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ABSTRACT 

Changes in vegetation patterns within cities can have detrimental environmental 

consequences, including increased temperatures and exacerbated water and air pollution 

problems which threaten human health and preservation of environmental resources. Given 

expected growth in urban population, and in the context of climate change, understanding how 

city development effects urban green spaces is important in order to combat the negative effects 

decreased vegetation creates within cities. While the effects of traditional open space 

development on vegetation are well documented, the impacts of new city development practices 

(e.g. infill development) on vegetation have yet to be examined.  As one of the country’s top ten 

fastest growing cities in the United States, Denver, Colorado provides a unique opportunity to 

study the effects of mandated infill development on vegetation patterns. Frequently cited as a 

“smart growth” alternative to traditional open space development, the current study investigates 

the effects of land cover change associated with infill development has on vegetation patterns 

across the City of Denver. Using the Normalized Difference Vegetation Index and a regression 

based statistical analysis, a methodology for identifying areas of change and the main drivers of 

those changes, is outlined. Results indicate that vegetation within Denver has significantly 

changed during the study period (1984-2016). Patterns within the city showed no significant 

correlation to precipitation drivers, suggesting anthropogenic factors may be the main driver of 

vegetation change within the city. Specifically, the majority of change is often linked to infill 

development with a majority of neighborhoods with significant decreased vegetation aligned to 

neighborhoods with significant amounts of infill. Study results highlight the importance in 

understanding anthropogenic impacts on vegetation and the danger in assuming new 

development practices provide all encompassing solution to traditional urban development. 

Results will also facilitate the City’s ability to properly develop and manage urban green spaces. 
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CHAPTER 1 

INTRODUCTION  

 

Within the next 100 years it is estimated that temperatures in the United States will 

increase by 5°C (between  3 - 12°F) due to climate change, threatening air and water quality and 

water supply sources (Lukas et al. 2014; Melillo et al. 2014; Michalak 2016). In 2016, the 

European Geosciences Union predicted that even a 0.6°C (1°F) change in temperature will bring 

extended heat waves of up to 2 months and annual water availability reductions of up to 30% 

globally (Schleussner et al. 2016). While these changes will be felt worldwide, they have 

significant implications in urban areas where dense impervious cover, resource availability, and 

high population density prevent easy implementation of mitigation strategies.  

In 2013 64% of all Americans lived in urban centers – a 14% increase from 2000 (Cohen 

et al. 2015). As the United States’ urban population has grown, so has the rate of urban 

development to accommodate the growth. Historically urban growth has been in the form of low-

density suburban development, where previously open space is lost to urban sprawl (Johnson 

2001). Various studies have outlined methods to quantify impacts from this type of development, 

citing decreases in green spaces, increases in surface temperatures, both increases and decreases 

in evapotranspiration rates, and increases in surface runoff and water pollution (Carlson and 

Arthur 2000; Morawitz et al. 2006; Yuan and Bauer 2007; Sun et al. 2011). However in 2011, 

for the first time in over 100 years, high-intensity city development was more prevalent than 

low-density suburban development in the United States (Wirth and Rasmussen 2015).  

This “city growth” or redevelopment has largely taken the form of infill, or single family 

homes and “underused lots” changing into multi-resident complexes (e.g. apartment buildings 

and condos) (EPA 2012). Many city planners applaud this change, citing cost effectiveness, 

reduction in urban sprawl, and lower environmental impacts when compared to traditional open-

space suburban development (Gillham 2002; Franko et al. 2007). However while the effects of 

suburban low-density development are well documented, there is limited understanding of how 

infill development affects vegetation patterns, heat island variability and water availability in 

urban areas. Land cover change, even in small amounts, has been cited as the greatest threat to 

environmental resources in cities (Vitousek 1994; Arnold and Gibbons 1996; Carlson and Arthur 

2000; Lloyd and Hindman 2002). While city planners have blanketed infill redevelopment as a 
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solution to the environmental hazards associated with suburban development, changes from infill 

may still pose a threat to resources by furthering risk of pollution and contamination of 

environmental resources due to increases in impervious area, increasing outdoor water use in 

areas previously unirrigated, and decreasing green spaces that are important for mitigating 

temperature increases (Zhou et al. 2004; Morawitz et al. 2006; Zhao et al. 2006; Doick and 

Hutchings 2013).  

Of particular interest is whether the increase of infill development is improving or 

adversely decreasing green spaces, such as lawns, open spaces or parks. Vegetation is one of the 

most effective ways of mitigating environmental threats from climate and land cover change, 

with the ability to lower temperatures by up to 1.8°C (3°F) in urban areas (Doick and Hutchings 

2013). However, a major challenge in identifying development’s impact on vegetation in cities is 

distinguishing between climatic variations in vegetation health versus human induced changes in 

vegetation, due to vegetation’s strong relationship to climatic patterns. Evans and Geerken 

(2004) outlined one of the few established procedures for differentiating between climatic and 

human impacts on vegetation, a method that identified the drivers (e.g. climatic or human) of 

vegetation trends in the Syrian drylands. Using a pixel based residual approach the method 

isolates human impacts by assessing climate residual trend significances and has shown success 

in various studies which explored human impacts on grasses and farmland, primarily on a large 

regional scale (Li et al. 2004; Propastin et al. 2006; Wessels et al. 2007; Li et al. 2012; He et al. 

2015; Rishmawi and Prince 2016).  Its applicability and effectiveness has yet to be assessed at a 

finer spatial resolution or in a completely urban area. While methods for understanding 

vegetation changes have been applied in rural regions, there is still a need to develop similar 

studies in urban areas to identify drivers and related impacts of vegetation change in cities.   

In 2015, Denver, Colorado had the fastest growth rate among cities in the United States 

(US Census 2016a). With a city mandated increase in infill development by 2035, and a general 

lack of research on urban development in the Rocky Mountain West, Denver provides a unique 

opportunity to explore the impacts of infill redevelopment on vegetation patterns and assess the 

applicability of Evans and Geerken’s (2004) method for determining drivers of vegetation 

change in an urban area (DRCOG 2011). The following outlines the remaining sections of this 

thesis: Chapter 2 focuses on the effects of infill and redevelopment on vegetation. Specifically 

this section presents a case study of Denver, CO that outlines a method to assess vegetation 
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change over time and identify the main drivers of vegetation patterns within cities. Chapter 3 

provides an overview of additional methods for assessing vegetation change.  Chapter 3 also 

explores other human actions, external to redevelopment, which could affect urban vegetation 

patterns. Chapter 4 provides concluding remarks and areas for future work. The proposed 

research in this thesis aims to answer the following questions:   

1. What is the best approach to identify vegetation patterns within cities?  

2. What is the best approach to distinguish between the main drivers, climate vs. human, 

of vegetation patterns within cities?  

3. Using Denver as a case study for cities in the arid-west answer: 

a. How has Denver’s vegetation trends changed over time? 

b. What are the main drivers of Denver’s vegetation patterns over time –climate 

or humans? 

c. How has infill development affected vegetation patterns within Denver, CO? 

d. Do other human actions, like water use, have a significant impact on 

vegetation? 

4. What are the short and long term implications of these findings on Denver’s, and 

other cities in the semi-arid west, ability to successfully mitigate future environmental 

changes that may have negative effects on city resources? 
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CHAPTER 2 

ARE THERE NON-CLIMATE FACTORS CONTRIBUTING TO  

VEGETATION CHANGES IN DENVER, CO? 

 

2.1 Introduction 

Between 2015 and 2030 urban populations are expected to increase by 28%, with over 

five billion people living in urban centers (UN 2014). With this growth, cities face environmental 

and development challenges as they make planning decisions to avoid infrastructure and housing 

shortages. Urban sprawl, or widespread low-density growth in which open space is developed for 

residential use, has become a common solution to housing shortages, especially in the western 

United States where images of endless highways and suburban complexes are familiar (Gillham 

2002). However, as the negative effects of low-density urban sprawl become better documented, 

many cities are implementing various incentives, such as infill and redevelopment, to encourage 

smart growth and increase city planning capacity within city boundaries (Gihring 1999; Lorentz 

and Shaw 2000; Bengston et al. 2004; OSC 2015). Infill and redevelopment shifts growth from 

single family homes to multi-residential complexes, and has become particularly popular in the 

United States with infill accounting for one-fifth of all new housing construction in 2012 (EPA 

2012).  

Specifically infill redevelopment reduces urban sprawl through the development of 

vacant or underused lots to increase urban density. While infill development may be able to 

lower a city’s horizontal impact by reducing sprawl, loss of green spaces from redevelopment of 

“underused” lawns or open spaces to increase urban density still poses one of the greatest threats 

to the environmental sustainability of urban spaces (Vitousek 1994; Arnold and Gibbons 1996; 

Carlson and Arthur 2000). Decreases in urban green spaces, or lawns, parks, and vegetated open 

space, have been noted to increase minimum temperatures in cities (Zhou et al. 2004), decrease 

water quality (Zhao et al. 2006), and lower quality of life (Bolund and Hunhammar 1999; 

Jackson 2003). Loss of vegetation, particularity trees which have been shown to be the most 

important temperature regulator in cities, can increase temperatures by up to 1.8°C (3°F), 

elevating the negative effects of the Urban Heat Island (UHI) effect (Solecki et al. 2005; Jusuf et 

al. 2007; Hart and Sailor 2007; Doick and Hutchings 2013). While infill redevelopment is 

commonly seen has a solution to many of the negative environmental hazards created from low-
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density development, even small amounts of land cover change and vegetation removal, between 

10 to 15%, creates environmental threats to cities (Lloyd and Hindman 2002). With temperatures 

in the United States currently projected to increase by up to 5°C (3 – 12°F) by 2100, 

understanding changing trends in vegetation due to infill development is a critical element in 

mitigating the negative environmental effects of increased temperatures within city boundaries 

for the sake of preserving natural resources and human health (Melillo et al. 2014). Despite these 

issues, the authors are unaware of any studies that examine the effects of redevelopment in the 

Rocky Mountain West, nor studies that consider the effects of infill development on green 

space.   

Denver, Colorado has grown by 13.8% since 2010 and was the ninth fastest growing city 

in 2015 (U.S. Census 2016a; U.S. Census 2016b). With the City mandating an annual 0.3% 

percent increase in urban redevelopment through 2035 to accommodate growth, projected 

increases in temperature between 1.5 – 3°C (2.5 – 5°F) by 2050, and no prior research available 

to quantify the effects on greenness in the area, Denver provides a unique opportunity to study 

the impact of infill redevelopment on green spaces in urban areas (DRCOG 2011; Lukas et al. 

2014).  

The Normalized Difference Vegetation Index (NDVI) has widely been cited as an 

effective remote sensing tool for measuring changes in vegetation (Singh 1989; Brown et al. 

2006; Morawitz et al. 2006; Gandhi et al. 2015). Using the near-infrared and red bands, NDVI 

quantifies plant productivity by measuring the amount of chlorophyll absorbed or reflected by 

plants (Sellers 1985). Monitoring NDVI trends over time can highlight changes in green space, 

however isolating the main drivers of change behind NDVI trends (e.g. climatic versus human) 

has proven more challenging due to the strong correlation between climate variables, particularly 

precipitation, and NDVI (Schultz and Halpert 1993; Wang et al. 2001; Weiss et al. 2004; Sun et 

al. 2011). While it is well documented that precipitation is a primary control on NDVI, it is 

difficult to identify if significant changes in greenness are from human-controlled land use 

change (Li et al. 2012). Evans and Geerken (2004) proposed a pixel based residual trend analysis 

(RESTREND), to differentiate between climate variations in NDVI versus human induced 

changes in NDVI. This method has successfully differentiated between precipitation induced 

changes in dryland/grassland vegetation versus human induced changes in dryland/grassland 
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vegetation in various studies, however it has yet to be applied in a strictly urban setting (Wessels 

et al. 2007; Li et al. 2012; He et al. 2015; Rishmawi and Prince 2016).  

The main goal of the current study was to develop a method for assessing the impacts of 

infill development on urban vegetation in the Rocky Mountain West. Using Denver, CO as a 

case study, we assessed the effects of infill development on Denver’s greenness patterns from 

1984-2016 using high-resolution Landsat images to identifying areas with significant changes in 

NDVI. Additionally we evaluated RESTREND results and its ability to isolate human impacts in 

an urban area. This research addresses the following questions: (1) Are there significant 

increasing or decreasing vegetation trends in Denver, Colorado? (2) Is the main driver of 

vegetation changes in Denver climate or human induced redevelopment? (3) Is RESTREND an 

appropriate method for assessing vegetation changes in an urban area? (4) What are the 

implications of these findings on the city’s ability to successfully mitigate future environmental 

changes that may have negative effects on city resources?  

 

2.2 Study area and data   

2.2.1 Study area 

Denver, Colorado is located in the High Plains, east of the Front Range of the Rocky 

Mountains. The City has a semi-arid climate, with a mean annual rainfall of 15 inches and 

temperatures ranging from an average summer high of 88°F to an average winter low of 17°F 

(WRCC 2016). Denver receives most of its precipitation in the summer months as late afternoon 

thunderstorms (Doesken et al. 2003). During the study period, neither precipitation nor 

temperature exhibited a significant trend through time (Figure 2.1).  

 

 

Figure 2.1: Growing season precipitation (a) and temperature (b) trend through time. 
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Denver International Airport was excluded from analysis because development has 

almost exclusively been associated with the airport and was not associated with the residential 

growth relevant to the study’s goals. Thus the total study area across the City was 112 mi2, with 

neighborhoods varying in size from 9 mi2 to 0.3 mi2, and an average neighborhood size of 1.5 

mi2.  

 

 

Figure 2.2: Study area and neighborhoods of interest: dark (yes at p=0.10), light (yes at p=0.05), 
and white if not significant.  
 

2.2.1 Data  

 Calibrated top-of-atmosphere and orthorectified Landsat 5 and Land 7 images from the 

1984 to 2016 growing season (May- October) were processed through Google Earth Engine at a 

30 meter spatial resolution (Google Earth Engine Team, 2016). To eliminate deceptive signals 

from clouds, water, and corrupt or noisy pixels, masks were applied to all images to remove 

potential false signals from these elements. From these processed images, an annual maximum 

value composite (MVC) was produced by compositing pixels with the maximum value among 
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the growing season images for a specific year. Annual MVC were used in order to obtain an 

annual NDVI value for Denver and each neighborhood (Holben 1986).  

Landsat 5 imagery was used for growing seasons between 1984 and 2011. Since Landsat 

5 ended data collection in 2011, Landsat 7 imagery was used for growing seasons between 2012 

and 2016. To ensure calculations between satellites were comparable, NDVI values for years 

with overlapping Landsat 5 and Landsat 7 data were compared. Classification from both 

satellites were very similar, with average correlation coefficients exhibiting a significance of 

p=0.05 for all years. Vogelmann et al. (2001) found similar results, stating that Landsat 5 and 

Landsat 7 imagery can be combined to generate continuous NDVI time series.   

Precipitation data for the study period was collected from Hydrobase observations, the 

state of Colorado’s Decision Support Systems tool for water resource data (CDSS 2016). The 

number of stations varied from 5 to 44 per year, with an average of 20 stations per year.  

 

2.3 Methods  

The working procedure for identifying and assessing areas of vegetation change was 

broken down into three steps: (1) areas of significant vegetation change were identified using a 

linear regression model, (2) the drivers of trends in areas with significant change were assessed 

using RESTREND, and (3) the validity of RESTREND results were evaluated through 

comparison with Denver zoning codes (Figure 2.3).  

2.3.1 Identifying areas with significant changes in vegetation  

 Annual average “growing season” NDVI values are frequently cited as an effective 

means of assessing vegetation changes over time in semi-arid and urban regions (Zhou et al. 

2001; Wang et al. 2001; Slayback et al. 2003; Archer et al. 2004; Weiss et al. 2004; Tucker et al. 

2005; Sun et al. 2011). In order to quantify vegetation cover, NDVI values from the growing 

season, typically May through October in irrigated regions, MVC were averaged over Denver 

city limits and for each neighborhood. These values were defined as NDVI average or NDVIa. A 

linear trend analysis (LTA) from 1984 – 2016 and NDVIa was performed to identify areas within 

Denver that had significant changes in NDVI. Analysis was performed for all of Denver (Denan) 

and for each of Denver’s neighborhoods. Neighborhoods with a significant correlation 

coefficient at a confidence interval of p=0.10 were considered to have experienced significant 
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changes in vegetation cover between 1984 and 2016. Neighborhoods identified as significant 

(NBsig) were selected for a deeper analysis described in the following sections (Figure 2.2).  

 

 

 

 

 

 

 

 

 

Figure 2.3: Working procedure for assessing vegetation change within Denver. 
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2.3.2 Identifying drivers of vegetation change  

While the LTA analysis identified areas of significant change, it did not identify possible 

drivers behind the significant trends. We were particularly interested in identifying 

anthropogenic drivers on vegetation given the Denver’s increased development in the early 

2000s.  However, in order to identify if there have been human impacts on vegetation the effects 

of climate needed to be removed from the NDVI signal. RESTREND is a pixel-based approach 

which isolates the climate drivers of vegetation degradation in an attempt to identify the main 

factors controlling vegetation patterns (Evans and Geerken 2004).  

Various climatic variables (e.g. precipitation to temperature) can be used in a 

RESTREND analysis. However, previous research has demonstrated that precipitation, as 

opposed to other climatic drivers like temperature, has a higher correlation to NDVI and 

therefore precipitation has been consistently used to represent climate data in RESTREND 

analysis (Wang et al. 2001; Evans and Geerken 2004; Wessels et al. 2007; Li et al. 2012). In 

RESTREND, observed NDVI are regressed against rainfall in order to calculate predicted NDVI 

and corresponding residuals, or the difference between observed NDVI and precipitation-

predicted NDVI and residual trends are analyzed through time. A residual of zero indicates that 

precipitation perfectly explained the NDVI value (���� � = ���� ) and it is assumed that 

precipitation is the primary explainer of NDVI. Residuals above zero indicate that the observed 

NDVI is higher than expected given precipitation (���� � > ���� ); it is assumed that 

precipitation cannot explain observed NDVI patterns and suggests that human enhancement 

activities, like conservation or irrigation, are the primary controllers. Residuals below zero 

indicate that NDVIa is lower than expected given precipitation (���� � < ���� ); again it 

is assumed that precipitation could not explain NDVI, however it suggests that human 

degradation activities, like redevelopment, are the primary controllers of NDVI (Table 2.1). 

While never applied in an urbanized area, RESTREND holds promise for identifying the drivers 

of vegetation changes within cities, where vegetation has important implications regarding water 

consumption, temperature, and evapotranspiration.  
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Table 2.1: Summary of possible RESTREND results  

Residual Trend Results Residual Calculation Implication  

Zero NDVI perfectly 
explained by 
precipitation 

���� � = ����  Trend assumed to be controlled 
by precipitation. 

Positive  NDVI higher 
than expected 

���� � < ����  Trend assumed to be controlled 
by factor other than 
precipitation. Trend suggests 
that human enhancement 
activities, such as conservation 
or irrigation, may be controller.  

Negative  NDVI lower 
than expected  

���� � < ����  Trend assumed to be controlled 
by factor other than 
precipitation. Trend suggests 
that human degradation 
activities may be controller. 

 
 

In order to take into account the effects of lag-time in the vegetation green-up period, 

NDVI is typically correlated to precipitation three to sixth months prior to the occurrence of the 

maximum NDVI value, with correlation variation typically explained by differences in 

vegetation type and climate gradients across study areas (Kutiel et al. 2000; Wang et al. 2004; 

Evans and Geerken 2004). We tested this correlation across Denver using the annual growing 

season cumulative precipitation from May-August (the four month period prior to the month 

maximum NDVI was most likely to occur -September); the inverse distance weighting (IDW) 

method allowed for interpolation between precipitation stations.  

Using interpolated precipitation, RESTREND was applied to identify the main factors 

controlling vegetation change across Denver (Denan) and to all NBsig. RESTREND was only 

applied to Denan and NBsig because we were only interested in areas that exhibited significant 

changes in vegetation with respect to time. In order to perform RESTREND, a LTA between 

NDVIa and interpolated precipitation was performed over Denver and NBsig to determine the 

relationship between NDVIa and precipitation. Residuals between NDVIa and precipitation-

predicted NDVI were calculated and plotted over time. If residuals exhibited a significant trend 

at p=0.10 it was assumed that human activities, as opposed to climate, were the main drivers of 

change because trend results (Table 2.1) (Zhuo et al. 2007; He et al. 2015).  
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 To determine if RESTREND correctly identified the main drivers of change in 

significantly affected urban areas, RESTREND results were overlaid with sites of known infill 

and infill favorable zoning codes. Development information regarding current infill projects in 

Denver from DenverInfill, a blog that has monitored development in the City since 2000, was 

collected (DenverInfill 2016). Because DenverInfill only monitors infill projects in the greater 

downtown area, data for surrounding areas are unmonitored; hence, we estimated infill by 

identifying areas that permit infill based on 2010 Denver Zoning codes. The codes were 

considered “infill favorable” if they permitted mixed use, multi-unit buildings, or allowed 

accessory dwellings. If RESTREND correctly identified vegetation degradation due to infill, it 

was assumed that significant neighborhoods would align with areas of infill projects or infill-

favorable zoning codes. However, because infill development does not occur in all areas with 

favorable zoning, codes could only be used as a proxy for identifying areas of Denver that may 

have experienced infill during the study period. To verify infill development’s potential impact 

on vegetation, additional information regarding project locations and construction dates is 

needed (e.g. building permits or parcel information).  

 

2.4 Results and discussion   

2.4.1 Identifying neighborhoods with significant changes in vegetation 

 

 Denver showed a significant decreasing trend in vegetation from 1984-2016 (p=0.05) 

despite lacking a significant precipitation trend during the study period (Figures 2.1 and 2.4). 

During the study period the maximum NDVIa value (0.40) occurred in 1995, the fourth wettest 

year during the study period, and the minimum NDVIa value (0.33) occurred in 2002, the driest 

year within the study period. The average NDVIa value was 0.37, with all but one year below the 

average value between 2000 and 2016. Overall there was a 3.3% decrease in NDVIa between 

1984 and 2016. A noticeable shift in NDVI values was observed when infill development started 

to become prominent in Denver in the early 2000s.  
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Figure 2.4: Denver NDVI from 1984 to 2016 with the dotted line showing the average value 

 

Overall, 58 of the 77 neighborhoods (75%) showed significant trends in NDVI from 1984-

2016 (p=0.05). Sixty-six percent, or 51 out of 77, showed a significant decreasing trend through 

time. Eight percent, or six out of 77, had a significant increasing trend and 26%, or 20 out 77, did 

not show a significant trend. At a level of p=0.10 an additional seven neighborhoods showed 

significance, five of which had a positive trend and two which had a negative trend. The 65 

neighborhoods (at p=0.10) constitute NBsig used in later analyses. In total, at p=0.10, 84% of 

neighborhoods were significant, 74% had a negative trend, 10% had a positive trend, and 16% 

did not exhibit a trend (Figure 2.5).   

On both the regional and neighborhood scales, the majority of Denver experienced 

significant change in vegetation patterns between 1984 and 2016. While Denver and the majority 

of NBsig trends decreased, positive trends demonstrated that there are localized areas that have 

experienced increased vegetation through time and highlight the potential for variation across a 

city. Spatially, the southeast corner of the city had the largest collection of neighborhoods that 

showed no significant change in NDVIa, and the western half of the city had the largest 

collection of neighborhoods experienced a significant change over the time period. Among 

significant neighborhoods, NDVIa values varied greatly, between 0.59 as a maximum and 0.11 as 
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a minimum. Most neighborhoods, however, exhibited values around 0.39. On average 

neighborhoods showed a 4.4 percent decrease in NDVIa values through the time period.  

 

 
Figure 2.5: Spatial distribution and trends of significant neighborhoods.  
 

2.4.2 Identifying drivers of vegetation change  

 While, the LTA analysis identified areas of significant change, it did not provide possible 

explanations for what factors may be creating change. Of particular interest was determining if 

anthropogenic factors, such as infill redevelopment, were the main drivers of change in areas 

with significant vegetation trends. In an attempt to identify the main controllers of vegetation we 

applied RESTREND to Denan and the 65 NBsig.  

Denan RESTREND results exhibited a significant decreased trend through time (p=0.05) 

(Figure 2.6). This suggested that precipitation was not the driving factor in the Denan vegetation 

patterns and therefore implies that anthropogenic factors may be a controlling driver in 
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vegetation trends through time (NDVIobs < NDVIpred). Excluding 2016, all values after 2000 were 

negative. This aligned with the time period where Denver began to experience a significant 

period of growth and redevelopment.  

 

 
Figure 2.6: Denver RESTREND residual vs. time trend.  

 
On the neighborhood scale, RESTREND was only applied to the 65 NBsig to try and 

specifically help identify drivers of change in areas that experienced significant vegetation 

change with respect to time. Among the 65 NBsig all neighborhoods had significant RESTREND 

results at p=0.10. This suggested that between 1984 and 2016, for neighborhoods with 

significant vegetation change, trends were not controlled by precipitation, but were controlled by 

other factors, presumed to be human-caused. Of the 65 NBsig, 55 (85%) had a significant 

negative RESTREND (p=0.05) and eight out of 65 (12%) had a significant positive RESTREND 

results. In addition, 57 out of 65 (88%) had a negative RESTREND result (p=0.10) and eight out 

of 65 (12%) had a positive RESTREND result (Figure 2.7). Overall the majority of 

neighborhood RESTREND results were negative and suggests that human degradation was the 

driving controller of vegetation change across the city. However, there were a few 
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neighborhoods on the eastern half of Denver that showed positive RESTREND results that 

indicated human enhancement activities were the main drivers of vegetation trends.  

 

 
Figure 2.7: Spatial distribution of RESTREND results by neighborhood. 

 

Precipitation’s inability to explain NDVIa trends through time suggests that another driver 

(i.e. anthropogenic activity) was the main factor driving NDVI trends over time. This was 

supported by the fact that Denan and 88% of NBsig had negative RESTREND results, which were 

anticipated given increased infill development and the associated landcover changes. 

Additionally, for the Denan, the observed shift to below average NDVIa values and negative 

residuals in the early 2000s corresponded to the timing of increased regulation, furthering 

evidence that vegetation was driven by anthropogenic actions.  

However, even though the majority of NBsig were explained by negative RESTREND results, 

there were areas within Denver that exhibited positive RESTREND results. Positive 
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RESTREND results identified areas where NDVIa was higher than expected given precipitation 

and suggested human enhancement may be taking place. This was counterintuitive given the 

increased development. Closer examination of the 12% of neighborhoods with increased 

RESTREND results, revealed that local features, predominantly golf courses or parks, explained 

the added greenness. Positive trends highlight the local variability that may be present within a 

city and stress the importance of looking at trends on a neighborhood basis to generate a 

complete picture of local variations in vegetation trends.  

It is important to note that trend direction did not change between the LTA and RESTREND 

results for Denan and NBsig. While not quantitative, these results provided preliminary evidence 

that RESTREND was applicable in cities because trend direction should not have changed 

between the two analyses in order for them to logically relate. For example it would have been 

concerning if a neighborhood with a positive trend exhibited a negative RESTREND result 

because this would have suggested that while vegetation was increasing with respect to time it 

was driven by an assumed anthropogenic factor that had the effect of decreasing vegetation 

through time. 

To determine if RESTREND successfully identified areas that experienced significant 

change due to infill development, RESTREND results were overlaid with sites of known infill 

and infill favorable zoning codes (Figure 2.8). Overall 33% of Denver had infill favorable zoning 

code. Assuming vegetation degradation was only due to infill and development, and that Denver 

Zoning codes and documented infill projects accurately represented locations of infill 

development, RESTREND matched 66% of the expected neighborhood trends given areas of 

infill favorable zoning. Focusing solely on neighborhoods that had negative RESTREND results, 

or neighborhoods where we predicted anthropogenic actions to have had a negative impact on 

vegetation, a higher percentage of neighborhoods aligned with infill projects and infill zoning. In 

total 84% of the neighborhoods that exhibited a negative trend coincided with infill projects or 

infill development zoning. This indicated that the majority of neighborhoods aligned with areas 

favorable to infill and supported RESTREND’s applicability in identifying drivers of change in 

an urban setting. This is especially apparent in the northwest and central part of the City. 
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Figure 2.8: Neighborhood RESTREND results, infill favorable zoning codes, and document 
infill.  

 

While the majority of negative RESTREND results were explained by areas of favorable 

infill zoning, there were observed inconsistencies. Twenty-two neighborhoods, or 33%, exhibited 

unexpected results given documented areas of infill and zoning codes. The exceptions fell into 

three categories: (1) expected negative trend, but exhibited a positive trend (2) expected negative 

trend, but no trend observed, and (3) expected no trend, but exhibited negative trend (Figure 2.9). 

We examined the three categories of exceptions to assess inconsistencies in observed results 

(Table 2.2). Exceptions could be explained by five primary reasons: (1) highly impervious 

neighborhoods exhibited no change in vegetation with respect to time, even in areas of 

documented infill, because redevelopment and infill occurred in areas that had little vegetation to 

begin with, (2) variable development patterns created no significant trend through time in areas 

of documented infill, (3) added greenspaces (e.g. parks or golf courses) created positive 

RESTREND results in areas of documented infill, (4) other development not captured by infill 
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favorable zoning codes (e.g. commercial or shopping complexes) created negative RESTREND 

results in areas without documented infill, and (5) while the neighborhood exhibited infill 

favorable zoning infill has not actually occurred.  Appendix A provides detailed analysis and 

explanation of these findings. 

 

Figure 2.9: Twenty-two neighborhoods with unexpected results. 
 

The unexpected results highlight the variation across the city and the difficulty in making 

assumptions about human-caused areas of change. Previous studies that have used RESTREND, 

were in nonurban settings where human impact was less variable and more predictable. Within 

cities, humans can have many impacts on vegetation, from development to added green space 

through parks or golf courses. Even though only 66% of RESTREND results aligned with areas 

of infill development, closer examination of unexpected trends explained RETSTREND results 
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and supported RESTREND’s applicability to assessing drivers of vegetation change in urban 

areas. 

 

Table 2.2: Summary of neighborhoods with unexpected RESTREND results  

Exception  Expected 

Result 

Actual 

Result 

Neighborhoods  Hypothesized Explanation  

1 Negative 
Trend 

No Trend Auraria, Capitol 
Hill, CBD, 
Cheesman Park, 
Stapleton, 
Washington 
Virginia Vale, 
Windsor  

Explanation 1: (e.g. Auraria, CBD, 
Capitol Hill, Cheesman Park) 
Highly impervious area, where 
development did not change 
vegetated area 
Explanation 2: (e.g. Stapleton) 
Variable land cover changes 
through time created scattered 
NDVI signal which resulted in 
insignificant trend  
Explanation 3: (e.g. Washington 
Virginal Vale, Windsor) While the 
neighborhood exhibited infill 
development zoning codes, infill 
development did not occur in the 
neighborhood during the study 
period 

2 Negative 
Trend 

Positive 
Trend 

Civic Center, 
Union Station, 
Indian Creek, 
Lowry Field 

Explanation 1: Addition of green 
space (e.g. parks) to previously 
impervious areas or undeveloped 
areas 
 

3 No Trend Negative 
Trend 

Harvey Park 
South, Harvey 
Park, Mar Lee, 
Ruby Hill, 
Belcaro, North 
Park Hill, South 
Park Hill  

Explanation 1: Other types of 
development (e.g. shopping centers 
or large parking structures) created 
decreased greenness trend through 
time that was not captured in infill 
development zones 

 

Specifically if isolated to neighborhoods with negative trends, or neighborhoods were infill 

we expected infill to have a potential effect on vegetation, 84% of neighborhoods were in areas 

with infill favorable zoning. Additionally, case studies of neighborhoods with unexpected results 

indicated that local neighborhood characteristics always explained trends. However, the observed 

unexpected results revealed limitations RESTREND’s ability to differentiate between assumed 
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anthropogenic impacts and indicated that areas with significant trends must be closely examined 

to fully understand possible anthropogenic drivers of vegetation trends.  

 

2.6 Conclusions  

Vegetation changes in urban areas are important indicators of environmental health, with 

greater amounts of vegetation linked to aiding mitigation of temperature increases due to climate 

change and urban development. While infill development has been blanketed as a solution to 

certain urban development challenges, our results aim to point out the tradeoffs of “smart 

growth” development and their unintended consequential impacts on the environment.  

Results show that Denver’s vegetation has been significantly impacted between 1984 and 

2016, with declines of 3.3% overall across the City.  Understanding these impacts on green 

spaces is particularly important given vegetation’s control of temperature within cities, especially 

since most of Denver exhibited a negative trend suggesting decreased vegetation with respect to 

time. City planners must be conscious of ways to maintain or increase vegetation even as the 

City grows and demand for development increases.  

In order to assess if infill redevelopment contributed to this significant vegetation change, 

RESTREND was applied as a tool for identifying the main drivers of change across the city. 

Because RESTREND has yet to be applied in urban settings, RESTREND’s validity in isolating 

drivers of vegetation within a city was also assessed and suggested that precipitation did not 

explain vegetation trends across Denver. Because vegetation was not explained by precipitation, 

changes in vegetation were assumed to be due to anthropogenic impacts. The majority of these 

assumed human-induced changes have resulted in decreased vegetation trends and many are 

likely linked to infill development. We advocate that RESTREND can be applied in urban 

environments, though there are limitations in making broad assumptions about possible 

anthropogenic explanations to significant RESTREND results. Close examination of local 

neighborhood features is key in drawing conclusions about the type of human activity creating 

change.  

Regardless, our results highlight the importance of properly managing vegetation in cities 

as mangers try and combat increased temperatures and negative environmental impacts of 

climate and population change. While Denver’s vegetation trends showed potential links 

between infill development and decreased green space, there is no existing evidence within the 
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literature that suggests urban planners have acknowledged the implications infill development 

may have for vegetation patterns within cities. Decreased urban vegetation will likely exacerbate 

the urban heat island effect, which is especially important in the context of increasing 

temperatures from climate change. Given infill development’s growing popularity, it is critical 

city planners do not overlook the associated impacts. As cities are developed, implementation of 

green infrastructure and low impact design (LID) practices, such as green walls or roofs, are 

recommended to combat decreased vegetation trends and help mitigate potential temperature 

increases. While newly planted vegetation associated with such practices will not be as effective 

in mitigating temperatures as mature vegetation, through time these practices may curtail 

potential negative effects and make infill development a more environmentally sustainable 

option for urban planning.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

CHAPTER 3 

ALTERNATIVE METHODS FOR ASSESSING VEGETATION CHANGE AND FACTORS 

AFFECTING VEGETAION IN CITIES 

 

While NDVIa and RESTREND proved to be the best approaches for assessing vegetation 

changes and human impacts over time, the methodology presented in Chapter 2 outlines only one 

approach. Throughout the course of the project additional methods were explored to determine 

the best practice for assessing vegetation change in cities. This chapter outlines some of the 

tested approaches, both for assessing greenness over time and for identifying human impacts on 

vegetation, outlining their merits and disadvantages. In addition other variables, besides infill, 

were examined to determine other anthropogenic actions that may be drivers of vegetation 

change in urban settings.  

 

3.1 Alternative methods for assessing vegetation trends over time  

While NDVI is one of the most common vegetation indices, many other vegetation 

indices exist. NDVI was chosen for this study because of its success in semi-arid regions with 

low-density vegetation cover and demonstrated sensitivity to detecting change in vegetation over 

time (Bannari et al. 1995; Jackson and Huete 1991; Huete et al. 2002). However while NDVI 

proved the most applicable to Denver there are varying approaches for how to apply NDVI in a 

semi-raid regions including: maximum NDVI, integrated NDVI, mean NDVI, and MVC NDVI 

(Table 3.1).   

Averaging over the MVC was chosen as the most effective way of assessing NDVI in 

Denver because it combines the benefits of max NDVI (strong correlation to precipitation) and 

the benefits of mean NDVI (characterization of an entire study area). Additionally, compositing 

images has shown to have added benefits or removing outliers by condensing multiple images 

down to one (Pettorelli et al. 2005). However, due to its strong relationship to precipitation, and 

commonality within the literature, maximum NDVI was also explored as a possible means for 

assessing NDVI change over time (Evans and Geerken 2004; Wessels et al. 2007).  
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Table 3.1: Summary of common NDVI applications used in literature 

NDVI 

metric 

Method of 

Calculation 

Application  Limitations Reference          

Maximum 

NDVI 

Absolute 
maximum NDVI 
reached during a 
time period. 

Strong correlation to 
precipitation and is 
often used in studies 
relating NDVI to 
climate variables.  

Done on a pixel by 
pixel basis. Cannot 
be used to 
characterize an 
entire area by one 
NDVI value.   

Evans and 
Geerken 
2004; 
Wessels et 
al. 2007 

Average 

NDVI 

Average NDVI 
during a time 
period for an 
area 

Used when 
characterizing NDVI 
over an entire area.  

Averaging NDVI 
can “smooth” 
signals that may be 
indicative of 
important processes.  

Weiss et al. 
2004; 
Morawitz et 
al. 2006; 
Sun et al. 
2011 

Integrated 

NDVI 

Sum of NDVI 
values for a time 
period  

Measures “magnitude” 
or greenness available 
in a given time period 
and therefore is 
commonly used in 
studies assessing 
primary production 
potential  

Not appropriate 
when concerned 
with quality, as 
opposed to quantity, 
of vegetation.  

Li et al. 
2004; Wang 
et al. 2001 

Maximum 

Value 

Composite 

(MVC) 

NDVI 

Method of 
creating one 
composite image 
from multiple 
images where 
every pixel in the 
composite is the 
maximum pixel 
value for that 
time frame  

Common method for 
smoothing NDVI 
values by eliminating 
the possibility of low 
outliers. Commonly 
used when assessing 
change over long 
period of time.  

False highs can still 
create false signals. 
Variability in NDVI 
values is not as 
pronounced.  

Pettorelli et 
al. 2005 

 

For each year, the pixel with the annual maximum NDVI value (NDVIm) was identified 

for Denver and within each neighborhood. It was assumed that this pixel represented the 

vegetation signal most closely related to precipitation. In addition to the NDVIm, the timing of 

NDVIm was also recorded (Figure 3.1).   
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Figure 3.1: Annual timing of maximum NDVI where (a) summarizes timing of maximum NDVI 
for all neighborhoods and (b) summarizes timing of maximum NDVI across Denver.  
 

Both Denver and the neighborhoods exhibited the same pattern, with the majority of maximum 

values occurring in September. Additionally, analysis of occurrence of maximum NDVI 

confirmed the growing season (May – October) defined in Chapter 2 was correct.  

Following methods outlined in Chapter 2, a LTA analysis between NDVIm and time was 

also performed for all of Denver each neighborhood to identify areas that had experienced 

significant change. Across Denver, the NDVIm exhibited a significant positive trend (Figure 3.2).  

 

 
Figure 3.2: LTA of NDVIm and time  
 

This is the opposite of the NDVIa LTA results. Between 1984 and 2016 the average NDVIm 

value was 0.84. The maximum NDVIm values occurred in 1990 (0.87) and the minimum NDVIm 
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value occurred in 1992 (0.82). Interestingly there was little correlation between maximum and 

minimum NDVIm values and precipitation. For the study period 1990 was the 17th wettest year, 

and 1992 was the 16th wettest year. This raised concerns about the legitimacy of using NDVIm in 

this setting. In addition, unlike the NDVIa analysis, NDVIm values were scattered, with a much 

latter turning point where NDVI values consistently fall on one side of the average NDVI line 

(2012 vs. 2000). 

On the neighborhood scale 22%, or seventeen out of seventy-seven neighborhoods, were 

significant at p=0.05 (Figure 3.3). Of these significant neighborhoods two had negative trends 

and fifteen had positive trends. An additional eight neighborhoods were significant at p=0.10, 

four of which had negative trends and four of which had positive trends. Even with the addition 

of the eight neighborhoods significant at p=0.10, the total number of significant NDVIm 

neighborhoods was much lower 65 significant neighborhoods at p=0.10 identified in Chapter 2. 

Additionally, the majority of NDVIm neighborhoods had significant positive trends, which was 

the opposite of the analysis performed in Chapter 2, where a majority of the neighborhoods had 

negative trends.  

 

 

Figure 3.3: LTA results for NDVIm vs. time by neighborhood. 
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In addition to the discrepancies with NDVIa, NDVIm results were inconsistent with field 

data. While a RESTREND analysis was not performed on NDVIm, given the similarity between 

NDVIa LTA and RESTREND results in Chapter 2, it was assumed that NDVIm LTA results 

would be similar to NDVIm RESTREND results. NDVIm LTA results were therefore used as 

quick proxy to assess if significant neighborhoods aligned with infill areas (Figure 3.4). There is 

almost no correlation with infill favorable zoning code and NDVIm and no clear pattern to 

significant location of significant neighborhood.  

 

 

Figure 3.4: NDVIm LTA results with infill favorable zoning codes. There is almost no 
relationship between significant neighborhoods and infill locations. 
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The low number of total significant neighborhoods, high number of neighborhoods with 

significant positive trends, lack of correlation between Denver maximum and minimum NDVIm 

values and precipitation, inconsistencies with NDVIa data, and no apparent connection to infill 

development indicated that NDVIm was not applicable for examining greenness changes in 

Denver. Studies that examine NDVIm typically do so on a pixel-by-pixel basis (Table 3.1). 

Rarely is NDVIm used to characterize an area as large as a neighborhood. Instead of representing 

vegetation changes over Denver or an entire neighborhood, it is believed that the NDIVm signal 

was most likely depicting variations in watering trends because highest pixel value identified the 

area that had the highest amount of irrigation. This was reflected in the higher number of positive 

trends, high watering created the greenest pixel values, and the low number of significant 

neighborhoods, watering trends are unpredictable making it unlikely for a trend to have 

developed over time. 

While not in the scope of this research, NDVIm does provide an opportunity for future 

research. Using NDVIm in a pixel based residual analysis, as opposed to having NDVIm represent 

an entire neighborhood, would create a more detailed picture of change over time throughout the 

city. A pixel based analysis with NDVIm has the power to not only highlight neighborhoods that 

have experienced significant change, but also identify areas within neighborhoods that have had 

significant change, potentially highlighting irrigation and more detailed infill patterns.   

 

3.2 Alternative factors that may explain NDVIa 

Studies in other semi-arid cities have found that outdoor water consumption can account 

for up to 60% of water use in semi-arid cities (Mini et al. 2014) and have linked greenness to 

urban irrigation patterns (Johnson and Belitz 2012; Halper et al. 2012; Saadi et al. 2015). 

Additionally, positive trends in analysis of both NDVIa and NDVIm analyses highlighted the 

potential influence watering patterns may have on NDVI values. To explore the relationship 

between water use and NDVI, water consumptive use data from 1995 to 2014 was compared to 

NDVIa values and precipitation over time for the Denver Water service area to determine if 

variations in watering trends over time have had a significant impact on vegetation (Figure 3.5).  
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Figure 3.5: Denver Water service area with the City of Denver area for comparison.  

 

In 2002 and 2013 Denver Water declared a Stage 2 drought, requiring all customers to 

follow mandatory watering restrictions. In addition, in 2006 Denver Water implemented a 

conservation plan with the goal of reducing per capita water use by 22% by 2016. Included in the 

conservation efforts has been a yearly outdoor water use campaign with summer watering rules, 

enforced May 1st through October 1st, for both commercial and residential customers. The result 

of these restrictions and programing has been a significant decreasing trend in water use across 

the service area through time (Figure 3.6). Results from Chapter 2 claimed greenness had 

decreased due to infill and development, however the overall decreasing trend in water 

consumption suggests that outdoor water use may also be a factor in the decreased greenness 

values across the city.  
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Figure 3.6: Annual water use versus time. 
 

While not significant at p=0.05, annual NDVIa values versus time showed a decreased 

trend that was significant at the p=0.10 level (Figure 3.7a). This matched the NDVIa versus time 

trend found across Denver, and suggested that through time NDVIa values were decreasing, 

presumably from infill, decreased water use, or a combination of both factors. To determine if 

water use had a significant relationship to NDVIa, a LTA between annual water use per capita 

and NDVI was performed (Figure 3.7b). While NDVIa and water use showed an increasing 

trend, as to be expected, it was not significant suggesting that water use was not a primary 

controller of NDVIa on a larger scale. Interestingly annual water use and precipitation had a 

significant relationship and indicated that customers adjusted watering practices based on 

precipitation (Figure 3.7c). To further explore this relationship all three variables were compared 

on one plot (Figure 3.8).  

 
 

 



31 

 

Figure 3.7: Linear relationships between NDVIa, annual water use in gallons per capita (GPC), 
and precipitation where (A) depicts NDVIa vs. time, (B) depicts NDVIa vs. annual water per 
capita, and (C) depicts annual water use per capita vs. precipitation.  

 

Before 2002, NDVIa values were clustered in the upper right hand corner, with above 

average water use, regardless of precipitation (e.g. 1996, 2000, 2001), and high NDVIa values. 

During this time water use appeared to have played a larger role in determining NDVI values. 

Specifically years like 1996 showed high NDVI values despite below average precipitation and 

years like 1995 had the highest NDVI value despite not having the highest annual precipitation. 

After 2002 there was a noticeable downward shift in water use. All values after 2006 fell 

below the average water use from 1995 and 2014 and NDVIa values clustered between 0.38 and 

0.42. The downward shift in water use was most likely due to the conservation plan implemented 

in 2006. NDVIa during this time frame appeared to be more closely related to precipitation than 

water use, with higher NDVIa values associated with wetter years (e.g. 2009 and 2014) and 

lower NDVIa associated with drier years (e.g. 2008 and 2012). This in conjunction with the non-

significant relationship between NDVIa and water use (Figure 3.7b), suggested that at least 

recently water use was not the main driver of NDVIa through time on a regional scale. More 

analysis is needed to assess the effects of water use on NDVIa on the neighborhood scale, where 

certain neighborhood features (e.g. golf courses) may have effects on NDVIa not detected on the 

regional scale.  
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Figure 3.8: Relationship between NDVIa, annual water use per capita, and precipitation.  

 

3.3 Alternative methods for assessing human induced impacts on vegetation  

 While RESTREND is most commonly used to assess human induced impacts on 

vegetation, Li et al. (2004) proposed a standard error of estimate (SEE) method for assessing 

land degradation through time in Senegal. As in RESTREND, the strong relationship between 

precipitation and NDVI is used to identify NDVI values that are unexplainably high or low given 

cumulative precipitation. To perform the SEE method a LTA analysis between precipitation and 

NDVI is conducted, for the defined area, and residuals are calculated. However, instead of 

finding the trend of residuals over time to detect human influences on vegetation, as in 

RESTREND, the residuals are used to find the SEE. Observed NDVI values are plotted against 

rainfall, along with lines generated from ± 1 SEE. Values that fall above or below ± 1 SEE are 

considered outliers that are not explained by precipitation. Outliers that fall above +SEE are 

higher than expected, given the precipitation, and are assumed to exhibit human enhancement. 

Outliers that fall below SEE are lower than expected, given the precipitation, and are assumed to 

exhibit human degradation (Figure 3.9).   
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Figure 3.9: Summary of standard error of estimate method. Modified from Li et al. 2004. 

 

Using residuals calculated from cumulative precipitation and NDVIa, as explained in 

Chapter 2, an SEE analysis was conducted for Denver and for all neighborhoods. NDVIa, as 

opposed to NDVIm, was used because it was found to be more representative of vegetation trends 

across Denver.   

When compared to RESTREND, the SEE analysis has the added benefit of proving a 

more detailed picture of how closely a regression line fits the data. Across Denver 1985, 1987, 

1995, 1996, 1997, and 1998 fell above the SEE line and indicated human enhancement. 2002, 

2004, 2006, 2008, 2011, and 2015 fell below the SEE line and indicated human degradation. All 

other years, which fell within ±1 SEE, were assumed to be explained by precipitation (Figure 

3.10). While the late 1990s were characterized by human enhancement, presumably from 

irrigation, the 2000s were characterized by human degradation, presumably from the recent 

increase in infill. This transition in the early 2000s is also seen in Figure 3.8, where NDVIa 

values before 2002 were better explained by above average water use, while NDVI values after 

2002 were noticeably lower and not as closely related to water use. It also aligns with the time 

period when Denver began to experience more infill development. 
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Figure 3.10: Standard Error of Estimate Analysis for Denver.  

 

The SEE analysis was only performed on the 57 neighborhoods identified as significant 

at p=0.05 in Chapter 2. Results from the SEE neighborhood analysis were summarized by 

totaling the number of times a year fell above or below the SEE line across all significant 

neighborhoods (Figure 3.11).  

When looking at the neighborhood scale, a similar trend to Denver is observed. 

Specifically years early in the study period were more likely to fall above the SEE line and years 

later in the study period were more likely to fall below the SEE line. This shift supports the 

results in Chapter 2 that recent increased infill development has negatively affected vegetation 

within the city, and matches the results displayed in Figure 3.8 where we see a shift in NDVI 

values and water use after 2002.  
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Figure 3.11: Summary of results from SEE analysis performed on 57 significant neighborhoods. 
Totals represent the number of times a year fell above or below the SEE line. For example, in 
1984, 16 out of 57 neighborhoods had NDVI values that fell above the SEE line and 4 had NDVI 
values that fell below the SEE value.  
 

The SEE results, coupled with the Denver Water analysis, bring to light an interesting 

question about water use’s role in Denver’s vegetation. While later years appeared to be closely 

linked to infill, early years were characterized by NDVI values that were higher than expected 

given precipitation. Figure 2.6 depicts a similar shift, where residual values before 2000 are 

positive or higher than expected given precipitation. This shift in the 2000s could indicate that 

while Denver’s vegetation has recently been driven by human degradation linked to infill, prior 

to 2000 irrigation patters may have influenced Denver’s vegetation trend. Water use data is 

needed to confirm this hypothesis.  

While SEE analysis is useful in helping identify patterns of degradation over time it is 

limited by the fact that one cannot make assumptions about trends over time. Propastin et al. 

(2006) argued that if an area exhibits an outlier response for longer than 2-3 years one can 

classify the area as having experienced degradation or enhancement. However Propastin et al. 

(2006) was looking at grassland degradation in Kazakhstan, where land cover variability was not 

as pronounced as within an urban environment. Due to the variability in Denver’s study area, and 

the fact that NDVI values were averaged over a given area, consecutive years of degradation or 

enhancement were uncommon. SEE analysis may hold more validity for detecting trends across 
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urban regions if a pixel-by-pixel analysis was conducted so local fluctuations were not lost in 

averaging.  

 

3.4 Greenness per unit pervious area  

An increase/decrease in NDVI measurements through time can signify either an 

increase/decrease in vegetation greenness values over the same land area or an increase/decrease 

in vegetation land area with the same greenness value. For example, if NDVI decreases from 0.5 

to 0.3 between one year this could be because the vegetation is less healthy, and therefore 

exhibits a lower signal, or because there is less vegetation, creating an overall lower signal for 

the area. In addition to the SEE analysis, NDVI data was normalized to pervious land cover, 

calculated from the National Land Cover Database (NLCD), to isolate changes in NDVI due to 

vegetation health, as opposed to changes in vegetation area. Specifically, growing season NDVIa 

values were normalized to corresponding neighborhood annual pervious areas to create a 

greenness value per unit area that acted as a proxy to measure vegetation health by eliminating 

changes in NDVI values due to changes in total vegetation area through normalization.  

Total pervious area was calculated in all neighborhoods for 2001, 2006, and 2011. To 

calculate pervious area, total impervious area was found using the developed classifications in 

the NLCD legend (classification 21-24). Subtracting out open water it was assumed that all area 

that was not impervious was pervious. Since NLCD data is only produced every three years a 

LTA was performed between 2001 and 2006 and 2006 and 2011 to produce pervious area values 

for every year within the 10 years of NLCD data. Pervious area was plotted again to determine 

the trend between 2001 and 2011 for Denver (Figure 3.12) and all 77 Denver neighborhoods.  

As expected, given the increased development, pervious area decreased over the study 

period across Denver. The rate of decrease was faster between 2001 and 2006, than 2006 and 

2012. On the neighborhood scale, the majority of neighborhoods exhibited a similar trend to 

Denver. A few neighborhoods, however, exhibited a positive trend in pervious area. This implied 

that for some areas in the city development may have increased green space. This was also 

reflected in Chapter 2, were neighborhoods like Union Station exhibited and increased greenness 

trend due to the addition of Commons Park. Of the neighborhoods with increased pervious area 

most showed decreased medium and high intensity development, as classified under NLCD, and 

increased developed open space or low intensity development. This suggested that for some parts 
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of the city development increased green spaces and highlights the importance of examining 

changes on the neighborhood scale, as explained in Chapter 2.  

 

 

Figure 3.12: Denver’s total pervious area through time.  

 

 Neighborhood growing season NDVIa data between 2001 and 2011 was pulled for 

calculations. For each year, NDVIa data was normalized to pervious area by neighborhood and a 

LTA through time was performed to test for significance. Of Denver’s 77 neighborhoods, only 

six neighborhoods showed a significant normalized trend through time at p=0.10 including: 

CBD, Gateway, Lowry Field, Stapleton, Sun Valley, and Union Station.  

All six neighborhoods had negative pervious, positive NDVIa, and positive normalized 

trends from 2001 to 2011. Their trends indicated that while total amount of vegetated area had 

decreased the vegetated area that was present was greener. The increased normalized greenness 

was logical for Union Station, Lowry and CBD given the explanations found in Chapter 2 (Table 

2.2).  It is theorized that the addition of Invesco Field in 2001, and subsequent redevelopment 

associated with the stadium, created the significant trend in Sun Valley. It is hypothesized that 

similar to Lowry, recent residential development in Gateway and Stapleton created an increased 

greenness trend due to open space conversion into irrigated residential areas. It is particularly 

interesting that Stapleton was significance in this analysis because it was not significant in the 

NDVIa analysis. In the NDVIa analysis it was hypothesized that Stapleton was not significant 
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because of variable development patterns between 1984 and 2016. However, when Stapleton 

NDVI was isolated to more recent years, where development has been consistent, Stapleton had 

a significant pattern. This finding supports that theory that Stapleton’s variable development 

patterns made its trend insignificant on a longer time scale. In addition it highlights the 

significant variability in the total number of significant numbers if the study period is changed.   

The commonality between all six neighborhoods is that they either had above average 

amounts of redevelopment, in the context of open space changing to residential (e.g. Lowry, 

Stapleton, Gateway) or they were highly impervious neighborhoods that had added green area 

when redeveloped (e.g. CBD, Union Station, Sun Valley). The low number of significant 

neighborhoods through time, however, suggested that across the city there were not significant 

trends in vegetation health, or how green vegetation is, through time on a per unit area basis.   

While greenness per unit area may be able to highlight overall vegetation health, this 

analysis was limited due to the data, interpolation of pervious area and time frame. Between 

2001 and 2011 were the three driest years between 1984 - 2016 (2002, 2006 and 2008). In 

addition, interpolating pervious area from three years of data introduced a lot of uncertainty into 

the analysis. This type of analysis may hold more significance if more land cover data is 

acquired. A high-resolution landcover classification may hold promise for better assessing 

changes in landcover through time in Denver.  
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CHAPTER 4 

CONCLUDING REMARKS 

 Temperatures are expected to continue to rise, having a range of adverse impacts, 

including increased air and water pollution. Coupled with predicted temperature increases is a 

forecasted exponential increase in the number of people living in urban centers, furthering the 

risk of local resources and quality of urban life. It is critical for managers to understand how 

planning practices will effect environmental resources that are key for mitigating the negative 

effects of climate and population change. Recently, infill development has widely been cited as a 

smart growth strategy for addressing climate and population change and its popularity as a city-

planning tool is only continuing to grow. However there are dangers in blindly advocating infill 

development’s smart growth classification.  

 This research addresses this gap using a remote approach to assess vegetation change. 

Chapter 2 presents a case study in Denver, CO, outlining a strategy for assessing vegetation and 

identifying the main drivers of change in an urban setting. Using NDVIa as a means of measuring 

vegetation, greenness trends across the city, and by neighborhood, were observed over a thirty-

three year period. In addition the applicability of RESTREND, a residual based approached used 

to identify the main drivers of NDVIa, was examined in an attempt to assess human influence on 

vegetation in cities.  

While there was local variation, as to be expected, on the whole Denver exhibited a 

decreased vegetation trend. Across the city the main drivers were assumed to be human actions 

as opposed to climate patterns. Most neighborhoods indicated that human degradation was the 

main control of vegetation trends, presumed to be from infill, however some neighborhoods 

indicated that human enhancement was the main control, presumed to be from irrigation. 

RESTREND proved applicable in isolating human action from climate variables, however 

examination of neighborhood features was required in order to make assumptions about what 

type of human actions (e.g. infill vs. addition of green space) were taking place. Results highlight 

the importance of understanding the impact practices like infill can have of city resources.  

Chapter 3 drew on the conclusions presented in Chapter 2 and outlined varying strategies 

for assessing vegetation patterns and factors that may influence vegetation in urban areas. 

Specifically, the applicability of the NDVIm and SEE methods were explored as alternative 
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strategies for assessing vegetation trends and drivers in cities. Water use and normalized NDVI 

were also explored as alternative factors for explaining vegetation trends in cities.  

NDVIm, as opposed to NDVIa, trends were examined across the city due to NDVIm’s 

cited correlation to precipitation. However analysis determined that NDVIm was not appropriate 

for measuring vegetation through time for it proved limited in its ability to be representative of 

NDVI values on the city and neighborhood scale. The SEE method was explored as an 

alternative strategy for isolating human controls on vegetation. While the analysis supported 

RESTREND results, with a clear trend towards human degradation in recent years, it was limited 

in its ability to represent degradation through time.  

In addition to infill development, other variables were explored to determine if other 

human actions significantly control vegetation across the City. Using Denver Water’s average 

annual per capita water use data an analysis between NDVIa, precipitation, and water use was 

performed. While there was not a correlation between NDVIa and water use, patterns in water 

use data align with RESTREND and SEE results. Analysis showed a decreased trend in NDVIa 

values through time, particularly in recent years. Additionally, local neighborhood trends 

suggested that significant relationships between NDVIa and water use may be present on the 

neighborhood scale, however local water use data is needed to confirm that hypothesis. 

Greenness per unit pervious area was also explored a possible factor for explaining greenness 

trends by normalizing NDVI to neighborhood pervious area. Unfortunately data limitations 

restricted the significance of results and no clear conclusions could be drawn from the analysis.  

While it is clear that vegetation in Denver has been negatively affected by human action, 

there still are many unanswered questions that are opportunities for future research. Due to the 

strong relationship between vegetation and temperature, quantitatively assessing how vegetation 

changes have affected temperatures in Denver, using remote sensing techniques, would add to 

the understanding of how infill development has affected environmental resources in the city. 

Additionally a pixel based residual analysis could provide a more detailed picture of Denver’s 

vegetation changes and may be able to identify areas of infill development or high irrigation 

within neighborhoods. Information about infill development projects outside the downtown 

corridor, water use data, and land cover data could also all aide furthering the work presented 

here.  
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Overall our results highlight the importance of understanding how vegetation patterns 

have changed in urban centers. On the whole, Denver’s NDVI values have decreased across the 

city. If managers do not respond appropriately to decreased vegetation trends, negative impacts 

from climate change and population growth, like water and air pollution and increased 

temperatures, will only be exacerbated. Being able to identify neighborhoods and areas that have 

experienced significant change will aide cities as they combat the compounding effects of 

climate and population change.  
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APPENDIX A 
 

SUPPLEMENTAL EXPLANATION FOR UNEXPLAINED NEIGHBORHOOD TRENDS 
 

As mentioned in Chapter 2 one third of neighborhoods exhibited unexpected results given 

documented areas of infill and infill favorable zoning codes. These neighborhoods were 

summarized into three categories: (1) expected a negative trend, but exhibited a positive trend (2) 

expected a negative trend, but exhibited no trend, and (3) expected no trend, but exhibited a 

negative trend (Figure 2.8 and Table 2.1). Closer examination of neighborhoods within these 

categories revealed that while the implications of their RESTREND results were valid, they were 

not driven by precipitation nor were they driven by infill. Other factors such as amount of 

impervious area, addition of green space, or commercial development appeared to be the driving 

factors of their vegetation trends. A supplemental in-depth analysis of all neighborhoods within 

each category is presented below.         

Examination of Category 1 neighborhoods, expected to have a negative trend, but 

actually did not have a trend, revealed three possible reasons for the lack of trend. Category 1 

neighborhoods of interest included: Auraria, Capitol Hill, CBD, Cheeseman Park, Stapleton, 

Washington Virginia Vale, and Windsor. First, some of the neighborhoods in this category, 

predominantly those in Denver’s downtown corridor like CBD, Auroria, and Capitol Hill, are the 

most impervious neighborhoods throughout the city, with impervious percentages estimated to 

be over 65 percent. Examining NDVIa trends over time for these neighborhoods revealed almost 

no change through time, with all neighborhoods having rates of change (ROC) on the order of 

10-5. For example, with the y-axis set to the range of possible neighborhood NDVIa values, 

Capitol Hill NDVIa values through time exhibited a flat line and indicated little change (Figure 

A-1). Within these neighborhoods infill development did not affect vegetation because parcels 

experiencing change did not have vegetation to start with; development simply shifted underused 

impervious cover (e.g. a parking lot) to impervious infill project (e.g. multi-resident apartment 

building).  

On the other hand, some neighborhoods in Category 1 were traditional residential 

neighborhoods where change due to infill was expected.  First it is believed that some 

neighborhoods lacked a trend due to highly variable development patterns that created an 

unidentifiable trend within the neighborhood. For example, Stapleton housed Denver’s airport 
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from the 1950s to 1995 and was developed as a commercial and industrial center. However in 

the early 2000s, Stapleton adopted a new redevelopment goal to become a pedestrian friendly 

neighborhood. This is reflected in the updated zoning codes. Stapleton’s highly variable NDVIa 

values through time, assumed to be due Stapleton’s extremely unique development patterns, 

created no significant trend. Comparing Stapleton’s NDVIa values to Capitol Hill highlights the 

neighborhood’s variability and lack of identifiable trend through time (Figure A.1).  

 

 

Figure A.1: Capital Hill (a) and Stapleton (b) NDVIa values versus time. Y-axis is scaled to 
range of possible NDVIa values amongst neighborhoods.  
 
 

A third possibility for Category 1 neighborhoods was that while the neighborhood had 

infill favorable zoning codes, infill had not taken place within the neighborhood and therefore 

vegetation had not been significantly affected. This scenario highlights the limitations in 

identifying areas of infill development within Denver. To better assess the effects of infill 

development, better documentation of infill projects across the city are needed.  

Category 2 neighborhoods of interest included Civic Center, Union Station, Lowry Field, 

and Indian Creek, which exhibited positive trends despite documented sites of infill development 

and favorable zoning code. These neighborhood trends were particularly surprising because we 

expected development to decrease vegetation. For these neighborhoods it appeared that infill 

development increased green space. For example Union Station has the second highest 
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percentage impervious area in the city, however unlike Auraria, CBD or Capitol Hill, Union 

Station has a park within the neighborhood bounds. Previously a very commercial area, 

Commons Park was added to Union Station in the late 1980s, dramatically increasing greenness 

especially starting in the late 1990s with the Riverfront Park project. In RESTREND results for 

Union Station values after 2000 were all above zero and were higher than expected given 

precipitation (Figure A.2a). While the neighborhood has undergone development, the original 

land cover had such little vegetation that the addition greenspace, even small, increased the 

NDVIa signal through time. Another example is Lowry, which has a mandate that at least 35% of 

the neighborhood area is covered by a park. While, early development within the Lowry area 

decreased greenness due to construction, examination of RESTREND showed that in recent 

years residuals are all above zero and were higher than expected given precipitation (Figure 

A.2b). While not as pronounced it is expected that Civic Center Park, in the Civic Center 

neighborhood and the Cherry Creek bike path, in Indian Creek, created similar increasing trends.  

 

Figure A.2: Union Station (a) and Lowry (b) RESTREND results. Shifts in residuals above zero 
demonstrate the enhancing effect development has had in these neighborhoods, presumed to be 
from addition irrigated green spaces. 
 
 
 The final unexpected outcome was Category 3 neighborhoods, or neighborhoods where 

no trend was expected, but a negative trend was exhibited. Category 3 neighborhoods included: 

Harvey Park South, Harvey Park, Mar Lee, Ruby Hill, Belcaro, North Park Hill, and South Park 

Hill. While infill favorable zoning is one way to assess infill development, it is limited in that 

zoning can always be amended and it only highlighted areas that potentially had experienced 
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infill development. Other types of development, predominantly the addition of shopping centers 

are large parking garages, were present in Category 3 neighborhoods that created the decreased 

greenness pattern through time. For example, the Bear Valley Shopping Center, was developed 

in the 1980s and again in 1993, and takes up the southwestern corner of Harvey Park South. 

While this type of development would certainty affect greenness signals, it was not apparent in 

the infill favorable zoning codes and therefore these neighborhoods were not identified as 

undergoing change in the initial analysis. 
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APPENDIX B 

SUPPLEMENTAL FIGURES 

 

Figure B.2: NDVI difference map between 1984 – 2016. Neighborhoods with significant NDVIa 
trend with respect to time are denoted by (+) or (-), where (+) denotes a significant increased 
NDVIa trend through time and (-) denotes a significant decreased NDVIa trend through time.  

 

 

 

 

 


