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Abstract

The bighorn sheep population of the Sierra Nevadaalifornia has been reduced in the last
century to several small discrete herd units, aay be suffering negative effects from
landscape change since early human settlementagehdetection study was performed in
the bighorn sheep herd units with substantial l@vation forest using a manual
photointerpretation method on historical aerialgexy from the 1920s and 1940s. Basic
terrain variables, such as slope, aspect, eleva®owell as latitude and tree cover from 2005
were explored in linear mixed model regressionragiptors of vegetation change. Change
was less than <3% on average for each herd utiiguh there was substantial variation
observed. The Mt. Gibbs and Mt. Williamson herdsimiere associated with low elevation
change occurring on the south and south-east &jngleile low slopes and high tree cover
areas were associated with change in the Mt. Wémeeh unit. Mt. Langley had the least
amount of change of the four herd units, and wastmongly associated with any
explanatory variables. Historical aerial photogaplere a useful tool in landscape
monitoring, and the recovery of bighorn sheep majubther aided by managing

anthropogenic activity in the landscape.
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1.0 Chapter 1: Introduction

The bighorn sheep population in the Sierra Nevaias(canadensis sierragvas listed

as an endangered species in 2000 (65 FR 20). Tisesaf the population decline have
been attributed to illegal hunting (Advisory GroL@97, Wehausen and Hansen 1988),
disease (Buechner 1960), and the direct and irtdaféects of predation (Wehausen
1996). The vulnerability of the population is exaisded by low nutrition, environmental
stochasticity, and anthropogenic disturbance (626RThe recovery effort on behalf of
the California Department of Fish and Game andSiINRBSRP may be further impeded

by changes in the landscape over the last century.

The habitat of bighorn sheep overall remains indact contiguous, and the sheep tend to
prefer open terrain allowing for better visibiliby predators (65 FR 20). Tree
encroachment, specifically by single-leaf pifi®n{s monophyllg has been
documented in previously open habitat of the Siklesada (Burwell 1999, Miller and
Rose 1999, Gruell 2001, Romme et al. 2009), buigsact in bighorn sheep range
specifically has yet to be investigated. The exté@ncroachment has been associated
with lower elevations in mesic and xeric sites dwjdeg on annual precipitation (Burwell
1999). Previous studies have used historical grdaas®d photographs (Gruell 2001),
tree rings and fire scars (Miller and Rose 19989, ground plots (Burwell 1999) to
determine historical landscapes; however, histbaedal photographs taken in 1929 and
1944 may provide a unique objective record of hisib vegetation patterns. The

available archives in the Sierra Nevada regiorianiéed in extent, but partial coverage
1



of the eastern mountains suggests a potentiatddysg long-term landscape change in

the bighorn sheep herd units.

Habitat encroachment and change-detection studies titilized historical aerial
photography in other areas, but there is a ladontensus in the literature on how to
perform a quantitative analysis using the prin@péthe scientific method. Although
there are many constraints that limit the intergaren of historical datasets, their value in

long-term monitoring and change-detection studasmot yet been fully realized.

1.1 Objectives

The principal goal of this research project waswvaluate the changes in Sierra-Nevada
bighorn sheep habitat over the past 75 years usstgrical aerial photography. In
working to achieve this goal, two main objectivesravset:
To review the literature pertaining to long-ternd{@ear-plus) landscape
monitoring and remote sensing in order to deterrtiieebest practices for
working with historical data sources, and
To undertake a change-detection analysis of theeSMevada using modern
and historical aerial photographs.
A hypothesis related to the second objective basaarevious literature suggests that
changes in bighorn sheep habitat will be associaitttlow elevations, northern aspects,
and north latitudes. The analysis will attemptharacterize the trend of tree cover
change around the bighorn sheep herd units witktaobal low elevation forest, and

these results may assist managers of the Sierradde®ighorn Sheep Recovery Program



(SNBSRP) in restoring lost or vulnerable habitafiuieher aid the recovery of the

subspecies.



2.0 Chapter 2: Background

2.1 A Review of the Role of Remote Sensing in Long-Term Landscape
Monitoring

Landscape monitoring is a valuable activity usedlserve changes on the Earth since
prehistoric times. Life on earth has respondettiése changes, and in the last 160 years,
the field of remote sensing has played a recogmaledin vegetation monitoring (Dalke
1941, Greenwood 1957, Foran 1987), wildlife manag@niLeedy 1948), urban-
interface development (Stone 1948, Gordon 198Q)ingioperations (Garofalo and
Wobber 1974), encroachment and invasive specidib@rte et al. 2004, Millerova et al.
2005), erosion (Ries and Marzolff 2003) and firgtalibance (Wulder et al. 2009). Not
only has remote sensing focused on observatiomémitoring, but the application of
new methods on old and current datasets have broogltinuous improvement to the
field (Cooke and Harris 1970, Johnson and Kasisdl®igs8, Rhemtulla et al. 2002,
Ronnback et al. 2003, Coppin et al. 2004, FraskinoDand Pouliot 2009, Kennedy et al.

2009, Linke et al. 2009, Townsend et al. 2009).

Several review papers have been written on thacgpian of remote sensing in long-
term landscape monitoring, but generally they agenarrow-focused and concentrate on
topics such as aerial photography (Bowden and Brno®f70, Fensham and Fairfax
2002), specific analytical strategies (Ronnbackl e2003), digital change detection
methods (Coppin et al. 2004), historical repeat@ip@phy (Kull 2005), protected areas

(Gross, Goetz and Cihlar 2009), and change detetdms (Kennedy et al. 2009).



Kennedy et al (2009) has provided a strong reggrthssis, but was unable to
adequately address the importance of early aenadjery and other historical datasets,
nor do the authors address the integration of detdlat would become necessary for
monitoring across time periods spanning decadegspi@@t al (2004) considers the
inclusion of multiple sources of imagery, but tegiew is restricted to digital change
detection methods using satellite imagery. A ltier@ review that summarizes the use of
multiple generations of remotely-sensed data ty@oesss long, 30-year-plus time

intervals does not currently exist.

The application of remote sensing for landscapeitoiong is biased to the recent era of
computer development and satellite technology. &yaeview by Cooke and Harris
(1970) discussed remote sensing datasets and rsdthddte, and speculated on the
future potential of “spacecraft” in landscape monirtg. In recent studies, the baseline
state of the landscape is often restricted to ¥4, when satellites designed specifically
for earth observation became widely available @erZ)07). While many researchers
have recognized the limitations of monitoring sagdiestricted to the satellite era,

relatively few studies have made use of integrdtgd sources.

The three dominant eras of remote sensing inclydgqund-based photography, (ii)
aerial photography, and (iii) satellite imageryo@Gmd-based photography dates back to
the mid-1800s, although in many areas it is raféntbphotographic coverage prior to

the 1900s. These photographs were black and widterest often chronicled human
settlements. They were also the only remote semstgavailable until the advantages of

air-borne acquired imagery from other sensor piatfowere realized, such as hot-air



balloons and blimps (Batut 1890, Ries and MarZ2i®3), as well as planes (Jensen

2007).

The earliest available archives of aerial photogsagre from the 1920s. They are usually
panchromatic, and their quality varies due to tbe-but-ongoing development of film
and camera technology at the time. While the enmegef colour and infrared film in

the 1930s enabled new applications of aerial phafy (Jensen 2007), the extra
expense precluded its use in large-scale missfmrsal photographs cover relatively
large areas, and were often used for land manadgstaming and agricultural
development (Helms 2010). As aerial photographsimecmore common, satellite sensor

development progressed throughout the 1970s.

Satellite imagery is perhaps the most variabldnefthree main sensor mediums and
ranges from panchromatic high-spatial-resoluticarywsimilar to historical aerial
photographs) to multi- and hyperspectral low-spagaolution. The greatest advantage
of satellite imagery is its wide spatial and tengd@overage of the earth’s surface.
Photogrammetry using manual interpretation anastparallax has been very successful
in the past, but satellite imagery and the competathave brought about new methods

that may also be extended to analyzing historemlate sensing datasets.

For this review, long-term landscape monitoring Wwé defined as the repeated
observation of a phenomenon over time intervalgeedmg 30 years. By observing
irregular trends in the landscape, management Emth@rs may be able to intervene
before such changes become irreversible; howewanitaring of the landscape using

remote sensing requires planning and sorting thr@ugealth of available remote



sensing data. The elementary question remainst Wihiae base-line land-cover state
that we should strive to maintain? Remote sensimgpt the whole answer, but in North
America, significant anthropogenic change has ¢dettwith the development of
photography in the late f&entury. The historical remote sensing archive@nes a
unique opportunity that is currently not being useds potential. This review will

provide a synthesis on the use of remote sensimgrig-term landscape monitoring, and
will provide a break-down of trends through the onagras of remote sensing
development. Further discussion will critique tlierent methods of long-term landscape
monitoring as well as provide a status update ahdd potential of development in this

discipline

2.1.1 The Development of Remote Sensing Through Time

In order to assess the role of remote sensingig-term landscape monitoring, a
thorough review of the literature has been compaled synthesized in chronological
order. Table 1 summarizes the relevant detaitsaoh specific study. The following
sections will discuss many of these research astighd describe their contributions to
landscape monitoring. They are meant to providemnapcehensive overview that will set

the context for further discussion.



Table 1: A synthesis of literature representative bthe trends and progress of remote sensing datailized in long-term monitoring studies.
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2.1.2 Ground Based Photography Era

Historical ground photographs from the™#nd early 28 century typically portray the
hardships and triumphs associated with early feorttevelopment. Photographers chronicled
the path of the early settlers, and many archivelside magnificent scenery points and
geological features that may not be intact today.e¢xample, an archive from the Sierra
Nevada is dated from 1849 during the period of EAmeerican settlement (Gruell 2001), but
prior to the development of conservation areasveddspread livestock grazing (Wehausen
et al. 1987). Ground-based photography expeditimre generally not as intensive in
coverage compared to what aerial photography ekpadiwould become, but in 1915, a
Canadian surveyor named Bridgland set out for ¥peess purpose of mapping the Rocky
Mountains by taking photographs of the landscapen fihe highest mountain peaks

(Rhemtulla et al. 2002).

Historical photographs were typically taken fromam-metric camera, and while they are
considered a remote sensing dataset, they differ &erial photographs in that they were
typically taken from extreme oblique angles. Noeéths, they may show a high amount of

detail, and therefore are a valuable dataset thgth®a used to depict the historical landscape.

2.1.2.1 Characteristics

Historical ground-based photography is often wiiby modern researchers using repeat-

photography techniques. Photographs are re-tabemtiie same photo-point to replicate the

17



scene in order to make a direct comparison of olafRgr example, Gruell (2001) studied 84
sets of historical photographs in the Sierra-Nevaoia 1849 to 1920 and demonstrated
forest transition and change. He was unable totdydhe change or provide a mechanism
for it, but he suggested that the open and variflpést structure evident in the historical
imagery resulted from regular fire disturbance @irg2001). Similarly, Rhemtulla et al
(2002) studied the Bridgland expedition photografpbs) the Canadian Rockies in 1915 and
found that vegetation had transitioned to a latesssional state with increasing crown
closure in conifer stands. Until recently, thougas been difficult to make a quantitative
analysis of vegetation change in such photograpbgaltheir non-systematic geometry and
issues of geo-referencing. Corripio (2004) was &bkuccessfully orthorectify oblique
photographs using a viewing transformation of ariéier DEM. Advantages of working

with photographs taken from high points, such asmtains peaks with steep viewing
angles, were noted, although high-resolution DEMsld have better application (Corripio

2004).

Most studies that use repeat photography remailitapinze and observational in an attempt
to describe vegetation change (Gruell 2001, Rheanétlal. 2002, Zier and Baker 2006), and
they often use visual assessments to determingifatasion accuracy (Michel 2010).
However, simple principles in study design enalitedsh et al (2007) to perform a
manually intensive quantitative assessment of \&iget change using historical
photographs. The study acknowledged and addresaey of the issues associated with
oblique photographs, including the interpretatibregetation from approximately the same

distance to the photo-point in order to mitigate igsue of foreground objects appearing

18



larger than background objects. Although manualtgnsive, the study analyzed 12 photo
pairs from Glacier National Park in Montana, andaoded that the treeline ecotone

increased by an average of 60% in 10 of the 1Z& ance the 1920s. It was difficult for this
study to acquire photographs with the necessargiteattributes — 2000 photographs were

originally reviewed — but a clear trend was demi@ist.

2.1.2.2 Summary

There remains significant potential in analyzingthiical ground-based photographs in a
guantitative fashion that will lend them usefuktaluating the historical landscape. The
concern of using historical photographs is theaklity in the landscape, and that inference
on change and landscape condition will be limitédwever, variability in the environment

is expected and acknowledged in every remote sguisitaset. Historical datasets will not be

applicable to all monitoring studies, but they aneler-utilized at present.

The integration of methods by Roush et al (200d) @arripio (2004) will increase the
potential of historical ground-based datasetsmg{term monitoring studies. Further study
may be required to investigate the sensitivityrid gell size and change detection in the
sampling design, but considering ground-based pjnaphy as a valuable remote sensing
dataset is being realized in the landscape mongarommunity. Ground-based photographs
may be the most interesting of all remote sensatg decause of their historical reach

through time.

2.1.3 Aerial Photography Era

19



Aerial photograph missions began as part of mylitaapping and exploration endeavors
(Jensen 2007). The field quickly evolved with tle#phof commercial enterprises producing
film and cameras as well as improved sensor plagdo have wider applications for
domestic and international reconnaissance (Jer¥&n) 2The high-spatial-resolution aerial
imagery resulting from these early missions hadetdemonitoring the landscape in several
ways. Wide-scale mapping of agriculture was undteridby many government agencies such
as the Soil Conservation Service in the UnitedeStat the late 1920s (Helms 2010). Military
reconnaissance missions utilized aerial photogralpinyng the two World Wars (Jensen
2007). Aerial photographs were not often used béygricultural and military applications
(Jensen 2007), but a few studies used them ayastigative tool to survey glaciers (lves
1946), flood damage (Hoene 1946), sand dune aretatgn patterns (Kerr and Nigra 1952,
Greenwood 1957). It is appropriate to note thabhisal aerial photography is not
consistently comparable to modern aerial photographrial photographs taken more
recently are often high-spatial-resolution multisipal images with high registration
accuracy, and they still are prone to shadow asibidion effects, though to a lesser degree

than historical datasets.

2.1.3.1 Characteristics

The earliest references of using historical agitographs for monitoring studies extend
back to the 1940s, although many of these eartlietwised the photographs for observation
as secondary datasets rather than primary phatopietted analysis (Dalke 1941, lves 1946,
Hoene 1946, Stone 1948, Kerr and Nigra 1952, Greedw 957, Welch 1966, Garofalo and

Wobber 1974). One of the very first studies thabgmized the monitoring potential of
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airborne-based photographs advised, “it is bestake the tracing [of land-cover maps,] and
to print a number of copies” (Dalke 1941, p.104prlyain (2006) reviewed the application of
historical aerial photographs for ecosystem moimtpand provided a useful table outlining
general characteristics (Table 2). As previousiyntiomed, historical imagery has high
spatial resolution and is usually available as pemmatic. However, the imagery often
suffers from major spatial and radiometric distord, and may be unpredictable for temporal

consistency at a daily and annual, and possiblgdigcscale ( 2).

Table 2: Historical digitized imagery and its advartages and disadvantages (adapted from Morgan 2006).

Advantages Disadvantages
Temporal Long time series Lack of repeat imagemyoaime, time of day
(sun angle and shadows)
Spatial 1:20000, High- Restricted locations, registration errors during
resolution <lmeter pre-processing
Spectral Panchromatic Black and white
Radiometric ~ Typically >8-bit Atmospheric noise atidmination

inconsistency

The high spatial resolution of aerial photograpas allowed for changes in the forest to be
observed using tree counts (Schlesinger and Grgmoeifas 1996, Herwitz, Slye and Turton
2000, Salehi, Wilhelmsson and Soderberg 2008).1HPxged analyses have been used and
include but are not limited to: textural analydia(alick, Shanmugam and Dinstein 1973,
Hudak and Wessman 2001), variogram analysis (Gersigt al. 2006) wavelet analysis
(Strand et al. 2006) and classification based ectsgpl components and indices (Howarth
and Boasson 1983, Pinty and Verstraete 1992, KadmdrHarari-Kremer 1999, Okeke and

Karnieli 2006, Wulder et al. 2009). Object-baseasslfication has been recently popular,
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although manual interpretation of historical aemahgery has been utilized more frequently
(Thomlinson et al. 1996, Cameron et al. 2000, Exkhaan Wilgen and Biggs 2000,
Bowman, Walsh and Milne 2001, Manier et al. 2008pmson et al. 2007, Weisberg, Lingua
and Pillai 2007, Romme et al. 2009). Object-basedyais, which is more similar to manual
interpretation methods, has been popularized @mdvantageous over pixel-based
classification of historical imagery (Laliberteadt 2004, Morgan 2006, Zomeni,
Tzanopoulos and Pantis 2008, Platt and Schoen@8g8l Pringle et al. 2009). The various
methods have had moderate success, but it mayfloelidito determine their applicability

because of several factors.

Object-based analysis of historical aerial photphbsais still susceptible to misregistration
errors which are prominent in historical imageryogher problem realized in object-based
analysis is the limitation of segmentation algarithon panchromatic imagery with
illumination inconsistency (Morgan 2006). In muttectral imagery, the increased number of
bands allows for greater segmentation options, lwldads to greater control over scale. The
object-based analysis of historical aerial imagesformed by Platt and Schoennagel (2009)
seemed to be as intensive as a manual interpretétidome circumstances, manual
interpretation may be more appropriate, but théesaanalysis is not as easy to enforce in
delineating polygons over using a software. Manglists circumvent the issue by
establishing guidelines for polygon sizes delingatecertain viewing magnifications, along
with change thresholds (Callaway and Davis 1993we et al. 2000, Thomson et al.

2007).

Interpreting historical imagery is inherently défdilt because of the lack of ground-
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observation data required to validate air-photerjprtetation. The minimum mapping scale
for interpreting vegetation is very difficult tofilee in historical imagery because of
distortions and illumination inconsistencies. Th&s implications for studies seeking to
identify mixed species or structure categoriesuB$irelative to trees have been consistently
difficult to interpret with accuracy, even in modeatatasets (Kadmon and Harari-Kremer
1999, Augustin, Cummins and French 2001, Fenshahitainfax 2002, Laliberte et al.

2004, Okeke and Karnieli 2006). The ability to stereo-parallax has allowed heights of
objects to be measured accurately, although thédtsesf digital stereo interpretation has not

been observed in the literature (Fensham and K&2082).

2.1.3.2 Summary

A constraint of using historical imagery for landpe monitoring is the lack of field
observations to validate the data. Another poteoctiasequence of using historical imagery
is that it may not sufficiently encapsulate thejéed object on the landscape, for instance
the distribution of a flowering plant in a wide-tistape photograph, thereby resulting in an
ad-hoc approach to incorporating historical data iong-term monitoring. However,
explicitly stating and acknowledging reasonableiagstions and limitations and quantifying
the accuracy of results should help bring greadéuesto these data. Many studies use
modern ground observations to calibrate or valittaehistorical dataset, and make the false
assumption that the historical interpretation isparable (Laliberte et al. 2004, Zomeni et
al. 2008, Brook and Bowman 2006). Other studidgdgperform any sort of accuracy
assessment (Manier et al. 2005), and another stalttiating photo-interpreted imagery

chose to “[exclude] a small minority of randomlyngeated points that fell in areas where we
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were not confident in our assessment” (Pringld 2089, p. 547). Another issue is that there
is a lack of standards for assessing the accuraglyject-based classifications. The accuracy
of the vegetation classification in object-basedlyses may be considered separate from the
accuracy between two object delineations. Objdlatsefore, may be compared using spatial
information, such as shape, size, distance vectersces, and centroid points (Clinton et al.
2010). One of the major researchers in this fietently composed a review of object-based
analysis and could only identify validation assemsts as a “hot” research topic (Blaschke
2010). Object-based classification cannot be asdumbe the most efficient processing; it
requires a significant time investment, includiegrning how to expertly use the specific

software for analysis.

Many studies that analyze historical imagery mayelséing methods on very small datasets,
and an analysis looking at shrub encroachmenatrtdirain may be less complicated than
looking at shrub and forest change in a mountaitendscape. Image quality is rarely
consistent and differences in illumination haverbfeind to complicate many analyses,
such as texture (Haralick et al. 1973). The migstegtion error of historical datasets once
orthorectified and/or co-registered may still ext@8 meters (Marrs and Hicks 1986, Hudak
and Wessman 1998, Kadmon and Harari-Kremer 19989jéviat al. 2005, Brook and
Bowman 2006, Platt and Schoennagel 2009). The ¢ntak accuracy found by Barrette et al
(2000) in identifying wetland boundaries on largede colour aerial photographs was 3.4
meters. Therefore, traditional change-detectiorhouig that are readily applicable to satellite

imagery may not be suitable for use with historinzgery.

Stereo-photogrammetry of historical imagery maydsgiired in further studies to improve
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the accuracies of interpreting vegetation and ¢lglxsses due to the absence of ground-
based measurements. Currently, the best practic@stérpreting historical imagery may
include manual and point-based sampling. Aeriabeng represents the largest remote
sensing dataset, and it would be ill-advised tdusethem from long-term landscaping

monitoring.

2.1.4 Satellite Era

After World War 1l and the failed quest for peadefconnaissance of air-photo missions
into neighbouring countries, orbiting remote seadm®@came an important part of the space
frontier. The Sputnik satellite was launched in 718y the Soviet Union, followed by the
Corona satellite by the US in 1959,which produdsdiist imagery in 1960 at 40-foot spatial
resolution (Jensen 2007). The popular remote sgisimnal “Remote Sensing of
Environment” published its first issue in 1969, dhd first civilian earth-observation
satellites were launched by the United Stateserl8v0s (Jensen 2007). The Landsat
Multispectral Scanner (MSS, Landsat-1), previouslifed the Earth Resources Technology
Satellite (ERTS), began this paradigm shift, and faur spectral bands with a spatial
resolution of 68 by 83 meters (Jensen 2007). Siktiathal missions have followed, and
Landsat has been the primary sensor for terrestaalitoring, primarily because of its

spatial and spectral suitability for consistenthgerving various environments on the earth’s
surface. Landscape monitoring using radar may e@sccommon primarily because its
advantages are in ice- and snow-covered landscipess used in a study from the 1970s to
census snow conditions and habitat for geese iarittec (Reeves, Cooch and Munro 1976).

Soon other satellite sensor systems began to appkardscape monitoring studies, such as
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high spatial resolution SPOT and Quickbird, MODitél anore recently, Lidar.

2.1.4.1 Characteristics

Early monitoring studies using exclusively satellitata were analyzed similar to aerial
photographs . Preprocessing of the data was eitisant or minor, probably due to the
constrained technological capabilities at the tikharalick (1973) performed perhaps one of
the first quantitative assessments using both HrehEResources Technology Satellite
(ERTS) and aerial photographs to investigate tieeofisexture analysis in identifying land-
cover classes of Virginia and California, includmgidential, swamp, marsh, scrub, wood,
and others. The aerial photographs and satellidgary had 82% and 83% classification
accuracies, respectively. The application didrequire any necessary preprocessing,
although gray-tone normalization was suggestedfuidner exploration. Reeves (1976)
utilized the Landsat MSS, the Television Infra-Refaservational Satellite (TIROS), and the
Very High Resolution Radiometer (VHRR) sensorsotaklat nesting locations for arctic
geese from 1973 and 1974 in locations such as Gradrthe U.S.S.R, and Canada. Goose
production was associated with early snow and isgpgearance from the arctic, and
predictions for the reproduction success of thistahg 1975 season were made and were
validated. The potential of satellite data was gesalized, although graduating to
guantitative analysis required some intermediapsstGordon (1980) evaluated the MSS
dataset and its value in monitoring land-use cham@#hio. Registration errors complicated
the classification process, and it was suggestaidiie dataset would be more valuable when
the registration accuracy improved. Preprocessiathods must have been realized as a

necessary step in many studies, and Robinove g91) was able to correct for
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atmospheric effects in research involving albedmitooing. A difference image between
dates of 1972 and 1976 indicated possible charegesdhat were qualitatively analyzed

(Robinove et al. 1981).

The use of satellite data for monitoring becameeni@avily used as the resolution and
errors were improved upon. Early on, high-spatgletution aerial photographs were often
used to evaluate the accuracy of satellite serf&modon 1980, Howarth and Boasson 1983,
Guinet, Jouventin and Malacamp 1995), since staénsors were often lacking in this
respect. Foran (1987) investigated change of paldeordscapes from 1980 to 1984, but
found that the 80-meter-resolution Landsat MSS @emsght not have had the resolution
necessary to study vegetation change in responrséfall. Texture analysis was continually
used as a means of studying various remote sedatagets, and other pixel-based
classification procedures were being performedatellte imagery. Although object-based
classification procedures had been tested on gara@bgraphs, the processing requirements
seemed to hinder the analysis until the technolegy able to catch up. As a note that
observes the processing capabilities at the tinogyatth and Boasson (1983) remarked:
“The ability to overlay imagery from two dates,generate image enhancements, and to
display them on a CRT monitor were essential atteib of the system for undertaking the

[monitoring] study.”

2.1.42 Summary

Many monitoring or change-detection studies thathssed satellite imagery exclusively
were testing new methods or datasets (Leonard BagdrClark 1984, Pinty and Verstraete

1992, Johnson and Kasischke 1998, Wulder et aB)2@uch studies demonstrate small
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examples of how they may be incorporated into lt@rga monitoring initiatives. The
advantages of working exclusively with satellitéadare the predictability of the datasets and
validated methods which have generally been acdeptthe remote sensing community.

The best practice for using satellite imagery imglderm monitoring studies is to take
advantage of the resolution and accuracy of cudatasets, but to incorporate historical
imagery at least for a baseline reference (Nagadsiyama and Ikeda 1979, Schlesinger
and Gramenopoulos 1996, Laliberte et al. 2004, btagti al. 2005, Nagler, Glenn and

Hinojosa-Huerta 2009).

2.1.5 Other Remote Sensing Sources

Remote sensing imagery has been taken from thexdrairplanes, and satellites, but
innovation has not been limited to these perspestikites (Aber, Aber and Pavri 2002),
hot-air balloons and blimps (Batut 1890, Ries arat2dlff 2003), remote-controlled
helicopters (Wester-Ebbinghaus 1980) and pigeorshdeven 2009) have all been used as
sensor platforms for remote sensing imagery. Pmapdgs resulting from a small camera
mounted onto a pigeon, however, would have bedimdégd use for surveying. These
sources of imagery are unlikely to be of us forglkderm landscape monitoring as they

generally occur at a very small scale.

2.1.6 Discussion

There has been an increasing emphasis on usintiteatata for long-term monitoring

studies. Several researchers have developed tetacal advanced monitoring protocols that
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are a testament to innovation and integration dhows and datasets (Fraser et al. 2009,
Linke et al. 2009, Townsend et al. 2009). Howehestorical ground-based photography and
aerial photographs have so far not been integratedsuch monitoring frameworks because
of their inconsistencies in temporal and spatiaketage, as well as the tedious processing
methods required for interpretation. In the lasiy&éars, significant progress has been made
in developing quantitative methods for interpretimstorical datasets. The detail may not be
to the consistency of current satellite imagery,thase data may be one of the most unique
historical archives available, and it should beduseits potential in long-term landscape

monitoring studies.

2.1.6.1 Dominant Trends

The trend of using remote sensing data in long-t@onitoring may be further understood
by examining each era independently. Ground-bpketbgraphs have been used
occasionally in landscape monitoring studies, batrecent development in analysis
techniques has allowed for quantified results siedta standard for the repeatability of
methods, whereas past studies have used obsert@tiagke inferences of the landscape.
However, the trend of using historical aerial plgoémhs in landscape monitoring has been
less progressive. Several influential studies twiieal faults that have been observed to
propagate in the literature, such as the lack odrsgary validation on the interpretation of
historical datasets. The incorporation of sateilitagery however has been the most
progressive due its dominance by frequency initeeature. Therefore, the utilization of
remote sensing data for long-term monitoring mayibelered due to a lack of progress in

analyzing historical aerial photography.
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2.1.6.2 Methods and Misconceptions

The methods and misconceptions for each remoténgeesa are not uniform, but they do
exhibit commonalities. The goal in the developnaniew processing methods for all three
eras seems to be for automation, but automatitesssrefined for historical aerial and
ground-based photography. A misconception of grebaged photography is its lack of
relevance in broader large-scale monitoring studiéough it may be limiting in certain
applications (e.g. Nagel and Taylor (2009)), otl{erg. Molnia (2008)) have found it to be

important and complementary to other remote serttg sources.

The methods employed in the analysis of histoaeaial photographs are inconsistent, but
also tend to be dependent on the quality of thg@na Therefore, object-based, pixel and
manual methods may be applied in certain conta@xts.principles of remote sensing must
still be exercised in the analysis of historicahgery, although this seems to be a general
misconception in the literature. The lack of valida on the historical aerial photographs
was previously mentioned, but other issues hava leEmtified, such as the lack of
acknowledgement in the issues of re-sampling maoeleegolution digital elevation models
(DEMSs) to correspond with a study’s high resolutioragery (Mast, Veblen and Hodgson
1997, Kadmon and Harari-Kremer 1999, Pringle e2@09). In the common circumstance of
data sources with varying resolutions, Weisberg €2007) chose to acknowledge the
resolution mismatch rather than resample to a higdsolution. Another problem in the
literature analyzing aerial photography is discegrshrubs from other vegetation (Kadmon
and Harari-Kremer 1999, Laliberte et al. 2004, Gkahkd Karnieli 2006), and identifying

complex vegetation classes (Augustin et al. 200&jtain limitations of historical imagery
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cannot be avoided, but it is important to acknowkethem and state the assumptions before
undertaking the analysis. Cooke and Harris (19B8ove that “...advances in technology
still outpace the experiments in its use” (p. 2Mfortunately a lack of technology cannot be
the scapegoat in the interpretation of historicagery, but perhaps the automation of
interpreting satellite imagery has jaded the sdierdommunity, and manual interpretation is
now considered to be an unrefined methodology.t&bleniques for incorporating satellite
imagery into landscape monitoring are more stangaad but the issue of restricting the
monitoring time-frame to the satellite era is irdrgty short-sighted and rather un-
accommodating for the inclusion of historical imggsets, as previously suggested in the

guest for automated procedures.

2.1.6.3 The Integration Necessity of Data Sources

In long-term monitoring studies, it is importantide confident in the analysis of all the
datasets utilized. In the past, non-empirical gsitiave created problems in the literature by
propagating misconceptions in the scientific comiyiisuch as the un-proven assumptions
of the historical fire regime in western North Ancarrevealed by Romme et al (2009). It is
critically important that change-detection and naming studies using historical data adhere
to the principles of the scientific method. Manytloé change detection studies encountered
in this review did not validate the outcome of afganwithout ground-based observations,
historical datasets should be interpreted by mue bne person and/or method. Other
literature sources may help to validate the regBltsvman et al. 2001), although Weisberg

et al (2007) found that their results contradidtezlmainstream literature.
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Long-term monitoring studies should benefit fromwsmber of data sources. Several studies
observed in this literature review used either mlmoation of ground-based and aerial
photography (Rhemtulla et al. 2002, Nagel and Tra30®)9), or aerial photography and
satellite imagery (Gordon 1980, Howarth and Boad€88, Foran 1987, Guinet et al. 1995,
Schlesinger and Gramenopoulos 1996, Laliberte. @084, Manier et al. 2005, Nagler et al.
2009, Pringle et al. 2009). However, a dominandysthat employed all three forms of
remote sensing data has not taken place. The rgpaper written by Cooke and Harris in
1970 exemplified the excitement of the incomingeHlit era (Cooke and Harris 1970) but
they could not know or realize the possibility tgadund-based and aerial photography data
would become marginalized in the future remote isgngerature. Perhaps the absence of
integrating historical remote sensing datasets eutinent satellite technology into long-term
monitoring studies may be due to the lack of awassrof these historical sources. Molnia
(2008) acknowledged the value of the historicalaensensing record for glacier

monitoring, and indicated through example of phaapdic sequences how rapid changes of
glaciers were apparent in the landscape . Glaniassbe the proverbiaharismatic mega-
faunaof the geologic world, and they have benefitedrfitbe long-term focal interest by
many geologists, but they are an example repreggtiie benefits of long-term monitoring:
glacial recession has been used as indicatorraftdi change and warming temperatures
(Haeberli et al. 2007).

The realization of the availability of historicedtd may require a serendipitous conversation
between a historian and a landscape ecologist nagaa, but during this research, one
specific area in the United States has been idedt#s a prime candidate for the role of an
influential long-term monitoring study. Coloradoshzeen observed to be a focal centre for
past historical remote sensing research (Mast &08l7, Manier et al. 2005, Platt and
Schoennagel 2009). It may present an excellentidatedarea for incorporating historical
data into a long-term monitoring study. For examgier and Baker (2006) analyzed
ground-based photographs in the San Juan Mourdaimsst-central Colorado, while

Manier et al (2006) analyzed historical aerial plgoaphs for vegetation and canopy
dynamics, the distance of separation of the twdistuonly being 150 kilometers. Both

studies focused on different time eras (1878-12987-1994), but similar results were found
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and noted increasing conifers in deciduous staritisalvious signs of anthropogenic
disturbance. The integration of these two datacesicould be a precursor to an interesting

study of long-term vegetation dynamics and humditteseent.

The incorporation of historical remote sensing dataot necessarily to encourage restoration
and revert back to the historical landscape camitbut through acknowledging the

historical context, we achieve better understandintfpe landscape. Past disciplines
including climate change research, endangeredepgpootection, and sustainable
development have benefited from the utilizatiomeshote sensing as a tool, but the new
challenge may be to compile what is known and egnatiiive management as part of long-

term studies.

2.1.7 Summary

The current trend of incorporating remote sensiggery into long-term monitoring studies
leaves something to be desired. Long-term monigosindies have power in numbers: more
sources help to validate trends, explore small-large-scale processes, as well as they help
extend the historical reach in time. This work regewed the role of remote sensing, and
has acknowledged the current limitations of compiland integrating the historical and
satellite datasets into a robust long-term studgtrAng influential study is needed to set a
standard for future studies to follow, and the eg@alysis of historical data should be

encouraged in order to make such progress anaddéingensus.

2.2 Bighorn Sheep of the Sierra Nevada

33



The bighorn sheep population of the Sierra Nevhdeeafter sheep, was listed as an
endangered species in 2000 after being reducessathan 100 individuals in the 1990s
(Torres, Bleich and Wehausen 1994). The populatiae occupied a 250 kilometer stretch
of the mountain range, but it has since been retland restricted to several discrete herd

units (Wehausen and Hansen 1988).

The wild sheep in California have been protectethfhunting since 1878, but in the late
1980s an effort to enhance their conservation tiitame species legislation allowed for a
small number of rams to be taken from a separdisp®cies population in two southern
counties of the Mojave Desert (Wehausen et al. 198Vestock grazing and feral burros
have been widespread in the Sierra Nevada landsoage 1861 (Ibid). Even though the
population was protected from hunting, Wehauseal €987) noted that the factors causing
the population decline were not addressed for ni@epdes. Re-introduction efforts however
were successful in the 1970s and 1980s and estadlB new populations throughout
California, as well as expanded and augmented there (Ibid). Mountain lion predation
has severely affected the reintroduction effortbighorn sheep, and until recently, their
presence has possibly excluded sheep from usimghilseorical low-elevation habitat
(Wehausen 1996, Elam 2008), although this remagtdyhdebateable (Tom Stephenson,
pers.comm.). Between 1907 and 1963, the mountamplopulation was reduced by 12,000
individuals across California due to a bounty adstéred by the California Department of
Fish and Game (Sitton, Sitton and Weaver 1978) samzk 1972, the mountain lion

population has not been hunted (Torres et al. 1996)
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To expand the context of bighorn sheep in the &ilevada, their habitat use is largely
dictated by seasonal availability of food resour@es general resource requirements. The
diet of bighorn sheep is reliant on grasses asdpplemented with shrubs and woody
vegetation (Wehausen and Hansen 1988). The sedgaidheir diet introduces fluctuations
in nutritional gain throughout the year, and isel®gent on larger factors such as
precipitation, elevation, and soil characteristtshe local herd’s habitat (Wehausen and
Hansen 1988). Bighorn sheep have been observeaim @reas of low visibility, including
conifer stands with dense understory, shrub meadangsmany riparian areas (Risenhoover
and Bailey 1980, Brundige and McCabe 1986, SmithdErs and Winn 1991). Access to
escape terrain is also important to sheep espgtmlewes and lambs during the summer
time months when they spend most of their timeigh hlpine, rocky, steep slopes
(Gionfriddo and Krausman 1986, Elam 2008). Thersfeegetation cover is an important

aspect of primary sheep habitat.

2.3 Historical Landscape

The Sierra Nevada were formed 130 million yearswlgen the continental plates collided
and caused hot rock to mold up through the ocedaciand beyond, and in later times,
volcanic lava, glaciers, and earthquakes sculptedjtand peaks of today (Hill 1975). The
Holocene period of the last 12,000 years has bricaigbut de-glaciation and major climate-

induced changes of the landscape (Miller and WidEa8#1).

The historical vegetation record has been congdugsing various artifacts of the past: tree

rings, fluvial morphology (Miller et al. 2001), ia®res (Tausch, Wigand and Burkhardt
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1993), charcoal sediments (Bedwell 1973), and ahgiackrat middens (Mehringer and
Wigand 1987, Miller and Wigand 1994). Settlementhef Sierra Nevada by Anglo-
Americans in the mid 1800s introduced livestockzgrg (Burwell 1999). Before this time,
tree ring evidence suggested that the landscapéeovamated by shrubs, and that grass was
primarily abundant around stream floodplains (Buhd899). Miller and Rose (1999)
suggested that the old woodlands more closely releehsavanna as opposed to forests. The
after-math of grazing on the landscape has potsntesulted in an opportunity for shrubs
and trees to take root without vigorous competiaod competitive exclusion of meadow
grasses and forbs (Burwell 1999). The number dfs;aheep and goats in the Mountains
reached their peak in 1910 at almost 200,000 asimald the extent of pifion-pinigus
monophyllg, hereafter pifion, growth in the lower montanehea its peak in 1930 (Burwell
1999). There is some controversy regarding the am@sh of landscape change in the recent
150 years, however. In common literature, fire sappion on behalf of the federal and
California-state department represents the proakbtack sheep of anthropogenic impact,
although Miller and Wigand (1994) suggest thaidtmbt have a major influence in the
landscape until after World War 1l. Timber prodoctj cattle and sheep grazing continued

post World War Il (Vankat and Major 1978).

The historical landscape has also been affectdoldglisturbance, but it remains slightly
contentious and uncertain as to what the histofieatrend was. The historical fire regime
has been reconstructed from fire scars and trgs (Bwetnam and Baisan 2003), as well as
radiocarbon signatures taken from sediment coredll 1973, Miller and Tausch 2000).

However, Romme et al (2009)and Baker and Shinng2@0v) have raised skepticism of
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past research that has suggested a high fire fnegy&25 years) predominated by low-
severity fires. Fire is influenced by local and e/gtale factors, and inferring landscape-wide
trends with limited evidence has complicated tlesstvalidation with other sources (Baker

and Shinneman 2004).

The mechanism of change in the Sierra Nevada lapésamay be locally dependent on
several factors, but in-fill of the savanna-likéqn-juniper forest of western North America

has been widely documented (Romme et al. 2009).

2.4 Habitat Encroachment

The growth rate of pifion is 2.5 cm/year and onlfawvourable nursery settings (Barton
1993), but once established, it may live past 688ry (Tausch, West and Nabi 1981,
Waichler, Miller and Doescher 2001, Gray et al. @0Curl-leaf mountain mahogany
(Cercocarpus ledifoliusalso grows as a common dominant shrub and tréleeoeast slopes
of the Sierra Nevada, and has found to reach abtgd years (Brotherson, Davis and

Greenwood 1980).

Shrub and tree encroachment in the Sierra Nevagaheae reduced open grasslands in the
recent century, and the suggested causes are matoyical Native American burning
practices, climate trends, livestock grazing orrdraoval thereof, rising atmospheric carbon
dioxide, and fire suppression (Miller and Rose )98tural succession has also been
observed to explain the slow progression of in@daggetation (Baker and Shinneman

2004).
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The pifion-juniper woodlands have been the focadystem in many habitat encroachment
studies based in the western mountains of the t@tates. Bighorn sheep spend the
majority of their time between winter habitat — lefevation, sage, bitterbrush, and
bunchgrass shrub on the edges of the pifion belti-sammer habitat — high elevation, rocky
steep and grassy slopes (Elam 2008) — and theréfonet commonly utilize mid-elevations.
Historical photographs of juniper stands at midsatens in Sequoia National Park revealed
that the juniper woodlands had not changed, butdbevery of shrubs was evident since the
removal of grazing livestock (Vankat and Major 1R7Bhe consensus by Romme et al
(2009) found that woodlands were favourable fomgho(in-filling), and wooded shrublands
were favourable when the climate is moist and withltbsturbance. Burwell (1999) found
that tree growth and recruitment were higher imxagic habitat when spring and summer
precipitation increased. Gray et al (2006) alsmtbthat pifion increased over decades of
higher precipitation. Burwell (1999) hypothesiziéditencroachment in mesic habitat was a
result of grazing intensity and reduced competibgriorbs and grasses. Overall, the lower
montane treeline occurring between 2000-2800 méesecome denser and has expanded

down-slope (Burwell 1999).
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3.0 Chapter 3: Methodology

3.1 Study Area

The landscape structure of the Sierra Nevada hars $fgaped by flowing glaciers and deep
rivers, and the mountain peaks now reach as highd&® meters (Storer and Usinger 1963).
The valleys are abundant with deciduous and riparegetation, and these ecosystems
transition to patchy woodlands and savanna to eatpbae meadows and rock outcrops at
the highest elevations. The climate regime of tleimiains in western North American has
influenced fire disturbance trends as well as r@gweather patterns (Miller and Tausch
2000). Human use of the landscape in the last @8@syhas ranged from livestock grazing to
game hunting to national park protection. Managerfeaus has also had a dynamic trend
throughout the decades, including legislated bopetynits on cougars (Holl, Bleich and

Torres 2004, 65 FR 20) and active fire suppres@titer and Wigand 1994, Burwell 1999).

The focal study area includes four of the herdsuinithe Sierra Nevada that have been
identified as priorities for recovery (Figure Lh&Mt. Gibbs and Mt. Warren herd units are
in the northern extent of the bighorn sheep raagd,the Mt. Williamson and Mt. Langley
herd units are in the southern region. The elematmges for the northern region are
approximately 2100 to 3600 meters, and 1200 to 3d0the southern region. Refer to

section 2.0 for the details of vegetation.
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Figure 1. The sampling strategy of the herd units &s adopted a randomly stratified sampling design.
Eight 2500-nt plots were sampled for each 0.36-kAgrid. A total of 578 plots were sampled across 71

grids throughout the four herd units
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3.2 Data

Historical aerial photographs of the study areaeweund in hard-copy archives with partial
coverage of the herd units. The historical imaderythe Mt. Warren and Mt. Gibbs herds
was from 1929, and 1944 for the Mt. Williamson aid Langley herds. The imagery was
scanned, orthorectified, and made available bySIRBSRP and Mike Dodd. True-colour
and colour-infrared aerial photographs from 2008 Wi meter spatial resolution were
collected as digital orthophoto quadrangles froendhline Cal-Atlas database
(http://atlas.ca.gov/). A 10-meter digital elevatimodel (DEM) and shape files of the herd

units were also provided by the SNBSP.

3.3 Study Design

Due to major mis-registration errors between thkarectified historical and 2005 imagery,
as well as inconsistent image quality, a manuakpretation of the imagery was performed
using a multi-stage sampling design. Semivariogaaalysis identified 560 meters as the
range for spatial autocorrelation performed oneasified tree layer from 2005 using a
random sample of 300 points. Therefore the studg &or each herd unit was stratified to
600 meter by 600 meter (0.36-Rngrids in order to represent the heterogeneithef
landscape in terms of forest cover. Further subptaginvolved subjectively choosing 50-
meter plots as a practical sub-plot size baseti@fhterature, and eight plots from each 600-
meter grid were systematically sampled (Hudak amdsthan 1998, Eckhardt et al. 2000,
Bowman et al. 2001, Fensham and Fairfax 2003, Maatial. 2005, Brook and Bowman

2006, Salehi et al. 2008, Platt and Schoennagél)20be interpretation of the plots was
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performed under a given time constraint, and tingpdiag design also allowed for discretion

in choosing alternate plots based on major distestor shadows (Figure 1). In these cases,
the closest available plot was interpreted basegriomity in a clockwise direction. The

DEM was resampled to 50 meters using nearest neighbnd slope, aspect, and elevation

were recorded at each plot after resampling.

Initially the 2005 colour-infrared imagery was ddied in an object-based software,
Definiens Developer 7.0, which was robust in idgmg vegetation of interest. However,
manual adjustments of the software classificatienenoften required to ensure an accurate
classification. Using the current orthorectifiechigery as the reference, historical
photographs were lined-up according to matchedsleaqoe features (Figure 2). As well, the
raw historical photographs were used for referdrezause of the distortions resulting from
orthorectification. In order to avoid misregistoatierrors of the change detection analysis,
geographic information software (GIS) was usedaidggm the manual delineation. The
result of the delineation was a historical treeezdayer that was directly comparable to the
tree cover layer of current imagery. The change eadsulated as a difference of vegetation
cover between the historical and current datasetr®g (). Overall, 71- 600-meter grids

were identified in the four study area units raeglin 578 50-meter interpreted plots.
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Figure 2. A small subset of the Mt. Warren herd uni showing the same landscape over 75 years.

3.4 Vegetation Classes and Interpretation Constraints

The objective of the interpretation was to identihged” and “non-treed” areas in each of
the two datasets. With respect to bighorn sheepatabquirements, large shrubs were
considered part of the tree class. Trees and shetesfound to have distinct shapes in the
imagery, and the manual interpretation of the pip@tphs allowed for texture, shadow,
location, and surrounding vegetation to distinguistween large and small shrubs.
Validation for the discernment between shrubs amesthas potential with the use of a
stereoscope to measure absolute heights. Diggissoftware was explored as a means of
validation; however, the technique proved inadegjaad may have been related to issues

with the quality of historical imagery or scannipigpocedures.

The greatest challenge found for interpreting tiséohical and 2005 aerial photographs
resulted from the difference in the appearancetodeobject between individual datasets.
Tree objects in the historical imagery typicallydHang linear shadow casts due likely to
low-angle illumination conditions, whereas the tobgects from the current aerial imagery

had less pronounced and rounded shadows. The prabslese when vegetation became
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denser and the boundaries of tree and shrub ohjecesnot well-defined. As well, this study
has aimed to address in-filling and encroachmeiteefs and shrubs, and care was taken to
not include canopy growth as change. The mostcdiffsituation was identifying the size of
a shrub in historical imagery, and if it had growwra larger size in the current imagery that
would negatively affect bighorn sheep. These isbaes been somewhat circumvented by
erring on the conservative side and defaultinga:@inange during the interpretation, and the
few occasions that resulted in uncertainty wererassl to have a negligible impact on the
trend of overall change. The sampling design hasamme many of the constraints of
interpreting historical imagery, but without groualdservation data, the validation of the

interpretation was limited to the interpretatioracfecondary analyst.

35 Validation Assessment

The confusion matrix is the standard validatioreasment for post-classification analysis
(Lu and Weng 2007), but there is a lack of a stechdathe literature in performing an
accuracy or validation assessment on specificafgsof change (Liu and Zhou 2004). For
this study it was important to validate the charegailt, and therefore an accuracy
assessment was performed by a second interpreteexyticitly identified and delineated
change areas in 24 randomly assigned 50-meter. plloéschange was recorded in square
meters, as well as by categorical response of ‘faand “no change.” The results were
compared using the root mean square error (RM&gf)ifisance and correlation tests, as
well as a confusion matrix reducing the continuckiange variable to “change” and “no
change.” The assumption of the validation assessmas that change areas delineated by

the second interpreter represented the “truth’egfetation change.
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3.6 Statistical Analysis

Based on previous literature applicable to ther&isievada (Burwell 1999, Miller and Rose
1999, Gruell 2001, Romme et al. 2009), slope, dsped elevation were considered
representative terrain variables in vegetation-cotange. As well, the additional variables
of tree cover from 2005 (referred to as “2005M” Y datitude resulted in five explanatory
variables in a linear mixed model regression amalys R (R Development Core Team,
2009). The units for each of the variables areuithet! in table 3. Latitude was a categorical
variable describing the Mt. Warren and Mt. Gibbsdhenits as “north” and Mt. Williamson

and Mt. Langley as “south”.

Table 3: The units for the explanatory and responsgariables modeled in the regression analysis.

Variable Units

Elevation Meters

Slope Percent (rise/run)
Aspect Degrees

Tree 2005 Square meters
Latitude “North” or “South”

Response: CHANGE Square meters
Response: CHANGE“Change” or “No change”

Exploratory analysis of the variables indicated tha greatest variation in the sampling
design came from the eight 50-meter plots overlyiey600-meter grid (Variance
Components Analysis: 77.4%). The Mt. Gibbs herd had the greatest amount of positive
change by amount (+2.7%) and frequency, and thé.dtgley herd unit had the least

(+0.6%)(Table 4, Figure 3The Mt. Williamson and Mt. Warren herd units werd n
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significantly different as indicated in an analysfsvariance test. The Mt. Williamson herd
unit has had the greatest loss of vegetation si@dd, but overall the average change per

herd unit was less than 3% (Table 5).

Figure 3. The means of positive and negative changg herd unit per 2500-nf plot. Positive change has

resulted in tree and shrub growth, whereas negativehange has been a loss of large vegetation.

46



Table 4: Frequency of change to no-change grid csll

SITE Grids with Grids with  Ratio of
Change No Change Change:NoChange
Mt. Gibbs 49 79 0.62
Mt. Warren 56 100 0.56
Mt. Williamson 51 93 0.55
Mt. Langley 45 105 0.43

Table 5: Summary statistics of change () by herd unit.

SITE Minimum Median Mean Maximum Minimum Avg Maximum
Change Change Change
per per per
2500nf  2500nf 2500nt
Plot Plot Plot

Mt. Gibbs  -205.8 0 66.861631.10 -8.2% +2.7% +65.2%

Mt. Warren -269.0 0 39.73 1150.00 -10.8% +1.5% +46.0%

Mt. -705.5 0 42.72 1146.00 -28.2% +1.7% +45.8%

Williamson

Mt. -316.6 0 15.71 571.60 -12.7% +0.6% +22.9%

Langley

Change was modeled as a continuous and binarynmesp@riable, and interaction terms
were explored in each of the models. Latitude wasntluded in the full model due to the
results of the exploratory analysis. The proposea@ddimodel included SITE and

GRIDCODE as random effects:
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CHANGE ~ SLOPE *ASPECT *ELEVATION *2005M + (1|SITERIDCODE)
(Equation 1)

The model selection was based on variable sigméeaanova tests and AIC scores through
stepwise deletion. However, the final two modelsgieedicting continuous and binary

change had different explanatory variables. SI@P85 tree cover, and the interaction term
were the best predictors of change as a contintesjmonse, and elevation and slope were the
best predictors of change as a binary responseeXplanatory power of each of these
variables as indicated through exploratory analysiag generalized additive models

(GAMs) and other methods were very low at 6%, d@dvwide variation between the herd
units is indicated in Figure 4. Therefore, eacldharit was analyzed separately due to a lack
of global variables for the study area. The stgrtimodels were chosen based on the
relationships of the response to the explanatormabbes (Table 6). GAMs also were further

explored for detailed change trends based on tiad finodels for each herd unit.
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Figure 4. Trends of change for each herd unit indiated by explanatory variables.
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Table 6: Starting linear mixed models for each herdinit based on exploratory analysis. The asterisks

indicate interaction terms. GRIDCODE is the randomeffect.

Herd Unit Starting Model
Mt. Gibbs CHANGE ~ SLOPE *ELEVATION*2005M + (1|GRIDCODE)
Mt. Warren CHANGE ~ SLOPE * 2005M + (1|GRIDCODE)
Mt. Williamson CHANGE ~ ELEVATION * 2005M + (1|GRIDCODE)
Mt. Langley CHANGE ~ SLOPE *ASPECT *ELEVATION *2005M + (1|GRIDGDE)

4.0 Chapter 4: Results

4.1 Validation Assessment

The second analyst performed an accuracy assessineminge areas by independently
identifying and delineating new and lost vegetatidhe Pearson’s correlation of the
interpreted 24 grids was good at 0.67 and usingjection criteria of =0.05, the
distributions were not significantly different (Kobgorov-Smirnov test, D=0.2083, p-
value=0.6749) and the variances were not signifigatifferent (Fisher test, F=0.5738,
df=23, p-value=0.1905). A significant differencetween the two means, however, was
found (Wilcox test, V=108, p-value=0.0411). The R&IBetween the two analysts was

234.8-nf.
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Table 7: Confusion matrix of accuracy assessment arhange and no-change areas.

Interpreter #2

Change | Nochange | TOTAL | USER'S ACCURACY
4 Change 10 4 14 71.4%
H*+
% No change 0 10 10 100%
S
e
£ TOTAL 10 14 24
5
= PRODUCER'’'S ACCURACY 100% 71.4%

*Overall accuracy: 83.3%; Kappa Index of Agreem@ti\): 67.6%.

The accuracy of detecting “change” and “no-charggeas was greater than 80% (Table
7), and therefore it is assumed that the trendfange will be indicated if present
through regression analysis of the explanatoryatdes. The high RMSE and the
difference of means between the two interpreteve In@sulted in less confidence in the
continuous change model prediction. The continudage models, however, will still
be explored because the trends are assumed teab&@cbased on the similar

distribution and variance results of the two inteters.

4.2 Regression Analysis
4.2.1 Mt. Gibbs Herd Unit
The best models for predicting change as a contsand binary response variable
included tree cover and elevation as the explapatariables (Table 8). However, tree
cover was not part of the binary change model wbtreation had a negative

relationship to change and was the only significamiable. Low elevations and high tree
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coverage are related to continuous change, andaive interaction effect is also
observedThe interaction term was further observed by pigté conditional plot of tree
cover on elevation (Figure 5). This shows that winea cover is high, elevation and tree
cover have a negative relationship, and that cha&g®re prominent when tree cover is
high and elevations are low. It is interesting tdenthat elevation overall has a small
positive relationship to change in the model sunymArGAM was modeled with non-
parametric smoothers to infer the trend of charsgeradicted in the binomial model by
elevation (Figure 6), and change was observed todheest at the south-east fringes of

the herd unit (Figure 7).

Table 8: The best models for predicting change irhie Mt. Gibbs herd unit. Asterisks indicate

significance.
Response Explanatory  -Estimate Std. Error t-value/ Significance
Variables z-value
Change (Intercept) 6.638 x10 2.0085x16 0.318
Continuous
(m?%)
Elevation 1.385x10  7.273x10°¢  -0.191
Tree Cover  9.724x10" 2.432x100  3.998 *
2005
Elevation:Tree -3.245x10" 9.062x1¢  -3.581  *
Cover
Change Binary (Intercept) 4.139 2.078 1.991 0.0465*
(change=1)
Elevation -1.551 x1® 7.266 x10¢  -2.135  0.0328*
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Figure 5. The interaction of elevation and tree coar for the Mt. Gibbs herd unit indicated by the
continuous response model. The trend lines indicaden red show a sharp change in the relationship

of elevation to tree cover when tree cover exceef80-nf (shown at the top of the bar chart, and the

top-right graph).
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Figure 6. The change trend in the Mt. Gibbs herd uit. 95% CI indicate that change is occurring at
elevations between 2275-2500 meters. The y-axidabeled with the degrees of freedom used for the
smoothed trend line but occurs on the scale of thehange response (1=change, 0=no change). The tick

marks at the bottom indicate the sampling distributon of the variable.
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Figure 7. Change in the Mt. Gibbs herd unit as moded by a generalized additive model as a binary

response of change and no-change.
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4.2.2 Mt. Warren Herd Unit

Both slope and tree cover (2005M) were consistegdiptors of continuous and binary
change (Table 9). However, slope was not significathe continuous change model. A
plot of slope and tree cover modeled as a GAM hdisated with 95% confidence that
slopes of <47% are associated with change, ana:tnesr <200-rhis not associated with
change (Figure 7). The confidence of predictiontfee cover was not as high as

observed by the wide confidence intervals.

Table 9: Tree cover and slope were the explanatomariables in the best model for continuous

change (m2) and binary change.

Response Explanatory  -Estimate Std. Error  t-value/ z- Significance
Variables value
Change (Intercept) 23.61523 28.32397 0.834
Continuous ()
Slope -0.65426 0.42667 -1.533
Tree Cover 0.07933 0.02070 3.832 *
2005
Change Binary (Intercept) -0.0739767 0.4905115 -0.151 0.8801
(change=1)
Slope -0.0150842 0.0076505 -1.972 0.0486*
Tree Cover  0.0007127 0.0003469 2.054 0.0399*
2005

56



Figure 8. The trends of slope and 2005 tree coveraX2005M) modeled as a generalized additive moddlhe dashed-lines indicate two
standard-errors or approximately 95% confidence ofthe prediction, and the crossed confidence intervalin the slope figure indicate a linear
trend. The y-axis is labeled with the degrees ofédedom used for the smoothed trend line but occursxdhe scale of the change response

(1=change, 0=no change). The tick marks at the batin indicate the sampling distribution of the variable.

57



4.2.3 Mt. Williamson Herd Unit

Similar to the Mt. Gibbs herd unit, elevation, teer and the interaction term were the
best explanatory variables of continuous chandkan/Nilliams herd unit with only tree
cover and the interaction term as significant (€dlf). Elevation was the only
significant predictor of the binomial model, anGAM was used to predict the trend of
change for the herd unit (Figure 10). Change wagled to be more dramatic in a
narrow elevation margin occurring on the south-&asges of the herd unit from

approximately 1950-2300 meters.

Table 10: The best models for change in the Mt. Wiamson herd unit included elevation, tree cover,

and the interaction term as significant.

Response Explanatory  -Estimate  Std. Error  t-value/ z- Significance
Variables value
Change (Intercept) -1.998x10 1.284 x168 -0.156
Continuous
(m%)
Elevation 4.991 x1® 5.125x10° 0.097
Tree Cover 5.281x10  0.1660 3.182 *
2005
Elevation:Tree -1.903 x1¢' 7.357 x1G -2.587 *
Cover
Change Binary (Intercept) 4.626 1.699 2.723 0.00647*
(change=1)
Elevation -2.123 x10 6.966 x10' -3.047 0.00231*
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Figure 9. The trend of change by elevation in the M Williamson herd unit. The 95% CI indicate the
change is occurring between 1950-2300 meters. Theyis is labeled with the degrees of freedom
used for the smoothed trend line but occurs on thecale of the change response (1=change, 0=no

change). The tick marks at the bottom indicate theampling distribution of the variable.
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Figure 10. Change observed in the Mt. Williamson hd unit as modeled by a generalized additive

model as a binary response of change and no-change.
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4.2.4 Mt. Langley Herd Unit

Tree cover was the only significant predictor tatamuous change for the Mt. Langley
herd unit, although aspect was also shown to have £xplanatory power (Table 11).
There were no significant predictors in the Mt. gy herd unit when change was

modeled as a binary response.

Table 11: The explanatory variables for predictingcontinuous change in the Mt. Langley herd unit

included aspect and tree cover. The intercept was¢ only significant component in the Mt. Langley

model.
Response Explanatory  -Estimate Std. Error  T-value/ z-Significance
Variables value
Change (Intercept) 16.4242  12.7687 1.286
Continuous (1)
Aspect -0.1233 0.0655 -1.882
Tree Cover 0.0250 0.0107 2.325 *
2005
Change Binary (Intercept) -0.4270 0.1956 -2.183 0.0290*
(change=1)
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5.0 Chapter 5: Discussion

Change was concentrated at low elevations andeoedtith-east fringes of the Mt. Gibbs
and Mt. Williamson herd units. The low elevationsrerassociated with change in Mt.
Gibbs and Mt. Williamson were unique to the sangphnea of the historical imagery,
and therefore inferring the same trend to the redsiof the Mt. Gibbs and Mt.
Williamson herd units cannot be done with confideriéegetation change may be
occurring at higher elevations, but the trend nag have been obscured by the
dominant influence of change at the lowest elewatid@ he eastern front range of the
Sierra Nevada borders areas of increased develd@ndrhuman-use relative to the
higher-elevation core areas found within many efhlerd units. Habitat edges are
notoriously vulnerable to disturbance (Swensonfmahklin 2000), and bighorn sheep
are known to be vulnerable to human recreatiorsiidbance (Papouchis, Singer and
Sloan 2001). Increased tree encroachment and ‘egethange would increase the
susceptibility of bighorn sheep at low elevationsing the winter season, the most
vulnerable time of the year (Wehausen and Hans88)18ecause of the potential
anthropogenic factor, further investigation mayéguired to test the sensitivity of the
habitat and tree encroachment to recreationalipctivand surrounding the bighorn

sheep herd units.

Vegetation change has been shown to have signifiGaration between and within the

herd units. The previous literature has identitteel correlation of change with xeric or

mesic habitat attributes which are structurallyniifeed using a combination of terrain
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and field measurements (Burwell 1999). Other swjdiewever, have used proxy
variables such as aspect and slope to infer moiggrac conditions (Mast et al. 1997,
Manier et al. 2005, Weisberg et al. 2007, Platt &adoennagel 2009). Aspect was
hypothesized to be associated with increased ectonoent, but the relationship was not
observed in this study and therefore the hypotheassrejected. The 2500%mlots may
not have been at the appropriate scale to assac@eased vegetation with moist
conditions using aspect as a proxy variable. As, \aitude was not observed to be
highly significant, but there was a significantfdience between the Mt. Gibbs and Mt.
Langley subunits. Therefore, this study could retélelish a relationship between
northern latitudes and increased vegetation enbroant and the hypothesis has been

rejected, but there is indication that we failediétect the relationship in this analysis.

Mt. Warren was the only herd unit where change ezasistently modeled by the same
two explanatory variables. Information is lost wieecontinuous variable is reduced to a
categorical variable, and modeling change as aynesponse subsequently altered the
relationships of the independent and dependerabias for three of the four herd units.
The median of change for each of the herd unitszagas, and approximatley half of the
plots sampled had no change; however, the meaafdr herd unit was greater than zero
(15.7nf - 66.9n%). This may have been a result of large changesrong at the

periphery of the sampling distribution, for instanghen tree cover exceeds 1000far

the Mt. Gibbs, Mt. Warren and Mt. Williamson hendits. Therefore by reducing the
response to “change” and “no-change” areas, tlipiénecy of no-change has increased

weight in trend line, and extreme change valuesweae potentially more sensitive to
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interpretation bias have been placated.

Although the recognition of change in the landsdag®veen the interpreters was
moderately accurate, the change results betwedwthmterpreters were different, but
each interpretation also utilized different methodse first interpreter had to initially
classify and manually validate the current imagand then manually classify the
historical imagery. The second interpreter madg ardingle delineation of the change
area, and therefore differences between the tveopreters may be attributed to the
sensitivity of the delineation. Although there degpear to be sensitivity in the
delineation of object boundaries, which is maguifie the results of the main interpreter,
the resulting trends are still similar betweentthie interpreters, and therefore our
assumption stated previously has not been violatde: results of the validation
assessment and the change in relationships oktilaratory variables have suggested
greater confidence in the trend of change when teddes a categorical rather than a
continuous response. Differences in air-photo pretation are well-documented (Foody
2002, Powell et al. 2004), but by employing expered interpreters and validation
assessments with well-defined land-cover clashes;canfidence of the classification

increases.

The results of the exploratory analysis and regosassodeling have indicated that tree
encroachment did not have a strong relationshib thi¢ predictor variables of slope,
aspect, and elevation as other studies have fddadt(et al. 1997, Manier et al. 2005,

Brook and Bowman 2006, Salehi et al. 2008, Pladt &choennagel 2009). However,
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many of the predictor variables were still sigrafit in the models, and the models which
are considered more reliable and less influenceekbngme values are those modeled as
a binary response. Other change detection studigeiwestern United States that
utilized historical imagery have also found inceshsegetation change at low elevations
(Manier et al. 2005, Weisberg et al. 2007, Platt 8ohoennagel 2009) and low slopes
(Weisberg et al. 2007). The lack of aspect asmifgignt predictor variable may be due
to a relationship that was too weak given the lovoant of change in all of the herd

units.

The mechanism of change in the study area wasimatly tested in this research, but
anthropogenic disturbance is suspected to be ailootmg factor. In addition to this
influence, observed especially for the Mt. Gibbedhenit, further vegetation change may
be occurring by slow succession. Miller and Tau&e€01, p.17) identified that
“woodland dynamics operate at long-term scale asgaond to temperature,
precipitation, and... fire”, and perhaps the explanavariables used in this analysis
failed to encompass the vegetation change asponels to larger climatic factors. Baker
and Shinneman (2004) have also observed that slange may appear as “invasive”.
The mechanism of change may only be speculated Inetrd is worthy to note that the
average change has been minimal and slow givetinieeframe (0.1-2.7%), and with an
absence of strong predictor variables, it couldamelom and responding to suite of
variables that are part of the successional redinmeay also be that the explanatory
variables used in this analysis could not adequatgblain the dramatic change, such as

a 65% increase in tree cover, observed in some&.aféa systematic random sampling
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approach, therefore, may not have adequately sanspienge areas in the herd units, and

smaller-scale focal studies may develop better@mees on the mechanism of change.

The power of long-term monitoring may be found inmbers, and the incorporation of
multiple historical images in a long-term landscapanitoring study is preferable to a
single two-date change detection study. The prirddficulty of working with historical
imagery is the absence of ground-observation dataltdate the interpretation, but
successive imagery may help to separate static fienmanent objects in the landscape.
As well, the increased number of datasets may ermabte analysis techniques, such as
principal components (PCA) or multivariate altesatdetection (MAD). Many studies
utilizing historical aerial imagery use three imagdates (Schlesinger and
Gramenopoulos 1996, Thomlinson et al. 1996, Maat. €997, Eckhardt et al. 2000,
Augustin et al. 2001, Manier et al. 2005, Brook &wivman 2006, Thomson et al. 2007,
Zomeni et al. 2008, Pringle et al. 2009), and tteasional study has used six dates, and
up to 12, for change monitoring (Herwitz et al. @0Daliberte et al. 2004, Okeke and
Karnieli 2006). Multiple sets of imagery theref@e worth more together than their
individual parts, and long-term landscape monigmould greatly benefit from several

historical sources, as well as multiple current futdre datasets.

6.0 Chapter 6: Conclusion

The objective of this study was to undertake a ghatetection analysis of the Sierra

Nevada using historical aerial photographs. Théyaisattempted to characterize the
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trend of pilon and mountain mahogany encroachnmrennd the bighorn sheep herd
units in an effort to assist managers of the Sideaada Bighorn Sheep Project
(SNBSRP) in restoring lost or vulnerable habitafiuidher aid the recovery of the

subspecies.

The trend of vegetation was found to be variabliéefour primary bighorn sheep herd
units investigated. The largest changes observéteiherd units resulted in increases of
23-50% tree cover per 2500%plot. The frequency of no-change plots was higaed,

the average change per plot was less than 3%. D@raverage increase of tree cover
was found in all of the herd units, confirming firelings of Romme et al (2009),
although the change is more dramatic in some aagasnon-existent in others. The trend
of tree encroachment was associated with the lewagibns on the east and south-east
fringes of the Mt. Gibbs and Mt. Williamson herdtsnwhich may be associated with
anthropogenic disturbance such as roads and rexrabareas. Increased tree cover in
the Mt. Warren herd unit was associated with lospsek and high tree cover. The change
in the Mt. Langley herd unit could not be modelathwonfidence due to the absence of
explanatory variables when change was modeleasay response, as well as it had

the least change of all the herd units.

Indications for the mechanism of change in ther&8ilevada is likely attributed to
anthropogenic disturbance, both historical andearesnd possibly natural succession
indicated by the majority of sites without changenell as the lack of explanatory power

by the terrain variables typically associated m literature with vegetation change.
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This study has demonstrated a valid sampling appréa interpreting a large study area
with historical aerial photographs, and demonssrétte importance of historical remote
sensing data for long-term landscape monitoring [irhitations of the historical data
may be overcome through a multi-stage samplingagmpr, experienced interpreters
using well-defined land-cover classes, multipledrisal datasets and sources, and
validation assessments utilizing all capable hardwad software. Historical datasets
should be continually recycled for new and repealyses in order to establish a
standard monitoring framework on which to baserutandscape monitoring
campaigns. The standards of interpreting histore@alote sensing imagery have been
set, and the historical baseline state of the leaquks has now been extended beyond 40

years.
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Appendix A. Final Regression Models by Herd Unit

Mt. Gibbs

CHANGE (1) ~ ELEVATION +2005M +ELEVATION:X2005M+ (1|GRIDCODE

(Eq. 1)
CHANGE (0/1) ~ ELEVATION + (1|GRIDCODE)
(Eq. 2)
Mt. Warren
CHANGE (nf) ~ SLOPE +2005M + (1|GRIDCODE)
(Eg. 3)
CHANGE (0/1) ~ SLOPE + 2005M + (1|GRIDCODE)
(Eq. 4)
Mt. Williamson
CHANGE (nf) ~ ELEVATION +2005M +ELEVATION:X2005M+ (1|GRIDCODE
(Eg. 5)
CHANGE (0/1) ~ ELEVATION + (1|GRIDCODE)
(Eg. 6)
Mt. Langley
CHANGE (nf) ~ ASPECT+ X2005M +(1|GRIDCODE)
(Eq. 7)

CHANGE (0/1) ~ 1 + (1|GRIDCODE)
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(Eq. 8)
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