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Eighty-seven cowswere GPS (Global Positioning System) tracked for 1 to 3months inmountainous and/or
extensive pastures at five ranches located in New Mexico, Arizona, and Montana. The Illumina Bovine HD
SNP array, which evaluates approximately 770,000 geneticmarkers (i.e., single nucleotide polymorphisms;
SNPs) across the 30 bovine chromosomes, was used to genotype DNA from these cows and to examine
genetic associations with grazing distribution. Terrain use indexes were calculated from tracking data
based on normalized averages of slope use, elevation use, and distance travelled fromwater. Genetic anal-
yses identified a chromosomal region, known as a quantitative trait locus (QTL), associated with these
traits. One geneticmarker on chromosome 29 identified a gene that has been reported to be involved in lo-
comotion, motivation, and spatial memory. This locus accounted for 24% of the phenotypic variation in use
of steep slopes and high elevations, while another QTL on chromosome 17 accounted for 23% of the pheno-
typic variation. Three other QTLs accounted for 10% to 20% of the variation in terrain use indexes. Using re-
sults from the initial high-density geneticmarker analyses, a smaller 50-SNPpanelwas developed targeting
previously identified QTL regions and was used to evaluate the 85 cows tracked previously with an addi-
tional 73 cows from four ranches.With the 50-SNP panel analyses, multiple genetic markers near or within
the gene identified on chromosome 29 confirmed the association with indexes of terrain use. In addition,
genetic markers on chromosomes 4, 8, 12, and 17 accounted for a significant portion of the phenotypic var-
iation in terrain use indexes. The associations between terrain use indexes and genetic markers near candi-
date genes demonstrate that grazing distribution can be inherited and provide a new approach to associate
genetic variation with cattle grazing behavior of range beef cattle.

© 2015 Society for Range Management. Published by Elsevier Inc. All rights reserved.

Introduction

Most concerns associated with livestock grazing are the result of
undesirable grazing distribution rather than stocking rate (Bailey,
2005). The western United States contains mountainous terrain and
arid and semiarid climatic conditions. Cattle typically avoid steep
slopes and congregate in gentle terrain (Mueggler, 1965).Many cattle

donot travel far fromwater andusually grazewithin 2 km fromwater
sources (Holechek, 1988; Valentine, 1947). Livestock are also
attracted to areas with high forage quality (Bailey et al., 1996; Senft
et al., 1987) and often spend a great deal of time in riparian areas
(DelCurto et al., 2005; Roath and Krueger, 1982b). Concentrated graz-
ing in preferred areas can lead towildlife andfishery habitat degrada-
tion and impair streambank stability and riparian function (Kauffman
and Krueger, 1984; Meehan and Platts, 1978), while slopes and areas
far from water that receive little use provide opportunities for sus-
tainably increasing stocking rates (Bailey, 2004). Fortunately, dietary
and distribution preferences of livestock vary greatly among individ-
ual animals. Although most cattle graze gentle terrain near water
(bottom dwellers), some cattle readily travel long distances from
water and utilize steep and rugged terrain and could be considered
hill climbers (Bailey et al., 2004, 2006).
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Transfer of grazing pressure from gentle terrain near water to
rugged terrain and areas far from water can reduce degradation of
riparian areas and improve habitat and water quality (Bailey, 2004;
Launchbaugh and Howery, 2005). Several authors have suggested
that selection of cattle that readily use rugged terrain and culling
cows that prefer gentle terrain and areas near water would improve
grazing distribution (Bailey, 2004; Howery et al., 1998; Roath and
Krueger, 1982a). Bailey et al. (2006) demonstrated the potential to
use selection to manipulate grazing distribution by separating cattle
into hill-climber and bottom-dweller herds and comparing grazing
patterns in similar paired pastures. Pastures grazed by bottom
dwellers had less grazing on steep slopes and more grazing in ripari-
an areas, while pasture grazed by hill climbers hadmore uniform uti-
lization and less grazing in riparian areas.

For selection to be effective, we must determine the degree that
nature and nurture affect grazing distribution. Howery et al. (1998)
demonstrated that early experience as calves had a long-term effect
on grazing distribution. Walker (1995) argued that the only way to
change the grazing habits of livestock is through selection. Genetic se-
lection has potential to dramatically improve a trait over time if the
heritability is moderate or high (Falconer, 1981). Because greater se-
lection pressure can be applied to bulls, genetic progress is greater
through sire selection compared with culling undesirable cows. If
traits are primarily affected by experience, culling undesirable cows
is the only option for selection and progress is often slow because
only a small percentage of the animals can be culled. The degree to
which the genotype affects the phenotype (heritability) has tradition-
ally been determined using population genetic techniques on cattle
herds where the pedigree of each animal is known (Falconer, 1981).
However, animal pedigrees are rarely known on extensive rangeland
cattle operations. Recent advances in molecular genetics provide a
novel approach for studying the genetic influence of traits that are dif-
ficult to measure on rangelands. Single nucleotide polymorphisms
(SNPs) are single substitutions of one DNA base for another at a
given location along the genome, which can be used as genetic
markers. Genomic selection is based on genetic markers rather than
animal pedigrees and has been adopted by the livestock industries
to increase the accuracy of traditional estimated progeny differences
(EPDs) of breeding values and to evaluate young sires with limited
data from their offspring (Eggen, 2012). Currently, the adoption of
this technology has been used for traits with intensive data collection
processes. However, genomic selection is also useful for difficult-to-
measure traits that cannot be practically selected for using traditional
methods because the genotype can be determined directly rather than
being estimated from phenotypic measurements and pedigree infor-
mation (Eggen, 2012).

The Illumina Bovine High-Density SNP array evaluates approxi-
mately 770,000 genetic markers (i.e., SNP) across the 30 bovine chro-
mosomes. This recently developed technology allows researchers to
evaluate relationships between phenotypic traits and genetic

markers at a much greater resolution than previously possible. The
objective of this study was to determine if there were genetic
markers associated with terrain use of cattle grazing mountainous
and/or extensive rangeland pastures. The presence of quantitative
trait locus (QTL) for terrain use in cattle would indicate that grazing
distribution could be inherited.

Methods

Study Sites

Initially (first study), grazing distribution patterns of rangeland
beef cattle were evaluated at five ranches and later (second study)
cattle were tracked at two additional ranches. Terrain at the ranches
was variable with somemountainous terrain and other pastures that
were extensive with limited water (Table 1). Ranches with varying
terrain and vegetation were specifically chosen for this study to en-
sure that any observed relationships between genetic markers and
cattle grazing distribution were not unique to a given region or ter-
rain type.

The Carter Ranch is located 25 km N of San Simon, Arizona. Ter-
rain is gentle with some slopes. Dominant grasses are tobosa
(Pleuraphis mutica Buckley), dropseeds (Sporobolus spp.), and grama
(Bouteloua spp). Dominant shrubs included honey mesquite
(Prosopis glandulosa Torr.), creosote (Larrea tridentata [DC.] Coville),
catclaw acacia (Acacia greggii A. Grayand), and whitethorn acacia
(Acacia constricta Benth).

The Chihuahuan Desert Rangeland Research Center (College
Ranch) is managed by New Mexico State University and located ap-
proximately 37 kmN of Las Cruces, NewMexico. The terrain is rolling
and interspersed with arroyos and small ridges. Common grasses in-
clude dropseeds, threeawn (Aristida spp.), and bush muhly
(Muhlenbergia porteri Scribn. ex Beal). Dominant shrubs are honey
mesquite and creosote.

The Corona Range and Livestock Research Center (Corona Ranch)
is alsomanaged by NewMexico State University and is located 13 km
E of Corona, New Mexico. Terrain is rolling with undulating plains.
Dominant grasses are blue grama (Bouteloua gracilis (Willd. ex
Kunth) Lag. ex Griffiths), New Mexico feathergrass (Hesperostipa
neomexicana [Thurb. ex J.M. Coult.] Barkworth), and other grama
grasses. Patches of tree cholla (Cylindropuntia imbricata [Haw.] F. M.
Knuth) occurred in swales, and there were juniper trees (Juniperus
spp.) on rockier soils located in the higher elevations of the pasture.

The Evans Ranch is located 57 km SWof Silver City, NM. Terrain is
mountainous with bottom areas with gentle and moderate slopes.
Side oats grama (Bouteloua curtipendula [Michx.] Torr.) is the domi-
nant grass, but other grama grasses and tobosa are common. Juniper,
live oak (Quercus spp.), and mountain mahogany (Cercocarpus spp.)
are dominant woody species.

Table 1
Study site description and annual precipitation. (Long-term average annual precipitation).

Ranch Latitude Longitude Pasture size, ha Terrain Elevation, m Slope, % Maximum distance to water, km Precipitation, mm

Carter Ranch 32°29 N 109°16 W 4184 Rolling 1081-1250 0-29 3.1 137 (249)
College Ranch 32°31 N 106°48 W 3990 and 2830 Rolling with arroyos 1250-1402 1-15 10.0 168 in 2011

110 in 2012
(234)

Corona Ranch 34°15 N 105°27 W 1601 and 721 Rolling 1765-1851 0-32 4.7 317 in 2010
159 in 2011 134 in 2012
(370)

Evans Ranch 32°30 N 108°31 W 2563 Rugged and moderate 1670-1902 1-77 4.8 188 (402)
Hartley Ranch 35°50 N 104°13 W 1056 Rugged and gentle 1500-1670 0-200 4.3 281 (393)
Thackeray Ranch 48°21 N 109°36 W 336 Rugged 1170-1400 0-107 1.5 328 (290)
Todd Ranch 32°15 N 109°56 W 9065 Rugged and gentle 1276-2010 1-130 4.8 237 (309)

143D.W. Bailey et al. / Rangeland Ecology & Management 68 (2015) 142–149



The Hartley Ranch is located approximately 40 km south of Roy,
New Mexico. The area consists of canyonlands with gentle terrain of
mesa tops and valley bottoms with steep and rocky slopes along
the canyon sides. Dominant grasses in the study pasture are grama
grasses, and galleta (Pleuraphis spp.) juniper and oak are common
woody vegetation.

The Thackeray Ranch is managed by Montana State University
and is located in the Bear’s Paw Mountains approximately 25 km
south of Havre, Montana. Dominant grasses at the site are Kentucky
bluegrass (Poa pratensis L.), rough fescue (Festuca campestris Rydb.),
bluebunch wheatgrass (Pseudoroegneria spicata [Pursh] Á. Löve),
and Idaho fescue (Festuca idahoensis Elmer). Less than 15% of the pas-
ture contained trees such as ponderosa pine (Pinus ponderosa Lawson
& C. Lawson) and aspen (Populus tremuloidesMichx.).

The Todd Ranch is located 11 kmNW ofWillcox, Arizona. Terrain
is variable with more than 50% of the pasture containing mountain-
ous terrain and the remaining area containing bottom lands with
gentle slopes. Dominant grasses were dropseeds and sacaton
(Sporobolus spp.), grama grasses, threeawn (Aristida spp.), and tabosa.
Common trees and shrubs included mesquite (Prosopis spp.), desert
willow (Chilopsis linearis [Cav.] Sweet), acacia (Acacia spp.), juniper,
and oak.

Cattle and GPS Tracking

During the first study (2009–2011), cattle were tracked at five
ranches: Hartley Ranch, Corona Ranch, College Ranch, Thackeray
Ranch, and Todd Ranch (Tables 1 and 2). All cows were tracked
with Lotek GPS 3300 collars (Lotek Wireless, New Market, Ontario,
Canada). Most cows were tracked at 10-min intervals, but heifers at
the Hartley Ranch and cows at the Todd Ranch were tracked at
15-min intervals to ensure battery life was sufficient to record posi-
tions for at least 90 days. A total of 87 cows were tracked at the five
ranches in the first study, which included nonlactating cows and
cows with calves (lactating). Cows were mature, 3 to 14 years of
age, except at theHartley Ranch,wherewe tracked pregnant yearling
heifers.

Most of the cattle that were tracked with GPS collars were ran-
domly selected from the cows that were scheduled to graze in the
study pasture. At the Corona Ranch during 2011 and at the Todd
Ranch, visual observations collected before collaringwere used to se-
lect cows that were found at the highest elevations, steepest slopes,
and areas farther from water and cows that were observed at lowest
elevations, more gentle slopes, and areas closest to water. The ex-
tremes based on limited visual observations (3–7 days of observa-
tion) were collared at the Todd Ranch and at the Corona Ranch in

2011. However, Lunt (2013) found that the visual observations
used to select cows at the Corona and Todd Ranches were not consis-
tent predictors of the terrain use recorded later by GPS collars. Corre-
spondingly, it is unlikely that we picked extreme animals to collar at
the Todd Ranch and Corona Ranch in 2011, and the collared animals
may be less of a biased sample. The cows tracked at the Thackeray
Ranch were developed as part of another study (Bailey et al.,
2010b) and were all sired by the same bull (half siblings).

Blood samples from cows in the first study (Table 2) were collected
with 6-mL vacutainer tubes coated with ethylenediaminetetra-acetic
acid (EDTA; Sigma, St. Louis, MO), which prevents the blood from
clotting. The EDTA tubeswere centrifuged andwhite blood cell superna-
tant (i.e., buffy coat) was recovered using procedures described by
Thomas et al. (2007). Concentration of the extracted deoxyribonucleic
acid (DNA) was measured using a fluorometer, while quality of DNA
was evaluated by gel electrophoresis to ensure high-molecular-weight
DNA was present and intact. In addition, a few drops of blood were ap-
plied to free-to-air (FTA) cards for further DNA analysis (GeneSeek,
www.neogen.com).

During the second study (late 2011–2013), randomly selected
cows were tracked at the Carter Ranch, College Ranch, Corona
Ranch, and Evans Ranch (Table 2). Cows at the Carter Ranch were
tracked at 15-min intervals to ensure that battery life was sufficient
to track cows for over 75 days. Cows at the Corona Ranch were
tracked at 5-min intervals during 2012 and all other cows were
tracked at 10-min intervals. Blood samples were obtained from all
cows tracked in the second study. Blood was stored on FTA cards
for further DNA analyses.

During both, the first and second studies, collars that did not re-
cord at least 90% of the potential positions were not included. Posi-
tions recorded by GPS collars were not differentially corrected.
Positions with dilution of precision (DOP) values above 11 were re-
moved from the dataset to help ensure accuracy of tracking data. Po-
sitions with high (≥11) DOP values are likely not as accurate as
positions with lower DOP values (Langley, 1999). Coordinates re-
ceived from the collars were converted from latitude and longitude
format to a Universal Transverse Mercator (UTM) format using
CORPSCON geographic software (U.S. Army Corps of Engineers,
Washington, DC) and the NAD83 datum. Tracking began at least
24 hours after placement of the collar on each cow to allow each in-
dividual to become accustomed to the apparatus. Eighty of the 87
cows with complete tracking data and suitable DNA samples were
used in the first study (Table 2). Five cows tracked in the first study
did not have sufficientwhite blood cell supernatant for theDNA anal-
yses used in the first study, but these cows were used in the second
study because DNA samples from their FTA cards could be analyzed.

Table 2
Description of cattle and the length and timing of global positioning system (GPS) tracking.

Ranch Breed Age Year Physiological status Cattle
tracked

Cattle in
pasture

Start of
tracking

End of
tracking

Length of
tracking

GPS fix
interval

First Study
College Ranch Brangus Mature cows 2011 Lactating during the breeding season 16 43 June August 33 days 10 min
Corona Ranch Angus and Angus

x Hereford cross
Mature cows 2010

2011
Lactating during breeding season 17

13
120
110

May
May

July
June

63 days
40 days

10 min
10 min

Hartley Ranch Angus and Angus
x Hereford

Yearling heifers 2009-2010 Not lactating and pregnant 9 25 November March 112 days 15 min

Thackeray Ranch Simmental crosses Mature cows 2011 Lactating and pregnant 19 213 August September 25 days 10 min
Todd Ranch Limousin Mature cows 2011 Not lactating and pregnant 19 250 January April 92 days 15 min
Second Study
Carter Ranch Brangus Mature cows 2011-2012 Not lactating and pregnant 12 125 October January 75 days 15 min
College Ranch Brangus Mature cows 2012 Not lactating and pregnant 18 42 December January 38 days 10 min
Corona Ranch Angus and Angus

X Hereford cross
Mature cows 2012 Lactating during breeding season 28 120 June August 51 days 5 min

Evans Ranch Angus Mature cows 2012 Not lactating and pregnant 16 80 August October 59 days 10 min
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For the second study, an additional 73 cows with complete tracking
data and DNA samples were added to those tracked earlier
(Table 2) for a total of 158 cows. All cattle tracking, handling, man-
agement, and DNA sampling procedures used in this study were ap-
proved by the New Mexico State University Institutional Animal
Care and Use Committee (protocol 2009–10).

Quantification of Terrain Use

A digital elevation model (DEM) was obtained from the USGS
Seamless Data Warehouse (seamless.usgs.gov) for each study site.
The DEM was used to provide an elevation for each recorded position
using the Spatial Analyst Extension in ArcMap tools (ArcGIS software,
Redlands, CA, www.esri.com). Similarly, percent slope was derived
from the DEM for each collar position. Watering point locations in
study pastures were used to determine the distance from water for
each collar position. The average elevation for each cowwas calculated
from all recorded positions for that cow during the tracking period.
Similarly, the average slope and distance from water for each cow
was calculated from all positions recorded during the tracking period.

Individual cows from each ranch were ranked by an index identi-
fied as “rough,” which is a “normalized average” of elevation and
slope. The mean elevation of each cowwas divided by average eleva-
tion use of all cows tracked at a study site (ranch) and multiplied by
100. Similarly, mean slope use of each cow was divided by the aver-
age slope use of all cows tracked at a study site and multiplied by
100. The corresponding products associated for elevation and slope
for each cow were then averaged.

Rough Index ¼ slopek=slopelð Þ � 100ð Þ þ elevationk=elevationlð Þ � 100ð Þ=2

where k was the respective mean of a collared cow at a given ranch
and l was the respective mean of all collared cows at a given ranch
and tracking period.

The rough index reflected relative differences in elevation and
slope use for cows tracked at the same ranch. A value of 100 indicates
that the mean elevation and slope use for that cowwas equivalent to
the average of all tracked cows. Values less than 100 correspond to
gentler and/or lower terrain use than the ranch average, and values
higher than 100 indicate use of steeper slopes and/or higher terrain.

An index termed “rolling” was used to evaluate a combination of
elevation, slope, and distance to water. Mean values of each cow for
these variableswere divided by corresponding averages of all tracked

cattle at the study site during the entire tracking period and then
multiplied by 100. These corresponding ratio variables were then av-
eraged together.

Rolling Index ¼ ð slopek=slopelð Þ � 100ð Þ þ elevationk=elevationlð Þ � 100ð Þ
þ distance from waterkðð distance from water= ÞÞl=3

where; kwas the respectivemean observation of a collared cow and l
was the respective mean observation of all collared cows at a given
ranch and tracking period.

We relied on these terrain indexes in this study because a single
measure of terrain use, such as slope, does not fully explain the im-
pact of terrain on cattle grazing distribution (Bailey, 2005). For exam-
ple, steep slopes located near water do not reduce cattle use near as
much as steep slopes that are located over 1.5 km from water or
steep slopes located on high elevations (large vertical distance from
water). Similarly, ridgetops have gentle slopes, but they are usually
not grazed as frequently as gentle slopes at lower elevations (small
vertical distance to water).

Determination of Genotypes

During the first study, a total of 80 cows were genotyped
(GeneSeek Inc., Lincoln, NE) for approximately 770,000 genetic
markers (i.e., single nucleotide polymorphisms; SNPs) using the
Illumina BovineHD BeadChip.

In the second study, SNPs that were significantly (P b 0.005) asso-
ciatedwith the rolling and rough indexes in the first study (target re-
gions) were used to develop a smaller, 50-SNP panel. The associated
SNPs from the first study presented in Table 3 plus associated SNPs
from preliminary analyses of the first study cattle were included in
the 50-SNP panel. In addition, SNPs located in genes near or within
those target regions were also selected from earlier RNA-Seq data
(Cánovas et al., 2014) and added to the small SNP panel. The DNA ex-
tracted from the FTA cards from the 85 cows from five ranches
(Hartley Ranch, Corona Ranch, College Ranch, Thackeray Ranch, and
Todd Ranch) used in the first study, plus an additional 73 cows
from four ranches (Carter Ranch, College Ranch, Corona Ranch, and
Evans Ranch) in the second study (Table 2) were genotyped using
an allele discrimination platform by MALDI-TOF mass spectrometry
(Sequenom MassARRAY[R]) by GeneSeek Inc. (Lincoln, NE).

Table 3
Genome-wide association analysis for grazing distribution estimated fromGPS data (rolling and rough phenotypes) and genotypes from the Illumina BovineHDBeadChip that were
included in the reduced panel (second study) in Table 4.

SNP information Fixed versus
random model3

Allele substitution
effect (ASE)

Phenotype2 SNP Chromosome Position Sample size1 P value R3 ASE P value

Rolling BovineHD0400004308 (rs134515496) 4 14487987 80 0.00001 0.26 -6.02 0.00017
BovineHD1700005311 (rs109619368) 17 18299593 80 0.00330 0.13 3.92 0.00593
BovineHD2900001972 (rs42161939) 29 7083900 80 0.00210 0.15 5.12 0.00240
BovineHD2900001982 (rs43744222) 29 7128587 80 0.00200 0.11 4.82 0.00270

Rough BovineHD0400004308 (rs134515496) 4 14487987 80 0.00290 0.12 -5.48 0.00160
BovineHD1200007410 (rs110062743) 12 24593452 80 0.00021 0.20 -5.99 0.00185
BovineHD1700005311 (rs109619368) 17 18299593 80 0.00001 0.23 7.02 0.00004
BovineHD2900001972 (rs42161939) 29 7083900 80 0.00120 0.24 7.75 0.00170
BovineHD2900001982 (rs43744222) 29 7128587 80 0.00280 0.18 7.95 0.00310

1 Data from 80 animals from five ranches (Hartley Ranch, Corona Ranch, College Ranch, Thackeray Ranch, and Todd Ranch) in the first study (Table 2).
2 The rolling phenotype is an index that combines slope and elevation use with distance traveled from water, and the rough phenotype is an index that combines slope and

elevation use. Both indexes are normalized for each deployment of tracking collars at each ranch.
3 The fixed additive effect regression model was compared with a random model to determine P values of the associations between genotype and phenotype (Canovas et al.,

2013; Rincon et al., 2009).
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Marker-Trait Association Analysis

A chromosome region associatedwith a trait is known as aQTL, and
the significance is determined by the statistical association of geno-
types (markers) with phenotype effects. For the Illumina BovineHD
BeadChip used in the first study, the significance value corresponded
to -log10 P value N 5. For the small 50-SNP panel used in the second
study, the significance level was P b 0.05. A QTL region can span
many base-pairs on a chromosome and encompass numerous genes.
However, QTL analyses are a useful entry point for identifying function-
al loci and potential genetic markers to help understand the genetic
and physiological basis of cattle grazing distribution.

Two marker-trait association analyses were performed using a
linear regression test assuming an additive model. First, genotype
data from the Illumina BovineHD BeadChip and phenotype (rolling
and rough indexes) from 80 cows from the first study were analyzed
together. Second, genotype data obtained from all 158 tracked cattle
using a 50-SNP panel were evaluated for marker-trait association. All
analyses were performed using the genotype association and regres-
sion modules from SNP Variation Suite (SVS7) version 7 (Golden
Helix Inc., Bozeman MT) as described in (Rincon et al., 2009). The
model used for the regression analysis was:

y ¼ b1xþ b0 þ ε;

where y was the adjusted phenotype, b1 was regression coefficient
(mean allele substitution effect) of phenotypes onto genotypes for
each SNP, b0 was the intercept, and ε was the error term or random
residual effect. Genotype combinations were tested to examine sig-
nificantly associated markers with the rolling and rough indexes
using the haplotype module. False discovery rate (FDR) was con-
trolled according to themethod of (Storey, 2002), and a cutoff for sig-
nificant association values was set at FDR q value b 0.1. Linkage
disequilibrium (LD) analyses were also performed by SVS version 7
software (Golden Helix, Bozeman, MT).

Initially, fixed effects of ranch, season (summer, fall, winter or
spring), breed, physiological status, and terrain type (mountainous
or rolling terrain) were included in the model. None of these effects
were important (P N 0.10) and were excluded from the final model.
The terrain indexes (rough and rolling) were normalized on the
basis of the mean terrain use observed for each collar deployment
at each ranch (see explanation earlier). Apparently, the process of
normalization adjusted the phenotypic tracking data for seasonal,
cattle breed, physiological status, and unique terrain characteristics
for each deployment of collars at each ranch so that these fixed effects
were no longer explanatory. Also, a genotype combination analysis
was performed to examine the combined effect of the SNP signifi-
cantly associated with rolling and rough index using haplotypemod-
ule by SVS version 8 software (Canovas et al., 2013).

Results

First Study—Genotypes from the Illumina BovineHD BeadChip

Significant QTL regionswere detected on chromosomes 4, 17, and
29 for the rolling index (Table 3). A QTL on chromosome 4 accounted
for 26%of the variation in the rolling index (Table 3). TheACN9 (ACN9
homolog) gene flanked the HD Marker (SNP used in the Illumina
BovineHD BeadChip) located within 100.000 bp on chromosome 4.
Also, two markers on chromosome 29 accounted for 11% and 15% of
the variation in the rolling index, while a marker on chromosome
17 accounted for 13% of the variation in the rolling index. The genetic
markers on chromosome 29were within a gene known as glutamate

receptor 5 (GRM5). The genetic marker on chromosome 17 overlaid
MAML3 (mastermind-like 3) gene.

Also, significant QTL regions were detected on chromosomes 4,
12, 17, and 29 for the rough index (Table 3). Two genetic markers
that overlaid the GRM5 gene on chromosome 29 accounted for 18%
and 24% of the phenotypic variation in use of steep slopes and high
elevations (rough index). The QTL on chromosome 17 (overlaid
MAML3 gene) accounted for 23% and a QTL on chromosome 12 locat-
ed near the FAM48A gene (family with sequence similarity 48, mem-
ber A) accounted for 20% of the phenotypic variation in rough index.
Also, 12% of the phenotypic variation of the rough index was ex-
plained by a genetic marker near ACN9 gene on chromosome 4
(Tables 3 and 4).

Second Study—Genotypes from the 50 SNP Panel

After adding data from 78 more cows, genetic markers that over-
laid GRM5 gene on chromosome 29 explained 10% to 17% of the var-
iation in the rolling index (Table 4). For the rough index, markers
overlaying chromosome 29 explained from 11% to 13% of the varia-
tion. Substituting a favorable allele for a less favorable allele on chro-
mosome 29 improved the rolling index by 3.5 to 6 units and
improved the rough index by 3 to 4 units. The QTL on chromosome
4 explained 24% of the variation in the rolling index and 19% of the
variation in the rough index. Substituting the favorable allele for the
less favorable allele improved both the rolling and rough indexes by
just over 3.5 units (Table 4). The QTL on chromosome 17 (MAML3
gene) explained 14% of the variation in the rolling index. Markers
on chromosomes 8, 12, and 17 accounted for 11% to 16% of the vari-
ation in the rough index.

The combined effect of the SNP significantly associated with
rolling and rough index explained 34% and 36% of the variation, re-
spectively. Markers in linkage disequilibrium (LD) were checked to
remove those that explain the same phenotypic variation. Among
them, GRM5_7128587 and GRM5_7240504 were not considered.
Thus the six SNPs located in three genes (ACN9, MAML3, and GRM5)
explained 34.1% of the phenotypic variation in rolling index while
the genotype combination (seven SNPs located in ACN9, FAM48A,
MAML3, GRM5, and RUSC2 genes) explained 36.2% of the phenotypic
variation in rough index.

The minor allele frequencies of the significant (P b 0.05) markers
varied from 10% to 33% (Table 4). The favorable alleles overlaying the
glutamate receptor, metabotropic 5 (GMR5) gene on chromosome 29
was 33%. The frequency of the unfavorable allele for theQTL (near the
ACN9 gene) on chromosome 4 was 13%.

Discussion

Multiple genetic markers were associated with both the rough
and rolling indexes and explained from 10% to 24% of the phenotypic
variation in the indexes of terrain use. These findings are exciting be-
cause most individual genetic markers account for only 1% or 2% of
the phenotypic variation in a trait (DeAtley et al., 2011; Garrett
et al., 2008; Luna-Nevarez et al., 2011).

One genetic marker on chromosome 29 was within exon 4 of the
GMR5 gene that appears to be a factor in locomotion, motivation, and
spatialmemory based on our physiological knowledge of its function.
Specifically, Kinney et al. (2003) reported that GMR5 receptors play a
modulatory role on locomotor behaviors of rodents. Research con-
ducted by Paterson and Markou (2005) suggest that inhibition of
GMR5 receptors reduced the motivational properties for food and
other reinforcers such as narcotics, whichwould likely affect both ap-
petite and feeding behavior. The GRM5 gene has also been shown to
play an important role in spatial learning and is necessary for
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reference and workingmemory performance (Dölen and Bear, 2008;
Lu et al., 1997). Cattle have accurate spatial memories (Bailey et al.,
1989), and spatial learning is likely to be a critical factor in grazing be-
havior (Bailey et al., 1996; Laca, 1998). Therefore additional research
should be conducted to understand this candidate gene and its role in
influencing cattle grazing distribution.

The QTL identified on chromosomes 4, 12, and 17 either lay near
or overlay known genes, which suggests that theremay be other can-
didate genes for grazing distribution. However, the physiological role
of these potential candidate genes on cattle grazing distribution re-
quires additional study. A genetic marker located near the ACN9
gene on chromosome 4 was associated with both the rolling and
rough indexes. The ACN9 gene is involved in gluconeogenesis and
carbon assimilation (Dennis and McCammon, 1999). Also, markers
overlaying the MAML3 gene on chromosome 17 were associated
with both the rolling and rough indexes. TheMAML3 gene is involved
in the regulation of neurogenesis, myogenesis, vasculogenesis, and
other aspects of organogenesis (Wu et al., 2002). A QTL on chromo-
some 12 that associated with the rough index was located near the
FAM48A gene. The FAM48A gene is associated with gastrulation
(Zohn et al., 2006) and regulation of endoplasmic reticulum stress
(Nagy et al., 2009). The RUSC2 gene that overlays a genetic marker
on chromosome 8 associated with the rough index may be involved
in regulation of intracellular vesicle transport (Bayer et al., 2005).

Results from this evaluation of 50 selected SNPs near candidate
genes and QTLs support the analyses from the 770,000 SNP Illumina
BovineHD BeadChip. Associations of terrain indexes and genetic
markers were similar from both data sets. The association between
indexes of terrain use and multiple genetic markers near candidate
genes clearly indicates that grazing distribution and spatial behavior
of cattle are inherited and should be considered as a heritable trait.
Heritability is a commonly used term that is used to express the pro-
portion of phenotypic variance trait that can be explained by the

genotypic variance, similar to a coefficient of determination
(Falconer, 1981). In this study, a single marker (one SNP) explained
up to 24% of the variation in terrain use, and the combination of
markers targeting five different chromosomal regions explained
34% and 36% of the variation in the rolling and rough indexes, respec-
tively. This suggests that the heritability of grazing distribution may
be similar to the heritability of weaningweight in cattle, which varies
from 20% to 35% (Koots et al., 1994). The U.S. beef industry has often
used weaning weight in selection programs and there has been sig-
nificant progress made in improving weaning weights during the
past 30 years.

It is not surprising that grazing distribution is heritable. Most
traits are affected by both nature and nurture. Observed breed differ-
ences suggested that grazing distribution was affected to some de-
gree by genetics. Herbel and Nelson (1966) found that Santa
Gertrudis cows walked farther each day than Hereford cows during
the spring and summer in southern New Mexico. Brahman cows
walked farther than Brangus or Angus cows in another New Mexico
study (Russell et al., 2012). Tarentaise cows developed in the French
Alps used higher terrain and steeper slopes thanHerefords developed
in themore gentle terrain of England (Bailey et al., 2001). Cows sired
by Piedmontese bulls developed in the Piedmont area of the Italian
Alps traveled farther from water and tended to use rougher terrain
than cows sired by Angus bulls developed in a part of Scotland with
more gentle terrain than the Alps (VanWagoner et al., 2006).

Experience and early learning are also important factors in cattle
grazing distribution. Howery et al. (1998) found that early learning
played an important role in cattle grazing distribution. Daughters usu-
ally used the same home range as the cow they nursed (natural dam
or foster dam). Experience also affects grazing patterns. Cows that
were born and stayed in the Chihuahuan Desert used areas farther
from water than naïve cows and cows raised in the desert that had
been transported and kept in a subtropical environment for 3 years

Table 4
Association analysis for grazing distribution estimated from GPS data (rolling and rough phenotypes) and genotypes from single nucleotide polymorphisms (SNP) from the 50-SNP
panel targeting 5 different chromosomal regions.1

SNP Information Fixed versus random
model5

Allele substitution
effect (ASE)

Phenotype2 Chromosome Position Gene/marker3 Allele MAF4 P value R2 ASE P value

Rolling 4 14487987 ACN9 G 0.131 3.13E-07 0.24 -3.77 6.69E-05
17 18299593 MAML3 T 0.173 0.0004 0.14 2.96 0.032
29 6598207 GRM5 A 0.288 0.0291 0.10 3.88 0.038
29 7083900 GRM5a C 0.102 0.0002 0.17 3.92 0.002
29 7128587 GRM5a T 0.12 0.0007 0.13 4.21 0.006
29 7128668 GRM5 G 0.192 0.0071 0.17 3.69 0.009
29 7240504 GRM5b A 0.326 0.0105 0.13 5.92 0.049
29 7241306 GRM5b C 0.327 0.0097 0.14 6.03 0.039

Rough 4 14487987 ACN9 G 0.131 1.89E-05 0.19 -3.71 0.002
8 60157511 RUSC2 A 0.101 0.0077 0.11 5.40 0.015

12 24598260 FAM48A C 0.327 0.0020 0.13 -2.74 0.001
12 24593452 FAM48A G 0.327 0.0002 0.16 -2.76 0.001
17 18318983 MAML3 G 0.358 0.0213 0.11 -2.04 0.042
17 18299593 MAML3 T 0.173 2.25E-04 0.14 3.81 0.0002
29 7083900 GRM5a C 0.102 0.0047 0.11 3.85 0.001
29 7128587 GRM5a T 0.12 0.0023 0.13 3.25 0.004

Genes or markers with the same letter superscript are in linkage disequilibrium (LD).
1 Data were from 158 cows from seven ranches (Hartley Ranch, Corona Ranch, College Ranch, Thackeray Ranch, Todd Ranch, Carter Ranch, and Evans Ranch) tracked in the first

and second studies.
2 The rolling phenotype is an index that combines slope and elevation use with distance traveled from water, and the rough phenotype is an index that combines slope and

elevation use. Both indexes are normalized for each deployment of tracking collars at each ranch.
3 Gene name or type ofmarker. ACN9 indicates ACN9 homolog (gene located 30,000 bp upstream from SNP BovineHD0400004308); FAM48A, familywith sequence similarity 48,

member A (gene located 70,000 bp upstream from SNP BovineHD1200007410); GRM5, glutamate receptor, metabotropic 5;MAML3, mastermind-like 3; and RUSC2, RUN and SH3
domain containing 2.

4 The minor allele frequency (MAF) refers to the allele shown in the previous column.
5 The fixed-additive effect regression model was compared with a randommodel to determine P values of the associations between genotype and phenotype (Canovas et al.,

2013; Rincon et al., 2009).
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(Bailey et al., 2010c). Findings from this study and other studies dem-
onstrate that both nature and nurture play important roles in cattle
grazing distribution.

The allele substitution values for the markers on chromosome 29
(GMR5 gene) suggest that changing the frequency of one allele with
genetic selection would improve the rough and rolling indexes by
3.5 to 4.5 units. In the Bailey et al. (2006) study the difference be-
tween the GPS index (similar to the rolling index in this study) for
the hill climber and bottom dweller treatment groups was 4.5 units.
Correspondingly, selection for favorable genotypes for markers iden-
tified in this study has the potential for observable improvements in
grazing patterns.

Results from this study need to be verifiedwith additional research.
Most genotype-to-phenotype association studies and/or heritability
estimates are conductedwith at least 500 animals. However, the strong
association of terrain usewithmultiplemarkers located near candidate
genes in the verificationwith the 50-SNPpanel also increases the valid-
ity of our results. Six markers overlying GMR5 gene were associated
with the rolling index, and two markers on GMR5 were associated
with the rough index. The minor allele frequencies being greater than
10% suggest that there is good potential to improve terrain use with
genetic selection. For most of the markers, the frequency of minor
alleles was 33% or less and the minor allele was usually favorable. Cor-
respondingly, genetic progress can proceed relatively easily through
selection of favorable genotypes (Falconer, 1981).

An SNP panel designed to identify the genotypes associated with
QTL for grazing distribution (similar to the one described earlier)
could be used to identify cattlewith superior genotypes for grazing dis-
tribution. With this type of information, a genomic estimated progeny
difference (EPD) program can potentially be developed to give cattle-
men a tool for genomic selection of polygenic traits (Eggen, 2012),
such as grazing distribution. Ranchers can use EPD to rank bulls and re-
placement females on the basis of their potential to pass on superior
genotypes to their offspring. The cost for an SNP panel designed to
identify QTL for grazing distribution would be expected to be less
than $35 USD, whichwouldmake it muchmore affordable and less ef-
fort than measuring the grazing distribution phenotype directly with
GPS collars. Results fromBailey et al. (2006) demonstrate that selecting
for cattlewith favorable distribution phenotypes (hill climbers) can re-
duce cattle use of riparian areas and improve uniformity of grazing in
mountainous terrain. It is unlikely that selecting cattle for grazing dis-
tributionwill adversely affect animal performance such as calfweaning
weights or pregnancy rates because no phenotypic relationships be-
tween grazing distribution patterns and cow or calf performance
were observed in two Montana studies (Bailey et al., 2001;
VanWagoner et al., 2006). Other Montana research suggested that se-
lection for grazing distribution would not affect cow temperament.
No relationshipswere observed between terrain use and temperament
at calving (Bailey et al., 2010a). Development of a grazing distribution
SNP panel and an EPD based on this genomic information potentially
will allow ranchers with rugged and/or extensive pasture to select
bulls that will sire hill-climber cows and cull bottom-dweller cattle,
which should help partially resolve grazing distribution issues such as
riparian use in a cost-effective manner.

Management Implications

Cattle grazing distribution appears to be heritable. Bulls and re-
placement females with superior (or inferior) genotypes may poten-
tially be identified with relatively inexpensive DNA tests rather than
expensive GPS tracking or labor-intensive tracking by human ob-
servers. Genetic selection of cattle for spatial grazing behavior may
be a viable management option in the near future, which may allow

ranchers and land managers to improve grazing distribution without
capital expenditures such as water developments and fencing.
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