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ABSTRACT 

New forms of disturbance, and alteration of current disturbance regimes in arid and 

semiarid ecosystems, have resulted in the modification and degradation of large regions. 

This research explores vegetation response as a consequence of two different disturbance 

events in the southwestern US and northwestern Mexico.  This topic was explored in this 

dissertation utilizing remotely sensed geospatial information in three separate studies. 

The first study explores the development of methods to assess the effectiveness of pre-

fire restoration efforts, by evaluating vegetation response as a function of local 

environmental variables. Here I evaluated three fire locations at Bandelier National 

Monument (New Mexico). My models explain post-fire vegetation response as a function 

of environmental inputs and pre-fire site conditions (restored, unrestored and control 

areas). However, further analysis will be needed to better understand the effect of pre-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 was the arid 

agro-ecosystem of La Costa de Hermosillo (LCH) in northwestern Mexico. My results 

show a continuous tendency towards a decrease in agriculture from 1988 until 2009. 

Detailed change detection demonstrates high rates of change from agriculture to other 

land cover classes in areas with dense agricultural developments. Implementation of these 

monitoring protocols would help with the application of restoration practices. 
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The third study we used remote sensing time series data to assess phenological trends and 

variability among land cover types in relation to climatic variability within communities 

present in a heavily impacted agro-ecosystem (LCH). My analysis comprised three 

different agricultural land cover types including abandoned agricultural fields, and four 

additional natural land cover classes. I found that productivity has not increased in 

abandoned fields (since abandonment). Furthermore, I found that the models developed 

in this study significantly explain phenological variability as a function of climatic 

variability. 

These studies suggest that the use of remote sensing tools could effectively contribute to 

our ability to monitor vegetation dynamics in arid ecosystems. The implementation of 

methodologies generated in this work would significantly inform managers in decision 

making processes. 
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INTRODUCTION 

Ecosystem disturbance refers to relatively discrete events in time disrupting ecological 

organization at ecosystem, community or population levels as well as the availability of 

resources within the physical environment (White and Pickett 1985, Turner 1989, Turner 

et al. 2001). Disturbance regimes have been recognized to significantly contribute to the 

alteration of ecosystem patterns at multiple levels and scales, depending on the nature 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 have resulted in the 

change of magnitude and timing of disturbance events affecting ecosystem processes and 

structure at different scales (Hobbs and Huenneke 1992, Short and Wyllie-Echeverria 

1996, Mack et al. 2000, Elmqvist et al. 2003). Therefore, land degradation as a result of 

human practices, or their direct (and indirect) effect on disturbance, need to be addressed 

in the decision making processes for ecosystem management. In this research I propose 

the use of multi-temporal and geospatial datasets to address the needs of monitoring and 

understanding land cover dynamics by: 1) assessing environmental factors associated 

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. I 

believe that it is important to understand current trends and drivers of ecosystem 

dynamics, in order to implement assertive management practices to prevent further 

deterioration of human impacted ecosystems. In this dissertation research I focus my 

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

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

In contrast to the persistence-climax theory of Clements (1916), the state and transition 

model proposes the potential of multiple steady states of a particular system when 

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 into 

one of multiple potential states. Based on this paradigm multiple studies have recognized 

that due to diminishing resilience (directly or indirectly attributed to human factors), arid 

and semiarid ecosystems present lower resistance to ecological state shifts (Gunderson 

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 threshold and to 

a state of degradation. 

Degradation of arid and semiarid environments has been attributed to the inadequate use 

of resources and pervasive disturbance to extract ecosystem goods and services (Dregne 

2002). Among the main forms of direct disturbance generated by humans in these 

ecosystems are the introduction of livestock for pastoral practices, were intensive 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 (Halvorson et al. 2003, Castellanos et 

al. 2005) which are vulnerable to ecological and economic controls (i.e. soil degradation, 

economic downturn). Indirect forms of degradation to these ecosystems can arise from 

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 therefore bring 

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 regimes in terms of timing 

and magnitude also has a profound impact on these systems. Natural disturbance regimes 

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 alteration happens with 

the management of wildfire where fire suppression practices have resulted in the 

accumulation of fuel, causing fewer but more severe fire events (Touchan et al. 1996, 

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

In summary, disturbance events and regimes in an ecosystem contribute to the stability of 

a particular state. However, by altering the disturbance mechanisms, and by introducing 

new disturbances into the system, humans have modified ecosystems in arid and semi-

arid environments. 

II. 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 management 

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. Specifically my goal 

was to evaluate the role of environmental drivers and restoration practices on landscape 

dynamics after disturbance. This was accomplished by evaluating two different 

disturbance events using remote sensing time-series data to assess land cover interactions 

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 factors and restoration 

techniques on vegetation response and dynamics in terms of phenology and productivity 

after two different kinds of disturbances (wildfire and agricultural field establishment and 

abandonment). The second objective was the analysis and implementation of procedures 

to evaluate land cover change through time at highly degraded agro-ecosystems in 

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 ecosystems around 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 change detection 

techniques have been proven to be an efficient tool for landscape ecologist to assess the 

progression of ecosystems at different spatial scales trough time (Coppin et al. 2004, 

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

I. Summary 

 This dissertation utilizes principles of landscape ecology to analyze ecological disturbance and 

rehabilitation-restoration practices in arid and semi-arid ecosystems. To address these challenges 

I use geospatial data analysis at multiple temporal and spatial scales derived for two areas located 

in the arid and semiarid systems of the U.S. southwest and northwest Mexico. The methods, 

results and conclusions of this work are presented in the form of three papers appended to this 

dissertation.  The common topic of the manuscripts is the use of geospatial remote sensing 

information to assess the effect of environmental variability and land use on vegetation response 

and dynamics in arid and semiarid ecosystems after human driven disturbance. For the first part 

of my research (Appendix A), the establishment of the theoretical framework and the goal and 

part of the objectives were discussed and decided by the co-authors; however I was responsible 

for the development of the approach and methodologies to reach those objectives. For papers two 

and three (Appendix B and C) I was responsible for the research objectives, methods and 

conclusions in consultation with my advisor. The following is a summary of the most 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 journal Remote Sensing) 

Fire events and cycles have been recognized to be one of the most important ecological 

disturbances due to their influence and impact on vegetation communities (McKenzie et 

al. 2004). As a consequence of climatic change and historical land use trends, wildfire 



15  

activity in the western U.S have increased in the last decades (Westerling et al. 2006). 

Therefore, the exploration and development of methods to assess the effectiveness of pre-

fire mitigation and restoration efforts is necessary to develop efficient management 

practices to prevent further ecosystem degradation and economic loss. 

To address this critical problem we analyzed remote sensing time-series data from 

vegetation stands selected at three wildfire event locations that occurred in Bandelier 

National Monument (New Mexico) between 1999 and 2007 and three adjacent unburned 

control areas. Two of the three fire scars represented areas that were subject to restoration 

treatments prior to the fire events. We specifically used inter-annual trends in the 

Normalized Difference Vegetation Index (NDVI) time series data, derived from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) to assess vegetation response, 

which we define as the average potential photosynthetic activity through the summer 

monsoon. As our next step, we derived a series of environmental factors in the form of 

topography, fire severity and restoration treatments (fuel reduction previous to fire), to 

explain vegetation response and post-fire trends. We used two modeling approaches 

(Multiple Linear Regressions and Classification and Regression Tree models) to analyze 

effects of fire severity, terrain and pre-fire restoration treatments on post-fire vegetation 

response. 

When analyzing post-fire interannual trends for each of the treatment types per fire, our 

results suggest that all models significantly explained vegetation response as a function of 

the environmental variables. We found that topography related variables and fire severity 
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measurements significantly contribute (all model P-values < 0.05) to explain rates of 

post-fire vegetation recovery in the constructed models. When we included the effect of 

restoration in our analysis, our models found that elevation and pre-fire treatments were 

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 constitute an 

effective source of information for the analysis and monitoring of post-fire vegetation 

responses. Our analysis show that the suite of derived environmental factors partially 

explains post-fire vegetation response (adjusted R2 between 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 restoration techniques 

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 Mexico  

(Note: This article will be submitted to the Journal of Arid Environments) 

There is a general agreement that land cover change is one of the most important factors 

affecting ecological systems at a global scale and the effect of these changes 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 



17  

resources (i.e. depletion of water resources or soil degradation due to poor management 

practices) in arid environments, negative impacts on the ecosystems present in these areas 

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 on arid agro-

ecosystems, the development and implementation of monitoring practices to assess 

ecosystem dynamics through time is necessary. The implementation of these protocols 

would contribute to the assessment of vegetation trajectories after abandonment 

(succession), as well as to the development of effective protocols for restoration that 

would promote ecosystem recovery. 

We used remote sensing data derived from Landsat Thematic Mapper, aerial 

photography, high resolution satellite imagery and ancillary datasets in combination with 

classification and regression tree (CART) models to map shifts in land cover at an arid 

agro-ecosystem in northwestern Mexico over the last 22 years (1988-2009). Specifically, 

we studied the case of La Costa de Hermosillo, an agricultural development where 

inadequate water resources and policies resulted in the abandonment of agricultural fields 

and modification of economic activities. To address land cover dynamics in agricultural 

areas, we generated post classification change detection analyses.  

Our results show that the classifications obtained high overall accuracy by using the 

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 aquaculture farms). 

Our results also show an increase in desert shrub lands and barren soil/sparsely vegetated 

areas, potentially as a consequence or the conversion of active agricultural areas to 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 agriculture to other non-agricultural 

land cover/use types. We conclude that remote sensing constitutes an effective and 

efficient tool to monitor human impact in arid agro-ecosystems. The implementation of 

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. However, agricultural field 

abandonment in arid ecosystem opens the possibility to multiple scenarios of change. 

Both resilience of sites and the actions of government intervention will ultimately  dictate 

the pace of recovery and fate of this region (Westoby et al. 1989, Briske et al. 2005). 

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

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

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

The use of phenology as a proxy for vegetation dynamics constitutes an important source 

of information to assess change trajectories. Previous studies have recognized that land 

cover dynamics, along with climatic variability are decisive forces controlling 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 vegetation 

communities within the same geographic location  and subject to similar environmental 

drivers are prone to differ due to their differences in species characteristics and 

composition (Defries and Townshend 1994, Menzel 2003), and also due to the fact that 

phenology of vegetation follows seasonal trends, and therefore is subject to climatic 

variability to trigger physiological responses from vegetation (Schwartz 2003a). Here we 

pose that by developing methodologies to assess phenological interannual variability 

among land cover types in a heavily impacted arid agro-ecosystem, one would be able to 

partially explain the trajectories of change concerning degraded land cover types. Also, 

we recognize the necessity for the evaluation of post-disturbance phenology as a function 

of climatic variability, to account for maturity and uniformity of vegetation stands 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 a proxy for 

phenology) through time using the TIMESAT software (Jönsson and Eklundh 2004) . We 

derived three interannual phenometric variables (one related to productivity and two to 

timing of events). We also derived proxies for climatic variables through time to serve as 

the set of independent factors influencing land surface phenological events. Our first 

analysis assessed the differences in land surface phenological trends among different land 

cover types. Our second analysis consisted of the construction of models to assess what 

the most influential climatic factors were driving phenology in each of those land cover 
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types. Our area of study was La Costa de Hermosillo (LCH), an arid agro-ecosystem 

located in central-eastern Sonora, Mexico, where the overexploitation of resources 

(primarily groundwater) has had as a consequence the abandonment of large extents of 

agricultural land. Our analysis was focused on three different land cover types consisting 

of active and abandoned agricultural fields (stratified by the presence-absence of 

restoration and time since abandonments) and four additional land cover classes (e.g. 

barren, shrubland, mesquite, halophytic vegetation and aquaculture) that are part of this 

ecosystem matrix. 

Our results suggest that there has been no differences in the multi-year rates of increment 

(or trends) of vegetation cover for the abandoned field classes when comparing them with 

the interannual trend in natural vegetation land cover classes. Each of our phenoclimatic 

models assessing the interannual phenological variability as a function of climatic 

variability presented significant correlation, but large variations in explanatory power. 

Vegetation adapted to arid environments present variability on its phenological 

responses, as a function of variability in timing and magnitude of climatic drivers (i.e. 

precipitation during the monsoon). Based on the previous assumption, our phenoclimatic 

models suggest the potential establishment of arid adapted species (from surrounding 

ecosystems) in abandoned fields with longer time of abandonment. However, we 

observed disparities regarding our timing and productivity phenoclimatic models between 

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 approaches that 

take into account the repeated measurements from multiple samples, constituted 

important coupled tools to analyze phenological trends and differences among abandoned 

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 monitor restoration 

practices in highly disturbed areas. Here we propose a framework to efficiently address 

this need utilizing remote sensing to analyze landscape dynamics and restoration 

treatment effectiveness. This framework might significantly reduce the cost of field 

monitoring, while still yielding accurate analysis and results. 

II. Conclusions 

This research demonstrates that multi-scale (temporal and spatial) remote sensing data to 

derive proxies for post-disturbance vegetation dynamics, constitute a valuable resource to 

analyze trends and the environmental and land use effects on vegetation communities 

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, especially when restoration or 

mitigation practices are involved. This study has demonstrated that vegetation trends and 

dynamics of different land cover types after disturbance in a similar arid or semiarid 

ecosystem, depend on climatic variability (spatially and temporally) and land cover/use. I 

also found that land cover change detection techniques are valuable to assess landscape 
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trends across time in degraded arid systems. Finally, this study found that by using 

remote sensing datasets with the adequate temporal-spatial resolution it was possible to 

identify the main environmental drivers for vegetation dynamics after disturbance. This 

resulted in a better understanding of vegetation trends within transitional stages in highly 

degraded areas.     

III. Future Work 

This study acknowledges the usefulness of remotely sensed information, coupled with 

field measurements in order to assess vegetation trends post disturbance. Based on this, I 

perceive three primary research areas that present the opportunity for further 

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 fallow land cover 

classes in arid agro-ecosystem and as a consequence the increments of alternative 

vegetation cover classes. However, it is not clear what the effect of shifting land 

cover/use is on the fragmentation of the landscape (Turner et al. 2001). Previous studies 

show fragmentation might create positive feedback loops for further degradation  (Kruess 

and Tscharntke 1994, Laurance et al. 2007). Therefore, further efforts will be needed to 

assess fragmentation trends at LCH. The development of remote sensing protocols to 

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 cover types. 

However, the meaning of these trends require further exploration to address potential 

succession or recovery of the current vegetation cover (Castellanos et al. 2005). I believe 

that by conducting further exploration in the use of high spatial resolution imagery 

coupled with in 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 datasets to assess 

ecological trends at the landscape level. Furthermore, I demonstrate the potential of 

several techniques and datasets to obtain valuable information regarding vegetation 

dynamics due to intrinsic biological conditions within a particular land cover class, as 

well as due to the environmental factors driving vegetation response. I believe that the 

techniques developed in this research could be further enhanced and consequently 

integrated into decision support systems to improve and inform a variety of management 

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 and restoration 

practices. Previous research has analyzed the relationship of some of these factors to 

vegetation response, but few have taken into account the effects of pre-fire restoration 

practices. We selected three wildfires that occurred in Bandelier National Monument 

(New Mexico) between 1999 and 2007 and three adjacent unburned control areas. We 

used interannual trends in the Normalized Difference Vegetation Index (NDVI) time 

series data derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) 

to assess vegetation response, which we define as the average potential photosynthetic 

activity trough the summer monsoon. Topography, fire severity and restoration treatment 

were obtained and used to explain post-fire vegetation response. We applied parametric 

(Multiple Linear Regressions- MLR) and non-parametric tests (Classification and 

Regression Trees- CART) to analyze effects of fire severity, terrain and pre-fire 

restoration treatments (variable used in CART) on post-fire vegetation response. MLR 

results showed strong relationships between vegetation response and environmental 

factors (P<0.1), however the explanatory factors changed among treatments. CART 

results showed that beside fire severity and topography, pre-fire treatments strongly 

impact post-fire vegetation response. Results for these three fires show that pre-fire 

restoration conditions along with local environmental factors constitute key processes 

that modify post-fire vegetation response. 



29  

 

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

models 

 

 

 

 

 

 

 

 

 

 

 

 

 



30  

1. Introduction 

Natural disturbances like wildfire events can rapidly modify the landscape, often 

causing substantial economical losses and a drastic shift in ecological processes 

(Westerling et al. 2006). Restoration techniques have been implemented on many 

forested areas of the south west US to increase vegetation stand resistance to the effects 

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 while taking into 

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 affecting ecosystem 

communities and populations by shaping their structures, redistributing their resources, 

and modifying the biophysical environment at different scales (White and Pickett 1985, 

Baker 1992, White and Jentsch 2001). The most important characteristic of disturbance 

events consists in the variation of their attributes ,such as their spatial distribution, 

frequency, spatial extent and magnitude (Turner et al. 2001). Disturbance characteristics 

change through space and time (Baker 1992) due to climatic, ecologic or anthropogenic 

factors. In the western North America, wildfire is considered to be the most important 

natural ecological disturbance, due to its influence and impact on vegetation communities 

(McKenzie et al. 2004). Fire severity is dictated by complex interactions of weather and 

terrain conditions that affect combustion processes (Hall et al. 1980, Turner and Romme 

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 we refer to burn 
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or fire severity as the change that we can observe between before and after fire on 

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 (Casady et al. 2010). 

These conditions vary in space and time as in the case of climate and topography, and by 

management of natural resources like in the case of restoration treatments to mitigate 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 and climate often 

presents nonlinear relationships and large fires could be the consequence of small 

changes in mean climatic conditions, this is because wild fires are better explained by 

individual extreme events (McKenzie et al. 2004). According to predicted scenarios for 

the southwest US, temperatures will rise, and precipitation will diminish during the 

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 for the western US 

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

Fire suppression practices over the U.S. forests  have resulted in the accumulation of 

fuel, potentially causing fewer but larger and more severe fires(Touchan et al. 1996, 

Schoennagel et al. 2004) . On the other hand, restoration techniques focus on the 

mitigation of fire effects and the reestablishment of ecological process such 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 trees present in a delimited 

area, or conducting prescribed and controlled burning of strategic forest areas (Agee 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 did not receive any 

treatment and were also burned by the same fire. In this research we further assess the 

effect of pre-fire treatments by using remote sensing tools, which present the opportunity 

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 of a selected set of 

environmental factors to describe post-fire vegetation response, and 2) examine if pre-fire 

restoration treatments have a significant effect in post-fire vegetation response 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 drivers of vegetation 

response after fire. 

The goal of this research was to evaluate post-fire vegetation response for three fires 

in north central New Mexico, as a function of local environmental factors and pre-fire 

restoration practices that took place in part of the burned areas. Surprisingly, research has 

been limited, and little literature can be found regarding the assessment of the collective 
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effect of the factors previously mentioned on post-wildfire vegetation response (Casady 

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 absorption 

characteristics, moisture content on vegetation and soil, elevation and topography (Jensen 

1983). These variables are tightly related to key vegetation biological activities such as 

vegetation photosynthetic activity rate (Tucker and Sellers 1986, Huete et al. 2002), and 

to physical aspects of the terrain such as elevation, aspect and slope. Current satellites 

provide constant monitoring opportunity across extensive landscapes. These datasets are 

generally available for multiple temporal and spatial resolutions (Avery and 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 from spatial 

studies to temporal assessment of processes (van Leeuwen 2008, Wimberly et al. 2009, 

van Leeuwen et al. 2010). Previous research has taken advantage of the temporal, 

spectral, and spatial characteristics of Landsat and MODIS to study post- and pre- 

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 approaches to achieve our 

goal. Classification and Regression Tree (CART) has been used in many disciplines 

(Murthy 1998), including ecological analysis with data from multiple sources that are 

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 and impact of 

explanatory variables on the response variables employing non-parametric techniques 

that allow the use of categorical and continuous data. CART models offer an easy to 

follow graphical representation of the tree partition, telling us which variable relates to 

the response in hierarchical order.  

Stepwise Multiple Linear Regression (MLR) is a parametric statistical technique. The 

procedure starts with the tentative explanatory model using a set of response and 

explanatory variables, and analyzes secondary models that are derived from the same 

explanatory variables. The final model is constructed with the independent variables that 

significantly contribute to the explanation of the response (Ramsey and Schafer 2002). 

Using these parametric and non-parametric statistical techniques we evaluate post-fire 

vegetation response as a function of a set of local environmental variables including 

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 applied to locations 

within a fire will likely affect post-fire vegetation response resulting in fire damage. 

Therefore vegetation stand conditions and response due to these conditions will differ 

among treatments. The following sections provide a description of the study area and the 

datasets used to derive our set of response and explanatory variables, including the 

method utilized to test environmental drivers post-fire, which include parametric and 

nonparametric statistical techniques.  The methodological pathway used in this study is 

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-Hispanic 

settlements and communities in the area (Figure 3).  

The landscape in Bandelier is composed of sloped mesas cut by steep-walled canyons. 

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 characterized by 

an overstory of ponderosa pine (Pinus ponderosa) and understory of Gambel oak 

(Quercus gambelii), New Mexican locust (Robinia neomexicana), and mountain 

mahogany (Cercocarpus mountanus.). Upper elevations (2,440-3,240 m) are classified as 

mixed-conifer (Rupp 2002). 

Forest fuels have been increasing in the last decades (Balice et al. 2000), as a 

consequence of anthropogenic and natural conditions converging in this area (Touchan et 

al. 1996). Furthermore, periodic decrease in winter precipitation cause the forest 

vegetation to desiccate earlier and remain desiccated longer during the fire season (Balice 

et al. 2000), increasing the potential for intense fires in the zone. In an attempt to mitigate 

the intensity of fire events in the area, several restoration techniques have been 

implemented around the monument, however their efficiency in mitigating the effects of 

wildfire have not been evaluated thoroughly. 

2.3 Research Design 

Within the area of Bandelier National Monument, we utilized three recent fires to 

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 restoration or mitigation 

actions that took place before the fire happened. For the three fires we surveyed at 

Bandelier National Monument, we identified burned areas that that received no pre-fire 

treatment, and adjacent reference areas (not burned by the fire) that according to 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 Mesas and Upper 

Frijoles Fire) had pre-fire treated areas. Figure 3 show the location of the fires studied at 

Bandelier National Monument, for each case it also shows the location of each pre-fire 

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 factor that regulates 

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 response activity 
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after each fire. We generate a series of statistics based on the response to analyze 

similitude and differences among fires and fire treatments.  

In this research we use the average of the Normalized Difference Vegetation 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-NDVI 16 day 

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 occurred. After obtaining 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 (monsoon) = � 0 + � 1year       (2) 

Where NDVI(monsoon) is the monsoon average value for NDVI, and year is the number 

of years since burn, particular for each fire. Finally, we used the slope (� 1) in our study as 

our indicative of post-fire vegetation trend for further analysis. Figure 4 show the 

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 and terrain characteristics 

(elevation, aspect and slope) were calculated, along with the location of pre-fire 
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restoration treatments and specific management approaches that took place within the 

fire, previous to the event. 

We prepared a collection of Landsat TM reflectance data (30 m spatial resolution). 

Two images per fire were selected, one during a growing season previous to the fire 

event, and one during the growing season after the fire event (Table 1). These images 

where preprocessed to reduce atmospheric effects (Chavez 1996) and standardize the 

quality of the dataset among fires. 

From each of the two images derived per fire we generated the Normalized Burn Ratio 

(NBR) as an indicator of fire severity (Key and Benson 2006, Roy et al. 2006). NBR is 

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 (Key and Benson 

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 the National 

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 further inform our 

model regarding the physical characteristics of the zone (Jenson and Domingue 1988, 

Moore et al. 1991). Elevation generally affects climatic conditions, it is generally 

accepted that temperature decrease and precipitation decreases at higher elevations, 

therefore it is an excellent predictor of climatic variation at local scales due to the usually 

large sampling scale provided by the DEM’s (Daly et al. 1994, Daly et al. 2002). 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 used as a proxy to 

analyze local climatic variability to explain differences in vegetation trends from one 

location to another. 

In this study we consider elevation and topography as a proxy for climatic variation 

within the study area, as well as an indicator of spatial arrangement and morphology of 

the land surface (Figure 5). According to previous findings, topography is also 

significantly related to availability and distribution of resources at different scales over 

the landscape (Swanson et al. 1988), like water availability and its flow and distribution 

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 indirectly, the vegetation 

response after fire. 

Finally we used pre-fire treatments as the last set of explanatory variables. Within 

each fire perimeter studied, we considered areas with pre-fire restoration practices on 

vegetation, and areas that did not receive any pre-fire restoration as two separated 

treatments. We also included areas near each fire that have not burned and have not 

received pre-fire vegetation treatments as our third treatment, to represent reference 

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 250 meters) 

and projection (Lambert Azimuthal Equal Area) of the NDVI-MODIS datasets, in order 

to be able to conduct statistical and spatial analysis of the fires. This preprocessing 

occurred before we derived variables from each dataset. Non-raster datasets were 

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 the environmental 

proxies previously defined we will; 1) Assess fire factors affecting vegetation response in 

each treatment, and 2) Analyze the effect of fire treatments along the rest of 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 a given spatial 

resolution, determined by the two dimensional area represented in each one of the image 

cells, and the magnitude of each of these cells constitutes the average of the reflected 

energy of the area represented. In this research we use every pixel that is 30 % or more 

contained within our treatment type as a sample for the specific treatment. Typically if 

the pixel is divided between two treatment types, the sample was assigned to the 

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 effects in each of the 

treatments per fire. For this analysis, we use vegetation response as our dependent 

variable, and the same set of independent variables derived for the CART model. 

However, pre-fire treatments were not included in the analysis since this model analyzes 

the effects of the rest of the environmental factors on those treatments. For our study we 

used the iterative process of forward stepwise MLR (with P<0.1) to assess environmental 

effects post-fire.  

For each of the models generated with the MLR we calculated the adjusted R2 and the 

standard deviation and the Root Mean Square Error (RMSE). Using the modeled results, 

we also generated a map of predicted values and a map of residuals for each of the pixels 

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 parametric method 

to assess the effect of pre-fire vegetation treatments along with the rest of our 

environmental factors. Our aim was to use the CART modeling approach to evaluate how 

pre-fire treatments and environmental variables have an effect on post-fire vegetation 

trend.  

 An analysis was conducted per-fire as a general model for factors affecting vegetation 

recovery post-fire. The level of pruning in these models was established by a process of 

cross-validation, where we developed and fit the entire tree, then evaluated the model 

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 Breiman et 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 scheme, showing the 

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 level” where we show 

construction of the smallest tree that is within one standard error of the “minimum-cost” 

sub-tree. The cost of the tree was calculated as  the sum over all terminal nodes of the 

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 error over the 

observations in that node (Breiman et al. 1984).  
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We conducted a simple linear regression analysis between the estimated NDVI and the 

NDVI response per fire to analyze the goodness of fit for the overall model as well as the 

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 MLR approach for 

the analysis and modeling of the effect and importance of environmental factors in 

determining post-fire vegetation trends, for each pre-fire treatment per fire, 3) The CART 

analysis and modeling of the effect and importance of environmental variables and 

restoration treatment per fire. These analysis are used together to explain vegetation 

trends after disturbance per fire and also per treatment.  

3.1 Post-fire vegetation response 

A series of parameters were estimated from vegetation response after fire (Table 2). 

All treatments in these fires show that vegetation responses follow a positive trend, 

increasing their NDVI response in subsequent years after the fire event. Since pre-fire 

vegetation treatments are not the only vegetation response drivers, we intend to explain 

the change in NDVI response and variability among treatments in each fire using 

statistical modeling. However, the fact that our three reference sites show positive trends 

suggests that vegetation is increasing its photosynthetic activity after years with low 

production.  
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In accordance to our assumptions regarding post-fire vegetation response (Figure 1), 

two fires (Capulin and Frijoles) show slightly lower mean post-fire NDVI values and 

trajectories compared to their  reference areas, during the monsoon season (Table 2). 

However these differences were minimal for these particular fires. Opposite to this, the 

La Mesa fire shows slightly higher mean NDVI values for the burned than for the 

reference areas, suggesting the presence of other processes (possibly drought conditions 

during 2000 and different vegetation communities e.g. grass vs. forest) controlling 

photosynthetic activity in this particular area (Table 2). We also observed that initial 

NDVI (monsoon) responses after each fire did not differ between treated and untreated 

burned areas. Evaluating  fire effects on vegetation composition could provide further 

insights into changes in vegetation community assemblage and ecosystem function after 

disturbance.   

We calculated ratio in each fire by dividing the mean NDVI change trough the year in 

each treatment by the same change in the reference area (therefore the reference 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 the rest of the 

treatments was always lower than one. This suggests that the reference areas have 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 reference area being 

the slowest positive response. However, the reference area in this particular fire has a 

high NDVI right after fire (higher than the burned areas). This suggests that climatic 

conditions in this particular fire were more favorable than in the other fires in the first 
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year after disturbance, therefore the response trend could not be expected to increase 

rapidly for non-disturbed areas if the conditions were almost similar through the years 

analyzed.   

For every fire and reference area (Figure 3) we provide the spatial representation of 

the vegetation trends (Figure 6). Since one of our goals for this project was to model the 

trend of vegetation after each fire, all the observations in each fire were included in the 

analysis. The trend maps where later used to derive the residuals of the CART and MLR 

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 suggesting the pre- and 

post-fire NBR, as well as aspect have a strong effect on post-fire vegetation response for 

the burned and untreated portion (Multiple regression test, ANOVA, F3,5= 16.5849, 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 in the reference area 

portion of this particular study site (Multiple regression test, ANOVA, F3,19= 11.4678, 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 have a strong effect 

on post-fire vegetation response for the burned and untreated portion (Multiple regression 
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test, ANOVA, F2,83= 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 post-fire vegetation 

response in the reference portion of this fire (Multiple regression test, ANOVA, F3,175= 

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 NBR was the 

only variable with a significant effect on post-fire vegetation response in the pre-burn 

treated portion of this fire (Simple Linear regression test, ANOVA, F1,16= 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, F2,7= 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 post-fire NBR, 

DNBR and elevation have an strong effect on post-fire vegetation response (Multiple 

regression test, ANOVA, F4,124= 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 evidence that aspect, 

elevation, slope and DNBR have an strong effect on post-fire vegetation response 

(Multiple regression test, ANOVA, F4,99= 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 fitness for each of the models previously described are 

illustrated in Table 3. The spatial representation for the estimated NDVI trend after fire 

and the residuals maps are provided in Figure 7. The previous percentages of model 

explanation where a reference to the adjusted R2, which is a version of the R2 that 

includes a penalization for the use of non necessary explanatory variables (Ramsey and 

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 to the number 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 the overall post-

fire vegetation response. This also suggests that variability in local climate and terrain 

exposure have a strong effect on post-fire vegetation trends. This was expected since 

these specific areas are dominated by prominent and abrupt changes in terrain structure 

that create potentially different conditions in short vertical or horizontal distances. 

Our analysis also suggests that much of the variability of post-fire vegetation trend can 

be explained by the variability in fire severity and the vegetation condition pre- and post- 

fire. The DNBR, and pre- and post- fire NBR where frequently used in our models (Table 

3). Pre- and post- fire NBR where more used that the DNBR (table 3), however they were 

frequently used together suggesting that vegetation conditions pre- and post- fire affect 
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recovery affect vegetation trend post-fire. It is expected that vegetation condition and 

magnitude of change due to wildfire events will affect vegetation recovery, since fire 

effects on biological processes above and below ground (Neary et al. 1999) are dependent 

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 and ancillary datasets used 

as independent variables captures part of the underlying ecological processes directly and 

indirectly affecting post-fire vegetation trends. All the models developed here 

significantly explain variation in vegetation trend (ranging from 0.2528 to .9086 in 

adjusted R2 values) 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 results and the 

residuals map are shown in Figure 9, to illustrate where our models had more or less 

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 R2 was 0.87 with a RMSE of 0.0009 of NDVI units, for Frijoles 
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fire (n=283) R2 was 0.47 with a RMSE of 0.0096 of NDVI units, and for La Mesa fire 

(n=243) R2 was 0.82 with a RMSE of 0.0016 of NDVI units. These results suggest that 

the variables included in our models substantially explain vegetation response after fire, 

and that the pruning level of the CART procedure allows the construction of these models 

by including the optimal number of factors in them.  

The first split of the tree for the Capulin fire indicates that pre-fire treatment is the 

characteristic separating the burned with no pre-fire treatment, and the reference area.  

The second split occurs in the reference area, and it suggests that at higher altitudes the 

vegetation trend has a “steeper slope” (or faster recovery) than at lower elevations. 

In the Frijoles fire model (Figure 8) we also have treatment type as the first split, the 

model suggests that the reference area has to be separated from the burned areas, either 

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 areas recovery is 

faster at lower elevations. Similar results were obtained for the reference 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 elevation. The subsequent 

split at higher elevations is again driven by pre-fire treatment types and at lower 

elevations a further split in the DEM contributes to shape the response suggesting faster 

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 primary response 

variables that explained post-fire vegetation response variation in the three fires we 

analyzed. The models show that elevation changes have a strong effect of vegetation 

response after fire, very likely due to its relationship to moisture and climatic conditions. 

These results along with previous research, discussed in this paper, suggest that climate 

and terrain condition are some of the important drivers for vegetation response after 

disturbance. 

The objective of pre-fire restoration treatments is to mitigate fire severity and control 

fire spreading, by modifying vegetation conditions like density and fuel availability. 

Therefore, it is expected that pre-fire treated areas will suffer less severe damage due to 

fire disturbances than untreated areas that burn. In the models generated, the pre-fire 

treatments were always present as one of the factors affecting vegetation response. 

However, the models suggest that there was not enough variability between treatment 

types used in this study to separate the burned treatment types (pre- or post-fire treated), 

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 that pre-fire 

vegetation management practices, topography, and fire severity control a significant 

portion of post-fire vegetation responses. From the MLR analysis, our results corroborate 

that elevation, burn severity and pre- and post-fire vegetation condition strongly influence 

post-fire vegetation trend. These results agree with previous findings that suggest that 
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these factors are key for vegetation development and activity (Swanson et al. 1988, 

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 characteristics of the terrain and 

the severity of the fire event. 

In this work we used a CART model as part of our analysis to assess the effect of pre-

fire vegetation treatments on post-fire vegetation response. Our results suggest that pre-

fire treatment and pre-fire condition have a significant effect on post-fire vegetation 

trend, when analyzing effects of treatments in combination with the rest of the 

explanatory variables utilized in this study. However with the level of pruning used, these 

models do not clearly discriminate between treated and untreated burned areas, only 

between burned and non-burned areas. This model also suggests elevation as a significant 

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 used for the model were 

normally distributed, and it was easy to explain their effects on vegetation trend post-fire 

using the conventional tests. This technique was only used to compare effect of 

environmental variables in different pre-fire treatment types. The second approach used 

was the CART model, which presented us with a powerful tool to analyze the effect of 

pre-fire treatment types and environmental variables on post-fire vegetation response. 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 understand) the effect 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  pre-fire restoration 

practices, constitute a tool to help in the development of better strategies to control 

wildfire effects over the landscape, . We use a wide array of environmental variables to 

analyze the response of vegetation after disturbance, and the techniques used give us the 

opportunity to assess their influence on vegetation response. Because of the remote 

sensing tool capabilities, these types of analyses can be conducted spatially and at 

different scales, providing the opportunity to analyze vegetation response after fire and 

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 with a range of pre-fire 

vegetation conditions, to further analyze the effects of multiple types of pre-fire 

treatments.  
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Tables 

Table 1: Dates of fires and the time each event lasted. Also, dates for the Landsat 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 the MODIS 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 year in NDVI units after 
the first year reading, percent is related to the increment based on the AF and 
Ratio results from the division between the treatment and the reference areas AF 
per fire.  
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Table 3: Variables that were present in each of the models (per treatment), and the effect 
each factor has on vegetation response. Here we also show how much each model 
explains the variation in response, percent of the time each variable was used. 
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Figures 

Figure 1: Conceptual representation of vegetation response to climate, restoration and 
wildfire disturbance. After wildfire events, restored-burned areas are expected 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 approach used in this 
study. Two approaches were used to evaluate post-fire vegetation response 
drivers: a Multivariate linear regression and a classification and regression tree. 
Remotely sensed and ancillary datasets were used to derive response and 
explanatory variables. 

 

 

 

 

 

 

 

 



 

Figure 3: Overview of the study area and its location in New Mexico, including burned 
areas and the reference areas. b) Pre
Frijoles fire area. c) Map showing the pre
Mesa fire.  
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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: Illustration of the series of explanatory variables used by MLR and CART 
models. a) An example of the qualitative variable for pre
used in CART). From 
(Slopes, aspect and elevation
fire severity.    
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Figure 6: Monsoon NDVI trend for each pixel within the fire and the reference areas 
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 trends in monsoon 
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 model
al. 1984) are shown for the three fires that were evaluated. The rectangles 
represent the nodes with the variable responsi
treatments the reference areas (REF), the pre
the untreated burned areas (BNT) were represented as qualitative values.

 

 

 

The regression tree model results with the optimal pruning level
are shown for the three fires that were evaluated. The rectangles 

represent the nodes with the variable responsible for the split. In the case of 
treatments the reference areas (REF), the pre-fire treated burned areas (BT), and 
the untreated burned areas (BNT) were represented as qualitative values.
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with the optimal pruning levels (Breiman et 
are shown for the three fires that were evaluated. The rectangles 
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the untreated burned areas (BNT) were represented as qualitative values. 
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Figure 9: The spatial representation of the CART model results for trends in 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 (Figure 6) and 
the values estimated by the MLR model. 
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Abstract 

This research investigates the human impact on land cover dynamics in an arid agro-

ecosystem in Northwestern Mexico. We highlight the case of La Costa de Hermosillo, an 

agricultural development where inadequate use of water resources resulted in the 

abandonment of agricultural fields and modification of economical activities. We use 

remote sensing and ancillary datasets combined with classification and regression tree 

(CART) models, to map the distribution of land cover classes in the region during the last 

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

in the area. All land cover classification maps show an overall accuracy of over 80%. 

There is a general trend showing a decrease in agricultural area in the region from 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 aquaculture 

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 spatial distributions of 

the agricultural dynamics, changing from active agriculture to other non-agriculture 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.    
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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 estimated that the 

amount of land used for agriculture has increased by more than 450% since the start of 

the 18th 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 fertilizer and pesticide use 

(Tilman et al. 2002). However, other limiting factors (water, sunlight or temperature) for 

each particular agricultural zone will also affect productivity (Rabbinge 1993). 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 supplies of fresh water 

are required for crop irrigation (Ewel 1999). Therefore, water is often one of the most 

important limiting factors for agriculture in arid ecosystems. A clear example of 

unsustainable agricultural practices in arid ecosystems occurred in the area of La Costa 

de Hermosillo (LCH) which is located in the central west part of the state of Sonora in 

Mexico. Here the rapid exploitation of resources, particularly water, have led to the 

abandonment of large agricultural areas in recent years (Halvorson et al. 2003). There 

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 order to effectively 

assess and mitigate potential ecological impacts. We also believe that gaining insights 

about these conversions, will lead to a better understanding of the potential transitional 

states of the landscape as a result of environmental and human pressures (Westoby et al. 

1989, Briske et al. 2005).    

In the early 1940’s irrigated agriculture was implemented in the LCH irrigation district 

rapidly expanding agricultural practices.  By 1970 the irrigation districted reached 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 required to irrigate 

crops. Hence, ground water extraction from the aquifer at LCH increased substantially. 

Economical and environmental impacts of the increased water extractions, resulting in 

marine water intrusions of the aquifer and increases of salt levels in many agricultural 

fields at LCH have been described in the literature (Andrews 1981, Rangel Medina et al. 

2002, Halvorson et al. 2003). As a response to this economic risk and environmental 

threat, governmental regulations were created to mitigate further degradation of the 

landscape (Halvorson et al. 2003), generally by reducing and controlling the water 

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). Since the late 

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) and “Pro Árbol” (Pro Tree) promoted by the 

National Forestry Commission (CONAFOR), to restore vegetation cover on abandoned 

fields. However, methodologies to quantify the success of these efforts are not well 

developed, nor documented. 

The goal of this research is to reconstruct land use and land cover dynamics at LCH to be 

able to assess how land cover classes have changed and to analyze the transformation in 

the land used for agricultural practices in the last 22 years. Surprisingly, no studies 

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 LCH since the middle 

1980’s, paying close attention to agricultural practices and 2) to assess the change in area 

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 source of data 
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from which updated land cover information can be extracted efficiently and cheaply to 

monitor these changes in an effective way. 

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

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

landscape. Most of the techniques involve taking multiple images of the area at different 

times. Land use change detection constitutes one of the best indicators of the interactions 

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

The basic premise for change detection techniques in remote sensing, is that changes in 

land cover are reflected in changes in spectral radiance values (Singh 1989). It is also 

assumed that the changes in these spectral radiance values due to land cover change are 

larger than changes in radiance values caused by other factors, such as variable 

atmospheric conditions or variances in soil moisture in the same area at different times 

(Mas 1999). Because of the large coverage for the earth surface derived by satellite data, 

land cover change detection constitutes a very important tool for monitoring ecosystems 

(Du et al. 2002). 

Moderate resolution satellites have been widely used for studies regarding land cover 

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 provided by these 

instruments, during the early development of satellite remote sensing. Today, studies are 

still conducted using data from these sensors due to the extensive historical archive 
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collected by them (Mas 1999, Kepner et al. 2000). The launching of the first TM sensor 

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) capabilities (Fung 

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 accurate land cover 

classifications when related to phenomena on the ground. 

There are many approaches that use remote sensing tools for change detection analysis 

(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 al. 2004) to 

assess the change in the distribution of agricultural practices at five anniversary dates 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 km2 

irrigation district of LCH (Castellanos et al. 2005) is located within the plains and 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 km2. In an effort to characterize agricultural areas and the 

landscape surrounding these developments, our study area extends over to the coast line 

incorporating the surrounding areas of LCH,  for a total area of 5090 km2 (Figure 1).  

Elevation in the study area ranges from 0 to 455 m. Mean annual temperature for the 

zone ranges between 18 and 22 Co, with maximum temperatures of over 45 Co during the 

summer, and minimum temperatures above 0 Co in the winter. Precipitation varies from 

100-300 mm-yr-1 in a bimodal summer winter regime with the wettest months being July 

and August. Potential evapotranspiration range is 2200-2500 mm-yr-1 (Halvorson et al. 

2003). 

Northern and Southern agricultural developments 

Currently, many agricultural developments take place in our study area. However two 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 aerial 

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 during the last two 

decades. Subsequently, we refer to these areas of study as northern and southern 

agricultural developments and their areal extents are 353.3 and 1663.2 km2 respectively 

(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 by this satellite 

(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 high correlation 

between land cover and seasonality (Beatley 1974, Young and Nobel 1986, Loik et al. 

2004). Precipitation events generally act as the trigger for vegetation growth and 

consequent phenophases in arid environments (Schwartz 2004). Phenological stages of 

desert vegetation are important, to determine the best time for image selection and 

sampling to assess land cover types and change in arid and semiarid ecosystems (Singh 

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 and after this 

season to catch the phenological differences between vegetation types. 

For the LCH area, we selected five anniversary years from which we chose two Landsat 

TM scenes, one pre and another post monsoon season (Table 1). Precipitations 

measurements for the years selected where calculated using weather stations in LCH. We 

found that for the years analyzed, precipitation levels fell within the expected average 

range for the zone, except for 2009 which was a relatively dry year. However, we decided 

to use 2009 as part of our analysis, expecting that our accuracy assessment will indicate 

the suitability of the land cover classification results.  
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 Each of the images used for the analysis was processed to minimize atmospheric 

influences on the reflectance signal by using the Cosine of the Zenith Angle (COST) 

model (Chavez 1996, Chander et al. 2007). Another dataset used for our classification 

was a digital elevation model (DEM), obtained from the Instituto Nacional de Estadistica 

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

and projection as the Landsat scenes.  

The atmospherically corrected data were used to derive a set of remote sensing and 

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 approach using the 

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 I classes that Anderson 

recommended for Landsat type sensors. Level I classes attempt to describe the general 

land use represented by the sensor signal (e.g. water agriculture, urban area, etc.), without 

going into further detail on the classes (e.g. urban-residential, urban-commercial and 

services, etc.). Further subdivision of some of those classes was achieved by using the 

vegetation schemes proposed by CONAFOR, which further describe vegetation 

communities according to plant physiognomic characteristics (height, shape, and 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 used aerial photos, 

high resolution images and the Landsat dataset for this process. The automated 

classification approach was conducted for the remaining land use/cover classes (Figure 

3). 

Classification Model, Training Datasets and Accuracy Assessment 

CART Model 

We used the classification and regression tree (CART) modeling approach (Breiman 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 landscapes at 

different resolutions (De Fries et al. 1998, Friedl et al. 2002, Rogan et al. 2002, Lowry et 

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 main variables 

responsible for the land cover class denomination. A CART model classification was 

generated for each anniversary year using the combined variables of the two Landsat 

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 samples from each of 

the classes (Tso and Mather 2009). Each classification (for the years specified in Table 1) 

required the sampling of training points that were specifically identified for the periods 

we classified, or were in close proximity in time (where no visual perceptible changes 

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 landscape. The 

classes that occupy less area are the ones that were less intensively sampled (e.g. 

estuary/water). We intended to obtain the highest accuracy possible for the classes related 

to agricultural activities and aquaculture, therefore these areas were sampled more 

intensively even if the land cover type was not extensively distributed in our study area. 

The training samples were obtained using various data sources that allowed us to 

recognize the land cover types present during the different times. These datasets included 

active field sampling, previous field datasets available for the area, the use of remotely 

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 of the classes at different 

classification periods. 

Assessing classification accuracy 
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The most common way to present accuracy assessment is the error matrix (Congalton 

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 particular categories or 

classes in contrast with the actual category measured on the ground. The columns 

represent reference data, while the rows represent the classification estimates generated 

via remote sensing (Congalton 1991). The major diagonal in the matrix represents the 

classified and observed “true values” in the field, and the overall accuracy is obtained by 

the sum of entries in the entire diagonal divided by the total number of samples taken 

(Story 1986). Several other statistical measurements will be derived from the error 

matrix: the producer and user accuracies, and the widely used Kappa statistic (Story 

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 by generating a total 

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 these classes by 

using aerial photography and high resolution satellite imagery provided by web services 

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 knowledge of 

the landscape, and experience with the interpretation of the imagery used for verification 

(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 obtained from the historical 

products provided by the Google Earth web service 

(http://www.google.com/earth/index.html). The 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 spectral 

response (i.e. water). We conducted the image interpretation and assessment by using 

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, we proceeded 

to extract the northern and southern agricultural developments from each of the 

anniversary years. For all land cover maps we grouped all classes in a single “class”, 

except for fallow agricultural fields and active agricultural fields. We then calculated the 

amount of area devoted to agriculture, to assess the increase or decrease of these 

particular land cover classes through time in the northern and southern parts of La Costa 

de Hermosillo. A second accuracy assessment was conducted after the rearrangement of 

classes. 

Change detection analysis 
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Two independently classified images from the same area for different times were 

compared to one another to generate a change matrix for the landscape analyzed (Singh 

1989, Coppin et al. 2004, Lu et al. 2004, Shalaby and Tateishi 2007). Because we 

classified the two dates (images) separately into a thematic output, the normalization for 

atmospheric and sensor differences between two dates can be left aside (Singh 1989, 

Coppin et al. 2004). The classification accuracies for the single dates needed to be high 

because the accuracy in the change detection equals the product of the accuracies of the 

two classifications used to detect change (Stow et al. 1980, Singh 1989).  

Using the thematic maps derived for the north and south agricultural developments, we 

created change detection matrices and change maps. To obtain these results we used two 

classifications at a time to assess where the change occurred (spatial representation of the 

change), and what the change was.  To assess agricultural change and potential 

agricultural abandonment, we generated four change detection maps and matrices for the 

following pairs of years1988-1993, 1993-1998, 1998-2004 and 2004-2009.   

Finally, we generated a series of landscape metrics per change class (area occupied by 

each change type, number of patches, patch sizes and standard deviation of  patch size) to 

help us understand how these landscapes have changed and what the classes were that 

changed the most through time. By analyzing these general fragmentation statistics, we 

expected to gain more insights into the landscape compositional and ecological trends at 

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 classifications resulted in 

overall accuracies of over 84% for all the years (table 5). The user’s and producer’s 

accuracies (Story 1986), obtained for different vegetation cover classes in each 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 the thematic 

map represents what is on the ground. Some of the confusion generated among several 

land cover classes is mainly due to similarities in their spectral characteristics. Mesquite 

shrubland are sometimes confused with desert shrubland due to overlapping of species 

and similarities in response to monsoon rains. Also, mesquite shrublands are sometimes 

confused with active agricultural fields, especially with irregular orchards (observed 

during our accuracy assessment) that might potentially have a similar response as the 

mesquite trees (according to the classifier). Most other land cover classes were classified 

correctly, primarily due to their unique phenological, biophysical and topographic 

characteristics (represented by the used explanatory variables Table 2) that easily 

differentiated them from the other land cover classes. For example, the succulent-

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 products from 

1993 and 1988 were derived from training datasets extracted from later or earlier images.  
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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 achieved in the rest 

of our classifications. 

Landscape changes at La Costa de Hermosillo from 1988 to 2009 

The most significant events regarding the land cover change and distribution at La Costa 

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 early ecological succession 

mainly composed of desert shrublands (Castellanos et al. 2005) (Figure 4). The 

increasing amount of areas in different stages of succession after human activities and the 

land cover transition from agricultural areas to other land cover types, are most likely 

related to water use and regulation (Halvorson et al. 2003). The reduction of suitable 

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 shrimp, oysters 



91  

and other profitable species (Páez-Osuna et al. 2003, Martinez-Cordova and Martinez-

Porchas 2006). Even though the actual sustainability of these practices has been 

discussed in the past (Páez-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 extensions of coastal 

areas have been converted form native vegetation, to aquaculture farms as can be seen in 

Figure 4. The main land use/cover change regarding these practices is the transition 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 succulent-stemmed and 

mesquite shrublands were more stable through time (Figure 3). Using our thematic maps 

of land cover (derived from each classification), we were able to differentiate the spatial 

extents where most of the variation occurred (Figure 4). Looking at the most important 

land cover changes identified, and the evidence collected from the literature and 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 dynamics of the 

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 active agriculture (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 and fallow fields (to 

end with three total classes), we expected the classification to be equally or more accurate 

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 observed, we conducted 

accuracy assessments (Table 6). Our results show similar accuracies for the north and 

south agricultural developments when compared to the ones obtained for landscape 

classifications for the whole area of LCH. In all our land cover maps the class 

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

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 phenological 

changes in the different land cover types (Villarreal et al. 2011), we proceeded to 

generate a post classification change detection analysis to analyze abandonment trends at 

LCH. To assess the overall changes in the most representative active agricultural areas in 

our study site, we used the thematic maps extracted from the north and south agricultural 

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 period of time 

between each classification.  

Each of the products generated ended up with nine potential changes from one land cover 

type to another showing where and what changes occurred between agriculture, fallow 

and other land cover types. Since the imagery used for classification were taken from 

similar periods in each of the years, and the errors of miss registration were low (Carmel 

et al. 2001) the sources of error in the change detection were mostly due to miss-

classifications. These Type I (no change when there is) and Type II (change when there is 

none) errors are common in post classification techniques (Hall et al. 1991, Villarreal et 

al. 2011). It is generally accepted that the accuracy of the change maps equals the product 

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 agricultural vegetation cover 

classes through time (Figure 7a). These spatial representations show the location and 

types of changes occurring in specific areas. When analyzing net agricultural change in 

this area (new or re-opened areas for agriculture minus areas converted from agriculture 

to other land cover types), we found that there has been a general decrease in agricultural 

practices in every period analyzed (Figure 7b). Changes in agriculture practices present 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 1993: Almost 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 fallow to active 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) respectively. 

Most of the changes occurred in the north and central portion of the study site where most 

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

1993 to 1998: About 1287 ha of planted agricultural fields along with 2803 ha of fallow 

fields were converted to other types of land cover. The mean patch sizes for these 

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 fallow to planted 251.3 

ha. We also found that 799 ha of new fields with active agriculture were established, 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 established. These changes 

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 2004: Between these years, 949 ha of planted agricultural fields and 2711 ha of 

fallow fields were converted to other land cover types. The mean patch sizes for these 

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 period the 

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 2009: For 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 for 

agriculture were opened up: 273 ha of planted fields with patches of approximately 1.1 ha 

(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 the study site, 

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

We captured higher rates of change among the land cover types during the first two 

periods analyzed. This was apparently related to the enforcement of water use regulation 

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 important to note that even if 

new areas were opened for agriculture in every period, agricultural land transitions to 

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 abandonment/new-opening 

dynamics were not dependent on field size. However, we noted a general decrease of the 

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, these metrics 

suggest a rapid (and generalized) agricultural abandonment throughout the landscape in 

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

(middle 1940’s). 

Change detection thematic maps for the southern agricultural development depict the 

location and type of change occurring at particular time intervals in this study (Figure 

8a). Similar to the northern agricultural development, the general trajectory of the 

southern (and main) agricultural development indicates a decrease in the amount of area 

used for active agriculture. However, the time when most agricultural change 
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(abandonment) occurred is different in this area (Figure 8b), presenting the larger change 

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 development in LCH. 

Further social and economic analysis will be needed to understand these patterns.  

 The following section discusses changes in extent and fragmentation metrics that 

occurred between 1988, 1993, 1998, 2004 and 2009 for active agriculture, fallow and 

other land cover types in the southern agricultural development. 

1988 to 1993: During 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 cover types. 

The mean size of the converted patches was 3.9 ha (21.6 SD) for fallow fields and 2.5 ha 

(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, there was a large change 

from one land cover type to another. In this highly dynamic area, these changes were 

homogenously distributed throughout the whole landscape.   

1993 to 1998: During 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 during this 

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 cover type. This 

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

1998 to 2004: During 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 for these 

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 with 4933 ha 

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 recently opened 

agricultural fields (Figure 8: abandonment depicted in red and cyan, new fields depicted 

in green). 

2004 to 2009: During 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 were 1.4 ha 

(5.4 SD) and 1.9 ha (9.6 SD) respectively. During this period, large areas of this southern 

landscape were converted from active fields to other vegetation types; this change was 

homogeneously distributed over the landscape. 

For the southern agricultural area, the patch size was highly variable between land 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 the overall patch 

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 progressive decrease 

in active agricultural and fallow fields. Also, the reduction in patch number and density 

coupled with the reduction in agriculture between the first and the last periods analyzed 

suggests agricultural abandonment throughout the landscape and a change of agricultural 

active areas to other land cover types.  

The southern agricultural development at La Costa de Hermosillo underwent similar 

changes as the northern section. Although patch density generally decrease for each 

development, they were generally lower for the northern development than for the 

southern development. Similarly, the patch sizes in the northern development were higher 

than the southern development. An explanation to the previous might be that the northern 

agricultural area has larger agricultural fields that are still active, in contrast to southern 
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development with smaller fields. The most drastic decrease in agricultural land happened 

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 the development 

of new agricultural areas, resulting in a net loss of agricultural areas. We attribute this 

phenomenon to the same trends mentioned in relation to the northern losses in 

agricultural development, the salinization of water sources and strict water regulations 

implemented by the Mexican government.   

Conclusion 

The use of the CART/See5-based vegetation type modeling approach to classify Landsat 

TM datasets allowed us to generate detailed thematic maps to analyze the landscape 

dynamics in the arid agro-ecosystem of LCH. The remotely sensed observations and 

changes of the landscape from one period to another reflect the human impact that this 

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 resources. 

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 reflect the 

vulnerability of this arid agro-ecosystem to anthropogenic change. Other important 

changes that occurred in the LCH region is rapid development of aquaculture farms along 

the coast of the Gulf of California, which is a blooming economical activity for the state 

of Sonora. Even though the sustainability of these practices has been debated as large 
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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 change detection 

maps show high rates of change from agriculture to other types of vegetation (Figures 7 b 

and 8b). These changes can be interpreted as either the abandonment of agricultural fields 

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 different locations 

across the study area.  

The abandonment of agricultural fields in this arid ecosystem opens the possibility to 

multiple scenarios for the ecological pathways and interactions for the degraded sites. 

Restoration efforts from government agencies and NGO’s, as well as the resilience and 

succession rate in each particular field will dictate the pace of recovery and  if the 

vegetation communities will reach a new steady state (Westoby et al. 1989, Briske et 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 research will be 

needed from governmental agencies and public institution (Universities, research centers 

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 develop cost 

effective monitoring, analysis and assessment of highly degraded landscapes. Our land 
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cover change detection analysis demonstrates that the high level of accuracy achieved by 

our classifications might be adequate to analyze succession trends at the landscape level.  

In this work we started to describe the landscape composition (Turner et al. 2001) based 

on our thematic maps of LCH (patches per class and area per land cover type). However, 

more analysis will be necessary to assess the actual landscape configuration (probability 

of adjacency and contagion) dynamics to analyze the spatial arrangement of land cover 

types (O'Neill et al. 1988, Turner et al. 2001). Further analysis of accurate land cover 

thematic maps, using fragmentation statistics to analyze configuration dynamics, 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 requires careful 

planning and monitoring to avoid further degradation of the natural capital in the country.  

Implementation of spatially explicit models and monitoring practices to analyze land 

covers dynamics in arid agro-ecosystems are necessary to determine the allocation of 

efforts regarding restoration practices in highly degraded environments such as LCH.      
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Tables 

Table 1: Selected images from Landsat-5 TM. Two images were used per year. One was 
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, however 2009 
present lower precipitation than usual for the region. 
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Table 2: Variables used in the land cover classifications. These were derived from Landsat 
spectral reflectance data (each year) and a DEM. These variables where processed 
to a common resolution (30 meters).   
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Table 3: Land cover classification scheme used for La Costa de Hermosillo region.  
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Table 4: Example of a confusion matrix for the 2009 classification. Confusion matrices 

were established for all land cover classifications and the results summarized in 
Table 5. 
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Table 5: Summary of the User’s, producer’s, Kappa and overall accuracies for the CART 
based vegetation classification for 1998, 2004 and 2009. 
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Table 6: Summary for User’s, producer’s, Kappa and overall accuracies for the 
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 study area. The 

study area is based on the location of the La Costa de Hermosillo irrigation 
district and subsequent agricultural expansion.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

Figure 2: Map of the study area, showing a Landsat based Normalized Difference 
Vegetation Index (NDVI) from1988, and the delineation of the southern and 
northern agricultural developments. 

 
 
 

 

 

Map of the study area, showing a Landsat based Normalized Difference 
Vegetation Index (NDVI) from1988, and the delineation of the southern and 
northern agricultural developments.  
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Map of the study area, showing a Landsat based Normalized Difference 
Vegetation Index (NDVI) from1988, and the delineation of the southern and 

 



 

Figure 3: Total areas for all 
Costa de Hermosillo.
through time. 

 

 

 

 

 

 

 

 

 

 

 

reas for all land cover types for 1988, 1993, 1998, 2004 and 2009
Costa de Hermosillo. This figure shows the fluctuation in land cover types 
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1988, 1993, 1998, 2004 and 2009 at La 
This figure shows the fluctuation in land cover types 

 



 

Figure 4: Maps of land cover class distribution at La Costa de Hermosillo from 1988 to 
2009. We can observe a 
other economical activity in the form of aquaculture, especially in 2004 and 
2009. 

 

Figure 4: Maps of land cover class distribution at La Costa de Hermosillo from 1988 to 
2009. We can observe a decrease in agricultural activities and an increase in 
other economical activity in the form of aquaculture, especially in 2004 and 
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Figure 4: Maps of land cover class distribution at La Costa de Hermosillo from 1988 to 
decrease in agricultural activities and an increase in 

other economical activity in the form of aquaculture, especially in 2004 and 

 



 

Figure 5: Maps of the simplified land cover class distributions
a) northern agriculture development and b)
general decrease in fallow and active agriculture is observed for the last two 
decades (see also Figure 3 and 6).
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Figure 5: Maps of the simplified land cover class distributions from 1988 to 2009 at the 
agriculture development and b) southern agriculture development. A 

general decrease in fallow and active agriculture is observed for the last two 
decades (see also Figure 3 and 6). 
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from 1988 to 2009 at the 
southern agriculture development. A 

general decrease in fallow and active agriculture is observed for the last two 
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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 
agriculture development. Land cover conversions and changes are visible for 
active agriculture (AA), fallow fields (FF) and other land cover types (O). b) 
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 
agriculture development. Land cover conversion and the spatial distribution of 
the changes are visible for active agriculture (AA), fallow fields (FF) and 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 and triggering 

phenological cycles, as well as the analyses of phenological trends of the land surface, 

constitute useful tools to monitor and understand vegetation dynamics of arid land cover 

types. La Costa de Hermosillo (LCH) is an arid agro-ecosystem located in central-eastern 

Sonora, Mexico, where the overexploitation of resources (primarily groundwater) 

resulted in the abandonment of large extensions of agricultural lands. To address the 

ecological degradation posed by these abandonments, current governmental policies 

subsidize restoration efforts in order to rehabilitate these areas. In this study, 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 restoration treatments on 

the phenology of abandoned agricultural fields and four additional land cover classes that 

are prominent in LCH. We used 16-day NDVI composites from the Moderate-resolution 

Imaging Spectroradiometer (MODIS) from 2000 to 2009 to derive the phenometrics for 

each year. We then derived phenoclimatic variables and land cover thematic maps, to 

serve as a set of independent factors that influence vegetation phenology. We conducted a 

multivariate analysis of variance (MANOVA) to analyze phenological trends among land 

cover types and developed a Multiple Linear Regression (MLR) model to assess the most 

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 different responses 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 analysis also 
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suggests possible establishment of arid adapted species (from surrounding ecosystems) in 

abandoned fields with longer time of abandonment. Finally, we could not detect any 

differences in phenological variability as a function of climate variability between 

restored and unrestored fields (both after ten years of abandonment). Further 

development of these methodologies might generate effective tools for the monitoring of 

restoration practices. 

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

monitoring and modeling, NDVI, MODIS. 
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1 Introduction  

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

practices, have resulted in the degradation and desertification of arid and semiarid 

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, extensive landscapes 

are left with high levels of fragmentation, which in itself might create positive feedback 

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 irrigated agriculture 

operations, marking the start of a rapid expansion of the area used for this activity, which 

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 volumes of water had 

to be extracted from the ground water aquifers present in the zone. Several economical, 

ecological and environmental impacts have been described in the literature regarding the 

overexploitation of the aquifers at LCH. Some of the most important impacts are the 

marine water intrusions of the ground aquifer systems and the increase of salt levels in 

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 have been 

subsidized by the Mexican government through programs such as the “Program of Direct 

Agricultural Subsidies” (PROCAMPO) and “Pro Árbol” (Pro Tree) promoted by the 

National Forestry Commission (CONAFOR). Common practices for rehabilitation of 

abandoned fields include the development of contour line plowing to maintain humidity 

and reduce erosion, and the reforestation of fields through seeding and plantation of trees. 

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 satellite-based time-series 

data, along with climatic models and thematic land cover maps, to analyze the effects of 

climatic drivers and land cover on phenological metrics for agricultural fields that 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 similarities and differences in 

land surface phenological responses within and among land cover types at LCH, by 

analyzing three phenology based measurements across a 10 year period 2) to assess 

differences in phenological trends among land cover types, and 3) to examine what the 

primary climatic drivers of phenology are at LCH taking into account representative 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 recovery factor. 

We therefore expect 1) a positive difference in the increase of productivity proxies for 

restored abandoned fields when compared to abandoned fields without restoration (and 

therefore a trend), and 2) higher productivity for fields abandoned during the early 1990’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 climatic drivers 

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

1.1 Background 

The field of phenology studies the biological cycles of plants and animals as affected by 

environmental conditions and weather (Schwartz 2003a). Therefore, the use of land 

surface phenological metrics (Reed et al. 2009, Xiao et al. 2009), such as start of the 

growing season and productivity, constitutes an important source of information to assess 

the response of land cover types to variable environmental conditions (Kariyeva and van 

Leeuwen 2011). To obtain phenology metrics at the landscape level, powerful algorithms 

that generally use field or remotely sensed datasets have been developed and explored 

(Jönsson and Eklundh 2003, Jönsson and Eklundh 2004, van Leeuwen et al. 2010b). 

9�+����"����������)������������;�.,-&���+���������� ����<����%��������������������<�����)"����

�<�������7���������������;���������������7���)�7��� ���%��+��.9���������!��

�&!�,-���+���������

<����%����������������"��<��:��7����������������7�� ����<�����)"�������������������������+������

�����%����"�.C<��)������!��

�1�����/���0��������!� �
�
%&!?<�����)�7���+����7��<���������%����

���������;�����������7������������������7<��)��.9�� �������!�����&!� However, the derivation of 



129  

phenometrics from VI time series data for the analysis of differences among land cover 

types in agricultural systems, to address human impact and the success of restoration 

practices in abandoned fields, is not well documented. 

Land cover dynamics and climatic variability are decisive forces controlling vegetation 

phenology in arid and semiarid ecosystems (Menzel 2003, Schwartz 2003b, Zhang et al. 

2003). In areas where the differences in topography conditions are minimal, as is the case 

for LCH, these factors might constitute the primary drivers for phenological variability in 

the landscape. Therefore, to effectively explain land surface phenological responses, it is 

necessary to obtain both adequate phenoclimatic measurements (Schwartz 2003a) and 

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 present at an area at a 

particular point in time (Turner et al. 2001). Phenological responses of vegetation 

communities for specific land cover types comprised within similar ecosystems are prone 

to differ in time and magnitude due to their differences in species characteristics and 

composition (Defries and Townshend 1994, Menzel 2003). Moreover, phenological 

characteristics particular to specific land cover types have been used to map their 

distribution at several scales (Friedl et al. 2002, Villarreal et al. 2011). Due to the spatial 

multi-scale representation of land surface phenology, the importance of certain 

environmental conditions might change as we change the scale of our analysis. 
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Agricultural intensification along with unsustainable practices have led to the degradation 

of agricultural lands in many places, provoking large scale desertification processes 

(Lambin et al. 2001). Moreover, negative effects on surrounding ecosystems have also 

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, Halvorson et 

al. 2003), often resulting in the fragmentation of the landscape with multiple land cover 

classes distributed in patches (Turner et al. 2001). The use of phenological trend analysis 

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 assess the response 

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 dependent on 

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

factors affecting the phenology of plants (Schwartz 2003b). Several studies have 

demonstrated the correlation between temperature variation and the timing and 

magnitude of phenological responses (Menzel et al. 2006, Sherry et al. 2007). The use of 

degree-days recognizes that there is a proportional relationship between the development 

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

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

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

Another important climatic factor driving phenological responses is precipitation. In arid 

ecosystems where diverse land covers rely on water to be biologically active (Loik et 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 often referred to as 

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 impacts the 

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, approximately 

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 to the Gulf of 

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 to 22 Co, maximum temperatures of 
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over 45 Co during the summer, and minimum temperatures above 0 Co in the winter. This 

system is also arid with precipitations ranging from 100 to 300 mm/yr in a bimodal 

regime with the wettest months being July and August. Potential evapotranspiration in 

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 areas larger than 

25 Ha for each of the seven land cover types analyzed (a total of 90 areas were selected). 

The land cover types represented in the study area were 1) agricultural fields abandoned 

since the early 1990’s without restoration, 2) agricultural fields abandoned since the early 

2000’s without restoration, 3) abandoned agricultural fields with restoration since 2000, 

4) active agriculture, 5) mesquite shrub areas, 6) halophytic vegetation areas, and 7) 

desert shrub areas (Figure 1b). 

Land cover classes were derived from Landsat TM 5 imagery, field information, and 

information provided by the Secretaria de Medio Ambiente y Recurason Naturales 

(SEMARNAT) in Mexico. To generate the classifications we used Classification and 

Regression Tree models (Breiman et al. 1984, De Fries et al. 1998, Friedl et al. 2002, 

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). To select our 

study samples we verified that the selected areas were stable (in land cover type) 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 widely used 

vegetation indices as it measures the potential photosynthetic activity on vegetation 

(Gamon et al. 1995). More specifically, the index uses the green vegetation properties, to 

derive a proxy for vegetation response based on the near infrared (NIR) and the red 

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

 NDVI = (� NIR- � Red) / (� NIR + � 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 (phenometrics) 

reflecting vegetation dynamics for the entire study area. To achieve this, we used the 

TIMESAT software platform, which incorporates the capability to conduct time series 

analyses on remotely sensed datasets, to calculate key vegetation growth stages (Jönsson 

and Eklundh 2002, Jönsson and Eklundh 2003, Jönsson 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 types selected 

(Figure 3). The first phenometric analyzed was the small integral (SI) of NDVI over the 

season which represents the vegetation that is active in terms of photosynthetic activity 

during the growing season (Jönsson 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), which is the date at 

which the NDVI value increases 20% from the base or pre-season minimum with respect 

to the maximum value during the season. The third phenometric analyzed was the length 

of the season (LOS) which is the number of days between the start and the end of the 

growing season (Jönsson 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 areas, regarding key 

vegetation stages (Zhang et al. 2003, Zhang et al. 2005). The products from this process 

were three raster data sets per year (at the same spatial resolution and projection as the 

MODIS datasets), representing the SI, SOS, and LOS phenometrics (Figure 3b). We 

decided to use the SI because we were interested in examining the productivity of 

different land cover types using the phenological parameters associated to it (the SI is 

determined by timing and magnitude of response), and not through an arbitrary selection 

of dates (e.g. productivity on summer). We also were interested examining the trends and 

factors affecting the timing of events at different land cover types, specifically the SOS 

and LOS, since they reflect the variability among land cover types, and the response 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 years. The spatial resolution of precipitation and temperature data from remotely 
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sensed and global climate models like the Global Land Data Assimilation System 

(GLDAS) and the Tropical Rainfall Measuring Mission (TRMM) were too coarse to use 

them for this study. Instead we obtained field weather station measurements form 

Comisi� n Estatal del Agua (CEA) Sonora and Red Estatal de Estaciones Climatologicas 

Sonora (AGROSON), to construct the spatial distribution of climatic measurements for 

precipitation and temperature in our area of interest. We obtained a total of eight well-

distributed weather stations that contained full records on mean, maximum and minimum 

temperature, and cumulative precipitation per day since 2000 until the present (Figure 4). 

For each year and station we obtained climate variables to analyze their effects on the 

phenological variation for each of the different land cover types. To assess for multi-

colinearity (Farrar and Glauber 1967), we tested the independency among the climate 

variables to ensure that their interrelationships had low correlation (R2=<0.69). Finally 

we produced a total of eight climatic variables, taking into account precipitation, 

temperature, and seasonality (Table 1).  

Since we required the datasets to have spatial distribution and variation, we generated 

rainfall and temperature surfaces for each of our explanatory variables using a linear 

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 assess the phenological 

trends at different land cover types, two analyses were conducted. The following sections 

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 explains phenological 

variability through time (10 years) for each of the seven land cover types analyzed at 

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

to represent phenological fluctuations among the different land cover types present in 

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 (Raich et al. 1991, 

Tucker et al. 1991, Goetz et al. 2000, Knapp and Smith 2001). Eidenshink and Haas 

(1992) analyzed the growing season profiles and seasonal variability for several land 

cover types in the United States using the COV as a measure for variability on potential 

productivity for each of the communities analyzed. They suggest that in relatively 

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 the COV to 

demonstrate that the variability in climatic factors have a direct effect on vegetation 

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 types in a highly degraded 

agro-ecosystem, and it seeks to assess to what extent climatic variability explains 
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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 climate and phenology is 

expected from mature communities in arid systems (Figure 5a-b). We propose the 

following geospatial phenoclimatological model: 

 COV (Phenometrict) = f (COV(xa1,a8)t)     (2) 

Where xa1,a8 are the seasonal explanatory climate variables derived for our study. The 

COV (xa1,a8)t 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 (Phenometrict) for each of the three 

phenometrics were calculated to represent the variability for these 10 years as well. Even 

though calculations for the COV in phenology and climate encompassed our entire study 

area, we separated the areas that corresponded to the samples representative of the 

different land cover types for further analysis. A total of twenty-one phenoclimatological 

models that are based on a Multiple Linear Regression (MLR) approach were generated, 

representing a model for each of the three phenometrics and the seven different land 

cover types. We used the stepwise MLR procedure to select the variables for each model. 

Therefore every variable used significantly explains a portion of the phenological 

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 analyzed, 

because: 



138  

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 climate for 

irrigated agricultural lands, which might not respond in the same way to 

precipitation as the natural systems, and might not respond consistently to varying 

temperatures depending on the cultivars sown in different years. 

3) We dealt with severely degraded systems like the abandoned agricultural fields. 

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 interannual trends in 

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 and two for the 

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 external variables, 
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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 Germany. They 

found that there were advances in key indicators showing an earlier spring onset and 

earlier succeeding spring phenophases. They also found an increase in the growing 

season length. Dio and Katano (2008) used two-way multiple analysis of variance 

(MANOVA) as part of their experimental design to analyze interannual and seasonal 

trends in budburst for certain species and field stations. In this study we used MANOVA 

to assess trends in time and land cover type effect on the interannual phenological 

trajectories. Specifically, we were interested in analyzing the similitude and differences 

regarding the phenological responses among the seven land cover types analyzed, to be 

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 cover types of 

interest. The land cover types of these sample sites generally remained unchanged 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 (productivity) among the land 

cover types. Due to potential vegetation succession, we expected to see a positive trend in 

vegetation response or recovery for the abandoned agricultural fields, especially for fields 

with longer time since abandonment, and also for the areas that have been receiving 
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rehabilitation treatments during the last ten years. We expected to see insignificant trends 

in productivity for mature vegetation stands which have more stable phenological 

responses. Regarding the SOS and LOS phenometrics, we expected to detect similar 

behavior for all the land cover types (except maybe for active agriculture), since 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 represented for the extent of our 

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

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

regarding each of the phenology proxies through the ten years (between 2000 and 2009). 

Table 2 contains a statistical summary of the three phenometrics (SI, SOS and LOS) for 

the 10 years of MODIS NDVI time series data and representative samples (n) for the 

different land cover types and land use histories.  

Compared to the rest of the land cover types, the active agricultural fields and mesquite 

dominated sites show larger mean SI values (3.045 and 2.499 respectively). In the case of 

agriculture, a high SI reflects the intensive production practices in agricultural fields 

using artificial means (irrigation, fertilization, reduction in competition) to promote 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 productivity during 

the growing season. Mesquite trees have deep roots and present multiple adaptations to 

arid environments which provide the basis for their large production potential (Virginia 

and Jarrell 1982, Nilsen et al. 1983).  

We observed that the mean SI for abandoned agricultural fields that received restoration 

is slightly higher than the mean SI for other abandoned fields, according to our SEM 

(Figure 6), however these differences were not significant. We also found that halophytic 

vegetation, desert shrub sites and abandoned agricultural fields abandoned since 1990 

represent the three lowest SI values and the lower SD and SEM values, making them the 

most consistent in terms of SI response. The similar responses between abandoned 

agricultural fields and those of desert shrub and halophytic vegetation might indicate the 

migration of abandoned agricultural fields into a succession by surrounding vegetation 

communities as suggested by Castellanos et al. (2005). Also, agricultural fields with 

longer time since abandonment seem to resemble desert shrub and halophytic vegetation 

more closely than recently abandoned fields. 

Generally, active agricultural fields had an earlier SOS than all the other land cover types. 

This was expected since irrigated agriculture is not governed by rainfall and can take 

advantage of the suitable growing season temperatures in the spring. The length of the 

growing season for the active agricultural areas was longer since the LOS values were 

higher than the LOS of all other land cover types. Furthermore, we observed that the SOS 

was the slightly earlier for mesquite dominated sites in comparison to the abandoned 
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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 redistribute water in the soil, 

allowing this species to have a head start (Mooney et al. 1980). The rest of the data show 

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 the “natural 

vegetation” classes. This suggests that all land cover classes, except active agriculture, 

get the cue for the timing of vegetation response from climate variables which are most 

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 phenological trends 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 MANOVASI 

suggests that there is no interaction (or trends) regarding the SI measurements and time 

among land cover types (repeated measurements MANOVASI, F9,56= 1.21, P=0.306); 

therefore all land cover types tended to change similarly over time. With no differences 

in the interannual trends of SI we can assume that all land cover types respond similarly 

to climate for all years considered (Figure 7a-b), indicating a synchronous increase or 

decrease in SI. This is likely related to the environmental drivers for any particular year. 

MANOVA SOS suggests an interaction between land cover types and time (repeated 

measurements MANOVASOS, F9,56= 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 MANOVALOS 

(repeated measurements MANOVA, F9,56= 3.702, P=0.001) showed similar results as the 
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MANOVA SOS and 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 LOS (Figure 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 types differ for 

the ten years analyzed, suggesting a modification to the response of the biological 

components (vegetation) for at least one of the land covers analyzed during this time 

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 others. Linear 

trends in SOS and LOS values for the last 10 years were examined (results not presented) 

and found to be mostly insignificant except for active agriculture, abandoned fields since 

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 agriculture and 

mesquite represented in this study show a trend towards a shortening of the growing 

season. High variability regarding these phenometrics during this 10 year time period 

indicates the necessity of using a longer time series coupled with the consideration of 



144  

current environmental drivers (El Niño, La Niña 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 each land cover 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 climate factors 

were preferentially incorporated in phenoclimatological models regardless of land cover 

type (Table 3). The most frequently used climate variable in the phenoclimatological 

models was summer precipitation, which appeared in thirteen of the twenty-one models 

constructed. Because LCH is located within the Sonoran desert, an arid bimodal rainfall 

climate system with the bulk of precipitation occurring during the summer. Results in 

Table 3 show that that the rainfall during both precipitation seasons, but particularly the 

summer rainfall, strongly impact land surface phenology. Of all the temperature 

variables, the most prominently used was the fall temperature, which was present in 

eleven models. This suggests that variation in temperature after the monsoon influence 

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

3.3.1 Impact of climatic drivers on productivity proxies at LCH 

The MLR results showed significant correlation between the COV of SI and the COV in 

climatic parameters for the different land cover types (multiple linear regression 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 temperature and spring 

temperature (Table 3). The active agriculture phenoclimatological model presented lower 

explanatory power than the rest of the models, with only 4.6% of the total SI variability 

explained by our climatic variables (Table 4). This is caused by the fact that these 

agricultural activities are not limited by rainfall since they are irrigated for crop 

production (reduced phenoclimatic relationships). Cultivar rotation might also present 

difficulties in trying to develop a phenoclimatological model because these fields might 

be used for different types of crops every year, making it challenging to establish 

consistent responses in photosynthetic activity. Abandoned agricultural fields presented 

similar responses to variability in climate. We noticed that abandoned fields with 

restoration practices implemented since 2000 had 13.7 % of the overall variability in SI 

explained as a function of our climatic variables (Table 4), while those f abandoned fields 

abandoned during 2000 without restoration had 11.9% of the SI variability explained as a 

function of climatic variability. Finally, phenological variability of fields abandoned 

since 1990 present the highest response to climate variability among abandoned fields, 

with 17.9% of the SI variability explained by our climatic variables (Table 4). The 

increase in SI response to climatic factors for some of the abandoned agricultural fields 

could mean that the establishment of new vegetation is adapted to desert conditions that 

quickly trigger biological activities in response to the shift in climatic conditions (Noy-

Meir 1973, Loik et al. 2004). It can also mean that the vegetation cover per pixel is 

becoming more consistent resulting in even SI responses for each year. As expected, 

phenoclimatological models for mature vegetation stands like mesquite dominated areas 
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and shrublands had the highest explanatory power, with 55.8 and 54.3 % respectively, of 

their variability in SI explained as a function of our climatic dataset (Table 4). This is 

because the life forms in these land cover types present the biological conditions that 

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 halophytic vegetation SI 

model had low explanatory power, and only 5.8% of the SI variability was explained as a 

function of our climatic variables (Table 4). This could be due the presence of large 

barren soil areas between vegetation patches, which would propitiate high variability in 

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 interannual SOS times as a 

function of climate variability resulted in significant correlations with a range of 

explanatory powers for the different land cover types (multiple linear regression tests, all 

ANOVA P<0.05). The most used climate variability measurements were summer 

precipitation and fall mean temperature, while the least used climatic variables were 

summer maximum temperature and mean temperature which were only used in one 

model (Table 3). The model presenting the lowest explanatory power for SOS variability 

as a function of climatic variability was the one related to abandoned fields with 

restoration, where the model explained only 2.7% of the variability in SOS as a function 

of climatic variability (Table 5). This suggest an uneven SOS response among the fields 



147  

to climatic factors, potentially reflecting the presence of a wide array of succession stages 

in those fields, with life forms responding to environmental variables during a wide range 

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 fields trigger their 

biological activities partly as a function of climate, this also suggests a potentially more 

homogeneous succession stages in this fields that the ones with restoration. Our models 

concerning agricultural fields with longer time of abandonment (20 years) present higher 

correlation between the SOS and climatic variability (33.8% explanatory power) among 

the agricultural abandonment field classes suggesting a more consistent response to 

climatic variability by the vegetation present in them. Active agricultural fields do not 

show high explanation of the variability in SOS as a function of climate variability. 

However, with an explanatory power of 7.6%, our model reflects the response to 

temperature and precipitation for some of the crops. SOS variability among the mesquite 

stands show also little correlation to climate measurements (4.4% explanatory power) 

possibly due to the fact that mesquite might rely on ground water to start their biological 

processes (Mooney et al. 1980). Desert shrubland and halophytic vegetation represent 

two of the three models with the highest explanatory power, with respectively 41 and 

29.5 % of their variability in SOS explained as a function of climatic variability. 

Apparently these mature communities rely on climatic triggers to start their phenological 

activity. The SOS is different from magnitude based (i.e. SI) and quantitative based (i.e. 

LOS) phenometrics, because it represents a discrete event in a continuum (season). We 
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therefore propose to disaggregate our climatic datasets (i.e. use precipitation by month or 

first day with precipitation on the summer) to explain this particular phenometric using 

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 significant correlations 

between variability in LOS and some of climatic metrics for different land cover types 

(multiple linear regression tests, six of seven ANOVA's P<0.01; agricultural fields with 

restoration since 2000 ANOVA P<0.1). As was the case for the SOS analysis, the most 

often used climatic variability measurements for the LOS models were summer 

precipitation and fall mean temperature. Winter minimum temperature was only used 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 in 

LOS as a function of climatic variability (Table 6). These results make further 

suggestions regarding the potential presence of multiple succession stages in those fields. 

Also, agricultural fields with a longer time since abandonment (since 1990) present better 

correlation between variability in LOS and climate variability (22.8% of models 

explanatory power) than abandoned agricultural fields with a shorter time (since 2000) of 

abandonment (10.5% of variability explained). This suggests a more stable response to 

climatic variability in older fields as a reflection of more stable vegetation stands, 

following environmental cues to trigger biological activities. Again, active agricultural 

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

(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 suggest that even if SOS is 

not explained well for mesquite shrublands, other factors related to climate affect the 

timing of biological events. Halophytic vegetation models explained only 12.5% of LOS 

variability as a function of climatic variability, suggesting that other factors 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 set of variables might 

increase the potential explanatory power of our LOS models, by detecting more precise 

triggers for the starting and the onset of the season. 

4 Conclusions 

We were able to start the characterization and analysis of phenological trends  among the 

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

remotely sensed information and modeling techniques that take into account the repeated 

measurements from multiple samples. Additionally, by using proxies for interannual 

variability (COV) in climatic and phenological variables we were able to analyze and 

infer what some of the main environmental factors driving the land surface phenology of 

seven different land cover types at LCH. These results further our understanding of the 

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 understanding of landscape 

dynamics at LCH, there are a variety of venues to explore, especially by the derivation 

and examination of higher frequency (e.g. more years and monthly) climate datasets. 

Specifically for LCH, new weather stations began operation during 2005 introducing the 

possibility for the development of more accurate interpolations of climate surfaces. In the 

case of temperature variables we believed that our interpolations were accurate in part 

because our area of interest was not subject to sharp changes in elevation, and therefore 

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, we observed that 

relatively high variability exists among weather stations. We believe that more intensive 

spatial and temporal sampling will likely reduce uncertainty regarding precipitation 

variation in future studies.  

When assessing phenological trends among the different land cover types of interest at 

LCH we found that timing variables (SOS and LOS), present differences in at least one of 

the land cover types. This suggests a modification on vegetation composition through the 

time analyzed. Future research on phenological trends will require the differentiation of 

climatic patterns and trends such as La Niña and El Niño effects, to account for possible 

feedback consequences and global atmospheric trends (climate change effects on 

vegetation). Also the use of longer time series will likely help to differentiate among 

trends in different land covers types. 
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Although productivity (i.e. SI) shows similar trajectories in response among land covers 

types, there are significant differences with regards to the magnitude of the SI response. 

This similarity in trends suggests that there has not been a significant increment in terms 

of vegetation productivity in restored and unrestored abandoned fields.  

Each of the land cover type specific phenoclimatological models presented a range of 

explanatory power (adjusted R2) and a unique set of relationships between explanatory 

climate variables and land surface phenological variables (SI, SOS, LOS). Among the 

abandoned agriculture classes we found that fields with longer time since abandonment 

resulted in higher explanatory power regarding all three phenological variables analyzed. 

This suggests the potential establishment of increased arid adapted species (from 

surrounding ecosystems) in abandoned fields with longer time since abandonment. 

However, we could not observe an important difference in phenological variability as a 

function of climate variability between restored and unrestored fields (with ten years of 

abandonment). Therefore, further work will be needed to assess the effect of restoration 

on abandoned fields; this might require longer term assessments that could include other 

indicators such as fragmentation, species composition, and diversity. Also, we need to 

take into account the different rates of success of restoration practices for the different 

agricultural fields, possibly by conducting a field-based assessment of vegetation cover 

and composition.  

When we analyzed the set of environmental variables that explain vegetation recovery we 

found that summer precipitation variability registered the highest usage among all 
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phenoclimatological models developed. This was expected since in arid environments, 

such as LCH, precipitation triggers biological activity for the majority of the species, 

except in cases like irrigated agriculture or mesquite dominated areas, where this limiting 

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 environmental factors in this 

recovery, is a necessary tool to monitor restoration practices in highly disturbed areas. In 

this research we started the development of a framework that efficiently addresses this 

necessity. The use of remote sensing to analyze landscape dynamics and effectiveness of 

restoration treatment might significantly reduce the cost of field based monitoring and 

assessments while yielding accurate assessment of vegetation responses. Besides 

enhanced temporal frequency and spatial distribution of weather stations to derive 

climate variables, the implementation of soil properties into the analysis and other 

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 order to assess 

phenological variability among different land cover types at LCH.  
 

Variable  Description 

Winter precipitation 
Cumulative rainfall in mm from November to 
February  

Summer precipitation 
Cumulative rainfall in mm from June to 
September  

Summer maximum T 
Average maximum temperatures in Co from 
June to August  

Summer mean T  
Average temperatures in Co from June to 
August 

Winter minimum T 
Average minimum temperatures in Co from 
December to February  

Winter mean T  
Average temperatures in Co from December to 
February 

Spring mean T 
Average temperatures in Co from March to 
May  

Fall mean T 
Average temperatures in Co from September to 
November  
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Table 2: Mean (Aver.), standard deviation(SD) and standard error of the mean (SEM) 
responses for ten years of land surface phenological metrics (Small Integral, Start 
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 1.48 0.86 0.35 223.43 58.17 23.76 226.38 60.02 24.52 19 
Abandoned ag 
since 1990 1.01 0.62 0.21 221.15 37.62 13.05 230.85 51.63 17.93 13 
Abandoned ag 
since 2000 1.35 0.74 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 1.00 0.47 0.16 212.13 30.33 10.11 241.79 43.29 14.49 13 
Halophytic 
vegetation 1.03 0.52 0.18 225.82 37.17 13.24 246.17 47.46 16.88 12 
Mesquite 
dominated 2.49 0.82 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 variables significantly 

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 (Climate Variable) 
COV (SI) 
Usage % 

COV (SOS) 
Usage % 

COV (LOS) 
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 were significant (P<0.1). 
This table also shows the sample size and the model goodness of fit represented 
by the adjusted R2 for each model. 

 
 

Variables 
COV  

Abandoned 
With 
Restoration 
since 2000 

Abandoned 
since 2000 

Abandoned 
since 1990 

Active 
Ag Halophyte Mesquite Shrubland 

PrecipWinter -0.15 * * * 0.729 10.616 * 

PrecipSummer  * -2.001 -1.269 0.278 9.97 33.953 * 

T-MinWinter  * * 1.562 * * 149.504 29.099 

T-MaxSummer * * * * * * -64.399 

T-MeanWinter 25.076 * * * * * -36.266 

T-MeanSpring * * * * * * 13.099 

T-MeanSummer * * * 3.454 * * 141.2 

T-MeanFall * * -7.719 * -138.87 -288.262 * 

Sample (n) 276 229 214 219 492 133 355 
 % adj. R2 13.7 11.9 17.9 4.6 5.8 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 (adjusted R2) 
for each of the vegetation cover type models are shown as well. 

 

Variables 
COV  

Abandoned 
With 
Restoration 
since 2000 

Abandoned 
since 2000 

Abandoned 
since 1990 

Active 
Ag Halophyte Mesquite Shrubland 

PrecipWinter * * -2544.43 * * * 0.803 
PrecipSummer  * 5.049 -8614.017 * -4.148 0.582 * 
T-MinWinter  * * 19939.972 * * * * 
T-MaxSummer * * -50789.65 * * * -32.43 
T-MeanWinter * * -37539.99 * * 14.84 5.827 
T-MeanSpring * * -137567.5 * * * 14.809 
T-MeanSummer * * 263549.65 * * * * 
T-MeanFall -9.814 -144.2 266222.04 31.259 * * * 
Sample (n) 276 229 214 219 492 133 355 
 % adj. R2 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 R2 for each model and its associated sample size. 

 

 

Variables 
COV  

Abandoned 
With 
Restoration 
since 2000 

Abandone
d since 
2000 

Abandoned 
since 1990 

Active 
Ag Halophyte  Mesquite Shrubland  

PrecipWinter 0.07 4.402 2.884 
PrecipSummer  -1.213 -63.603 8.011 42.759 
T-MinWinter  -2.03 
T-MaxSummer -4916.581 -62.581 

T-MeanWinter -2384.221 -46.826 
T-MeanSpring 4.349 642.1628 
T-MeanSummer * 3.268 6600.832 -451.817 
T-MeanFall * 13.563 3701.421 -21.081 -1238.248 
Sample (n) 276 229 214 219 492 133 355 
 % adj. R2 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 (LCH), which falls 
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. 

 
 



 

Figure 2: Land cover clas
and temporal change among land cover classes in our study area.

 

 
 
 
 
 

Land cover classification maps from 1998, 2004 and 2009, showing the spatial 
and temporal change among land cover classes in our study area. 
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sification maps from 1998, 2004 and 2009, showing the spatial 
 

 



 

Figure 3: Ten years of NDVI time
example of the MODIS NDVI time
Mexico, depicting and highlighting the three phenometrics for one year; Each 
year is comprised of 23 periods (first four periods of 2000 are based on 
extrapolations using the average values of subsequent years). b) E
spatial representation of the three phenometrics (SI, SOS and LOS) for LCH. The 
SI is displayed for ten years. 
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Ten years of NDVI time-series data and derivation of phenometrics for LCH: a) 
example of the MODIS NDVI time-series for a mesquite area at LCH, Sonora, 
Mexico, depicting and highlighting the three phenometrics for one year; Each 
year is comprised of 23 periods (first four periods of 2000 are based on 
extrapolations using the average values of subsequent years). b) E
spatial representation of the three phenometrics (SI, SOS and LOS) for LCH. The 
SI is displayed for ten years.  
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series data and derivation of phenometrics for LCH: a) 
ies for a mesquite area at LCH, Sonora, 

Mexico, depicting and highlighting the three phenometrics for one year; Each 
year is comprised of 23 periods (first four periods of 2000 are based on 
extrapolations using the average values of subsequent years). b) Example of the 
spatial representation of the three phenometrics (SI, SOS and LOS) for LCH. The 
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Figure 4: Sources for climatic data at la LCH: a) Distribution of weather stations 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 each weather 
station for each of the ten years. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure 5: a) Diagram showing the expected relationships between phenological and 
climatological variability. We pose that stable arid ecosystems that are adapted to 
pulses and pressures driving vegetation response demonstrate a close relationship 
between the interannual variability in climate drivers and the variability in 
phenological variables. Th
encompassed within the linear and curve linear relationship that limits the 
boundaries of natural variability in phenoclimatological responses. b) Example of 
the relationship between the variability in th
driving a phenological metric (i.e. SI)  for two different land cove types at LCH 
(one native and another agricultural). Desert shrubland (native land cover type) 
shows a significant correlation between  climatic and SI v
our hypothesis) while active agricultural areas does not. 
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Figure 5: a) Diagram showing the expected relationships between phenological and 
variability. We pose that stable arid ecosystems that are adapted to 

pulses and pressures driving vegetation response demonstrate a close relationship 
between the interannual variability in climate drivers and the variability in 
phenological variables. The range of phenological and climate variability are 
encompassed within the linear and curve linear relationship that limits the 
boundaries of natural variability in phenoclimatological responses. b) Example of 
the relationship between the variability in the most influential climatic factor 
driving a phenological metric (i.e. SI)  for two different land cove types at LCH 
(one native and another agricultural). Desert shrubland (native land cover type) 
shows a significant correlation between  climatic and SI variability (resembling 
our hypothesis) while active agricultural areas does not.  
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Figure 5: a) Diagram showing the expected relationships between phenological and 
variability. We pose that stable arid ecosystems that are adapted to 

pulses and pressures driving vegetation response demonstrate a close relationship 
between the interannual variability in climate drivers and the variability in 

e range of phenological and climate variability are 
encompassed within the linear and curve linear relationship that limits the 
boundaries of natural variability in phenoclimatological responses. b) Example of 

e most influential climatic factor 
driving a phenological metric (i.e. SI)  for two different land cove types at LCH 
(one native and another agricultural). Desert shrubland (native land cover type) 

ariability (resembling 
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Figure 6: Mean small integral (SI) for ten years of seasonal MODIS NDVI data, for each 
of the land cover types analyzed at LCH. The differences and similarities between 
the seven vegetation cover types represent land use history (agriculture or native) 
and restoration activities. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



172  

Figure 7: Graphical representation of SI through time for seven land cover types 
analyzed: a) Interannual trajectories of the small integral (SI) show variability in 
vegetation productivity for each of the land cover types represented in La Costa 
de Hermosillo (LCH). b) Summer precipitation resembling SI 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 SOS for the 
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 values for all 
samples per land cover type studied. 
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