tC ha−1 yr−1 for the mowed paddock and 0.1 (−0.4 to 0.4) tC ha−1 yr−1 for the grazed pasture. Modeled
annual net CO2 fluxes, for the grazed paddock, were significantly lower than observed ones because,
as we have seen, part of C harvested (grazed) is taken into account in observed NEE, while it is fully
accounted for in the modeled NEE. Apparently, the mowed paddock fixed more CO2 than the grazed
paddock however, when harvested C is taken into account (Figure 11a) the mowed grassland C sink
activity is drastically reduced.

Modeled and observed daily evapotranspiration rates generally agreed very well as we have
seen in Section 3.1.2 with EF of 0.82 and 0.80 for the mowed and grazed paddocks, respectively. Both
modeled and observed summer half-year evapotranspiration rates were higher for the grazed paddock
because of the differences management practices (harvests and grazing) that affected vegetation
dynamics. Even if there were fewer harvests than grazing events, the dramatic reduction of live foliage
following grass cuttings affected water fluxes and reduced the annual amounts of evapotranspiration.
Modeled summer half-year ET were also systematically lower than the observed results, which could
result from (1) differences in modeled and observed roots dynamics (growth and senescence) affecting
soil water extraction by plants and (2) the water returned directly to the field by cattle urinations which
is not accounted for in the model. Observed five-year average annual ET were 521 and 544 mm yr−1

while modeled values were 503 to 527 mm yr−1 for the mowed and grazed paddocks, respectively.
It also as to be noted that the conventional gap-filling and partitioning tool [69] was not designed

to deal neither with heterogeneities in ecosystems as it the case in intensively managed grasslands,
like our study site, nor to take into account the varying magnitude of respiratory CO2 losses from
rotationally grazing animals that not depend of meteorological conditions. These conditions would
add uncertainties in gap filled NEE fluxes and on their partitioning into GPP and ER [79].

4. Discussion

4.1. Performances of the CenW Model to Simulate Gas Exchanges of Mowed and Grazed Pastures

Mechanistic ecosystem models, like the CenW model, are useful tools to gain a better understanding
of GHG emissions, yields, and carbon stock dynamics of managed grasslands as they can address,
over long time periods, the complex interactions between climate, soil, vegetation and management
practices [80–82]. Modeling studies have shown that models could achieve high accuracy in simulating
greenhouse gas (CO2 and H2O) uptakes and emissions, yields, and carbon source/sink activity of
managed grasslands for a wide range of climate and management conditions [17,56,83–86].

By using observation and models in conjunction, it is possible to improve our knowledge of the
systems under study, identify weaknesses in datasets and models and to correct them. Over the study
period, the site experienced large variations in temperature, moisture availability, and radiation, which
are controlling factors of the exchange rates between the atmosphere and grasslands of CO2 [87–90]
and water fluxes [91]. In addition, grazing and cutting dramatically alter the way managed grassland
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ecosystems respond to climate drivers by the sharp removal of large amounts of live biomass [36,92,93]
and thus strongly affect the seasonal and inter-annual variabilities of gas exchanges and the annual
carbon budgets of the farm/paddock [22,79,94].

Modeling NEE accurately is generally difficult as NEE is calculated from the (relatively small)
difference between the two largest carbon fluxes between the atmosphere and the ecosystem (vegetation
+ soil), i.e., GPP, which is the carbon gain through photosynthetic CO2 assimilation and ER, which
corresponds to total ecosystem respiratory losses by plant autotrophic, soil heterotrophic and also by
grazing animals’. Accurate and reliable modeling of daily NEE fluxes requires that the CenW model
properly incorporates and simulates the main processes driving the dynamics of both ecosystems
(mowed and grazed grasslands). This study aimed to confirm the applicability of the CenW ecosystem
model to simulate managed grassland systems.

Generally, better agreements between observed and modeled NEE and its components GPP and
ER were found for the mowed paddock than for the grazed one. This could be because there were more
frequent, longer and more spatially heterogeneous disturbances on the grazed than on the mowed
paddock. In addition, uncertainties in the amounts of vegetation removal and respiration rates of
grazing animals likely reduced the overall agreement between CenW outputs versus observations for
the grazed paddock. Over the entire study period and for the two managed grasslands, CenW tends
to slightly overestimate the lowest rates of C assimilation (Figure 3a,d) and ecosystem respiration
(Figure 3b,e) and to underestimate large values of both uptake and emission of C fluxes as indicated by
the slopes and intercepts of the linear regressions. After the careful parameterization of the CenW
ecosystem model, very good agreements were found between simulated and observed carbon and
water fluxes, highlighting that the model, parameterized with local data could appropriately be
applied to intensively managed grasslands, as long as sufficient information on management practices
are available.

4.2. Cow Respiration in Observed and Modeled CO2 Fluxes

Discrepancies between modeled and observed ER and NEE fluxes, on the grazed paddock, could
be caused by the uneven repartition of dairy cows on the field and the variability of the flux footprint:
i.e. dairy cows were under-represented in the flux footprint, causing an under-estimation of animal
respiratory losses of CO2 in EC data. Some large grazer respiration fluxes could have also been excluded
through the filtering of NEE data to remove outliers (condition 1, 2 and 3 in Section 2.1.2). Moreover,
because the Reichstein gap-filling algorithm does not explicitly include respiration from grazing animals
(e.g., animals disturbance) to either fill gaps in NEE time series or in the partitioning of NEE into GPP and
ER, substantial bias could be added to the dataset [56,79]. For all measurements without grazing there was
good agreement between the CenW model and EC observations, highlighting the correct parameterization
of the model and confirming that most of the ecosystem processes were well embedded in the model.
It also showed that large discrepancies were present during grazing periods because of the possible non
or only partial capture of cows respiration in NEE data (Figures 7c, 9c and A1).

A recent EC study of CO2 fluxes on two paired sites under rotational and continuous grazing
management, found that ER for the rotationally grazed paddock was greatly affected by cattle respiration
and that grazing animal’s respiration was correctly accounted for in EC measurements [95]. In this study,
we showed that there is, during grazing events, a possible underestimation of observation-derived
ER from the EC system placed on the grazed paddock (Figure 12), which is consistent with other
studies on managed grassland that found no effect of animals’ respiration on EC-derived ER [92,93,96].
By comparing daily EC-derived ER with their CenW modeled counterparts (Figure 12), we showed
that, on a few cases (red dots around the one to one line), modeled and observation-derived ER agree
very well, showing that cattle respiration was properly modeled and measured by the flux tower.
However, for most of the grazing events recorded, a large proportion or all of cattle respiration was not
captured by EC (red dots strongly deviating from the one to one line). This was likely caused by the
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uneven spatial repartition of animals on the paddock, shifts in flux footprint, specific site conditions,
stocking densities, and the processing of EC data [75,93].

Figure 12. Scatter plot of observed vs modeled ecosystem respiration rates outside grazing periods
(black) and during grazing periods (red) for the five years of the study.

In this study, we showed that the direct effect of grazing (i.e., the reduction of photosynthesizing
biomass [22]) was properly captured in EC data but that the indirect effect (i.e., grazing animals’
respiration [22]) was not captured by EC systems because of the stochastic position of cows and shifts in
the flux footprint area. To fully understand why grazers’ respiration is not accounted for and to find a
way to correct EC data for this bias, using a biochemical, process-based ecosystem model incorporating
management practices, like CenW, alongside dairy cows positioning devices and detailed flux footprint
information, could be necessary [79,94].

Another problem is also related to the gap-filling process since algorithm used for this task did
not use any information on cows’ position and their respiration rates. If actual data affected by the
presence of cows in the footprint were used to fill gaps outside of grazing periods, the large (depending
of the number of cows) respiration would bias gap filled fluxes [79].

We advocate that a better way to process EC data on rotationally grazed pasture would be to
exclude measurements taken during grazing periods and fill the gaps outside and inside these periods
with data acquired when there was no cows in the paddocks [97]. This would insure to get the flux
from the pasture only [79,94], and then calculate how much carbon is lost from the paddock due
to grazers respiration based on stocking rates, grazing duration, and amount of ingested biomass.
This imply that detailed information on cows movement and farming practices need to be recorded
and used to process EC data from intensively manage grasslands, especially for systems with high
stocking rates like rotational grazing.

The same dataset (we reprocessed meteorological and EC data for this study) was previously used
to derive the net carbon storage (NCS) of the mowed and grazed grasslands [26]. They found that the
grazed grassland have the potential to sequester more C than the mowed grassland but this implied
that cows’ respiration was accurately enough measured by EC. However, we showed by applying
the CenW model that important respiratory losses (from grazing animals) were not accounted for
in eddy covariance measurements taken on a intensively, rotationally grazed grassland (Figure 12).
We showed that measured and modeled NEE fluxes agreed very well outside of grazing periods but
strongly deviated during grazing events due to the noncapture of cows respiration by the EC system.
CenW modeled annual NEE values (Figures 7c and A1) were found to be almost 10 times lower than
the annual NEE values from EC data. As a result, the carbon storage capacity of this grazed grassland
site would have been strongly reduced if cows respiration was adequately captured by the eddy
covariance system.
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4.3. Seasonal Variability of Observed and Modeled CO2 and Water Fluxes

The natural variability of carbon and water fluxes, caused by short (day to day) and long term
(seasonal) variations in climate conditions, management and vegetation dynamics is well captured
in model runs. It is notable from time series (Figures 6–9) that grazing caused a greater interannual
variability than mowing in all three carbon fluxes (i.e., GPP, ER, and NEE).

Unlike natural ecosystems, in intensively managed grasslands, the seasonal and interannual
variability of carbon and water fluxes not only depends on the variability of the governing climate
variables, but also on farming practices [36,98–100]. This is mostly a result of the rapid and sharp
reduction of photosynthetically active biomass caused by mowing and grazing events that reduce
GPP and switches the system from being a sink to a source of CO2 [32,93,100]. However, because of
the regular N fertilizer applications, and unlike for natural ecosystems, the N limitation is almost
suppressed, promoting the rapid restart of GPP and vegetation growth.

Measured eddy covariance data showed a larger temporal variability than the modeled signals
(Figures 8 and 9). This could be explained by the fact that EC data measurements contain random errors
that add up to the “real” flux and that scale with the magnitude of the fluxes and hence vary diurnally
and seasonally [101]. Therefore, this random error term could lead to an under or overestimation of the
measured fluxes. Whereas CenW is always in the middle, where rates ought to be and the scatter in
both directions cancelled out. It is also possible that these higher rates than the average are not artifacts
and that the formalism of the model not allow to simulate these fluxes because we either do not know
which processes are causing them or something not recorded happened on the farm. In the mowed
paddock, ER was less affected by mowing events than GPP because only the autotrophic respiration of
plant leaves term was affected by the sharp reduction of live foliage [88,95].

Seasonal dynamics of the soil moisture profile were controlled by temporal distributions of water
gain from precipitation and ET losses, which were well captured by the model (for the mowed paddock).
Soil water content observation and CenW showed larger variations in shallow soil layer than deeper in
the soil profile and generally agree reasonably well.

5. Summary and Conclusions

This study investigated the performances of the CenW ecosystem model to simulate carbon and
water fluxes from paired eddy covariance towers of two managed grassland systems in France with
different management practices: mowing vs grazing. It showed that once parameterized, model/data
agreement was very good for both sites and that CenW could adequately reproduce flux variability
in response to management and climatic condition at daily, seasonal and interannual time scales.
Model efficiencies for daily CO2 fluxes were 0.65–0.80 and 0.73–0.85 for grazed and mowed paddocks,
respectively. The mowed grassland ET, averaged SWC and harvested biomass were modeled with
efficiencies of 0.82, 0.85, and 0.80, respectively. For the grazed paddock, model efficiency for daily ET
was 0.80.

Our study showed that management practices highly determined the temporal dynamics and
seasonal and interannual variabilities of CO2 fluxes and the C status of the grazed pasture. In addition,
most of previous studies which derived annual carbon budgets of managed pastures from EC
measurements assumed or showed that grazing animal’ respiratory losses were satisfactorily captured
in NEE fluxes at annual time scales but showed weaknesses at smaller time scales [22,79].

It also highlighted that large discrepancies existed between measured and modeled net carbon
exchange and ecosystem respiration rates during grazing events and that it is likely that large losses
of CO2 to the atmosphere were not fully captured by the eddy covariance system. The model/data
comparison showed that flux processing and interpretation needed to be done carefully in grazed
systems to account for the presence of dairy cows in the paddock. So far, only few studies have used
eddy covariance measurement in combination with process-based models in grazed pastures. Here
our results clearly demonstrate that grazing animals’ respiratory flux is most often not captured by EC
systems, which could lead to substantial bias in NEE data taken during grazing events.
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In addition, because of the importance of CO2 losses of carbon not accounted for in the annual C
budget, large overestimations of the C status of the farm are likely to be made.

The capture or not by EC of cows respiration is site specific, using detailed ecosystem models
incorporating farming practices and their effects on vegetation and C dynamics could help to identify
and correct possible issues with EC data in intensively managed grasslands. Model/data agreements
for the mowed paddock were higher than those obtained for the grazed paddock, certainly because
mowed systems are less complex and disturbed than grazed ones.
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Appendix A Management Records

Table A1. Management records for grasslands under mowing and grazing for the period 2006–2010 at
the SOERE-ACBB, Lusignan, France.

Mowed Paddock (P2) Grazed Paddock (P4)

Year
Date of

Mowing

Date of N
Fertilizer

Application

Amount (kgN
ha−1)

Starting Date
of Grazing

Event

Length of
Grazing

Period (Day)

Stocking Rate
(Head ha−1)

Date of N
Fertilizer

Application

Amount
(kgN ha−1)

2006 17-May 26-Feb 60 11-Apr 7 16.8 5-Apr 30
6-Jun 24-May 60 19-May 10 16.8 24-May 30

24-Oct 28-Sep 50 3-Jul 10 3.9
2-Oct 4.5 17.1

16-Nov 18 12.9

2007 23-Apr 22-Feb 80 19-Mar 5 13.5 28-Mar 50
5-Jun 27-Apr 60 16-Apr 4 21.3 19-Jun 30
17-Jul 12-Jun 60 16-May 7 19.4 19-Sep 30
10-Sep 26-Jul 60 14-Jun 3 16.1 20-Sep 30
12-Nov 19-Sep 60 15-Jul 8 10.6

20-Sep 60 20-Aug 2 11
17-Sep 4 17.4
22-Oct 2 19.7

2008 19-May 29-Jan 120 25-Mar 2 24.8 29-Jan 30
30-Jun 22-May 90 28-Apr 4 22.9 22-May 30
15-Sep 15-Jul 60 19-May 2.4 20.6 28-Jul 60

17-Sep 60 16-Jun 4 20.6 17-Sep 50
15-Jul 4 16.8

11-Aug 3.4 15
12-Sep 6 18.7
27-Oct 2 22.3
1-Dec 8.25 4.5

2009 11-May 17-Feb 110 23-Mar 2 25.2 17-Feb 50
22-Jun 19-May 60 20-Apr 4.5 24.5 19-May 60
28-Sep 7-Oct 60 11-May 3.5 24.5

9-Jun 8 19
13-Jul 2.5 12.9
21-Sep 4 17
27-Oct 4 19.5

2010 26-Apr 16-Mar 90 29-Mar 2.5 19.4 16-Mar 60
2-Jun 29-Apr 70 19-Apr 3.5 19.4 29-Apr 50
26-Jul 8-Jun 50 17-May 5.5 19

14-Jun 3.5 19
5-Jul 2.5 14.8

2-Aug 2 16.5
20-Sep 1.5 15.2
22-Nov 1.5 12.6
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Appendix B CenW Model Calibrated Parameters

Table A2. Main model parameters values used to simulate mowed and grazed grasslands after
CenW calibration.

Parameter Description Lusignan Mowed Lusignan Grazed Units

Stand

Minimum foliage turn-over 0.022 0.022 yr−1

Fine-root turn-over 2.49 2.49 yr−1

Low-light senescence limit 0.056 0.08 MJ m−2 d−1

Max daily low-light senescence 0.015 0.017 % d−1

Max drought foliage death rate 6.08 6.76 % d−1

Drought death of roots relative to foliage 0.062 0.066 –
Mycorrhizal uptake 0.01 0.01 g kg−1 d−1

Soil water stress threshold (Wcrit) 0.60 0.60 –
Respiration ratio per unit N 0.18 0.44 –

beta parameter in T response of respiration 1.98 1.96 –
Temperature for maximum respiration 47 47 ◦C

Growth respiration 0.29 0.32 –
Time constant for acclimation response of respiration 364 247 d

Water-logging threshold (Llog) 0.999 0.994 –
Water-logging sensitivity (sL) 8.3 7.33 –

Ratio of [N] in senescing and live foliage 0.99 0.99 –
Ratio of [N] in average foliage to leaves at the top 0.83 0.78 –

Biological N fixation 1.71 7.9 gN kgC−1

Growth Km for carbon 0.97 1.8 %
Growth Km for nitrogen 1.94 3.7 %

Drop of standing dead leaves 2.11 2.11 % d−1

Decomposability of standing dead relative to metabolic litter 0.7 0.7 –

photosynthesis

Specific leaf area 17.5 19.3 m2 (kg DW)−1

Foliage albedo 6.77 6.75 %
Transmissivity 1.57 1.56 %

Loss as volatile organic carbon 0 0 %
Threshold N concentrations (No) 6.33 5.76 gN (kg DW)−1

Non-limiting N concentration (Nsat) 41.6 42.4 gN (kg DW)−1

Light-saturated maximum photosynthetic rate (Amax) 45.7 47.2 μmol m−2 s−1

Maximum quantum yield 0.06 0.06 mol mol−1

Curvature in light response function 0.412 0.412 –
Light extinction coefficient 0.86 0.86 –

Ball–Berry stomatal parameter (unstressed) bb1 10.1 11.9 –
Ball–Berry stomatal parameter (stressed) bb2 8 8 –

Minimum temperature for photosynthesis (Tn) -4.1 -4.1 ◦C
Lower optimum temperature for photosynthesis (Topt, lower) 25.8 25.8 ◦C
Upper optimum temperature for photosynthesis (Topt, upper) 30.06 30.06 ◦C

Maximum temperature for photosynthesis (Tx) 38.8 38.8 ◦C
Temperature damage sensitivity (sT) 0.04 0.04 –

Threshold for frost damage 0.19 0.19 ◦C

allocation

Allocation to reproductive organs None None –
Fine root: foliage target ratio (nitrogen-unstressed) 0.98 0.90 –

Fine root: foliage target ratio (nitrogen-stressed) 3.6 4.6 –
Used target-oriented dynamic root-shoot allocation Yes Yes –

Fine root:foliage [N] ratio 0.82 0.82 –

decomposition

Relative temperature dependence of heterotrophic respn 0.49 0.75 –
Foliar lignin concentration 11.9 12 %
Root lignin concentration 14.6 14.6 %

Organic matter transfer from surface to soil 90 90 % yr−1

Critical C:N ratio 8.03 8 –
Ratio of C:N ratios in structural and metabolic pools 4.83 4.09 –

Exponential term in lignin inhibition 5 5 –
Water stress sens. of decomp. relative to plant processes 0.68 1.03 –

Residual decomposition under dry conditions 0.05 0.05 –
Mineral N immobilized 5.32 5.38 % d−1

site

Atmospheric N deposition 2 2 kgN ha−1 yr−1

Volatilization fraction 10.1 10.1 %
Leaching fraction 0.46 0.46 –

Litter water-holding capacity 2 2 g gDW−1

Mulching effect of litter 2.8 2.8 % tDW−1

Canopy aerodynamic resistance 83 78.7 s m−1

Canopy rainfall interception 0.044 0.044 mm LAI−1

Maximum rate of soil evaporation 1.55 1.25 mm d−1
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Appendix C EC-Derived and Modeled GPP Time Series

 

Figure A1. Daily time series of EC derived (dots) and modeled (black line) GPP for a) the mowed
and b) the grazed grassland sites over 6 months (March to end August) of 2008. Vertical gray areas
represent the recorded timing of harvests and grazing events for the two selected paddocks.
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Abstract: Increasing soil carbon stocks in agricultural grasslands has a strong potential to mitigate
climate change. However, large uncertainties around the drivers of soil respiration hinder our ability
to identify management practices that enhance soil carbon sequestration. In a context where more
intense and prolonged droughts are predicted in many regions, it is critical to understand how
different management practices will temper drought-induced carbon losses through soil respiration.
In this study, we compared the impact of changing soil volumetric water content during a drought
on soil respiration in permanent grasslands managed either as grazed by dairy cows or as a
mowing regime. Across treatments, root biomass explained 43% of the variability in soil respiration
(p < 0.0001). Moreover, analysis of the isotopic composition of CO2 emitted from the soil, roots,
and root-free soil suggested that the autotrophic component largely dominated soil respiration.
Soil respiration was positively correlated with soil water content (p = 0.03) only for the grazed
treatment. Our results suggest that the effect of soil water content on soil respiration was attributable
mainly to an effect on root and rhizosphere activity in the grazed treatment. We conclude that farm
management practices can alter the relationship between soil respiration and soil water content.

Keywords: soil respiration; soil volumetric water content; stable carbon isotopes; grassland;
management practices

1. Introduction

Grasslands cover 26% of Earth’s ice-free land surface area, representing 70% of the world’s
agricultural area [1] and containing 20% of global soil carbon stocks [2]. There is now a wide interest
in improving carbon storage on land as a negative emission technology to stay below the 1.5 ◦C global
warming limit [3]. Increasing soil carbon stocks in grasslands has a strong potential to contribute
to this effort [4,5]. However, the impacts of different grassland management practices are not well
understood [6], and recent reviews highlight a lack of data to clarify the mechanisms by which
various management practices affect soil organic carbon (SOC) stocks [7,8]. Moreover, there are large
uncertainties concerning the drivers of soil respiration (Rs), which is the second largest terrestrial
carbon flux globally [9].
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Global climate change is predicted to lead to an increase in the intensity and frequency of extreme
events in large areas of the world. Droughts may cause intense water stress for plants and soil
organisms [10]. In other areas, increasing rainfall together with evapotranspiration and changes in
precipitation patterns could potentially lead to constrained water availability during the growing
season [11]. In a context where the global water cycle is predicted to change, understanding the effect
of soil water content on soil respiration is critical.

Soil respiration is the result of two processes: root and rhizosphere respiration (autotrophic
component), and microbial decomposition of soil organic matter (heterotrophic component).
Both plants [12] and micro-organisms [13] are sensitive to changes in soil water availability, resulting in
soil respiration being sensitive to both soil water content [14,15] and the frequency and intensity
of precipitation [16]. However, our understanding of the effect of drought on soil respiration
remains relatively limited, notably due to differential responses of the autotrophic and heterotrophic
components and the difficulties associated with quantifying them [17,18].

Usually, studies addressing the effects of soil water content on heterotrophic soil respiration are
carried out in the laboratory in the absence of plants. Partitioning soil respiration into its autotrophic
and heterotrophic components can be achieved with minimal soil disturbance in the field using the
stable isotopes of carbon [17–21], although this can prove challenging in dry conditions where low
CO2 efflux may be below the detection limits of instrumentation [17]. Nonetheless, even when the
rate of autotrophic and heterotrophic respiration cannot be determined, the 13C isotopic signature
(δ13C) of CO2 emitted from the soil (δ13CRs) can provide qualitative information on the dynamic
soil respiration components. This is because the δ13C of emitted CO2 becomes more enriched as the
contribution of microbially derived Soil Organic Matter (SOM) becomes an increasing part of total soil
respiration [22,23].

Understanding the effect of management practices on the drought response of soil respiration
and the plant and microbial processes driving it is critical to develop agricultural systems that are
resistant to extreme climatic events. Here we compared the impact of changing soil water content
during a severe drought on soil respiration and the δ13C of CO2 emitted from soils (δ13CRs), roots, and
rhizosphere (δ13CRa), and root-free soils (δ13CRh) in a permanent pasture grazed by dairy cows and
a permanent pasture under a mowing regime with no grazing mammals. These two management
systems are among the main types of grassland management in Europe [24] and have a strong potential
to store carbon below ground and partly offset greenhouse gases emissions [25]. The main objective
was to determine whether these two different grassland management practices influence the response
of soil respiration and its components to drought.

2. Materials and Methods

2.1. Site Description

The site is located at the national long-term experimental observatory Système d’Observation et
d’Expérimentation pour la Recherche en Environnement-Agroecosystems, Biogeochemical Cycles and
Biodiversity (SOERE-ACBB) near Lusignan, western France (46◦25′12.91′′ N; 0◦07′29.35′′ E). The soil
is classified as a Dystric Cambisol [26]. It developed from loamy parent material of unknown origin
over red clay [27]. The soil profile can be divided into two main domains: Upper soil horizons are
characterized by a loamy texture, classified as Cambisol, whereas lower soil horizons are clayey
rubefied horizons, rich in kaolinite and iron oxides, classified as a Paleo-Ferralsol [28].

The two experimental paddocks of about 3 ha in surface area were converted to permanent
grasslands in 2005. Since then, one paddock was grazed by a herd of dairy cows, and the other
paddock was managed by periodically mowing and harvesting the biomass. The timing for harvest
and mowing are made so as to maximize above-ground production and rarely happen at the same
time. Following this guideline, harvest happened 2 days before our experiment started, while grazing
had happened 2 weeks before the start of the experiment.
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The plant community in the mown grassland was a mixture including Dactylis glomerata L.
(cocksfoot) cultivar Ludac, Festuca arundinacea Schreb (tall fescue) cultivar Soni, and Lolium perenne L.
(rye-grass) cultivar Milca. In the grazed grassland, Trifolium repens L. (white clover) cultivar Menna
was added to the multispecies mixture. The mown grassland was cut four times a year with biomass
exported, and nitrogen (N) fertilizer was applied at rates comprised between 120 and 310 kg N ha−1

year−1. Fertilizer application rates were adjusted to maintain the nitrogen nutrition index between
0.9 and 1.0, that is, close to non-limiting nitrogen nutrition to near maximum plant production [28].
Grazing in the grazed paddock took place from March to December with 50 days per year using 15
to 20 livestock unit per hectare. Grazed grasslands did not receive nitrogen fertilization but nitrogen
losses were returned by dung and urine and through the presence of leguminous species.

In 2011, six years after management conversion to permanent grasslands, bulk density was
identical in the mown and grazed treatments, averaging 1.4 g cm−3 in the top 300 mm. Carbon stocks
in 2014 ranged between 55 (mown grassland) and 64 (grazed grassland) t ha−1 in the first 300 mm.
Nitrogen stocks were also similar in both grasslands, with 1.7 and 1.9 t ha−1 for the mown and grazed
grasslands, respectively. No significant changes had occurred during the first 9 years (2014) after the
conversion to permanent grasslands (A. Crème, personal communication).

2.2. Experimental Design

The experiment took place in early June 2017, at the beginning of a heat wave that affected
large parts of Europe, including western France. At the beginning of a period of 10 days with no
precipitation, we created a large range of soil water contents by applying a large artificial rainfall
event. The responses of soil respiration (Rs) of the 13C isotopic signature of CO2 respired from the
whole soil (δ13CRs), and its autotrophic (live roots and rhizosphere, δ13CRa) and heterotrophic (root
and rhizosphere-free soil, δ13CRh) components to changes in soil water content were compared for the
grazing and mown systems.

One month before the start of the experiment, 10 rectangular plots of 1 × 2 m were positioned at
random locations in each paddock, and four PVC collars (100 mm diameter, 30 mm depth) were fully
inserted at random locations within each plot. On each day of measurement, a plot was randomly
selected in each paddock (mown and grazed) and a set of measurements of Rs, δ13CRs, δ13CRa, δ13CRh,
soil volumetric water content (θs), and soil temperature (Ts) were taken from each collar.

A full set of measurements were taken on the four collars in one plot of each paddock before
water was applied (day 0). Two hundred liters of water per plot was progressively applied over the
course of 12 h to prevent run-off and pooling to the nine remaining plots in each paddock, equivalent
to 100 mm of rainfall. Measurements were then made from the four collars in one randomly selected
plot of each paddock every morning for the next 8 days, starting about 24 h after the end of watering
to avoid the potential short-term burst of CO2 emissions (the so-called “Birch effect”) observed when
dry soils are rewetted.

One plot in the grazed paddock was selected to characterize short-term changes in soil respiration
due to the application of water. An additional set of four PVC collars were inserted in a 1 × 2 m
area adjacent to the selected plot but received no water addition, constituting a control treatment.
Measurements of Rs, θs, and Ts were taken 2 h and 1 h before water application on each of the eight
collars. Water was then applied on one of the plots over the course of 1 h by spreading 100 mm evenly
on the surface area using a hand watering can. Measurements of Rs, θs, and Ts were then carried out
on the four watered and four dry collars every hour for 12 h.

2.3. Measurements of Soil Respiration and δ13C of Respired CO2

Except for the short-term watering experiment, where Rs was measured using a closed dynamic
chamber system (EGM-4, PP systems, Amesbury, MA, USA), measurements of Rs were taken using
two custom-built open chamber systems with four chambers each, adapted from Midwood et al. [29]
and Midwood and Millard [30]. The chambers were placed on the collars set in the soil, and CO2-free
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air was supplied to the chambers using mass flow controllers (model FMA5510, Omega Engineering
Ltd., Stamford, CT, USA). The air was pumped out of the chambers using diaphragm pumps (TD−3,
Brailsford and Co. Inc., Antrim, NH, USA), and the flow rate was controlled by mass flow controllers
and adjusted to15 mL min−1 lower than the inflow of CO2-free air to avoid any air ingress from
the atmosphere. The CO2 concentration of the air leaving the chamber was measured using an
infrared gas analyzer (IRGA) (Li840, LiCor Biosciences, Cambridge, UK), and the entire system was
controlled by a datalogger (CR1000 and SDM-CV04, Campbell Scientific Ltd., Logan, UT, USA),
allowing adjustment of the inflow of CO2-free air to the measured CO2 concentration to obtain a
constant target concentration value in the chamber. After an equilibration period of 90 min and when
the chamber’s CO2 concentrations were constant at 440 ppm, approximately 500 mL of respired air
was collected in pre-evacuated air-tight bags (Tedlar® Keika Ventures, Chapel Hill, NC, USA) and the
gas samples were analyzed for δ13C values. All gas samples were analyzed for δ13C values using a
tuneable diode laser (TDL, TGA100A; Campbell Scientific Inc., Logan, UT, USA). The rate of Rs was
calculated from the measured CO2 concentration in the chamber and the flow rate of the CO2-free air
delivered to the chamber.

Measurements of the isotopic signatures of the CO2 respired by the heterotrophic (root- and
rhizosphere-free soil, δ13CRh) and autotrophic (roots and rhizosphere, δ13CRa) components of the soil
were made by adapting the technique described by Snell et al. [23]. After RS had been measured and
the soil surface efflux sampled, roots and soils were collected. The collars were removed, and a soil
core was extracted using a 100 mm diameter steel tube hammered into the soil to a depth of 250 mm.
The soil from the core was broken up loosely and the roots removed by hand.

Shifts in δ13CRh have been shown to change exponentially with time after a soil core is extracted
and broken up [19,23]. Thus, to obtain values of δ13CRh that are representative of the isotopic signature
of the carbon pool used as a substrate before disturbance (time zero), one needs to work as rapidly as
possible. To be as consistent as possible between samples, each operation was kept to a constant time.
The process of breaking up the soil core in a tray and removing the roots by hand was kept close to
90 s. Subsequently, a subsample of root-free soil was placed in an air-tight bag, flushed quickly three
times with nitrogen gas to purge atmospheric air from the soil, then filled with approximately 500 mL
of CO2-free air and allowed to incubate at the ambient temperature until the time from sampling the
soil core reached 3 min. The air in the bag was then sampled and analyzed for δ13CO2.

The roots were then cleaned of most of the remaining soil attached to them and placed in a
separate air-tight bag. The bags were evacuated and then filled with approximately 500 mL of CO2-free
air and allowed to incubate at ambient temperature for between 20 and 60 min, after which the air in
the bags was sampled for measurements of δ13CO2. The roots were then dried at 105 ◦C for 24 h and
weighted to give an estimate of the root biomass in each soil core.

2.4. Statistical Analyses

To test for the effect of soil volumetric water content (θs) on Rs, δ13CRs, δ13CRa, and δ13CRh for
the paddocks managed as grazed and mown systems, a backwards stepwise regression approach
was used separately on each explained variable [31]. Each measurement of Rs, δ13CRs, δ13CRa, and
δ13CRh was treated as a sample. The full linear models included the three explanatory variables θs,
root biomass, and paddock management (as a factor), as well as every two-way interaction between
them. Model selection was based on a comparison of Akaike’s Information Criterion (AIC), the model
with the lowest AIC value being the most strongly supported. As a rule of thumb, when two models
presented a ΔAIC < 2, the simpler model was selected [32]. All statistical analyses were conducted
using R version 3.4.2 [33] (R Development Core Team, 2017).
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3. Results

3.1. Hourly Measurements: Short-Term Response of Soil Respiration to Water Addition

In the grazed paddock, soil volumetric water content (θs) greatly increased immediately after
100 mm of water was added (irrigated plot), approximately doubling from 0.2 to 0.4 m3 m−3 and
becoming significantly higher than in the control plot without water addition. θs then slowly decreased
over the next 24 h in both plots but remained significantly higher in the irrigated plot (Figure 1a), with
a difference between the irrigated and the control plot of over 0.11 m3 m−3 throughout the 24 h.

 
Figure 1. Soil volumetric water content (θs, panel a) and soil respiration (RS, panel b) before and over
24 h after the addition of 100 mm of water in the grazed treatment for watered plots (diamonds) and
control non-watered plots (circles). The line in panel b is the difference between mean Rs in the watered
plots and mean Rs in the control plot for each hour after watering. Vertical bars represent one standard
error of the mean (n = 4).

Soil respiration (Rs) started to increase 2 h after water was added to the irrigated plot, becoming
significantly higher than in the adjacent control plot and remaining higher during the 24 h measuring
period (Figure 1b). Rs also varied in the control plot due to diel variation. Rs peaked for both plots
4 h after water was added. The difference between mean Rs in the irrigated and the control plot was
null before and just after water was added. This difference started to increase 1 h after water addition,
was highest 4 h after water addition with a value of 3.4 μmolCO2 m−2 s−1, and then decreased and
levelled off, being similar 11 h and 24 h after water addition (Figure 1b).

3.2. Daily Changes after Water Addition

To assess the effect of water addition on Rs, δ13CRs, δ13CRa, δ13CRh, only the measurements taken
from 24 h onward after water addition were included to exclude the pulse of respiration measured
shortly after water addition.

Soil volumetric water content (θS) increased after the addition of 100 mm of water on the plots
and remained higher than before watering for 3 days. After the initial increase, θS decreased steadily

197



Agronomy 2019, 9, 124

for the whole experiment period of 8 days (Figure 2a). Individual values of θS overall ranged from
0.05 to 0.31 m3 m−3.

Figure 2. Soil volumetric water content (θs, panel a), soil respiration (Rs, panel b) and 13C isotopic
signature of soil respired CO2 (δ13CRs, panel c) over the days after adding 100 mm of water in the
grazed (orange circles) and mown (blue circles) grasslands. Vertical bars represent one standard error
of the mean (n = 4).

Although the trend for θS was identical in both paddocks, Rs showed different patterns in the
grazed and mown paddocks over the days after water was added (Figure 2b). In the grazed paddock,
Rs roughly followed a similar pattern to θS, showing higher values after water addition for 3 days
and decreasing steadily after that. Rs did not show any obvious pattern in the mown paddock and
was more variable than in the grazed paddock. Similarly, the 13C isotopic signature of soil-respired
CO2 (δ13CRs) presented a different pattern for the two paddocks (Figure 2c). Changes in δ13CRs were
tightly coupled with changes in θS in the grazed paddock, with more depleted values 2 days after
water addition and a steady change to more enriched values over the measurement period. As for Rs,
δ13CRs did not show any obvious pattern over the days after water addition in the mown paddock.

The 13C isotopic signature of CO2 respired from the roots and from the root- and rhizosphere-free
soil did not show clear patterns after water addition for either paddock (Figure S1).
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3.3. Effect of Soil Volumetric Water Content

The model for Rs with the best fit selected from the backwards stepwise regression, explained
54% of the variability in Rs and incorporated the effect of root biomass (F = 55.74, p < 0.0001) and the
interactive effect of soil water content and paddock management (F = 4.99, p = 0.03). The single-variate
model including root biomass explained 43% of the variability in Rs (Figure 3a). Soil respiration was
positively correlated with θs in the grazed paddock (p = 0.03) but was not significantly affected by θS

in the mown paddock (p = 0.2, Figure 3b).

Figure 3. Soil respiration (RS) as a function of root biomass (panel a) and soil volumetric water content
(θs, panel b) for the grazed (orange circles) and mown (blue circles) grasslands. The lines represent the
fit of linear regressions. The black line in panel a indicates identical fit for the two treatments. Only
significant correlations appear.

As for Rs, the model for δ13CRs with the best fit incorporated the effect of root biomass (F = 4.41,
p = 0.04) and the interactive effect of soil water content and paddock management (F = 9.65, p < 0.01).
This model explained 39% of the variability in δ13CRs. Soil volumetric water content had different
effects for the two paddocks (Figure 4a), with a significant effect of θS on δ13CRs for the grazed paddock
(p < 0.01), but no significant effect for the mown paddock (p = 0.6).

The model for δ13CRh with the best fit incorporated the interactive effect of root biomass and
paddock management (F = 7.63, p < 0.01) and the interactive effect of soil water content and paddock
management (F = 6.44, p = 0.01), and explained 39% of the variability in δ13CRh. The effect of root
biomass and of θs on δ13CRh was significant only for the grazed paddock (p < 0.001 for root biomass
and p = 0.04 for θs). The model for δ13CRa with the best fit was a single-variate model incorporating
only root biomass (F = 7.23, p < 0.01) and explained 10% of the variability in δ13CRa. There was no
significant effect of θs on δ13CRa or δ13CRh (Figure 4a,c).
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Figure 4. 13C isotopic signature of CO2 respired from the roots and rhizosphere (δ13CRa, panel a), the
whole soil (δ13CRs, panel b) and the root- and rhizosphere-free soil (δ13CRh, panel c) as functions of
soil volumetric water content (θs) for the grazed (orange circles) and mown (blue circles) grasslands.
The lines represent the fit of linear regressions. Only significant correlations appear.

It is noteworthy that soil temperature (Ts) ranged from 17.6 to 29.6 ◦C and was negatively
correlated with θS (F = 33.84, p < 0.0001). Because of this correlation, the effect of Ts and θS was
analyzed separately. In the model with the best fit for each backwards stepwise regression analysis,
θS was replaced with Ts, and the effect was assessed by comparing the coefficient of determination
(R2) for the models including θs and Ts. Replacing θS by Ts in the best models resulted in a lower
coefficient of determination for all the variables.

4. Discussion

4.1. Birch Effect

It is well documented that rewetting dry soils is usually followed by a burst of respiration, which
can be very short-lived [34] or last for several days [35], after which respiration rates stabilize to that of
a continuously wet soil. In our study, with a flush of CO2 starting 4 h after watering and the difference
between dry and wet soils coming to equilibrium over the few hours after that, the Birch effect was
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observed to last less than a day. Therefore, we considered measurements taken 24 h after watering for
analyzing Rs and its components to exclude the influence of the Birch effect.

4.2. Soil Water Content and Isotopic Discrimination

Changes in δ13CRa and δ13CRh with soil water content were largely insignificant, in line with
previous results where irrigated and non-irrigated plots were not found to differ significantly in
their values of δ13CRa and to marginally affect δ13CRh [17]. This may appear surprising, particularly
for the autotrophic component. Under conditions of limited water availability, plants close their
stomata, improving their water use efficiency and usually leading to lower 13C discrimination [36,37].
Moreover, substrates respired in the roots are supplied mainly by recent photo-assimilates [38,39].
We would, therefore, have expected more enriched values for δ13CRa with higher water stress and
lower photosynthetic 13C discrimination. Our result suggests that the substrates for respiration of the
roots were not tightly coupled with photo-assimilates. Water stress may reduce the phloem diffusion
rate, therefore, increasing the time lag between assimilation and utilization of compounds in the
roots and rhizosphere and resulting in photosynthesis to decrease faster than respiration rates under
water stress [38,39]. We conclude that carbohydrate reserves provided substrates for the autotrophic
component of soil respiration and were not exhausted during the 8 days following watering.

4.3. Soil Water Content and Components of Soil Respiration

The 13C signatures of CO2 respired from the roots and from the whole soil were similar in value
for high water content, ranging between −31 and −27‰. Probably due to the relatively low carbon
content at this site, the contribution of SOM decomposition to total RS was small and δ13CRs was
largely dominated by the signature from the roots, also in line with the observation that roots can be a
dominant contributor to total Rs in many ecosystems [40–42]. Not surprisingly, soil respiration was
strongly positively correlated with root biomass for both treatments.

Soil water content is a major driver of root respiration and can be the limiting factor for plant
activity in dry conditions [43–45]. When the soil was wet just after water addition, the contribution of
roots and rhizosphere respiration to total soil respiration was probably at its maximum and was close
to 100%, leading to values of δ13CRs and δ13CRa being indistinguishable. With such small changes
in the components of soil respiration (δ13CRa and δ13CRh), changes in δ13CRs must have been due to
changes in the relative contribution of the autotrophic and heterotrophic components.

Because the autotrophic component dominated soil respiration, the enrichment of δ13CRs with
decreasing water content in the grazed paddock was likely to be due to the decreasing contribution
of the root and rhizosphere component rather than an increasing contribution of the heterotrophic
component. This hypothesis is in line with the results from a laboratory study showing that microbial
activity in the rhizosphere of grassland species was less affected than root activity [46]. This enrichment,
therefore, suggests that in the grazed treatment, soil respiration decreased with water content due to a
decreasing autotrophic component.

No changes were observed in the mown treatment. Carbohydrate reserves may vary with grass
species and development stage [47]. It is possible that the plant community in the mown treatment
presented a rooting system with more carbon reserves and increased resilience to drought. Another
explanation could be found in the fact that grazing and mowing happened at different times. Due to a
farm management decision, mowing had happened shortly before the beginning of our experiment.
Grasses have been observed to mobilize their root reserves and allocate them above-ground for leaf
regrowth after cutting or grazing [48,49]. It is, therefore, possible that root exudation and respiration
were decreased due to mowing, thereby, cancelling the positive effect of adding water on root activity
observed in the grazed treatment.
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4.4. Consequences for Soil Carbon Sequestration

Agricultural management practices are known to influence the fate of soil carbon stocks, in
interaction with climate and soil properties [5]. Although permanent grasslands are known to have a
strong potential to store carbon below ground [24], soil carbon sequestration may be reversible under
the effect of climate change and changes in management practices, particularly those involving soil
disturbance [25]. Our results showed that different management practices and decisions are strong
contributors to determine the response of soil carbon dynamics to soil water content. Although we
were not able to conclude directly about which of mowing or grazing management will enhance
drought resilience, we showed that the adaptation and resilience of agricultural grasslands to an
intensified global water cycle will likely strongly depend on management practices and decisions.
These decisions will, therefore, determine the magnitude of climate-induced changes in grasslands soil
carbon stocks and should be the subject of careful evaluation.

5. Conclusions

Soil respiration in grazed and mown grasslands responded differently to changes in soil water
content. It is possible that the unsynchronized cutting and grazing regimes partly explained this
difference. Our results suggest that farm management practices and the timing of management
decisions potentially alter the relationship between soil carbon dynamics and soil water content.
Therefore, management choices and decisions will likely significantly contribute to driving changes
in soil carbon stocks under the influence of climate change as the global water cycle changes and
the intensity and frequency of droughts increase. More studies are needed to fully identify which
management practices can lead to increased resilience and adaptation of grassland ecosystems
to drought.
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Rs Soil respiration
δ13CRs

13C isotopic signature of CO2 respired from the whole soil
δ13CRa

13C isotopic signature of CO2 respired from roots
δ13CRh

13C isotopic signature of CO2 respired from root and rhizosphere free soil
θs Soil volumetric soil water content
Ts Soil temperature at 100 mm depth
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Abstract: Natural grasslands are being progressively degraded around the world due to
human-induced action (e.g., overgrazing), but there is neither a widely accepted conceptual framework
to approach degradation studies nor a clear definition of what “grassland degradation” is. Most of
the drivers, processes, and consequences related to grassland degradation are widespread and are
usually separately quoted in the literature. In this paper, we propose a comprehensive framework
with different conceptual categories, for monitoring grassland degradation, and a new definition
based on current ones. We provide a conceptual update of grassland degradation based on a
literature review and an expert survey, focused on the Río de la Plata grasslands (RPG). We identified
“drivers” as external forces or changes that cause degradation; “processes” as measurable changes in
grasslands conditions that can be evaluated using indicators; and “consequences” as the impacts
or results of the process of grassland degradation. We expect that this conceptual framework
will contribute to monitoring programs, to support management decisions, to design conservation
measures, and to communicate the importance of grasslands conservation and the different concepts
involved. Particularly for RPG, we expect that this paper will contribute to promote sustainable
management practices in this important and often neglected ecosystem.

Keywords: productivity; forage; biomass; species diversity; indicators; grazing

1. Introduction

Grasslands cover an estimated area of 40% of the land surface [1]. There are different types of native
grasslands, with communities determined mainly by climate and soil conditions, by grazing animals
and by fire [2]. Globally, grasslands make a significant contribution to food security, providing forage
for ruminants used for meat and milk production [3,4] and by the provision of many other important
ecosystem services for human well-being [5,6]. However, the status of grasslands conservation varies
around the world, but it is generally far from satisfactory [7]: they have shown signs of degradation,
due primarily to overgrazing [2,8–12], other improper management practices [13–20], and climate
change [12–14,16–18,20]. In fact, grasslands are among the ecosystems with the highest species richness
in the world [21]. A global estimation of Gang et al. [17] showed that almost half of grassland
ecosystems were degraded and almost 5% of these grasslands experiences strong to extreme levels
of degradation.

Given its relevance, grassland degradation has become an emerging topic in the fields of
grassland management and environmental protection. Even though many authors and international
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organizations call for preservation of natural grasslands [13,22,23], there is not a consensual definition
of what natural grassland degradation is. The conceptual definitions of degradation are very broad,
involving the deterioration of grassland quality, productivity, economic potential, service function,
recovery ability, and diversity [24]. Others focus only on the decline of forage production or grassland
productivity [9,25–28], and others incorporate invasion of non-native plant species [29,30], dominance
of non-palatable species [31] or functions related to biogeochemical and water cycle [12,32–34].
In summary, the term “degradation” referring to the condition of a natural grassland, is widely used in
different circumstances by different stakeholders, from researchers and rural extension agents, to policy
makers, without a common agreed definition. These extremely variable definitions of grassland
degradation reflect the wide variety of services expected from this ecosystem, with each definition
corresponding to one or a few services.

Although definitions differ across human and environmental contexts, we argue that all of them
can be grouped in conceptual categories related to degradation: e.g., drivers, process, or consequences.
Many research reports focus on the process indicators of grassland degradation: e.g., Cao et al. [35]
define the degradation as “an adverse reduction in biodiversity and biomass production, increased soil
erosion, and nutrient loss”. Wick et al. [15] in contrast, focus on consequences and define grassland
degradation as the reduction in their ability to provide ecosystem goods and services. Other studies
combine different conceptual categories, such as consequences and process indicators: “degradation
( . . . ) leads to desertification, reduces grassland productivity and biodiversity” [36]; others combine
drivers and process indicators: overgrazing, woody-plant encroachment, and invasion by non-native
plant species, led to the reduction in the quantity or nutritional quality of the vegetation available for
grazing” [29]. Clarifying these conceptual categories is crucial to build conceptual models that can
explain the dynamics of grassland degradation and restoration.

Understanding the forces that drive the state of grasslands ecosystems, is an important first step
for preventing their degradation. For this task, the State and Transition Model (STM) [37], simple
diagrams that conceptualize the complex dynamic of the vegetation, which has been proposed as a
useful tool to assess grassland management and conservation [38]. According to these models, there are
“normal” or non-degraded vegetation states that are known to be very stable, since they rapidly return
to its original condition after a small perturbation. However, discontinuous and irreversible changes
(at least in the medium term) occur after a major disturbance, when the thresholds are exceeded and,
a “normal” stable state is replaced by an alternative stable but unwanted (degraded) one [15,39]. It is
frequently reported in the literature that primary driving forces of grassland degradation, which can be
grouped into natural events (e.g., the increase in the frequency of extreme drought) and anthropogenic
(management) factors (e.g., overgrazing or grazing abandonment) or by the interaction of both factors,
can cause discontinuous changes in vegetation compositions that are non-reversible. These transitions
to degraded communities are triggered when the driving forces overcome the resilience of the reference
community [40,41]. However, the dividing line between what is considered “normal” and what is
considered degraded is far from absolute.

Much has been studied about degradation in water-limited grasslands [8,12,42–44], which are
ecosystems very prone to soil desertification. In these grasslands, prolonged droughts and overgrazing
are commonly recognized as the two common underlying drivers that lead to degradation. However,
in mesic and humid grasslands, which are alternatively limited by temperature, water and nutrients,
an in-depth synthesis of knowledge is needed to understand driving forces, process, and consequences
of grassland degradation.

Given the importance and the need for preserving natural grasslands for livestock production and
diversity, it is essential to reach a conceptual framework to study the process of grassland degradation.
Considering de Quiroz [45] statement that degradation is intrinsically related to human management
objectives, we believe that there is a need for a review of the studies conducted in grasslands used
for livestock production. In this context, important questions arise: what is the condition of a
degraded natural grassland? Which are the main drivers that influence grassland degradation? How
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ecological process are affected by grassland degradation? What are the main consequences of grassland
degradation? The goal of this paper is to provide a conceptual update of grassland degradation based
on an extensive worldwide literature review and an expert survey focused on the Río de la Plata region.

2. Methodology

2.1. Literature Review

A literature search was conducted in December 2016 with the main objectives of identifying the
drivers, process indicators, and consequences related to degradation. We first used the free search
engine Google Scholar (https://scholar.google.com/) to search across a wide range of academic sources
and not only peer-reviewed literature. We searched by the terms “natural grassland degradation”
and “rangeland degradation” related exclusively to livestock production; a complementary search in
Spanish was conducted with the terms: “degradación”, “campo natural” and “pastizales”. Search
in Portuguese was omitted, even though it is a very important language and the “Campos” region
includes Brazil, due to the fact that in general the Brazilian journals have abstracts in English. Although
there are many uses of natural grasslands such as recreation, hunting, and conservation, we address
the issue of degradation of natural grassland, not of those intensively farmed.

A total of 5910 results were obtained: 5345 from the English-language search and another 565 from
the Spanish-language search. Since we wanted to conduct an in-depth analysis of the concepts and
indicators used to describe grassland degradation around the world, we limited our analysis to the
most-cited 100 papers, though substitutions were made to ensure that at least one paper from each of the
major grassland regions was represented (South American, North America, East Europe, Asia, Australia,
and South Africa). Out of these 100 papers, we identified and systematized 27 papers that provided an
explicit definition of grasslands degradation (see Supporting material in supplementary file).

Additionally, and to enrich and reinforce drivers, process indicators, and consequences and the
conceptual framework, we updated the literature review by specifically searching in different scientific
databases (Scopus, Science Direct, Springer, JSTOR, among others). As a result of this new search,
an additional 40 papers were also systematized.

2.2. Expert Survey

To adapt our propose conceptual framework to the focus region, we center the expert survey on a
regional level. We then conducted a regional survey focused on the Río de la Plata Grasslands (RPG).

This survey was first sent to the regional authors with more citations on “Río de la Plata Grasslands”
research, and to take advantage of the expert network, we applied a “snowball sampling” technique [46]:
we asked the experts to recommend three more people to whom the survey should be sent. This second
group of experts was added to the expert list and surveys were sent to them as well. The survey was
first conducted via email or phone, between July 2014 and March 2016.

The survey target population [47] consisted of 39 experts from different institutions: 54% from
universities (Departments of Agronomy or Natural Sciences/Ecology), 13% from the private sector
(agronomic advisors and/or farmers), 33% from other institutions (research institutes, extension institutes
or the government, and non-profit organizations). The respondent’s disciplinary backgrounds were
85% Grassland management scientists and 15% Botany/Ecology. Only 8% were women. In terms of
nationality, 22 were Uruguayans, 11 Argentineans, and 6 Brazilians.

Five purposely open-ended questions were included in the survey: 1. What do you consider to be
a degraded natural grassland and how can you define it? 2. Mention three relevant indicators that you
would use to characterize a degraded natural grassland. 3. How do you define a non-degraded natural
grassland? 4. Mention three relevant indicators that you would use to characterize a non-degraded
natural grassland. 5. Identify two or three of the most relevant characteristics that could be used to
differentiate the two conditions.
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3. Conceptual Framework for Grassland Degradation

In the present study, we established a framework that identified three distinct conceptual categories:
drivers, processes, and consequences of natural grasslands degradation (Figure 1). For this work,
we define “drivers” as the external forces or changes that can cause degradation, such as overgrazing
or land use change. “Processes” are the conditions that create a sequence of changes in the properties
of the grassland ecosystem, and can be evaluated using indicators, such as reduction in plant growth.
We use the term “process indicator” as a variable used to measure and infer a conclusion from the
phenomenon of degradation [48], such as vegetation height or bare ground cover. Finally, we consider
“consequences” as the impacts or results of the process of grassland degradation, such as reduction in
the Aboveground Net Primary Productivity (ANPP).

Figure 1. Conceptual framework of drivers, processes, and consequences of natural grasslands degradation.

3.1. Which Are the Main Drivers that Influence Grassland Degradation?

In Akiyama and Kawamura [9] review, they discussed several mechanisms of grassland
degradation highlighting climate change and anthropogenic disturbances as the two main underlying
factors that lead to degradation. Globally, the factors of climate change most related to grassland
degradation are warming and the increase in the frequency of prolonged droughts [13,16,17,33,35,49].
Liu et al. [18], Gang et al. [17], Yang et al. [50], and Zhou et al. [20,51] presented quantitative assessments
of the relative roles of climate change and anthropogenic perturbations, revealing that any of them
can be the dominant driver of degradation depending on the study context. However, most of these
studies did not consider the interactions between drivers. In this sense, Sala et al. [52] shows that there
is clear evidence to support nonlinear responses of ecosystems and synergistic interactions among
many global drivers of biodiversity change (e.g., invasions of alien species that are promoted by both
human disturbances and climatic changes). On the other hand, Klein et al. [53] evince a decrease on
ANPP and forage quality (for a of 1.0–2.0 ◦C warming) but also showed an interaction with grazing
that could mitigate that decline. Additionally, Carlyle et al. [54] analyzed different grasslands types
and found, by manipulating temperature, water, and grazing conditions, that biomass production
depends on the interaction between the three variables under site-specific conditions.

Overgrazing, which occurs when stocking rates exceed the carrying capacity of grasslands, is the
most widespread anthropogenic driver of degradation [9,55,56]. In fact, stocking rates are less variable
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than the carrying capacity, and this is ultimately related to primary production and, therefore, to the
climatic conditions. In this way, overgrazing clearly interacts with climate variability. In this regard,
Liu et al. [18] report that Mongolian steppe degradation can be attributed both to climate change (decreasing
precipitation and increasing temperature) and to the increase in the stocking rate. On the other hand, extreme
under-grazing (or grazing abandonment) could also be a source of degradation affecting productivity and
species composition. Although long term livestock exclosures increased standing biomass and vegetation
cover, and they may be a useful management tool to restore the vegetation in degraded grassland of arid
regions [57,58], they sometimes decreased grassland biodiversity [59,60] and ANPP [59].

Regarding grassland degradation, there is a long-standing controversy about the use of fire.
On one hand, Snyman [61] suggested that fire may potentially degrade semiarid grassland based on
the fact that the recovery of the above and below ground biomass production and water use efficiency,
took at least two years after burning. On the other hand, the use of fire appears to be relevant in
fire-prone communities (e.g., mesic grasslands) where fire is an evolutionary force that has been used
for hundreds of years to maintain grassland structure and function [62].

Finally, the improper fertilization and/or exotic species introduction [63–65] and invasive alien
species [66] are also other important factor influencing grassland degradation.

3.2. How Ecological Process Are Affected by Grassland Degradation?

3.2.1. Energy Flux

The most direct signs of grassland degradation are the change in vegetation parameters such as
the decrease in litter mass, vegetation cover and height [12,31,67,68]. At the same time, the decline
in vegetation vigor in degraded grasslands is also reflected in the decrease of the canopy leaf area
index. This is highly relevant, since the leaf area index is one of the main controllers of the primary
production through its role in the photosynthesis [69–71]. On the other hand, the decrease in vigor
of the vegetation could be accompanied by the substitution of high forage quality species for low
forage quality ones [8,31,35,67]. This species turnover could lead to a lower leaf area efficiency than
non-degraded grasslands and, therefore, to a greater reduction in plant growth.

3.2.2. Biogeochemical Cycles

Grasslands have a high potential for carbon storage; however, this capacity strongly depends
on how grasslands are managed [72]. The decrease in litter and plant cover in degraded grasslands
can lead to a slowdown of the nutrient cycling [67,73,74] and to a significant reduction of soil organic
carbon [12,74–79] and nitrogen [80]. Additionally, the reduction in plant cover also results in a reduced
infiltration, which in turn, increases soil erosion [81] and reduced soil water content [82]. This process
can also slow down even more the nutrient cycling process via feedback cycles.

3.2.3. Water Cycle

The hydrological functioning of grasslands could change dramatically by the decrease in plant and
litter cover. The decline in plant cover can lead to an increase in soil bulk density and a decline in the soil
structural stability [67,83,84]. The degradation of grasslands increases evaporation rates [85,86] and surface
runoff [83,87], reducing soil-water infiltration capacity [67,83,84]. This in turn reduces the effective soil
water content [43] and increases soil loss due to erosion [88], leading to greater risks of degradation [89].
This process is highly relevant in semiarid regions, where plant and litter cover are scare per se.

3.3. What are the Main Consequences of Grassland Degradation?

In countries with most of the territory occupied by grasslands and where extensive livestock
production is an important economic activity, grassland degradation can cause significant economic
and environmental problems. Some economic consequences arise, such as the decreased capacity to
produce commodities [24,45,90] (e.g., meat and wool). This occur because degraded grasslands have
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a decreased capacity to provide forage for livestock (e.g., decreased ANPP) [8,18,24,26,35,55,91,92].
In addition, in degraded grasslands, high forage quality species could be replaced by low productive
species [8,31,35,67], with the consequent loss of forage nutritional value [31]. Such changes imply a
reduction in the carrying capacity and, therefore, a reduction in livestock production [9,56].

The degradation of the ecosystem services (benefits that society receives from ecosystems)
involving water and nutrient cycle, energy flow, climate regulation, biodiversity and erosion control
among others [6], has been repeatedly reported as one of the main consequences. Wen et al. [93] reported
that primary production and other ecosystem services (carbon storage, nitrogen recycling, and plant
diversity) of degraded grassland were always lower than those provided by non-degraded ones.

Changes in surface properties of the ecosystems, could severely affect the energy balance,
which may affect the regional climate [94–96]. The decrease in litter quantity, vegetation height and
biomass [12,31,67,68]; the replacement of high forage quality species by low quality ones [8,31,35,67];
the increase in runoff and soil losses [88]; and the decrease in litter [73], are key processes that, separately
or together, can lead to a reduced plant growth which results in a lower secondary production.

Grassland degradation decrease soil organic carbon and nitrogen stocks and promote the emission
of greenhouse gases into the atmosphere [12,80,93]. According to the two-year study of Zhang et al. [80],
total carbon and nitrogen stored in a semiarid grassland ecosystem was reduced, under severe
degradation conditions, by 16% and 10% respectively. Indeed, in a comprehensive meta-analysis
Dlamini et al. [79] showed that grassland degradation reduced soil organic carbon by 16% and 8% in
dry and wet climates, respectively. In some regions, degradation goes beyond its effects on ecosystem
services, as it can lead to the completely loss of grassland habitat or to desertification [97].

Other important consequence of grassland degradation is the loss of animal and/or plant
biodiversity [24,35,65]. Grazing usually increases species richness in mesic grasslands, while it generally
reduces species richness in semiarid and arid grassland [98–100]. Even though there are some analysis
as the one reported by Eldridge et al. [101], where grazing reduces ecosystem structure, function, and
composition on different bioclimatic conditions (arid to humid and sub- humid) in Australia, the negative
effects of grazing were greater in drier environments. Nevertheless, the way in which species decrease
in overgrazed grasslands is mostly dependent on the grazing history and the position on the moisture
gradient [102]. In mesic grasslands with long history of grazing, the peak of species richness generally
occurs under moderate grazing intensities [102–104], meanwhile in sites with short history of grazing this
peak happen at light grazing intensities. On the other hand, in semiarid grasslands with a long history of
grazing, this peak take place at light grazing intensities, and then, as grazing intensity increases, species
richness should decline slightly; meanwhile in sites with short history of grazing the species richness
decrease linearly with the increase of grazing from non-grazed to severe grazing intensities [102,103].

4. Conceptual Framework Adapted to RPG

The South American RPG are one of the largest temperate and subtropical grasslands regions
in the world. The RPG cover the central-eastern part of Argentina, most of Uruguay and southern
Brazil [105] (Figure 2).

In the RPG, extensive livestock production has taken place for more than 300 years and therefore
stocking rate management is a key factor for grassland conservation [106]. Specifically, the RPG have
a predominance of C4 grasses, and C3 grasses to a lesser extent, and are the habitat of 4864 plant
species [19]; 385 bird species and 90 mammal species [107].
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Figure 2. Map of South America highlighting the Río de la Plata grasslands region. Adapted from
Miñarro and Bilenca [43].

Causes for degradation in RPG extensive livestock-based systems have been reported by many
researchers, such as: (i) overgrazing by animals [56]; (ii) invasive alien species [108]; and (iii) nutrient
addition and/or the introduction of exotic forage species into native grassland [63–65].

In RPG, animals graze all year round at relatively constant stocking rates [31], while ANPP of
these grasslands shows large seasonal and inter-annual variations [109]. Under these conditions,
grasslands can become recurrently overgrazed, mainly when periods of low forage production (e.g.,
severe droughts) coincide with high stocking rates. Indeed, the decreased forage biomass and the
substitution of palatable species by unpalatable ones that can lead to a reduced plant growth and forage
quality [8,31] are some of the processes that most concern in RPG. Besides that, weed invasions [108,110]
and degradation promoted by fertilization and exotic forage species over-seeded in native grasslands
are also concern. In these cases, the invasive weeds and the over-seeded species often weaken native
species as they compete them for resources, such as space and light. However, as the over-seeded
species do not persist, they end up facilitating the colonization and dominance of invasive species [65].

The consequences of overgrazing by livestock in RPG are strongly dependent on grassland type.
Studies of Altesor et al. [59] in Southern Campos in Uruguay, Jaurena et al. [111] in northern Campos in
Uruguay, and Fedrigo et al. [56] in Campos in Río Grande do Sul-Brazil indicate that these grasslands
are particularly resistant to overgrazing. Meanwhile, in the Flooding Pampa in Argentina, the increase
of grazing intensity induces a quick replacement of C3 and C4 native grasses by exotic annual forbs
and grasses [112]. In addition, the most problematic invasive weed in the RPG is Eragrostis plana Nees,
which has already invaded 20% of the native grassland in Río Grande do Sul, decreasing native plant
diversity and livestock production [113].

4.1. How Did Experts Percived the Degradation of Natural Grassland?

According to the expert survey, in most cases, the experts recognized that the grassland degradation
is strongly dependent on grassland community, related mainly to different soil types. They referred to
degradation as a complex process that have diverse dynamics on each specific community or specific
region. Most of the experts focused on the importance of the primary (plant) and secondary (animal)
productivity. Some of grassland management specialist mentioned that the dominance of some exotic
forage species, if they are palatable and nutritious for livestock, they did not consider the presence of
these species (e.g., ryegrass Lolium multiflorum Lam.) to be an indicator of degradation. On the other
hand, others defined the degradation problem related to the abiotic conditions that cause a change in
the community state which is not reversible after the disturbance occurs.
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4.2. Which Indicators Are the Most Important to Characterize Degradation?

According to the conceptual framework previously described (Figure 1), we identified the drivers,
process indicators, and consequences related to degradation from the literature review and experts
survey. It is noteworthy that 63% of papers alluded to process indicators, 50% mentioned at least one
driver, and 36% referred to consequences. The most commonly cited drivers (46% of the papers) were
related to human-induced processes (mainly overgrazing). Loss of ecosystem processes, service and
function (24%) and soil erosion (10%) were the most frequently declared consequences.

Half of the experts identified overgrazing in specific communities as the most mentioned driver.
The most commonly cited consequences increased soil erosion (41%) followed by reduction of resilience
(including drought resistance) and the reduction of livestock production (28% each).

The most frequently mentioned indicators were vegetation or bare soil cover, productivity (ANPP
related to the potential of the community), plant species or functional groups diversity, and species
and functional type composition.

It is worth noticing that climate change was not considered to be an important driver for the
experts but is was cited on the 15% pf the papers. Although drought resistance and resilience were
mention as important consequences in the expert survey.

A comparison of the most relevant indicators extracted from the two different scales addressed in
the study (regional and global) is shown in Table 1.
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4.3. Conceptual Framework Proposed of Monitoring Río de la Plata Grassland Degradation

According to the information discussed above, a complete conceptual framework diagram
presenting the relation between those concepts is shown in Figure 3.

Figure 3. Proposed conceptual framework of RPG degradation with drivers, process indicators,
and consequences based on literature review and expert survey.

5. What is a Degraded Native Grassland?

The term “degradation” referring to the condition of a natural grassland, is widely used in different
circumstances by different stakeholders (from researchers and rural extension agents to policy makers),
without a common agreed definition. Based on our review and considering that the interaction of
grassland and herbivorous is the central key of the analysis, we propose as common definition of
grassland degradation, a retro-progressive process in which a grassland community changes to a lower
quality state, losing its capacity to be grazed by herbivores. Specifically, grassland degradation happens
when you have a general decrease in productivity, soil properties, and diversity due to human activities
and natural processes. This new definition is based on the fact that as plant communities degrade, above
ground standing biomass and plant production decrease [12,18,29,67,68], and soil-vegetation cover and
litter amount decrease too [67,74]. These effects could occur in conjunction with changes in species
composition [8,29,35,67], reductions in species diversity [24,35,65], increased soil erosion [35,67,87,88] and
augmented soil nutrient loss [67,74]; among other important effects. In all cases, different stakeholders
agree that the degradation process leads to a lower quality of grassland ecosystem.

6. Discussion

The importance of natural grasslands to food security, to the provision of ecosystem services,
and to the economy of many developing countries such as Uruguay, Argentina, and Brazil, imply
that their degradation is a major political, economic, and environmental issue. This importance is
reinforced by the experts’ perception that degradation can be increased by the effects of livestock
production intensification and climate change. Although it is widely known and repeatedly reported
in the literature that overgrazing is one of the main global drivers of degradation, the experimental
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evidence of irreversible changes to degraded states in RPG is limited and it is highly dependent on the
community type. The STMs developed in the RPG region by Andrade et al. [132] provide a conceptual
framework of stages and thresholds that help researchers to study degradation and restoration. In the
present review paper, we advance in the theoretical framework detailing the main drivers, process
indicators, and consequences. Despite some differences evidence on the global literature review and
the regional expert survey, some of the most frequently mentioned topics were the same, and they have
some common process indicators, suggesting that the problem of degradation may have a common
interpretation. Taking this into consideration, grassland degradation for livestock production could be
monitored assessing drivers, process indicators, and consequences as in the propose framework.

From our perspective, to further advance in the knowledge of grassland degradation process in
RPG, we represent the interactive effects of rainfall variability and overgrazing, in new conceptual
STMs (Figure 4A–D). Specifically, to support the decisions of ecosystem management, these models try
to link (i) multiple drivers operating simultaneously, in different site-specific conditions (e.g., soil types
bioclimatic zones and evolutionary history of grazing), (ii) the main process affected (e.g., decreased on
primary production by a reduced of the leaf area index, or the reduction on plant species diversity by
an increment on interspecific competitive exclusion for light) and its indicators, and (iii) the expected
consequences of management practices in different climatic scenarios.

Figure 4. Conceptual framework proposed for the study of grassland degradation in the RPG represented
by four state and transition models: (A) Grassland degradation by overgrazing and increased rainfall
variability in sites with short evolutionary history of grazing; (B) Grassland degradation by overgrazing
and increased rainfall variability in sites with long evolutionary history of grazing; (C) Grassland
degradation by intensification (nitrogen and phosphorous incorporation combined with over-seeding
of exotic forage species) with different grazing intensities; and (D) Grassland degradation by invasive
alien species with different grazing intensities. Drivers are remarked in blue, process in green and
consequences in red. ANPP (above ground net primary production). The two-sided arrows represent
potentially reversible processes when the disturbance is removed, while the one-sided arrows represent
an irreversible shift to a degraded state.
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Some studies conducted in the Flooding Pampas in Argentina [112,133] reveal that grazing would
induce rapid changes to alternative degraded states (Figure 4A). However, on the other hand, studies
carried out on Campos grasslands [56,134] suggest that grazing intensity and climate variability would
induce phase changes within states (slow, continuous and reversible community changes), but would
not cause change into alternative degraded stable states (Figure 4B). Similar results are reported by
Porensky et al., [135] in northern mixed-grass prairie in the USA. The differences in responses of plant
community to overgrazing, which experts mentioned repeatedly, could be related with the interaction
between grassland bioclimatic conditions and the evolutive history of grazing [103]. However, there is
a lack of knowledge in that history on a specific region with an adequate spatial-temporal resolution,
this has repercussions in being able to capture grassland dynamics (essential to understand short
term evolution). To overcome this limitation, Oesterheld and Semmartin [136] propose to consider
the regional set of species, the covariation of production and grazing intensity, and the positive biotic
interactions that protect plants from herbivores, for a better understanding of why different grasslands
communities respond differently to grazing. Additionally, invasive alien species [108] and nutrient
addition and/or the introduction of exotic forage species into native grasslands [63–65] in interaction
with grazing intensity would induce changes to alternative degraded states (Figure 4C,D).

As we already mentioned, grassland degradation has become a widespread and common problem
in different regions of the world and in this review paper we have found that different regions and
grassland types have some common drivers, process, and consequences related to degradation and thus,
have the potential to be analyzed and monitored by a common framework. However, the reviewed
articles also revealed that other drivers, processes and consequences were common within a similar
rainfall variability conditions, and different according to a bioclimatic gradient and evolutive history
of grazing. Climate change appears to be a significant driver on arid grasslands [20,50,51,137] while
it is not mentioned in humidity grasslands analysis. On the other hand, light grazing intensity or
grazing exclusion, have different effects depending on the bioclimatic region, with a positive effect on
arid environments [57,58], and a negative one on humidity regions [59,60]. Regarding consequences,
desertification is exclusively reported on arid and semiarid areas [9].

Although it seems that the responses to the underlying drivers of degradation are different between
semiarid, mesic, and humid grasslands, we suggest that this bioclimatic gradient mask the true effect
of rainfall variability. The results of Davidowitz [138] showed that more drier grasslands generally
are climatically more variable than the humid ones, so inter-annual rainfall variability is inversely
related to its mean. For many processes, inter-annual rainfall variability can be a more important
climatic parameter than the average precipitations [139]. For instance, where rainfall variability is high
in relation to its average, species need to adapt to first survive prolonged drought periods and then,
to take advantage of long rainfall periods [140]. Additionally, in arid and semiarid rangelands, the
variability in ANPP could be higher than variability in rainfall [141,142].

Although several studies quantified the effects of climate change and anthropogenic management
on grassland degradation, simulating actual vs. potential net primary production effects [17,20,50,51,135],
their interactions have not been addressed and the effect of frequency and intensity increment of extreme
precipitation events on grassland degradation, remains almost unexplored.

In this review, we found that most of grassland degradation studies were conducted in water-limited
grasslands. In these grasslands, prolonged droughts and overgrazing are the two common underlying
drivers that lead to degradation. Sloat et al. [143] found that grasslands regions with high rainfall
variability support lower livestock densities than less-variable areas. Considering that stocking rates
are less variable than the carrying capacity and therefore than climatic conditions, overgrazing clearly
interacts with the increased rainfall variability. From these non-equilibrium concept of grassland
dynamics proposed by Ellis and Swift [144], it has been predicted that the potential degradation by
overgrazing is low in environments with relatively high rainfall variability. These studies argue that
in periods of drought, herbivores population is reduced, thereby decreasing their potential to degrade
grasslands. We consider that this application of the non-equilibrium concept could contribute to
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understand the dynamic of wildlife-based ecosystems where animals self-regulate their populations
during prolonged droughts. However, this is not the general case in extensive livestock-based systems
where farmers seek to maximize profit. In this context, farmers have two contrasting scenarios for the
application of management practices to mitigate drought effects. On one hand, they could provide
supplemental emergency feed (e.g., crop residues or grain by-products), use stockpile forage and facilitate
the access to water sources to minimize animal mortality and to avoid weight losses in drought periods,
maintaining the stocking rates. This managements practices could lead to a positive feedback that cause
further degradation [145]. As a second option, if these same management options are combined with the
reduction of the stocking rate to match availability of lower forage and to minimizes the effect of grazing
on vegetation, a negative feedback could probably occur that will prevent degradation.

The diversity of grasslands, the differential impacts of climate and management on them, and the
variety of uses and human dimensions throughout the world, are the main reasons for the coexistence of
different conceptual significances of degradation. de Queiroz [45] state that definitions of degradation
are different depending on the human management objectives. Given that these objectives can differ,
the definitions of what constitutes degradation also differ. We argue that definitions can also differ due
to emphasis on different conceptual categories related to degradation and that is why it is important of
clarify these conceptual categories. Moreover, the concept of degradation does not denote the same
set of conditions for different stakeholders. Bedunah and Angerer [5] highlighted the complexity
of the term degradation by claiming that rangeland scientists need to have a key role in collecting,
understanding, and commenting on degradation definitions used by stakeholders. Agreeing on a
definition of a complex concept such as grassland degradation is also important for research purposes,
since it contributes to identify what processes need to be described and which variables need to be
measured to systematically assess the degree of degradation.

7. Conclusions

Grassland degradation has multicausal drivers; however, the complexity of this process remains
mostly unexplored, since most of the studies focus on single drivers of vegetation change. From our
study, we proposed a new conceptual model which consider the multiple drivers that operate
simultaneously and their interactions in different site-specific conditions.

Despite the difference in scale (global and regional), some of the mentioned topics were the same
and they have some common process indicators suggesting that the problem of degradation, may have
a common interpretation and can be analyzed with a common conceptual framework.

We believe that the proposed conceptual framework for the degradation of grasslands used for
livestock production is a valuable contribution to monitoring programs and to support grassland
management decisions, by clarifying the different concepts involved in the process (drivers, process
indicators, and consequences) and structuring the degradation analysis allowing identifying key
aspects. In addition, the framework could be a useful tool to communicate the importance of grasslands
conservation, both to a general audience and to specialists in the field.

Despite this, we also found that some drivers, process, and consequences were common within a
bioclimatic zone and could be different along a bioclimatic gradient. This gives some particularities
to the systems that needs to be abroad and could be also analyzed according to the proposed
conceptual framework.

Considering the RPG region, we expect that this paper will contribute to reach a conceptual
update of grassland degradation based on the mentioned concepts that can help to promote a dual
goal of production and conservation in this important and often neglected ecosystem.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/5/239/s1,
supplementary file: Supporting Literature review.pdf.
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Abstract: Adoption of better management practices is crucial to lessen the impact of anthropogenic
disturbances on tallgrass prairie systems that contribute heavily for livestock production in several
states of the United States. This article reviews the impacts of different common management
practices and disturbances (e.g., fertilization, grazing, burning) and tallgrass prairie restoration on
plant growth and development, plant species composition, water and nutrient cycles, and microbial
activities in tallgrass prairie. Although nitrogen (N) fertilization increases aboveground productivity
of prairie systems, several factors greatly influence the range of stimulation across sites. For example,
response to N fertilization was more evident on frequently or annually burnt sites (N limiting) than
infrequently burnt and unburnt sites (light limiting). Frequent burning increased density of C4

grasses and decreased plant species richness and diversity, while plant diversity was maximized
under infrequent burning and grazing. Grazing increased diversity and richness of native plant
species by reducing aboveground biomass of dominant grasses and increasing light availability for
other species. Restored prairies showed lower levels of species richness and soil quality compared to
native remnants. Infrequent burning, regular grazing, and additional inputs can promote species
richness and soil quality in restored prairies. However, this literature review indicated that all prairie
systems might not show similar responses to treatments as the response might be influenced by
another treatment, timing of treatments, and duration of treatments (i.e., short-term vs. long-term).
Thus, it is necessary to examine the long-term responses of tallgrass prairie systems to main and
interacting effects of combination of management practices under diverse plant community and
climatic conditions for a holistic assessment.

Keywords: biomass; fertilization; grazing; burning; restoration

1. Introduction

Tallgrass prairie, North America’s most endangered ecosystem, had occupied more than 68 × 106

ha of the North American Great Plains before European settlement and the acreage of native prairie has
declined as high as 99.9% by now [1]. Tallgrass prairie grasslands still contribute heavily for livestock
production in several states of the United States. These grasslands can range from unmanaged low
productive systems to highly managed high productive systems. Overall, grasslands are usually
managed less effectively than croplands. In addition, tallgrass prairie grasslands frequently experience
several disturbances such as grazing, fire, and drought. Thus, understanding the consequences of
different management practices and disturbances on the plant community composition and production,
nutrient cycling, and microbial activities in tallgrass prairie is of great importance for both economic
and conservation purposes. However, the response of tallgrass prairie systems to management
practices and disturbances is complicated as the prairie system consists of both C3 and C4 grasses
and C3 forbs, and these species behave differently due to significant differences in phenology, root
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morphology, and mycorrhizal dependence. Variability in the fraction of C3 and C4 species are
correlated with several environmental and management factors [2,3]. Changes in plant growth
and plant community composition due to different management practices and disturbances can have
profound impacts on both quantity and quality of biomass (hay or forage) production, quantity and
quality of organic substrates [4], and ultimately on soil microbes and their activities as soil microbes
play a key role in cycling and storage of soil carbon (C) and nitrogen (N) via decomposition of root
and litter inputs.

Although previous studies have explored the impacts of management practices and disturbances
on responses of tallgrass prairie systems, the findings are inconsistent for different intensities,
frequencies, climatic conditions, and timing of disturbances (e.g., grazing and burning) and
management practices [5–7]. For examples, burning reduced microbial C during dry years but
increased in normal or wet years [8]; application of fertilizers was more effective in wet years than dry
years [9]; N fertilization was more effective to increase production on frequently or annually burnt
sites compared to infrequently burnt and unburnt sites [10]. In addition, the focus of most past studies
has been on a single treatment (e.g., burning or grazing) as the response of vegetation to a treatment
might be affected by another treatment. For example, fire favors C4 growth dominance, while fire
and grazing together maximize diversity in tallgrass prairie [11]. In addition, as most studies are
short-term (2–3 years), long-term impacts of treatments might change which remain poorly understood.
For example, large shifts in plant compositional changes (shift towards C4 grass dominance) occurred
within three years of prairie establishment and became much smaller after three years, most likely due
to competition of soil resources [12]. Likewise, the abundance of C3 grasses decreased as the study
progressed in N fertilized prairies [13]. Thus, it is necessary to assess long-term potential consequences
of fertilization, grazing or removal of biomass by harvesting, and burning on forage production,
microbial biomass and activity, and nutrient cycling in tallgrass prairie.

There have been increasing efforts including the Conservation Reserve Program (CRP) from
government and private organizations to restore diverse prairie in agricultural sites with the goal of
reestablishment of native plant species [14,15]. Some previous studies have reported that restored
prairies little resembled the species richness of native remnants even after several decades of
restoration [16]. However, changes in plant species composition and ecosystem properties in restored
tallgrass prairies are not well understood [12]. The major goal of this article is to review the independent
and interactive impacts of different common management practices and disturbances and tallgrass
prairie restoration on plant species composition, plant growth and development, water and nutrient
cycles, and microbial activities in tallgrass prairie systems. However, the response of tallgrass prairies
to management practices and disturbances may show inconsistent results across space and time due to
different functional traits (e.g., different mixture/proportion of C3 and C4 species, and root structures)
and different geographical distributions (e.g., lowland prairie with deeper and moister soil and upland
prairie with shallow and drier soil). By reviewing a wide range of research from different parts of the
tallgrass prairie region, this article summarizes key and consistent responses, highlight inconsistent
responses of tallgrass prairie to major management practices, and point out knowledge gaps. Having
a thorough understanding of the impacts of major management practices and disturbances in different
settings of climate, functional traits, and time periods can offer better insights into developing and
adopting sustainable management practices and better predicting forage quality and quantity for
tallgrass prairie systems.

2. Impacts of Management Practices and Disturbances

2.1. Fertilization

2.1.1. Biomass Production

It is well known that aboveground biomass is increased by fertilization, particularly N [17,18].
For example, aboveground biomass was increased by 24–44% with moderate (84 kg N ha−1 yr−1) N
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fertilization in a prairie site in Iowa [13]. However, previous studies have shown that the response
of tallgrass prairie vegetation to N fertilization is influenced by other management practices or
disturbance history. For example, N fertilization (100 kg N ha−1 yr−1) increased aboveground biomass
production by approximately 40% in more than three years older prairies and by >50% in 1–3 year old
reconstructed prairies in southern Minnesota [12]. Fertilization (100 kg N ha−1 yr−1) of a native
tallgrass prairie in the Flint Hills regions of Kansas increased aboveground biomass by 57% in annually
burnt sites but only by 15% in unburnt sites [19]. Similarly, N fertilization increased foliage biomass
by an average of 9% on unburnt sites for over 15 years, by 68% on annually burnt sites, and by 45%
on infrequently burnt sites in Konza Prairie, Kansas [10]. In addition, the response of biomass to N
fertilization depends on availability of soil moisture. For example, N and phosphorus (P) fertilizers in
a mixed prairie range site in Eastern Montana increased biomass yields by 32% in a dry year, but by
up to 218% in a wet year [9]. Root biomass is generally higher in unfertilized prairie [20].

Some greenhouse-based studies showed that cool-season C3 grasses (highly fibrous root systems)
did not respond to mycorrhizae or P fertilization, but warm-season prairie C4 grasses (coarser root
systems) benefited significantly from mycorrhizae or P fertilization [21,22]. However, P responses are
rarely observed in tallgrass prairie under natural system because of limitation of N and water [23].
The greenhouse experiments cannot be equated with natural situations. Another study in mixed
prairie in eastern Montana also showed that responses to P occurred only when N was not limiting [9].

2.1.2. Plant Diversity

In general, N fertilization reduces plant diversity [18] by favoring plants species that are better
competitors for light resource than for soil resources [24]. Species richness of N fertilized tallgrass
prairie decreased significantly in Kansas [25]. Forb species showed stronger production response to
N enrichment than did grasses [10]. Another study also found that forb species had the strongest
response to N fertilization followed by C3 grasses and C4 grasses, but growth rates of legumes were not
consistently stimulated when grown in monocultures in nutrient-limited soil [17]. As a result, fertilized
prairies were characterized by forbs and C3 grasses, whereas unfertilized prairies were characterized
by C4 grasses and legumes [13], but the abundance of C3 grasses decreased as the study progressed.

Although the majority of studies have reported that N fertilization reduces prairie species diversity,
early spring N application when used with a post-senescence annual harvest increased prairie diversity
in August, while unfertilized prairie had higher diversity in June in Iowa [13]. This inconsistency on
the influence of N fertilizer on species and functional group diversity was caused by the timing of the
N fertilizer application as it was applied as a single dose of N in early spring while most studies apply
N either in single or multiple doses during the growing season. Spring N application can stimulate
growth of C3 species and reduce the growth of C4 grasses, which favors the abundance of forbs later in
the growing season due to availability of more light resources [13]. These results highlight the impact
of the timing of fertilization on plant diversity.

2.1.3. Soil Chemistry and Microbial Activities

Additions of N can promote aboveground plant biomass, resulting in greater C inputs [26].
Increased C inputs to the soil stimulates the abundance and activity of microbes. Thus, management
practices that minimize the addition of C inputs in soils can reduce microbial activities. Consequently,
enzyme activity, microbial biomass, and total soil C and N were greater in fertilized prairies than
unfertilized prairies [27]. However, in a long-term (1986–1994) burnt tallgrass prairie in Kansas,
N fertilization reduced microbial C and N due to increase in acid phosphatase activity (responsible
for releasing P) and decrease in urease activity (negative relationship with inorganic N) [28]. Another
study reported that short-term N fertilization to a previously unfertilized soil had little or no effect on
microbial C and N, but long-term N fertilization increased microbial C and N by >60% in previously
unfertilized soil than in previously fertilized soil in a grassland system [29]. Relatively larger
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fluctuations in microbial biomass N, but not in microbial C was reported in fertilized prairies [27,30],
indicating that microbes use added N without simultaneous increase in C.

Seasonality of microbial biomass associated with prairie phenology should also be considered.
Microbial biomass showed seasonality in N fertilized tallgrass prairie (higher in early spring and
late-summer/early fall, and lower between March and July with the initiation of plant growth) [8].
Decrease in Microbial N coincided with plant N uptake with the initiation of plant growth in tallgrass
prairie. As a result, inorganic soil N concentration was lowest in August due to greater plant
uptake even though a high amount of N (100 kg N ha−1) was applied after June [28]. However,
the concentration of soil N increased from August to October because of mineralized N from plant
tissues returned to soil during vegetation senescence. Microbial activity in N fertilized prairie was
dominated by bacteria (lower C:N ratio) than fungi [8]. In addition, N enrichment significantly altered
bacterial community diversity in Konza prairie, Kansas [31].

2.2. Burning/Fire

Burning of tallgrass prairie is a commonly recognized disturbance regime and it has become
a necessary and an important management tool for prairie systems to maintain dominant C4 grass
species, to stimulate plant production, and to improve quality of prairie grasslands. Burning of
tallgrass prairie has a profound influence on plant physiological status and growth [32].

2.2.1. Plant Growth and Production

In general, burning of tallgrass prairie increases above- and belowground plant productivity [33].
Enhanced plant growth after burning can be attributed to earlier vegetation green-up due to greater
soil heating, greater N availability due to increased N mineralization from soil organic matter (SOM) as
a consequence of elevated soil temperature, increased solar radiation at the soil surface due to removal
of the litter layer, changes in site biophysical properties, and plant physiological responses [34–36].
Soil warms more rapidly and remains warmer throughout or most of the growing season in burnt areas.
Removal of dead vegetation by burning resulted in earlier greening-up and more rapid growth of
warm-season C4 grasses in the early growing season than at unburnt native prairie sites [37]. Burning
also increased stem tiller density in tallgrass prairie [38]. Reduction in light levels by litter reduced
plant growth in unburnt prairie [39]. Higher forage yields of burnt prairies than ungrazed, unmowed,
and unburnt prairies [40], and similar forage yields of mowed or dead vegetation removed plots
as compared to burnt plots [41,42] indicate that removal of old or dead vegetation is an important
factor for higher yields in tallgrass prairie. Root growth was increased by 25% at the annual burnt site
compared to the unburnt (for four years) site at Konza Prairie, Kansas as plants compensate for N
limitation in annually burnt sites by increasing allocation of roots [43]. Infrequent fire at certain times
of the year tends to increase plant growth and palatability of forages [44].

2.2.2. Species Composition and Nutrient Cycling

Absence of burning in tallgrass prairie systems for a long period may increase invasion of woody
species and alter plant species composition [45,46]. Accumulation of detritus in absence of fire reduces
available light energy, changes microclimate and plant physiological processes [34], and results in
decline in species richness [47]. Warm-season C4 grasses were favored in burnt tallgrass prairie plots
at the expense of woody species and forbs [25].

Nutrients bound in litter are released as ash on the soil surface by burning. Because of the
conducive conditions for free-living N fixers under burning and the ability of the dominant perennial
C4 grasses to translocate much of the N from aboveground vegetation to root systems prior to
senescence [48], little N is lost by dormant-season fires. However, C and nutrient balance of grasslands
are decreased by removing dead aboveground biomass in fires [34], resulting in low C and N inputs
into the soil. Thus, frequent spring fires reduced mineralization rates and availability of N in burnt
than unburnt prairie [49]. Moreover, plant N demand increases because of greater N uptake by greater
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plant biomass in burnt sites [28]. This N deficient condition allows a competitive advantage to shift
towards C4 species with high nitrogen use efficiency (NUE), while build-up of a thick surface litter
layer in the absence of fire slows down the decomposition of SOM and increases organic C and
N, and consequently, favoring C3 species [38]. Other studies also reported that high light and low
N environments caused by burning favored the growth of dominant C4 grasses in native tallgrass
prairie [50,51].

Time of burning also alters species composition. Winter and spring burning increased species
richness in ungrazed prairie in Kansas [52], while late spring burning decreased forbs [38]. All burn
regimes increased big bluestem, spring burning increased Indian grass, and autumn and spring burning
increased forbs. However, total biomass production did not show significant differences among
autumn, winter, or spring burns [53]. The dominance of C4 grasses was increased and the abundance
of cool-season species was reduced in Konza prairie, Kansans by frequent spring burning [40], thereby
reducing species richness [11]. However, species richness may increase under occasional spring
burning [54], likely by opening spaces for seedling establishment. Summer burning increased the
abundance of cool-season C3 species and reduced C4 grasses, and fall and spring burning increased
forb density in a northern mixed prairie site, USA [55].

Frequency of fire is also important for regulating species composition, soil moisture, and nutrient
cycling. Infrequent fire increased woody vegetation [56], while frequent fire increased C4 grasses
and decreased C3 grasses and forbs and overall plant species richness and diversity. Another study
also showed that the species richness of forbs was reduced by increased burn frequency in a tallgrass
prairie at Konza, Kansas [57]. The frequency of burning affects nutrient (C and N) cycling differently
due to differences in input of litter or pyrogenic organic matter (py-OM) [58]. Decomposition of
aboveground litter is a major process of SOM accumulation. Decomposition of litter releases C and N
in mineralized forms, while the py-OM remained unused and intact by soil decomposers for a long
time [58]. Although substitution of litter inputs with more recalcitrant plant inputs such as py-OM
by burning might contribute to C and N sequestration in the soil, input of py-OM which is resistant
to microbial degradation and lack of fresh litter for microbial decomposition infers N limitation [58].
Consequently, regular burning of tallgrass prairie inhibits C and N cycling in soil. Over the short-term,
fire in the tallgrass prairie at the Flint Hills near Manhattan, Kansas enhanced above- and belowground
plant biomass, microbial activity, and NUE, but repeated annual burning over a long-term significantly
reduced soil organic N, N availability, and microbial biomass, and increased C:N ratios in SOM [59].
Inorganic N increased by 14% after the first-year burning and decreased by 8% after repeated burning
in tallgrass prairie [60] due to higher N uptake associated with more plant growth. Unburnt prairie
sites had greatest, annually burnt sites had lowest, and infrequent burnt sites had intermediate levels
of inorganic soil N and cumulative net N mineralization at Konza Prairie, Kansas [49].

Soil respiration was higher in frequently burnt tallgrass prairie due to greater root respiration
and lower N mineralization rates relative to unburnt or infrequently burnt sites at Konza Prairie,
Kansas [43]. Similarly, magnitudes and annual estimates of soil C emissions were higher in more
productive burnt sites than in unburnt sites at Konza Prairie, Kansas [61]. The NO3

− concentration
in soil solution was higher in unburnt prairie [62]. Consequently, unburnt tallgrass prairie sites had
higher denitrification and N2O fluxes than in burnt sites [63].

2.2.3. Soil Water Availability

Soil water availability is low in burnt sites due to increase in bare soil evaporation and plant
transpiration caused by earlier greening up and enhanced vegetation growth [6,41]. As a result,
soil water content was significantly reduced by burning at all depths (up to 1.5 m) in bluestem prairie
in the Flint Hills, Kansas [64]. In contrast, higher amounts of litter/mulch in unburnt sites intercept
much precipitation and increase infiltration of water into soil as well as reduce soil evaporation [39].
Due to differences in soil water availability, the impact of drought on biomass production is higher at
burnt sites than unburnt sites [65].
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Time of burning also influences soil water availability. Comparison of the effects of time of
burning on soil moisture of bluestem prairie in the Flint Hills, Kansas showed that the earliest burning
reduced soil moisture the most due to greater runoff and less infiltration, and the reduction was greater
in deeper soil layers [6,64]. However, multiple factors associated with burning can alter water use
patterns of grasslands [66]. For example, dominance of C4 grasses due to burning can reduce soil water
content in top soil profile as C4 grasses rely on water from the shallowest soil, but C3 forbs and shrubs
can utilize water from multiple soil layers based on availability of water [67–69].

2.2.4. Microbial Activities

Previous studies have shown that fires can significantly alter enzyme activity, microbial biomass,
activity, and community as well. Burning affects soil enzymes, which are essential for SOM
decomposition, nutrient cycling, and microbial biomass, which are labile portions of the organic content
in soils and serve as source and sink of plant nutrients of tallgrass prairie soils [28]. However, different
enzymes respond differently to burning. Long-term burning and N fertilization (1986–1994) of tallgrass
prairie in Kansas reduced microbial C and N, but burning alone had little effect on microbial C and
N [28]. Long-term burning increased urease and acid phosphatase activities, but decreased deaminase
activity (responsible for releasing N from N compounds, contrary to urease enzyme) [28]. Such changes
in microbial biomass and the production of enzymes in long-term burning were attributed to the
change in rate of organic matter turnover. Long-term annual burning improved active pool of organic
N (N availability) due to faster N turnover [70], thereby affecting microbial biomass and the production
of enzymes.

Based on a meta-analysis of 42 published papers on microbial responses to fire, a study [71]
reported that fire reduced microbial abundance as a whole and fungal abundance by an
average of 33.2% and 47.6%, respectively, across sites. Reduction in microbial biomass can be
attributed to microbial mortality due to burning of the organic layer and heat-transfer to soil [72],
C substrate-limitation [73], and changes in soil moisture and nutrients [74,75]. However, response of
microbes to fire varied among biome and fire types. Microbial biomass reduced greatly by wildfires
than prescribed fires, and microbial biomass did not decline in grasslands but declined in boreal and
temperate forests after fire [71]. This different microbial response among biomes might be related to
differences in fire severity. Higher fuel loads can cause more severe fires in forests than in grasslands.
In particular, previous studies have reported that high severity fires reduce microbial biomass greatly
than low severity fires [76,77]. In addition, no reduction in microbial biomass in grasslands might be
related to its adaptation to less severe fire. Despite significant changes in soil environment, plant species
composition, and production by burning, there was little response to burning by the soil microbial
community [31], indicating that changes in plant communities and soil microbial communities might
correlate to each other.

2.3. Grazing or Removal of Biomass by Harvesting

Natural tallgrass prairies are grazed by wild/domestic herbivores. Grazing affects prairie systems
in numerous ways as shown below:

2.3.1. Plant Community Composition and Diversity

Grazing by large herbivores can promote plant species diversity and structural heterogeneity
in native tallgrass prairies [78,79] due to their preference on dominant C4 grasses over subdominant
C3 grasses and forbs [50]. The impacts of cattle stocking densities and grazing systems on plant
community composition and diversity were assessed for a period of 1992–1997 in tallgrass prairie in
the Flint Hills region of Kansas [7]. The study showed that grazing increased diversity and richness of
native plant species. However, grazing systems (season-long vs. late-season rest rotation) did not have
significant effect on plant diversity. Animal density was a key management to influence plant species
diversity and composition as diversity increased along with stocking density. The study reported that
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the abundance of the dominant perennial tallgrasses decreased and the abundance of the C4 perennial
mid-grasses and short grasses increased with increasing cattle stocking densities, whereas C3 perennial
grasses and perennial forbs changed a little, but annual forbs were more abundant in grazed prairie
than in ungrazed prairie. Another study in tallgrass prairie in Oklahoma also reported significantly
higher number and cover of annuals on grazed treatments than on ungrazed treatments [11]. The study
also reported increase in species richness with increasing disturbance intensity. Some other recent
studies have also reported the increased abundance and growth of flowering plant communities [57,80]
and forb species [81] in tallgrass prairies due to bison grazing.

Like grazing, removal of biomass from harvesting/mowing also alters aboveground community
composition [79]. Clipping of biomass stimulated growth of C3 species and suppressed growth of
C4 species in tallgrass prairie in Oklahoma [82]. The results indicate that shorter and shaded C3

grasses can get more light due to more open plant canopy under grazing or clipping. Thus, the overall
increase in richness and diversity by grazing, harvesting/mowing, and disturbances can be attributed
to increase in light availability for other species due to reduction in aboveground biomass of dominant
grasses [11].

2.3.2. Impacts on Soil Properties, Nutrient Cycling, and Microbial Activities

Soil compaction, greater bulk density, and deterioration of soil structure are direct impacts of
grazing on soil [83]. Change in shoot-root ratio and resource partitioning [84], and reduction in C
and N inputs to soil and substrate limitation to microbes [85] are indirect impacts of grazing/removal
of biomass on soils. Heavy grazing of prairies at the Marvin Klemme Range Research Station,
Oklahoma reduced the rate of SOM and soil nutrient accumulation due to reduced tallgrasses and
litter accumulation [86]. Grazing reduced root growth and induced faster N cycling and increased N
availability at Konza Prairie, Kansas [43]. Urination, defecation, and transforming and redistribution
of N from recalcitrant plant tissue to more labile forms by grazer animals can also significantly increase
soil N availability and cycling in grazed than in ungrazed prairie [43,79]. Enhanced biological activity
and decomposition causes higher microbial biomass N in grazed relative to ungrazed prairie [80].
However, grazing increases C limitation as shoots regrow and plants allocate less C to root systems [69],
thereby reducing belowground C inputs and microbial growth [87]. A lower soil C:N ratio also induces
more rapid N cycling in grazed than in ungrazed prairie [43]. The higher floristic quality and species
richness of grazed prairies was correlated to soil fertility traits (total soil N, organic C, and microbial
biomass C pool) [80].

Grazing can alter soil moisture and water use dynamics of grasses in several ways. Allocation
of more C to regrowth of aboveground biomass after grazing reduces root biomass, thereby limiting
shallow water uptake by grasses [43]. Grazing can reduce transpiration due to removal of biomass,
resulting in increased soil moisture [88]. In contrast, soil compassion by cattle during grazing can limit
infiltration and decrease soil moisture [84].

3. Impacts of Tallgrass Prairie Restorations

3.1. Plant Diversity

Plant functional diversity changed over years in restored tallgrass prairies [12]. Annual and
biennials dominated in the first year, perennial native composites dominated in the second year,
and there was a significant shift to warm-season C4 grasses after three years. These findings are
consistent with the findings of other studies [16,89] that community composition in restored prairies
shifts towards C4 grass dominance within few years. The cover of C4 grasses was comparable in a
5-year old restored prairie (81%) relative to an adjacent prairie remnant (79%) [16]. Similarly, the cover
of C4 grasses was 71–92% in a 35-year old restored prairie, while it was 59% in an adjacent remnant
prairie [16]. Because of C4 grass dominance, species richness of restored prairies in Illinois declined by
50% within 15 year of restoration [89], which is consistent with the findings of other studies [25,90] that
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aboveground plant diversity decreases as restoration continues. Plant-mycorrhizal interactions can also
promote C4 dominance in restored prairies as biomass of C4 grasses was enhanced by mycorrhizae but
not of C3 grasses or annuals [91]. Another study also showed that arbuscular mycorrhizal inoculum
promoted establishment of prairie species in restored tallgrass prairies even though it had no effect on
total percent of cover of plants [92].

3.2. Soil Quality

Prairie restorations can improve soil quality over time. Application of 100 kg N ha−1 yr−1

increased above ground biomass by more than 50% in 1–3 year old restored prairies and approximately
by 40% after three years [12]. Belowground productivity, litter mass, and C mineralization rates
were increased and N mineralization rate was decreased with the rise of C4 grasses in restored
prairies [12]. Another study also showed that virgin prairie remnant and long-term (21 and 24 years)
prairie restorations had significantly greater soil moisture, water holding capacity, organic matter, total
C, N, C:N, and microbial biomass, and significantly smaller soil bulk density and smaller levels of
poly-β-hydroxybutyrate and phospholipid fatty acid analysis indicators of nutritional stress compared
with the agricultural field and recently (7 years) restored prairie [93]. However, some studies have
shown that C and N mass did not show significant change over a decade in CRP and restored
grasslands [94,95]. Soil C and N on previously cultivated restored prairies was 30–40% lower than
that in native prairies even after 30–50 years [86]. The results indicate that restoration prairie sites had
intermediate soil quality indicators and microbial community structures compared with the virgin
prairie and the agricultural sites even after multiple decades.

3.3. Microbial Community

Cessation of tillage-based agriculture increased the abundance of fungi relative to bacteria
most likely due to reduced soil disturbance, and the ratio of fungi to bacteria declined through
subsequent succession when tilling ceases [96]. Note that increasing the proportion of fungi relative to
bacteria favors C accumulation as fungi are more C efficient and are composed of more recalcitrant
C compounds. However, the ratio of fungi to bacteria decreased with soil organic carbon (SOC) in
prairie soils [96], which is opposite of what has been reported in agricultural soils.

Comparison of soil microbial communities under recently established (2 years) intensive (located
in research stations) and older (at least 10 years) extensive (located in working farms or reserves)
corn, switchgrass, and prairie sites shows that soil type was more important than plant community at
recently established intensive sites and plant community was more important than soil type at older
extensive sites in determining microbial communities [97]. Higher bacterial and fungal biomass under
perennial grasses than corn indicated a greater microbial processing potential for retention of carbon,
water, and nutrients in perennial grasslands [97].

4. Discussion

4.1. Fertilization

Limitations of N and water are common for tallgrass prairies. Due to these limitations, P responses
are rarely observed in tallgrass prairie [23]. Although N fertilization generally increases aboveground
biomass and decreases root biomass in tallgrass prairies, the range of stimulation due to fertilization
varies greatly across prairie sites, depending on several factors such as nutritional status of the sites,
composition of dominant plant species, soil moisture availability, frequency of burning, and other
management practices. For example, N fertilization was more effective in wet years than dry years [9].
Similarly, N fertilization was more effective to increase production on frequently or annually burnt
sites (N limiting) compared to infrequently burnt and unburnt sites (light limiting) [10]. Overall,
results illustrated that N limited sites such as annually burnt sites or newly constructed sites benefitted
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more by addition of N. Results also suggest that unfertilized prairies should not be burnt frequently
(N limiting) to maintain higher forage production.

Although N fertilization increases forage production, it can affect forage quality by altering
plant species composition. Application of N fertilizers can bolster the competitive advantage to C3

grasses and forbs. Consequently, forbs and C3 grasses dominated fertilized prairies, and C4 grasses
and legumes dominated unfertilized prairies [13]. However, dominance of C3 grass species declined
over time, indicating the necessity of monitoring compositional changes for long-term in N fertilized
prairies. In addition, the impact of the timing of fertilization on plant species composition should be
considered. Differential production responses of plant species to N fertilization [10] further suggest
that long-term production response of each species to N fertilization should be determined rather
than examining the response of overall forage production. Because of temporal differences in plant
species diversity [13], plant diversity should be monitored throughout the growing season. In addition,
interaction effects of other disturbances or management practices and climatic variability on species
diversity should be considered.

Inconsistent effects (increase or decrease) of N fertilization on microbial N were observed in
tallgrass prairie [8,28], most likely due to differences in composition of microbial population and
nutritional status of the sites. Microbial activity shows seasonal fluctuations, and seasonal dynamics
varied in fertilized and unfertilized prairies [27]. These results indicate the necessity of investigating
seasonality of biotic (i.e., plant growth, plant community composition) and abiotic (i.e., temperature,
precipitation) factors that drive seasonal fluctuations in microbial activity to more fully understand the
responses of microbial community to N fertilization.

4.2. Burning/Fire

In general, burning increases above- and belowground biomass production, decreases invasion
of woody species, increases dominance of C4 grasses, and reduces soil moisture, soil C, and nutrient
balance in tallgrass prairie. However, the effect of burning in tallgrass prairie can vary across sites
due to differences in soil types, burning time, duration, frequency, weather conditions (i.e., dry and
normal rainfall years), dominant plant species, and several other factors. For example, drought
impact was higher at burnt prairie sites than unburnt prairie sites [65] due to reduction in soil water
availability at burnt sites. Burning reduced microbial C during dry years, but increased in normal
and wet years in tallgrass prairie in Kansas [8]. These results highlight the interacting effects of
disturbances/management practices and climatic variability on the responses of tallgrass prairie
to burning.

Most of the previous studies have generally investigated a single cause of the effect of burning
and compared results from burnt and unburnt sites. A study of the interaction of disturbances in
tallgrass prairie in Oklahoma showed that burning reduced species diversity on ungrazed treatments
and increased on grazed treatments [11], indicating the important interaction effects of burning and
grazing on plant community structure in tallgrass prairie. Similarly, infrequent burning and grazing
maximized plant species diversity, while frequently burnt ungrazed sites had lowest diversity [51].
As a result, grass cover was highest in infrequently burnt ungrazed sites and lowest in frequently
burnt grazed sites, and abundance of C3 forbs was maximum in infrequently burnt grazed sites [51].
Annual burning without grazing lowered N mineralization and induced severe N limitation, but
combination of annul burning and grazing enhanced faster N cycling through deposition of labile N
in urine and dung [98]. Mowing reduced root biomass and root C storage and resulted in shallower
root distribution in annually burnt plots but root biomass in unburnt plots was not affected at Konza
Prairie, Kansas [99]. In that study, soil N and C concentrations were not significantly influenced
by burning alone, but burning and mowing reduced soil C and N concentrations by 20% and 17%,
respectively. Similarly, the interaction effect of burning and N fertilization on microbial C and N
was highly significant [28]. These results suggest that the interacting effects of other management
practices or disturbances (e.g., interacting effect of burning and grazing) should be examined to

235



Agronomy 2018, 8, 300

better understand the response of tallgrass prairie systems to burning as well as to recommend any
particular timing and frequency of burning. In addition, the response of burning should be evaluated
for long-terms since some responses might not evident in short periods. For example, long-term
(>40 years) annual burning reduced microbial C and N, but they were not affected by 1–2 years of
burning in tallgrass prairie [100].

4.3. Grazing or Removal of Biomass by Harvesting

In general, grazing or removal of biomass by harvesting decreases the abundance of dominant
tallgrasses and increases species richness and diversity due to more light availability for shorter
and annual species as shorter and shaded species can get more light under more open plant
canopy. Consequently, species diversity increased along with stocking density [7] or disturbance
intensity [11]. Removal of C inputs to soil by grazing or removal of biomass greatly influences soil
characteristics, nutrient cycling, and microbial activities in prairie systems. Due to changes in light
energy and nutrient availability, microclimate, and plant physiological status and growth, frequent
burning and absence of burning reduce species richness and diversity of prairie, while infrequent
burning and grazing maximize species richness. Grazing can modulate the effect of frequent fire on
plant diversity by reducing C4 grass dominance and increasing species diversity and richness [51].
Different fire and grazing regimes can cause heterogeneous landscape to maximize plant diversity [57].
Thus, occurrence of fire and grazing together can create highly productive, diverse, and heterogeneous
ecosystems [50,51]. However, timing of burning and grazing should be considered since they influence
species diversity and richness.

4.4. Tallgrass Prairie Restorations

Due to a significant community composition shifts towards C4 grass dominance within 3–5 years
of prairie restorations [12], studies have shown lower levels of species richness in restored prairies
compared to native remnants [16,90]. A potential mechanism for the shift towards C4 grass dominance
can be competition of soil resources as restored prairie sites are limited by N and have been degraded
by agricultural practices over a century [12]. The C4 grass species can tolerate lower levels of N
compared to early successional species [101]. In addition, reduction in light availability for shorter
C3 species with the dominance of taller C4 grasses can be another possible reason for lower levels of
species richness in restored prairies. However, it is not fully understood why C4 grass dominance is
higher in restored prairies than in remnant parries. In our opinion, still poor soil quality indicators
and microbial community structures in restored prairies relative to virgin prairie should have been
favored the dominance of C4 grasses.

Studies have shown that restorations of prairie improve soil quality. As a result, biomass
production had greater response to N in newly reconstructed prairies (<3 years old) compared to
more than three years old prairies [12]. Although prairie restorations increase active pools of C and N
rapidly [12], lack of a significant change in total C and N over several decades indicates that restored
prairies may require additional inputs to restore SOM, C, and N at the level of the virgin prairie.

5. Summary and Future Directions

Although N fertilization increases aboveground biomass production in tallgrass prairie, the range
of stimulation due to N fertilization varies greatly across tallgrass prairie sites due to differences
in nutritional status of the sites, composition of dominant plant species, soil moisture availability,
frequency of burning, and other management practices. Since N fertilization reduces C4 grass
dominance by bolstering the competitive advantage to other species, judicious use of N fertilization is
important to minimize undesirable and invasive species and to maintain healthy native prairie stands.

Higher forage yields at burnt prairies than unburnt prairies, and similar forage yields of mowed
or dead vegetation removed sites as compared to burnt sites indicate that removal of old and dead
vegetation by burning or mowing is important for higher yields in tallgrass prairie. However,
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prairie sites should be burnt infrequently to avoid N limitation to maintain higher forage production.
Meanwhile, attention should be paid on the invasion of woody species since infrequent fire can increase
woody encroachments. Fire-induced changes in nutrient cycling (i.e., N deficient condition under
frequent burning) can influence plant species composition by shifting competitive advantage towards
C4 species with high NUE.

Fire and grazing together can create highly productive, diverse, and heterogeneous tallgrass
prairie systems due to modulating the effect of frequent fire by grazing on plant diversity by reducing
C4 grass dominance and increasing species diversity and richness. As infrequent fire and grazing often
maximize species richness in prairies and many restorations do not include infrequent burning and
regular grazing, infrequent burning and regular grazing can be practiced to maximize species richness
and diversity in restored prairies for biodiversity conservation, aesthetics, and support of wildlife.

Although prairie restoration improves soil quality over decades, additional inputs are required
to restore soil quality indicators and microbial community structures at the level of virgin prairie.
The succession process in restored prairies can be enhanced by increasing the amount of mycorrhizae
because of the competitive advantage that mycorrhizae bestow on prairie species.

Since microbial biomass and soil enzymes respond immediately to management practices and
tend to stabilize later, their temporal changes should be evaluated while evaluating the effect of
management practices. In addition, temporal changes can vary between fertilized (more dynamic) and
unfertilized prairies.

The responses of C3/C4 mixed tallgrass prairie systems to managements are complicated as the
responses may vary as the growing season progresses due to shifts in plant species composition. Thus,
the effect of management practices on biomass, plant community composition, soil properties, nutrient
cycling, and microbial activities should be evaluated over various times (i.e., winter, spring, summer,
fall) of the year.

Since interacting effects of multiple management practices and interannual climatic variability can
modify the response of tallgrass prairie systems, a thorough understanding of the main and interactive
effects of multiple management practices under diverse plant community (different proportion of C3

and C4 species), climatic conditions (different geographical distributions), and time periods (short- vs.
long-term) is needed for a holistic assessment.
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