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ABSTRACT

Underganding carrying capacity of plains bisdd. pison bisohis critical for protecting
this wild speies and grassland ecosystenmixed-grass prairie. The overall goal of this study is
to examine plains bison carrying capacitytive mixed-grass prairieThere are four specific
objectives: 1) investigatannual space use of plains bison and their seasonal core ranges, 2) assess
seasonal Resources Selection Functions (RSFs) of plains bison, 3)eeg&getation biomass
and productivity of mixedjrass praie, and 4) estimatcarrying capacity taking into account
RSFs. | used Kernel Density Estimator to address the first objective. Generalized Linear Mixed
Effects models were used for the second objectilie.last two objectives were completed using
Sentirel-2 Multispectral Image (MSI)This study highlights the power of remote sensing and
Geographic Information Systems I& techniquesn estimating key driver of bison carrying
capacity (available forage) and adjusting factoBF®). Results show thdiison family groups in
Grasslands National Pafitequent specific area¥hey mainly use the northeast corner of the West
Block and expand the core range when it comes to dormant season. Vedgpatioformation
and other landscape factors (slpgestance to water, roads, fences, and prairie dog town) are
influencing seasoal RSE of bison family groups. Vegetation productivity 784 kg hat
supporting 671 959 Bison Unit as the carrying capacity. Our study not only contributebedtier
bison managment plarfor Grasslands National Park, one of seven conservation areas of wild
plains bison in Canada, but also assists in understanding the interaction of this wild species with

themixed-grass prairie ecosystem.
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Chapter 1 INTRODUCTION

1.1. General context of plains bison in Northern Great Plains

In North America, he American bison (Bison bison) is the largest terrestrial mammals
(Campbell, Campbell, Blyth, & McAndrews, 1994; Hartnett, Hickman, & Walter, 1996; Knapp et
al., 1999) Its rangewas originally distributedacross the continerfEreese et al., 2007lains
bison (B. bison bison)one ofthe two recognized subspecies of American bi$6OSEWIC,
2013) occupy less than 1% of thBorthern Great Plaingheir historical rangéSanderson et al.,
2008) About 20,500 bison were managed as of 2008 for conservation purposes across 62
conservation herds, the majoritywhich hadfewerthan 400 animal§Gates, Freese, Gogan, &
Kotzman, 201Q)In a global context, plains bison is listed as a -tie@atened species according
to the International Union for Conservation of Nature (IUCN) Rest of Threatened Species
2017 (Aune, Jgrgensen, & Gates, 201Rptionally, the Committee on the Status of Endangered
Wildlife in Canada (COSEWIC) designates plains bison as threabmwoedise less than 0.5 % of
its former rage is being occupied in Cang@OSEWIC, 2013)This threatened species has been
recovering since the early2@entury when t was hunted to near extincti¢hrthun & Holechek,
1982; Markewicz, 2018)r'he fluctuation of plains bison population in North America is shown in
Figure 1-1. Yet, the conservation programs remain challenged by the rarity of large wild
populations, the nee presere the bison genome, and the presence of diseases at the wildlife
livestock interfacéGates et al., 2010 this contexttheproper assessment of ecological carrying
capacity is criticafor habitat management and species restoration.



100000000
10000000
1000000
100000
10000
1000

100

10

Number of plains bison

1
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050

Year
Total number of plains bison in North America

Figure 1-1 Estimated plains bison population irofth America from 1500 to 200@\merican
Bison Society, 2019; Boyd, 2003; Shaw & Meagher, 2000; US Fish and Wildlife Service, 2014)

1.2. Grasslands ecosystem in Northern Great Plains

Grasslandsre highly dynamics ecosystethatcovesa bout one quarter
surface(Friedl et al., 2002, 2010; Henwood, 1998)asslands occur in the steppes of Eurasia, the
prairies of North America, the pampas of South America and the veld of South (Xiatkinson
& Ormerod, 2001) This ecosystemrovides numerous goods (fertilizer, fiber, foods, medicines,
forage, energy, construction, and craft matgr@hd services (recaéion, erosion control, wildlife
habitat, climate regulation, water and nutrient cycling) to serve human (Weds, Murray, &
Rohweder, 2000 Despite the mukfunctionality of grasslands, this ecosystem is facing numerous

challengesTheNorthern Great Plains is a typical example.

Broadly definedtheNorthern Great Plains includes the southeast part of talb&wuthern
Saskatchewarthe southwest corner of Manitoba, and portions of Montana, North and South
Dakota, and Wyomin¢Coupland, 1961; Hendrickson, Sedivec, Toledo, & Printz, 2(Higure
1-2). Major grassland types in this area aregadlss prairie, mixedrass prairie, and shegtass
prairie (Cooper, 2008; Samson, Knopf, & Ostlie, 2Q0Basically,the grassland vegetation is
similar over most of Northern Great Plains with three main genera of ggegyron Stipa and
BoutelouaBarker & Whitman, 1988)Grasslands in the Northern Great Plains are productive and

(0]



highly resilient, however they are disappearing because of land use conversioafvespecies
invasion, and biodiversity logslendrickson et al., 2019; World Wildlife Fund, 2018pout 42%

of the grasslands in the Great Plains have been converted to criWlana Wildlife Fund, 2018)

To susain healthy grassland ecosysteatological disturbances are fundamental and natural
componentgLi & Guo, 2014)

Along with drought and fire, grazing majordisturbance in grasslan@&nderson, 2006;
Li & Guo, 2014) affecing their maintenance, productivity, economic use, and biodiversity
managemen{Watkinson & Ormerod, 2001) Fi r st , grazing removes pl
decreasem photosynthesis, productivity, and vigor of single plgitean & Guo, 2019; Knapp
et al., 1999)Second, plant removal by grazing may reduce biodiversity, break soil structitee,
invasionof exotic speciegKnapp et al., 1999.i & Guo, 2014) In contrast, grazing can promote
the growth of some specific plant species due to the reduced compatitiorcreased sunlight
energy and nutrient availabilifffrank & Groffman, 1998Moreovertheproper grazing practices
can help manage fire behavidsy reducingflammable material, as well asmove invasive
species baseoh the understanding derbivors 6 s el ect i vi ty (Difoméso,r age ¢C
Brooks, Allen, & Minnichi, 2006; DiTomaso, Masters, & Peterson, 2010; Menke, 1992; Taylor

Jr., 2006)

In Northern Great Plains, plarbison were the keystone grazéor thousands of years
until their near extirpation in the ¥&entury(Allred, Fuhlendorf, & Hamilton, 2011; Freese et al.,
2007; Knapp et al., 1999; McMillan, Kunkel, Hagan, & Jachowski, 20h%pite of a noticeable
recovery of plains bison, the population bottleneck of this spéxiags negative impacts$o
grassland ecosysten{Cooper, 2008)Hence, reintroducing plains bison is a potential strategy to

conserve grasslands ecosysterth#Northern Great Plains for a lofgrm visian.
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Figure 1-2 Location and ecoregions of the Rleern Great Plaingy Canaddgecoregionlayer is
from Government of Canagla

1.3. Plains bison carrying capacity estimation

Carrying capacity estimation is pivotal to sustainable graBegk, Reek, & Strand2006;
Doan & Guo, 2019Holechek, Pieper, & Herbel, 1995; Scarnecchia, 198@jrying capacity is
defined as the ecologically sustainable stocking rate or the number of animals supported in a
specific aredhat ensureboth longterm ecosystem health and achievement of grazing objectives
(Beck et al., 06; Doan & Guo, 201%olechek, Gomes, Molinar, & Galt, 1998here are many
methods of estimating carrying capacdfjoan & Guo, 2019; McLeod, 1997These methods
highlight that the fundamental drivers for camyicapacity are forage availability and animal
consumption requiremen{Poan & Guo, 2019; Long, Li, Wei, & HuKun, 2010) Beside these
two drivers, carrying capacity needs to take into account habitat/resseteeson displayed by

herbivores and an appropriate ugétion rate to maintain ecological sustainability of grazing areas
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(e.g., for wildlife, water infiltration, erosion preventiofBeck et al., 2006; Doan & Guo, 2019;
Manly, McDonald, Thomas, McDonald, & Erickson, 2007; Steenweg, Hebblewhite, Gummer,
Low, & Hunt, 2016) Herbivores uneenly select spatial patterns of distribution and temporally
modify their space use due to their behavioral habitat/resources se(€stionPipia, Grignolio,
Ghiandai, & Apollonio, 2009; Millspaugh et al., 2006; Pringle & Landsberg, 200dis, Beck et

al (2006)considered habitat/resources selection as an adjustment of carrying cdpadibythe
recognition of oveestimation of carrying capacity in some case studies ¢pnservative etk
population in North Park, Colorado, US®eisberg, Thompson Hobbs, Ellis, & Coughenour,
2002) white-tailed deer population in treastern United Stat¢BeCalesta & Stout, 199)/)Since

then, a number of studies have been published showing the consesstislafs towards the
adjustment of carrying capacity by habitat/resources sele@oan & Guo, 2019; Long et al.,
2010; Reid, Slotow, Howison, & Balfour, 2007; Steenweg et al., 2016; StepheNan
Ballenberghe, Peek, & MacCracken, 2Q08gsources selection ike process that the animals
chooseout of what is actuallyvailable and it is a function of resource availabilffohnson,
1980) To understand habitat/resources selection, Resource Selection Functions (RSFs) modeling
is widely used(Morris, Proffitt, & Blackburn, 2016)¥or various animalgJomson, Nielsen,
Merrill, McDonald & Boyce, 2006; Lemaitre & Villard, 2005; McLoughlin, Morris, Fortin, Wal,

& Contasti, 2010) Numerous factors are reported to influence plains bison RSFs, including
vegetation type, slope, distance to water sources, distamoads and fences, climatic factors,
and competitior(Doan & Guo, 2019; Kohl, Krausman, Kunkel, & Williams, 2013; Steenweg et
al., 2016) The influence of these factors on bison RSF&samong bison herds due to ecological

variability of sitesforcing conservationists to use adaptive grazing management plans.
1.4. Remote sensing and GIS application in carrying capacity estimation

Remote sensing and Geographic Information Systé@IS) have been increasingly
common in assessing and adjustthg carrying capacity estimates. Thesefulnesf remote
sensing in estimating biomass and productivity in grasslasnaell establishedAhamed, Tan,

Zhang, & Ting, 2011Friedl, Schimel, Michaelsen, Davis, & Walker, 1994; Jin et al., 2014, Luo,
Li, & Zhu, 2002; Piao, Fang, Zhou, Tan, & Tao, 2007; Prince, 1991; Psomas, Kneubthler, Huber,
Itten, & Zimmermann, 2011; Reevéd/inslow, & Running, 2001; Scurlock, Johnson, & Olson,
2002; Todd, Hoffer, & Milchunas, B8; Yang, Fang, Pan, & Ji, 200%lyperspectral data is able



to characterize nutritional or species components of veget@djoriolo, Mutanga, Cho, &
Ismail, 2012; Schmidt & Skidmore, 2001; Stariioleman, & Phillips, 2004Yang et al., 2010)
Multispectral dad, however, is intensively used in carrying capasitidiesbecause it provides

data over large areas, especially in remote locafibosn & Guo, 2019; Kumar & Mutanga,
2017) Furthermore, there is continuous improvement of the associated sensoracidiff) tiata

help to analyze RSFof species that incorporate all relevant varialjlészel, Le Lay, Helfer,
Randin, & Guisan2006; Rondinini, Stuart, & Boitani, 2005; Santos et al., 2006; Steenweg et al.,
2016) Thus, the integration of multispectral remotely sensed data and GIS is a better solution for

carrying capacity studies.

1.5. Overall goals and specific objectives

The oveall goal of this study was to examine plains bison carrying capaditye mixed

grass prairie. The specific objectives were to:

1) Investigate annuapace use of plains bison and their seasonal core ranges;
2) Assess seasonal RSFs of plains bison
3) Estimatevegetatiorbiomassand productivity othemixed-grass prairie;

4) Estimatebisoncarrying capacityaking into accountRSFs



Chapter 2 LITERATURE REVIEW
2.1. Preface

The detall of the literature review has been fully published as a review paper:

Doan, T., & Guo, X. (2019). Understanding bison carrying capacity estimation in Northern
Great Plains using remote sensing and GT&@nadian Journal of Remote SensifgoOl:
10.1080/07038992.2019.1608518.

The CJRS is published by Taylor & Francis Group imok the publishing agreement
states the right to include the published work to be used as content of a dissertation. This
manuscript was completed by Thuy Doan under the supervision of Dr. Xulin Guo, and the
manuscript was improved by the valuable commentDr. Xulin Guo. The major findings from
the literature review of bison carrying capacity estimation in Northern Great Plains from GIS and

remote sensing have been reorganized in sex?i@and 2.3.

2.2. Past and present carrying capacity studies

Sincelri ng expressed i n 1922, hatnomerousaefinitionsc ar r vy
(Dhondt, 1988; Edwards & Fowle, 2013; McLeod, 199%jhoughthe termfic ar r yi ng capa
has been applied in different fields, this study only limits searching in literature for carrying
capacity definitions relating to grazing. In domestic and wildlife grazing practices, the common
definition of carrying capacity, staten Buynooghe and Macdongld008 p. 104i s it he meas
of a safe utilization level of an ecological site due to average annual forage production and
vegetati onbs t ol e rliawmasneteddhit thgre iauncemagty ip theedefmitionse 0 .
of stocking rée and carrying capacit§tocking rates definedasit he act ual number
unit ar ea at (Radfegra& Bidwetl,2002)m coritrastnamying capacitydefined
asit he average numinegr bof aandiemdlnse ds wp(@E@pntaiur i n g
& Byron, 2018; Meehan, Sedivec, Printz, & Brummer, 20D&termining carrying capacity for
grazing practices is critical to maintaig or improuvng ecological healtifLaunchbaugh, 2014)
Hence, carrying capacity can be expressed as
considera ni ma | requi rement, veget at(Adams etpak, @009 ct i on

(6Ecol ogi cal Sust ai na biraterdof ecalogigalcheathh.t si gni fi es



To date, numerous methods have been used to estimate carrying capacity. The common
methods are summarizexd Table 2-1. McLeod (1997) indicaied thatthe interactive model is
potentially applied for longerm grazing studies in frequently and significantly dynamic
environments. Howevethei nt er acti ve modédler mé mawibcheodileat 01 ¢
1997, p.539, resuling in a conflict withthe definition of carrying capacityl he table showthat
productivity-stocking rate, habitat use/availability, and nutritional approach have been widely
applied in recent studies. Researchers have used these models with the introduction of several
factors based on wunder st andiahsystamdbilityaoh vamoasl s 6 b

vegetation types.

In general, carrying capacity is expressed as a function of certain respuvtesnt e L un a,
Br ook, Zetina Rej - n.,An &erdl tookzat alt existiad carryiag, capactyO 4 )
estimating methods highlights that food availability and animal requirement are always the
fundamental drivers. In bison conservation practices, carrying capacity should be estimated from
the primary prodction of vegetation as it is their ultimate source of fpoMont e Luna et
2004) Food availabilitycan be evaluated based on species components (grass, forbs, shrubs)
(Coppedge, Leslie Jr, & Shaw, 1998; Fortin, F
Gates, 1991; Peden, Van Dyne, Rice, & Hansen, 18 dhutritional componentfDelgiudice,
Moen, Singer, & Riggs, 2001; Leslie Jr, Bowyer, & Jenks, 20@8pnwhile, animal requirement
depends on physiological structure of animal population (species, size, physiological and health
status)(Allison, 1985) The unerlying reasorfor estimating forage availability from species or
nutritional components for grazing practices is the urgent teeedderstad the availability of
nutrients in habitats relating {Beckatml, 2006) mal 0 s
Peden et al., 1974ndits preference in selecting plant species for consumgiaaen, 1976)
Graminoidsconstitutemajority of bison diet (>95%{Steenweg et al., 2018}prassland vegetation
in North America is a mixture of warm season specigpliGtosynthesis) and costason species
(Cs photosynthesig)Nippert, Fay, & Knapp2007; Paruelo & Lauenroth, 199@iffering by their
ecological functions tthe ecosysten{Still, Berry, Collatz, & DeFries, 200300l season plants
start their growth in late sprif@hoko, Mutanga, & Dube, 2016lJhe phenology variation of cool
season and warm season species throughout a year influences availability and quantity of forage
biomass(Shoko et al., 2016)Blue gramma HBouteloua graciliy and buffalo grassBuchloe
dactyloide$, two warm season species, are the most abundant plant species hdiss@eden,
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1976) Another carrying capacity driver is animal requirement. Animal requirement depends on
many factors such as animal factorsdpsize, breed, sex, age, stage of lactation/pregnancy,
nutritional status, and disease®yage factors (chemical composition, palatability, digestibility,
and energy concentratig@nd environmental factors (climatic condition, period of ti(Adf)son,

1985; Ingvartsen, 1994Many models havieeen built ® predict the amount of herbivardbrage

intake from aforementioned factorgingvartsen, 1994)Animal factors appear to be the decisive

control over the amount of forage intagédlison, 1985)



0T

Table 2-1 List of carrying capacity estimating methods.

No. | Name of Assumptions Description Denote Sources Criticism
method
1 Key species (1) Unlimited {1 Total permission | Forage factor of a| (Dasmann, | The malel provides
food intake use is the sum of | key plant species | 1945; Smith, | a quantitative
(2) No 6f orage is defined based | 1965) estimate; however, i
modification all key plant on levels of its is subjective in the
of ani species. palatability, step of evaluating
preference in | Carrying capacity| resilience, forage factor of each
food is set up when nutrition, key species, the
(3) Equivalent total intake of abundance and assumption of
relation animal population| productivity unlimited food intake
between food equals total (Standing 1938). is unrealistic, and
consumption permission use. IS not applicable ia
and animal variable environmen
density (McLeod, 1997)
2 Productivity (1) No needo { Carrying capacity | Carrying capacity | (Cowlishaw, | The model provides
stocking rate adjust animal is determined is referredo as 1969; a quantitative
density whenat least one | the optimum Holechek, estimate objectively;
(2) Independencg of productivity stocking rate 1988; Jones | however, the
between per unit area or | (Mott 1960). & Sandland, | productivity-stocking
stocking rate productivity per 1974, rate relationship is
and forage animalis Mentis, not consistent
productivity maximized. 1977; Mott, | (linearity, exponent),
1960; resulting in overor
Norton, underestimation
1986; (McLeod, 1997)In
Oesterheld, | grazing practices,
DiBella, & population control is
Kerdiles, critical (Parks
1998; Canada, 20171p
Sandland & | avoid overgrazing, s
Jones, 1975;| the assumption of
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Schonbach ef
al., 2009; Yu,
Zhou, Liu, &
Zhou, 2010)

nonadjustment to
animal density could
fail. This model is
not applicable in a
variable environmen
(McLeod, 1997)

Habitat
use/availability

(1) Ideally free
grazing

(2) Predictable
resource
availability

(3) Inverse
relation
between
individual
productivity
and
population
density

1 Spatial use
patterns of
herbivores rely on
numerousexternal
factors.

1 The direct relation
between carrying
capacity and the
habitat
use/availability
indices is
proportional.

External factors
from surrounding
environment
include vegetation
communities,
topography, and
others(Hobbs &
Hanley, 1990;
McLeod, 1997)
Habitat
use/availability
indices are ratios
between radio
derived grazing
locations, fecal
indices, counted
population
density, and other
(Hobbs & Hanley,
1990)

(Downs,
Gates, &
Murray,
2008; Fagen,
1988;Hirzel
et al., 2006;
Jndr ze
et al., 2008;
Steenweg et
al., 2016)

Habitat
use/availabilityand
carrying capacity car
be independent whe
quality and quantity
of habitat resources
are not directly
associatedHobbs &
Hanley, 1990)
Carrying capacity
estimation based on
habitat
use/availability can
be applied to
evaluate potential of
grazing practices in
specific areas
(Jndrzej e
2008; Steenweg et
al., 2016) Although
this model is
objective and
quantitatively
estimates carrying
capaciy, it is not
applicable in a
variable environmen




AN

(McLeod, 1997)
Also, grazing in
confined aeas
breaks the
assumption of ideally
free grazing.

Nutritional
approach

(1) Constant

I ndi vi

nutrient
intake

(2) Balance in
plant
herbivore
system

1 Carrying capacity
is estimated base
on food, or
nutrients
requirement of
individual animal.

Examples of
nutrients are
nitrogen, energy,
plant drymatter
(McLeod, 1997)
crude fat, crude
fibre, crude
protein(Paton,
NufiezTrujill o,
Diaz, & Mufoz,
1999)

(Coughenour
2005;
DeYoung,
Hellgren,
Fulbright,
Robbins, &
Humphreys,
2000;
Freeland &
Choquenoaot,
1990;
Guthery,
1999; Hartey
& Rogers,
1989 Hobbs
& Swift,
1985;Hobbs,
Baker, Ellis,
Swift, &
Green, 1982;
Kuzyk, 2008;
MccCall,
Brown, &
Bender,
1997; Paton
et al., 1999;
Svejcar &

This method is
objective and
provides a
guantitative estimat
however|t is not
applicable in a
variable environmen
(McLeod, 1997)The
assumption of
constant indiwdual
nutrient intake is
hardly met because
the amount of
necessary nutrient
may vary depending
on body size,
physical statusand
health condition.
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Vavra, 1985)

Interactive
model

1 Carrying capacity

is estimated base
on interactive
relation between
plant bomass ad
food intake of
herbivores.

Interactive
considerations
comprise both
intrinsicality and
extrinsicality of
grazing system
such as: plant
growth increment
responding to
environmental
variables (ranfall,
temperature)
herbivores
population
increment
regponding to
plant biomass
herbivores
population
increment
responding to
herbivoresdensity
andfood intake
rate per animal
responding to
plant biomass
(McLeod, 1997)

(Créte, 1989;
McLeod,
1997)

No assumptionare
required. This
method satisfiethe
objectivenessnd is
usable irhighly
variable
environmeng
(McLeod, 1997)
However, carrying
capacity estimations
thatapply interactive
modek are rare to
find in literature.




Besides thetwo key driversmanyfactors have been addedtte procedurdor carrying
capacity estimation. HEse additiors are derived from understanding grazing behaviors of
herbivores. When herbivores are kept in fenced andhsa choice ofgrazing locations, they
initially select a patch when choosing their grazing bout before searching for desirable forage
(Vallentine, 2000) Herbivores select grazing locations using three basic criteria: perception of
area, experience with plants, and memory about potential ch@oeggeman, 2006; Lyons &
Machen, 2002)When they are introduced to new ranges with which they are not familiar, they
will spend more time grazing but eat less until they learn the environfiogomts & Machen,

2002) Hence, all available forage within grazing sites are not fully consumed if herbivores first
graze in new areas or still have optidas preferredgrazing locations. Observations and former
studies have explr ed t he i nfl uences of n u wienr whicks fact
subsequently affectarrying capacity. Animal distribution depen@mporally on vegetation type

slope, distance to water, distance to roads and fences, climate, and comgétgiofiuence of

these factorso grazing behaviors discussed below.

Vegetation typesLarge herbivore are attracted to different vegetation tygpé&sunow,
1980; Loarie, van Aarde, & Pimm, 2009; Taylor & Walker, 1978fould be explained by the
alteration of forage quality and quantity across vegetatyges (Hebblewhite, Merrill, &
McDermid, 2008) Steenweg et al2016)calculatedheHabitat Suitability Index of plains bison
for all typical vegetation typesm Banff National Park. These vegetation communities are typical
for vegetation communities dhe Canadian Rocky Mountainsyhich differ from mixedgrass
prairie. To date, there is a lack of seslwhich provide a comparisofiseasonap | ai ns bi son

selectionramongdifferent vegetation types thhe mixed-grass prairie.

Slope Slope steepness is a significant driver of cattle distribtwreggler, 1965)It has
different effects among animal speci@&llentine, 2000) There have been many studies that
guantitatively show topographic setion by North America herbivosgCook, 1966; Lyons &
Machen, 2002; Mueggler, 1965; Steenweg et al., 2016; Vallentine, 200en, 2001) Cattle
often graze on shallow slopes, less than 10% like valley bottoms and more level land near water
before moving into rougher terrai@ook, 1966; Lyons & Machen, 2003luegglen(1965)found
a negative exponential relationship between relative use and upslope distance, stroragiggndic
that cattle only select low slopéo grazeon. In contrast to cattle, horse and deer exhalpit
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avoidanceof level to rolling terrain, starting from 30% to 40% steepr(&@nskopp & Vavra,
1987) Ganskopp and Vavrid987)also reported that grazing activities of bighorn sheep is not
influenced by 80% steepness of slopalike cattle, lson prefehigher elevatiorfVuren, 2001)
Interestingly, although bison tend to move over the moderate sloping fgaeson et al., 2013)
their preference range of slbgteepness changes seasongiiecifically, bison prioritizelower
than 70% steepness and strongly avoid higher than 84% steepness in $¢8tearereg et al.,
2016) Dissimilarly, in winter they only prefer less than 27% steepnesstemtgly avoid higher
than 36% steepne¢Steenweg et al., 2016)

Distance to waterOne critical factor influering range forage use of herbiverie distance
to water(Adler, Raff, & Lauenroth, 2001; Andrew, 1988; Bruynooghe & Macdonald, 2008),H
2005; Roath & Krueger, 1982; Stumpp, Wesche, Retzer, & Miehe, 2088)ivores needcawater
source to survivesotheir physiological performance depend on their proximity to wsdarce
(Pringle & Landsberg, 2004The location and number of wataurce can control the mobility
and aggregation of grazing animélyons & Machen, 2002)Forage resources adjacent to water
locations are more commonly selected than tfersleer awayL yons & Machen, 2002)n winter,
snow can be a substitute sourcevater for herbivorg(Vallentine, 2000) The difference between
travel distances for water in many types afcktis significantLyons & Machen, 2002)Sheep
walk from 3 to 5 km for water, but cattle do not travel more than 1.6(Bmynooghe &
Macdonald, 2008)A quantitative study conducted by Adler and H2D05) found that forage
consumption of cattle and distancenater hasa negative quadratic relationship. This finding is
consistent with findings of past studies by Vui@001) that indicatea negative exponential
relationship between foraging distribution of cattle and biaod adjacency to water points.
Understanding plains bison performanoeelation todistance to water supports the adjustment
of bison population to match with carrgicapacity. Bisongfer to grazevithin 700 mof a water
sourcgVuren, 2001)put they do not avoid distant grazing from water sources like datffired
et al., 2011)

Distance to roads and fenceirombulak and Frisse{P000)stated that roads can modify
animalbehaviors. Specifically, Babin et §2011)added that bison tend to stay away from roads
but prefer grazing near fences. Distance to the slasad and fence is one dfe physical
attributesof grazing locations of bison populat®{Babin et al., 2011Fencessartificial barriers

can strongly influence movement patterns of animals within protected reféavek, Thaker, &
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Slotow, 2010) Exploring the control of fencingn bison in Yellowstone National Park, Meagher
(1989)reported that bisowould sometimebreak fencebeforelearningto graze in new blocked
area. Few quantitative studies have been carriecbouheinfluence of distance to roadnbison
behavior. For example, Bruggem@&006) and Bruggeman et al2007) pointed out that bison
ecology and spatial distribution have been impacted by road grooming in winter for snowmobile
and snowcoach facilitation. Moreover, distance to road aonbapility of bison travel were
negatively correlated, and bison did not slagwveference in using groomed rog&8suggeman et

al., 2007)

Climatic factors Snow and droughts are climatic facttiratinfluence herbivore 6 c hoi c e
of habitat selection in temperate ecosystéBnuggeman, 2006; Truett, Phillips, Kunkel, & Miller,
2001) Regarding sow, bisondo not mowe south to get warmer temperature when the winter is
coming(World Wildlife Fund, n.d.) Bison often dig intenow laye to access their fooBabin
et al., 2011) Generally, bison need more energy when the snow layer is thicker. Based on the
previous study of Fortin and Andruski(2003) Steenweg et a(2016)discovered ajuadratic
relationshipbetween snow depth and habitat selection of bison. From the dnawvimical
relationship bison prefer not to dig into snow layers thicker than 40 cm bésah tend to avoid
grazing insnow layer deepethan 100 cmDrought is another extreme climatic condition that
influences bison grazing. Flor€991)pointed out that drought is one thie contributing factos
to the massive loss of bison population in thE déntury. Woodhouse et §2002)believed the
movement of bison population is towards moister regions. Sthire have beeno atemptto
explore the relationship between droughts and bison grazing behaviors. However, the impact of
droughton food sourcse for herbivores was mentioned in Frank and McNaugh{@892) The
availability of food sourcgis importantfor determning carrying capacity, shown ke analysis
of existing methods of carrying capacity estimation.

Competition Baptestini et al(2009) reported an interaction between competition and
carrying capacity. In general, competition between different speciescsiagzng patterns and
alteredfood availability(Maclin, 2018) When reintroducing plains bisamotheir natural habitat,
theycompete with other wild animals living within the same area due to overlapping resource use
(Fischer & Gates, 2005AIthough pronghormo not havesonsistent grazing patterns, pronghorn
and bisormakefrequent use of prairie dog tow(tsrueger, 1986)However, the reintroduction of

bison in the southwestern Yukon revealed no significant overlap between bison and icaribou
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winter resource selectidfrischer & Gates, 2005The competition between different species and
different individuals of a singlepeciescan influence carrying capacity of ecosyss§gmMo nt e
Luna et al., 2004)Thereforecompetition should be considered whestimating bison carrying
capacity. Literatureeviewshowel no existing plains bison carrying capacity stuthes factored
in competition.

After adding the influences of spatiemporal bison distribution to carrying capacity,
sustainable utilization rate should also be recommended to maintain ecologicabbilgtaof
grazing sites. Grazing intensity was assessed quantitatively into five categories (light to nonuse,
conservative, moderate, heavy, and severe) based on the percentage of utilization of available
forage(Holechek & Galt, 2000)Determining sustainable utilization, expressed by conservation
grazing intensity, is important to rangeland hedliolechek et al., 1998) Holechek(1988)
defined the utilization guidelines of moderate grazing for different range types. Therefore,
utilization guidelines of conservation grazing should be the lower thresholds of moderate levels
derived from Hoéchek(1988)for different range types ihable2-2. Only range types which can
be possible habitats of plains bisaere selected from the list provided by Holecli&888) In
addition torange typeerosion has been considered to adjust livestock carrying capencity
suitable utilization rate of a sitgru et al., 2010) Soil, the most important resoerdor food
production, is eroding due to agricultural practices and accumulated impacts of wind, which causes
land degradatiofKhanif, 2010) One ofthemain reasons for soil erosion is the loss of vegetation
cover (Pimentel et al., 1995)¥rosion washes nutrients away from soil and resalinfertile
farmland(zZhao, Mu, Wen, Wang, & Gao, 2013ccording to Arnalds and Barkars¢2003a)
erosion is stressful for plants and degrades vegetation production making it unsuitable for grazing
systems. Hencepil erosion is a key consideration in adjusting carrying capacity and figuring out
how to better use the land for grazing Yu et al.(2010) they suggested that 10% of carrying
capacity is reduced in case of light to moderate soil erosion. Soil erasidre wvisually evaluated
based on suggestion from Adams e{2009) Light to moderate soil erosioasults inittle to no
evidence of soil meement, unclear flow patterns, and scouring or hoof sheétdgms et al.,
2009) In contrast, seriouar extremely serious soil erosiawill result in evidensoil movement,
deep scouring and hoof sheering, clear flow patterns, no or little deposition and plant pedestalling,

andcoarse sand or aggregate remngatams et al., 2009)
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Table 2-2 Recommended maximum forage utilization for conservation grazing in different range
types(Holechek, 1988)

Range types Allowable use(%)
Salt desert shrubland 25
Semidesert grass and shrubland 30
Sagebrush grassland 30
Palouse prairie 30
Shortgrass prairie 40
Californiaannual grassland 50
Mixed prairie 40
Mountain shrubland 30
Tall grass prairie 45

In a nutshelltheoverall picture of bison carrying capacity includes forage availability and
animal requirement as key drivers, anals several adjusting factorsuch as spatictemporal
distribution of animad and sustainable consideratifffigure2-1). In Figure2-1, key drivers of
carrying capacity arenthe left side while adjusting factors amethe right side. After unfolding
all independent variables of carrying capacity estimation, the question of how to estimate carrying

capacity from remote sensing and GIS perspestinie be answerd.

I Species components )\ *+  Vegetation types

\ +  Slope
\ * Distance to water

a0 g Resources Selection v
Food availability s Distance to roads
/ z Function .
/ and fences
/ *  Climatic factors
‘ Nutritional components ’ Competition
‘ CARRYING CAPACITY
| Animal factors ) /
\
\
\ 4 &
\ .
. . ; / Sustainable *  Range types
Forage factors Animal requirement G fe— v 5
/ consideration *  Soil erosion
/

/
/
/

/
| Environmental factors ’

Figure 2-1 Independent variables of carrying capacity estimatiamad availability and animal

requirement are <carrying capacityos drivers
consideration are adjusting factors of carryingagty.
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2.3. Remote sensing and GIS application in estimating bison carrying capacity

Numerous earth observation satellites have been launched to provide frequent imagery of
its surfacgVrieling, 2006) Information derived from these spaceborne sensors indsrom® with
GIS technologycan provide useful informatiorior carrying capacity estimation, although few
studies havactually yet been madaursuing this purpose. As remote sensing and GV& ha
power to investigatbison requirement for food, threview will not include this variable. Future
carrying capacity studies can adopt the method of Steenweg @0&6b) to estimate bison
requirement. In this sectiothe capability ofremote sensing an@IS integrationin carrying
capacity studig will be scrutinizedin terms ofeach variable (forage availability and adjusting

factors) of carrying capacity to the overall estimation.
Forage availability

One of the most significant indicators to determine optimum carrying capacity is available
forage, measured as total forage bionfagst Jr et al., 2003; Hunt Jr & Miyake, 2006; Yu et al.,
2010) It is one of the carrying capacity driversaiadition to animal requirements. The ability of
remote sensing to estimate forage biomass in grasstersdbeen verified in published studies
(Ahamed et al., 2011; Jin et al., 2014; Marsett et al., 2006; Piao et al., 2007; Psoma®Et al.,

Todd et al., 1998Yang et al., 2009; Yu et al., 201®lthough remote sensing is effective in
biomass estimatiorior feedstock productior{fAhamed et al., 2011)there are few studies
concerning the relationship between forage biomass and carrying capacity using remote sensing
and GIS.

Forage availability can be evaluated based on chemical nutrients of {Br@geung et
al., 2000; Paton et al., 1999Jhe literature proved that forage chemical composition can be
examined using remote sergirNutritional status oFestuca arundinaceaa cool season grass
species, can be assessed by monitoring photosynthetic pigments derived from hyperspectral data
(Yyang et al., 2010) Yang et al. (2010) observed a strong correlation between
chlorophyll/carotenoid and canopy spectral reflectance usicmmbination oftwo wavelength
regions: 54660 nm and 75@50 nm. Earlier, Stark et a{2004) showed the capability of
hyperspectral datdéor estimating concentrations of forage chemical composition, including
nitrogen, neutral detergent fiber, and acid deterfjieet (RZ > 0.7). In short, hyperspectral data is

commonly applied tossess nutritional values of forage.
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Besides chemical nutrients in forage, estimating carrying capacity based on species
components has been applied using the under st
sensing perspective, warm season gdmseinated grasslasdavehigher reflectance inisible
and infrared spectrums with removal of noisy atmospheric water absorption(Balaitolo et
al., 2012) To estimate forage biomass from hyperspectral data, there are numerous \Wfegetatio
Indices (VIs) being employe(lrable 2-3). Use of broadband sensors masks spectral diagnostic
features of cool season grass and warm grass sgpAdieslolo, Mutanga, Ismail, & Cho, 2012)
resulting in impractical application to discrimaite the two groups. Meanwhile, hyperspectral data
can provide detailed spectral information to differentiate not only cool and warm groups of species
(Adjorlolo et al., 2012)put also to discriminate spectral information of grass spéSiamidt &
Skidmore, 2001)However,this remote sensing dakeas high dimensionality, multicollinearity
problems(Adjorlolo et al., 2012)andc a n 6 t b ewvestigaingispatiab variation due to the

narrow field of view.
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Table 2-3 Hyperspectral Vegetation Indieased in biomass estimation in grassknd

Index Definition References
Normalized A 4 Y Rouse et al
Difference L O Q\( Y (1974)
Vegetation
Index
Renormalized NG Y Y Reujean
Difference YO Y Y and Breon
Vegetation (1995)
Index
Perpendicular v .Y ®» Y &) Richardson
Vegetation L®w©O Mo & an_d
Index Wiegand

(1977)
Soil Adjusted e Y Y Huete
Vegetation YOowOp U 5 (1988)
Index
Modified Soil 0 "YO @O Qietal.
Adjusteq ¢ Y P Y D P (1994a)
Vegetation
Index S
Transformed s R Y Baret et al.
Soil Adjusted YYO 0O = (1989)
Vegetation
Index
Litter-adjusted e 8&‘9 p 0 6060 Y Y Ren and
Soil Adjusted L YO wo— Y @ 0 55 Zhou
Vegetation oo Y Y ! (2014a)
Index 00 Opmm c Y
Band depth Y Ren and
00 p v Zhou
(2012)
Ren and
Zhou
(2014b)
Band depth s 00 Ren and
ratio 00Y 80 Zhou
60 a0 (2014b)
Normalized ... .00 00 Ren and
band depth LoO 0 80 Zhou
index 600 i A@O (2014b)




Band depth ., .. 00 Ren and

normalized to ovo 50 Zhou

area (2014b)
00

Litter- 0 0°YYOwO 3 He et al.

corrected W Y W'Y w (2006)

Adjusted v . . . Y

Transformed w Y Y W W M\Yy pow P

Soil-Adjusted

Vegetation

Index

Cellulose O00O0OmM Yg Yg Yg pmm Daughtry

Absorption (2001)

Index

Lignocellulose 0601 A@G O Numata et

Absorption al. (2008)

Depth

Lignocellulose Numata et

Absorption 000 60 al. (2008)

Area

R: original reflectance of red absorption region; ri&flectance at wavelength I; Rc: reflectance of
continuum line at corresponding wavelength;iBliand depth at wavelengthBDmax maximum
reflectance at 65040 nm; Rur: mean reflectance at 7800 nm; Red mean reflectance at 630
690 nm; Roos mean reflectance at 20@D50 nm; Rooc Mmean reflectance at 20@050 nm; Riod
mean reflectance at 20&130 nm; Rxos mean réectance at 219@240nm; L: adjustment factor;
a: slope of soil line; b: intercept of solil line.

Although hyperspectral data measuremean be used faassessing nutrients and species
components of available forage, this approach is not practical for capturingtepapioral variation
of aboveground biomass. Multispectral imagery has been used intensively because it can provide
data over large areas aischble to access distant or inaccessible pl@¢esar & Mutanga, 2017)
The capability ofmultispectral satellite sensofer measuring aboveground biomass is discussed
here in terms of increasing spatial resolution. Commonly used coarse spatial resolution (greater than
100 m) cta are NOAA Advanced Very HigResolution Radiometer (AVHRR) and dderate
Resolution Imaging Spectroradiometer (MODIS). While the NOAA AVHRR satellite has nearly 4
decades (launched in June 1979) of data w#pectral range covering 0-82.5 um, the MODIS
satellite was launched in 1999 with extended spectral rangedto 14.4 um. The application of
coarse spatial resolution data in measuring aboveground biomass in gsasatalmel found in many
publications in China. The reason for this f
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grassland with 42% territory coverage(Bain, 2010) MODIS-Vegetation Indices (VIs) were
suggested to be more reliable detectdrf®@ge quantity of grassland steppe areas compared with
AVHRR-VIs (Kawamura et al., 2005Additionally, the arrival of MODIS Net Primary Produaty

(NPP) specifically for tracking vegetative production is advantageous for -$patporal
aboveground leimass estimation in grasslaf@hao et al., 2014 Piao et al(2007)used time series
AVHRR-derived Normalized Difference Vegetation Index (NDVI) to investigate the trend of
biomasscd&ron st oc ks i nsd@ihgiad#edaarsperigd (EH83A999x In general, these
largescene sie satellite data are often usatnational, continental, and global scalasitabile,
Baccini, Fried] & Schmullius, 2012t.u, 2006) A major difficulty of using coarse spatial resolution
data is the integration of sample data and remote sedsinged variables because of differences
between pixel size and fielleasurment datgBaccini, Friedl, Woodack, & Zhu, 2007; Lu, 2006)
Despite thipproblem MODIS data has been used in recent studies on monitoring grassland biomass
(Jin etal., 2014; Xia et al., 201Zhang et k, 2016; Zhang et al., 2018hao et al., 2014A common
solution for reducing the effects of this isssi¢o placefield plotsin homogeneous areéSisfelder,
Kuenzer, & Dech, 2012)At local and regional scale, recent studies on aboveground biomass of
grasslandused medium spatial resolution €100 m) datgMarsett et al., 2006; Xie, Sha, Yu, Bali,

& Zhang, 2009) Landsat satellite collections, launched in 1972, are the most frequently used
medium spatial resolution data in the field of biomass estimation. Landsat collections have three
types of sensordvultispectral Scanner (MSS; 19-2883), Thematic Mapper (TM; 198D13),

and Enhanced Thematic Mapper Plus (ETM+; 1p8%ent).The use of radium remote sensing

data overcomes the limitation of coarse spatial resolution data in integrating sample data and
remotely sensed informatipthrough it does have a few issu€be Landsat 7 satellitexperienced

scan line corrector failure on May 31, 2003 resulting in a B#% of datger scengScaramuzza

& Barsi, 2005) Although several methods have been proposed to fill the gaps of Landsat 7 data,
theseprocesss are time consumig and produces inconsistées in historicd series of Landsat
imagery dataHowever, Landsat 8 Operational Land Imager was successfully launched soon after
Landsat TM was turned off. The development of Operation Land Imager (OLI) on Landsat 8 not
only maintains the continuity of loAgm annual Landsat data but also opens a new Landsat era of
pushbroom sense(Knight & Kvaran, 2014) In addition, Avitabile et al(2012) pointed out the
challenges of achieving temporally and radiometrically consistent-¢teed_andsat datasets over

large areas. According to L{2006) identifying suitable image téxresis more important than
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identifying spectral information for aboveground biomass estimatiod poses problem in areas
of complex vegetation stand structures. Unlike these aforementioned remote sensing data, fine
spatiatresolution (<10 m) data the most useful datasetrfdetailed biomass studies. The fine
spatiatresolutiondata can be obtained from airborne sensors (HyMap and aerial photographs) and
spaceborne sensors (e.g. GeoEye, IKONOS, Quickbird, SPOT, WorldView, and KOMPSAT). Hall
(2012)showed the capability of Quickbird in supplying figeale species diversity seminatural
grassland sites. Hence, the use of fine spatial resolution data has potential in detecting nutritional or
species components of grassland vegetation. However, not only is fine spatial resolution application
costly andtime consumingLu, 2006) it has other issuelke cloud cover and limited coverage
extents(Oswald & Harris, 2016)In a nutshell, such remote sensing applicatiengebenefits and
difficulties in estimating abovegund biomass or forage availability in grasslands.
Spectralvegetation indices (VIs) calculated from remote sendirgved combinations of
radiance valueg¢Kalaitzidis, Heinzel, & Zianis, 2010are usefulfor characterizing spatial and
temporal aboveground bioma@nderson, Hanson, & Haas, 1993; Richardson & Everitt, 1992;
Silleos, Alexandridis, Gitas, & Peraki2006; Todd et al., 1998Yhe list of developed VIs for
multispectral satellite data used in previous studies of biophysical properties (biomass included)
of grassland vegetation is shownTiable2-4. Hence, they are all potential predictors of biomass
estimation in grasslasd Normalized Difference Vegetation Index (NDVI) and Enhanced
Vegetation Index (EVI) are commonly used VIs to estimate aboveground bidusassfEVI is
becomimg frequent due to its capability of considering soil background efdesg et al., 2015)
removal of atmospheric effectnd improvement of sensitivity in high biomass vegetgtitrete
et al, 2002) Besideshese a number of other VIs have been developed to respond to canopy
background (e.g. Perpendicular Vegetation Index (PVI), Soil Adjusted Vegetation Index (SAVI)),
canopy variation (e.g. Modified Soil Adjusted Vegetation Index (MSAW)yh coverage of
senesced vegetation component (e.g. Normalized Difference Index (NDI)), and so on.
Nevertheless, nanof the listed VIs iMable2-4 have been reported to be the optimal predictor in
assessing spattemporal variation of aboveground biomass in grasslaRégression models
used in estimating AGB in grasslafdom remote snsing derived VIs have been listedTliable
2-5. Although linear regression is traditional, it might perform better than other advanced statistical
methods in some case studi¢Slarabel & AlvarezTaboada, 2013; Otgonbayar, Atzberger,
Chambers, & Damdinsuren, 2019)
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Table 2-4 List of Vegetation Indices used for characterizing different biophysical properties of

grassland
Group Index Definition References
RedNIR | Red Index RED = Rked Todd et al.
Vis (1998)
Simple Ratio Ny Y Jordan
' (1969)
Normalized N Y Rouse et al.
Difference L Ow Gy Y (1974)
Vegetation Index
Soil adjusted s Y Huete
Vegetation Index Yo wOp T 5 Y ) (1988)
Modified Soil 0"Y0 0O Qietal
Adjusted @ (1999
Vegetation Index c Y p

Optimized Sail s Y Y Rondeaux et
adjusted VYO o ey Y ™ @ al. (1996)
Vegetation Index
Transformed Soil VS w(p\ Y W Y w Baret et al.
adjusted WY Y ®» ® (1989)
Vegetation Index
Adjusted 0 "Y'YO ®O N Baret and
Transformed Soil W Y W Y W Guyot
adjusted d Y Y & ® my p © (1991)
Vegetation Index
Perpendicular MU { W Y W Richardson
. Lw®O —
Vegetation Index Mo & and
Wiegand
(1977)
Green Modified 0 "YpOp& p& 'Y Y ¢d Haboudane
NIR-Red | Triangular Y Y et al.
Vis Vegetation Index (2004)
1
Plant Senescence 5 vy "S'Y Y Merzlyak et
Reflectance Index Y al. (1999)
Green | Green Adjusted OY6 G Y Y Tian et al.
NIR VIs | Vegetation Index Y Y T (2005)
Blue- Enhanced 06"0c® Y Y Justice et
NIR-Red | Vegetation Index Y QoY X®'Y p al. (1998)
VIs
Canopy Index 00'Y Y Vescovo
and
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SWIR1- Gianelle
involved (2008)
Vis
Normalized 560 Y Vescovo
Canopy Index Y and
Gianelle
(2008)
Ratio Cover Index w oY Zhang and
Yo 05 Guo(2008)
Normalized PR Y Gao
Difference Water LOwOuo O‘Y Y (1996)
Index/Normalized Hardisky
Difference Index (1983)
McNairn
and Protz
(1993)
Normalized 508 Y Y Zhang and
. Q————
Difference Cover Y Y Guo(2008)
Index
Soil Adjusted e Y [4) Biard and
Corn Residue YooY @CBY Y 0 Q Baret
Index (1997)
SWIR2 | Seven/Four Ratio Y Jansen et
involved Y al. (2016)
Vis Normalized v Y Y Hardisky et
Difference LO%w O‘Y Y al. (1983)
Infrared Index 7
Soil Adjusted B e A Y Marsett et
Total Vegetation Yo Yo 9 Y @ al.
Index o Y - (2006)
Modified Soill 5B 6D @'Y ®» ® Bannari et
Adjusted Corn v Yoo Y Y 0 Q0 al. (2000)
Residue Index
Dead Fuel Index ooopmnp —— — Cao et al.
(2010)
Tasselled Brightness Index | 6 'O 'Y oy Ty Crist
cap Y Ty f (1985)
Y
Greenness Index | 'O0f Y I Y f Y Crist
Y Py f (1985
Y
Wetness Index ®Ofr Y Ty I Crist
Y Ty ry Ty (1985

a: slope of soil line; b: intercept of soil line;: coefficients for corresponding reflectance
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factors | , varies depending on sensors)

Table 2-5 List of regression models which have been used in estimating AGB in grassland
using remote sensing data.

Regression model Studies
Linear regression analysis Anaya et al(2009) Chen et al(2009) Jin et al(2014)
Marabel and AlvareZ aboadg2013) Otgonbayar et al.
(2019) Psomas etl. (2011) Psomas et a{1998) Xie et
al. (2009) Yang et al(2009)
Nonlinear regression analgsi | Lu (2006) Chen et al(2009) Jin et al(2014)
Support Vector regression Marabel and AlvareZ aboadg2013) Ge et al(2018)
Artificial neutral networks Xie et al.(2009) Yang et al(2018)
Random Forest Otgonbayar et a(2019) Anderson et al2018)

Resources Selection Functions of plains bison and sustainable consideration

The Global Positioning System (GPS) hehesearchers to effectively locate grazing
locations,and monitor animal behavior@Bjgrneraas, Moorter, Rolandsen, & Herfind2010;
Bruggeman, 2006; Cagnacci, Boitani, Powell, & Boyce, 2010; Handcock et al., 2009;
Tomkiewicz, Fuller, Kie, & Bates, 2010; Turner, Udal, Larson, & Shearer, 2@y hasa
measure okrror in locatingana ni mal 6 s t r u eng bndhe anbuntohsatellitk dy e n d
which the GPS can receive its sigiiBjgrneraas et al., 2010To improve GPS performance,
Bjgrneraas et a{2010)recommended screening methods for better analysis of animal distribution.
GPS collars cabe combinal with remote sensing data through communication methods such as
wireless sensor networks to monitor aniwaalironment interactiofHandcock et al., 2009Y o
understand Resources Selection Functions (RSFs) of ldsoggeman2006)used GPS collars
to identify general bison travel paths. Traveling vectors were mapped into Gaodndprmation
Systens (GIS) layers following different temporal patterns for analyzing influences of climate,
topography, and habitat features bison distribution(Bruggeman, 2006)In short, spatial
distribution of bison isaffected bytopographic and habitat attributes; meanwhile, snow and
drought influencethe number and timing of migrating bisgiBruggeman, 2006)Similar to
Bruggemands met hod(00@assegseddoigan habitatduse Sundebison wallow

information by digitizing locations of bison group and wallow locations &r@&dS.

GIS and remote sensing integoati have the capability of monitoring several factors

influencing carrying capacity. To datdere are numerous free GIS softwpeekagesavailable
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to meet peopl e dvanymdpfulmigarithmsdred oallmoxes were developéd
thesesoftware packagedo investigate environmental features of GIS lay@ngjital Elevation
Model (DEM), for example, provides a digital representation of surface topography
(Balasubramanian, 2017; Croneborg, Saito, Matera, McKeown, & van Aardt, 20¢6)ithms
have been built to determine various terrain attributes such as slope fron{izMr & Frew,
1990) For instance, Yu et a(2010)used DEM to determinthe slope in estimating livestock
carrying capacity in the Golog Tibertan thnomous Prefecture, Qinghai province, China.
Distance from each grazing point to the nearest veat@rcesfences, and roads can be estimated
by using toolsets corresponding to differpragrams Impact of competitiolmn carrying capacity
depends on ailumstancebke dissimilar animal population structure and existing fauna in specific
areas. Several studies have been carried out using-lmesleel modeling to analyze animal
competition(Ander son, Peterson, & G- mez LApplying d e,
priori hypothesized models, Bruggem&006) not only examined the effect of intraspecific
competition but also successfully drew the interaction of bison migration paths with snow and
drought. Moreover, we can forecast andess the risk of extreme climatic eve(Belal, E}
Ramady, Mohamed, & Saleh, 2014; Che, Li, Jin, Armstrongh&ng, 2008; Cline, Bales, &
Dozier, 1998; Hall, 2012; Han, Wang, Zhang, & Zhu, 2010; Mishra & Singh, 2011; Valipour,
2012)

In addition to variables influencing spatial distribution of bigbe, significance ofange
types and soil erosion were dissad in estimating carrying capacity. Accelerated soil erosion
(Zhao et al., 2013heeds frequently uptled assessment to more accurately estimate carrying
capacity. GIS and remote sensing have been commonly used in soil erosion asg@dsxadid,
Hadjimitsis, & Agapiou, 2013; Dabral, Baithuri, & Rdey, 2008; Fu et al., 200%u, Li,
Valladares, & Batistella, 2004; Pradhan, Chaudhari, Adinarayana, & Buchroithner, 2012;
Renschler & Harbor, 2002)Jniversal Soil Loss Equation (ULSE) caiRevised USLEFoster,
McCool, Renard, & Moldenhauer, 1981; Renard, Foster, Weesies, McCool, & Yoder,at897)
commonly used in studies of soil erosion assessfiéstikoglu & Harmancioglu, 2002)They

are empirical models allowing the estimation of average annual soil loss from erosion risk factors

(MeusburgerKonz, Schaub, & Alewell, 2010While environmental factors (land cover, saill,

topography) can be extracted from satellite images, GIS environment helps to calculate the USLE

factors(Alexakis et al., 2013in the form of raster layerd&ouli, Soupios, & Vallianatos, 2009)
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For instance, the C factor accounting for vegetation characteristics can be mapped using image
classification, NDVI andinear spectral unmixingVieusburger et al., 20)0The LS (slope length

and steepness) factor, described in Desmet and G@A898) could be constructagsingDEMs
following an automatic GIS procedure. The power of remote sensing and GIS tesliorcgee!

erosion assessment has been pravenultiple studiegChen, Niu, Li, Zhang, & Du2011; Dabral

et al., 2008Lu et al., 2004; Meusburger et al., 2010; Pradhan et al., 2ZD@2nprove vegetation

input data, high resolution multispectral imagery like Quickbird was recomméghtegburger

et al., 2010) After estimating the amount of soil loss, a fuzzy class membership approach might
help in soil loss classification (very slight, slight, moderate, severe, and very)s@smed,

Rao, & Murthy, 2000)

Bison carrying capacity estimation

After investigating each variable of carrying capacity, GIS is ablmdorporate these
variables into carrying capacity estimation using Habitat Suitability Index (HSI)/Resources
Selection Functions (RSEsyhich help todeterminespecies niche requirements and predict the
spatial distribution of specidslirzel et al., 2006)Incorporating essential life requirements, these
modek demonstrate the capability of specific afeagproviding the requisites to species, sihow
by HSI(Donovan, Rabe, & Olson, 19831 probability mapgStore & Kangas, 2001fach species
has their own specific life requirements, called habitat factors which connect to become the crucial
characteristics of the habitggtore & Kangas, 2001Peveloping HSI Models va been applied
in conservation program@ondinini et al., 2011, 2005; Steenweg et al., 20&8pecially in
wildlife managemen(Hirzel et al., 2006; Santos et al., 2006; Steenweg et al., 26iE)ce,
incorporating HSI nodels in estimating plains bison carrying capacity is reasonable and effective.
Two common methods for building H&lodels are¢he PresencéAbsence model (or Generalized
Linear Model)(Brotons, Thuilley Aradjo, & Hirzel, 2004Hirzel, Helfer, & Metral, 2001; Manel,
Williams, & Ormerod, 2001; Royle & Nichols, 200@8nhd Preseneenly model (or Ecological
Niche Factor AnalysisjBrotons et al., 20044irzel et al., 2001, 2001; Pearce & Boyce, 2006;
Raes & Steege, 2007; Santos et al.,, 2006; Starks et al.,. B&cduse of ambiguous geo
referenced absence data of species, a Presahcenodel ifavoredin recent studies. This model

should be based on recorded presence data by GPS collars fitted on bison.
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A GIS storing large volumes of map data is usefuduiding a Habitat SuitabilityModel
(Donovan et al., 1987; Store & Jokimaki, 2003; Store & Kangas, 200 ability of GISto
implement ecological modeling techniques has beenrathgin recent decadeSantos et al.,
2006) Store and Kanga$2001) for example, evaluated GlSased habitat suitability by
integrating spatial mukcriteria evaluation and expert knowledge. Additive technsque
(standardizing criterion scores, multiplying each criterion score by corresponding weight factor,
adding the results to get total scoregrevsuggested by Store and Kang@901) in GIS
environmentfor performing spatial multicriteria evaluation. Gl®ased HSIpromises high
accuracy It was usedn predicting suitable habitafor loggerhead shrike in Kansasth 82%
accuracy(Lauver, Busby, & Whister2002)

2.4. Research gaps

Since knowledge of carrying capacity becomes essential for wildlife conser{Ayitm,
Almoddvar, Nicola, Parra, & Elvira, 201,2bhe needor bison carrying capacity estimation is
increasinty in importance. Such knowledge helgsprotect this emblematic species of western
North AmericaRemotely sensed data and GIS can be integrated to retrieve bison carrying capacity

estimation. However, there are a number of gapealed in the literature.

The priority of remote sensing data in carrying capacity estimation is providing a historical
track of available forage. As one of two carrying capacity drivers, monitoring sieatiporal
variation of forage will helpvith understanthg short and longterm ecological effects of grazing
practices. In order to investigate chemipatritional or spe@s components of available forage,
hyperspectral dataan be usedo distinguish these components due to detailed spectral
information. However, hyperspectrdhtais not applicable in exploring its spatial variation.
Conversely, multispectral data apptioa can investigate spatiemporal variation of available
forage but has the issue of masking spectral details of nutritional and species components. Remote
sensing cannot provide a perfect database for carrying capacity studies because each operational
sensor system has its own advantages and disadvaM#giesS, the most common remote sensor
used for estimating herbivores carrying capatitngs challengeto carrying out field data
collection. A major challenge of future carrying capacity studieslata fusion between
hyperspectral data and multispectral data to obtain detailed biomass information with spatial and

temporal coverage. Moreover, although numerous VIs and regression models have been employed
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to examine their performance in abovegrourmhiass estimation in grasslanthe accuracy of

this estimation varies from case to case. Hence, there is a need for future carrying capacity studies
to examine the capability of VIs derived from finer spatial resolution datasets, including
spaceborne seoss and UAVbased sensors.

Other limitations of existing bison ecological studies are related to the adjustment of bison
selection on habitat/resource. Initiallthe list of adjusting factors to spatemporal distribution
of carrying capacity as welis their effects are summarized based on previous experimental
studies. Suitable selection of adjusting factors depends on circumstances of climatic features, fauna
and flora systems, and specific management goals. #dtectingvariables, the construot of a
model describing bison selection on habitat/resources was criticized to easHyoowueder
estimate bison distribution. Smwd, HS| which illustrates bison selection on habitat/resources,
was integrated into plains bison carrying capa@tgenweg et al., 2016)his index is built based
on expert knowledgéStore & Kangas, 200dhstead of empirical data like RSKES. J. Johnson
et al., 2006) Cumulative Environmental Management Agation (CEMA)(2011)revealed that
RSF models are more properly validated in contrast with HSI. The reliability can be obtained if
GPS collar data are employed to examine the temporal space use and seasonal aurbisamge
herd followed by RSFs constructigpoan & Guo, 2019)Plains bison carrying capacity in
Grasslands National Park was estimated prior to the reintroduction of the fpeciesCanada,
2005) Notwithstanding, habitat use and selection by biseremnknown and not accouedfor.
In the meantime, GIS envinments help to integrate all related variables to build RSFs and finally
determine spatitemporal variation of bison carrying capacity. Therefore, this dissertatiors fulfil

the given research gaps.
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Chapter 3STUDY AREA & RESEARCH METHODOLOGY

3.1. Study area
3.1.1. Physical geography

The study area is in the West block of Grasslands National Park (GNP), located in Southern
Saskatchewan, adjacent to the Montana bardér9 A0 7 6 N (Figure8-1).5TbeVark was
established in 1988nd encompasses a\@0km? of mixed-grass prairiéParks Canada Agency,
2018) GNP is characterized by seianid continental climate with hot sumers, cold winters, and
low precipitation(Parks Canada, 2014Annual precipitationn the growing season (Maly
September) in this region is@lt 340 mm, and average temperature througthewytear is 3.4 C
(Guo, Wilmshurst, McCanny, Fargey, & Richa2®04) The lowest temperature in GNP can drop
to-50e @nd the average January temperatur@dg QGrasslands National Park, 2006NP is

occasionally hit by strong snow storm and snow cover is not long ex{&jatyaj, 2012)

The typical features of serarid continental climate resuhh a unique flora and fauna.
According to vegetation inventories of GNP, there are seven vegetation types inside the
administrative boundary of the West block: upland grassland (UG), slope grassland (SG), valley
grassland (VG), eroded community (EC), shrmommunity (SC), tree community (TCand
disturbed communitfDC) (Michalsky & Ellis, 1994) These types were classified based on
topography, soil types, and plants communities Guo, 2018) UG, SG, and VG are three major
vegetation types ithe study area, making up almost 70% of GNR3Wblock(Parks Canada,
2017) Upland vegetation communities are dominated by needle and tiStgzal domatdrin. &

Rupr.), blue gramaBputeloua gracilisLag. Ex Steud), and crested wheatgra&grgpyron
cristatumL.) (Babin et al., 2011; Li & Guo, 2018)alley grassland are dominated by silver
sagebrushArtemisia cany needle and thread, and western wheatgfag®pyron smithiRydb.)
(Babin et al., 2011; Zhang & Guo, 2008%lope grasslanid compised of the species in both of
theaforementioned vegetatiotypes(Xu, Guo, Li, Yang, & Yin, 2014)

The grazing community in GNW/est blockis plentiful and diverseBlack-tailed prairie
dogs Ive in about 25 large colonies in and around the g&&rks Canada, n.dlhe prairie dogs
colonies have been investigated their temporal extension by the park. Other grazers occupying the
West block comprise mule deer, whiteai | ed deer |, and Richardson?o:

grazing community, the par6 s wi | dl i fe has a number of ot he
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badgers, shunk, bobcaiGrasslands National Park, 2008pastern yellowbellied racer, greater
shorthor ned | i zard, mor mon metal mar k, mountain

pipit, and swift bx (Parks Canada Agency, 2016)

Site 2016
Site 2017
Site 2018
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Frenchman portion
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= Datum: North American 1983
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Figure 3-1 Geographic location of @sslanddNationalPark West block (black star in the index
map). Bison herd was kept inside their containment area (white polygyootal of 33 sampling

sites were established in the peak of growing season-diiylan 2016 (10 sites), 2017 (11 sites),

and 2018 (12 sites). Bison dams and dugouts (circled black stars) and Frenchman river portion
(double black lines) are available water soaroe bison herd.

3.1.2. Situation of plains bison conservation

In December 2005, 71 plains bison were reintroduced from Elk Island National Park to the
West Block of GNP, aiming to restore grazing as an ecological process in the park ecosystem
(Parks Canada, 2005) The bison population is contained within an entirely fenced area of
approximately 180 ki(i.e., bison containment are&jgure 3-1, Figure 3-2). Annual bison

population data in GNP is provided kigure 3-3. Average annual growth rate reported for the
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bison population in 2002013 was 28%Parks Canada, 2017%ince 2013, the bison herd has
been managed through biennial surplus to maintain a target population-560@0ddividuals.
Since 2017, GNP adheres to IUCN guidelines for bison consenarals, including maintaining

a 50:50 ratio of males to females and maintaining genetic divéirsitks Canada, 2017)

Figure 3-2 Plains bison family group ini@ssland®NationalPark West block, summer 2018.
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Figure 3-3 Annual bison population size inr@sland\National Park West block during 2005
2018 (data is provided by Grasslands National Park, Parks Canada).

Since bison wrereintroduced, Xu and Gu@015)noticed that there was an alteration of
vegetation shown by historical Landsat imagétigre3-4). As can be seen frofigure3-4, the
West block encircled ba yellow boundary was darker théme surrounding areandicating clear
vegetative difference between surrounding crops and conservation grasslkarsystem.
However, this aforenentioned difference diminished apparently along with bison reintroduction
from 2005 Hence, it is critical to assess whether ov&zing or undegrazing is happening for

maintaining grasslarscecosystennealthas well as achieving conservatigoals
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Figure 3-4 Historical Landsat images of the&asland®NationalPark West block in growing seasons during 19898 This series of
nine standard falseolour composite (RGBNIR, Red, Green)mages represent the diminishing differermween conservation
grasslands ecosystem inside Grasslands National Park and surrounding agricultural land after bison reintroduction.











































































































































































