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Abstract: Vegetation andandcover change are notalways directional but follow
complex trajectories over space and tidaven by changing anthropogerand abiotic
conditions We presenta multi-observational approach tandchange analysighat
addresssthe complex geographiand temporaVvariability of vegetation changeslated to
climate and landuse Using landownership dataas a proxy for landise practices
multitemporalland-covermaps and repeat photography dating to the latis £8ntury, we
examine changing spatial and temporal distributions of two vegetation types with high
conservation value ithesouthwestern United Stategasslands and riparian vegetation. In
contrast to manyreported vegetation changesotably shrub encroachment in desert
grasslandswe found an overall increase in grassland area and decline of xeroriarthn
riparian vegettion. These observed change patterns were neither temporally directional
nor spatially uniform over the landscape. Historidalasuggest that lonrterm vegetation
changesoincide with broad climate fluctuations while fiseale patternare determined

by landmanagemenpractices In some cases, restoratiand active management appear

to weakenthe effects otlimateon vegetationthereforeif land managers in thregion act

in accord with orgoing directional changethe current droughand associated ecological
reorganization may provide an opporturtiyachievedesired restoration endpoints
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1. Introduction

Monitoring and characterizinghe interacting effects oland useand climate on land surface
processes is primaryfocus ofland change sciengg], and of particulaconcernin arid environments
where both landscapes and livelihoods caninmgacted by shoiterm climate variability [2,3]. A
considerable amount of research conducted in the western United States documents and describes
wide range of anthropogenic and climadeiven vegetation changesver the past several
centurieqg4i 7]. Much of the focus in the southwest has beer(Drthe conversion afativegrassland
to shrublancand savanngrough the process of woody plant encroachn&gi, and(2) changes in
the distribution and cover of specigsh riparian vegetation relatei ground and surface water
use[10,11] Grasslands and riparian systems share ecological and hydrologic linkages that are
important for sustaining watershed functiamassland species composition, cover, and disturbance
history will influence ruroff, erosion, and groundwater recharge, ultimately affecting water
availability for riparianvegetation[12i 14]. Spatial nodels describing past landscape chanige
upland and riverine systemscan provide important baselineaformation for restoration of
arid waersheds.

Desert grasslands are of major conservation concern in temperate regions as they provide a number ¢
ecological services ranging from livestock production, carbon storage, nitrogen cycling, rainfall infiltration,
and habitat for animal biodivetgi[15,16]. Many grasslands around the world are experieratingge
through the encroachment of woody shrubs and teees here iscurrentlyno consensusoncerning
the exactcauses ofwoody plant expansion into grasslantis western North Amerigaseveralkey
drivers have been identifiethcluding ovemgrazing, wildfire suppression, climatchangeandrecent
CO; and N enrichmenbf the environmen{2,7i 11]. Prior to AngleAmerican settlementwoody
plantsin grasslands ere suppresseoly periodic widfires that helped tomaintain range productivity
and cycle nutriens [7,16/ 18]. Livestock grazing effectively suppressedrasslandwildfires by
consuming and disrupting tleentinuity of fine fuels[5] andbrowsinghelped tadisperseand establish
leguminousseeds bwoody plantslike mesquite(Prosopisveluting [19]. Broad climate fluctuations
during the 2€h century, particularlyperiods of unusually high winter precipitaticare implicated in
the preferentialestablishment of C&oody shrubs over warseasoractive Gl grasse$7,20].

In addition towoody invasiorof rangelands, riparian areas, including batimselyforestedriverine
riparian corridors andarrow xeroriparianwoodlands(woody plants with dense cover or interloakin
canopies adjacent to ephemeral, dry washashg tributaries have undergone considerable
anthropogenic and climatdriven changes since Anglimerican settlement in the southwgbd,11]

Like grasslands, change in western riparian vegetation is @ abmlebateput it is the amount and
location of change rather than the drivers of change that are contE@leRiparian areas provide
valuable cultural, regulating, and provisioning services like flood control, biodiversity, water quality,
scenic values, habitat corridors, and pollution buffi@%,22] More than a century ofivestock
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grazing, urban developmerdrfacewater developmentgroundwaterover extraction and climate
related hydrological changes have influenced the spatial extent and quality of riparian vegetation
southeastern Arizona and northern Mexjit0,11,23,24] These ecological changes to ggtands and
riparian areas of the western US dueltmatic fluctuaions, water developmerdnd livestockrelated
disturbances have been compounded by increasingersion taural and exurban land uses during
the past 3050 years, as the economic valoé rangeland shifted froma pastoral economyo
realestatedevelopmentf25,26]

Restoation of degraded landsand adaptationto changing climateand land uses requires
identification of the rates, patterns and drivers of vegetation change in bddntperal and spatial
dimensions. Currently, many adaptive management models are informed by studies conducted using sma
plots within experimental ranges and/or protected areas, and therefore may have limited applicability for
management of large, heteemgous landscapes [12,27]. In addition to-regresentativdocations
ecological field experiments are often carried out withghartacademic time frame, and the results,
interpretations, and implications of these studies can become distorted by anomalous or extreme
climate events occurring within longegsrm climate pattern8i 30]. Perhaps the most confounding
limitation of manyearly rangeland studiewas thefailure to incorporate multiple geographic scales,
patterrs and processes into thesearch desigf3l]. Bestlemeyeret al [32] recently reviewed a
number of rangeland studies that implemented State and Transition Models @Mencluded that
the lack of information describing spatial heterogeneity over the landscape is a major factor that
severely limits the use of STMs for management.yThelieve that land use history and spatial
feedbacks between adjacent vegetationhestcwhich have been traditionally ignored in the models,
may affect transition narrativd82], and multiscale approaches to STMs will provide additional
evidence to uncover spatial processes in vegetation cfahga]

The objective of this study wa® assesdhistorical rates and spatial patternsgrassland and
riparian changewithin a topographically complexwatershedthat contairs a heterogeneousnd
bi-national land use mosaic More specifically, ourgoals were todevelop an integrative,
multi-observational approach to landscap@nge analysis thabmbires change detection methods
from quantitative multitemporal (satellite imagery) and sqoantitative longerm (repeat ground
photography) datthat would allow us to contextualize vdrility in the spatial and temporal dynamics
of vegetation change relative to climate and lasd.

1.1 Historical Data

By providing documentatiorof ecosystem conditions the pastreplicatedhistorical photograpk
are an importansource of informatioron long-term biological and ecological changes in various
regions and landscapes throughout the glf®£35]. Both qualitative and quantitative change
detection techniques have been appleeepeat photographto answer ecological research questions
ranging from assessmentsf forest canopy changes desertplant population dynamicf36i 42].
Repeat photography has proven to hgasicularly powerful tool for identifying longerm vegetation
and ecosysterirends in the desert southwgat10].

The useof repeatphotography for change analysis has several weaknesses, particularly when
compared tomore systematically collected, multispectimaagery fromspacebasedplatforms For
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example, the oblique angle of ground photographs makes precise estiofatioa (and consequently,
vegetation cove@rdifficult, especially when the time of day and seasonality of the image collection can
influence interpretatiorfbut see[41]). New and novel approaches ¢bange detectionsing ground
photography have been psued using digital image processing and analy§s8]. Complex
imageprocessing techniquesay ultimately offer no real advantage over visual interpretation if the
objective is to simply assessf a certain vegetation type has increased, decreasedenained
unchangedIn many cases, visual interpretatioof the photographs sufficient to providesound
estimates of change in vegetatmmmunitytypesor percentcover[44,45]

Another obstaclen the interpretation and application of repeat photographye norrandom,
spatial bias of the samplesnany locations were originally selected for cultural, aesthetic
commercial reasor{g46]. Original photo sites wereftenlocated along travel routes with heavy use or
close to settlements, and thege&ion conditions depicteaften containsigns of human useor
disturbanceghat may not reflect the broader landscaphis limits theinterpretationof original
photography as eecordof vegetation ion iSieg ¢l eatwnt Brerecawen a it ¢
casesof nonbiased samples, like thogghotographed in 1892 by D.R. Payne @at of the
USA/Mexico Boundary Commission surveythe establishment of the US/Mexico borded
them through remote parts of the desert south{{4st] note: severabf these photographsere used
in this research

1.2 Fusion ofHistorical and Contemporary Data

While presenting many challenges, timkageof repeat photographyith remotelysensed images
can strengtherthe overall observational power of remote seg by offering multiple lines of
evidenceas well as yieldingnformation at multipletemporal and geographic scales. For example,
historical photography extends the temporal envelopermbtesensing analysis and provides useful
groundverification daa for historical satellite imagery47]. Conversely satellitplatform remote
sensing expands the spatial coverage and inferencesfroada small sample of repeat photographs
putting the location of these losftigrm monitoring data into a broader contektlandscape change
albeit over a shorter time spafo date, very few studies have attempted to analyzetéyngchanges
with both repeat ground photography and multitemporal satellite data or use historical photography to
validateland-cover changegt2].

Interpretation and analysif both ecosystem monitoring data froreamotelysensed imagery and
long-termfield data allow us to quantifiemporalchanges over entire watersheds that include a wide
range of plant assemblages, soil types, land uses, and land use histories. Tangdhange analyses
in the region have been accomplished using eithertemy monitoring data or remote sensing,hbot
of which, when used on their owmave inherent limitations that weaken spatial and temporal
inferences. In this papewe analyzemediumterm land-cover change in conjunction witbng-term
repeat photographwt discrete locationsThe temporal andpatal-scale issuesaddressed in this
researchare particularly important given the uncertainties surrounding vegetation change under
predictedfuture warming, and the potential intensification of changes related to interactions with
changing land us&Ve addess hese issueby examining change patterns in the context of T
climate andland management. Ti& longterm, spatially explicit information describing vegetation
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changes can help land stewards better managere,and adapt in light of predied future climate
and land usandurban growtlrscenarios.

1.3 Study Area

The upper Santa Cruz Watershed occueb46 kni of southern Arizona, USAand northern
Sonora, Mexico, withmostof the watershed in the United States. The watershed containndjeo
urbanized areasthe greater Tucson metropolitan areé2011 population:989,569) and AAmbos
Nogalesd a contiguous urban arélaat contairs both Nogales, Sonoré2010 population: 220,292nd
Nogales, Arizona(2011 population:20,948) divided by thdJSA/Mexico border(Figure 1) The
remaininglandscape within the watershisdgporedominantly rural and sparsely populated.

Figure 1. Location of the Santa Cruz Watershed including Ecoregion boundaries, repeat
photography camera stations, elevation, andutB&/Mexico boundary.

111°0'0"W

Features

@ Locations of repeat photographs b :

L CE] {
Archipelag 0%~

Santa Cruz River and main tributaries
— U.S/Mexico border

Ecoregion boundary

:l Watershed boundary
Elevation N Sonoran

- High : 2790 m rsort
] ! )
Low : 625 m
’

Arizona, USA

Phoenix

o

10 20 Kilometers |
I E—

M Nogales
1 1 Sonora, MX
L

T
111°0'0"W

The topographically complex watersheshgesin elevationfrom 625 to 2,790 nandstraddleshe
Sonoran Desert and the Madrean Archipelago Ecorefd@jsThe greaterSonoran Desert Ecoregion



Land2013 2 199

which covers arid portions o$outheastern California and southwest@rnizona in the USA, and
northeasterBaja California andhorthwesterrSonorain Mexico, is characterized by dry subtropical
desert climate antasin andrange physiography, withevationsrangingfrom sea levekto 1400 m.

The greaterMadreanArchipelagoEcoregionspanssoutheasfrizona, southwestNew Mexicoin the

USA, andnorthern Sonora iMexico, and is characterized by a dry, subtropical to-laidude steppe
climate and medium to high relief basin and marghysiography with elevations ranging from
800 3,000 m The separation between these two ecoregions in the Santa Cruz Watershed occurs at at
elevation of approximately 1,000 mNearly 61% of the watershed in the upper elevatiorMadrean
Ecoregion; the lower basin, where the Tucson metropolitan area is situated, is primarily lower
elevation Sonoramesert The watershedupports variouplant associations and alliancesnging

from Sonoran desert scrubrtoxed-conifer forests.

The climate of the watershed is characterized by mild winter and high summer temperatures and a
bimodal precipitation patterrBetween 1950 and 2005, the minimum annual precipitation was 104 mm
(measured at Anvil Ranch in 1956) and the maximum was 890(masired at the Santa Rita
Experimental Range in9B3). Average annual precipitation was 278 mm in the Sonoran Ecoregion
and 470.5 mm in the Madreaviean temperature ranged from 16.09 € in the Madrean to 19.71 € in
the Sonoran. Average monthlyimmum tempeature in the two Ecoregions ranged frdn89 to
10.328 €, and average maximum ranged from 3X%40 37.83 C.

1.4. Materials and Methods

We createda series offour (1979, 1989, 1999 an#8009) land use/land cover (LULC) maps to
guantifyand mapand-cover changeacquiredhardcopies antbcations ofhistorical,repeatedyround
photograpk and rephotographed thicationsto capture current dag2011 2012) conditions The
photographic time series weamalyzedrelative to landscape chanpatternscalculated from satellite
data. Temporaland spatialandscape changegere thenanalyzed relative to bad historical climate
patterns by ecoregioandrelative tofine-scaleland ownership and managemelata The following
sections describe in det#lile data used for analysis and the methods employed.

1.4.1. Multitemporal Land Cover

Primary spatial data were derived from four LULC maps with 14 cover classes mappeddat deca
intervals (19792009 [49]). The LULC classification scheme and classification techniquesased
generallyon methods used tdevelopthe US Geological Survey (USGSNational Land Cover
Database (NLCD|50]. There were some major, and deliberate, differences between our LUASetdat
and existing NLCD maps First, NLCD land cover was mapped for the conterminous UnitatesS
only, whereaghe LULC maps we developed of Santa Cruz Watershed included portions of Mexico.
Second, the general NLCD classes we used were tailored toamfpspscific vegetation types that are
of regional and local interest withnaemphasison accurately mapping riparian and xeroriparian
classeswhich were poorlycharacterizedoy NLCD in our study regionAlthough we mapped 14
classes of land cover, wioritized our analysis on two classes of interest for rangeland conservation
and restoratiorngrassland/herbaceous axetoripariandeciduous forest (we classified xeroriparian and
mesquite ripariarbosque(forest)yc o mmu ni t i es as - DétidOdDsF o F @ €amndnd 1
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woody plant specie®und in theseeroripariancommunitiesinclude Prosopisveluting Acaciaspp,
Parkinsoniaflorida, Ziziphus obtusifoliaand Lycium andersoniiGrasslands in the watershed are
made up of mixed nativgrasses Boutelouaspp., Aristida spp.) and nonnative grassege.g,
Eragrostis lehmannianainterspersed withkarge woody plantse(g.,Prosopis velutinaQuercusspp.)
desert shrubse(g., Acacia spp., Mimosa biuncifery and cacti andsucculents(e.g., Agave spp.
Opuntiaspp.,Yucca elata

Landsat Multispectral Scanner (MSS) and Thematic Mapper (TM) bands, -lvaagd
transformations, and ancillary data sets were used to develop Classification and Regression Tree
(CART) models For eacH.ULC classification we used two satellite imagetlected duringseasoal
extremeswith the aim of differentiating land-cover classes based on changes in land surface
phenology: one collected during they earlysummer(Mayi June) and one afteegetationgreenup
following summer raingAugust and Septembeihe TM images wereonverted to reflectance values
using the cosine of theta (COST) moffel]. The 60 m MSS image was nainverted to reflectance
(however,this was not required as we made no dire@csfal comparisons between years) but was
scaled to 30 mCART input variables included Landsat spectral bargfsectral transformation
(including image variance and multitemporal Kauth Thomas [52]) and ancillary environmental data
(including slope and hydlogy) (see [49] for detailed methods).

CART is a nonparametric model that has proven useful in applications that involve both
multispectral and ancillary daf&3]. The CART modetecursively splig multidimensional datato a
dichotomous classificain tree based ostatistical characteristics of the trainidgta In this casehe
CART classifications were trained using reference data flogh-resolution aerial photographs
collected on or near the date of the Landsat imagery. For example, traressfor the 1979 map
were digitized fromthree dates of aerial photographs (1975 panchromatic, 1980 panchranédtic
1984 color infraredmagery. Training classes were discriminated based on visual interpretaggn (
deciduous and evergreen tree g determined by color and texture of tree canopy structwagn
possible the same training Sitwere used to classify dbur datesof imagery(if the training sample
locations experienced no vegetatchange over time peripdBy developing decien-tree models for
the different dates of satellite imagery using this invasamtplingapproachwe reduceclassification
errors associated with potential spatial and temporal variabilityaoticover training samples and
spectral data.

Land-cover claseswvere assigned to a training area based on visual interpretation of percentage of
cover types present in the sample area and identification of the dominant cover type. For example, if ar
area had a mixture of cover types, grasskaad selectedver ashrubland if the dominant cover type
in the area was herbaceous, rather than tree, , shrblre soil. This covevased approach tassifier
training theoretically allows for hard classification of subtle spectral shifts in community composition
over time.If, for example at time t, 8% per decadshrub encroachment occurred in a pixel that was
at t; dominated by 42% herbaceous cover, 4Q%elsoi)l and 18% shrulcover, then that pixel could
in theory be classified atytas bare soil or remain herbaceous, depending on which cover type the
shrubs replaced. This approach makes the models more flexible, but also makes change interpretatio
more difficult. In this example depending on what the output class was,anenot certaiwhether
woody plant encroachment occurred or if llued hadoecome desertified/illarreal et al [49] reports
land-cover class accuracies, kappa statistaosd analsis of errors. A condensed version of this
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information, including overall map accuracies, kappas and accuracies of our twe ofasserest are
presented in dblel.

Table 1.Classification accuracy of land cover data used in this study.

Date Land Cover Maps Deciduous Forest Grassland
Overall Accuracy (%) Kappa  Users (%) Producers (%) Users (%) Producers (%)
1979 84.8 0.835 90 85 78 89
1989 84.3 0.829 92 80 74 65
1999 81.8 0.802 78 81 86 86
2009 86.5 0.854 86 84 83 80

1.4.2. PosClassificationChange Detection

Detecting temporal changes land cover or vegetation using remotely sensed imagery is a
challenging task and the focus of considerable res¢a4cb6]. There are numerous change detection
techniques available, each witdvantages and disadvantagé%]. The choice of change detection
technique is typically informed by the specific research question, satellite data parameters, and
temporal rang®f theanalysisFor this study wereated postlassification change detection maps by
executing map algebra expression on the four dates of land cover. We chedagsifstation change
detectionbecausave wereinterested ilmapping andssessing changes in area and spatial distributio
of specificland cover types. A major drawback of pokissification change detection is the number of
potential change combinations resulting from the number of classes (14) and number of raster
matrices (4)Because of the potentiallgrge number ofchange combinations between the four dates
we developed a set of criteria todoat edga@armigze
fdecléiore exampl e, the Agrassland increas¢élp cat
only in 1999 012009,(2) in 1979 and again in 1999 or 2008) in 1989 and again in 2009, ad) in
1999 and 20009. The Agrassland no changé€palcat e
years, as well ag2) 1979, 1999, and 2009, a@8) 1989, 1999, and 2009 The fAgrassl ar
category included pixels mapped as grassfananly in 1979%ut not after(2) only in 198%ut not
after, and(3) in both 1979 and 1989 but not in subsequent yearsxditogipariandeciduous forest
change map was classifiednggthe same criteria described above.

1.4.3. Repeafhotography

We identified georeference(d atitude/Longitude)locations of repeat ground photography in the
Santa Cruz watershed from the US Geological Sumegert LaboratoryCollection of Repeat
Photography [58]. We identified photographic series wittoordinatesthat overlapped mapped
xeroriparianor grassland¢hange clags In addition we identified and selected photographs located in
areas that exhibited no change but depicted desert grassidfmt mesquite cover types. We revisited
and rephotographed the sites if the most recent photograph was more than 5 y&desudiichately
rephotographed and qualitatively analyzed vegetati@ngeat 24 camera station@~igure 1). Repeat
photographsvere taken using both a*45 film camera with black and white and color film, and a
digital SLR. Film negatives were scanned and corrected and the digital files were matched with
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original photographs using Adobe Photoshdfe assigned change classes tohegeries of repeat
photographsfor both longterm historicaltrends and satellitera trends(i.e., [59]). Geographic
locations and camera direction were overlaidLandsatderived changenaps and the changes were
analyzel accordingto thelandscapareaand view angetlepictedn the photograph

1.4.4. Land OwnershipandEcoregion

We analyzedlandscape change and photograglaga within (1) units of land managemeiaind
ownership andby (2) ecoregionsthat is,biogeographic units that contasmmilar long-term climate
vegetationassemblagesand landforms We assembled a binationdnd-ownership dataset from
multiple sources with varying degrees of categorical detail: Arizona State Land Department Public
Land Ownership, Santa Cruz County ParcelsjyaPCounty Preserves, Pima County Parcels, Nogales
Mexico Carta Urbana(Urban Map), and Integrated Mexican Basic €tatistical Areas (Mexican
Census boundariesprivatelyowned parceldrom the United Statepart of the watershedvere
classified into 3subgroups based on sizfl) <1.69 ha Urban: high densityurban residentiato
suburban rangh(2) 1.7i 6.7 ha Exurban:rural homesteads guest ranch and lodgesind (3)>6.8 ha
(Ranch: low density ruraworking ranches) These subgroupsere based on Land Use Code zoning
information forthe City of Tucson Pima Countyand Santa Cruz @inty. Land in Sonora, Mexigo
was divided into two categoriegl) urban (aglefinedin the Carta Urbang, and(2) rural, from the
Mexican Census. Theird-land boundaries roughly delineate laggielos,or communal lands used for
ranching and agricultur@&he main ownership typess well agheir descriptions and distributigrese
reportedn Table2 and Figure 2.

Table 2.Descriptive statistics of lanase/land ownership parcel data.

Land Use/Land o Area # of Mean
. Description )

Ownership (ha) units (ha)
AZ Game and Fish Dept. Managed by Arizona Game and Fish Dept. 1,498 67 22.4
AZ State Parks Parklands managed by the State of Arizona. 3,819 56 68.2
Bureauof Land Mgmt. Uses range from ranching to conservation. 21,359 276 65.2
Coronado National Forest Managed by US National Forest Service. 190175 466 451.9
County Preserve Ranches and open space purchased for conservation. 24,495 440 49.1
Exurban 1.7 6.7 ha. Uses include rural homesteads and guest ranc 33882 11,754 2.9
Military Lands Department of Defense lands. 4,351 59 65.9
National Park Service Managed by US National Park Service. 23332 3 507.4
Parks and Recreation Parklands managed by Piraad Santa Cruz counties. 2,799 142 18.6
Private Ranch > 6.8 ha. Uses include cattle grazing and agriculture. 175475 3,987 39.5
Rural (Sonora) Communakjido lands. Uses include grazing and agricultur 98,714 27 3,655.0
San Xavier Indian Res. Managedoy the Tohono O'odham Nation. 15,447 8 1,931.0
State Trust Land AZ undeveloped lands auctioned to provide Trust revenut 175685 641 193.6
Urban < 1.7 ha. High density urban to suburban ranch uses. 53946 127,737 0.4
Urban (Sonora) High density urbatands in and around Nogales, Sonora. 3,749 143 26.2

Urban Infrastructure Road networks, freeways, airports. 32,406 16 3,150.7
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Figure 2. Distribution of land management and lamse units over the study area.
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We masked outand-cover classeshat were not subject to chang® reducethe likelihood of
skewing change values relative to totatershedireaandmanagementinit areaA maskwas created
from the initial 1979 landover mapusing onlyclasses that had a low likelihood of transiti@nto
grassland oxeroripariandeciduous forestS hese classes inclu@geveloped, Open Spadeeveloped,
Low Intensity Developed, Medium Intensity Developed, High Intensity Barren Land
(Rock/Sand/Clay) and Evergreen Foresfhe mask was overlain tblock irrelevant data from
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analysis, allowing us to calculate a more realistic figure of & subject to change within each land
use/ownership type.

We analyzed longerm measurementom four climate stationghat weresplit between thdwo
ecoregios (Sonoran = Anvil RanghStation#0287 Tucson Station#8820; Madrean = Santa Rita
Experimental RangeStation#7593 and Canelp Station#1231) Averageannual climatefor each
ecoregionwas calculated fromthe two stations, which were selettéo roughly representhe
upper and lowerelevational distribution of thgrassland and xeroriparian vegetation clasSésate
variables includenonthly mearprecipitation(1950 2005) mean monthlytemperaturg195Q0 2000)
and the average maximum mblyt temperature (195@000) The nonparametricMannWhitney
Rank Sumtest was used to test for differencespiecipitationbetween ecoregionand ttests for
temperature variablekand-cover andepeatphotography data were stratified &goregion tcanalyze
and understand the potential influence of climate on observed vegetation changes.

2. Results
2.1 PhotographicEvidenceof Change Pre-Land Cover (1887 1978)

Visual evidence from repeat photography documeletsining areas ofgrasslandfrom 1887 to
1978. Sixteen camera stations depict grasslands and, of thieseanages recorded either decline of grass
cover or conversion of grassland to savanna through woody plant encroachment. The other seven depicte
Afstabl ed gr ass | anetiesn sitesumthereottie earlibsephatographsiwere takeneduring the
late 1970s (and discussed3action2.5) (Table 3). There were no instances of areas with increasing grass
cover between 1887 and 1978. Nine repeat photographs depicted xeroripariavudemdomunities, and
sevendocumented increases in woody species since the earliest dates; at several sites, major increases
woody species occurred after the 1960s. The link between these historical data and contemporar
land-cover changes are descdla Section2.5.

2.2. BroadLandscapeScaleChanges1979 2009

Analysis of landcover change indicates that between 1979 and 2009, a total of 69,114 ha of
grassland declined, 59,943 ha increased, and 25,983 ha did not change significantly. The uital area
increase and no change in grassland exceeded the declines by 16,812 ha. During this same perio
xeroripariandeciduous forest declined by 17,748, increased by 6,312 ha, and 2,621 ha did not
change significantly. Relative to the amount of area caverd979, grasslands increased by 15% in
2009 andxeroripariandeciduous forests decreased 11/9.5% (Figure 3). Howeverhése changes
were not directional: grassland cover declined slightly from 1792989 ( 0.7 %), had a large
increase between 1989 and 1999 (14.5%), and had only a small increase between 1999 and 200
(3.5%) (Figure 3). Converselxeroripariandeciduous forests increased from 19391989 (4.0%),
decreased from 1986 1999( 7.1%), and decesed more from 1999 2009( 13.3%) (Figure 3). A
majority of the grassland and xeroriparian changes (both declines and increases) were the result o
conversion to ofrom shrubland, and most of the major changes for both types occurred during the
1989 1999 period (Table 4)Converson to barren or developed classes contributed only a small
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amount to the net changes (Table @Ur results show that landscapeale change during the period

from 1979to 2009 were spatially and temporally heterogeneous (Eigur

205

Table 3.Information on repeat photographs, inteted changes, and relationships to land

ownership and satellitbased change detection.

) Stake 1st Photos Land Use/Land ) . Mapped
Location . Vegetaton Hi st or Recen
# Date (n) Ownership &e*
Santa Cruz 165 1887 4 Private Ranch Grassland Grass ) Grass (+)  Grass (+)
Nogales 166 1887 4 Private Ranch Grassland Woody (+) Woody (=) Woody (=)
Nogales 167 1887 4 Private Ranch Grassland  Woody (+) Woody (=) Woody (=)
Helvetia 400 1909 4 State Trustand Grassland Woody (+) Woody (=) Woody (=)
Coronado
Lopez Exclosure 898 1977 4 ) Grassland Grass (=) Grass (=) Grass (5)
National Forest
Lopez Exclosure 899 1977 4 Private Grassland Grass (=) Grass ) Grass )
) Coronado
Santa Rita Range 3255 1978 2 . Grassland Grass (=) Grass (=) Grass (=5)
National Forest
) Coronado
Santa Rita Range 3260 1978 2 . Grassland Grass (=) Grass (=) Grass (5)
National Forest
) Coronado
Santa Rita Range 3261 1978 3 . Grassland Grass (=) Grass (=) Grass (5)
National Forest
SantaRita 3412 1955 3 Private Grassland Grass ) Grass ) Grass )
San Rafael Valley 3791 1932 3 Private Grassland Grass (=) Grass (=) Grass (=5)
Lochiel - MEX 3793 1930 3 Private Grassland Grass ) Grass (=)  Grass (=5)
Lochiel - USA 3793 1930 3 Private Grassland Grass (=) Grass (=) Grass (=5)
Total Wreck Mine 358a 1909 3 State Trust Land  Grassland  Woody (+) =) =)
Total Wreck Mine 385b 1909 3 State Trust Land  Grassland  Woody (+) =) =)
Total Wreck Mine 385c 1909 3 State Trust Land  Grassland  Woody (+) =) =)
Davidson Creek 41 1915 4 Exurban Xeroriparian  Woody (+) Woody ¢)  Woody ¢)
) Coronado o
Rosemont Mine 42 1910 4 . Xeroriparian  Woody (+) Woody ¢) Woody (=)
National Forest
Yerba Buena 165 1887 4 Private Ranch  Xeroriparian Woody (+) Woody ¢)  Woody(-)
. National Park o
Tumacacori 283 1890 3 ) Xeroriparian  Woody (+) Woody (=) Woody (=)
Service
. Coronado o
Santa Rita Range 3254 1978 3 ) Xeroriparian Woody (=) Woody (+) Woody (+)
National Forest
San Rafael Valley 3791 1932 Private Xeroriparian  Woody (+) Woody ¢)  Woody ¢)
Lochiel 3793 1930 Private Xeroriparian Woody (+) Woody ¢)  Woody ¢)
. ) San Xavier Indian o
Martinez Hill 1057 1912 4 R Xeroriparian  Woody () Woody () Woody ¢)
es.
Cienega Creek 3411 1880 3 County Preserve Xeroriparian Woody(+) Woody (=) Woody (=)
Change (@) symbol s: I ncr e a-§ tBold ang italicized indcdteano ggecenient petwaem dhapped chhngen e

and photography.

(
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Figure 3. Change irxeroripariandeciduous forest and grassland over time.
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Table 4. Decadal patterns of major grasslaral xeroriparian cover changes in hectares.

Cover Change 19791989 19891999 19992009
Shrubland to grassland 39,436 31,602 32,582
Grassland to shrubland 39,941 24,474 30,661
Grassland to developed 1,657 493 873

Grassland to barren 724 392 1,029
Net change grassland 12,886 6,243 19
Shrubland to xeroriparian 5,317 2,620 2,434
Xeroriparian to shrubland 4,059 3,494 2,760
Xeroriparian to developed 810 1,058 800
Xeroriparian to barren 241 155 193
Net changexeroriparian 207 12,086 11319

2.3. BroadChangeswithin Different LandUseUnits

The amount and location of vegetation change during the period fromt@2@®09 varied by
land-use type (Figure 5) The greatest areas @eroripariandeciduous foresincreaseoccurred on
Private Ranches (34%), State Trust Land$25%), Rural Sonora (1.9%), and Bureau of Land
ManagementELM) lands 0.7%6). Large eclinesoccurrel on Private Rnches (34%)State Trust
Lands (20.5%), andRural Sonora(18.3%) suggestinghese langmanagement units have dynamic
land-cover changesOnly one land-use type, BLM,had anet gain ofxeroripariandeciduous forest
Thelargestnet losgsoccurredon Private RanchesRural Sonoraand State Trust LandsAs a percent
of the totalland aredn thatland-use typewhich describexchanges relative tmanagemenarea,the
greatest declines ixeroriparianvegetationoccurred on Arizona State Parids7% of land areaState
Trust Landg4.2%), Rural Sonorg4.1%) and San Xavier IndiaReservatior{4.1%)(Figure 5) Cover
of xeroriparian deciduous forest increaseR.5% oftotal BLM land areaand 1.4% of Rral Sonora
land area
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Figure 4. Maps depicting the location of vegetation change from 192909
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Figure 5. Xeroripariandeciduous forests change as a percechahge within each change
category(left) and percent of total area within each land use tygkt(.
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As a pecent of each changeategory large grassland increases occurred ferivate Ranches
(28.2%), Rural Sonora(24%), and CoronadoNational Fores{22%)with major declines occurring on
Private Rinches (2%), Rural Sonora (20%), State Trust Land$19.8%) and Coronado National
Forest(17.3%(Figure 6).State Trust Landsad the greatest overall net losgyadisslands, followed by
County Preserves and Exurban. Net increases occurred on BLM, Private RaQar@ratio National
Forest As a percent of the total area within each land use type, Bblls had the greatestreag in
grassland are@5%). Rural Smora had larger increases (18%) than private ranches in the US (10.4%),
as well as larger declines (19% and 9.6% respectively), but private ranch lands had a small net gair
(1%) and rural Sonora a small net loss (1%). Arizona State ParkS@andado Natinal Foresthad
small net gains in grassland area. AZGKIbunty Preserve, Military ands,National Park Service
(NP9, San Xaver Indian Reservation andrhbn(all categorieshad declining grasslands (Figure 6).

Figure 6. Grassland changes a percent of change within each change catdbgfty and
percent of total area within each land use tyfght).

2.4.Change within Ecoregiong979 2009

The climatic variables showed differences among ecoregions that could help to explain changes in
land cover.Differences in meanannual precipitation were statistically significant(t (55) = 1797,
p ©0.001) for theSonoran (278 mmand Madrean (470.5 mmilaximum annual precipitation was
recorded in 1983, with 573 mm for the Sonoran and 793 mm for the Madrean. Minimum was recorded
in 1953, with 132 mm in the Sonoran and 194 mm in the Madrhegure 7, fitted with cubic
polynomial trendlins, shows the broad climatictrend for the two ecoregiorier mean and mamum



