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ABSTRACT

New forms of disturbance, and alteration of current disturbance regimed andri

semiarid ecosystems, have resulted in the modification and degradation of ¢ggwgs.re

This research explores vegetation response as a consequence of two difardyardie
events in the southwestern US and northwestern Mexico. This topic was explored in this

dissertation utilizing remotely sensed geospatial information in tlepseate studies.

The first study explores the development of methods to assess the effestfepres

fire restoration efforts, by evaluating vegetation response as a functmrabf
environmental variables. Here | evaluated three fire locations at Bardatienal
Monument (New Mexico). My models explain post-fire vegetation response as iarfiunct
of environmental inputs and pre-fire site conditions (restored, unrestored and control
areas). However, further analysis will be needed to better understancettieofire-fire

restoration techniques on post-fire vegetation response.

My second study explores the development of monitoring practices using remotely
sensed data to assess land cover dynamics through time. The study area fvhs the a
agro-ecosystem of La Costa de Hermosillo (LCH) in northwestern dleig results
show a continuous tendency towards a decrease in agriculture from 1988 until 2009.
Detailed change detection demonstrates high rates of change froaitaggito other

land cover classes in areas with dense agricultural developments. Impleomeot these

monitoring protocols would help with the application of restoration practices.



The third study we used remote sensing time series data to assess prariodogis and
variability among land cover types in relation to climatic variabilitthw communities
present in a heavily impacted agro-ecosystem (LCH). My analysis s@atphree

different agricultural land cover types including abandoned agriculturdsfiahd four
additional natural land cover classes. | found that productivity has not increased in
abandoned fields (since abandonment). Furthermore, | found that the models developed
in this study significantly explain phenological variability as a functiorliofatic

variability.

These studies suggest that the use of remote sensing tools could effectivébyteotat
our ability to monitor vegetation dynamics in arid ecosystems. The implatioenof
methodologies generated in this work would significantly inform managers isiaiec

making processes.
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INTRODUCTION

Ecosystem disturbance refers to relatively discrete events in tsmgting ecological
organization at ecosystem, community or population levels as well as the ataitdibil
resources within the physical environment (White and Pickett 1985, Turner 1989, Turner
et al. 2001). Disturbance regimes have been recognized to significantlypatenta the
alteration of ecosystem patterns at multiple levels and scales, dependhgnature of

the disturbance (Levin 1992, Maarel 1993, Turner et al. 2001). Human interaction and
use (for goods and services) of different ecosystems around the world haeslriestile
change of magnitude and timing of disturbance events affecting ecogystessses and
structure at different scales (Hobbs and Huenneke 1992, Short and Wyllie-Eeheverri
1996, Mack et al. 2000, EImqvist et al. 2003). Therefore, land degradation as a result of
human practices, or their direct (and indirect) effect on disturbance, need to beexdidres
in the decision making processes for ecosystem management. In thishrégeapose

the use of multi-temporal and geospatial datasets to address the needs of montioring a
understanding land cover dynamics by: 1) assessing environmental fastmistesl

with vegetation response to post-disturbance effects across time and space and 2)
development of monitoring protocols to assess trends in degraded areas through time. |
believe that it is important to understand current trends and drivers of ecosystem
dynamics, in order to implement assertive management practices to prettest f
deterioration of human impacted ecosystems. In this dissertation reseacah hfy

efforts on the arid and semiarid environments of the southwestern Unites States and

northwestern Mexico.
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|. Disturbance in Arid and Semi-arid Systems

In contrast to the persistence-climax theory of Clements (1916), thersdatr@msition
model proposes the potential of multiple steady states of a particular syistam
environmental thresholds are reached (Westoby et al. 1989, Friedel 1991). These
thresholds have been linked to the concept of ecosystem resilience (Holling 1973) which
is measured by the amount of pressure an ecosystem can endure without changing int
one of multiple potential states. Based on this paradigm multiple studies havwsizedog
that due to diminishing resilience (directly or indirectly attributed to humaar&g¢carid

and semiarid ecosystems present lower resistance to ecologicahgtatéGunderson

2000, Scheffer et al. 2001). Therefore, an incremental shift in disturbance magnitude
and/or frequency in these areas would potentially push the system over a thaeshi

a state of degradation.

Degradation of arid and semiarid environments has been attributed to the inadeguate us
of resources and pervasive disturbance to extract ecosystem goods amas $Bnagne

2002). Among the main forms of direct disturbance generated by humans in these
ecosystems are the introduction of livestock for pastoral practices, wamsiug grazing
pressure often lead to degradation of the landscape (Milton et al. 1994, van de Koppel et
al. 1997). Another conspicuous form of disturbance in these areas is the development of
intensive agricultural practices over extensive areas (Halvorson2&0a&, Castellanos et

al. 2005) which are vulnerable to ecological and economic controls (i.e. soil degradation,
economic downturn). Indirect forms of degradation to these ecosystemsseaincm

the modification of global climatic conditions (Vitousek 1994, Walther et al. 2002),
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which might diminish the resilience of ecosystems around the world and therefigre br

them closer to a threshold of change.

Introduction of new forms of disturbance is one way in which humans modify arid and
semiarid ecosystems. However, the alteration of disturbance regimessnotetiming

and magnitude also has a profound impact on these systems. Natural disturbanse regime
have been recognized to be a necessary component to maintain ecosystem structure
(White 1979, Turner et al. 2001), therefore modifications to this regimes will bring
modification the ecosystems structure. A clear example of this alterapperawith

the management of wildfire where fire suppression practices havestesuthe

accumulation of fuel, causing fewer but more severe fire events (Toucakri @96,

Schoennagel et al. 2004), modifying the landscape structure.

In summary, disturbance events and regimes in an ecosystem contribute tbilibheafta
a particular state. However, by altering the disturbance mechanisms, enticbyicing
new disturbances into the system, humans have modified ecosystems in arid and semi-

arid environments.

Il. Goals and objectives

Arid and semiarid environments, with growing populations in the southwest of the U.S.A.
and north of Mexico, will likely be shaped to address human needs. However, in order to
understand the impact of human population on the environment, it is necessary to monitor
ecosystem dynamics to better understand these systems and improve mahageme

practices and decision making. This dissertation addresses the need to increase our
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understanding of ecosystem response to human use or intervention. Specificalgl my go
was to evaluate the role of environmental drivers and restoration practicesiscealee
dynamics after disturbance. This was accomplished by evaluating fexedif

disturbance events using remote sensing time-series data to assesydanateractions

with environmental factors and by addressing trends in land use and land cover change as

a response to human activities.

My first objective was to assess the effect of environmental factoresiwdation

techniques on vegetation response and dynamics in terms of phenology and productivity
after two different kinds of disturbances (wildfire and agriculturatifedtablishment and
abandonment). The second objective was the analysis and implementation of pcedur
to evaluate land cover change through time at highly degraded agro-ecosgstems i
northwestern Mexico (Rangel Medina et al. 2002, Halvorson et al. 2003), to assess
agricultural field abandonment through time. The use of remote sensing to derive
phenology and productivity proxies have proven valuable for the evaluation of ecosystem
trends and vegetation dynamics at different scales and in different ecosgsbems the

world (Tucker 1979, Justice et al. 1985, Reed et al. 1994, Goetz et al. 2000, van Leeuwen
et al. 2010). Also, the assessment of landscape trends using land cover charnga detect
techniques have been proven to be an efficient tool for landscape ecologisstothss
progression of ecosystems at different spatial scales trough time (CoppigG@a4,

Kepner et al. 2004, Lunetta et al. 2006, Villarreal et al. 2011).
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PRESENT STUDY

[. Summary

This dissertation utilizes principles of landscape ecology tyzmaicological disturbance and
rehabilitation-restoration practices in arid and semi-arid ecosgsiEmaddress these challenges
| use geospatial data analysis at multiple temporal and spaticd sesieed for two areas located
in the arid and semiarid systems of the U.S. southwest and northwesbMEx¢ methods,
results and conclusions of this work are presented in the form of thpees@gpended to this
dissertation. The common topic of the manuscripts is the use of geospatitd B2nsing
information to assess the effect of environmental variability anduaaan vegetation response
and dynamics in arid and semiarid ecosystems after human driven distuifbamite first part

of my research (Appendix A), the establishment of the theoreticagfvank and the goal and
part of the objectives were discussed and decided by the co-authorsehbweasg responsible
for the development of the approach and methodologies to reach those ohj&dieapers two
and three (Appendix B and C) | was responsible for the research objectiviesdsnand
conclusions in consultation with my advisor. The following is a summary ohtse relevant

findings in this research.

Appendix A: Modeling post-wildfire vegetation response as a function of

environmental conditions and pre-fire restoration treatments

(Note: This article has been submitted to the jouRshote Sensihg

Fire events and cycles have been recognized to be one of the most important écologica
disturbances due to their influence and impact on vegetation communities (McEenzie

al. 2004). As a consequence of climatic change and historical land use trendi® wildf
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activity in the western U.S have increased in the last decades (Whesetrdl. 2006).
Therefore, the exploration and development of methods to assess the effectV@ness
fire mitigation and restoration efforts is necessary to develop effigianagement

practices to prevent further ecosystem degradation and economic loss.

To address this critical problem we analyzed remote sensing time-seadsda
vegetation stands selected at three wildfire event locations that occurretteliBa
National Monument (New Mexico) between 1999 and 2007 and three adjacent unburned
control areas. Two of the three fire scars represented areas that wece sukgstoration
treatments prior to the fire events. We specifically used inter-annuodktne the
Normalized Difference Vegetation Index (NDVI) time series datayeerfrom the
Moderate Resolution Imaging Spectroradiometer (MODIS) to assgetatien response,
which we define as the average potential photosynthetic activity through the summe
monsoon. As our next step, we derived a series of environmental factors in the form of
topography, fire severity and restoration treatments (fuel reduction pseaidise), to
explain vegetation response and post-fire trends. We used two modeling approaches
(Multiple Linear Regressions and Classification and Regression Treegntwahalyze
effects of fire severity, terrain and pre-fire restoration treatmentsstrfipe vegetation

response.

When analyzing post-fire interannual trends for each of the treatmentpgpese, our
results suggest that all models significantly explained vegetation resgmadenction of

the environmental variables. We found that topography related variableseaseMerity



16

measurements significantly contribute (all model P-values < 0.05) to exatas of
post-fire vegetation recovery in the constructed models. When we included th@gffect
restoration in our analysis, our models found that elevation and pre-fire treatmeeats
the primary environmental variables that explained post-fire vegetation response

variation in the three fires analyzed.

From our results, we observed that the use of remotely sensed datasets canstitute
effective source of information for the analysis and monitoring of post-fire \tegeta
responses. Our analysis show that the suite of derived environmental factatky parti
explains post-fire vegetation response (adjustebe®veen 0.24 and 0.89). We also
found that pre-fire condition might influence vegetation response post fire; however,
further analysis will be needed to understand the effect of pre-fire festaiechniques

on post-fire vegetation response.

Appendix B: Mapping and monitoring of landscape dynamics to asses vegetation

changes in agricultural areas in arid environments in Northwestern Maxi
(Note: This article will be submitted to tdeurnal of Arid Environmen}s

There is a general agreement that land cover change is one of the most inf@cidest
affecting ecological systems at a global scale and the effect ef¢hasges can be

perceived at different levels of organization (Vitousek 1994). The expansion of
agricultural areas as a consequence of human needs and a growing population has been
one of the main forces controlling land cover change (Meyer and Turner 1992, Matson et

al. 1997). Due to the expansion of agricultural practices and the poor use of natural
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resources (i.e. depletion of water resources or soil degradation due to poor mamageme
practices) in arid environments, negative impacts on the ecosystems prékestiareas
have been reported (Lal 2000, Halvorson et al. 2003). Agricultural abandonment due to
land degradation in arid environments is an increasing phenomenon that contributes to
further deterioration of impacted landscapes. Due to the constant pressure oroarid ag
ecosystems, the development and implementation of monitoring practices to assess
ecosystem dynamics through time is necessary. The implementation gbribiesels

would contribute to the assessment of vegetation trajectories after abandonment
(succession), as well as to the development of effective protocols for tiestonat

would promote ecosystem recovery.

We used remote sensing data derived from Landsat Thematic Mapper, aerial
photography, high resolution satellite imagery and ancillary datasetsribination with
classification and regression tree (CART) models to map shifts in land atose arid
agro-ecosystem in northwestern Mexico over the last 22 years (1988-200%jc&8pec
we studied the case of La Costa de Hermosillo, an agricultural development where
inadequate water resources and policies resulted in the abandonment of agiriceltisr
and modification of economic activities. To address land cover dynamics in agatult

areas, we generated post classification change detection analyses.

Our results show that the classifications obtained high overall accuracinythes
CART model. We also found that there is a continuous tendency towards the decrease in

agricultural area in the region from 1988 until 2009 coupled to evidence of a rapid
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increase in alternative economic activities in the zone (in the form of atjuadciarms).
Our results also show an increase in desert shrub lands and barren soil/spartslydvege
areas, potentially as a consequence or the conversion of active agrieuttasato these
land cover types. Our change detection analysis shows that most of the agriculture
conversion happened in the main agricultural development of La Costa de Hermosillo
where there has been the greatest change from active agriculturer tooottegyricultural
land cover/use types. We conclude that remote sensing constitutes an efiedtive
efficient tool to monitor human impact in arid agro-ecosystems. The implemenét

this monitoring to inform management practices could help us understand ecosystem
trends after abandonment and we believe these techniques can better inform the
development of future restoration and rehabilitation practices. Howeveulagacfield
abandonment in arid ecosystem opens the possibility to multiple scenarios of. change
Both resilience of sites and the actions of government intervention will udyndictate

the pace of recovery and fate of this region (Westoby et al. 1989, Bridk@ @D%3).

Appendix C: Effects of land use dynamics and environmental trends on thegrand

magnitude of phenological stages in arid agro-ecosystems of northwestern klexic

(Note: This article will be submitted to the journal Remote Sensing of Envéiaim

The use of phenology as a proxy for vegetation dynamics constitutes an impmstaat s
of information to assess change trajectories. Previous studies have retdigaizend
cover dynamics, along with climatic variability are decisive foomgrolling vegetation

phenology in arid and semiarid ecosystems (Menzel 2003, Schwartz 2003b, Zhang et al.
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2003). This is because land surface phenological responses from different @egetati
communities within the same geographic location and subject to simiiaoremental
drivers are prone to differ due to their differences in species characsesist

composition (Defries and Townshend 1994, Menzel 2003), and also due to the fact that
phenology of vegetation follows seasonal trends, and therefore is subject tacclima
variability to trigger physiological responses from vegetation (Schwartz p098ee we
pose that by developing methodologies to assess phenological interannudityariabi
among land cover types in a heavily impacted arid agro-ecosystem, one woule toe abl
partially explain the trajectories of change concerning degraded landtgpgs. Also,

we recognize the necessity for the evaluation of post-disturbance phensladyretion

of climatic variability, to account for maturity and uniformity of vegetatstands in

different land covers.

To address these challenges, we used 16-day NDVI composites from the Moderate
resolution Imaging Spectroradiometer (MODIS) from 2000 to 2009 for an arid agro
ecosystem in northwestern Mexico, to derive the seasonal phenometrics (as amproxy f
phenology) through time using the TIMESAT software (Jénsson and Eklundh 2004) . We
derived three interannual phenometric variables (one related to productivity@atal tw
timing of events). We also derived proxies for climatic variables through direerve as

the set of independent factors influencing land surface phenological eventssOur
analysis assessed the differences in land surface phenological trendsdéffecergt land

cover types. Our second analysis consisted of the construction of models tovasdess

the most influential climatic factors were driving phenology in each of tlamskecover
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types. Our area of study was La Costa de Hermosillo (LCH), an ariccagsystem

located in central-eastern Sonora, Mexico, where the overexploitation ofaesour
(primarily groundwater) has had as a consequence the abandonment of large extents of
agricultural land. Our analysis was focused on three different land c@es ¢gnsisting

of active and abandoned agricultural fields (stratified by the presbsesae of

restoration and time since abandonments) and four additional land cover classes (e.g
barren, shrubland, mesquite, halophytic vegetation and aquaculture) that afepart

ecosystem matrix.

Our results suggest that there has been no differences in the multkgsanfrincrement

(or trends) of vegetation cover for the abandoned field classes when companmgyith

the interannual trend in natural vegetation land cover classes. Each of our phditoclima
models assessing the interannual phenological variability as a function aficlim
variability presented significant correlation, but large variations ina@gbbry power.
Vegetation adapted to arid environments present variability on its phenological
responses, as a function of variability in timing and magnitude of climaterdr{i.e.
precipitation during the monsoon). Based on the previous assumption, our phenoclimatic
models suggest the potential establishment of arid adapted species (from sagroundi
ecosystems) in abandoned fields with longer time of abandonment. However, we
observed disparities regarding our timing and productivity phenoclimatic modeisemne

restored and unrestored abandoned field (within ten years of abandonment).
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We conclude that using phenological proxies for vegetation dynamics derived from
remotely sensed information, along with the implementation of modeling approaahes th
take into account the repeated measurements from multiple samplegutahsti

important coupled tools to analyze phenological trends and differences amadgradsh
agricultural fields and surrounding land cover types at LCH. We believe that the
development of methodologies to assess vegetation dynamics and recovery and the
effects of environmental factors in this recovery is necessary to moniioratesn

practices in highly disturbed areas. Here we propose a framework tergffiaddress

this need utilizing remote sensing to analyze landscape dynamics amdtrest

treatment effectiveness. This framework might significargtiuce the cost of field

monitoring, while still yielding accurate analysis and results.

Il. Conclusions

This research demonstrates that multi-scale (temporal and spatialfersensing data to
derive proxies for post-disturbance vegetation dynamics, constitute a vaksdlece to
analyze trends and the environmental and land use effects on vegetation cormmunitie
after disturbance. The development of methodologies and monitoring protocols
developed in this research could contribute to the generation of better informed
management practices in arid and semiarid environments, especiallyastmation or
mitigation practices are involved. This study has demonstrated that vege&ids and
dynamics of different land cover types after disturbance in a simithoasemiarid
ecosystem, depend on climatic variability (spatially and temporally)aarttidover/use. |

also found that land cover change detection techniques are valuable to assegselandsca
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trends across time in degraded arid systems. Finally, this study found thatdy usin
remote sensing datasets with the adequate temporal-spatial resolwisrpivssible to
identify the main environmental drivers for vegetation dynamics afterrdence. This
resulted in a better understanding of vegetation trends within transitiagassn highly

degraded areas.

lll. Future Work

This study acknowledges the usefulness of remotely sensed informationdowitple

field measurements in order to assess vegetation trends post disturbance. Basedl on thi
perceive three primary research areas that present the opportunityter fur

development.

1. Fragmentation analysis to analyze ecosystem connectivity trends in highly

degraded agro-ecosystems.

Results from appendix B suggest the reduction in active agriculture and falidwdaer
classes in arid agro-ecosystem and as a consequence the increments t¥alterna
vegetation cover classes. However, it is not clear what the effect of g haifid

cover/use is on the fragmentation of the landscape (Turner et al. 2001). Previoss studie
show fragmentation might create positive feedback loops for further degradatioesgK
and Tscharntke 1994, Laurance et al. 2007). Therefore, further efforts will dedree
assess fragmentation trends at LCH. The development of remote seonsitglgrto

assess these processes is needed for this highly degraded agro-ecosystem.

2. Analyzing succession trends by using remotely sensed phenological proxies.
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The results of the papers in appendices A and C suggest that many of the post-
disturbance vegetation trends analyzed for both disturbance types show a tendency
towards the recovery of vegetation response that resemble surrounding land meser ty
However, the meaning of these trends require further exploration to address potentia
succession or recovery of the current vegetation cover (Castellanos et all 2@0iBye
that by conducting further exploration in the use of high spatial resolution imagery

coupled within situ measurements is needed to address succession trends at local levels.

3. Development of protocols based on remote sensing techniques for the design,

management, and monitoring of land cover restoration-mitigation practices.

The work in this dissertation highlights the value of remotely sensed datasetsess
ecological trends at the landscape level. Furthermore, | demonstratehéal of
several techniques and datasets to obtain valuable information regardingimegeta
dynamics due to intrinsic biological conditions within a particular land coves,@das
well as due to the environmental factors driving vegetation response. | belietheetha
techniques developed in this research could be further enhanced and consequently
integrated into decision support systems to improve and inform a variety of nrerdge

practices.
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Abstract

Post-fire vegetation response is influenced by the interaction of natural and
anthropogenic factors such as topography, climate, vegetation type andti@stor
practices. Previous research has analyzed the relationship of some of ttoesddac
vegetation response, but few have taken into account the effects of pre-firati@stor
practices. We selected three wildfires that occurred in Bandeliesridhtilonument

(New Mexico) between 1999 and 2007 and three adjacent unburned control areas. We
used interannual trends in the Normalized Difference Vegetation Index (NiDM) t

series data derived from the Moderate Resolution Imaging SpectroragiqiM&DIS)

to assess vegetation response, which we define as the average potentiahfitetiosy
activity trough the summer monsoon. Topography, fire severity and restoratithdng
were obtained and used to explain post-fire vegetation response. We applied parametri
(Multiple Linear Regressions- MLR) and non-parametric tests (Gtzeson and
Regression Trees- CART) to analyze effects of fire severitgiteand pre-fire

restoration treatments (variable used in CART) on post-fire vegetation resptici?

results showed strong relationships between vegetation response and environmental
factors (P<0.1), however the explanatory factors changed among treatG®RiB

results showed that beside fire severity and topography, pre-fire érgatsirongly

impact post-fire vegetation response. Results for these three fires shovethed pr
restoration conditions along with local environmental factors constitute kegga®s

that modify post-fire vegetation response.



Keywords:wildfire, remote sensing, restoration, disturbance, experiment, statisti

models
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1. Introduction

Natural disturbances like wildfire events can rapidly modify the landscape, ofte
causing substantial economical losses and a drastic shift in ecologicakpsoces
(Westerling et al. 2006). Restoration techniques have been implemented on many
forested areas of the south west US to increase vegetation stand resistaeadfects
of large wildfires (Fulé et al. 2002, Pollet and Omi 2002, Stephens et al. 2009). It is
important to evaluate the impact of restoration management practices \kimgiteo
account other influential environmental factors that could contribute to the post-fire
vegetation response, in order to make informed management decisions.

Ecological disturbances are often discrete events in time affectingsemosy
communities and populations by shaping their structures, redistributing gwirces,
and modifying the biophysical environment at different scales (White anditPi€igs,
Baker 1992, White and Jentsch 2001). The most important characteristic of disturbance
events consists in the variation of their attributes ,such as their spatialudistr,
frequency, spatial extent and magnitude (Turner et al. 2001). Disturbance cistieste
change through space and time (Baker 1992) due to climatic, ecologic or anthiopoge
factors. In the western North America, wildfire is considered to be theimpsrtant
natural ecological disturbance, due to its influence and impact on vegetation coiesnuni
(McKenzie et al. 2004). Fire severity is dictated by complex interactibwgather and
terrain conditions that affect combustion processes (Hall et al. 1980, Turner ancRomm
1994). Also, soil composition and vegetation arrangement and amount dictates the size

and impacts of fire (Neary et al. 1999, Turner et al. 1999). In this study wea&fem
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or fire severity as the change that we can observe between before aficeaite
vegetation cover. The approaches used for its measurement and assessment has been
documented (Epting et al. 2005, Key and Benson 2006, Lentile et al. 2006) .

Wildfires are extremely complex phenomena in terms of the number of environmental
conditions that regulates their magnitude and ecological impact (Casady010).

These conditions vary in space and time as in the case of climate and topognaliy
management of natural resources like in the case of restoration treatoemtigate fire
hazard. Previous work suggests high correlation between climatic conditions and
wildfire size and severity, depending on land cover and location of the area (Swetnam
and Baisan 1996). However, association between area burned per year ancitienate
presents nonlinear relationships and large fires could be the consequemedl of s
changes in mean climatic conditions, this is because wild fires are bgtf@ined by
individual extreme events (McKenzie et al. 2004). According to predicted seefari

the southwest US, temperatures will rise, and precipitation will diminishglthie

present century (IPCC 2007). Due to this fluctuation in climatic conditions, to warmer
and dryer stages will likely result in larger and more severe fires forabtem US

forests (Flannigan et al. 2000, Westerling et al. 2006).

Fire suppression practices over the U.S. forests have resulted in the acoumadilati
fuel, potentially causing fewer but larger and more severe firesfibBouet al. 1996,
Schoennagel et al. 2004) . On the other hand, restoration techniques focus on the
mitigation of fire effects and the reestablishment of ecologicalegsosuch as the natural

fire regime (Allen et al. 2002). Some of the most common restoration techniques to
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mitigate fires focus on forest fuel reduction, either by thinning treesniriesa delimited
area, or conducting prescribed and controlled burning of strategic fores{Age® and
Skinner 2005, North et al. 2007). The presence of pre-fire anthropogenic treatments has
been shown to reduce fire severity (Weatherspoon and Skinner 1995, Stephens 1998,
Pollet and Omi 2002), and according to these findings vegetation response would be
different for areas that were treated and burned and areas that didengd esxy

treatment and were also burned by the same fire. In this research wedssibes the

effect of pre-fire treatments by using remote sensing tools, which pthsaspportunity

for managers and scientist for the evaluation and continuous monitoring of vegetation
response post-fire.

Our objectives in this research were 1) to evaluate the influence ottededet of
environmental factors to describe post-fire vegetation response, and 2) eXareqere
restoration treatments have a significant effect in post-fire vegetaspomse by
improving vegetation recovery. Figure 1 explains the expected behavior of a forest
system with a given set of environmental conditions. We expect fire severity
environmental factors and pre-fire vegetation treatments to be major drivegetdtien
response after fire.

The goal of this research was to evaluate post-fire vegetation respottseddires
in north central New Mexico, as a function of local environmental factors and @re-fir
restoration practices that took place in part of the burned areas. Surprigesghrch has

been limited, and little literature can be found regarding the assessmentoliebtve
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effect of the factors previously mentioned on post-wildfire vegetation respoasad{C

et al. 2010).

1.1. Monitoring and modeling wildfire effects

The use of remote sensing technologies constitutes a good source of information and
data to assess vegetation response and trends (Reed et al. 1994, Zhou et al. 2001, van
Leeuwen et al. 2010). Remote sensing tools provide the means to assess biophysical
variables such as location, spectral signature of objects, chlorophyll absorpti
characteristics, moisture content on vegetation and soil, elevation and topodexsen
1983). These variables are tightly related to key vegetation biologicatiaststich as
vegetation photosynthetic activity rate (Tucker and Sellers 1986, Huete et al.&@0?2),
to physical aspects of the terrain such as elevation, aspect and slope. Satelbtas
provide constant monitoring opportunity across extensive landscapes. These de¢asets
generally available for multiple temporal and spatial resolutions (Pamed Berlin 1992,
Jensen 2005).

Remote sensing techniques have been extensively used to monitor and assess diverse
aspects of wildfire events (White et al. 1996, Lentile et al. 2006), ranging frdial spa
studies to temporal assessment of processes (van Leeuwen 2008, WimbeB29@9,al
van Leeuwen et al. 2010). Previous research has taken advantage of the temporal,
spectral, and spatial characteristics of Landsat and MODIS to studyapdgtre-

wildfire vegetation responses (van Leeuwen 2008).

1.2. Modeling Post-Fire Trend
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In this research we use two different widely used modeling approachgsdweaour
goal. Classification and Regression Tree (CART) has been used in maplrdisc
(Murthy 1998), including ecological analysis with data from multiple soutragsare
very complex to manage, and often have problems such as missing values, nonlinearity
and unbalance (Breiman et al. 1984, De'ath and Fabricius 2000). The decision tree
framework (De'ath and Fabricius 2000) can help discern the importance andampact
explanatory variables on the response variables employing non-paraswtnities
that allow the use of categorical and continuous data. CART models offeryaio eas
follow graphical representation of the tree partition, telling us which variagdtes to
the response in hierarchical order.

Stepwise Multiple Linear Regression (MLR) is a parametric sitatlgechnique. The
procedure starts with the tentative explanatory model using a set of response and
explanatory variables, and analyzes secondary models that are deriveldefreame
explanatory variables. The final model is constructed with the independent \atledile
significantly contribute to the explanation of the response (Ramsey and SX@i2¢r
Using these parametric and non-parametric statistical techniquealuatevpost-fire
vegetation response as a function of a set of local environmental variablesngicludi

topography, fire severity and pre-fire restoration treatments.

2. Data and Methods

2.1. Analyzing fire events in the South West US
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This research is based on the premise that post-fire vegetation responses are
influenced by environmental factors which might vary in importance, depending on
geographic location. Also we pose that pre-fire restoration techniques appbedtioris
within a fire will likely affect post-fire vegetation response resultm@ire damage.
Therefore vegetation stand conditions and response due to these conditions will diffe
among treatments. The following sections provide a description of the studyndrédze
datasets used to derive our set of response and explanatory variables, including the
method utilized to test environmental drivers post-fire, which include patiarast
nonparametric statistical techniques. The methodological pathway usedstutlyiss

sketched in Figure 2.

2.2. Study Area

This study takes place in Bandelier national monument which is located in north
central New Mexico (35:53:38N 106:17:02W) in the area known as Pajarito plateau. The
approximate extent of the monument is 13,290 hectares, and its elevation above sea level
ranges from around 1,680 meters near the Rio Grande to approximately 3,240 meters at
the summit of the formation known as Cerro Grande. Bandelier National Monument was
created during 1916 to preserve the cultural heritage and history from pre-Elispani
settlements and communities in the area (Figure 3).

The landscape in Bandelier is composed of sloped mesas cut by steep-walte.cany
The average annual precipitation ranges from 330 to 460mm(Davenport et al. 1996,

Wilcox et al. 1996) and about 45% of it occurs during July, August, and September. The
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average daytime temperatures range from 32.2°C in the summer (max. = 41.1°C) to -
9.4°C in the winter (min. = -30.6°C). Conley et al.(1979) described 3 major types of
vegetation in the park. Lower elevations (1,680-2,015 m) are characterized as pinion-
juniper woodland. Mid-elevation transitional areas (2,015-2,440 m) are charatteyize
an overstory of ponderosa pi(feinus ponderosaand understory of Gambel oak
(Quercus gambeliilNew Mexican locusfRobinia neomexicanaand mountain
mahoganyCercocarpus mountanysUpper elevations (2,440-3,240 m) are classified as
mixed-conifer (Rupp 2002).

Forest fuels have been increasing in the last decades (BalicR@d@), as a
consequence of anthropogenic and natural conditions converging in this area (Touchan et
al. 1996). Furthermore, periodic decrease in winter precipitation cause tste fore
vegetation to desiccate earlier and remain desiccated longer during $eafon (Balice
et al. 2000), increasing the potential for intense fires in the zone. In an aibemipipate
the intensity of fire events in the area, several restoration techniques kave be
implemented around the monument, however their efficiency in mitigating ttsetff

wildfire have not been evaluated thoroughly.

2.3 Research Design

Within the area of Bandelier National Monument, we utilized three recentdires
conduct our studies. These fires where; 1) Capulin fire, which occurred during 2006 from
May 21 to June 24, the area burned was around 51 Ha, 2) Mid Elevation Mesas fire,

which occurred during 1999 from March 4 to March 10, the area burned was around 568
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Ha and 3) Upper Frijoles fire, which occurred during 2007 from November 5 to
December 31, the area burned was around 567.5 Ha.

For each fire, treatment types were identified according to resto@timitigation
actions that took place before the fire happened. For the three fires weesluavey
Bandelier National Monument, we identified burned areas that that receiyed-fice
treatment, and adjacent reference areas (not burned by the fire) thdirartm experts,
sustain similar vegetation conditions to the ones present in each of the burned areas
before the fire. Two of the fires we used for this study (Mid Elevation Meas&)pper
Frijoles Fire) had pre-fire treated areas. Figure 3 show the location ofebestiudied at
Bandelier National Monument, for each case it also shows the location of eaale pre-fi

treatment and reference area.

2.4 Vegetation response after fire

The NDVI measures the amount of potential photosynthetic activity of
vegetation(Gamon et al. 1995), by using the strong relationship of the index to the
fraction of photosynthetic active radiation (FAPAR) (Myneni and Williams 1994,

Epiphanio and Huete 1995). NDVI is calculated as follows:
NDVI= ( NIR- Red)/(NIR + Red) (1)

Even though we cannot consider NDVI as a direct measurement of productivity, it is
tightly linked to photosynthetic active radiation (FPAR), which is a factaréduulates
production (Myneni et al. 1997, Coops et al. 1998, Richard and Poccard 1998, Schloss et

al. 1999). Therefore, it can be used as an accurate proxy for vegetation respuitge acti
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after each fire. We generate a series of statistics based ongbeses$o analyze
similitude and differences among fires and fire treatments.

In this research we use the average of the Normalized Differergstafien Index
(NDVI) for the monsoon season, derived from the MODIS sensor at 250 m spatial
resolution. This average is generated by calculating the mean of MODIS-NDYdy
composite product (MOD13Q1) for the periods 13 to 17, which corresponds to the
composites during July, August and September. For the treatments in each fire, we
generated the monsoon averages for each year after the fire occteedb#aining the
monsoon averages post-fire, we established a least square relationship using the

following model to obtain the trend in vegetation response after each fire:

NDVI (monsooa = 0 + lyear (2)

Where NDVImonsooy IS the monsoon average value for NDVI, and year is the number
of years since burn, particular for each fire. Finally, we used the slgpe our study as
our indicative of post-fire vegetation trend for further analysis. Figure 4 stew t

potential response from vegetation according to pre-fire treatment.

2.5 Environmental and human factors affecting vegetation response

To find the local environmental variables that influence vegetation recovery, we
derived a set of explanatory environmental variables from Landsat TM5 and other
ancillary data sources. Specifically fire severity information anditecharacteristics

(elevation, aspect and slope) were calculated, along with the location akpre-f
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restoration treatments and specific management approaches that tookighlsctnes
fire, previous to the event.

We prepared a collection of Landsat TM reflectance data (30 m spatiiti@s).
Two images per fire were selected, one during a growing season previous te the fir
event, and one during the growing season after the fire event (Table 1). Thgsgs ima
where preprocessed to reduce atmospheric effects (Chavez 1996) and statigardize
guality of the dataset among fires.

From each of the two images derived per fire we generated the Normalize&®&tio
(NBR) as an indicator of fire severity (Key and Benson 2006, Roy et al. 2006)iSNBR

derived as:
NBR= ( NIR- SWIR)/(NIR + SWIR) (3)

The NBR has performed well when comparing burn severity in situ to the index
measurements (Epting et al. 2005), and it is used in a similar way to the NDVI but
instead of a red band used to assess chlorophyll content of leaves and tissues, the NBR
uses short wave infra red to assess water content of soil and leaves (Keynaod B
2006). The Difference Normalized Burn Ration (DNBR) was computed to obtain a
measurement of the magnitude of change due to the wildfire event (Key and Benson

2006, Miller and Thode 2007) (Figure 5). DNBR is generated as:
DNBR= Pre-Fire NBR — Post-Fire NBR 4)

A Digital Elevation Model (DEM) for the study areas was provided by tieNal

Elevation Dataset (NED) through the USGS, at 30 meter resolution. The DEM was
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surveyed and filled to correct for errors (Longley et al. 2005) and sinks. From the
corrected DEM we derived elevation, aspect and slope of the terrain to furtrer our
model regarding the physical characteristics of the zone (Jenson and Domingue 1988,
Moore et al. 1991). Elevation generally affects climatic conditions, it is dgnera
accepted that temperature decrease and precipitation decreases at éngltiens|
therefore it is an excellent predictor of climatic variation at localescdue to the usually
large sampling scale provided by the DEM’s (Daly et al. 1994, Daly 20@PR). Slope
and orientation of the mountains are known to affect precipitation, radiation exposition
and thermodynamic processes related to wind (Daly et al. 1994, Raupach and Finnigan
1997, Flores et al. 2009). In general abrupt topographic changes can bring sharp changes
in temperature and precipitation; therefore these variables can be @spobag to
analyze local climatic variability to explain differences in vegetatiends from one
location to another.

In this study we consider elevation and topography as a proxy for climaatova
within the study area, as well as an indicator of spatial arrangenetnt@phology of
the land surface (Figure 5). According to previous findings, topographyois als
significantly related to availability and distribution of resources aewdfit scales over
the landscape (Swanson et al. 1988), like water availability and its flow danbudien
in the soil (Allan et al. 1997, Pachepsky et al. 2001, Flores et al. 2009, Ali et al. 2010,
Begum et al. 2010), soil erosion (Pazzaglia and Brandon 1996, Pan et al. 2010), energy

exchange and wind exposure (Raupach and Finnigan 1997, Bertoldi et al. 2010), and
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land use (Herold et al. 2003). All these factors affect, directly or indireb# vegetation
response after fire.

Finally we used pre-fire treatments as the last set of explanatoaples. Within
each fire perimeter studied, we considered areas with pre-fire resigredctices on
vegetation, and areas that did not receive any pre-fire restoration as anatesep
treatments. We also included areas near each fire that have not burned and have not
received pre-fire vegetation treatments as our third treatment, esegpreference
conditions. Due to differences in spatial resolution and projection (Avery and Berlin
1992) among the datasets, we conducted a resampling and reprojection of the Landsat
TM 5 and the DEM datasets to match the spatial resolution (approximately 256)meter
and projection (Lambert Azimuthal Equal Area) of the NDVI-MODIS dasasetorder
to be able to conduct statistical and spatial analysis of the fires. This prspngce
occurred before we derived variables from each dataset. Non-rastetsatare

reprojected to match the rest of the datasets.

2.6 Modeling post-fire vegetation response

In this section we discuss the statistical model used to assess what where the
environmental factors affecting vegetation response post-fire. Using\thieranental
proxies previously defined we will; 1) Assess fire factors affectingtagign response in
each treatment, and 2) Analyze the effect of fire treatments alongstiad the

environmental factors in each fire.

2.6.1 Sampling for modeling
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For remotely sensed datasets the common output format is a raster with spgitral
resolution, determined by the two dimensional area represented in each one afgéhe im
cells, and the magnitude of each of these cells constitutes the averageaiieicted
energy of the area represented. In this research we use every pixeBthét & more
contained within our treatment type as a sample for the specific treafrgpitally if
the pixel is divided between two treatment types, the sample was assighed t

treatment that contains more area of the specific cell.
2.6.2 Modeling vegetation response per pre-fire treatment

The MLR model approach in this study was designed to assess the variation on
vegetation response explained by topographic and fire severity effect$iofehe
treatments per fire. For this analysis, we use vegetation response as ourmtepende
variable, and the same set of independent variables derived for the CART model.
However, pre-fire treatments were not included in the analysis since thi$ anatizes
the effects of the rest of the environmental factors on those treatments. Bardywve
used the iterative process of forward stepwise MLR (with P<0.1) to assassnmental
effects post-fire.

For each of the models generated with the MLR we calculated the adjdsiad e
standard deviation and the Root Mean Square Error (RMSE). Using the modelex] res
we also generated a map of predicted values and a map of residuals for bagbi>adls

to assess where the model presented more errors.

2.6.3 Modeling vegetation response per fire
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One of the primary objectives of this work consisted in the assessment of pre-fire
treatment effects on post-fire vegetation trends, for this we use a non paranettrod
to assess the effect of pre-fire vegetation treatments along with tloé oest
environmental factors. Our aim was to use the CART modeling approach to evaluate how
pre-fire treatments and environmental variables have an effect on pogtgietation
trend.

An analysis was conducted per-fire as a general model for factarsrajfeegetation
recovery post-fire. The level of pruning in these models was established byaspobc
cross-validation, where we developed and fit the entire tree, then evaluatedddble
using subsets of the entire dataset to produce the tree with optimal number of nodes. The
purpose of this is to improve the prediction of the response variable by the model
(vegetation trend post-fire) , this methods are extensively explained by@reit al.

(1984, 1993).

For each of the models generated we created a map with the values estimated for
vegetation response after fire. We also plotted the decision tree schemeagshew
decisions taken for each step of the model and the variables contributing to the model
development. Finally we generated the chart for the “best pruning levefewre show
construction of the smallest tree that is within one standard error of the ‘tmmaost”
sub-tree. The cost of the tree was calculated as the sum over all termirsabhite
estimated probability of that node times the node's cost (Breiman et al. 1984, 1993).
Since this is a regression tree, the cost of a node is the average squared retiner ove

observations in that node (Breiman et al. 1984).
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We conducted a simple linear regression analysis between the estimatédridhe
NDVI response per fire to analyze the goodness of fit for the overall modell asiree

RMSE.

3. Results, Analysis and Discussion

In this section we provide the results and discussion for 1) Post-fire vegetation
response as a function of restoration treatments for each fire 2) The Ndkdaelp for
the analysis and modeling of the effect and importance of environmental factors
determining post-fire vegetation trends, for each pre-fire treatment@eBfiThe CART
analysis and modeling of the effect and importance of environmental varatile
restoration treatment per fire. These analysis are used togetheram exggjetation

trends after disturbance per fire and also per treatment.

3.1 Post-fire vegetation response

A series of parameters were estimated from vegetation responséaiftéable 2).
All treatments in these fires show that vegetation responses follow a pasitide t
increasing their NDVI response in subsequent years after the fire Susce pre-fire
vegetation treatments are not the only vegetation response drivers, we intendito expla
the change in NDVI response and variability among treatments in each fige usi
statistical modeling. However, the fact that our three referenceshib@s positive trends
suggests that vegetation is increasing its photosynthetic activityeafies with low

production.
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In accordance to our assumptions regarding post-fire vegetation respounse {§ig
two fires (Capulin and Frijoles) show slightly lower mean post-fire NDWesand
trajectories compared to their reference areas, during the monsoon seaso2).Tabl
However these differences were minimal for these particular fires. Oppoditis, the
La Mesa fire shows slightly higher mean NDVI values for the burned than for the
reference areas, suggesting the presence of other processes (possiblyodradigons
during 2000 and different vegetation communities e.g. grass vs. forest) controlling
photosynthetic activity in this particular area (Table 2). We also observeditizht
NDVI (monsoon) responses after each fire did not differ between treated asatenht
burned areas. Evaluating fire effects on vegetation composition could provide further
insights into changes in vegetation community assemblage and ecosystem fudtestion a
disturbance.

We calculated ratio in each fire by dividing the mean NDVI change trougfetivan
each treatment by the same change in the reference area (thérefafertence area ratio
was always equal to one). From our results shown in Table 2 we can perceive that in
Capulin and La Mesa fires, the ratio between our reference areas and thehest of
treatments was always lower than one. This suggests that the refeesschare a faster
response to unfavorable conditions (in the first years) than the burned areas.

For the Frijoles Canyon fire, we obtained the opposite results, the refareadeeing
the slowest positive response. However, the reference area in this pafiiedias a
high NDVI right after fire (higher than the burned areas). This suggestdithatic

conditions in this particular fire were more favorable than in the other fitde ifirst
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year after disturbance, therefore the response trend could not be expeacteeasel
rapidly for non-disturbed areas if the conditions were almost similar thrbegjetrs
analyzed.

For every fire and reference area (Figure 3) we provide the spatiadeefaton of
the vegetation trends (Figure 6). Since one of our goals for this project wasébthe
trend of vegetation after each fire, all the observations in each fire wkrdadan the
analysis. The trend maps where later used to derive the residuals of theaGARILR

models.

3.2 Environmental influence on vegetation trends per pre-fire treatment

3.2.1 Factors influencing post-fire vegetation response

The Capulin fire analysis showed that there is strong evidence suggestingrthedor
post-fire NBR, as well as aspect have a strong effect on post-fire vegetsponse for
the burned and untreated portion (Multiple regression test, ANOY#, £6.5849, P-
value= 0.005). This model explains 90.86% of the vegetation response variation as a
function of post- and pre-fire NBR and aspect. We also found that the post-fire NBR,
aspect and elevation have a strong effect on vegetation response inrdreecéeea
portion of this particular study site (Multiple regression test, ANOVAgF11.4678, P-
value= 0.0002). This model explained 64.42% of the variation in vegetation trend as a
function of these particular variables.

Analyses of the Frijoles fire suggested that aspect and elevation hawvegestect

on post-fire vegetation response for the burned and untreated portion (Multiple cagressi



a7

test, ANOVA, k gz= 23.5481, P-value<0.0001). The model explains 36.2% of the
variation in vegetation response, as a function of elevation and aspect. Also, we found
that pre- and post-fire NBR, as well as aspect have an effect on posgitatien

response in the reference portion of this fire (Multiple regression test, ANGM /5=

19.7326, P-value<0.0001). The model explains 25.28% of the variation in vegetation
response as a function of these variables. Finally, we found that pre-fire B8thev

only variable with a significant effect on post-fire vegetation response prekeurn

treated portion of this fire (Simple Linear regression test, ANOV A¢+7.0968, P-
value=0.017), where our model explained 30.73% of the variation in vegetation response
as a function of this variable.

For la Mesa fire, there is evidence suggesting that DNBR and elevation have a
moderate effect on post-fire vegetation response for the burned and untreated area
(Multiple regression test, ANOVA,;F= 4.0994, P-value= 0.0663). The model explains
53.94% of the variation in vegetation response as a function of these two variables. For
the reference area, we found strong evidence suggesting that pre- and pd3Rfire N
DNBR and elevation have an strong effect on post-fire vegetation responspl@Mult
regression test, ANOVA, .4+ 253.7328, P-value<0.0001).This model explained
89.11% of the vegetation response variation as a function of these variables. And finally
in the area that received pre-fire treatment, we found strong evidehesleat,
elevation, slope and DNBR have an strong effect on post-fire vegetation response
(Multiple regression test, ANOVA, shg= 69.238, P-value<0.0001), here our model

explained 73.67% of the vegetation response variation as a function of this variables.
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The variable usage and the fithess for each of the models previously des@ibed ar
illustrated in Table 3. The spatial representation for the estimated NDW afeer fire
and the residuals maps are provided in Figure 7. The previous percentages of model
explanation where a reference to the adjusteavRich is a version of the?Rhat
includes a penalization for the use of non necessary explanatory varialtese{Rand

Schafer 2002).
3.2.2 Environmental influences on post-fire vegetation response

Topography constituted a key component on our models due to its effect on the local
factors, however, our main purpose for the inclusion of these variables is to capture the
effects they have in local climatic variability (Flores et al. 2009). Due tauheber of
times that elevation and aspect were used in the models (Table 3), we pose that the
topographic arrangement of the terrain has a very significant impact on taé puost-
fire vegetation response. This also suggests that variability in locateliamd terrain
exposure have a strong effect on post-fire vegetation trends. This was expeeed s
these specific areas are dominated by prominent and abrupt changes intteictires
that create potentially different conditions in short vertical or horizonttlrdiss.

Our analysis also suggests that much of the variability of post-fire viegetie@end can
be explained by the variability in fire severity and the vegetation conditierapdepost-
fire. The DNBR, and pre- and post- fire NBR where frequently used in our modble (Ta
3). Pre- and post- fire NBR where more used that the DNBR (table 3), however teey we

frequently used together suggesting that vegetation conditions pre- and padtetire
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recovery affect vegetation trend post-fire. It is expected that vegetatalition and
magnitude of change due to wildfire events will affect vegetation recovecg, ie
effects on biological processes above and below ground (Neary et al. 1999) aremepende
on the severity of the event, and how this severity is distributed spatially.

Each of our models explains a substantial portion of the variation in each pre-fire
treatment, suggesting that the selected set of remotely sensed dadyathatiasets used
as independent variables captures part of the underlying ecological psodesstty and
indirectly affecting post-fire vegetation trends. All the models develbeee
significantly explain variation in vegetation trend (ranging from 0.2528 to .9086 in
adjusted Rvalues) as a function of the combination of topographic relief and its

properties, and also as a function of vegetation condition and fire severity.
3.3 Environmental and pre-fire treatment influences on vegetation trends per fire
3.3.1 Natural and human factors affecting post-fire vegetation response

The CART model steps and the rules used in each of the fires to model vegetation
response are given in Figure 8. Also, the spatial representation of those resuits and t
residuals map are shown in Figure 9, to illustrate where our models had moee or les
accuracy compared to the recorded vegetation trends post-fire.

We tested the goodness of fit for the CART results by comparing them to NDVI
response in each fire, and also provided the root mean square error (RMSE) in the same
NDVI units to show the average distance of the residuals. We found that in the case of

Capulin fire (n=32) the Rwas 0.87 with a RMSE of 0.0009 of NDV! units, for Frijoles
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fire (n=283) R was 0.47 with a RMSE of 0.0096 of NDV!I units, and for La Mesa fire
(n=243) Rwas 0.82 with a RMSE of 0.0016 of NDVI units. These results suggest that
the variables included in our models substantially explain vegetation resiiensee

and that the pruning level of the CART procedure allows the construction of tbdsésm
by including the optimal number of factors in them.

The first split of the tree for the Capulin fire indicates that predfgatinent is the
characteristic separating the burned with no pre-fire treatment, areféhence area.

The second split occurs in the reference area, and it suggests that aalhigites the
vegetation trend has a “steeper slope” (or faster recovery) than atelewations.

In the Frijoles fire model (Figure 8) we also have treatment type agghsplit, the
model suggests that the reference area has to be separated from thateaseslther
treated or untreated, in order to improve the model. The subsequent split shows elevation
as the next most important driving factor, suggesting that for the burned a®ayas
faster at lower elevations. Similar results were obtained for theenefe area, with the
difference that at higher elevations the vegetation trend was negative.

For the La Mesa fire model (Figure 8) the first divisor was elemalihe subsequent
split at higher elevations is again driven by pre-fire treatment types énen
elevations a further split in the DEM contributes to shape the response sugfgsséng

vegetation response at higher elevations.

3.3.2 Pre-fire Treatment Effects
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According to our models, elevation and pre-fire treatments were the priesugnse
variables that explained post-fire vegetation response variation in theitbsaad
analyzed. The models show that elevation changes have a strong effectatiaege
response after fire, very likely due to its relationship to moisture and diswtditions.
These results along with previous research, discussed in this paper, suggdstdtea
and terrain condition are some of the important drivers for vegetation respanse aft
disturbance.

The objective of pre-fire restoration treatments is to mitigate évergty and control
fire spreading, by modifying vegetation conditions like density and fuel avéyabil
Therefore, it is expected that pre-fire treated areas will sufierdevere damage due to
fire disturbances than untreated areas that burn. In the models generatedfitae pre
treatments were always present as one of the factors affectingti@yeesponse.
However, the models suggest that there was not enough variability betwemetteat
types used in this study to separate the burned treatment types (pre- or icesatéah),

and the model divided only burned from non burned areas.

4. Conclusions and Future Work

By analyzing post-fire vegetation response for this region, we observed tliaé pre-
vegetation management practices, topography, and fire severity contnoifiaasig
portion of post-fire vegetation responses. From the MLR analysis, our results cat@obor
that elevation, burn severity and pre- and post-fire vegetation condition stromginod

post-fire vegetation trend. These results agree with previous findings thastsingge
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these factors are key for vegetation development and activity (Swansoh33&l
Raupach and Finnigan 1997, Turner et al. 1997, Neary et al. 1999). The role of these
variables changes from place to place according to the characterigtiesterrain and

the severity of the fire event.

In this work we used a CART model as part of our analysis to assess thefebiect
fire vegetation treatments on post-fire vegetation response. Our results sogpess-t
fire treatment and pre-fire condition have a significant effect on post-fiyetaton
trend, when analyzing effects of treatments in combination with the rest of the
explanatory variables utilized in this study. However with the level of pruniedy tisese
models do not clearly discriminate between treated and untreated burneamireas
between burned and non-burned areas. This model also suggests elevation as atsignifica
influence for post-fire vegetation trend.

The two modeling approaches used here have advantages. We decided to use the MLR
for each of the treatments essentially because all the datasets ubedodel were
normally distributed, and it was easy to explain their effects on vegetaahgost-fire
using the conventional tests. This technigque was only used to compare effect of
environmental variables in different pre-fire treatment types. The seppnoaah used
was the CART model, which presented us with a powerful tool to analyze tbhedffe
pre-fire treatment types and environmental variables on post-fire vegatasiponse. In
this approach the response is modeled trough a series of binary splits of from the
explanatory variables, making it relatively easy to explain (and undersheneliféct of

each variable in the model. The approaches and methods used in this project, such as
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characterizing post fire vegetation dynamics for sites exposed to prediiogation
practices, constitute a tool to help in the development of better strategiesrtd cont
wildfire effects over the landscape, . We use a wide array of environmenéddlgario
analyze the response of vegetation after disturbance, and the techniques usedgive us t
opportunity to assess their influence on vegetation response. Because ofdtiee rem
sensing tool capabilities, these types of analyses can be conductedysgmadiait

different scales, providing the opportunity to analyze vegetation responseraféerd

other disturbance types. This approach could be refined through the use of this
methodology to assess other fires and disturbances in the arid southwest portion of the
US. Specifically, we propose to apply this approach to larger fires wathge of pre-fire
vegetation conditions, to further analyze the effects of multiple types oirpre-f

treatments.
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Tables

Table 1: Dates of fires and the time each event lasted. Also, dates f@anith&at TM 5
scenes selected to analyze fire severity in each case.
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Table 2: Statistics for the mean monsoon NDVI trend estimated from @2$NDVI
time series data. Where n is the sample size, AF is the mean NDVI monsoon
reading the first year after fire, IPY is the increment per ye&DVI units after
the first year reading, percent is related to the increment based on tinel AF a
Ratio results from the division between the treatment and the reference Breas A
per fire.
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Table 3: Variables that were present in each of the models (per treatmdrit)e &ffect
each factor has on vegetation response. Here we also show how much each model
explains the variation in response, percent of the time each variableseds

"#$
| %
# # 1 I
# # 1 1
] I
!
# | 1
# # # | |
# # 1 ]
# # | 1
&' | 1 ] 1
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Figures

Figure 1:Conceptual representation of vegetation response to climate, restoration and
wildfire disturbance. After wildfire events, restored-burned areasxarected to
have less damage due to a reduction in fire severity compared to unrestored areas
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Figure 2: Diagram showing the steps of the fire impact analysis approactm ulsisd i
study. Two approaches were used to evaluate post-fire vegetation response
drivers: a Multivariate linear regression and a classification andssqgretree.
Remotely sensed and ancillary datasets were used to derive response and
explanatory variables.

Tree Fires Analyzed
Parametric (treatment subdivision Non-Parametric
within fire)

Vegetation Vegetation
Response analysis Response analysis
by treatment by fire
I
Response Variable: r q
Independent Post-fire Vegetation i epegl chp
Variables: Response Variables:
Environmental Environmental
Drivers Drivers and
Treatments
Linear Model Decision Tree Model
Significant Drivers Significant Drivers
pertreatment per Fire
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Figure 3: Overview ofhe study area and its location in New Mexico, udahg burnec
areas and the reference areas. b-fire treated areas (in orange) within -
Frijoles fire area. ¢) Map showing the -fire non-treated &a (yellow) at L
Mesa fire.

La Mesa Fire

|:| Pre-fire Treated|
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Figure 4: A)Example (From La Mesa fire in 1999) of how the response variable was
derived, for each of the MODIS pixels in our study site. Post-fire vegetation
trends were represented by the slope of a linear model, the correlation of the
NDVI integrations of the monsoons with the time (years) after the fire. B)
Example of how vegetation responses differ between treatments within fires. C)
The linear trends derived from the data in Figure 4B. Average Monsoon NDVI is
calculated for growing season periods (July-September).
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Figure 5: lllustration ofthe series of explanatory variables used by MLR@ART
models. a) A example of the qualitative variable for -fire treatments (onl
used in CART). Fron5b to & the different variables calculated from the D!
(Slopes, aspect and elevai (m)). Finally from 5e to § we show the estimatof
fire severity.
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Figure 6: Monsoon NDVI trend for each pixel within the fire and the refereres a
were computed. For A the trend is calculated from 2008 to 2010, for B from 2000
to 2010, and for C from 2006 to 2010.
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Figure 7: The MLR spatial interpretation for the model results for trena®nsoon
NDVI are shown in A, B and C. The figures A-2, B-2 and C-2 show the residuals,
the difference of the values estimated for monsoon trend (figure 6) minus the
values estimated by the MLR model.
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Figure 8:The regression tree mo resultswith the optimal pruning levs (Breiman et
al. 1984)are shown for the three fires that were evaludkbd.rectangle
represent the nodes with the variable resyble for the split. In the case
treatments the reference areas (REF), th-fire treated burned areas (BT), ¢
the untreated burned areas (BNT) were represestqdalitative value



72

Figure 9: The spatial representation of the CART model resultefatdrin monsoon
NDVI values are shown in A, B and C. The figures A-2, B-2 and C-2 show the
residuals: the difference of the values estimated for monsoon trend (Figune 6)
the values estimated by the MLR model.
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Abstract

This research investigates the human impact on land cover dynamics in anarid ag
ecosystem in Northwestern Mexico. We highlight the case of La Costard®osillo, an
agricultural development where inadequate use of water resources restiied |
abandonment of agricultural fields and modification of economical activities. &/e us
remote sensing and ancillary datasets combined with classificatioegnedsion tree
(CART) models, to map the distribution of land cover classes in the region dugitast

22 years (1988-2009), and to characterize changes in the main agriculturapdergs

in the area. All land cover classification maps show an overall accurawseio80%.

There is a general trend showing a decrease in agricultural area igitdmefrem around
115066 ha in 1988 to 66044 ha by 2009, which represents a decrease in almost 43% in
area used for agriculture. We also found evidence of a rapid increase in ageacul
activities from 0 Ha in 1988 to 10083 Ha by 2009. Our change detection analysis show
that most of the agricultural conversion happened in the main agricultural developments
of La Costa de Hermosillo. Our analysis shows the temporal and spati@udiisns of

the agricultural dynamics, changing from active agriculture to other niocutigre land
cover types and vice versa, this analysis confirms the ongoing abandonment of
agricultural fields in the area. The implementation of the methods and techniques
developed in this paper contribute to increase our knowledge regarding successional
trends of abandoned agricultural fields. We believe that the implementation of these
monitoring protocols into decision support systems could inform and facilitate more

efficient restoration practices.



Keywords: Remote sensing, land cover, classification, change detectionstaade

Hermosillo
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Introduction

Field abandonment in arid agricultural lands

Increasing demands and needs from a growing human population has resulted in a rapid
conversion of diverse natural land cover types to agriculture. It is estimatedetha

amount of land used for agriculture has increased by more than 450% since thfe start
the 18" century worldwide (Meyer and Turner 1992, Matson et al. 1997). This
conversion trend only slowed down in the last decades due to the intensification of
agricultural practices, resulting in increased crop yields due to fertdizd pesticide use
(Tilman et al. 2002). However, other limiting factors (water, sunlight or terysejdor

each particular agricultural zone will also affect productivity (Ragbi1993). The

struggle to overcome these limiting factors has led to many questions about the
sustainability of intensive agricultural practices and the impact on surrounding
ecosystems (Goodland 1997, Matson et al. 1997, Tilman et al. 2002).When agricultural
practices take place in arid environments or very dry zones, large supplieshof/fter

are required for crop irrigation (Ewel 1999). Therefore, water is often one ofdbie
important limiting factors for agriculture in arid ecosystems. A clgample of

unsustainable agricultural practices in arid ecosystems occurred in tlué hee@osta

de Hermosillo (LCH) which is located in the central west part of the st&eraira in

Mexico. Here the rapid exploitation of resources, particularly water, keave lthe
abandonment of large agricultural areas in recent years (Halvorson et al. 2@08). T

have been studies trying to understand ecological succession within abandoned fields in

the region of LCH (Castellanos et al. 2005), however there is a general lack of
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information regarding the land use transition and distribution of these abandoned fields
Therefore, the impact of this phenomenon remains unknown at the landscape level. We
pose that due to the high rate of conversion between land cover types in this agricultural
area, it is crucial to understand and monitor changes across time in ordertteetyfec
assess and mitigate potential ecological impacts. We also beliegaithiat insights

about these conversions, will lead to a better understanding of the potential transitiona
states of the landscape as a result of environmental and human pressures (Waktoby e

1989, Briske et al. 2005).

In the early 1940’s irrigated agriculture was implemented in the LCghiran district
rapidly expanding agricultural practices. By 1970 the irrigation districached its

peak of cultivation at about 132,516 ha (Halvorson et al. 2003). As a consequence of this
increase in land used for agriculture, higher volumes of water were requiradateirr
crops. Hence, ground water extraction from the aquifer at LCH increasddrgisy .
Economical and environmental impacts of the increased water extractgngngein
marine water intrusions of the aquifer and increases of salt levels in ntauwtacal

fields at LCH have been described in the literature (Andrews 1981, Randeldv al.
2002, Halvorson et al. 2003). As a response to this economic risk and environmental
threat, governmental regulations were created to mitigate further degnaalathe
landscape (Halvorson et al. 2003), generally by reducing and controlling thre wate
extraction for crop irrigation from underground aquifers. As a consequence of land
degradation and water use restriction, large portions of the landscape devoted to

agriculture were abandoned (Castellanos et al. 2005). However, not all the field
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abandonments were a consequence of the same phenomenon, and some abandonments
occurred because of economic or other reasons (Castellanos et al. 2005). Sitee the la
1990’s and beginning of the 2000’s, rehabilitation techniques at LCH have been
subsidized by the Mexican government through programs such as the “program of direct
agricultural subsidies” (PROCAMPO) anBro Arbol” (Pro Tree) promoted by the

National Forestry Commission (CONAFOR), to restore vegetation cover on abdndone
fields. However, methodologies to quantify the success of these efforts avellinot

developed, nor documented.

The goal of this research is to reconstruct land use and land cover dynanGtstatbe
able to assess how land cover classes have changed and to analyze the ttemsforma
the land used for agricultural practices in the last 22 years. Surprigmogbyudies

regarding the changes in landscape dynamics for LCH have been conducted.

Using remote sensing tools, field data and expert knowledge form our study site, our
objectives for this project were to 1) assess land cover change at LChHh&magldle
1980’s, paying close attention to agricultural practices and 2) to assess theioleaege

and spatial distribution of agricultural abandonment through time at LCH.
Remote Sensing and land Cover Dynamics

Land cover change produced by human activities modifies landscapes and ecosystem
processes all over the world (Lambin et al. 2001). Also, human activities influence
landscape pattern and distribution as a result of changes in land cover (Turner et al.

2001). These changes occur constantly and remote sensing constitutes a s@iece of d
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from which updated land cover information can be extracted efficiently and gheapl

monitor these changes in an effective way.

Land cover change detection in remote sensing refers to the family of techusedes

assess how features or phenomenon have been changing through time on a particular

landscape. Most of the techniques involve taking multiple images of the arearantliffe
times. Land use change detection constitutes one of the best indicators afreionts

between humans and nature (Zhou et al. 2008).

The basic premise for change detection techniques in remote sensing, is thas chan
land cover are reflected in changes in spectral radiance values (SinghltL888ls0
assumed that the changes in these spectral radiance values due to land cgeearehan
larger than changes in radiance values caused by other factors, sucalds va
atmospheric conditions or variances in soil moisture in the same areaarditimes
(Mas 1999). Because of the large coverage for the earth surface deriadllty slata,
land cover change detection constitutes a very important tool for monitoring tecosys

(Du et al. 2002).

Moderate resolution satellites have been widely used for studies regardirgpizer

change since the launching of the first Landsat sensor in 1972 (DeFries and Townshend

1999, Cohen and Goward 2004). The Landsat MSS sensors provided a great opportunity

to monitor land cover, due to the high spectral and spatial resolutions provideséy th
instruments, during the early development of satellite remote sensing. Sad#igs are

still conducted using data from these sensors due to the extensive histohiva arc
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collected by them (Mas 1999, Kepner et al. 2000). The launching of the first Tht sens

in 1982 on the Landsat-4 platform, represented an important improvement in the spatial
(from 60m to 30m) and spectral resolution (from 4 to 6 spectral bands) capaftitnes
1990) in comparison to the MSS sensor. As a consequence of these technological
improvements and subsequent launches of Landsat-5-7, classification and change
detection algorithms and techniques present the potential for more acanchtever

classifications when related to phenomena on the ground.

There are many approaches that use remote sensing tools for changierdatealysis

(Mas 1999, Coppin et al. 2004, Lu et al. 2004). In this study we plan to use the post
classification comparison as a change detection approach (Singh 1989, Lu et alb 2004) t
assess the change in the distribution of agricultural practices at five rsanywedates in

our study area.

Materials and Methods

Study Area

La Costa de Hermosillo in Sonora, Mexico is located south west from the city of
Hermosillo, approximately between the coordinates 28° 14’N - 28° 57'N latitude and
111° 15’'W - 111° 45'W longitude.LCH is located within an exoreic watershed and its
surface waters run to the Gulf of California (Rangel Medina et al. 2002). The 833 km
irrigation district of LCH (Castellanos et al. 2005) is located within thegland the

central gulf subdivision of the Sonoran Desert (Shreve and Wiggins I. 1964, McGinnies

1981). However, agricultural practices have expanded beyond the district boundaries, and
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they occupy over 2000 Kmin an effort to characterize agricultural areas and the
landscape surrounding these developments, our study area extends over to thnecoast |

incorporating the surrounding areas of LCH, for a total area of 509(Fkguare 1).

Elevation in the study area ranges from 0 to 455 m. Mean annual temperature for the
zone ranges between 18 and 22W@th maximum temperatures of over 45dLiring the
summer, and minimum temperatures abové th@he winter. Precipitation varies from
100-300 mm-yt in a bimodal summer winter regime with the wettest months being July
and August. Potential evapotranspiration range is 2200-2500 thifitgtvorson et al.

2003).
Northern and Southern agricultural developments

Currently, many agricultural developments take place in our study areavotwo of

these developments can be considered as the most important, due to the large extents of
land used for agriculture. We delineated these areas based on available aeria
photography from the late 70’s and Landsat images from the late 80’s. We used these
sites to focus on changes in land cover related to agricultural practices derlagtttwo
decades. Subsequently, we refer to these areas of study as northern and southern
agricultural developments and their areal extents are 353.3 and 1663&skectively

(Figure 2).

Datasets and derived variables used for land use/cover classification
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The use of Landsat imagery have proven useful for assessing land cover type
distributions and for ecosystem modeling (Cohen and Goward 2004). Moreover, due to
the temporal, spectral and spatial resolutions of the images collected bgtétiise

(Avery and Berlin 1992, Jensen 2005) ,it is possible to obtain and derive insightful

products to generate accurate land cover classifications.

In the case of arid ecosystems, precipitation measurements show highioarrela

between land cover and seasonality (Beatley 1974, Young and Nobel 1986, Loik et al.
2004). Precipitation events generally act as the trigger for vegetatiothgaod/

consequent phenophases in arid environments (Schwartz 2004). Phenological stages of
desert vegetation are important, to determine the best time for imaggosetend

sampling to assess land cover types and change in arid and semiarid et0§ysigh

1989). At La Costa de Hermosillo, the bulk of precipitation occurs during the summer
monsoon; therefore our remotely sensed data have to be selected before amd after t

season to catch the phenological differences between vegetation types.

For the LCH area, we selected five anniversary years from wteathase two Landsat
TM scenes, one pre and another post monsoon season (Table 1). Precipitations
measurements for the years selected where calculated using westbes sn LCH. We
found that for the years analyzed, precipitation levels fell within the eegheserage
range for the zone, except for 2009 which was a relatively dry year. Howexedecided
to use 2009 as part of our analysis, expecting that our accuracy assessnmatitate

the suitability of the land cover classification results.
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Each of the images used for the analysis was processed to minimize atncospheri
influences on the reflectance signal by using the Cosine of the Zenith (&@Q&T)

model (Chavez 1996, Chander et al. 2007). Another dataset used for our classification
was a digital elevation model (DEM), obtained from the Instituto Nacionastelistica

en Informacion Geografica (INEGI), which was resampled to the same spathltion

and projection as the Landsat scenes.

The atmospherically corrected data were used to derive a set of rematg sesi

topographic variables for use in our classification (Table 2).

Land cover classification scheme

To derive the land cover classes in our study area, we used a hybrid approateusing
land cover classification scheme proposed by Anderson (Anderson et al. 1976), and the
vegetation communities scheme proposed by the CONAFOR in the Mexican national
forest inventory (SARH 1994). In this study, we used Level | classes tiagrgon
recommended for Landsat type sensors. Level | classes attempt tbaldseigeneral

land use represented by the sensor signal (e.g. water agriculture, urbatcgredtleout
going into further detail on the classes (e.g. urban-residential, urbanercral and

services, etc.). Further subdivision of some of those classes was achievetlifiesi
vegetation schemes proposed by CONAFOR, which further describe vegetation
communities according to plant physiognomic characteristics (height,sfagh form),

floristic composition and ecological distribution (Table 3).
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Due to the high degree of confusion introduced in our automated classification process by
the class denoting urban areas, we decided to manually assign this class to the
corresponding places that were well identified in the landscape. We uséglaetis,
high resolution images and the Landsat dataset for this process. The automated
classification approach was conducted for the remaining land use/coves ¢kigsee

3).

Classification Model, Training Datasets and Accuracy Assessment

CART Model

We used the classification and regression tree (CART) modeling ap{Braainan et

al. 1984, De'ath and Fabricius 2000) for the classification of land cover types. This
approach has been widely used to achieve land cover classifications of landdcape
different resolutions (De Fries et al. 1998, Friedl et al. 2002, Rogan et al. 200%, dtow

al. 2007), and has been documented to outperform other classification techniques
(Hansen et al. 1996, Pal and Mather 2003). For this particular study, we used the SEE5.0
approach and software to improve our overall process with the decision tree model

(Jensen 2005, Tso and Mather 2009).

The CART model provides a graphical representation of the variable selection and
hierarchy, facilitating the explanation and discussion regarding the maahegri
responsible for the land cover class denomination. A CART model classificatson wa
generated for each anniversary year using the combined variabledwbtbendsat

images collected per period and the topography products derived from the DEM.
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Classification training

To achieve high accuracy in our classified thematic maps we decided to use the
supervised classification approach by training our classifier with sarfipla each of
the classes (Tso and Mather 2009). Each classification (for the yeafgesgigacTable 1)
required the sampling of training points that were specifically identiiethe periods
we classified, or were in close proximity in time (where no visual peldeminanges

occurred).

For each of the classes, the number of training samples varied between 35 and 130
depending on class distribution and area occupied by the class across the lafitigcape
classes that occupy less area are the ones that were less intensipétyl ga.qg.
estuary/water). We intended to obtain the highest accuracy possible ¢tagbes related
to agricultural activities and aquaculture, therefore these areas wgrkedanore

intensively even if the land cover type was not extensively distributed in ourastealy

The training samples were obtained using various data sources that allowed us t
recognize the land cover types present during the different times. Thasetslacluded
active field sampling, previous field datasets available for the area, tioé neseotely
sensed high resolution imagery (Quickbird and IKONOS) and aerial photography. In
several cases, we observed consistent land cover class distribution through time
(spatially), so a similar set of training points were used for some ofabged at different

classification periods.

Assessing classification accuracy
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The most common way to present accuracy assessment is the error noatgal{@
1991, Foody 2002, Lu et al. 2004). The error matrix is a simple array of rows and
columns that represent the number of units sampled assigned to particulaiesatagor
classes in contrast with the actual category measured on the ground.urhescol
represent reference data, while the rows represent the classificdtioates generated
via remote sensing (Congalton 1991). The major diagonal in the matrix resrése
classified and observed “true values” in the field, and the overall accuralbtaised by
the sum of entries in the entire diagonal divided by the total number of sankgles ta
(Story 1986). Several other statistical measurements will be derivedHeoetror
matrix: the producer and user accuracies, and the widely used Kappa gGtosty
1986, Congalton 1991), a value that provides an indication that the results are not due to

chance.

The classification accuracies for 2009, 2004 and 1998 were assessed byngeadosal

of 315 stratified random points. Because no in-situ datasets existed to assess the
distribution of the classes on the ground, we verified the accuracy of thess bkasse

using aerial photography and high resolution satellite imagery providedibgeméaces

and Mexican agencies. This method has been used and accepted to assess the accuracy of
thematic maps, however it is highly dependent on image quality and expert knoofledge

the landscape, and experience with the interpretation of the imagery usedficatiami

(Skirvin et al. 2004, Jensen 2005).
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The quality of the datasets used for accuracy assessment for the 2004 and 2009
classification were very similar, since the locations were obtainedtfrernistorical
products provided by the Google Earth web service

(http://www.google.com/earth/index.htmirhe accuracy points for 1998 were derived

from panchromatic orthophotos that were provided by the Mexican agency INEGI and
several of the samples used in the classification of 2004 that did change in spectra
response (i.e. water). We conducted the image interpretation and assessmerg by usi
local knowledge of the landscape, and photogrammetric experience developed by

colleagues during previous work.

Agricultural practices at La Costa de Hermosillo

Agricultural change analysis

From the classified land cover maps obtained for La Costa de Hermosillo, veegbedc
to extract the northern and southern agricultural developments from each of the
anniversary years. For all land cover maps we grouped all classes ghed'sliaiss”,
except for fallow agricultural fields and active agricultural fields. We tladcutated the
amount of area devoted to agriculture, to assess the increase or decrease of the
particular land cover classes through time in the northern and southern partsostda C
de Hermosillo. A second accuracy assessment was conducted after dnegeraant of
classes.

Change detection analysis
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Two independently classified images from the same area for differentwienes
compared to one another to generate a change matrix for the landscapeda(gilygh
1989, Coppin et al. 2004, Lu et al. 2004, Shalaby and Tateishi 2007). Because we
classified the two dates (images) separately into a thematic outpagrthalization for
atmospheric and sensor differences between two dates can be lefSasytie1 989,

Coppin et al. 2004). The classification accuracies for the single dates neddeigh
because the accuracy in the change detection equals the product of the accutaeies of
two classifications used to detect change (Stow et al. 1980, Singh 1989).

Using the thematic maps derived for the north and south agricultural developneents, w
created change detection matrices and change maps. To obtain these eagsitd two
classifications at a time to assess where the change occurred (gpaéiaéntation of the
change), and what the change was. To assess agricultural change and potential
agricultural abandonment, we generated four change detection maps and ruattices

following pairs of years1988-1993, 1993-1998, 1998-2004 and 2004-20009.

Finally, we generated a series of landscape metrics per chang@uodassccupied by

each change type, number of patches, patch sizes and standard deviation of patch size
help us understand how these landscapes have changed and what the classes were that
changed the most through time. By analyzing these general fragmentaigiitsiate
expected to gain more insights into the landscape compositional and ecologatsktre

la Costa de Hermosillo after both agricultural development and abandonment.
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Results and discussion

Classification accuracy

The classification error matrices (Table 4) derived for our classditatesulted in

overall accuracies of over 84% for all the years (table 5). The user’s andgreduc
accuracies (Story 1986), obtained for different vegetation cover classash of our
thematic maps, varied from 70 to 100% and 57 to 100% respectively (table 5). We focus
on the user’s accuracy for the purpose of this study which denotes how well tladichem
map represents what is on the ground. Some of the confusion generated among several
land cover classes is mainly due to similarities in their spectralatbastics. Mesquite
shrubland are sometimes confused with desert shrubland due to overlapping of species
and similarities in response to monsoon rains. Also, mesquite shrublands are semetime
confused with active agricultural fields, especially with irregular odshéobserved

during our accuracy assessment) that might potentially have a similansesas the
mesquite trees (according to the classifier). Most other land coversclasee classified
correctly, primarily due to their unique phenological, biophysical and topographic
characteristics (represented by the used explanatory variables T#idé @3sily
differentiated them from the other land cover classes. For example, theesticcul

stemmed shrublands were identified by unique components related to elevation and

species composition, preventing confusion with other classes.

Due to the lack of high resolution imagery, the vegetation classification prdchrots

1993 and 1988 were derived from training datasets extracted from later ariewgies.
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For some of the classes training points from 1998 were utilized when not much spectral
variation was observed among the images during and after the monsoon for those years
For this reason we expect them to have similar accuracies to the ones achibgadsh t

of our classifications.

Landscape changes at La Costa de Hermosillo from 1988 to 2009

The most significant events regarding the land cover change and distributenCasia

de Hermosillo took place in the main agricultural areas (northern and southern
developments) where high rates of human modification to the landscape occurred. This
was expected due to field abandonment (Halvorson et al. 2003, Castellanos et al. 2005)

and modification of natural vegetation for agricultural purposes by farmers.

Based on our newly derived thematic maps, we found a clear trend indicating that
between 1988 and 2009 the active and fallow agricultural areas have been decreasing,
generally increasing the amount of barren soil and areas of earlyieabkgcession
mainly composed of desert shrublands (Castellanos et al. 2005) (Figure 4). The
increasing amount of areas in different stages of succession after humidiesaend the
land cover transition from agricultural areas to other land cover types, arékalys

related to water use and regulation (Halvorson et al. 2003). The reduction ofesuitabl
areas for crop cultivation is a consequence of the increase in salt content on soils

(Henderson 1965).

Another important change occurring at La Costa the Hermosillo during this 22 year

period was the establishment of aquaculture farms for the production of shrimps oyste
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and other profitable species (Paez-Osuna et al. 2003, Martinez-Cordova amearti
Porchas 2006). Even though the actual sustainability of these practices has been
discussed in the past (Pdez-Osuna et al. 2003) they have had a rapid increment in Sonora
since the late 80’s and early 90’s (Cruz-Torres 2000) where large exteosamastal

areas have been converted form native vegetation, to aquaculture farms aseegmite s
Figure 4. The main land use/cover change regarding these practleesransition from

halophytic vegetation (salt resistant) to aquaculture farms.

We found that land cover classes like barren soil and desert shrubland have increased
with the decrease of agricultural areas, while other classes like sutestdmmed and
mesquite shrublands were more stable through time (Figure 3). Using ourithaayad

of land cover (derived from each classification), we were able to differethiatspatial
extents where most of the variation occurred (Figure 4). Looking at the most imiporta
land cover changes identified, and the evidence collected from theulieeeaid expert
sources (Halvorson et al. 2003, Castellanos et al. 2005), we found that the amount of
changes portrayed by the maps reflect the progression of the land cover dysfahecs
region. Since our goal is to improve our understanding regarding land cover change
introduced by human practices, we consequently focus the rest of our analyses on the

main changes and trends in the actively changing agricultural practices

Change in agricultural practices at La Costa de Hermosillo

Accuracy assessment: northern and southern agricultural developments
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Our thematic maps for LCH show high levels of accuracy for activeudignie (fallow

and active fields) as well as for all other land cover classes (between 78 and 100%
Therefore, when we grouped all the classes but active agriculture andffaltts (to

end with three total classes), we expected the classification to be equalbyeoaccurate

than the one taking into account all the classes (due to the reduction in confusion among
the other non agricultural classes). For the two agricultural areas ethses conducted
accuracy assessments (Table 6). Our results show similar acctwathesnorth and

south agricultural developments when compared to the ones obtained for landscape
classifications for the whole area of LCH. In all our land cover mapsdks cl

denominated as “Other” in our classification was an aggregation of desert strubla

vegetation and barren soil classes.

Changes in active agriculture areas: the North and South agricultural developments

Since our classification had high levels of accuracy by accounting for pherablog
changes in the different land cover types (Villarreal et al. 2011), we practede

generate a post classification change detection analysis to analyze abaridcemme at
LCH. To assess the overall changes in the most representative adtuéiargt areas in

our study site, we used the thematic maps extracted from the north and southuagricult
field developments (Figure 5). For both agricultural developments, our results show a
sharp decrease between 1988 and 2009 in the area occupied by active agriculture. The
reduction in these practices was from 12,004 to 3,512 ha in the northern area and from

96730 to 52466 ha in the southern development (Figure 6). We assumed that increases in
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any other category represent the area that was abandoned during the peried of tim

between each classification.

Each of the products generated ended up with nine potential changes from one land cove
type to another showing where and what changes occurred between agricuiibue, fa

and other land cover types. Since the imagery used for classification werertaken f

similar periods in each of the years, and the errors of miss registratiertome(Carmel

et al. 2001) the sources of error in the change detection were mostly due to miss-
classifications. These Type | (no change when there is) and Typengéhdoen there is
none) errors are common in post classification techniques (Hall et al. 1991re¥lllet

al. 2011). It is generally accepted that the accuracy of the change mapdiegpatsiuct

of the two accuracies of the classifications used for the years in question.

Thematic spatial representations of land cover change denote that the northern
agricultural area was highly dynamic with regard to its agricultuegétation cover

classes through time (Figure 7a). These spatial representations shoeattmland

types of changes occurring in specific areas. When analyzing net agriathtamge in

this area (new or re-opened areas for agriculture minus areas cdriv@meagriculture

to other land cover types), we found that there has been a general decrease iaragricult
practices in every period analyzed (Figure 7b). Changes in agricultuteg@sgmesent a
continuing decrease (when compared to 1988-1993 period) in the areas that are being

transformed to other land cover types.
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The following sections provide an overview of the changes in extent and fragmentation
metrics that occurred between 1988, 1993, 1998, 2004 and 2009 for active agriculture,

fallow and other land cover types for northern development.

1988 to 1993Almost 2365 ha of actively planted agricultural fields and 4718 ha of

fallow fields were converted to a different land cover type. The mean size of the
converted patches as 4.4 ha (26.3 SD) for fallow fields and of 3.2 ha (10.5 SD) for
planted agricultural fields. We also observed changes from fallowit@ agricultural

fields (779.7 ha) and vice versa (558 ha). Furthermore, we observed that new areas for
agriculture were opened up during this period, 747 ha of planted fields and 1832.5 ha of
fallow fields with a mean patch size of 2.3 ha (5.7 SD) and 2.6 ha (8.6 SD) redpective
Most of the changes occurred in the north and central portion of the study site velsere m

of the agricultural area is located (Figure 7a).

1993 to 1998About 1287 ha of planted agricultural fields along with 2803 ha of fallow
fields were converted to other types of land cover. The mean patch sizeséor the
conversions were 2.6 ha (10 SD) and 3.6 ha (15.8 SD) respectively. The change from
planted agricultural fields to fallow fields was 248.8 ha and from fallowatotet 251.3

ha. We also found that 799 ha of new fields with active agriculture wetdigiséal, with
patches of approximately 1.8 ha (7.2 SD). Also, we estimated that 1493 ha of new fallow
fields with patches of approximately 3.7 ha (13 SD) were establishese Thanges

occurred mostly in the north and central portions of the study site, however important

changes were also observed in the Southwestern sections (Figure 7a).
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1998 to 2004Between these years, 949 ha of planted agricultural fields and 2711 ha of
fallow fields were converted to other land cover types. The mean patch sizesséor th
conversions were 2.7 ha (10.1 SD) and 9.3 ha (32.2 SD) respectively. The change from
planted to fallow fields was 122.5 ha and from fallow to planted 187.1 ha. During this

time, we found that new areas for agriculture were opened up in the order of 990 ha of
planted fields with patches of approximately 2.2 ha (12.5 SD) and 1493 ha of fallow

fields with patches of approximately 1.5 ha (9.2 SD). For this transition pégod t

landscape changed less than during the two previous analyses periods (1988-1993-1998).

The majority of changes seem to be concentrated in the north and central portions.

2004 to 2009For this last period 941 ha of planted fields and 965.5 ha of fallow fields
were converted to other land cover types. The mean patch sizes for these conversions
were 1.9 ha (6.8 SD) and 1.4 ha (4.7 SD) respectively. The change from planted to fallow
fields was of 206 ha and from fallow to planted 149 ha. Furthermore, new areas fo
agriculture were opened up: 273 ha of planted fields with patches of approxitnatbby

(3.1 SD), and 1226 ha of fallow fields with patches of approximately 1.6 ha (6.9 SD).
Much less change was observed during this transition period than in the previous ones.
However, most of the change occurred in the northern and central area of thetstudy si

the same area as for the previous period (1998-2004).

We captured higher rates of change among the land cover types during tieofirs
periods analyzed. This was apparently related to the enforcement of veategulation

policies that were implemented by the Mexican government since the mid 70’s
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(Halvorson et al. 2003). The decrease in crop production is also attributed to the
salinization of soils (Rangel Medina et al. 2002, Castellanos et al. 2005). During the
1980’s larger amounts of land devoted to agriculture were converted to other non-
agriculture cover types than in more recent years. Also, it is importaotadhat even if
new areas were opened for agriculture in every period, agricultural lantidresso

other non agricultural cover types always represented a larger area.

Size of patches among land cover types and land cover conversion sites were highly
variable for all time periods, suggesting that agricultural field abandumegv-opening
dynamics were not dependent on field size. However, we noted a generaselefribe

overall number of patches and patch density (number of patches/100 Ha) at the sites. We
estimated 4547 patches and a patch density of 12.87 patches/ha for the period of 1988-93,
and 2886 patches and a patch density of 8.17 patches/ha for the period between 2004 and
2009 Along with the reduction in fallow and active agricultural areas, thesesnetri

suggest a rapid (and generalized) agricultural abandonment throughout thepgansca

the early eighties only thirty-some years after agriculture estedaliitself in this region

(middle 1940’s).

Change detection thematic maps for the southern agricultural developmentlaepict t
location and type of change occurring at particular time intervals inttlig g~igure

8a). Similar to the northern agricultural development, the general trajecttimy of
southern (and main) agricultural development indicates a decrease in the anavaat of

used for active agriculture. However, the time when most agricultural change
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(abandonment) occurred is different in this area (Figure 8b), presentirrggbedhange
during the first (1988-1993) and the last (2004-2009) period. The low rates of change in
the two middle periods analyzed might be denoting efforts form land owners and
government to maintain agricultural productivity in this southern developmentHin LC

Further social and economic analysis will be needed to understand thesepatter

The following section discusses changes in extent and fragmentation metrics tha
occurred between 1988, 1993, 1998, 2004 and 2009 for active agriculture, fallow and

other land cover types in the southern agricultural development.

1988 to 1993During this first period we found that almost 9078 ha of actively planted
agricultural fields and 27699 ha of fallow fields were converted to other land typest:

The mean size of the converted patches was 3.9 ha (21.6 SD) for fallow fields bhad 2.5
(9.4 SD) for planted fields. The change from planted to fallow fields was 5214 ha and
from fallow to planted was 1240 ha. New areas for agriculture were opened up: 3602 ha
of planted fields with patches of approximately 1.5 ha (4.6 SD) and 9604 ha of fallow
fields with patches of approximately 2.5 ha (9.6 SD). Generally, thera Vaage change
from one land cover type to another. In this highly dynamic area, these clgrges

homogenously distributed throughout the whole landscape.

1993 to 1998During this time interval 8042 ha of planted fields and 15465 ha of fallow
fields were converted to other land cover types. The mean patch sizes for these
conversions were 2.1 ha (7.6 SD) and 2.9 ha (12 SD) respectively. The change from

planted to fallow fields was 5967 ha and from fallow to planted was 4870 ha.
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Furthermore, we observed that new areas for agriculture were opened up daring thi
period. 5022 ha of planted fields and 16269 ha of fallow fields with mean patch sizes of
1.8 ha (6.9 SD) and 2.8 ha (14.2 SD) respectively. Throughout the whole study area,
large areas previously used for agriculture changed to a different land coveéltige

period the landscape underwent less change than in the previous one (1988-1993).

1998 to 2004During this time 5651.5 ha of planted fields and 17185.4 ha of fallow

fields were converted to other land cover types with the mean patch size éor thes
conversions calculated at 2.3 ha (7.3 SD) and 3.6 (16.9 SD) respectively. The change
from planted to fallow fields was 6237 ha and from fallow to planted 3708.5 ha. We also
observed that new areas for agriculture were developed during this period withad933

of planted fields and 14180 ha of fallow fields being created. The mean patch size was
1.3 (4.9 SD) for planted fields and 2.4 ha (10.5 SD) for fallow fields. The rate of
conversion seems to slow down as we can still see some abandonment of fields
throughout the landscape as well as some rehabilitated fields among recemég ope
agricultural fields (Figure 8: abandonment depicted in red and cyan, new fields diepicte

in green).

2004 to 2009During this final period 6600.6 ha of planted fields and 22748.2 ha of

fallow fields were converted to other land cover types. The mean patch size of these
conversions was 1.7 ha (6.6 SD) and 4 ha (30.1 SD) respectively. The magnitude of
change from planted to fallow fields was 2568.6 ha and changed by 3125.1 ha from

fallow to planted fields. New agricultural areas were opened up, 3903.6 ha of planted
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fields and 10678.4 ha of fallow fields. The patch sizes for these new fields wéee 1.4
(5.4 SD) and 1.9 ha (9.6 SD) respectively. During this period, large areas of thersout
landscape were converted from active fields to other vegetation types; thig evesg

homogeneously distributed over the landscape.

For the southern agricultural area, the patch size was highly variableebhdbme cover
conversion types, again suggesting that the field abandonment/new-opening dynamics
might not be dependent on field size. There was a slight decrease in thepatehal

number and density (number of patches/100 ha) within the southern site: 29242 patches
and a patch density of 17.58 patches/100ha for the periods between 1988 and 1993, and
28348 patches and patch density of 17.04 patches/100ha between the 2004 and 2009
periods. The general trend on the southern agricultural area shows a pvegtesstase

in active agricultural and fallow fields. Also, the reduction in patch number andydensi
coupled with the reduction in agriculture between the first and the last periodzeahaly
suggests agricultural abandonment throughout the landscape and a change afragricult

active areas to other land cover types.

The southern agricultural development at La Costa de Hermosillo underwent simila
changes as the northern section. Although patch density generally déoresseh
development, they were generally lower for the northern development than for the
southern development. Similarly, the patch sizes in the northern development were highe
than the southern development. An explanation to the previous might be that the northern

agricultural area has larger agricultural fields that are still@dn contrast to southern
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development with smaller fields. The most drastic decrease in agricudtndah&ppened
during the periods of 1988-94 and 1994 -98. For every period however, the amount of
area converted from agriculture to other land cover type was higher than thepdexa

of new agricultural areas, resulting in a net loss of agricultural areagthidata this
phenomenon to the same trends mentioned in relation to the northern losses in
agricultural development, the salinization of water sources and striat iegtéations

implemented by the Mexican government.

Conclusion

The use of the CART/See5-based vegetation type modeling approach ty tlasdgat
TM datasets allowed us to generate detailed thematic maps to ahayaedscape
dynamics in the arid agro-ecosystem of LCH. The remotely sensedatises and
changes of the landscape from one period to another reflect the human imphes that
ecosystem has been exposed to during the last 22 years. As a consequence of the
regulation of water use, soil degradation and other economical factors, such as the
development of aquaculture, LCH underwent a rapid degradation of its natural resource
In fact one of the most conspicuous changes that we were able to show for the LCH
region was the progressive abandonment of agricultural fields, which tigect
vulnerability of this arid agro-ecosystem to anthropogenic change. Other important
changes that occurred in the LCH region is rapid development of aquacultnseafang
the coast of the Gulf of California, which is a blooming economical activitjhtostate

of Sonora. Even though the sustainability of these practices has been debatgl as lar
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extents of mangrove and other types of communities have to be removed in order to

establish the farms.

When we analyzed the northern and southern agricultural areas we found a sharp
decrease in agricultural activities from 1988 to 2009. As expected, the changedetecti
maps show high rates of change from agriculture to other types of vegetatime$Fdo

and 8b). These changes can be interpreted as either the abandonment of agrieldsural fi
or a long period without human use of the terrain. The location and magnitude of these
changes was dependent on the amount of agriculture present at the differemtdocat

across the study area.

The abandonment of agricultural fields in this arid ecosystem opens the possibility
multiple scenarios for the ecological pathways and interactions for thadgeigsites.
Restoration efforts from government agencies and NGO'’s, as well asitiecesand
succession rate in each particular field will dictate the pace of recandryf the

vegetation communities will reach a new steady state (Westoby et al. 18%@ & al.
2005). The use of land and management of resources in the region will also affect
vegetation recovery at LCH. Finally, law, regulation, monitoring and resealtdiewi
needed from governmental agencies and public institution (Universities cteseaters

and non-governmental organizations) to determine the best course of action to promote

the recovery of these abandoned fields.

By establishing the framework proposed in this research, it is possible to des&iop ¢

effective monitoring, analysis and assessment of highly degradeddaeds Our land
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cover change detection analysis demonstrates that the high level of gauiri@ved by

our classifications might be adequate to analyze succession trendsaatfeape level.

In this work we started to describe the landscape composition (Turner et al. 2001) base
on our thematic maps of LCH (patches per class and area per land cover typejeH
more analysis will be necessary to assess the actual landscape ctofigprabability

of adjacency and contagion) dynamics to analyze the spatial arrangétaewt cover

types (O'Neill et al. 1988, Turner et al. 2001). Further analysis of actamdteover
thematic maps, using fragmentation statistics to analyze configurgtamits, will

help to further explain land cover succession since we will be able to analyze the

progression (in time) of land cover class relationships.

Even though La Costa de Hermosillo encompasses a highly dynamic and impacted
ecosystem, it is only one among the many locations in Mexico that requirkg care
planning and monitoring to avoid further degradation of the natural capital in the country.
Implementation of spatially explicit models and monitoring practices to zm&nd

covers dynamics in arid agro-ecosystems are necessary to detérenatiecation of

efforts regarding restoration practices in highly degraded environments sUCH as

Acknowledgments

The authors wish to thank the support for this research provided by the Arizona Remote
Sensing Center, University of Arizona, Tucson, AZ, USA. Also we wish to recodmaze t
assistance on the field work provided by the Departamento de Investigacionsc@se

y Tecnologicas (DICTUS) of the Universidad de Sonora. Landsat TM dataimaieed



103

through the online USGS/Earth Resources Observation and Science (ER®@S) Eart

Explorer website http://edcsns17.cr.usgs.gov/NewEarthExplorer



104

References

Alhaddad, B. I., M. C. Burns, and J. R. Cladera. 2007. Texture Analysis for Correcting
and Detecting Classification Structures in Urban Land Uses; "Metropaliéan
case study - Spain". Pages in@Jrban Remote Sensing Joint Event, 2007.

Anderson, J. F., E. E. Hardy, J. T. Roach, and R. E. Witmer. 1976. A land use and land
cover classification system for use with remote sensor data. U.S. Geological
Survey, Washington, DC.

Andrews, R. W. 1981. Salt-water-intrusion in the Costa de Hermosillo, Mexico - A
numerica analysis of water management proposals. Ground Y@#886-647.

Asner, G. P., M. Keller, R. Pereira Jr, and J. C. Zweede. 2002. Remote sensing of
selective logging in Amazonia: Assessing limitations based on detaildd fiel
observations, Landsat ETM+, and textural analysis. Remote Sensing of
Environment80:483-496.

Avery, T. E., and G. L. Berlin. 1992. Fundamentals of remote Sensing and Airphoto
Interpretation. Fifth edition. Prentice Hall, Upper Saddle River, New Jersey.

Beatley, J. C. 1974. Phenological Events and Their Environmental Triggers in Mojave
Desert Ecosystems. Ecolo§$.856-863.

Breiman, L., J. H. Friedman, R. A. Olshen, and C. G. Stone. 1984. Classification and
Regression Trees. Wadsworth International Group, Belmont, California, USA.

Briske, D. D., S. D. Fuhlendorf, and F. E. Smeins. 2005. State-and-Transition Models,
Thresholds, and Rangeland Health: A Synthesis of Ecological Concepts and
Perspectives. Rangeland Ecology & Managerbérit-10.

Carmel, Y., J. Denis, and H. Flather. 2001. Corn bining Location and Classification Error
Sources for Estimating Multi-Temporal Database Accuracy. Photegre
Engewneering and Remote Sen$1865-872.

Castellanos, A. E., M. J. Martinez, J. M. Llano, W. L. Halvorson, M. Espiricueta, and |.
Espejel. 2005. Successional trends in Sonoran Desert abandoned agricultural
fields in northern Mexico. Journal of Arid Environme6437-455.

Chander, G., B. L. Markham, and J. A. Barsi. 2007. Revised Landsat-5 Thematic Mapper
radiometric calibration. Geoscience and Remote Sensing Letters AIESHE
494,

Chavez, P. S, jr. . 1996. Image-based atmospheric corrections - Revisited and Improved.
Photogrammetric Engineering and Remote Ser&at)25-1036.

Cohen, W. B., and S. N. Goward. 2004. Landsat's role in ecological applications of
remote sensing. BioScienbd:535-545.

Collins, J. B., and C. E. Woodcock. 1996. An assessment of several linear change
detection techniques for mapping forest mortality using multitemporaldanéis
data. Remote Sensing of EnvironmB6i66-77.

Congalton, R. G. 1991. A review of assessing the accuracy of classificati@msaiély
sensed data. Remote Sensing of Environr8&35-46.

Coppin, P., I. Jonckheere, K. Nackaerts, B. Muys, and E. Lambin. 2004. Review
ArticleDigital change detection methods in ecosystem monitoring: a review.
International Journal of Remote Sensiil565-1596.



105

Crist, E. P., and R. C. Cicone. 1984. A Physically-Based Transformation of Thematic
Mapper Data-The TM Tasseled Cap. IEEE transactions on geoscience at®l rem
sensing22:256-263.

Cruz-Torres, M. L. 2000. “Pink Gold Rush:” Shrimp Aquaculture, Sustainable
Development, and the Environment in Northwestern Mexico. Journal of political
ecology7:63

De'ath, G., and K. E. Fabricius. 2000. Classification and regression trees: a p@tweful
simple technique for ecological data analysis. EcoRig$178-3192.

De Fries, R. S., M. Hansen, J. R. G. Townshend, and R. Sohlberg. 1998. Global land
cover classifications at 8 km spatial resolution: The use of training davadleri
from Landsat imagery in decision tree classifiers. International JoefrR&mote
Sensingl9:3141 - 3168.

DeFries, R. S., and J. R. G. Townshend. 1999. Global land cover characterization from
satellite data: from research to operational implementation? Global Ecology &
BiogeographyB:367-379.

Du, Y., P. Teillet, and J. Cihlar. 2002. Radiometric normalization of multitemporal high-
resolution satellite images with quality control for land cover changeiiemn.
Remote Sensing of Environmes2:123-134.

Ewel, J. 1999. Natural systems as models for the design of sustainable sydtamds of
use. Agroforestry Systerd$:1-21.

Foody, G. M. 2002. Status of land cover classification accuracy assessment. Remote
Sensing of Environmer@0:185-201.

Friedl, M. A, D. K. Mclver, J. C. F. Hodges, X. Y. Zhang, D. Muchoney, A. H. Strahler,
C. E. Woodcock, S. Gopal, A. Schneider, A. Cooper, A. Baccini, F. Gao, and C.
Schaaf. 2002. Global land cover mapping from MODIS: algorithms and early
results. Remote Sensing of Environm8&&287-302.

Fung, T. 1990. An Assessment of TM Imagery For Land-Cover Change DeteEfidh. |
transactions on Geoscience and Remote Se@8i6§1-684.

Fung, T., and E. LeDrew. 1987. Application of principal components analysis to change
detection. Photogrammetric Engineering and Remote Seb3ih§49-1658.

Goodland, R. 1997. Environmental sustainability in agriculture: diet matters. Ecological
Economics23:189-200.

Hall, F. G., D. B. Botkin, D. E. Strebel, K. D. Woods, and S. J. Goetz. 1991. Large-Scale
Patterns of Forest Succession as Determined by Remote Sensing. Ecology
72:628-640.

Halvorson, W. L., A. E. Castellanos, and J. Murrieta-Saldivar. 2003. Sustainable land use
requires attention to ecological signals. Environmental Manage32g#i%1-558.

Hansen, M., R. Dubayah, and R. DeFries. 1996. Classification trees: An alternative to
traditional land cover classifiers. International Journal of Remoterggnsi

17:1075-1081.

Henderson, D. A. 1965. Arid Lands under Agrarian Reform in Northwest Mexico.
Economic Geographg1:300-312.



106

Huete, A., K. Didan, T. Miura, E. P. Rodriguez, X. Gao, and L. G. Ferreira. 2002.
Overview of the radiometric and biophysical performance of the MODIS
vegetation indices. Remote Sensing of Environr88rit95-213.

Huete, A. R. 1988. A soil-adjusted vegetation index (SAVI). Remote Sensing of
Environmen25:295-309.

Jensen, J. R. 2005. Introductory digital image processing: a remote semspegiee.
Third edition. Pearson Prentice Hall Upper Saddle River NJ.

Jiang, Z., A. R. Huete, K. Didan, and T. Miura. 2008. Development of a two-band
enhanced vegetation index without a blue band. Remote Sensing of Environment
1123833-3845.

Kepner, W. G., C. J. Watts, C. M. Edmonds, J. K. Maingi, S. E. Marsh, and G. Luna.
2000. A Landscape Approach for Detecting and Evaluating Change in a Semi-
Arid Environment. Environmental Monitoring and Assessnfeit79-195.

Loik, M. E., D. D. Breshears, W. K. Lauenroth, and J. Belnap. 2004. A multi-scale
perspective of water pulses in dryland ecosystems: climatology and eclolgydr
of the western USA. Oecologia1:269-281.

Lowry, J., R. D. Ramsey, K. Thomas, D. Schrupp, T. Sajwaj, J. Kirby, E. Waller, S.
Schrader, S. Falzarano, L. Langs, G. Manis, C. Wallace, K. Schulz, P. Comer, K.
Pohs, W. Rieth, C. Velasquez, B. Wolk, W. Kepner, K. Boykin, L. O'Brien, D.
Bradford, B. Thompson, and J. Prior-Magee. 2007. Mapping moderate-scale land-
cover over very large geographic areas within a collaborative framewakse\
study of the Southwest Regional Gap Analysis Project (SWReGAP). Remote
Sensing of Environmerit0859-73.

Lu, D., P. Mausel, E. Brondizio, and E. Moran. 2004. Change detection techniques.
International Journal of Remote Sensitg2365-2407.

Marsett, R. C., J. Qi, P. Heilman, H. B. Sharon, M. C. Watson, S. Amer, M. Weltz, D.
Goodrich, and R. Marsett. 2006. Remote Sensing for Grassland Management in
the Arid Southwest. Rangeland Ecology & Managens®g30-540.

Martinez-Cordova, L. R., and M. Martinez-Porchas. 2006. Polyculture of Pacific white
shrimp, Litopenaeus vannamei, giant oyster, Crassostrea gigas and biack cla
Chione fluctifraga in ponds in Sonora, Mexico. Aquacul2s8321-326.

Mas, J. F. 1999. Monitoring land-cover changes: A comparison of change detection
techniques. International Journal of Remote SerAr39 - 152.

Matson, P. A., W. J. Parton, A. G. Power, and M. J. Swift. 1997. Agricultural
intensification and ecosystem properties. Sci&¥c&504-509.

McGinnies, W., G. 1981. Discovering the Dessert. The University of Arizona Press,
Tucson.

Meyer, W. B., and B. L. Turner. 1992. Human Population Growth and Global Land-
Use/Cover Change. Annual Review of Ecology and Systen8i89-61.

O'Neill, R. V., J. R. Krummel, R. H. Gardner, G. Sugihara, B. Jackson, D. L. De&ngeli
B. T. Milne, M. G. Turner, B. Zygmunt, S. W. Christensen, V. H. Dale, and R. L.
Graham. 1988. Indices of landscape pattern. Landscape Edold¢162.



107

Paez-Osuna, F., A. Gracia, F. Flores-Verdugo, L. P. Lyle-Fritch, R. AlRRndoiguez,

A. Roque, and A. C. Ruiz-Fernandez. 2003. Shrimp aquaculture development and
the environment in the Gulf of California ecoregion. Marine Pollution Bulletin
46:806-815.

Pal, M., and P. M. Mather. 2003. An assessment of the effectiveness of decision tree
methods for land cover classification. Remote Sensing of Enviror86&544-
565.

Qi, J., A. Chehbouni, A. R. Huete, Y. H. Kerr, and S. Sorooshian. 1994. A modified soill
adjusted vegetation index. Remote Sensing of Environ#&h19-126.

Rabbinge, R. 1993. The ecological background of food-production. Ciba Foundation
Symposial77.2-29.

Rangel Medina, M., R. Monreal Saavedra, M. Morales Montafio, and J. Castillo Gurrola.
2002. Vulnerabilidad a la Intrusion Marina de Acuiferos Costeros en el Pacifico
Norte Mexicano; un caso, el Acuifero Costa de Hermosillo, Sonora, Mexico.
Revista Latino-Americana de Hirdrogeologia:31-51.

Rogan, J., J. Franklin, and D. A. Roberts. 2002. A comparison of methods for monitoring
multitemporal vegetation change using Thematic Mapper imagery. Remote
Sensing of Environmer@0:143-156.

SARH. 1994. Inventario Forestal Nacional Periodico, México 94, Memoria Nacional
Secretaria de Agricultura y Recursos Hidraulicos. Subsecretadat&ioy de
Fauna Silvestre, México.

Schwartz, M. 2004. Phenology: An Integrative Environmental Science. Kluwer
Academic Publishers.

Shalaby, A., and R. Tateishi. 2007. Remote sensing and GIS for mapping and monitoring
land cover and land-use changes in the Northwestern coastal zone of Egypt.
Applied Geographe7:28-41.

Shreve, F., and L. Wiggins I. 1964. Vegetation and Flora of the Sonoran Desert, Stanford.

Singh, A. 1989. Review Atrticle Digital change detection techniques using rgmotel
sensed data. International Journal of Remote Set6i8§9 - 1003.

Skirvin, S. M., W. G. Kenper, S. E. Marsh, S. E. Drake, J. K. Maingi, C. M. Edmonds, C.
J. Watts, and D. R. Williams. 2004. Assessing the Accuracy of Satellite-Derive
Land-Cover Classification Using Historical Aerial Photography, Digita
Orthophoto Quadrangles, and Airborne Video Data, Remote Sensing and GIS
Accuracy Assessmem.R. S. Lunetta and J. G. Lyon, editors. Remote Sensing
and GIS Accuracy Assessment. CRC Press, Boca Raton.

Story, M. H. 1986. Accuracy Assessment: A User's Perspective. Photogrametric
Engewneering and Remote Sensh2397-399.

Stow, D. A., L. Tinney, and J. Estes. 1980. Deriving land use/land cover change statistics
from Landsat: A study of prime agricultural land, Proceedings of the 14th
International Symposium on Remote Sensing of the Environmen. Pages 1227—-
1237, Ann Arbor, (ERIM).

Tilman, D., K. G. Cassman, P. A. Matson, R. Naylor, and S. Polasky. 2002. Agricultural
sustainability and intensive production practices. Natd8671-677.



108

Tso, B., and M. P. Mather. 2009. Classification Methods for Remotely Sensed Data.
Second edition. Taylor & Francis, Broken Sound Parkway, NW.

Tucker, C. J. 1979. Red and photographic infrared linear combinations for monitoring
vegetation. Remote Sensing of Environm@&a7-150.

Turner, M. G., R. H. Gardner, and R. V. O'Neill. 2001. Landscape Ecology in Theory and
Practice. Springer, New York.

van Leeuwen, W. J. D., A. R. Huete, and T. W. Laing. 1999. MODIS Vegetation Index
Compositing Approach: A Prototype with AVHRR Data. Remote Sensing of
Environment69:264-280.

Villarreal, M. L., W. J. D. van Leeuwen, and J. R. Romo-Leon. 2011. Mapping and
monitoring riparian vegetation distribution, structure and composition with
regression tree models and post-classification change metrics. licieaha
Journal of Remote Sensihg Press

Westoby, M., B. Walker, and I. Noy-Meir. 1989. Opportunistic Management for
Rangelands Not at Equilibrium. Journal of Range Managed®E?66-274.

Young, D. R., and P. S. Nobel. 1986. Predictions of Soil-Water Potentials in the North-
Western Sonoran Desert. Journal of Ecolégy43-154.

Zhou, Q., B. Li, and A. Kurban. 2008. Trajectory analysis of land cover change in arid
environment of China. International Journal of Remote Ser28ri@93 - 1107.



109

Tables

Table 1: Selected images from Landsat-5 TM. Two images were used pedyeavas
selected before the monsoon and another after the monsoon season, taking into
account the phenological variability of each land cover type. Precipitation for the
first four years was between the ranges of expected variability, ho2@@er
present lower precipitation than usual for the region.

1 2

$)

$)

* +%

* +%

* +%




110

Table 2: Variables used in the land cover classifications. These were desivedaindsat
spectral reflectance data (each year) and a DEM. These varidiges pvocessed
to a common resolution (30 meters).
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Table 3: Land cover classification scheme used for La Costa de Heamegithn.
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Table 4: Example of a confusion matrix for the 2009 classification. Confusion reatrice
were established for all land cover classifications and the results siz@dnia
Table 5.
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Table 5: Summary of the User’s, producer’s, Kappa and overall accuracies @XRie
based vegetation classification for 1998, 2004 and 2009.
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Table 6: Summary for User’s, producer’s, Kappa and overall accuraciéefor t
classification at the a) northern agricultural development, and b) southern
agricultural development.
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Figures

Figure 1: Map of Sonora, the Hermosillo municipality and the selected stealyTdne
study area is based on the location of the La Costa de Hermosillo irrigation
district and subsequent agricultural expansion.
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Figure 2:Map of the study area, showing a Landsat based &lared Difference
Vegetation Index (NDVI) from1988, and the delineatbf the southern ar
northern agricultural developmen

NDVI 1988
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I 0.41

(1 south Developement
i1 North Developement
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Figure 3: Total eeas for alland cover types fot988, 1993, 1998, 2004 and 2! at La
Costa de Hermosill This figure shows the fluctuation in land coverdy
through time.
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Figure 4: Maps of land cover class distributioh@tCosta de Hermosillo from 1988
2009. We can observedecrease in agricultural activities and an increa
other economical activity in the form of aquacudtuespecially in 2004 ar
2009.
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Figure 5: Maps of the simplified land cover claggributions from 1988 to 2009 at tr
a) northerragriculture development and southern agriculture development
general decrease in fallow and active agricultsir@iserved for the last tv
decades (see also Figure 3 an
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Figure 6: Areal extents for aggregated land cover types from 1988, 1993, 1998, 2004 and
2009 at the a) northern agricultural development (total area of 35664 ha) and b)
the southern agricultural development (total area of 166785 ha). Generally, a
decrease in agricultural areas can be observed at both developments.

%
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Figure 7: a) Maps of the progressive land cover change detection at the northern

45

%

65

agriculture development. Land cover conversions and changes are visible for
active agriculture (AA), fallow fields (FF) and other land cover types D)

The net change in area from agriculture to other land cover types (abandonment
minus new agricultural areas) from one year to the next period about 5 years
later.
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Figure 8: a) Maps of the progressive land cover change detection at the southern

%
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45

agriculture development. Land cover conversion and the spatial distribution of
the changes are visible for active agriculture (AA), fallow fields @t other

land cover types (O). b) The net change in area from agriculture to other land
cover types (abandonment minus new agricultural areas) for each 5-year time
step.
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Abstract

The assessment of the effect of key environmental factors, controlling gopetitng
phenological cycles, as well as the analyses of phenological trends of the laed,surf
constitute useful tools to monitor and understand vegetation dynamics of arid land cover
types. La Costa de Hermosillo (LCH) is an arid agro-ecosystem lacatedtral-eastern
Sonora, Mexico, where the overexploitation of resources (primarily groundwater)
resulted in the abandonment of large extensions of agricultural lands. To address t
ecological degradation posed by these abandonments, current governmenéa polici
subsidize restoration efforts in order to rehabilitate these areas. #tutlys we

developed a method to monitor and assess: 1) the land surface phenology trends for seven
LCH land cover types, and 2) the effect of climatic factors and restoregetments on

the phenology of abandoned agricultural fields and four additional land cover clegses t
are prominent in LCH. We used 16-day NDVI composites from the Moderate-resoluti
Imaging Spectroradiometer (MODIS) from 2000 to 2009 to derive the phenometrics for
each year. We then derived phenoclimatic variables and land cover thematitcanaps
serve as a set of independent factors that influence vegetation phenologyndifeted a
multivariate analysis of variance (MANOVA) to analyze phenologicaldseamong land
cover types and developed a Multiple Linear Regression (MLR) model to #ssesest
influential climatic factors driving phenology in each of those land cover types. Our
results suggest that the start and length of the growing season had diffggenses to
environmental factors for each of the land cover types. We also found that there has not

been a significant increment in vegetation cover in abandoned fields. Our anatysis als
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suggests possible establishment of arid adapted species (from surroundiygiezns) in
abandoned fields with longer time of abandonment. Finally, we could not detect any
differences in phenological variability as a function of climate vaitgtketween
restored and unrestored fields (both after ten years of abandonment). Further
development of these methodologies might generate effective tools for thenmgntf

restoration practices.

Keywords: Land cover change, agricultural abandonment, climate, phemblogic

monitoring and modeling, NDVI, MODIS.
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1 Introduction

The over exploitation of natural resources, and the intensification of agrajult

practices, have resulted in the degradation and desertification of arid anddgsemia
ecosystems around the world (Dregne 2002, Geist and Lambin 2004). This trend is
reflected in the arid environments of Northwestern Mexico, where the degradation of
agricultural lands led to the abandonment of extensive terrains (Halvorson et al. 2003,
Castellanos et al. 2005). As a result of these degradation processes, exdedsivapes
are left with high levels of fragmentation, which in itself might createtipedieedback
loops for further degradation (Kruess and Tscharntke 1994, Harrison and Bruna 1999,

Laurance et al. 2007).

During the early 1940’s La Costa de Hermosillo (LCH) started irrigatgiculture

operations, marking the start of a rapid expansion of the area used for this,aghiaty
peaked in 1970 when cultivated areas covered 132,516 Ha (Halvorson et al. 2003). As a
consequence of the increase in irrigated agricultural lands, higher volumatsohad

to be extracted from the ground water aquifers present in the zone. Severalieahnom
ecological and environmental impacts have been described in the litergtanding the
overexploitation of the aquifers at LCH. Some of the most important impactseare t
marine water intrusions of the ground aquifer systems and the increase of sainlevel
agricultural fields (Andrews 1981, Rangel Medina et al. 2002, Halvorson et al. 2003).

Due to land degradation and the restrictions in water use imposed by the government
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since the mid 1970’s, many large areas devoted to agriculture were abandoned in LCH

(Halvorson et al. 2003, Castellanos et al. 2005).

Beginning in 1999 and continuing to present day, rehabilitation practices have been
applied to many abandoned agricultural fields at LCH. These practices lewe be
subsidized by the Mexican government through programs such as the “Prograntof Dire
Agricultural Subsidies” (PROCAMPO) anéPfo Arbol” (Pro Tree) promoted by the
National Forestry Commission (CONAFOR). Common practices for retadiloih of
abandoned fields include the development of contour line plowing to maintain humidity

and reduce erosion, and the reforestation of fields through seeding and plantaties. of tre

Based on the premise that field abandonment and restoration have an impact on land
surface phenology, the primary goal of this study was to use sabelfiesl time-series

data, along with climatic models and thematic land cover maps, to analyzfettte of

climatic drivers and land cover on phenological metrics for agricultutdkfteat have

been abandoned. The surrounding land cover types were used as reference conditions. To
achieve this goal our main objectives were 1) to explore the similaritiesféer@mices in

land surface phenological responses within and among land cover types at LCH, by
analyzing three phenology based measurements across a 10 year period 8sto asse
differences in phenological trends among land cover types, and 3) to examirieavhat
primary climatic drivers of phenology are at LCH taking into account reptasve land

cover types in the zone.
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Rehabilitation practices should improve land cover conditions of abandoned agricultural
fields. Furthermore, the time since abandonment will also constitute a refactenry

We therefore expect 1) a positive difference in the increase of produgtigities for
restored abandoned fields when compared to abandoned fields without restoration (and
therefore a trend), and 2) higher productivity for fields abandoned during the.88él\s

than the fields abandoned in 2000. Finally, due to the similarity of environmental
conditions in our study area, we expect to find a consistent set of climaticsdriver

explaining the variability in phenology (timing and magnitude) through time.

1.1Background

The field of phenology studies the biological cycles of plants and animalsatedfby
environmental conditions and weather (Schwartz 2003a). Therefore, the use of land
surface phenological metrics (Reed et al. 2009, Xiao et al. 2009), such as si@rt of t
growing season and productivity, constitutes an important source of informatieess as
the response of land cover types to variable environmental conditions (Kaaiyevan
Leeuwen 2011). To obtain phenology metrics at the landscape level, powerful algorithms
that generally use field or remotely sensed datasets have been developquard e

(Jonsson and Eklundh 2003, J6nsson and Eklundh 2004, van Leeuwen et al. 2010b).
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phenometrics from VI time series data for the analysis of differearoesg land cover
types in agricultural systems, to address human impact and the successatfarstor

practices in abandoned fields, is not well documented.

Land cover dynamics and climatic variability are decisive forcesatng vegetation
phenology in arid and semiarid ecosystems (Menzel 2003, Schwartz 2003b, Zhang et al.
2003). In areas where the differences in topography conditions are mininsahasase

for LCH, these factors might constitute the primary drivers for phenologicability in

the landscape. Therefore, to effectively explain land surface phenologgpahses, it is
necessary to obtain both adequate phenoclimatic measurements (Schwarta@@03a)

accurate land cover change maps of LCH.

1.1.2 Phenological trends as a function of land cover types

Land cover refers to the particular habitat or vegetation type presentrabeat a
particular point in time (Turner et al. 2001). Phenological responses of vegetation
communities for specific land cover types comprised within similar st@s)s are prone
to differ in time and magnitude due to their differences in species characsearsd
composition (Defries and Townshend 1994, Menzel 2003). Moreover, phenological
characteristics particular to specific land cover types have been usep tbema
distribution at several scales (Friedl et al. 2002, Villarreal et al. 2011)tdthe spatial
multi-scale representation of land surface phenology, the importancedanhce

environmental conditions might change as we change the scale of our analysis.



130

Agricultural intensification along with unsustainable practices have led to thadagign

of agricultural lands in many places, provoking large scale deserbfigatocesses

(Lambin et al. 2001). Moreover, negative effects on surrounding ecosystemsduave al
been reported (Matson et al. 1997). Land cover change and soil degradation is a common
consequence in agricultural areas present in arid environments (Cerda 1997 adadvors

al. 2003), often resulting in the fragmentation of the landscape with multiple land cove
classes distributed in patches (Turner et al. 2001). The use of phenologicahtigsda

to understand interannual variability in vegetation response is widely documented
(Justice et al. 1985, Reed et al. 1994, White et al. 1997, Zhang et al. 2003, Cleland et al.
2007). In this research we analyze changes and trends in phenology to asesp®otise

of different land cover classes present in this degraded agro-ecosystem.

1.1.3 Phenological variability as a function of climate

Phenological responses at every spatial and temporal scale are highly depande

climatic conditions. In general, temperature is accepted to be one of the imaitccl

factors affecting the phenology of plants (Schwartz 2003b). Several studies have
demonstrated the correlation between temperature variation and the tiding a

magnitude of phenological responses (Menzel et al. 2006, Sherry et al. 2007). The use of
degree-days recognizes that there is a proportional relationship betweewveioprent

of vegetation and the sum of temperature over time, rather than the sum of teraperatur

during certain phenological events (Idso et al. 1978, Chuine et al. 2003). In many, studie
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temperature accumulation has been recognized as the primary factor imjuenci

phenological variation through the years (Chuine et al. 2003, Menzel et al. 2006).

Another important climatic factor driving phenological responses is preaapitdn arid
ecosystems where diverse land covers rely on water to be biologically @ciket al.
2004), phenology is largely controlled by precipitation (Kemp 1983, Shahina A 1997,
Zhang et al. 2005). Arid and semiarid environments are dependent on highly
unpredictable (time) and variable (in space) rainfall inputs (Young and Nobel 1986,
Schwinning and Sala 2004). Since biological activities in these environments are
controlled by these sudden inputs, arid and semiarid environments are ofteydrefers
a pulse driven system (Noy-Meir 1973, Loik et al. 2004). Therefore, the use of
precipitation, and the timing of it, represents an important factor that isnibect

phenological response of the species present in the landscape.

2  Methodology

2.1 Study area

Our study area is located to the southwest from the city of Hermosillo, apyarteky

between the coordinates 29° 18'N - 28° 18'N latitude, and 112° 10'W - 111° 15'W
longitude (Figure 1a). Located within an exoreic watershed that runs talthefG

California (Rangel Medina et al. 2002), LCH is contained within the plains and the
central gulf subdivision of the Sonoran Desert (Shreve and Wiggins I. 1964, McGinnies
1981). With an elevation ranging between 0 and 400 m, LCH is a warm agro-ecosystem

with annual mean temperatures that range from 18 td 22&imum temperatures of
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over 45 C during the summer, and minimum temperatures aboveiftGe winter. This
system is also arid with precipitations ranging from 100 to 300 mm/ybimadal
regime with the wettest months being July and August. Potential evapotraaspira

the area ranges between 2200 to 2500 mm/yr (Halvorson et al. 2003).

2.2 Research design

Within the area of LCH, we selected between 10 and 18 representative argaharge

25 Ha for each of the seven land cover types analyzed (a total of 90 areadewted)se
The land cover types represented in the study area were 1) agricultdsabf@indoned
since the early 1990’s without restoration, 2) agricultural fields abandoned sirezlihe
2000'’s without restoration, 3) abandoned agricultural fields with restoration since 2000,
4) active agriculture, 5) mesquite shrub areas, 6) halophytic vegetatisnand&’)

desert shrub areas (Figure 1b).

Land cover classes were derived from Landsat TM 5 imagery, field informand
information provided by the Secretaria de Medio Ambiente y Recurason Naturales
(SEMARNAT) in Mexico. To generate the classifications we used Cieaisiin and
Regression Tree models (Breiman et al. 1984, De Fries et al. 1998, Frie@0&2al

Rogan et al. 2002, Lowry et al. 2007), which have been documented to outperform most
other classification techniques (Hansen et al. 1996, Pal and Mather 2003). Towelect
study samples we verified that the selected areas were stable (iloVandype) between
2000 and 2010. We specifically used the land cover classifications for 1998, 2004 and

2009 generated by Romo-Leon et al. (2011) (Figure 2).
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2.3 Phenological metrics derived from MODIS-NDVI time-series data

The Normalized Difference Vegetation Index (NDVI) is one of the most wiaksdyl
vegetation indices as it measures the potential photosynthetic activity on ieegetat
(Gamon et al. 1995). More specifically, the index uses the green vegetation psyperti
derive a proxy for vegetation response based on the near infrared (NIR) ardl the re

reflectance () (Tucker 1979, Avery and Berlin 1992, Jensen 2005).

NDVI=( nr- Rred / ( NR+ Red 1)

In this study, we used time series, between 2000 and 2010, of the 16-day composite
NDVI product from the MODIS sensor (van Leeuwen et al. 1999, van Leeuwen et al.
2006). The time series data was used to derive phenological metrics (pherg)metric
reflecting vegetation dynamics for the entire study area. To achisyevihused the

TIMESAT software platform, which incorporates the capability to condont series

analyses on remotely sensed datasets, to calculate key vegetatidnggemes (Jonsson

and Eklundh 2002, J6énsson and Eklundh 2003, Jénsson and Eklundh 2004). As a general
approach we used the Savitsky-Golay filter method to smooth and reduce noise of the
NDVI data and to derive the phenometrics used in this research. We used three
phenometrics to describe the differences among and within the land cover tgpesdsel
(Figure 3). The first phenometric analyzed was the small integiab{8IDVI over the

season which represents the vegetation that is active in terms of photosyautntic

during the growing season (Jonsson and Eklundh 2004, van Leeuwen 2008). The second

and third phenometrics relate to the timing of phenological events. The second
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phenometric analyzed was the start of the growing season (SOS), whicldasetlzé

which the NDVI value increases 20% from the base or pre-season minimum with respec
to the maximum value during the season. The third phenometric analyzed wastthe leng
of the season (LOS) which is the number of days between the start and the end of the

growing season (Jonsson and Eklundh 2004).

The use of remote sensing products to account for land surface phenology can provide an
estimate of the range of responses that can be found over extensive areasgriggrdi
vegetation stages (Zhang et al. 2003, Zhang et al. 2005). The products from this proces
were three raster data sets per year (at the same spatial oesahdiprojection as the
MODIS datasets), representing the SI, SOS, and LOS phenometrics (Figuiée3b)
decided to use the S| because we were interested in examining the productivity of
different land cover types using the phenological parameters associat@tig¢dSit is
determined by timing and magnitude of response), and not through an arbitraigrselect
of dates (e.g. productivity on summer). We also were interested examiningritie and
factors affecting the timing of events at different land cover types figadlgithe SOS

and LOS, since they reflect the variability among land cover types, andgunse of

this land cover types to external climatic drivers.

2.4 Deriving climatic datasets: precipitation and temperature

We obtained and processed a suite of environmental explanatory variables to examine
how they impact the phenological variation among and within land cover types through

the yearsThe spatial resolution of precipitation and temperature data from remotely
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sensed and global climate models like the Global Land Data Assimilatitensys

(GLDAS) and the Tropical Rainfall Measuring Mission (TRMM) were toase#o use

them for this study. Instead we obtained field weather station measureorants f

Comisi n Estatal del Agua (CEA) Sonora and Red Estatal de Estaciones Climatologicas
Sonora (AGROSON), to construct the spatial distribution of climatic measutsrior
precipitation and temperature in our area of interest. We obtained a total of dight we
distributed weather stations that contained full records on mean, maximum andiminim

temperature, and cumulative precipitation per day since 2000 until the preserd @igur

For each year and station we obtained climate variables to analyze finets eh the
phenological variation for each of the different land cover types. To assessltier m
colinearity (Farrar and Glauber 1967), we tested the independency amongtte cli
variables to ensure that their interrelationships had low correlatferQF69). Finally

we produced a total of eight climatic variables, taking into account pre@pitati
temperature, and seasonality (Table 1).

Since we required the datasets to have spatial distribution and variation, wategner
rainfall and temperature surfaces for each of our explanatory variabigsaugiear

spline function (Smith et al. 2009). Our output products had the same spatial resolution

and projection as the phenometrics layers calculated from MODIS.

2.5 Analyses and modeling
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To analyze the effects of climatic variability on phenology, and assepbé¢helogical
trends at different land cover types, two analyses were conducted. Theriglkeations

describe the methodology to conduct these analyses.

2.5.1 Effect of environmental drivers on vegetation dynamics

One of our goals was to examine to what extent climatic variability iesgidenological
variability through time (10 years) for each of the seven land cover typgzehat

LCH. To do this, we use the coefficient of variation (COV) for ten yeactirohtic data

to represent phenological fluctuations among the different land cover tygsesnpim

LCH. The COV is defined as the ratio of the standard deviation and the mean and has
been used to estimate and measure vegetation dynamics over time {Raid9e1,

Tucker et al. 1991, Goetz et al. 2000, Knapp and Smith 2001). Eidenshink and Haas
(1992) analyzed the growing season profiles and seasonal variability foaldamdr

cover types in the United States using the COV as a measure for var@biiotential
productivity for each of the communities analyzed. They suggest that in rglativel

uniform land cover types COV is constant through the season; they also found that COV
is higher for habitats with higher precipitation. Further studies have used théCO
demonstrate that the variability in climatic factors have a direct effecegetation

response in terms of production and phenology (Prince et al. 1990, Xiao et al. 1995,
Knapp and Smith 2001, Kariyeva and van Leeuwen 2011). This study views the COV as
a measure for temporal variability (or stability) for land cover typeshighly degraded

agro-ecosystem, and it seeks to assess to what extent climatic vgreadpléins
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phenological variability for the plant communities present in each of the land covers
analyzed, therefore high correlation between the variability on cliamatgohenology is
expected from mature communities in arid systems (Figure 5a-b). We ptbpose

following geospatial phenoclimatological model:

COV (Phenometrix = f (COV(Xa1,a9t) (2)

Where %1 agare the seasonal explanatory climate variables derived for our study. The
COV (xa1,a9t Of these variables represent the variability of climate through time (t=
2000,.., 2010) (figure 4b). The use of the COV avoids potential pseudo-replication as a
consequence of repetitive measurements. The COV (Pheng)retreach of the three
phenometrics were calculated to represent the variability for these 1Gageaetl. Even
though calculations for the COV in phenology and climate encompassed our entire study
area, we separated the areas that corresponded to the samples repeeséthati

different land cover types for further analysis. A total of twenty-one phemaidiogical
models that are based on a Multiple Linear Regression (MLR) approackyevenated,
representing a model for each of the three phenometrics and the seven défetent |
cover types. We used the stepwise MLR procedure to select the variables foroskst.
Therefore every variable used significantly explains a portion of the pigoall

variable analyzed (P<0.1) (Ramsey and Schafer 2002).

Using this approach we expected to find pronounced differences between the explanatory
power of each phenoclimatic model in the different and vegetation types ahalyze

because:
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1) We modeled responses in mature vegetation stands, composed of species adapted
to desert conditions, with potentially much more consistent responses to water
pulses (Noy-Meir 1973, Loik et al. 2004) and temperature conditions than
disturbed areas.

2) We developed phenoclimatological models relating phenology and cliorate f
irrigated agricultural lands, which might not respond in the same way to
precipitation as the natural systems, and might not respond consistentlying vary
temperatures depending on the cultivars sown in different years.

3) We dealt with severely degraded systems like the abandoned agricultdsal fie
We expect to obtain more consistent phenological responses due to succession in
fields that have had more time to since abandonment (Castellanos et al. 2005),
and due to increase in vegetation cover in fields where restoration practices have

taken place.

2.5.2 Land Surface Phenology trend assessment among and within land cover

types

The second analysis conducted in this study was the assessment of interandsahtr
land surface phenology among and within land cover types, to identify progressive
changes in phenology as a function of time and land cover type. We used three
phenometrics for ten consecutive years, one as a proxy for productivity anaf tive f
timing of the start and length of the season. Previous studies have explored the use of

phenological trends to analyze vegetation dynamics as a function of exterablesri
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such as temperature and precipitation (Menzel 2000, Tateishi and Ebata 2004, van
Leeuwen et al. 2010a, Davison et al. 2011). Menzel el al. (2001) used normalized
datasets and linear regression techniques to study phenological trends in Géhmagny
found that there were advances in key indicators showing an earlier springrhset
earlier succeeding spring phenophases. They also found an increase in thg growi
season length. Dio and Katano (2008) used two-way multiple analysis of variance
(MANOVA) as part of their experimental design to analyze interannualeasbsal
trends in budburst for certain species and field stations. In this study we used\WMANO
to assess trends in time and land cover type effect on the interannual phenological
trajectories. Specifically, we were interested in analyzing thiitside and differences
regarding the phenological responses among the seven land cover typesdamalye
able to understand change in phenological trends as a function of the environmental
variability and as a function of variability on vegetation composition/condition.

For this analysis we identified 10 to 19 sample areas for each of the land cegeoftyp
interest. The land cover types of these sample sites generallpeehosachanged from
2000 to 2010. For each year we recorded the mean response of the sampled areas for the
three phenometrics. We then conducted a MANOVA analyses for each of the
phenometrics studied using the interannual measurements. We expected to find
significant differences in the interannual trends of the SI (productamhgng the land
cover types. Due to potential vegetation succession, we expected to see atpesdiue
vegetation response or recovery for the abandoned agricultural fields, dgpecie|ds

with longer time since abandonment, and also for the areas that have ledgngec
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rehabilitation treatments during the last ten years. We expectee itasgmificant trends
in productivity for mature vegetation stands which have more stable phenological
responses. Regarding the SOS and LOS phenometrics, we expected to didect sim
behavior for all the land cover types (except maybe for active agricultuneg,these

metrics respond to specific environmental triggers.

3 Results and Discussion
3.1 Land surface phenology dynamics at LCH: effects of agricultural practices on

phenometrics

The three phenometrics used in this study were spatially representiee éxtent of our

study site (Figure 3). Therefore, we sampled seven of the most repriesdatat cover

types present in the agricultural area at LCH, this to compare their geabgaiior

regarding each of the phenology proxies through the ten years (between 2000 and 2009).
Table 2 contains a statistical summary of the three phenometrics (SIN8QO8) for

the 10 years of MODIS NDVI time series data and representative sa(npler the

different land cover types and land use histories.

Compared to the rest of the land cover types, the active agricultural fields squitee
dominated sites show larger mean Sl values (3.045 and 2.499 respectively). In tife case
agriculture, a high Sl reflects the intensive production practices in agraiulaids

using artificial means (irrigation, fertilization, reduction in competitimnpromote the

rapid response of crops during the production season (which in many cases is the same

for each growing season). Mesquite shrubland areas reflect plant community
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compositions that result in relatively high photosynthetic activity and prodyativiing
the growing season. Mesquite trees have deep roots and present multiplecadaptat
arid environments which provide the basis for their large production potentialn(dirgi

and Jarrell 1982, Nilsen et al. 1983).

We observed that the mean Sl for abandoned agricultural fields that re@stadtion

is slightly higher than the mean Sl for other abandoned fields, according to our SEM
(Figure 6), however these differences were not significant. We also found Ithatyie
vegetation, desert shrub sites and abandoned agricultural fields abandoned since 1990
represent the three lowest Sl values and the lower SD and SEM values, makirtgethem t
most consistent in terms of Sl response. The similar responses between atbandone
agricultural fields and those of desert shrub and halophytic vegetation mighterttiea
migration of abandoned agricultural fields into a succession by surrounding iegetat
communities as suggested by Castellanos et al. (2005). Also, agricuéldsiith

longer time since abandonment seem to resemble desert shrub and halophgimueget

more closely than recently abandoned fields.

Generally, active agricultural fields had an earlier SOS than all thelatitecover types.
This was expected since irrigated agriculture is not governed by rainfall mmakea
advantage of the suitable growing season temperatures in the spring. Thefehgt
growing season for the active agricultural areas was longer sincOte&adlues were
higher than the LOS of all other land cover types. Furthermore, we observdwtB@Q$

was the slightly earlier for mesquite dominated sites in comparison to the abdndone
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agricultural fields with more time of abandonment. This could possibly be due to
mesquite's ability to tap deep water table as well as to redistribtée iwahe soil,

allowing this species to have a head start (Mooney et al. 1980). The rest of tHedata s
similarities in the SOS among the vegetation types. We did not see obvious evidence of
differences in LOS between any of the abandoned field classes, and thal“natur
vegetation” classes. This suggests that all land cover classes, exisepagctulture,

get the cue for the timing of vegetation response from climate variables wéictoat

likely related to water availability and rainfall pulses.

3.2 Interannual land surface phenological trends among land cover types

The following sections show if there were interannual land surface phendlogiws as
a function of land cover types based on the results of a repeated measurements
MANOVA for SI, SOS and LOS values for years 2000 thru 2009. The MAN§VA
suggests that there is no interaction (or trends) regarding the SI meassrantketime
among land cover types (repeated measurements MANQWA« 1.21, P=0.306);
therefore all land cover types tended to change similarly over time. W/dkffarences
in the interannual trends of SI we can assume that all land cover types respitarty

to climate for all years considered (Figure 7a-b), indicating ahsgnous increase or
decrease in Sl. This is likely related to the environmental drivers fopaigular year.
MANOVA spssuggests an interaction between land cover types and time (repeated
measurements MANOV&ys Fy 5= 2.939, P=0.006) meaning that at least one land cover
type changes at a different rate than the others with respect to SOS. THe\MAbS

(repeated measurements MANOVA,sE= 3.702, P=0.001) showed similar results as the
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MANOVA spsand at least one of the land cover types had a different LOS trend

compared to the others.

The interannual variability and trajectories in both SOS (Figure 8) and(EiQGre 9)

are shown to be different for all seven land cover types in LCH. Our analysis
demonstrated that timing based phenological variability among land cover tifpesodi

the ten years analyzed, suggesting a modification to the response of the #@liologic
components (vegetation) for at least one of the land covers analyzed duringehis tim
period. This modification in the response could be attributed to altered vegetation cover
and composition through time or the divergence or convergence of responses in the

timing due to the variability of climatic conditions.

Even though both timing phenometrics (SOS and LOS) analyzed with MANOVA present
differences in trends for at least one land cover type with respect to the athear

trends in SOS and LOS values for the last 10 years were examined (respitsseated)

and found to be mostly insignificant except for active agriculture, abandoned fredds si

1990 and mesquite land cover types. The SOS for agriculture and mesquite shows a trend
toward a later start of the season, opposite to abandoned fields since 1990 which show a
trend towards an earlier start. On the other hand the LOS values for ageieult

mesquite represented in this study show a trend towards a shortening of theggrowi
season. High variability regarding these phenometrics during this 10 yegpennod

indicates the necessity of using a longer time series coupled with the catisidef
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current environmental drivers (El Nifio, La Nifia and global warming phenomena) to be

able to further examine phenological trends for different land cover types.

3.3 Phenoclimatological models: effects of climatic variability on phenological

responses for key land cover types at LCH

Climatic drivers of land surface phenological activity differ for eadl keover class
(Table 3). This was expected due to the variability in species composition and the
biological response of those species to climate. However, some of the chotats f

were preferentially incorporated in phenoclimatological models regarfiésmsd cover
type (Table 3). The most frequently used climate variable in the phenochbgiatdl
models was summer precipitation, which appeared in thirteen of the twenty-one models
constructed. Because LCH is located within the Sonoran desert, an arid bimudéll rai
climate system with the bulk of precipitation occurring during the summesultRen

Table 3 show that that the rainfall during both precipitation seasons, but partitugarly
summer rainfall, strongly impact land surface phenology. Of all the temperat
variables, the most prominently used was the fall temperature, which wast pmese
eleven models. This suggests that variation in temperature after the monsooreénfluen

the timing and magnitude of phenological activities in these particular land adasses.

3.3.1 Impact of climatic drivers on productivity proxies at LCH

The MLR results showed significant correlation between the COV ofihenCOV in
climatic parameters for the different land cover types (multiple liregaession tests,

show all ANOVA P<0.01). The most often used phenoclimatic factor in the models was
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summer precipitation, and the least used were summer maximum tengaratiepring
temperature (Table 3). The active agriculture phenoclimatological moetnted lower
explanatory power than the rest of the models, with only 4.6% of the total Sl variability
explained by our climatic variables (Table 4). This is caused by the fadhéisat t
agricultural activities are not limited by rainfall since they atigated for crop

production (reduced phenoclimatic relationships). Cultivar rotation might alsomprese
difficulties in trying to develop a phenoclimatological model because thedds might

be used for different types of crops every year, making it challengingataisist
consistent responses in photosynthetic activity. Abandoned agricultural fietes jed
similar responses to variability in climate. We noticed that abandoned fidlds wi
restoration practices implemented since 2000 had 13.7 % of the overall varialslity
explained as a function of our climatic variables (Table 4), while those f abahfilelids
abandoned during 2000 without restoration had 11.9% of the Sl variability explained as a
function of climatic variability. Finally, phenological variability of liis abandoned

since 1990 present the highest response to climate variability among abandadsed fiel
with 17.9% of the Sl variability explained by our climatic variables (Tablelg. T
increase in Sl response to climatic factors for some of the abandoned agididids
could mean that the establishment of new vegetation is adapted to desert corditions t
quickly trigger biological activities in response to the shift in climatic dents (Noy-

Meir 1973, Loik et al. 2004). It can also mean that the vegetation cover per pixel is
becoming more consistent resulting in even Sl responses for each year. &saxpe

phenoclimatological models for mature vegetation stands like mesquite dahranas
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and shrublands had the highest explanatory power, with 55.8 and 54.3 % respectively, of
their variability in Sl explained as a function of our climatic dataset €T4pIThis is

because the life forms in these land cover types present the biological corttigions

follow climatic trends to trigger their functions (Noy-Meir 1973, Loik et al. 2004)
Additionally the vegetation cover throughout these areas is more constant than for the
other vegetation types. Surprisingly, the phenoclimatological halophyticateyeSl|

model had low explanatory power, and only 5.8% of the Sl variability was explasna
function of our climatic variables (Table 4). This could be due the presenceef larg

barren soil areas between vegetation patches, which would propitiate highlitarrabi

vegetation cover among pixels (250 by 250 m).

3.3.2 Modeling climatic drivers of the start of the season at LCH

All the MLR tests performed to assess variability in the interannualt®@S as a
function of climate variability resulted in significant correlations withrsge of
explanatory powers for the different land cover types (multiple linearsgigretests, all
ANOVA P<0.05). The most used climate variability measurements were summ
precipitation and fall mean temperature, while the least used climaib g were
summer maximum temperature and mean temperature which were only used in one
model (Table 3). The model presenting the lowest explanatory power for $i@l3lig

as a function of climatic variability was the one related to abandoned fiels wit
restoration, where the model explained only 2.7% of the variability in SOSuasteoh

of climatic variability (Table 5). This suggest an uneven SOS response amedingds
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to climatic factors, potentially reflecting the presence of a wideyat succession stages
in those fields, with life forms responding to environmental variables during arande

of time. Contrasting with this, SOS variability in fields abandoned during 2000 without
restoration presented high explanatory power (19.8 % of variability in SI explained by
our climatic dataset), suggesting that vegetation present in those figts their
biological activities partly as a function of climate, this also suggegtgentially more
homogeneous succession stages in this fields that the ones with restoration. Osir model
concerning agricultural fields with longer time of abandonment (20 ypaesgnt higher
correlation between the SOS and climatic variability (33.8% explanatargrpamong

the agricultural abandonment field classes suggesting a more can®@sponse to
climatic variability by the vegetation present in them. Active agricailltiglds do not

show high explanation of the variability in SOS as a function of climate vatyabili
However, with an explanatory power of 7.6%, our model reflects the response to
temperature and precipitation for some of the crops. SOS variability amomgsaelite
stands show also little correlation to climate measurements (4.4% expjgraiaar)
possibly due to the fact that mesquite might rely on ground water to start thegidal
processes (Mooney et al. 1980). Desert shrubland and halophytic vegetation represent
two of the three models with the highest explanatory power, with respectivatyd41

29.5 % of their variability in SOS explained as a function of climatic varigbilit
Apparently these mature communities rely on climatic triggers tote&rtphenological
activity. The SOS is different from magnitude based (i.e. Sl) and quantitatied bae.

LOS) phenometrics, because it represents a discrete event in a continum)($&as
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therefore propose to disaggregate our climatic datasets (i.e. use ptieaifppyanonth or
first day with precipitation on the summer) to explain this particular phemiemeing

finer time steps for our climate variables.

3.3.3 Modeling climatic drivers impacting the length of the season at LCH

Phenoclimatological models based on the MLR analyses showed significafetomns
between variability in LOS and some of climatic metrics for differand Icover types
(multiple linear regression tests, six of seven ANOVA's P<0.01; atyralifields with
restoration since 2000 ANOVA P<0.1). As was the case for the SOS analysmdhe
often used climatic variability measurements for the LOS models waresr
precipitation and fall mean temperature. Winter minimum temperature waasad in
one model for LOS (Table 3). Again, the LOS model provided the lowest explanatory
power for abandoned fields with restoration, capturing only 1.2% of the variability i
LOS as a function of climatic variability (Table 6). These results mailedr

suggestions regarding the potential presence of multiple succession stages fieltms
Also, agricultural fields with a longer time since abandonment (since 1990hpbeser
correlation between variability in LOS and climate variability (22.8% oflehs
explanatory power) than abandoned agricultural fields with a shorter time 28060) of
abandonment (10.5% of variability explained). This suggests a more stable résponse
climatic variability in older fields as a reflection of more stable \egg®t stands,
following environmental cues to trigger biological activities. Again, aciyecultural

fields do not show high correlation between phenological and climatic variabilkity, w
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only 5.9% of the entire variability in LOS as a function our environmental vasabl

(Table 6). The mesquite and desert shrubland models explain 34.6 and 44.8% of their

variability in LOS as a function of climatic variability. This suggésttteven if SOS is
not explained well for mesquite shrublands, other factors related to cliffetetaé
timing of biological events. Halophytic vegetation models explained only 12.5% $f L
variability as a function of climatic variability, suggesting that ofaetors should be
taken into account to explain how long this land cover type remain active during the
growing season. As in the case of SOS, a temporally finer climatic gatialbles might
increase the potential explanatory power of our LOS models, by detecting nse pre

triggers for the starting and the onset of the season.

4  Conclusions

We were able to start the characterization and analysis of phenologici tamong the

different land cover types at LCH, by using proxies for vegetation dynalaicsed from

remotely sensed information and modeling techniques that take into account thedrepeate

measurements from multiple samples. Additionally, by using proxiestgraimual
variability (COV) in climatic and phenological variables we were abknialyze and
infer what some of the main environmental factors driving the land surface phenblogy
seven different land cover types at LCH. These results further our undargtahthe
main drivers of phenological activity, especially SI, SOS, and LOS, in arid agro

ecosystems in Northwestern Mexico.
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Although this study significantly contributes to a better understandiramdéctape
dynamics at LCH, there are a variety of venues to explore, espdniatie derivation

and examination of higher frequency (e.g. more years and monthly) climasetdat
Specifically for LCH, new weather stations began operation during 2005 initngdbe
possibility for the development of more accurate interpolations of climéeesar In the
case of temperature variables we believed that our interpolations waratadno part
because our area of interest was not subject to sharp changes in elevationgéore ther
no abrupt temperature changes were likely to occur (Daly et al. 2002, Daly 2006). We
expected to see that same behavior in precipitation patterns; however, webssrve
relatively high variability exists among weather stations. We belleteniore intensive
spatial and temporal sampling will likely reduce uncertainty regardiegjptation

variation in future studies.

When assessing phenological trends among the different land cover types of aitere

LCH we found that timing variables (SOS and LOS), present differencetemsabne of

the land cover types. This suggests a modification on vegetation composition through the
time analyzed. Future research on phenological trends will require thediifétion of

climatic patterns and trends such as La Nifia and EI Nifio effects, to atmopassible
feedback consequences and global atmospheric trends (climate change effects on
vegetation). Also the use of longer time series will likely help to diffexemamong

trends in different land covers types.
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Although productivity (i.e. SI) shows similar trajectories in resp@meng land covers
types, there are significant differences with regards to the magnitude $f tesponse.
This similarity in trends suggests that there has not been a significantemtrenterms

of vegetation productivity in restored and unrestored abandoned fields.

Each of the land cover type specific phenoclimatological models presentegeafan
explanatory power (adjusted)Rand a unique set of relationships between explanatory
climate variables and land surface phenological variables (SI, SC&, A&@ong the
abandoned agriculture classes we found that fields with longer timeafiandonment
resulted in higher explanatory power regarding all three phenologitables analyzed.
This suggests the potential establishment of increased arid adapted §pmuties
surrounding ecosystems) in abandoned fields with longer time since abandonment.
However, we could not observe an important difference in phenological varialsility
function of climate variability between restored and unrestored fielidls {gn years of
abandonment). Therefore, further work will be needed to assess the effect aticestor
on abandoned fields; this might require longer term assessments that could include othe
indicators such as fragmentation, species composition, and diversity. Also, we need to
take into account the different rates of success of restoration practides €biferent
agricultural fields, possibly by conducting a field-based assessmergeatftien cover

and composition.

When we analyzed the set of environmental variables that explain vegetatioeryace

found that summer precipitation variability registered the highest usage arhong al
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phenoclimatological models developed. This was expected since in arid envirgnments
such as LCH, precipitation triggers biological activity for the majoritthefspecies,
except in cases like irrigated agriculture or mesquite dominated areas, thisdimiting

factor is overcome either by human intervention or ecological adaptation.

The development of geospatial and temporal methodologies to assess vegetation
dynamics, regarding vegetation recovery and the effects of environmeitakfin this
recovery, is a necessary tool to monitor restoration practices in highly désandzes. In
this research we started the development of a framework that efficheloitgsses this
necessity. The use of remote sensing to analyze landscape dynamidecieeéss of
restoration treatment might significantly reduce the cost of field basedoring and
assessments while yielding accurate assessment of vegetation respesisies
enhanced temporal frequency and spatial distribution of weather stations to derive
climate variables, the implementation of soil properties into the analysisther
management histories might need to be incorporated to further explain

phenoclimatological interactions and variability among land cover types.
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Tables

Table 1: climatic variables were derived considering seasonality in ordeséss

phenological variability among different land cover types at LCH.

Variable Description

Cumulative rainfall in mm from November to
Winter precipitation  |February

Cumulative rainfall in mm from June to
Summer precipitation |September

Summer maximum T

Average maximum temperatures it f@om
June to August

Summer mean T

Average temperatures irf @om June to
August

Winter minimum T

Average minimum temperatures ifi ftom
December to February

Winter mean T

Average temperatures irf @om December t
February

Springmean T

Average temperatures irf @om March to
May

Fallmean T

Average temperatures irf @om September 1
November

160
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Table 2: Mean (Aver.), standard deviation(SD) and standard error of the meah (SEM
responses for ten years of land surface phenological metrics (Smalalng&igrt
of the Season and Length of the Season), for seven representative lands cover
types at la LCH.

Small Integral Start of the Season Length of the Season

Land Cover Aver. | SD | SEM | Aver. SD | SEM| Aver. SD | SEM| n
Abandoned ag

restoration

since 2000 1.480.86| 0.35| 223.43| 58.17| 23.76| 226.38| 60.02| 24.52| 19
Abandoned ag

since 1990 1.010.62| 0.21| 221.15| 37.62| 13.05| 230.85| 51.63| 17.93| 13
Abandoned ag

since 2000 1.350.74| 0.30| 219.90| 60.26| 24.06| 219.88| 60.47| 23.67| 12
Active ag 3.04{ 0.79| 0.25]| 130.21| 36.22| 12.17| 269.13| 40.70| 13.55| 12
Desert shrub 1.000.47| 0.16| 212.13| 30.33| 10.11| 241.79| 43.29| 14.49| 13
Halophytic

vegetation 1.030.52| 0.18]| 225.82| 37.17| 13.24| 246.17| 47.46| 16.88| 12
Mesquite

dominated 2.490.82| 0.27| 195.56| 21.22| 6.93| 256.00| 35.38| 11.58| 10
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Table 3: Overview of the number of times the COV based climate variablescsigthyf
contributed to the explanation of the variability in the COV based SI, SOS and
LOS phenoclimatological models for all land cover types. Both, the percentage
and number in brackets are reported for the 8 climate variables and the seven
vegetation cover type related models

COV (SI) COV (SOS) | CoV (LOS)
COV (Climate Variable) Usage % Usage % Usage %
Winter Precipitation 43 (3) 29 (2) 43 (3)
Summer Precipitation 71 (5) 57 (4) 57 (4)
Winter minimum T 43 (3) 14 (1) 14 (1)
Summer Maximum T 14 (1) 29 (2) 29 (2)
Winter Mean T 29 (2) 43 (3) 29 (2)
Spring Mean T 14 (1) 29 (2) 29 (2)
Summer Mean T 29 (2) 14 (1) 43 (3)
Fall Mean T 43 (3) 57 (4) 57 (4)
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Table 4: Overview of climate variables used to construct the SI MLR
phenoclimatological models for the seven land cover types. The quantities in the
spaces are the coefficients assigned to the variables that wereaign(iff<0.1).

This table also shows the sample size and the model goodness of fit represented
by the adjusted Ffor each model.

Abandoned
With

'Variables
COV

PrecCifuinter
PrecCiBumme
T-Minwinte:
T-MaXsumme
T-Meaninter

0.278

1.562

T'Meartumme
T-Mearta

Sample (n) [276 229 214 219 492 133 355
% adj. R? [13.7 11.9 17.9 46 | 58 55.8 54.3
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Table 5: Overview of the variables used to construct the phenoclimatological MLR
models for the SOS for the seven land cover types analyzed. The quantities in the
columns under each land cover type are the coefficients assigned to the variable
when used in the model (P<0.1). The sample size and the model fit (adjfisted R
for each of the vegetation cover type models are shown as well.

bandoned

ith
Variables  |RestorationAbandoned |AbandonedActive
COoV since 2000 since 2000 |since 1990| Ag HalophyteMesquite |[Shrubland
PrecCiuinter -2544.43 0.803
PrecCiBumme 5.049 -8614.01 -4.148 0.582
T-MiNwinter 19939.97
T-MaXsumme -50789.65 -32.43
T-Meanyine: -37539.99 14.84 5.827
T-Mearsyin -137567.5 14.809
T-Mearumme 263549.6
T-Meany, -9.814 -144.2 266222.081.25
Sample (n) 276 229 214 219 492 133 355
% adj. R? 2.7 19.8 33.8 7.6 29.5 4.4 41
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Table 6: Overview of the variables used to develop the phenoclimatological MLR models
for the LOS for the seven land cover types analyzed. The quantities in the
columns under each land cover type are the coefficients assigned to the variable
when used in the model (P<0.1). This table also shows the model fit with the
adjusted Rfor each model and its associated sample size.

Abandoned
With Abandone
Variables |Restoration ([d since

COV since 2000 {2000 Shrubland

4.402 2.884
8.011 42.759

PrecCifvinte:
PrecCigumme
T'MinWintel
T'MaXSumme
T'MeanNinter

-4916.58
-2384.22
642.1628

4.349
T-Meanumme 3.268| 6600.832 -451.817

T-Mean. 13.563 3701.421| -21.081] -1238.248
Sample (n) 276 229 214 219 492 133 355
% adj. R? 1.2 10.5 22.8 5.9 12.5 34.6 44.8
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Figures

Figure 1: a) Location of the study area, La Costa de Hermosillo (LCH3hvidis
within the larger Hermosillo municipality in the state of Sonora, Mexico and b)
location (color polygons) of our sampling areas for each land cover type.
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Figure 2:Land cover clesification maps from 1998, 2004 and 2009, showinegspatia
and temporal change among land cover classes istody are:

Land Cover Classes
I Adtive agricuture

L_] Aquaculture

I:I Barren/scarce vegetation

Il Vicrophylum

[ ] sarcocaule and sarco-crasicaule
[ | Estuay

I Fallow agricuture

[ ] Halophytes

B ez quite dominated

- Urban areas
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Figure 3:Ten years of NDVI tim-series data and derivation of phenometrics for L&}

%

example of the MODIS NDVI tirr-seies for a mesquite area at LCH, Son«
Mexico, depicting and highlighting the three phemdmes for one year; Eac
year is comprised of 23 periods (first four periofi2000 are based (
extrapolations using the average values of subs¢gears). b) xample of the
spatial representation of the three phenometrigsS@S and LOS) for LCH. Th
Slis displayed for ten yeal
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Figure 4: Sources for climatic data at la LCH: a) Distribution oftiaerastations with full
records of daily precipitation and temperature from 2000 to 2009; and b) Example
of the COV for one of the climate products (summer precipitation). Spatial
interpolation methods were applied to the climatic data records from eatifewea
station for each of the ten years.
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Figure 5: a) Diagram showing the expected relahigssbetween phenological a

46

climatologicalvariability. We pose that stable arid ecosysteras dine adapted |
pulses and pressures driving vegetation respomsertrate a close relationst
between the interannual variability in climate @rs and the variability i
phenological variables. "e range of phenological and climate variability
encompassed within the linear and curve lineaticgighip that limits the
boundaries of natural variability in phenoclimagitmal responses. b) Example
the relationship between the variability ite most influential climatic factc
driving a phenological metric (i.e. SI) for twdférent land cove types at LC
(one native and another agricultural). Desert dand(native land cover typ
shows a significant correlation between climatid &I \ariability (resembling
our hypothesis) while active agricultural areassdoet.

COV phenometrics

COV climate metrics

%

46

Woe o o lee e
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Figure 6 Mean small integral (Sl) for ten years of seasonal MODIS NDVI dataé&ch
of the land cover types analyzed at LCH. The differences and similaritiesdre
the seven vegetation cover types represent land use history (agricultutige)r na
and restoration activities.
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Figure 7 Graphical representation of Sl through time for seven land cover types

$

7 477

analyzed a) Interannual trajectories of the small integral (S1) show variability
vegetation productivity for each of the land cover types represented in La Costa
de Hermosillo (LCH). b) Summer precipitation resembling Sl patterns. Note the
response in 2006 compared to 2009 (a dry versus wet year).
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Figure 8 Representation of the interannual variability and trajectories of the @@g:f
seven land cover types analyzed at in LCH. The SOS average day-of-year (DOY)
values for all samples per land cover type were computed for each year.
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Figure 9 Representation of the interannual response and trends in LOS for the seven land
cover types of LCH. Each year is represented by the average of LOS fealaks
samples per land cover type studied.
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