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Nutrient Dynamics in Coebeason Pastwse

Gordon B. Jones

ABSTRACT
Understanding the nutrient dynamics of pastures is essential to their profitable and
sustainable management. Tall fesgSigiendonorus phoenix (Scop.) Holub.Js the
predominant forage species in Virginia pastands. Although tall fescue pasture is
common, little research has attempted to document how soil and herbage nutrient
concentrations change through time. This thesis summarizes two studies conducted
within the context of a larger grazing systems prajearSteeleOs Tavern, VAhe
objectives were tq(1l) examine temporal changes in plant available soil nutrient
concentrations ifiour grazing systemg2) determine how hay feeding and use of
improved forages affected soil anerbage nutrient conceatrons(3) examine the
relationship between and variability within soil and herbage nutrient concentrdtions
analyze the seasonal variation in herbage mimmeratentratiorwith regard to beef tie
requirements, and J&reate a statistical model poedict variationn herbage mineral
concentratioracross the growing season. Analysis of plant and soil nuttieotsgh5
years of grazing produced several important findings. SqiPpeind Ca, Mg, and B
declined through five years of grazingligher concentrations of herbage N and K and
soil P, K, Fe, Zn, and Cu were measured in hay feeding paddocks. Herbage nutrient
concentrations showed less variability in P and K than did solil test reBeltslity
testing in pastureis important to monitochanging nutrient concentratigrad this
study showed that herbage analysis may provide a more stable and accurate assessment

of pasture fertility than soil testing?asture herbage, grown withdettilization,



contained sufficient concentrations of macronutrients to meet the requirements of dry
beef cows through the growing season and to meet the requirements of lactating beef
cows in April. A model was developed using soil moisture and relative humidity that
predicted (R’ = 0.75) variation in herbage mineral concentration throughout the growing
season. As described in this thesis, use of modeling to predict nutrient dynamics in
pasture could allow for more efficient mineral supplementation strategies that lead to

improved profitability, nutrient retention, and livestock health.
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Chapter 1. Introduction

An improved understanding of nutrient dynamics in ezgdson pastures can help
to maximize profitability, reduce nutrient losses to the environnagtimprove
livestock health. Two studies were conducted as part of the interdisciplinary systems
research project: OEconomic PasBmeed Beef Systems in Appalachia.O The overall
objective of the research project was to produce-ad2th supply of psturebased beef
by expanding the harvest window with retention of acceptable meat quality. The two
studies detailed here provide thorough analysis of soil and pasture herbage nutrient
dynamics in the cowealf portion of this systems research project.

This thesis is organized in 5 chapters. This introduction is followed by a review
of literature on nutrient dynamics in cesgason pasture focused on inputs and loss
pathways, the effects of grazing on nutrient cycles, and nutrient requirements of pasture
plants and livestock. Chapter 3 assesses changes in soil and herbage nutrient
concentration under 5 years of rotational stocking, differences between 3 paddock types
and 4 grazing systems, and the relationships between and variability within soil and
herbaye nutrient concentrations. Chapter 4 examines the within season variation in
herbage mineral concentration in the context of beef production and develops a predictive
model to explain variation in herbage mineral concentration throughout the growing

seasn. The final chapter presents overall conclusions of this research.



Chapter 2. Literature Review

INTRODUCTION

An understanding of nutrient dynamics is necessary for the efficient management
of pasture. Studies of nutrient dynamics in esgdson pasture in the U&e few. The
majority of work in the field has taken place in the U.K., Europe, and New Zealand, often
in perennial ryegrasg.¢lium perenne L.) and whie clover {rifolium repens L.) pasture
managed for dairy production. An attempt has been madedeite examples from a
variety of systems, and when possible, studies conducted with tall fessee cool
season pasture in the eastern U.S. are used.

The structure of this reviews based around the dynamics of sets of related
nutrients, with sectionfor: nitrogen, phosphorus, sulfur, macronutrient cations (K, Ca,
and Mg), and micronutrients (Fe, Zn, Cu, Mn, and Biscussion of complete nutrient
cycles is beyond the scope of this review. Specific attention will be paid to: (1) inputs
and loss pathays in pasture systems, (2) the influence of grazing animals on nutrient
cycles, (3) the nutritional requirements of plants and livestock for beef production in

coolseason pasture systems.

NITROGEN DYNAMICS

The supply of N from the soil is commonly a nrdjmiting factor for the primary
productivity of grasslominated pastures (Floate, 1987). Nitrogen in plant tissue is a
constituent of proteins, nucleic acids, and chlorophyll among other compounds

(Hawkesford et al., 2012). Given its importance toeased yields and potential for



excesses to cause environmental degradation, N is the most commonly studied nutrient in

pasture system@#ayser and Isselstein, 2005)

Inputs & Loss Pathways

Chemical fertilizer and biologic® fixation (BNF) are the majonputs of N to
pastures. A comparatively minor source of reactive N is atmospheric deposition;
between 2007 and 2011 a siear Charlottesville, VAneasured 4.17 kg N tgr'as
wet atmospheric deposition (NADP, 2013). While it has been shown, imMiyginat
tall fescue yields can increase with applications of up to 897 kg'Mrtand frequent
harvests (Hallock et al., 1965), low rates of nitrogen are commonly applied to tall-fescue
based pasture. Wilkinson and Mays (1979) stateNaates areypically applied to tall
fescuepastuesbecause (1) producers consider pasture to be a low value crop and cannot
justify heavy fertilization, (2) legumes in mixed swards can provide N, and (3) the
increase to already high spring yielisa result oN fertilization requires management
beyond the means of producersorder toachieve efficient utilization.

Legumes in pasture and hayland swards can provide significant N through BNF.
Mixtures of either kura cloveftifolium ambiguum M. Bieb.) or birdsfootrefoil (Lotus
corniculatus L.) and coolseason grasses achieved yields for which in order for pure grass
stands to meet would have required 74 to 325 kg'Ni@menchick et al2001). Tracy
et al (2013) found the yield of tall fescue and alfalfaiuares to be equivalent to yields
of pure tall fescue with 112 kg N fia The amount of N supplied to a pasture ecosystem
through BNF by legumes is related to the proportion and yield of legumes in the stand,

and swards not fertilized with P or K and wainiare lightly grazed may experience BNF



of < 25 kg N ha yr* (Whitehead 2000). Nitrogen input beyond plant uptake capacity,
regardless of the source, can lead to losses of N from the ecosystem.

Losses of nitrogen occur as the result of leaching of NOlatilization of NH to
the atmosphere, denitrification tg Bind NQ compounds, losses of NHand organic N
throughsoil erosion, and with the removal of crop or livestock biomass (Stevenson and
Cole, 1999). Nitrogen removed as animal products datesi 530% of N consumed,
with animal tissue at the lower end of the range compared with dairy products (Rotz et al
2005). Losses of N vary depending on the soils, fertilization, grazing management,
climate, and other factors. The effects of grazingasture N cycling and losses are

significant and will be discussed in the following section.

Influence of Grazing on the N Cycle

Livestock play a significant role in the movemehnutrients through the seil
plantanimal system. The removal of herbagmf pasture plants by livestock stimulates
regrowth and uptake of soil nutrients (Williams and Haynes, 1990). Nutrients from plant
material digested and excreted by livestock are more soluble than the organic forms
found in undigested plant litter (FloatE970; Whitehead, 2000Dverall, gazing by
livestock increases the rate of nutrient cycling in pasture ecosystems (Williams and
Haynes, 1990; Rotz et.a2005).

The deposition of concentrated nutrients as manure and urine have marked effects
on plantproduction, herbage mineral composition, and nutrient losses from pasture. Beef
cattle excrete 9095% of dietary N as manure and urine (Whitehead, 2000). Manure
contains approximately 8 g N k@f feed consumed, with urine N concentraticanging

from 40- 80% of total N excretedyeing correlated to the concentratiorfeddN



(Haynes and Williams, 1993). Rates of N applied imnaaure or urine patatan be
equivalent to approximately 1000 kbha' (Ledgard, 2001). In a single application,
theserates well exceed the uptake ability of pasture plants and losses can be significant.
Losses of N from urine, as a proportion of N excreted, canEigtdnes greater than
losses from manure (Ledgard, 2001). Only 26% of N in manure is wateoluble
and it contains little free NH{Rotz et al., 2005). In comparison, 580% of urine N is
urea (Haynes and Williams, 1993). Urea hydrolysis raises soil pH (Havlin et al., 2005),
and increased pH, in addition to high concentrations of NHi,, candehy nitrification
(Rotz et al., 2005) causing increased losses of urine N to volatilization (Lockyer and
Whitehead, 1990). NHolatilization can cause losses 0f25% of urine patch N
(Lockyer and Whitehead, 1990). Leaching of N®correlated to ineased N input,
either from fertilizer or BNF (Ledgard, 2001). In pasture systems,l&f2hing is most
common in urine patches on sandy soils (Clough et al., 1996; Whitehead, 2000).
Researchers in New Zealand found that 4.4% of manure N and 18.7%eoNurere
taken up by pasture plants within one year of application (Sakadevon et al., 1993). In
Florida, WhiteLeech et al. (2013) found that 12.4% of urine N was recovered from
bahiagras$Paspalum notatum FIYgge)pasture, but manure N recovery was hezero.
Manure and urine are concentrated sources of nutrients in pasture; the distribution of
manure and urine patches is not random across pastures (Rotz et al., 2005) and that
heterogeneity can dramatically impact nutrient dynamics.

Nutrients accumauaite in areas where livestock congregate including feeding and
watering areas and in shade (Haynes and Williams, 1993). Ledgard (2001) calculated

that sheep camping sitesuld accumulate an N surplugifies greater than the farm



average and concluded teevould be significant N loss at these sites. In tall fescue
pasture, West et al. (1989) found that total N was 4.2'g&i in the area near the water
source as opposed to 2.1 g'kythe grazing area of the pasture. They also speculated
that sine the proportion of N as compared to P and K found around the water source was
less than found in the general grazing area, that N was likely lost through leaching and
volatilization in the areas of concentrated nutrients. The uneven distribution dbexcre
across pastures can result in areas with concentrated soil nutrients which can be major

loss pathways for pasture systems.

Nitrogen Requirements of Pasture Plants and Ruminant Livestock

Plants require N as a constituent of proteins, nucleic acidspphigll and other
compounds (Whitehead, 2000). Jones et al. (2000) reported that the N sufficiency ranges
for tall fescue, orchardgrasBdctylis glomerata L.), and white clover were 3.4@.80,
3.20- 3.40, and 4.505.00, respectively, based on 8 week clipping intervals.

In livestock, N is required for protesnvhich make up muscle tissues and
enzymes. Crude protein is related to total N in feeds by multiplying total N by 6.25
(Whitehead, 2000). A dry beef cow and a lactating beef cow regadize 1.28 and 1.60
- 1.76% N unit'dry matter, respectively (NRC 2000). Pasture herbage frequently
supplies sufficient protein to livestock. Pasture grass is, however, often N limited with
herbage N concentrations less than the sufficiency rangebdistee. High
concentration of NQin livestock feed can be toxithemaximum safe NO
concentration has been reported to be between 2,000 and 4,800 (Bgyet al.,

1979). High rates N fertilizer have been shown to cause unsafedw@entratias in

tall fescue but concentrations declingh time after fertiization (Hojjati et al., 1972).



PHOSPHORUS DYNAMICS

Phosphorus is often considered the second most limiting nutrient in terrestrial
ecosystems lend N. In comparison to other nutrien®stends to occur in relatively
immobile forms in soils. Degradation of water quality as a result of P pollution has made

the study of P in agroecosystems an important topic.

Inputs & Loss Pathways

Phosphorus occurs in the parent material of many isdile form of apatite
(Whitehead2000). As P from primary minerals dissolves into solution it is precipitated
into secondary minerals, including Fe and Al containing minerals such as variscite and
strengite in acidic soils (Havlin et al., 2005). Plamtsake P as JRO, and HPQ". The
availability of soil P to plants is determined by the quantity of inorganic P in soil
solution, the solubility of Feand AFP minerals and Al and Fe oxides in acidic soils, the
amount and quality of soil organic mattard residues, and activity of soil
microorganisms (Stevenson and Cole, 1999). Fertilization is an important P source in
agronomic systems. Phosphorus in commercial fertilizer is soluble when applied to soil
and is taken up by plants, immobilized by mmmanisms, or fixed through precipitation
or adsorption to soil particles (Havlin et al., 2005). Atmospheric input of P is negligible
(Whitehead, 2000), leaving fertilization and imported feeds as the major inputs of P to
pasture systems.

Given the lowsolubility of P in soils, surface runoff is a major loss pathway with
little P lost through leaching (Whitehead, 2000). Heavy rainfall after application of P

fertilizers or manure can results in P losskesan intensive dairy system fertilized with



38kg P ha in New Zealand, Parfitt (1980) calculated that 4 kg Pyhiacould be lost to
runoff. In comparison, Timmons and Holt (1977) measured P loss to runoff of
approximately 0.1 kg P Hagr™ from an ungrazed, unfertilized, native prairie in
Minnesota. Phosphortfertilized and rotationalhstocked orchardgrass, bluegrass, and
tall fescue pasture in Ohio, lost approximately 0.3 kg Byhato surface runoff and
subsurface flow over the fear study (Owens et al., 2003). Poultry litter isrélity

source for some pastures in Virginia and losses to P to the environment are a concern.
Losses of poultry litter P from pasture are related to application rate, method, and
precipitation following application (Schroder et al., 2004; Maguire e2@l1).

Wilkinson and Lowrey (1973) hypothesized a tall fescue pasture ecosystem on a sandy
clay loam in Georgia and estimated nutrient cycling underaafgrazing. hey
determined the total ecosystem P was 4161.7 kgvita 260.7 kg hd of that beng

actively cycled. Losses from their system were 3.8 kg'Ryhawith the majority of that
removed as animal products, mainly calves. Approximately 10% of ingested P is
retained by livestock as liveweight and greater quantities can be removedhgnvate

dairy systems (Whitehead, 2000). Without significant removal of biomass or animal

products or major input of fertilizer, P losses from pasture systems are small.

Influence of Grazing on the P Cycle

Because P is relatively immobile in soil, the cemitated application of nutrients
in excreta is less of a loss pathway for P than for N, S, or K. Almost all P is excreted by
ruminants as manure. Manure tends to contain a set amount of organic P (approximately
0.6 g organic P 100'geed consumed) witthe remainder in inorganic forms, such as

dicalcium phosphate, and the total quantity of P excreted depends on P concentration in



feed (Barrow and Lambourne, 1962; Haynes and Williams, 1993). During and Weeda
(1973) found that manure applied to lbevtility pasture increased yield and P
concentration of the herbage that grew in an ar@@és larger than the area affected by
manure and the results persisted for two years following application. Given a stocking
rate of 4 cattle per hectare and an ageraf 12 defecations per day, the authors
calculated that nearly 40% of the pasture would be affected by manure deposition after
one year. This, however, would assume a relatively even distribution of manure across
the pasture.

Another impact of grazingnimals on P cycling is the uneven distribution of
manure deposition across pastures. Schnyder et al. (2010) found that tte¥ong
grazing of livestock created nutrient accumulation and depletion zones in pastures. By
comparing the manure distributidensity, the preand posigraze biomass, and the
herbage nutrient concentrations over two rotational grazing periods, the authors
determined that grid areas in the lowest quartile for extractable soil PO&geny P
while grid areas in the highestartile of extractable P gainedd>1 g n¥ P. Livestock
tended to move nutrients from hillsides to level areas where they slept. West et al. (1989)
found a 10 20 m area around a water source to have extractable soil P concentrations 3
to 7-times greatr than the general grazing area for a continuously grazed pasture after 5
years. The soil is often poorly covered or bare of vegetation around watering and feeding
sites and in shade. These disturbed sites can be loss pathways in pastures as the lack of
vegetative cover and plant roots allows for increased erosion and P loss (Haynes and

Williams, 1993; Dougherty et al., 2004).



Phosphorus Requirements of Pasture Plants and Ruminant Livestock

Plants require P as a constituent of nucleic acids, cytoglasembranes, and the
energy transport molecules: ADP and ATP (Whitehead, 2000). The usual range for P
concentration in grass and legume herbage is@8% (Whitehead, 2000). Jones et al.
(1991) reported that the P sufficiency ranges for tall fesmebardgrass, and white
clover were 0.34 0.45%, 0.23 0.35%, and 0.360.45%, respectively, based on @
week clipping intervals.

Given the insolubility of P in soils, the quantity of total P has little bearing on the
availability of P for plant ugtke (Havlin et al., 2005). A wide range of tests for plant
available soil P exist. The methods and extractant used to determine plant available P
depends on a variety of soil conditions including texture and pH (Stevenson and Cole,
1999).

The P requiremd for livestock varies depending on the species, age, and growth
rate. Between 8085% of P in livestock is in the form of hydroxyapatite in the skeleton,
but P also has a variety of important roles in ruminant physiology (Karn, 2001). The
minimum dieary P requirement for a dry beef cow and lactating beef cow are 0.19 and
0.27%, respectively (NRC, 2000). In a review of phosphorus nutrition for grazing cattle,
Karn (2001) expressed concern for the dearth of studies examining the P requirement of
beef @ttle on pasture since the 19400s. Wilkinson and Mays (1979) reported accounts of
beef cattle grazing forage with less than 50% oftih@mum P requirements and noted

negligibleadverse effects.
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SULFUR DYNAMICS

Sulfur is an essential and often overlookedrient in grassland ecosystems. Like
N, the majority of soil S is present in organic forms, and thus the availability of S for
plant uptake is mediated by mineralization and immobilization, andNiixg SO,* is
susceptible to leaching losses (Nguwerd Goh, 1994). With improved industrial
pollution standards and more concentrated fertilizers, S input to agroecosystems has been
declining (Whitehead, 2000), and this could lead to deficiencies in soils where

deficiencies hve not been previously noted

Inputs & Loss Pathways

Inputs of S to grassland systems consist of those from weathering of soil minerals,
fertilizer applications, and from atmospheric deposition (Nguyen and Goh, 1994,
Whitehead, 2000). The primary origin of S in soil is pyrite gFebigneous rock, and
one estimatefdS input to agricultural soilstates that 05 kg S ha yr'are derived from
the weathering of parent material (Whitehead, 2000). In the past, macronutrient
fertilizers dten contained S. The use otBntainingfertilizers such as superphosphate
and ammonium sulfate has declined in favor of other sources (Havlin et al., 2005) and as
a result have reduced S inputs to agricultural soils. Atmospheric inputs of S can vary
depending on proximity to major industryn dreas of concentrated industrial activity,
atmospheric S inputs have been reported as high as 200 kg*'H&@vhitehead, 2000).

In recent decades, legislation aimed at reducing acid rain, has contributed to a reduction
in atmospheric S deposition ing U.S. At a site in Shenandoah National Park, between

1989 and 1993, 12.75 kg Sy were deposited onto soils as combined wet and dry

11



deposition as compared to 5.66 kg S h& between 2007 and 2011 (EPA, 2013;
NADP, 2013). With reduced inputé S from fertilizer and atmospheric deposition,
agronomic crops should be monitored for S deficiency.

Leaching, volatilization, erosion, and removal in hay and animal products are loss
pathways for S in grassland ecosystems (Nguyen and Goh, 1994)ensively
managed grassland systems, leaching losses-0f3kg S ha yrthave been
determined, with precipitation, soil characteristics, fertilization, and vegetative cover, all
affecting leaching losses (Nguyen and Goh, 1994). In saturatediseitsmay be
volatile loss of S, but the quantities tend to be of little significance in regard to the total
guantity of S cycled in grassland systems (Whitehead, 2000). Sulfur losses through
erosion and surface runoff also tend to be small in unfedibystems. Smith et al.
(1983) found that surface runoff losses of S in unfertilized pastures was 0.9 yg' ha
while in pastures receiving 43 kg S*ha™ as superphosphate lost 5.5 kg S yel. For
their hypothetical pasture, Wilkinson and Ley (1973)determined that the total
ecosystem contained 1832.6 kg S had of that 221.6 kg S thavere actively cycling.
Sulfur losses were estimated as 40.6 kgywa with 97% of that as leaching. Grassland
systems managed for grazing tend telble S in livestock and products removed.
Between 87 and 90% of sulfur ingested by livestock is returned to soils as manure and
urine (Nguyen and Goh, 1994). While little S is exported in livestock, grazing has major

effects on the cycling of S in gaures.

Influence of Grazing on the S Cycle

As with N, livestock have a major impact on S cycling in pastures. The majority

of ingested S is returned to the pasture and recycled or transported to feeding and
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watering areas or into shade where S can $tethoough leaching (Nguyen and Goh,
1994). The proportion of S in manure versus urine is highly dependent on the feed S
concentration (Haynes and Williams, 1993). Like with N, a fixed quantityten&s to
be excreted as manungth the remainder excted as urine On average, the proportion
of urine S to manure S is 1:1 (Nguyen and Goh, 1994). The majority of fecal S is in
organic forms, while the majority of urinary S is inorganic,’Sénd is thus more easily
plant available (Nguyen and Goh, 1998akadevon et al. (1993) found that 1.6% of S
applied in sheep manure was taken up by ryegrass pasture in the year following
application, while 29% of urine S was taken up over the same period. The authors also
concluded that the remaining S was liketymobilized into organic forms or was
adsorbed onto soil surfaces and exchange sites with < 3 kjl&sh#o leaching.

As with N and other nutrients, S is transferred by livestock from grazing areas to
less productive areas near feeding and wateringesu Nguyen and Goh (1992)
compared sheep camp areas to general grazing areas and found that camp area soils
contained more S than did general grazing areas and inticpzesatities of S were
mineralized from camp sites. The higher concentrations wieiteuéed to increase
excreta deposition and that transport of nutrients could deplete available S in general
grazing areas. Little work has been done studying sulfur dynampestares irthe U.S.
This may be related to the relatively high atmosph@ricputs to grassland systems in
the past. As this atmospheric deposition is reduced, understanding sulfur dynamics in

pasture systems will become more important.
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Sulfur Requirements of Pasture Plants and Ruminant Livestock

Sulfur in plant tissue occsiprimarily in the form of proteins. Approximately
90% of organic sulfur in plant tisseecurs ashe amino acids: cysteine, cystine, and
methionine (Stevenson and Cole, 1999). Mayland and Wilkinson (1996) stated that the
range of adequate S concentyasi in wholeplant tissue samples for cestason grasses
was 0.20.4%. Jones et al. (1991) reported the S sufficiency range for orchardgrass and
white clover as 0.20.25 and 0.2%).50%, respectively. Sulfur occurs with N in fixed
proportions in amino@ds. The N:S ratio is valuable in determining S deficiency; values
greater than 14:1 are consider deficient (Jones et al., 1991).

The minimum dietary S requirement for all classes of beef cattle is 0.15% (NRC,
2000). Sulfur is essential for the syrdlseof rumen microbial biomass, and is, therefore,
important to digestion (Whitehead, 2000). As compared with beef cattle, sheep and dairy
cows have a greater S requirement because of their higher rate of S removal in animal

products (Nguyen and Goh, 1994

MACRONUTRIENT CATION DYNAMICS

Potassium, Ca, and Mg are essential nutrients in pasture systems. They are
grouped together here because of their similar dynamics in soils and plant tissue. As
compared to N and P in grassland systems, there has lnebrless research focused on
the dynamics and cycling of macronutrient cations (Kayser and Isselstein, 2005). This is
possibly because there is little concern about the effects of cations lost from agriculture

systems on the environment.
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Inputs & Loss Pahways

Inputs of K, Ca, and Mg to pasture systems are primarily the weathering of parent
material, fertilization, and inputs in supplementary feed. Potassium occurs in micas and
feldspars in soil parent material (Whitehead, 2000). Calcium and Mg ocauange of
minerals, and in Virginia, the weathering of dolomitic limestone is an important source of
both divalent cations. Rate of K input through weathehnagpeen reported to range
from 3 to 80 kg hayr* with much of the variability related the age, texture, and
mineralogy of the soils in question (Kayser and Isselstein, 2005). Of the three nutrients,
K is most commonly applied to pasture systems as fertilizer, while Ca and sometimes Mg
are added through the liming process (Whitehead, 200@)ospheric deposition is a
minor input of macronutrient cations; at a site near Charlottesville, VA, average annual
wet-deposition of K, Ca, and Mg were 0.88, 0.23, and 0.19 Kgreapectively, between
2007 and 2011 (NADP, 2013). Regardless of trantjty of input of cations to a pasture
system, losses of these nutrients are likely to occur.

Leaching is a major loss pathway for macronutrient cations. Leaching losses are
influenced by the quantities of exchangeable cations in the soill, its clantamd
texture (Kayser and Isselstein, 2005). Inputs of K can displace Ca and Mg from
exchange sites leading to leaching of the latter two nutrients (Whitehead, 2000; Havlin et
al 2005). Wilkinson and Lowrey (1973) estimated that 2.7, 15.8, and 4.4% tftal
ecosystem pools of K, Ca, and Mg were actively cycled, respectively, and losses, mostly
through leaching, from the hypothetical ecosystem were 143.7, 179.5, and 76 4kg ha
! for K, Ca and Mg, respectively. Export of cations by livestochiall; as little as 10,

8, and 20% of K, Mg and Ca ingested are retained in livestock tissues or are exported as
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milk (Kayser and Isselstein, 2005). No volatile losses of macronutrient cations occur
(Whitehead, 2000). Runoff losses of cations, thoughllamcomparison to leaching,
have been reported from fertilized tall fescue pasture (Wilkinson and Lowrey, 1973;
Owens et al., 2003) andfn native prairie (Timmons aridolt, 1977). While several
loss pathways for macronutrient cations exist, leaclusges are the most important in

pasture systems, and livestock can play a major role in cation losses.

Influence of Grazing on the K, Ca, and Mg Cycles

Livestock influence macronutrient cycles by stimulating uptake through the
removal of vegetation, thexcreting hi¢p concentrations of nutrients over small areas
and through the spatially heterogeneous nature of that excretion. Potassium is the only
nutrient primarily excreted in urine; 430% of K is excreted as manure, while the
majority of Ca and Mgra excreted in that form (Haynes and Williams, 1993).
Potassium in urine is in ionic form, available for plant uptake, while Ca and Mg are
primarily excreted in insoluble forms (Whitehead, 2000). Sakadevan et al (1993) found
that 31% of K in a urine pdtowas recovered in herbage within 1 year and that leaching
losses of 2.0, 8.0, and 2.9 kg'taf K, Ca, and Mg, respectively, were recorded under
urine patches. With large applications of K and N in urine, herbage from urine patches
accumulates high coantrations of K as compared to Ca and Mg, and the increased ratio
of K/(Ca + Mg) can pose health risks to livestock (Kayser and Isslestein, 2005). A urine
patch can contain up to the equivalent of 1000 kg 'K aad such rates are well beyond
the uptakeability of pasture plants resulting in high concentrations of K moving
downward through the soil profile displacing Ca and Mg from exchange surfaces often

leading to leaching loss of Ca and Mg and relatively small losses of K (Kayser and
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Isselstein, 2005)Carran and Theobald (2000) documented this process when they found
concentrations of Ca and Mg under the fence line of atemg pasture to be higher than
the concentrations in the general grazing area; concentrations of K were higher in the
general gazing aea than under the fence line.

As with other nutrients, the uneven return of K, Ca, and Mg caused by the uneven
deposition of manure and urine across a pasture can influence the dynamics of those
nutrients. Solil K concentrations have been showret8- 4 times greater near a pasture
water source than in general grazing areas (West et al., 1989). Hay feeding areas have
also been shown to accumulate soil K (Owens.e2@03; Flores and Tracy, 2012).

Owens et al (2003) reported that pasturesl fisewinter hay feeding lost 47 kg K har

! 60% of the loss was as surface runoff, 26% lost to leachim14% lost as sediment.
The same pasture lost 112 kg Ca h&' and 71 kg Mg hayr* with more than 80% of
those losses as leaching. In g@mson, pastures used for summer grazing lost 14, 58,
and 30 kg hayr! of K, Ca, and Mg, respectively, over the same period. As with other
nutrients, feeding and watering areas and shade can be important loss pathways for K,

Ca, and Mg in pasture sgshs.

Potassium, Ca, and Mg Requirements of Pasture Plants and Ruminant Livestock

Potassium, Ca, and Mg ions contribute to the balance of osmotic potential within
theplantcell membrane (Whitehead, 2000). Calcium contributes to the structural
integrity of cell walls as calcium pectate, and Mg is a constituent of chlorophyll
(Whitehead, 2000). Jones et al. (1991) reported that the K sufficiency ranges for tall
fescue, orchardgrass, and white clover were 34)00%, 2.60 3.50%, and 2.00

2.50%, respetively, based on 46 week clipping intervals.
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The National Research Council (2000) listsdietary cation requirements dfy
beef covg as 0.60, 0.19, 0.12% for K, Ca, and Mg, respectively tlamdequirements for
lactating beef cowas 0.70, 0.27and 0.20% for K, Ca, and Mg, respectively. All three
nutrients occur in the body tissue, blood serum and milk of cattle (Whitehead, 2000).
Potassium is involved with maintaining the osmotic pressure and pH of cells, the vast
majority of Ca is in the fornof hydroxyapatite in bone, and Mg is also a constituent of
the skeleton and is involved in neuromuscular function (Spears, 1994; Whitehead, 2000).
Imbalances of these nutrients can cause major health issues in cattle.

Hypomagnesemia, commonly known aass tetany, may be the most important
mineratrelated health problem in beef production on pasture (Spears, 1994; Shewmaker
et al., 2004). It can reduced animal gains and lead to death (Whitehead, 2000). It has
been estimated that grass tetany caus@8 84llion of losses in the U.S. and 40% of
those losses occur on tall fescue pasture (Shewmaker et al., 2004). High concentration of
N and K in herbage can depress Mg concentrations increasing the occurrence of grass
tetany (Fontenot et al., 1989). Aimaof K/(Ca+Mg) in herbage is sometimes used to
determine grass tetany risk; a vatug.2 based on milliequivalents is considered high
risk (Shewmaker et al., 2004). The high concentrations of K and N and low
concentrations of Ca and Mg in urine carr@ase the grass tetany risk of herbage from
urine patches (Kayser and Isselstein, 2005). Limiting spring application of N and K and
supplementation of Mg have been recommended to reduce incidence of grass tetany
(Robinson et al., 1989). An understandafgation nutrient dynamics in pasture systems

is important in preventing grass tetany.
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MICRONUTRIENT DYNAMICS

Given their low concenttmins in soils and plant tissaad their relative adequacy
for plant production in many areas, study of the cyclesiofonutrients have been
limited. Further, few studies have examined micronutrients in pasture ecosystems.
Though they are required in small quantities, deficiencies can have major impacts on
plant and livestock production. Discussion will be limitedeht® nutrients commonly

tested for in soil and plant tissue analysis programs: Fe, Zn, Cu, Mn, and B.

Inputs & Loss Pathways

A major input of micronutrients to agroecosystems is through weathering of soil
parent material (Whitehead, 2000). Soil propsrdad environmental factors are often
more important in affecting micronutrient availability than their actual content in soils
(Gupta et al, 2001). Availability of Mn, Zn, Fe and B for plant uptake decreases as pH is
increased through liming (Stevensomdole, 1999; Whitehead, 2000; Gupta et al,
2001). Micronutrient fertilizers are commonly applied as seed treatments or foliar sprays
as opposed to soil applications (Gupta et al., 2001; Havlin et al., 2005). More B is
applied to alfalfa than to any oth@gronomic crop (Stevenson and Cole, 1999).
Macronutrient fertilizers and sewage sludge are sometimes sources of micronutrients, but
atmospheric deposition is generally negligible (Whitehead, 2000). Losses of
micronutrients from soils are minimal in agibn to thetotal soil content, though B,
which commonly occurs as,BIO;, BO,*, and HBO, in soil solution, is susceptible to

leaching losses (Stevenson and Cole, 1999).
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Influence of Grazing on Micronutrient Cycles
As with other nutrients, livestock noentrate micronutrients and distribute them

unevenly across pastures. Livestock excrete micronutrients, except B, as primarily
manure;B excretion occurs in both urine and manure (Haynes and Williams, 1993;
Whitehead, 2000). Joblin and Keogh (1979) regmbthat herbage from urine patches
contained lower concentrations of Fe and Mn but similar Zn and Cu concentrations
compared to noarrine patch herbage. This reduction may have been caused by the
temporary increase in soil pH from the urine applicatidthitehead (2000) calculated

that 80 g B hayr'could be lost to leaching from a grass/clover pasture stocked for beef
production and that no leaching losses of Fe, Mn, Cu, or Zn would likely occur.
Information regarding the redistribution of micronetts across pastures could not be

found.

Micronutrient Requirements of Pasture Plants and Ruminant Livestock

Iron, Zn, Mn and Cu are required for a variety of functions in plants including
enzyme activity, and B is important is cell wall structure (Stegrrand Cole, 1999;
Hawuin et al., 2005). Jones et &.991) reported sufficiency concentrations for
orchardgrass as 500, 50- 150, 20- 50, 3- 5, and 8 12 mg kg' for Fe, Mn, Zn, Cu
and B, respectively, and ranges for white clover as13D, 5 - 100, 15 25, 5- 8, and
25- 50 for Fe, Mn, Zn, Cu and B, respectively.

Iron is important in livestock as a constituent of hemoglobin and is seldom
deficient in grazing animals (Whitehead, 2000). Copper, Zn and Mn are all constituents
and activatoref a variety of enzymes essential to livestock (Spears, 1994). Boron,

though present in all animal tissues at small concentration, is considere@sseatial
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nutrient for livestock (Whitehead, 2000). Both dry and lactating beef cows require 50,
10, 3Q 40 mg k¢ of Fe, Cu, Zn, and Mn, respectively (NRC, 2000). Copper deficiency
occurs on a range of soils worldwide, while Mn and Zn deficiencies in grazing animals
are rare (Reid and Horvath, 1980; Spears, 1994; Whitehead, 2000). While required in
muchsmaller quantities in both plants and livestock than macronutrients, micronutrient

deficiencies and imbalances can seriously limit the productivity of agricultural systems.

CONCLUSIONS

Continued study of nutrient dynamics of pasture system is requiréakfor
efficient management. Many studies in the U.S. have examined the yield and quality
responses of forages to nutrient inputs though mostly in the context of hay production,
while Europe and New Zealand provide much of the research on nutrient agicling
pastures. Pastures are commonly thought to efficiently recycle nutrients, and while this is
often the case, significant nutrient loss potential exists. With an increased need to limit P
losses to the environment and with declining atmospheric Ssinputtinued study of the
nutrient cycles and dynamics of pasture systems is required to meet the management

objectives of producers, regulations of legislators, and demands of consumers.
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Chapter 3. Pasture Soil and Herbage Nutrient Dynamics through Five Years of
Rotational Stocking

ABSTRACT

Plant and soil nutrient concentrations should change minimally in pastures
because most nutrients aféiciently recycled within tle system.This process, however,
has not been well documented in rotationally stocked tall fe§€cieendonorus phoenix
(Scop.) Holubbasedpastures.The objectives of this study were {@) examine
temporalchangesn plant available soil nutrient cgentrations in two creep grazing
systemgrazed bycows that differed in sizg2) determine howvinter hay feeding and
use of improved forages foreep grazing affected soil and herbage nutrient
concentrations, and (3) examine the relationship betwesegrariability within soil and
herbage nutrient concentratiorstom 2008 to 2012%0il and herbagsamplesvere
collectedfrom 102 paddocksn an experimenthat comparedwo creep grazing systems
(dedicated and forward}tocked with two frame scoresajw (large andsmall).

Nutrient concentrations in hay feeding paddocks (HFP) and dedicated creep grazing
paddocks (DCPplanted with improved foragewere compared to those used for
rotational stocking (RSP). Significant differences in soil nutriententration between
creepgrazing systems were observed prior to the initiation of grapirgd(05) and were
consistent through time. Soil pH and soil P, K, Ca, Mg, and B concentrations declined
significantly over the course of the experimgn(0.05) Increased concentrations of

soil P, K, Fe and Cu were found in HFP as compared to RSP, likely caused by
importation of nutrients in hay. Fertilization at establishment of the improved forage

species mixture in DCP was likely the cause of increasecntmations of P, K, Ca, Zn,
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and B compared to RSP. Soil P and K showed greater variation across samples than did
herbage P and K. The correlations between soil nutrient concentrations and herbage
concentrations collected from the same paddock were wadause of variability in

soil nutrients within paddocks, herbage nutrient analysis may provide a better assessment
of pasture fertility status. Though ydaryear changes in soil nutrient concentration

were small, assessment of the nutrient statuastiipe systems is essential to optimize

forage yield and livestock health.

INTRODUCTION

Understanding nutrient dynamics in pastures is important for improving livestock
production, reducing costs associated with fertilizer application, and limiting rtutrien
losses to the environment. Studies of measured changes in pasture fertility over time and
between grazing systems are few (Sigua et al., 2006), especially from tallhasede
coolseason pastures. Soil and plant nutrient concentrations should chiangally
over time in pastures because most nutrients are recycled and few are retained and
removed by livestock. Between-89% of nutrients ingested by livestock are returned to
pasture as urine and manure (Haynes and Williams, 1993). In continockiag
systems, livestock have been shown to transport nutrients across pastures and concentrate
them, as manure and urine, near feeding and watering areas and in shade (West et al.,
1989; Franzluebbers et al., 2000; Sanderson et al., 2010). In rdtatariang systems,
however, it has been suggested that this redistribution is limited by use of pasture
subdivision with fencing to better distribute livestock and thus manure across the pasture
(Williams and Haynes, 1990; Sigua et al., 2010). Studyiageffects of stocking

management on bahiagraga{palum notatum FIYgge) planted on sandy soils, Sigua et
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al. (2006) observed no linear trend in pH, P, K, Ca or Mg concentration under 15 years of
rotational stocking. The effects of rotational stockinghatrient concentrations in tall
fescuebased cool season pastures have not been well quantified, and this information is
important for decision making around fertilizer and lime applications and to meet the
nutrient requirements of livestock.

Achieving hgh weaning weights in cowalf production systems requires
providing adequate nutrition to both calf and dam (Allen and Collins, 2003). Creep
grazing, the practice of providing calves access to paddocks from which the cows are
excluded, has been showninarease calf weight gains by 80% as compared to calves fed
milk alone (Blaser et al., 1986). Two forms of this type of management are defined:
creep grazing or dedicated creep grazing, where calves have consistent access to a
paddock often planted to &gh quality forage, and forward creep grazing, where calves
have access to the next paddock forward in a rotational stocking system (Allen et al.,
2011). Endophyte infected tall fescue is a predominant forage species used-tatfcow
production in the Apalachian region (Paterson et al., 1995). The negative effects of the
alkaloids produced by infected tall fescue on livestock production are well known
(Paterson et al., 1995). Dedicated creep grazing, wherein a paddock has been planted
with species otlrethan endophyte infected tall fescue, could improve calf performance
by reducing the amount of alkaloid consumed (Harvey and Burns, 1998). The effects of
the type of creep grazing system on nutrient dynamics have not been well documented.
Dedicated crgegrazing requires certain paddocde grazed by calves and rotvs.
The limited dry matter requirements of calves comparidd cows couldsuggesthat

dedicated creep paddodkey have less herbagsilization and slower nutrient cycling
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than padddks to which cows also have access (Floate, 1970).niitneentcomposition

of herbage depends on the genus, species, and variety of the plants in the sward (Fleming,
1973). If alternative forage species or varieties are planted in creep grazing paddocks,
calves could carry nutrients from those paddocks into rotational stocking paddocks
through manure and urine. This could potentially alter nutrient dynamics in dedicated
creep grazing compared with forward creep grazing.

As forage dry matter accumulatistows during winter, feed supplementation is
often required to meet livestock need$e feeding of dry hay is a common practice in
pasturebased livestock systems, and hay feeding can affect the nutrient dynamics of
pastures. Nutrients are imported whizly and concentrations have been shown to
increase in feeding areas (West et al., 1989; Franzluebbers et al., 2000; Flores and Tracy,
2012). With animal feeding in concentrated areas significant quantities of manure and
urine are deposited. These areBsoncentrated nutrients can also become loss pathways
as nutrients are leached or lost on soil particles by erosion (Haynes and Williams, 1993).
It is expected that soil nutrient concentrations in pasture would increase with repeated
hay feeding.

Analyss of plant tissue and soils are two methods for evaluating the nutrient
status of an agroecosystem. The relationships between crop yields and soil test nutrient
concentrations have been well established (Havlin et al., 2005)nutitentcomposition
of pasture herbage, however, depends on several factors in addition to soil fertility and
fertilization including the genus, species, and cultivar in question, their stage of maturity,
and the season and temperature (Fleming, 1973). Baker and Reid (L€i&g dte

nutrientconcentrations of grasses and legumes grown on a variety of soils in West
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Virginia. They noted weak correlations between soil nutrient concentrations and plant
tissue nutrient concentrations. The lack of correlation between planbidndtsients
may be related to several factors. Because of topography and the deposition of manure
and urine, soil nutrierdoncentrations are heterogeneauasoss pastures. The root
systems of pasture plants also have access to a grelere of soil than may be
collected in a routine soil sample. For these reasons, herbage analysis could provide a
less variable and thus more accurate assessment of the fertility statusssasmi
pastures.

Evaluation of temporal nutrient dynamics in tall fesbased pasture under
different management strategies can provide information about the movement of nutrients
among grazed and feeding paddocks and changes in nutrient availability through time.
This study was part of a multistitution, interdisciplinaryesearch project, OEconomic
PastureBased Beef Systems in Appalachia.O Thecaliwesearch for the project
provides he context for this study. The studlgjectives were to: (1) examitemporal
changes oplant available soil nutrient concentrationgwo creep grazing systems
grazed bycows that differed in siz€2) determine hovaay feeding and us# improved
foragedfor dedicated creep grazimgight affect soil nutrient concentrations and pasture
herbage nutrient concentrations across time, anelx@@nine the relationship between
soil and herbage nutrient concentrations and determine the variability associated with

both nutrient measurement methods.
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METHODS AND MATERIALS

ResearchSite
This study was conducted at the Virginia Tech Shenandoah \Asdlegultural

Research and Extension Center in SteeleOs Tavern, Virginia 158030, Long:
79°120500, Elev: 540 m). The soil at the site is a Frederick and Christian silt loam
complex (fine, mixed, semiactive, mesic Typic Paleudults and fine, msredactive,
mesic Typic Hapludults, respectively). Average precipitation is 882 mm annually.
Average monthly temperatures range frot@ in January to 2Z in July (SCAN, 2013)

(Figure 3.1).

Experimental Design
Ninety Angus and Angusross cowsvere sfiit into twelve groupsand

rotationally stocked in 1Rastures divided int or 9 paddocks (mean paddock area = 0.8
ha). The experiment had four treatmengplicated three timesThe first treatment

compared brood cows with a frame scoré30® - 5.0) (SM) with brood cows with a

frame score of5.1- 7.0) (LG). Cows in the LG treatment were approximately 10 cm

taller at mature hip height compared to SM treatment cows. LG cows were heavier; to
maintain equal stocking rates between frame score trestntlea SM treatment included

one more cowcalf pair than did the LG. The second treatment compared forward creep
grazing (FWD)with dedicated creep grazing (DEDp the FWD treatment, calves had
access, through creep gates, to the next paddock iatt#t®n, and in the DED

treatments calves had consistent access to a dedicated creep paddock (DCP) planted with

improved forages (Figure 3.2). The experimental wagone set of 8 or 9 paddocks
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grazed by a group of cowalf pairs (N = 12). Thd treatnent combinationsvere
applied in a randomized complete block design (n = 3).

During April through September of 2008 through 2012, amalf pairs were
rotationally stocked through tt8replicates of thd grazing system treatmentBuring
late summer seral paddocks were excluded from the stocking rotation in each system
andforage was allowed to accumulate for grazing from November through January.
Hay, grown offsite, was fed from opéopped hay rings in a specified paddock of each
grazing system, HERisually from January through m#gpril. The same HFP were used

each year, while forage was stockpiled in different paddocks during different years.

Pasture
Rotational stocking paddocks consisted of previously established tall fescue,

orchardgrasslfactylis glomerata L.), Kentucky bluegrassPoa pratensis L.), and white

clover ([Trifolium repens L.). In September 2006, novel endophyte tall fescue (MaxQ)

and alfalfa Hedicago sativa L.) were planted in DCP to attempt to improve forage intake
and digestility as compared to the RSP. Novel endophyte tall fescue seed has been
infected with an endophyte that does not produce the toxic alkaloids responsible for poor
livestock performance on witype tall fescue. Following establishment, DCP were
amended teorrect soil pH, P, and B to promote alfalfa growth. In winter 2007 and

2009, 4.5 kg haof both, white and reditifolium pratense L.) clover seed were

broadcasbver allpasturs.

Soil Sampling & Analysis
Soil samples were collected each November 20@7 through 2012. Six soil

cores were collected at e&&15 cm depth from each paddock (102 total paddocks). Cores
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were aggregated by paddock for analysis. Watering and loafing areas and obvious
manure patches were avoided. Soil pH, available P, KM@aFe, Zn, Cu, Mn, and B
concentrations were determined at the Virginia Tech Soil Testing Laboratory. The 1:1
(vol/vol) water pH was determined, and P, K, Ca, Mg, Fe, Zn, Cu, Mn, and B were
extracted using a Mehlich 1, 0.05N HCI in 0.025p68,, extrating solution before
analysis by inductively coupled plasma atomic emission spectromefPyAES). The
estimated cation exchangaturation percentages were calculdted, Ca, and Mdrom

the respective charge, atomic weight, and available quantggatf elementHigher

base cation saturation percentages indicate greater cation availability.

Herbage Sampling & Analysis
Pasture herbage samples were harvested from each paddock on approximately the

15" of the month from April through October (20082012). Herbage was harvested at

8 cmstubble heightrom a randomly selected 0.75 m by 3.5 m swath of the paddock

using a Swift Forage Harvester (Swift Current SK, Canada). Samples were drié@ at 60
for at least 48 h. A stratified subset of 20 paddogkre selected for nutrient analysis of
their herbage. Herbage N concentration was determined by combustion at the Ruminant
Nutrition Laboratory at Virginia Tech. Herbage P, K, S, Ca, Mg, Fe, Zn, Cu, Al, Mn, and
B concentrations were determined usingnoivaveasssted acid extraction and IEP

AES at A & L Eastern Labs, Richmond, VA.

Statistical Analysis

Soil Nutrient Concentrations between Grazing Systems through Time
Multivariate analysis of covarianc®IANCOVA) was used to examine differences

in soil nutrient concentrations between the four treatments acroSsytee study.
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Nutrient concentrations of sasampledrom each paddockere summarizedy grazing
systemusing the median to reduce the impacbutlying values The HFP and DCP
paddocksvere excluded from this analysis. Time was included in the model as a linear
term, and an interaction term was added to test if the effect of time differed between
grazing treatments. Each grazing system was considered a block; this related changes in
nutrient concentration through time to thgecificgrazing system in question and not to
the average nutrient concentration for the entire experiment. Model residuals were
assessed for multivariate normality using Malahanobis distahtescova contrasts
were selected for pairwise comparison betweed th@zing systems; Bonferroni
correction was used to protect against inflated Type 1 error (Bonferroni agjusted
0.0083).

ANcCoVA was performed on each nutrient separately to determine significant
model erms. Use oMANCOVA prior toANCOVA provides protection from increased

Type 1 error rates due to multiple comparisons. The ifitaova model was:

Yip=u+! +" +#, +$x,+ E,

where Y = nutrient concentratioh= treatment effect (i = B, 3, 4);" = block effect (h

=1, 2, 3)# = experimental unit block effec$; = time effect by treatment; E =

experimental error. A subset model was created for each nutrient including both blocking
factors and only the significan € 0.05) model tens. The subset models were used to
determine the coefficient of the time effect and to calculate the coefficient of

determination k) for each nutrient model. Treatments were checked for homogeneity of
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variance and model residuals were assessed foratity. TukeyOs Honest Significant
Difference was used to determine mean separdten(.05).

Soil nutrient concentrations were also compared between treatments in 2007 and
2012 usingANOVA. Assumptions were checked, ahukeyOs HSD was used to

deternine mean separatiofo= 0.05).

Soil and Herbage Nutrient Concentrations among RSP, HFP, and DCP Paddocks

Soil and herbage nutrient concentrations in RSP, HFP, and DCP were compared
usingMANCOVA; one analysis each for soil and herbage data. The exgeahunit for
this analysisvasone paddock not an aggregate of all paddocks in one grazing system as
in the previous analysis. Paddocks used in this analysis were a subset of those with both
soil and herbage data. Herbage data were selected frormthbalyest to maximize the
number of paddocks sampled. To balance contrast variance and take into account block
variation, paddocks were selected at random to create an incomplete block design (4
paddocks, 3 treatments, 4 years, 5 blogks;16). MANCOVA contrasts were selected for
pairwise comparison among the three paddock types. Bonferroni correction was used to
protect against inflated Type 1 error (Bonferroni adjupted.017).

Analysis of covariance was used to determine differences for erednhu The
model included the paddock type effect, year effect, blocking, and paddock type by year
interaction. Treatments were checked for homogeneity of variance, and model residuals
were assessed for normality. Three outliers, defined as havirigeagraater than the
group mean plus four times the group standard deviation exclusive of the value in

guestion were replaced with the median group value. Herbage K, Ca, Cu, and B and soil
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Ca, Mg, and Mn were transformed by Jo@nd analyses were reruklerbage Al and Fe
were excluded from this and subsequent analysis due to soil contamination and, therefore,
highly skewed distributions. TukeyOs Honest Significant Difference was used to

determine mean separatié%¥£ 0.05).

Relationships between Soil and Herbage Concentrations

The Pearson correlation coefficient was calculated for each nutrient to assess the
relationship between soil and herbage concentrations. Soil sampled in November of each
year was correlated to herbage harvested in April, daly,October of that year in
addition to April of the following year. The DCPs were excluded because of the
improved species mixture and fertilization of those paddocks. All soil nutrients and all
herbage nutrients except N were transformeg,logoil K, Ca, and Mg saturation
percentages were also compared with herbage K, Ca, and Mg concentrations,
respectively. Correlations were significant with-agtue < 0.054 = 66 or 80).

Soil nutrient concentrations and herbage nutrient concentrations from Ayyil
and October of 20082011 were used to calculate the coefficient of variation (CV) for
each nutrient. Data from DCP were excluded, and no nutrients were transformed. The
standard error for each CV was calculated with nonparametric bootstragjag.
bootstrapping technique used here entailed dropping a random observation, recalculating
the CV, and then replacing the dropped observation and iterating that process 999 times

to form a distribution of CVs from which the standard error could berdated.

RESULTS

Soil Nutrient Concentrations between Grazing Systems through Time
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Multivariate analysis of covariance indicated significant differences among the
soil nutrient concentrations of the four grazing system treatnmert® 001) with time as
a sgnificant covariatef < 0.001). There was, however, insignificant grazing system by
year interactiony = 0.896) (Table 3.1). Contrasts indicated significant differences
between all pairwise combinations of grazing systems exd#fit LG andFWD SM.

Analysis of covariance of each soil nutrient (Table 3.2) showed that all but K, Zn,
and Mndifferedamonggrazing systems (Figure 3.3). The effect of time was
significantly related to pH, P, Ca, Mg, Fe, Cu, and B. Soil pH was significantly lower in
DED SMat 6.3 as comparasdth FWD LG, FWD SM, and DED LG (Figure 3.3 A).
The two DED treatments did not differ significantly in terms of soil P, with average
concentrations of 21.8 and 19.3 mg'Kgr LG and SM, respectively. Soil P was,
however, lower in F\® treatments as compared to DED LG (Figure 3.3 B). Soil Ca,
Mg, and Bwerehighest in DED LG followed by FWD SM, with lowest concentrations in
FWD LG and DED SM (Figures 3.3 D, E, & J). Soil Fe and Cu concentrations were
higher in DED LG with an Fe conetration of 11.5 mg kgin DED LG versus an
average Fe concentration of 7.1 md kgythe other three treatments. Herbage Cu
concentration in DED LG was 0.7 mgkgompared to an average of 0.5 m¢ kgthe
other three treatments (Figure 3.3 G & H)oefficients of the effect of time indicated Fe
and Cu increased by 0.33 @802 mg kg yr?, respectively (Table 3.2). Soil pH
decreased by 0.05 units’yand P, Ca, Mg, and B decreased by 1.27, 28.44, 4.75 and
0.02 mg kg yr, respectively (Talel 3.2; Figure 3.4 & 3.5). The?Ralues for subset

nutrient models ranged from 0.78 for P to 0.63 for B (Table 3.2; Figure 3.4 & 3.5).
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To asesswhether differences existed amangatmentdefore grazing began,
soil nutrients were compared between 2(f¥é grazingand 2012 Table 3.3). Soil pH,
P, Ca, Mg, and B concentrations were greater in 2007 than in 2012. Soil Mn
concentration was 2.1 mg kgreater in 2012 than in 2007. Differences between grazing
system treatments were similar to those showfigure 3.2. There was no year by

grazing system interaction for any nutrient.

Soil and Herbage Nutrient Concentrations among RSP, HFP, and DCP Paddocks

Results oMMANcoOvVA of soil nutrient concentrations indicated significant
differences between paddotypes g < 0.001) with a significant effect of timg €
0.001) and no paddock type by time interactpr 0.560) (Table 3.4). Pairwise
MANCOVA contrasts indicate that all paddock types differed significantly.

Analysis of covariance by each soil nent (Table 3.5) indicated that pH, P, K,
Ca, Fe, Zn, Cu, and @iffered amongraddock types and that time was a significant
covariate explaining variation in pH, Ca, Mg, Fe, Zn, and B. Soil pH was higher in DCP,
7.0, compared with HFP and RSP, 6.7 aridréspectively (Figure 3.6 A). Soildhd K
concentrations were lowest in the RSP paddocks compared with DCP arf#igiiie
3.6 B & C). Calcium concentrations in DCP were significantly greater than in HFP and
RSP (Figure 3.6 D). Iron and Concentrabnswere higher in HFP compared to RSP
(Figure 3.6 G & H). Boron concentration was 33% higher in DCP compared with RSP
(Figure 3.6 Jandshowed significant paddock type by time interaction (Figure 3.7).

Results oMANcovA analyzing herbage nutrient a@mtrations indicated

significant differences between paddock types 0.001) (Table 3.6). Time was a
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significant covariatep(< 0.001), and no paddock type by time interaction was found.
PairwiseMANCOVA contrasts indicated that all paddock types veggaificantly
different.

Analysis of covariance of each herbage nutrient (Table 3.7) showed that N and K
varied significantly between paddock types (Figure 3.8). Herbage N concentrations were
higher inDCP, HFP compared wittRSP (Figure 3.8 A). AveragK concentrations were
greater in HFP herbage compareith DCP and RSP (Figure 3.8 DiHerbage K in HFP
alsoincreased with time, while K concentrations remained stable in DCP and RSP

(Figure 3.9). Copper concentrations increased significantly thritmgh(Table 3.7).

Relationships between Soil and Herbage Concentrations

Coefficients of variation for soil nutrients ranged from 0.25 for B and Ca to 0.75
for P (Table 3.8). For Aprharvested herbage, Gvanged from 0.18 for P to 1.35 for
Fe July havests ranged from 0.18 for Mg to 0.62 for Fe, and October harvest ranged
from 0.16 for S to 0.94 for Fe. For P and K, soil CVs were nearly twice as large as for
any of the herbage harvests. Herbage Fe has the highest CV for any nutrient, soil or
herbage

Correlations between soil nutrient concentrations and herbage harvested in April,
July, or October or April of the following year were weak (Table 3.9). The strongest
correlation was 0.41 between soil P and October herbage P. Correlations betwen soil
and herbage P were significant at all herbage harvest dates. Soil calcium and July
harvested herbage Ca were negatively correlated)05). Herbage K was significantly

correlated to both exchangeable soil K and K saturation perceptag&@5s).
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DISCUSSION
Differences in the plant available soil nutrient concentrations between the grazing

treatments were noted in 2007 prior to the initiation of grazing. The effect of time was
consistent across the four treatmeaggdicated by nossignificant teatment by time
interaction forall nutriens. If the grazing treatments had major effects on nutrient
dynamics and recycling, nutrient concentratibkealy would havediverged through the
five years of grazing. This divergence did not occur suggestaighe effect size of any
change in nutrient recycling or redistribution was probably small between the grazing
treatments.

Given the relatively small quantity of nutrients removed through livestock and the
efficient recycling of nutrients in pastusgstems,tiwas expected that pH and soill
nutrient concentratiswould remairrelatively constanacross the fivgear study.A
decline was, however, detected in soil pH and several other nutrients through the duration
of the study. Decreasing soil pkay timewas likelyassociated with acid rain,
decomposition of organic matter, ion uptake by plants, and leaching losses of cations
(Havlin et al., 2005). A loss of 0.05 pH units'yar 0.8% of average concentrations per
year was detectedl'he declinegn pH was much less in these silt loam soils as compared
to a pH decline of 1.53% per year shown under grazing and haying on sandy soils (Sigua
et al., 2006). Extractable P decrease@9¢- 1.59 mg kg yr* or5 - 9% per year.
While loss of P in gramg systems has been shoinrother studie¢Sigua et al., 2006),
the magnitude of decline shown in this study was greater than exp@edaf the
decline in P concentration over time might be explainedrn®ven deposition of manure
across paddocks drneavy concentratiomsear watering and loafing areas (West et al.,

1989; Mathews et al., 1999}t is unlikely, howeverthis would entirely account for the
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decline inextractablesoil P shown here. Decreasing concentrations of Ca and Mg

through time ee supported by studies on effects of urine and manure on cation ratios in
soil (Weeda, 1977)HigherK concentrations caused by urine deposition can replace Ca
and Mg on solil particle exchange surfaces leading to leaching of the two divalent cations
(Kayser and Isselstein, 2005). Data from this study did not, however, show increasing K
concentration over time probably because of excreta deposition primarily near water
sources and shade as opposed to general grazing areas (West et al., 1989; Mathews et al
1999).

Several paddocks in each grazing system were managed differently, and it was
hypothesized that this management could have affected the nutrient content of herbage
and soils. Paddocks used for hay feeding showed higher concentrations ¢élebetrac
soil P and exchangeable K, and lower concentrations of sail &ail P and K were
higher in hay feeding as opposed #@y feeding areas in a previous study at the same
site (Flores and Tracy, 2012). The importation of P and K inzesfikely responsible
for the increased concentrations in HFP soils. Lime and P and B fertilizers applied to
DCP at establishment significantly increased soil pH, P, Ca, and Mg as compared to the
unfertilized RSP. Boron concentrations were also significantly higHe€CP due to
fertilization for the alfalfa componerand declined significantly with time (Figure 3.7).
Boron can be lost from soil through leaching gBB,, H,BO,, and BQ* (Stevenson
and Cole, 1999 and this may explain the decline in concentratidigher Zn
availability in DCP is counterintuitive as DCP had higher pH which should reduce Zn
availability (Moraghan and Mascagni, 1991; Halvin et al., 20@®ncentrations of Zn

have been reported in P fertilizers (Whitehead, 2000); it is poskdil¢éhe P fertilization
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of HFP was also a source of Zn. Copper and Fe concentrations in HFP soils were also
higher compared to RSRron increased through the duration of the study, but this
appears to be related to outlying values in 2011. Little teystem loss of Fe and Cu
should beexpected at lower grazing management intensities (Whitehead, 2000).
Increased P, K, Fe, Cu concentrations in HFP can probably be explained by the
importation of nutrients through hay, and increased P, K, Ca, Mg, Zi3 and
concentrations in DCP were most likely a result of fertilization at establishment.

While P, K, Ca, Mg, Zn, Fe, Cu, and B concentrations in soil differed
significantly among paddock types, only N and K concentrations were significantly
affected in lerbage. Higher herbage N in DCP was likely caused by the higher protein
content of the alfalfa present in those swards. Potassium and N imported into HFP as hay
would have been present in excreta in forms easily taken up by plants. Repeated urine
deposiion increased N concentration in the herbage of bahiagrass patches for more than
84 days (WhiteLeech et al., 2013). Increased herbage K has desotiated with
manure pats Weeda (1977) studigtle effects of manure on perennial ryegréssigm
perenne L.) and white clover pasture. Heund that2% of manure Kvas recovied in
herbage within six weeks and 93% K recovery 14 months after manure depositions
(Weeda, 1977). This is in agreement with the result showing increasing levels of herbage
K in HFP as opposed to RSP.

Meeting the fertility requirements through soil testing and fertilization will help to
ensure maximal dry matter production (Havlin et al., 2005). The relationship between
soil and herbage nutrient concentrations is important dierstanding the value of soil

testing in determining the nutrient status and mineral concentration of pasture herbage
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and thus livestock feed. Correlations between soil and herbage nutrient concentrations
were lower than expectedHigh gatial heterogenty in nutrient concentration is
common in pasture soitndis mostly associated wittoncentrated nutrient patches
caused by excreta deposition throughout paddocks (Kuriuki et al., 2009). Pasture
herbage was sampled from a single random swath at see¢ealthrough the growing
seasons, while soil was sampbad randomly selected cor@er paddockach
November. Soils and herbage were not sampled from exactly the same location within
paddocks or the same time of year. Sampling the rhizospheré el gants harvested
would likely have a higher correlation with herbage concentrations. Soil tests of a
pasture do not necessarily provide an indication to the nutrient concentration of the
herbage growing in that pasturglerbage nutrient analysisnsquired to determinié the
herbage could meet the nutrient requirements of livestock.

The CVs of soil and plant nutrients were assessed to compare their variability and
utility for fertility evaluation. The CVs for herbage P and K were smaller thasetfor
plant available soil P and K. Therefore, herbage nutrient concentrations may provide
more stable values for assessing P and K fertility in pasture systems. Contamination
from soil, however, is a major problem for assessing Fe and Al concergratiplant
tissue (Jones et al., 1991). Coefficients of variation for Fe in pasture herbage were large,
and were probably caused by soil contamination of herbage samples. Herbage samples
must be washed prior to analysis if assessments of Fe or Allagertade (Jones et al.,

1991).
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CONCLUSIONS
This study yielded several important findings in regard to the nutrient dynamics of

soil and plants in coedeason pastures. Concentration of several soil nutrients declined
over the course of the study. Sostiag is important to monitor changing soil pH and P
concentrations, though changes from one year to the next appeared to be small in these
pasture soils.The rate of change in soil nutrient concentration with time did not differ
between cow frame scoradcreep grazing treatmentslay feeding sites accumulate
nutrients, increasing concentrations in soil and herbage, and strategic placement of hay
feeding sites can be used to increase fertility of selected areas-tdronpay feeding in

one location cold lead to increased losses as soils become saturated with nutrients.
Differences between creep grazing system and livestock frame score did not have
significant impacts on soil nutrient concentrations. With large spatial heterogeneity in
soil nutrientconcentrations within paddocks, measurement of herbage nutrient
concentrations could serve as a more accurate and stable integrator of the nutrient status

of pasture systems as compared to soil testing.
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Table3.1: SkeletonMANCOVA table comparing soil nutrient concentrations by grazing
system

Source df Wilks & Approx. F P-Value
Grazing System 3 0.029 11.04 <0.001
Block 2 0.024 25.48 <0.001
Exp. Unit 6 0.013 5.37 <0.001
Time 1 0.409 6.78 <0.001
System x Time 3 0.674 0.67 0.896

Error 56
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Table 3.2: F statistics for model terms in ANCOVA of plant available soil nutrient concentrations by grazing system: FWD LG, FWG

SM, DED LG and DED SM. Coefficients of determination (R*) for each nutrient model using only significant model terms are listed

CoefTicients for the effect of time in the subset models are measured in mg kg yr'',excluding pH, plus one standard error.
Term pH

P K Ca Mg Fe Zn Cu Mn B
Grazing Sys. 14.05%** 7.73% %% 1.03 16.77%%%* 10.61%#%%* 16.01%#%%* 1.05 15.90%%*%* 1.53 11.70%%%*
Time 21.03%%%* 16.27%#%%* 1.23 8.74%* 5.14%* 4.23* 1.22 4.43* 1.27 10.20%*

Sys. x Time 0.55 0.60 0.27 1.14 1.76 0.23 0.32 0.06 0.26 0.51

Subset R 0.65 0.78 - 0.65 0.66 0.64 - 0.73 - 0.63

Time Coef. -0.05 -1.27 - -28.44 -4.75 0.33 (0.16) - 0.02 (0.01) - -0.02

(SE) (0.01) (0.31) (9.65) (2.14) (0.01)

*p<0.05; ** p<0.01; ** p<0.001
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Table3.3: Analysis of variance of soil nutrient concentrations between grazing treatments in 2007 and 2012. Within a nutrient and
year, differing letters indicated sigiwént differences based on TukeyOs H5® Q.09. (FWD, forward creep system; DED,
dedicated creep system; LG, 7 cows of frame scor&.B;1SM, 8 cows of frame score of D).

pH P K Ca Mg Fe Zn Cu Mn B
Treatment Year (mg kg"
FWD LG 6.66 ab  24.83 137.17 1063.50b 21750ab 7.70ab 2.27 0.50b 14.23 0.50b
FWD SM 2007 6.72 a 23.33 136.83 117717 ab 255.67 a 6.27 b 2.55 0.48b 14.45 0.57 ab
DED LG 6.60ab  28.00 114.00 1413.33a 254.33a 11.03 a 2.60 0.70 a 11.87 0.63 a
DED SM 6.35b 24.33 120.67 1127.33b 195.33 b 6.40 b 2.57 0.50b 12.13 0.50b
FWD LG 6.47 ab 16.33 114.67 990.33 b 20233 ab 6.57 ab 2.17 0.57b 15.67 0.40b
FWD SM 2012 6.47 a 12.67 132.33 1124.33 ab 232.33 a 6.46 b 1.93 0.47b 17.17 0.50 ab
DED LG 6.47 ab 18.00 106.00 1202.33a 209.33a 9.07 a 2.10 0.80 a 12.50 0.50 a
DED SM 6.23 b 17.33 113.67 1001.00b 187.33b 7.13b 2.30 0.53b 15.73 0.43b
Year Effect * el ns * * ns * ns * *
Trt! Year Int. ns ns ns ns ns ns ns ns ns ns

*p <0.05; ** p<0.01; ** p<0.001
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Table3.4: SkeletonMANCOVA table comparing soil naént concentrations by paddock type:
RSP, DCP, and HFP.

Source df Wilks ! Approx. F P-Value
Paddock Type 2 0.029 11.80 <0.001
Block 4 0.005 6.85 <0.001
Exp. Unit 5 0.009 4.02 <0.001
Time 1 0.268 6.57 <0.001
Type" Time 2 0.925 0.93 0.560
Error 33
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Table3.5: F statistics for model terms ANcovA of plant available soil nutrient concentrations by paddock type: RSP, DCP, and
HFP.

Term pH P K Ca Mg Fe Zn Cu Mn B
Paddock Type 17.10*** 16.32%** 4.77* 27.80*** 2.16 6.65** 8.55** 8.64*** 3.15 19.02***

Time 7.15* 0.003 0.42 7.52** 4.89* 15.12%** 7.87** 1.30 1.70 18.04***
Type! Time 0.73 0.84 231 2.73 2.84 1.46 2.28 0.63 1.23 3.31*

*p <0.05; ** p<0.01; ** p<0.001
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Table 3.6: Skeleton MANCOVA table comparing herbage nutrient concentrations by paddock

type: RSP, DCP, and HFP.

Source df Wilks A Approx. F P-Value
Paddock Type 2 0.093 5454 < 0.0001
Block 1 0.110 1.838 0.0087
Exp. Unit 5 0.154 1.145 0.2758
Time 4 0.196 9.848 < 0.0001
Type x Time 2 0.528 0.903 0.5853
Error 33
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Table 3.7: F statistics for model terms in ANCOVA of herbage nutrient concentrations by paddock

type: RSP, DCP, and HFP.

Term N P K S Ca Mg Zn Cu Mn B
Paddock 7.54%* 1.18 8.90%* 2.85 3.18 0.14 0.64 3.20 0.18 0.16
Type *
Time 1.32 042 2.77 1.32 1.83 0.87 2.59 13.11%* 1.56 1.00
ES
Type x Time 0.72 0.26 3.51% 0.65 0.16 043 0.06 0.19 1.70 0.27

*p<0.05; ** p<0.01; ** p<0.001
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Table 3.8: Coefficients of variation of plant available soil nutrient concentrations and pasture
herbage nutrient concentrations (+/- standard error).

Soil Herbage
November April July October

N - 0.19 (0.02) 0.25 (0.02) 0.25 (0.02)
S - 0.20 (0.02) 0.20 (0.02) 0.16 (0.01)
P 0.75 (0.06) 0.18 (0.02) 0.27 (0.03) 0.27 (0.03)
K 0.54 (0.05) 0.22 (0.02) 0.29 (0.02) 0.30 (0.03)
Ca 0.25 (0.04) 0.26 (0.05) 0.30 (0.03) 0.23 (0.04)
Mg 0.26 (0.02) 0.20 (0.03) 0.18 (0.01) 0.26 (0.06)
Fe 0.46 (0.04) 1.35(044) 0.62 (0.11) 0.94 (0.27)
Zn 0.54 (0.10) 0.35(0.03) 0.30 (0.02) 0.79 (0.19)
Cu 0.71 (0.14) 0.38 (0.07) 0.27 (0.02) 0.84 (0.26)
Mn 0.31 (0.03) 0.45 (0.03) 0.55 (0.04) 0.48 (0.04)
B 0.25 (0.02) 0.47 (0.07) 0.29 (0.02) 043 (0.04)
n= 80 66 80 80
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Table 3.9: Correlation coefficients (r) between soil nutrient concentrations, collected in
November, and herbage nutrient concentrations from selected months of the growing season in
which the soil was tested and the following season. Significant correlations (p < 0.05 are
denoted with an asterisk.

April July October April
Current Season ----------------—--—- Following Season

P 0.35* 0.34* 041* 0.30*

K 0.08 0.23* 0.00 0.07

Ca -0.10 -0.31* 0.13 0.08

Mg 0.07 -0.22 0.22 0.05

Fe 0.09 -0.08 0.13 -0.15

Zn -0.15 -0.11 -0.17 0.38*

Cu 0.07 0.12 0.10 -0.03

Mn -0.06 0.19 0.15 0.03

B -0.07 -0.11 -0.12 0.14

K Saturation / K 0.19 0.22% 0.06 0.08

Ca Saturation / Ca 0.03 0.07 0.13 -0.02
Mg Saturation / Mg 0.08 0.07 0.19 0.12
n= 66 80 80 64
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Figure 3.2: Schematic diagram of dedicated creep system (DED) and forward creep system
(FWD). Creep gates allow calves to pass through, while excluding the cows. In DED, calves
always had access to the dedicated creep paddock (DCP), which had been planted with alfalfa
and novel endophyte tall fescue (MaxQ). In FWD, calves have access to the next paddock

forward in the rotation (e.g. when cows are stocked in paddock #1, calves can access paddocks
#1 and #2).
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Figure 3.3: Soil nutrient concentration by grazing system (Six year average). Error bars are one
standard error. Within a nutrient, differing letters indicated significant differences based on
Tukey’s HSD (p < 0.05). (FWD, forward creep system; DED, dedicated creep system; LG, 7
cows of frame score 5.1 - 7.0; SM, 8 cows of frame score of 3.0 - 5.0).
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Figure3.5: Soil Fe, Cu, and B by year, grazing system (FWD, forward creep system; DED, dedicated creep system; LG, 7 cows of
frame score 5.17.0; SM, 8 cows of frame score of 3.8.0), and block (B, H and K). Thevalue for the combined effect of time
across 12 grazing systems and tR@Rhat model are listed.
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Figure3.6: Soil nutrientconcentration by paddock type (four year average). Error bars

are one standard error. (DCP, dedicated creep paddock; HFP, hay feeding paddock; RSP,
rotational stocking paddock). Within a nutrient, differing letters indicated significant
differences basd on TukeyOs HSP € 0.05.
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Figure3.7: Soil B by paddock type and year. (DCP, dedicated creep paddock; HFP, hay
feeding paddock; RSP, rotational stocking paddock). Error bars are one standard error.
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Figure3.9: Herbage K concentration by paddock type and year. (DCP, dedicated creep
paddock; HFPhay feeding paddock; RSP, rotational stocking paddock). Error bars are
one standard error.
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Chapter 4. Evaluating Seasonal \riation in Mineral Concentration of Cool
Season Bsture Herbage

ABSTRACT
Pasture herbage can be a major source of minferdisestockin pasturebased

production systemsPlant maturity and climatic conditions influence herbage mineral
concentrations. While mineral concentrations vary throughout the growing season,
mineral supplementatiao livestockis often constanilimes of excessupplementation
could causeutrient losses to the environment. The objectives of this study were to
analyze the seasonal variation in herbage mineral concentrati@atis@scue
[Schendonorus phoeni$cop.) Holubbasedoasture with regard to beedttle mineral
requirements and to create a statistical model to predict variation in herbage mineral
concentrations across the growing seadéasture érbagewas analyzeffom 12 grazing
systemsn SteeleOs Tavern, & detemine its mineral concentrati from April

through October of 20082012. The @sture herbage, growwthout fertilization,
containecadequateoncentrations amhacronutrientso meet the requirements of dry beef
cows through the growing season and to meet the requirements an¢pbtdf cows in
April. A model was developed usingonth of harvest, soil moisture, and relative
humidity to exphin variation(R? = 0.75)in an aggregated mineral factor comprised of N,
P, K, S, and Cu concentrations. The cresliddated 90% predictiomtervals of the

model indicated that N, P, K, S, and Cu concentrations could be predicted to within 1.35,
0.08, 0.80, and 0.07% and 3.83 m¢' kespectively. Prediction of herbage nutrient
concentrations could help to improve livestock health, redasts to producers and limit

nutrient losses to the environment.
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INTRODUCTION
Ensuring an adequate supply of mineral nutrients to livestock is essential to

maintaining their growth, reproduction and health. Pasture herbage is an important
source of mineda in pasturebased livestock systems. In these systems, a consistent
level of mineral supplementation is often provided throughout the growing season
(McDowell, 1996). Soil factors, plant species, stage of maturity, seasonal and
temperature effects, arfidrtilization and management can influence the mineral
concentration of pasture herbage (Fleming, 1973). In perennial pasture, stage of maturity
and soil moisture and temperature are major factors influencing variation in herbage
mineral concentration whin a growing season. Examining the nature of within season
variation of mineral concentrations in pasture herbage could provide producers with
information on when supplementation is necessary. Better management of mineral
supplementation could improVigestock health, reduce production costs, and limit
nutrient losses to the environment.

Managers of pastuigased livestock systems must match supplementation and
herbage mineral concentrations with the mineral requirements of livestock. Mineral
requirenents vary depending on the species of livestock, age, and growth rate (Reid and
Horvath, 1980; NRC, 2000). While severe mineral deficiencies occur, marginal
deficiencies are probably more common, and marginal deficiencies can have substantial
impacts ontte growth, reproduction, and health of livestock (Spears, 1994). Grings et al.
(2006) determined that rangeland species contained insufficient quantities of P, Na, K,
Zn, and Cu to meet animal requirements. Studying bahiadt@ss:(um notatum
FlYgge) pstures in Florida, Cuestra et al. (2001) found the pasture herbage did not

contain sufficient quantities of P, Cu, Zn, Co, Na, and Se to meet livestock requirements
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and recommended mineral supplementation. While both studies examined variation in
herbagamineral concentration at several dates per growing season and noted variation in
mineral concentration between dates, neither paper recommended varying mineral
supplementation to correspond with changing herbage mineral concentrations.

The variation in rmeral concentration of pasture herbage within a growing
season is related to the stage of maturity, soil temperature, and soil moisture effects. The
effect of stage of maturity has been well studied (Blaser and Kimbrough, 1968; Reid et
al., 1970; Baker ahReid, 1977; Ayres et al., 1998; Brink et al., 2006; NordReiken
et al., 2009). Nitrogen, P and K concentrations decrease significantly with plant maturity
while variation in calcium and magnesium concentrations tend to be less consistent.
Several stdies have used clipping or rotational stocking to maintain herbage in the
vegetative stage; this allowed for the examination of seasonal effects on herbage mineral
concentration without the influence of changing maturity (Fleming and Murphy, 1968;
Saundes and Metson, 1971; Kappel et al., 1983). Herbage P and K concentrations
declined from spring to summer in these studies, while seasonal effects on Ca, Mg, and
micronutrient concentrations varied by species. The pattern of variation in mineral
concentrabn, related to either stage of maturity or seasonal effects, differs among
growing seasons (Reid et,d970; Greene et .all987; Grings et al1996). In temperate
climates, the maturity of plants is related to the progression of the seasons;ishus, it
difficult to separate seasonal effects from the effects of increasing maturity. In grazing
systems, however, the actual mineral concentration of pasture herbage is the important

factor for livestock production regardless of the source of variation.
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Understanding variation in mineral concentration of pasture herbage throughout
the growing season would allow producers to optimize mineral supplementation to
livestock. Direct sampling of herbage and determination of its mineral concentration is a
possibility, but mineral analysis is expensive and multiple samples are frequently
required to gain an adequate assessment of current herbage mineral concentrations (Jones
etal., 1991). Given the relationship between soil and environmental factors and the
mineral concentration of herbage, this information could be used to inform producers of
the mineral status of pasture herbage throughout the growing season. This could lead to
times of excess supplementation causing nutrient losses to the environment. The
objectives of this study were to analyze the seasonal variation in herbage mineral
concentrations in tall fescue-based pasture with regard to beef cattle mineral requirements
and to create a statistical model to predict variation in herbage mineral concentrations

across the growing season.

METHODS AND M ATERIALS

Research Site

This research was conducted as part of a wider grazing systems project at the
Virginia Tech Shenandoah Valley Agricultural Research and Extension Center in Steele’s
Tavern, Virginia (Lat: 37i{55°49”, Long: -79i12°50”, Elev: 540 m). The soil at the site is
a Frederick and Christian silt loam complex (fine, mixed, semiactive, mesic Typic
Paleudults and fine, mixed, semiactive, mesic Typic Hapludults, respectively). Average
precipitation is 882 mm annually. Average monthly temperatures range from 1jC in

January to 22jC in July (SCAN, 2013).
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Ninety-six paddocks (0.8 ha each) were rotationally stocked by 12 groups of 7 or
8 Angus and Angus-cross cow-calf pairs. Each group of animals was stocked in a set of
8 paddocks; this comprised 1 grazing system. The 12 grazing systems were assigned to 4
animal size and creep grazing treatment combinations as described in Chapter 3 of this
thesis. The paddocks were rotationally stocked from April through September of 2008
through 2012, and the cows were fed imported hay and stockpiled pasture during the
winter dormant season.

Climate and soil data were collected from the Natural Resources Conservation
Service Soil Climate Analysis Network station located at the site (SCAN, 2013). Soil
moisture (10 cm depth), soil temperature (10 cm depth), air temperature, precipitation,
and relative humidity were collected, and growing degree-days were calculated with base

temperature 0°C (Frank and Hofmann, 1989).

PastureSampling& Analysis

The species composition of the pasture was predominately tall fescue with smaller
proportions of orchardgrass (Dactylis glomeratd..), Kentucky bluegrass (Poa pratensis
L.), and white clover (Trifolium repend..). The sward was well established before
initiation of the study. Soil fertility was adjusted to soil test recommendation levels prior
the study and no additional fertilizer was added during the course of the experiment.

Pasture herbage samples were harvested from each paddock on approximately the
15" of the month from April through October (2008 to 2012). Herbage was harvested at
8 cm stubble height from a randomly selected 0.75 m by 3.5 m swath of the paddock
using a Swift Forage Harvester (Swift Current SK, Canada). Samples were dried at 60°C

for at least 48 h. A stratified subset of 20 paddocks were selected for mineral analysis of
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their herbage. Stratification ensured herbage from each of the 12 grazing systems was
included in the sample. Herbage N concentration wé&srohined by combustion at the
Ruminant Nutrition Laboratory at Virginia Tech. Herbage P, K, S, Ca, Mg, Fe, Zn, Cu,
Al, Mn, and B concentrations were determined using microvesgested acid extraction
and inductively coupled plasma atomic emission spewtry at A & L Eastern Labs,

Richmond, VA.

Statistical Analysis
The statistical analysis for the study was conducted using R (R Development Core

Team, 2011). The mineral concentrations were examined and positively skewed
distributions of Fe and Al conceations were noted. The outlying values of Fe and Al
were likely caused by soil contamination (Jones et al., 1991), and these minerals were
excluded from all subsequent analysis. Mineral concentrations were plotted by month
and year of harvestANOVA was used to determine the effect of month, year, and month
by year interaction on legormal transformed herbage concentration of each nutrient.
The model was:

Y =+l +" +# + (! ")ij + By
where Y is the loghormal herbage concentration of thgrient in questiony is the
grand meant is the effect of month,= 1,2,E7; " is the effect of year,3 1,2,E5; #is
the blocking factor for the paddock sampled; X,2,E20; ! " is the month by year
interaction; and E is the experimental error. e HSD was used to determine mean
separation!( = 0.05). The Sear average concentrations by month were compared to the
dietary requirements of dry and lactating beef cows as specified by the National Research

Council (NRC, 2000) (Table 4.1). A grassany risk index was calculated as the ratio of
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herbage Ko the sum offa and Mg based on milliequivalents of charge and compared to
the highrisk threshold of 2.2 (Shewmaker et al., 2004).

Pearson correlation coefficients (r) were calculated betweemradrals using
average herbage concentrations from each harvest (n = 35). Instead of creating a
predictive model to determine concentrations of each mineral individually, the correlated
nature of the mineral variables was used to create aggregated|minees. Factor
analysis using varimax rotation was preformed, using the principle function in the
OpsychO package in R, to reduce the dimensionality of the dataset (Revelle, 2012).
KaiserOs Criterion was used to determine the number of factors taiedeall factors
with eigenvalues greater than 1 (Jackson, 1993). Neither Mn nor Zn were highly loaded
onto the retained factors and were removed from the analysis. Boron was also removed
because it is not an essential mineral for livestock nutrit®ien the relatively small
sample size as compared to the number of nutrients analyzed, the data were randomly
split into 2 parts and factor analysis was rerun on both to ensure that the factor loadings
were consistent and were not skewed by outlyingrebtens. The resultant scores from
the factor analysis were used as the dependent variables in the prediction models.

Soil moisture, soil temperature, air temperature, precipitation, growing degree
days, and relative humidity were averaged over the ,5ridb 30 days before each
herbage harvest. The 3 intervals of climatic data were collected because the temporal
relationships between climatic conditions and mineral concentrations were unknown. The
3 intervals of each of the 6 climate variables were Juseaddition to the categorical

variable of month, as the potential independent variables for the prediction models.
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The allpossible regressions algorithm in the OleapsO package in R was used to
determine the best set of regressors to use in each prednzidel (Lumley, 2009).
Models were ranked in terms of adjustédaRd the number of terms in the model.
Models with a large adjusted&d a small number of terms were examined to determine
if they met linear regression assumptions. Variance iafidactors (VIFs) were
calculated and models were retained with VIFs less than 10 (Montgomery et al., 2012).
The externally studentized residuals were calculated and assessed for normality, outliers,
and leverage points. The studentized residuals weteglagainst the fitted values and
each regressor in the model. Plots of the studentized residuals by month and year of
harvest were used to assess the potential for autocorrelation (Montgomery et al., 2012).
The models were selected using these caitenid diagnostics to best explain the variation
in the mineral factors.

The resulting models were validated usingfdld cross validation performed in
the AAG Opackage in R (Maindonald and Braun, 2012). The average\atidated
mean squared error (BE) was used to calculate prediction intervals for the model. A
linear regression between the mineral factor scores and each mineral variable was
created. The regression equations allowed for the conversion from the predicted mineral

factor scores to pdicted herbage mineral concentrations.

RESULTS
Herbage mineral concentrations differed significantly by month (Table 4.2).

Greatest concentrations of N, P, K, S, Cu, and Zn occurred in April harvested herbage.

Concentrations of those 6 minerals declitedhinimum concentrations in July and
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August. Calcium and Mn concentrations fluctuated throughout the growing season,
while Mg concentrations tended to increase as the season progressed.

Average monthly herbage K, S, Ca, Mg, and Mn concentrations wii@ent to
meet the requirement of dry and lactating beef cows throughout the growing season.
Herbage N was sufficient to meet the protein requirement of a dry beef cow in all months
and in all months except July for lactating beef cows. Phosphorosrdoation was
adequate for dry cows except for July of several years and tended to be adequate for
lactating cows only in early spring. Copper concentration was deficient most months
except April, and Zn concentrations varied between years. Thereavesydr,
significant month by year interaction for the concentrations each mipesd.001)
(Figure 4.1). Herbage concentrations of N, P, K, S, Cu and Zn in 2009 tended to decline
from spring to fall, while concentrations of these minerals were higpring, low in
summer, and high again in fall of the remaining years. The grass tetany ratio of herbage
remained below the highsk threshold throughout the year (Figure 4.1).

Herbage N, P, K, S, and Cu concentrations were all positively correlatechto ea
other ¢! 0.53)(Table 4.3). Calcium was correlated to Mg=(0.68) and Br(= 0.69).
Zinc concentrations were moderately correlated 10-SQ.52) and Cur(= 0.54).
Manganese concentrations appeared to be independent of the other minerals with a
maximum correlation of 0.50 with Cu.

Factor analysis yielded two retained factors. The first factor contained 56% of the
total variance in the data, and N, P, K, S, and Cu were highly correlated to this factor
(Figure 4.2). The second factor contain&@&o2of the total variance, and Ca and Mg were

highly correlated to this factor. When the data were split and factor analysis was run on
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both parts, the factor loadings were consistent with the loadings calculated for the entire
dataset.

Model selection foMineral Factor 1 (N, P, K, & Cu) resulted in a model
including month as a categorical variable and soil moisture averaged over the 15 days
before each harvest and relative humidity averaged over the 5 days before harvest. This
model had an f 0.75and all model terms were significapt< 0.05) (Table 4.4).

Model selection for Mineral Factor 2 (Ca, Mg) resulted in models with adjustealiuRs

of less than 0.37. A model explaining the majority of variability in Mineral Factor 2
could not be foud using the regressors selected in this study. The remaining analysis
and validation was performed on the model for Mineral Factor 1 only.

The initial prediction intervals were based on the maggglerated MSE of 0.33.
Tenfold crossvalidation yieldedan average MSE of 0.42 (Figure 4.3). Prediction
intervals based on the cregslidated MSE were converted from Mineral Factor 1 scores
into concentrations of N, P, K, S, and Cu. The average width of 90% prediction intervals

were 1.35%, 0.08%, 0.80%, 0%7and 3.83 mg kgfor N, P, K, S, and Cu, respectively.

DiscussIiON
The mineral concentration of tall fesebhased pasture herbage varied, as

expected, throughout the growing season. A pattern of high mineral concentration in
spring, low concentratiomisummer, and high concentration in fall was consistent with
the expected pattern of sward maturation and vegetative regrowth through the growing
season. Variation in the pattern between years appears to be related to climatic
conditions. This is consestt with the concept that mineral concentration of herbage is

determined by two sets of processes: those that control dry matter accumulation and thus
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the dilution effect, and those that control the uptake and transport of nutrients from the
soil into plan tissue (Loneragan, 1973; Jarrell and Beverly, 1981). Differing climatic
factors including soil temperature and moisture have impacts on both dry matter
accumulation (Connor et al., 2011) and mineral uptake (Saunders and Metson, 1970;
Fleming, 1973; Mira and Tyler, 1999), and are related to the variation in the pattern of
mineral concentrations among the growing seasons.

Herbage met the macronutrient requirement for dry beef cows throughout the
year, but was deficient in micronutrients during the sumamerfall. Mineral
requirements were met for lactating beef cows by April herbage but N, P, and
micronutrients declined below their minimum requirements during the summer and fall.
Cuestra et al. (1993) found many bahiagrass samples deficient in Paodutrients
compared to beef cow requirements. In the Great Plains, Grings et al. (1996)
recommended supplementation of P, Na, K, Zn, Cu to livestock. Sodium and
micronutrient supplementation is likely necessary with tall fescue pasture for dry beef
cows, but P appears to be sufficient in herbage. Limiting unnecessary supplementation of
P could reduce P losses to the environment. The herbage grass tetany ratio remained
below the higkrisk threshold throughout the year. Higher risk of grass tetany teul
expected in the spring with N or K fertilization (Robinson et al., 1989)

Factor analysis yielded two nutrient factors, one explaining variability in N, P, K,
S, and Cu, and the other the variability in Ca and Mg. The remobilization of certain
nutrierts as plants mature may be related to this grouping. Nitrogen, P, K, S, anel Cu
mobileelements in plant tissy&Vhite, 2012). The concentration of these nutrients

followed a pattern through the growing season that could be explained by increasing
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maurity and vegetative regrowth, and thus, may be related to the mobility of minerals
that comprise Mineral Factor 1. Calcium is immobile (White, 2012) and present in
relatively high concentration in cell walls of grasses and legumes (Whitehead et al.,
1985. It could be expected that concentratiohBnmobile minerals would behave
differently throughout the growing season compaveéd mobile minerals. Magnesium
is, however, a mobile mineral. Why Mg is correlated to Ca as opposed to other mobile
nutrierts is unknown. Previous studies of tall fescue have shown strong correlations
between Ca and Mg concentrations in leaf tissue but do not offer explanations as to why
this might occur (Shewmaker et al., 2004; Sleper et al., 1977). Using factor analysis to
reduce the data to aggregated mineral factors has the benefit of reducing the number of
predictive models that need to be developed and takes into account the correlated nature
of the minerals.

The coefficients of the model developed here indicate istrg&oil moisture
and decreasing relative humidity positively affect N, P, K, S, and Cu concentrations. In
fall of 2009, soil moisture was low and relative humidity was high as compared to the
remaining years (data not shown). Lower than average Octoberal concentrations
occurred in 2009. Soil moisture and relative humidity are two of the factors that
determine transpiration rate (Connor et al., 2011). Both soil moisture and transpiration
rate are related to mineral uptake by plants and can exp&gbility of the model to
predict variation in herbage mineral concentration among growing seasons (White, 2012;
Tanguilig et al., 1987). Evapotranspiration rate was not measured during this study, but
these results indicate that evapotraspirationmeate be a good predictor of mineral

concentration in pasture herbage.
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The model developed could provide useful information to producers about the
mineral concentration of their pasture herbage. A comparison of the 90% prediction
intervals for N, P, K, Sand Cu with the actual ranges of concentration of those minerals
through the duration of the study, shows that, on average, the prediction intervals were
approximately 50% the size of the actual range of concentrations. A smaller percentage
of the predition interval to the total range would indicate better predictive ability. This
model should detect major deviations from the normal pattern of variation in mineral
concentration througiut the growing season. That information could inform producers
as b when mineral supplementation is especially important and could limit the costs
associated with unnecessary supplementation. A limitation of this model is it was
developed from data that were collected from one site and soil type. Differences in initial
nutrient concentrations, watbplding capacity, and species composition would vary
from site to site, but it is expected that the general seasonal trends would holbtrue

season gradsased pasturtiroughout the MidAtlantic region.

CONCLUSIONS
This study showed that unfertilized, cesglason pasture herbage harvested in

April could providean adequate supply of N, P, K, S, Ca, Mg, Mn, Cu and Zn to meet the
requirements of dry and lactating beef cows. Sulfur, K, Ca, Mg and Mn concentrations
remaine& above lactating beef cow requirements through the growing season. All

herbage nutrient concentrations, except Cu and Zn, remained above the requirements of a
dry beef cow. Supplementation to dry beef cows can be limited to Na and

micronutrients. Thistudy found that herbage can meet the P requirements of dry beef

cows and supplementation may lead to unnecessary P additions to the environment.
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Prediction of herbage N, P, K, S, and Cu concentrations is possible using soil moisture
and relative humidity Using prediction of herbage mineral status could provide
producers with useful information on when mineral supplementation is necessary for

optimal livestock production.
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Table4.1 Minimum dietary requirements for a dry and lactating beef cows in units of
percent or mg Kgof dry matter consumed (Adapted frodiRC, 2000).

Mineral Dry Cow Requirements Lactating Cow
Requirements

N (%) 1.12 1.70

P (%) 0.19 0.27

K (%) 0.60 0.70

S (%) 0.15 0.15

Ca (%) 0.19 0.27

Mg (%) 0.12 0.20

Mn (mg kg") 40 40

Cu (mg kg') 10 10

Zn (mg kg") 30 30
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Table4.2: Pasture herbage mineral concentrations by monthybee averages). For a
given row, letters indicate significant difference between months based on TukeyOs HSD
(p < 0.05). Analysis was performed with igansformediata; results are not

transformed.

Mineral April May June July August September October
N (%) 3.08 2.50° 2.00 1.68' 1.85' 2.48 2.43
P (%) 0.28 0.27 0.2%8 0.21° 0.24° 0.2%8 0.24
K (%) 2.2 2217 2.07° 1.59 1.57 1.96 1.97
S (%) 0.23 0.2¢° 0.19° 0.16 0.1¢ 0.27° 0.20°
Ca (%) 0.54 0.45 0.51 0.47% 0.52 0.53° 0.49
Mg (%) 0.23* 0.2Z 0.25 0.24¢ 0.28 0.3C¢° 0.27
Mn (mg kg')  105.4 96.2" 79.5 85.8° 92.7° 87.1 87.0"
Cu(mgkdg) 11.¢ 8.9 7.9 7.2 8.2¢ 8.7 9.00
Zn (mgkg) 34.2 30.2 25.8 23.3 24.9 25.7 26.8
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Table4.3: Correlation coefficients among herbage mineral concentrations averaged by
harvest date (n = 35).

N P K S Ca Mg Mn Cu Zn B

N 1

P 071 1

K 070 078 1

S 087 078 072 1

Ca 012 024 027 030 1

Mg -0.00 -0.07 0.11 0.18 068 1

Mn 037 036 0.08 029 040 -001 1

Cu 082 060 053 074 020 003 050 1

Zn 044 035 033 052 040 015 037 054 1

B 035 044 057 043 069 025 029 049 049 1
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Table4.4: Regression model explaining variation in Mineral Factor 1. Coefficient for
month is the starting value and is adjusted by the coeffitoesbil moisture and

humidity.
Term Coefficient P-value
Month - <0.0001
April 3.2137 -
May 3.2804 -
June 2.7337 -
July 2.1345 -
August 2.5758 -
September 3.2578 -
October 2.5375 -
Soil Moisture (%) 0.0455 0.0062
Relative Humidity (%) -0.0438 0.0474
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Figure4.1: Herbage mineral concentrations by month and year. Average of approximately 20 samples pet d&deaddrd error.
Dashed and dotted lines are lactating and dry cow minimum requirements, respectivel2QR&®C Values above a solid line
indicate high grass tetany risk.
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Figure4.2: Biplot of factor analysis using viarax rotation on herbage mineral concentrations
averaged by harvest date.
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Figure4.3: Standard (dark) and cresalidated (light) prediction intervals for Mineral Factor 1.
The actual values for Mineral Factor 1 are shown by the black line.
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Chapter 5Conclusions

Changing fertilizer prices, increasing concerns about the environmental impact of
agriculture, and growinglobal demands for food, fuel, and fibequireagricultureto be
efficient and sustainable. Continued study of nutrient dynamics irseaslon pastures provides
needed informatioto develop recommendations fgptimal management. The studies
associated with this thesis have yielded several important findings thavergarno
understanding of nutrient dynamics in pasture and can lead to improved management of these
systems.

While nutrients tend to be efficiently recycled in pastures, decreasing soil P
concentrations were measured during five years of rotational stodkungients were found to
accumulate in the soils and herbage in hay feeding areas so strategic and varied placement of hay
feeding areas is important to distribute nutrients across the farm and to limit losses associated
with high nutrient concentratioms disturbed areas. Soil tests showeégatervariability in the
concentrations o$everal macronutrients than did herbage analysis indicating that use of herbage
analysis may provide a more stable and thus accurate assessment of fertility in pastures as
compared to soil tests.

Herbage nutrient concentrations varied throughout the growing season, and even without
fertilization, herbage always met the macronutrient requirements of dry beef cows. Phosphorus
supplementation to dry beef cows appears to beaessary in tall fescugased pastures, and
lowering P inputs by avoiding supplementation should reduce P losses to the environment.
Lastly, research conducted within the context of this thesis showed that it is possible to use

weather station data to pliet variation in herbage mineral concentration. This information
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could one day help producers to better meet the supplementation needs of their livestock

throughout the growing season and improve the efficiency of nutrient use in pasture systems.
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