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ABSTRACT 

The timing of vegetative phenology governs annual ecosystem function and is a 

component of community diversity and productivity. Consequently, phenology is key to 

monitoring and measuring ecological responses to environmental change. In cities, the timing of 

tree phenological events such as leaf unfolding and leaf coloring is altered due to regional 

climate factors like winter chilling length and spring warming temperatures, as well as site-

specific variation such as land cover and genus. However, the variability of these changes to 

urban phenology, as well as the factors that govern variation, are not well explored. Likewise, 

while many studies use digital time-lapse cameras to study phenology in rural settings, few have 

used phenological cameras, phenocams, in the urban environment.  

To investigate the phenology of urban trees using phenocams, this novel study used the 

city of Washington, D.C. to explore the interannual changes occurring in city trees, as well as the 

feasibility of using phenocams in combination with volunteer camera hosts. Phenocams were 

placed throughout the greater D.C. area in the homes of volunteers and on the campuses of two 

educational institutions. Each phenocam captured images of either a single tree crown or 

multiple over the course of three study years. From camera imagery, start of season (SOS) and 

end of season (EOS) were estimated by fitting a spline to each tree’s green chromatic coordinate 

(Gcc) data, which were extracted at a near-continuous temporal resolution.  
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Statistical analysis revealed that there were significant differences in SOS between years. 

Further analysis of climatic and site variables found that temperature and impervious surface 

significantly influenced SOS and EOS respectively. Additional analysis showed that tree genera 

responded to annual changes in moderate synchrony. Assessment of community science 

implementation found that inclusion of volunteers increased the educational reach of the study, 

but likely created noise in the data due to issues such as accidental phenocam disturbance and 

repositioning. This novel study provides useful information for the methodology of future urban 

phenocam research and provides a preliminary understanding of phenology in the Washington, 

D.C. area.  
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CHAPTER 1 

INTRODUCTION 

 

Phenology refers to the seasonal, recurring events in the lives of plants and animals. The 

phenology of trees is influenced by climate conditions such as temperature and precipitation, as 

well as local or site-specific factors such as impervious surfaces, elevation, and fractional canopy 

cover (Cleland et al. 2007, Wang et al. 2014). Understanding and monitoring tree phenology, 

hereafter referred to as simply phenology, is crucial to understanding ecological patterns in the 

natural world, as well as predicting ecosystem responses to small and large environmental 

changes (Cleland et al. 2007). In particular, phenology plays a significant role in how other 

ecological and biological processes function under shifting environmental conditions. Changes in 

phenology such as earlier spring budburst or longer periods of vegetative growth can affect 

species diversity, alter carbon and water cycling, and affect the resilience of an ecosystem 

(Richardson et al. 2018, Teets et al. 2023).  

Much of the phenology research done today uses satellite imagery to monitor rural or 

natural areas (Richardson et al. 2007). Satellites enable the collection of repeat data over large 

regions of the earth and are an effective tool for tracking phenology over time. Unfortunately, 

satellites are often overly coarse in their temporal and spatial resolutions, which makes them 

suitable for large-scale studies focused on broad trends, but less appropriate for investigating fine 

scale phenological details (Richardson et al. 2007). In addition, the technique of using satellite 

imagery to monitor phenology is not optimally accessible to the public and does not often 

naturally allow for the implementation of community science. To fill the knowledge and utility 

gaps in satellite imagery, digital repeat photography has become a useful method to capture 

phenology at the canopy level.  
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Phenological cameras, phenocams, are time-lapse cameras that can be mounted nearly 

anywhere and used to continuously obtain phenology data. By remaining at canopy or near-

surface level, phenocams generate important information about local and species-specific 

phenology without the concern of low temporal or spatial resolution (Richardson et al. 2007, 

Richardson et al. 2018). Like satellites, phenocams have been increasingly used in research that 

focuses on natural areas such as research plots, protected parks, or other vegetation-heavy 

landscapes. However, favoring rural areas as study sites limits understanding of both local and 

global phenology as urban sites are highly influential to both broad environmental conditions and 

phenological responses. 

Urban landscapes are rapidly growing and have an increasing impact on the environment 

(Zhang et al. 2004, Alonzo et al. 2021, Zhang et al. 2022). Cities are characterized by 

heterogenous land cover distribution, and impervious surfaces such as roads and sidewalks affect 

the heating and cooling of urban areas, which ultimately elevates city temperatures relative to the 

surrounding land (Alchapar et al. 2014, Melaas et al. 2016). Consistent elevated temperatures in 

cities produce anomalous phenological responses in trees such as earlier leaf unfolding and 

flowering (Zipper et al. 2016). These anomalies have been thoroughly studied in the context of 

regional or global phenology, as well as through field observations and satellite remote sensing 

techniques. However, there is a dearth of studies that incorporate phenocams as the primary 

method of data collection from urban areas. To address the relative lack of phenocam studies 

in cities and to better understand local phenological change, this research project explored 

the methodology of installing volunteer-hosted phenocams in the city of Washington, D.C. 

and examined the influence of climate and site variables on urban phenology.  
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This exploratory study uses 2020-2022 red-green-blue (RGB) imagery of canopies from 

19 phenocams with unique locations to investigate (1) the impacts that seasonal climate 

conditions have on phenology, (2) the influence that site-specific variables have on D.C. 

phenology, and (3) the methodology of using phenocams hosted by volunteer community 

scientists. Based on these guiding topics, three research aims were developed:  

 

Aim 1: Test the extent to which phenocam imagery can track urban phenology changes 

influenced by regional air temperature and precipitation.  

 

Phenological change is driven by a multitude of external and internal factors (e.g., 

temperature, species, etc.; Jochner and Menzel 2015, Richardson et al. 2018). In temperate 

forests, temperature is particularly influential (Vitasse et al. 2009, Basler and Körner 2014, Geng 

et al. 2020). Recent decades of warming have advanced a number of phenological events 

including spring bud development, leaf unfolding, and flowering (Chmielewski and Rötzer 2001, 

Melaas et al. 2013, Xie et al. 2015, Jochner and Menzel 2015). In addition, higher temperatures 

have extended the length of the growing season, which pushes some autumn phenological 

responses to later in the year (Luo et al. 2006, Richardson et al. 2010). Precipitation also plays a 

key role in temperate phenology as certain precipitation patterns, for example summer droughts 

or wet springs, may initiate phenological shifts in tree populations (Jin et al. 2019, Vitasse et al. 

2021).  

In cities, trees are subject to elevated temperatures as a result of the Urban Heat Island 

(UHI) effect, which may further alter phenological events (Zhang et al. 2004, Luo et al. 2007, 

Imhoff et al. 2010). Due to the nature of their composition, urban areas are also composed of 

higher percentages of impervious surface cover, which have an impact on the heating and 
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cooling of the area, as well as the movement and storage of water after a precipitation event 

(Alchapar et al. 2014, Melaas et al. 2016, Song et al. 2016, Zipper et al. 2016). As the climate 

changes and cities experience elevated temperatures, it is necessary to better understand how 

phenology, measured by phenological metrics (phenometrics) such as start-of-season (SOS), 

end-of-season (EOS), and growing-season-length (GSL), changes, as well as the mechanisms 

behind notable shifts. In rural areas, the synchronicity of phenological events like SOS and seed 

dispersal has been shown to be influenced by temperature and microclimatic variability, and is a 

significant driver of the behavior and success of other species (Koenig et al. 2015, Geng et al. 

2020, Dai et al. 2021). It is likely that D.C.’s urban trees are responding similarly to climatic 

changes, but whether phenocams can adequately capture urban phenological shifts and 

interannual variation induced by climate is still unknown.  

This research uses phenometrics gathered from phenocam imagery, along with 

minimums, maximums, and averages of daily and monthly temperature data, as well as mean 

monthly precipitation data, to examine the effect of climate conditions on D.C.’s phenology. It is 

expected that phenocams will be able to detect urban phenological responses to changing climate 

conditions between and within years. In particular, it is anticipated that phenocams will capture 

an advance of SOS and a delay of EOS under the conditions of elevated temperature, as well as a 

delay in both SOS and EOS under the conditions of reduced precipitation.  

 

Aim 2: Explore the variability of urban tree phenological responses across phenocam site 

and genera.  

 

Within a city, trees typically maintain the same physiological tolerances or limitations as 

their rural counterparts; however, the addition of urban-related site factors like impervious 
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surfaces and reduced canopy cover can influence phenological changes (Luo et al. 2007, Melaas 

et al. 2016, Alonzo et al. 2021). Such changes are normally attributed to global temperature 

increases or UHI, but greater examination of the impact of site variables can reveal the strength 

of governance that location has on phenology. In addition, phenology, and sensitivity to shifts in 

climate conditions, can vary by species or genera due to differences in physiology (Schaber and 

Badeck 2003, Basler and Körner 2014, Kalusova et al. 2017, Fréjaville et al. 2019). These 

differences can account for the success of genera in certain geographic areas, as well as provide 

explanations for absent or failed populations in particular habitats. Investigation of the genera-

level differences in urban phenometrics can provide helpful insight into observed variation.  

In order to better understand the effect that site and genus have on urban phenology, this 

study models site variables (impervious surface cover, fractional canopy cover, and elevation) to 

determine which factors have a significant effect on phenometrics. Likewise, differences in 

phenometrics across the genera of this study are analyzed and visualized to reveal how genus 

may affect the timing of phenological events in urban areas.  

The observed phenological responses within this study are expected to react strongly to 

D.C. site variables. Specifically, high percentages of impervious surface cover and low fractional 

canopy cover will produce advanced SOS and delayed EOS. Changes to phenological responses 

have also been attributed to physiological differences, so it is also expected that reasonable 

variation among the tree genera of this study will exist; however, the rank order of trees is 

anticipated to stay the same from year to year.  

 

Aim 3: Examine the suitability of phenocams as reliable and practical tools for urban 

phenology studies and explore the implementation of volunteers as phenocam 

hosts.  
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Existing research has shown that phenocams are a useful tool for gathering phenological 

data. Not only do phenocams provide large quantities of data, but they also do not have the 

constraint of coarse spatial and temporal resolutions that occur with satellite imagery. Many 

studies incorporate phenocams in an effort to capture phenological change across rural 

landscapes. Less common, however, is the use of phenocams within urban areas. Given that the 

methodology of this study is novel, the evaluation of method success will be mainly descriptive 

in nature. To assess the suitability of phenocams for the urban landscape, the procedure used has 

been recorded, and additional information has been gathered from volunteer interactions. 

Volunteer feedback will also be used to describe the successes and challenges from this study. 

Important factors include phenocam reliability and data fidelity across multiple study years. 

Instances of field of view (FOV) change or image interference will be included to provide an 

understanding of the complexity of installing and maintaining phenocams over multiple years in 

a city.
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CHAPTER 2 

BACKGROUND 

 

Phenology and Trees 

Phenology is the timing of natural recurring life cycle events. Examples of phenology in 

trees include leaf unfolding and flowering in the spring, leaf coloring in autumn, and dormancy 

during winter (Jochner and Menzel 2015). These phenological events, which are sometimes 

referred to as phenophases, signal the switch between vegetative state to reproductive state 

(flowering to seed set). Phenological events vary among species and are important for 

maintaining community diversity and ecosystem productivity (Cleland et al. 2007). In addition, 

phenology is a regulator of ecosystem processes and biosphere feedbacks to the climate system 

and serves as a monitor for global climate change (Zhou et al. 2016, Richardson et al. 2018).  

Due to the influence that trees have on other species, understanding their phenology and 

potential shifts in phenological responses is necessary to managing, maintaining, and protecting 

ecosystems and communities. Trees provide a multitude of services for a vast number of species, 

including humans, and create valuable habitat and nursery spaces (Solomon 1997, Kirschbaum 

2003, Nowak et al. 2007, Chaparro and Terradas 2009, Stagoll et al. 2012, Peters et al. 2016). It 

is estimated that some tree species host and support hundreds to thousands of animal species, and 

consequently contribute to both floral and faunal biodiversity (Southwood et al. 2005, Prevedello 

et al. 2017, Threlfall et al. 2017). Similarly, in both tropical and temperate forests, needle or leaf 

fall, as well as tree falls, return rich nutrients to the soil and act as catalysts for new life (Meier et 

al. 2005).  
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Importantly, tree phenology serves as an indicator or initiator for other species’ 

phenological responses (Polgar et al. 2013, Vitasse et al. 2021). For instance, leaves changing 

colors in the autumn may supplementally signal to migratory bird species that it is time to begin 

migrating (McGrath et al. 2009, Mayor et al. 2017). Correspondingly, many species rely on the 

products of tree phenological events to support their various life stages (Southwood et al. 2005). 

Springtime flowering and the development of fruits and nuts provide critical food sources for 

pollinators, frugivores, and granivores, while buds and leaves offer herbivores nourishment 

throughout the growing season (Peters et al. 2016). The influx of nutrition subsequently prepares 

species for the reproductive season and contributes to the continuance of populations.  

Just as trees are essential to the functioning of other living organisms, so too are they 

crucial to abiotic processes and cycles within ecosystems. Trees act as soil stabilizers, water and 

air filters, and shade promoters. Tree roots hold soil in place, which increases overall soil 

stability, as well as slows the flow of water to prevent soil loss due to erosion (Daynes et al. 

2013, Ford et al. 2016, Williams et al. 2018, Miri and Davidson-Arnott 2021). Trees filter water 

by promoting the ground absorption of rainfall and taking up water through their roots. In 

addition, they filter the air by absorbing carbon dioxide and trapping airborne particulate matter 

on their leaves (Vailshery et al. 2013, Shukla and Srivastava 2019, Letter and Jäger 2020). 

Lastly, trees cool local air temperatures by creating valuable shade and through the release of 

water via transpiration (Tscharntke et al. 2011, Li and Ratti 2018, Sabrin et al. 2020). 

Given the vital role that trees play for both individual species and entire ecosystems, it is 

necessary to understand how they are behaving and possibly changing from year to year. 

Studying and monitoring phenology provides in-depth knowledge about the cumulative 

productivity of an ecosystem and can uncover seasonal abnormalities. For example, growing 



 

9 

season length (GSL) in deciduous forests is derived from the number of days that plants are 

actively growing, and acts as a control on many tree services. Shifts in GSL can quantitatively 

describe productivity changes (i.e., shifts to tree growth and contribution of energy and biomass 

to a system) and help predict how ecosystems will respond to shifting environmental conditions 

in both the near and distant future.  

Drivers of Phenology 

Globally, climate is extremely influential to phenology, with factors such as annual 

precipitation and average temperature playing important roles in the phenological responses of 

trees (Chmielewski and Rötzer 2001, Ferreira and Parolin 2007, Günter et al. 2008). The 

phenology of trees and forests in different regions of the world will often correspond to different 

climatological drivers. In tropical forests, phenology will typically respond to annual 

precipitation levels, as well as changes in irradiance (Chapman et al. 2018, Wright and Calderón 

2018). Thus, the timing of flower to fruit is more heavily dependent on the rainy season than it is 

on large fluctuations in temperature (Cleland et al. 2007, Davis et al. 2022). By contrast, 

temperate forests are more frequently governed by photoperiod and air temperature, which 

historically align with the seasons, to induce specific phenological responses such as turning red 

in the fall or breaking dormancy in the spring (Menzel 2003, Basler and Körner 2014, Kabano et 

al. 2021).  

Alterations in temperature (e.g., lack of a cold enough winter chilling period, hotter 

spring, etc.) affect the phenological response of plants and subsequently change the natural 

processes and functions of other species (Vitasse et al. 2009, Zipper et al. 2016). Examples of 

these types of changes have already been observed; earlier spring onset and budbursts lead to 
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phenological mismatches in other species, while later autumn senescence has implications for the 

following year’s SOS (Menzel and Fabian 1999, Walther et al. 2002, Jochner and Menzel 2015, 

Liu et al. 2016, Richardson et al. 2018, Geng et al. 2020).  

Shifts in phenological response highlight the potential for greater ecosystem disruptions 

that could be more difficult to predict and manage. As such, differences in phenological 

response, both local and regional, have become instrumental to understanding global 

environmental change. Similarly, as temperatures increase and weather patterns fluctuate due to 

anthropogenic climate change, phenology becomes an increasingly important measure of 

ecosystem response (Richardson et al. 2010, Richardson et al. 2018).  

Another external driver of phenology is the site or geographic location of a tree (Jochner 

et al. 2012, Pellerin et al. 2012, Dai et al. 2021, Zhang et al. 2022). Site-specific conditions, such 

as the topography (i.e., slope and elevation) of an area, as well as the soil composition and 

amount of surrounding impervious surfaces, can alter or influence changes in phenology. For 

instance, trees that are at higher elevations are typically going to have different or delayed 

phenology compared to trees that live at sea level (Pellerin et al. 2012). Similarly, the immediate 

landscape surrounding a tree may influence or shift phenological events (Vitasse et al. 2021). 

Higher percentages of impervious surface cover have been associated with higher air 

temperatures, which lead to advanced SOS, variable GSL, and delayed EOS (Mimet et al. 2009, 

Jochner et al. 2012, Zhang et al. 2022). Likewise, lower fractional tree canopy cover has been 

shown to decrease the effectiveness of temperature mitigation by trees, which reduces a tree’s 

ability to resist deleterious phenological change (Greene and Kendron 2018).  

While climatic conditions and site act as significant drivers of phenology, genus or 

species-specific attributes can also influence the timing of phenophases and lead to distinct 
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differences in the aggregate phenological response of different areas (Chuine et al. 2000, Valdez-

Hernández et al. 2010, Wright and Calderón 2018, Geng et al. 2020, Vitasse et al. 2021, Kabano 

et al. 2021). Condition tolerances (e.g., sensitivity to temperature) and physiology (e.g., wood 

density, xylem water potential, etc.) both inform species distribution and productivity, which in 

turn influence phenology (Morin et al. 2009, Valdez-Hernández et al. 2010). Similarly, age or 

maturity can affect an individual’s phenology and produce varied phenological reactions to 

environmental changes (Vitasse et al. 2009, Basler and Körner 2014, Fréjaville et al. 2019). 

Observing genus and species differences in phenological response is important for monitoring 

the complex communities that rely on trees and forests and for predicting and mitigating species’ 

responses to climate change.  

Changes to interspecies differences in phenology may instigate greater ecosystem shifts, 

which are more difficult to swiftly adjust or adapt to for plant and animal communities (Vitasse 

et al. 2009, Basler and Körner 2014). For example, due to its physiology and growth pattern, an 

aspen species (Populus tremuloides) may naturally break dormancy earlier than an oak species 

(Quercus alba). This order of breaking dormancy is synchronous with the needs and behavior of 

aspen and oak-reliant animals. However, under the influence of increased mean global 

temperatures the aspen may delay breaking its dormancy, which alters the pattern and order of 

trees’ phenological events. Ultimately, changes such as this have strong impacts on the 

ecological and biological processes of other species and entire ecosystems (Morin et al. 2009).  

Urban Phenology 

 Phenological change is occurring throughout many different regions and ecosystems of 

the world and requires continued monitoring and examination (Cleland et al. 2007). In urban 
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ecosystems, phenology is traditionally less well-investigated (Jochner and Menzel 2015, Melaas 

et al. 2016). This is in part due to the complex relationship between nature and the structure of 

urban areas. In cities, the ecological and biological functions of the environment can be 

dramatically different from the surrounding natural land. Urban areas, which are characterized by 

high human density and strong material and landscape heterogeneity, are home to approximately 

55% of the world’s population, with an expected increase to 68% by the year 2050 (World Bank 

2020). These unique ecosystems function under human management and often incorporate 

synthetic materials and structures such as buildings and roads with natural elements in the form 

of parks or gardens. Despite the inclusion of some natural components, urban areas are 

overwhelmingly dominated by impermeable surfaces and artificial materials that vary in heat 

capacity and conductivity (Landsberg 1981, Jochner and Menzel 2015). 

The thermophysical properties (albedo, emissivity, rugosity, etc.) of the materials used in 

a city greatly influence the area’s overall temperature and potentially alter the function and 

timing of ecosystem services within that urban ecosystem (Landsberg 1981, Alchapar et al. 

2014). More specifically, buildings, roads, and other surfaces increase the absorption of 

shortwave radiation, decrease energy loss by emission of longwave radiation, and have reduced 

evapotranspiration. The sum influence of these properties contributes to heat generation, 

retention, and reduced cooling ability (Melaas et al. 2016). In addition, urban areas tend to 

inherently have far fewer trees and patches of vegetation-heavy green space. The lack of trees 

and other vegetation reduces an area’s ability to cool air temperatures via transpiration and 

decreases shaded zones (Sabrin et al. 2020). Combined, the loss of both air temperature cooling 

and shade patches emphasizes the distinct difference between urban and rural temperatures.  
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Urban areas have been found to be as much as 2.9 °C warmer than surrounding non-

urban areas (Imhoff et al. 2010). This significant difference leads to a phenomenon known as the 

Urban Heat Island (UHI) effect. UHI is characterized by increased temperatures in urban zones 

relative to the temperatures of the surrounding rural land and has a serious impact on plant 

phenology (Zipper et al. 2016, Melaas et al. 2016). UHI can contribute to an advance of SOS, 

extension of EOS, and subsequently lengthen a tree’s GSL. These alterations to phenology have 

equally significant impacts on water, energy, carbon, and climate. Even small changes to the 

phenology of an urban landscape may introduce local environmental and ecological issues such 

as reduced ecosystem services, as well as compound shifts in GSL that are already occurring due 

to climate change (Menzel and Fabian 1999, Schwartz and Reiter 2000, Zipper et al. 2016).  

Due to the addition of the UHI effect, trees in cities are experiencing warming faster, and 

perhaps more intensely, than trees or forests in rural landscapes, and may serve as a proxy and 

predictor for environmental responses to future global environmental and climatological change 

(Jochner and Menzel 2015). Monitoring how trees and their phenology respond to the elevated 

temperatures and unique conditions in cities provides key insight and acts as an important tool to 

investigate what may be expected for all ecosystems and areas under the influence of a changing 

climate in the coming years.  

Methods of Phenology Data Collection 

Field-Based Observations 

Historically, phenological observations were made using on-the-ground visual 

assessments by individuals or groups (Richardson et al. 2018). Certain phenological events such 
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as the first development of buds or leaf-out are often conveniently visible, and studies using field 

techniques have provided a plethora of phenological information, as well as advanced the study 

of phenology (Badeck et al. 2004, Luo et al. 2007, Wallace et al. 2016). Today, visual, or hands-

on assessments from the field are still used to obtain phenological information, which contributes 

to a wide variety of disciplines and informs both scientific and environmental policy efforts 

(Browning et al. 2017). These methods allow for the collection of tree-specific data, as well as 

the incorporation of volunteers, students, and other scientists in diverse fields of study (Theobald 

et al. 2015). However, on-the-ground and sight-based phenological data often require a 

significant amount of time and energy. To collect enough data for statistical analysis, there is 

often the need for frequent repeated trips to field study sites, which may be difficult to access 

depending on the area of focus. Additionally, there often is the need to recruit, hire, and train 

more than one person to obtain the data within a reasonable fieldwork timeframe and this may 

incur higher project costs or increase the likelihood of data-gathering errors (Liang and Fei 2012, 

Rosemartin and Miller-Rushing 2021).  

Another challenge of field observations is the difficulty in capturing change over large 

areas through time. Often, teams working on a project can only cover a select area, which 

provides intensive data about that specific site, but misses broader details due to limited spatial 

coverage (Studer et al. 2007). To address this deficiency, remote sensing arose in the mid to late 

1900s as a new method of gathering phenological data. Remote sensing is a form of data 

collection that relies on satellites or aircrafts to obtain large data sets that contain landscape-level 

information. Satellites have proven particularly useful in the capture of comprehensive land 

cover and phenological data (Townshend et al. 2012, White et al. 2002, Melaas et al. 2013, Jin et 

al. 2019). 
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Satellite Remote Sensing 

Satellites orbit the earth and receive or relay a variety of information depending on their 

intended purpose (Dunbar 2015). Starting in the 1970s, satellite remote sensing was used to 

obtain land cover data and track landscape-level or global trends and changes (Reed et al. 1994). 

Satellites record the spectral reflections of light emitted from each type of land cover and 

produce imagery that can follow phenological change over large areas.  

Satellites collect information at varying temporal frequencies and spatial resolutions. The 

frequency of data collection and the resolution depend entirely on the satellite and are useful to a 

variety of research methods and topics (Reed et al. 1994, Studer et al. 2007). Some satellites, 

such as Landsat, collect repeat data of the earth’s surface every 16 days. Others, like Sentinel 2, 

collect repeat data approximately every 10 days, while Moderate Resolution Imaging 

Spectroradiometer (MODIS) collect data daily (The European Space Agency (ESA), n.d., The 

National Aeronautics and Space Administration (NASA), n.d.). Products specific to phenological 

studies, such as the land surface phenology (LSP) product derived from Harmonized Landsat 

Sentinel-2 (HLS) data, can provide datasets that track phenophase transitions at 30m spatial 

resolution and a temporal frequency of three days (Bolton et al. 2020).  

From collected spectral reflections, information about the landscape can be extracted and 

analyzed using a variety of vegetation indices. These indices quantitatively and qualitatively 

evaluate vegetative land cover using the wavelengths returned to the satellite from each cover 

type (Bannari et al. 1995). Commonly used indices, such as the Normalized Difference 

Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), rely on red and near-infrared 

(NIR) reflectances or radiances (Fang et al. 2014). Since vegetation absorbs visible light 

(specifically red and blue wavelengths) and strongly reflects near-infrared wavelengths, indices 
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like NDVI enhance the contrast between vegetation and non-vegetation (e.g., bare soil or 

rooftop; Los et al. 2000).  

Distinguishing between land cover types provides comprehensive characterization of 

phenological observations across complex landscapes. Many studies have used satellite 

imagery’s ability to generate such large quantities of repeat data with wide spatial coverage to 

detect large-scale shifts in phenology. For example, satellite imagery has revealed that much of 

the northern hemisphere is experiencing an earlier onset of spring and a delay in the start of fall 

phenological events, which correspond to ground-based observations about phenological shifts 

(Studer et al. 2007, Jin et al. 2019).  

Due to the wide spatial coverage and opportunity for repeated temporal sampling, 

satellites are a popular method for monitoring global phenology (Zhang et al. 2003). Despite 

their popularity, there are a few limitations to monitoring and extracting phenological data using 

satellites. Namely, there are limits to satellites’ temporal and spatial resolutions. Satellites in 

orbit can only revisit an image location once a day or after a few days or weeks depending on the 

satellite. This means that satellites are lower in temporal resolution and may be missing minute 

changes throughout a landscape (Townshend and Justice 1988, Townshend et al. 2012). It is also 

important to note that if cloud cover, smoke, or other interferences occur, then the observations 

cannot be repeated until the satellite revisits the location, so valuable data are at risk of being 

lost.  

Satellites are also constrained by their spatial resolution. An image from a satellite will 

provide a spatial resolution of anywhere from 10m to 1000m. Images captured from Landsat, for 

example, will have a spatial resolution of 30m, which means that at minimum each pixel in the 

image will represent a 30x30 meter area (Figure 1). This is still a fairly large area when 
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considering the information required to identify species and differentiate between individuals 

and site variability (Moon et al. 2021).  

 

 

Figure 1. 30-meter resolution satellite imagery in RGB of the Washington, D.C. area from Landsat. Each 

pixel within the image represents 30x30 meters. The inset map provides visual differences between 

canopy or vegetation-dominant land cover (green center portion of the map) and land dominated by 

impervious surfaces (mixed colors to the left and right of the inset). 

 

Research that uses satellite imagery also needs to account for image quality 

complications. There can be frequent image contamination by clouds or other atmospheric 

interferences like smoke from a fire (Richardson et al. 2007). Image contamination can influence 

data, prevent any phenological data from being usable, and may interrupt or delay research for 

extended periods of time. Additional disturbances or limitations include improper calibration of 

equipment or satellite orbit drifts (Los et al. 2000, Studer et al. 2007). Due to the potential 

1 Mile 
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constraints on satellite imagery in phenology studies, another technique that uses near-surface 

repeat digital photography has risen in use within recent decades.  

Phenocams 

Phenocams are digital time-lapse cameras that remain stationary and capture nearly 

continuous images of a canopy (Richardson et al. 2007). Typically, phenocams are mounted high 

on flux towers, which are meteorological towers that measure multiple atmospheric and 

environmental parameters such as gas exchanges and energy. Once stationed on a tower, 

phenocams are aimed at the canopy with the intention of maximizing the percentage of canopy 

seen within the field of view (FOV) (Richardson et al. 2018). The imagery from phenocams is 

much finer in spatial resolution than satellites and has a reduced likelihood of atmospheric 

interference due to phenocams’ near-surface locations. Phenocams vary in style and price, which 

optimizes flexibility, but may occasionally cause differences in image analysis due to variation in 

camera settings (sensor type, light sensitivity, etc.) (Sonnentag et al. 2012).   

Most studies using phenocams focus on natural areas since phenocams are typically set 

up within active forests or research plots (The PhenoCam Network, n.d.). By nature of their near-

surface setup, phenocams can be used to investigate individual tree crowns or whole canopies 

(Richardson et al. 2018). Likewise, phenocams can be used to determine species differences or 

similarities, which is difficult to do using satellite imagery (Figure 2).  
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Figure 2. Example of phenocam imagery from HoS South phenocam. 

 

To provide useful phenometrics, phenocams capture canopy or crown images in red, 

green, and blue wavelengths (RGB). Occasionally, phenocams will also capture images in near-

infrared, but many phenocam studies rely on the visible light spectrum of red-green-blue (RGB) 

(Graham et al. 2010, Richardson et al. 2018, Aasen et al. 2020). Standard protocols for setting up 

and using phenocams were developed by the PhenoCam Network (Richardson et al. 2018). To 

reduce lens flare and shadowing, phenocams should ideally be pointed north in the northern 

hemisphere and south in the southern hemisphere. The FOV for each phenocam should contain 

more than 50% canopy and less than 50% sky, with an ideal mix of 80% canopy and 20% sky. 

Additionally, the PhenoCam Network recommends mounting phenocams in protective cases at a 

height of 5-10m above the canopy to obtain a level horizon and stable FOV. Mounting the 

cameras above the canopy reduces the risk for phenocam disturbance and decreases camera 

movement. These protocols encouraged high quality data from phenocams and standardized the 

participating digital time-lapse cameras within the network. 
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Many phenocam studies similarly follow a structured protocol for gathering and 

processing phenocam data. Phenocams can be set to capture images at varying times throughout 

a single day, with some studies utilizing time intervals as small as fifteen minutes (Richardson et 

al. 2007). During image analysis, a region of interest (ROI) is identified, for example a single 

crown that exists throughout the timeseries, and the pixels within the ROI are examined to 

produce ROI-specific RGB information (Richardson et al. 2018, Seyednasrollah et al. 2019).  

Within the ROI, the combination of RGB wavelengths in each pixel can be separated into 

distinct channels or layers, which allows for the distinction and comparison of the red layer to 

the green layer, the blue to the green layer, and so on. To achieve RGB values for the entire ROI, 

RGB pixel values are averaged to produce a digital number representing single RGB values. 

From the RGB information, the intensity, or brightness, of each individual color can be 

calculated (Seyednasrollah et al. 2019). Using the intensity of each color, the “greenness” of 

trees in the ROI can be produced by using vegetation or color indices.  

Two indices that are useful in phenocam data analysis are excess green (ExG) and green 

chromatic coordinate (Gcc) (Gillespie et al. 1987, Sonnentag et al. 2012, Aasen et al. 2020). 

Both ExG and Gcc can be used to determine differences between green plants and non-green 

targets (e.g., soil or bare branches), but Gcc has been shown to be more effective than ExG at 

suppressing any interfering daily or seasonal effects (Sonnentag et al. 2012). Gcc is calculated 

using the following formula:  

𝐺𝑐𝑐 =
𝐺

𝑅 + 𝐺 + 𝐵
 

  

The formula for Gcc normalizes the green in an image against the red and blue colors. By 

quantitatively measuring the “greenness” of the canopy, it is possible to differentiate between 
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canopy conditions throughout each data collection period (Reid et al. 2016). Thus, Gcc can be 

tracked over various time increments, such as months or years, or phenophases (spring, summer, 

etc.) and can be compared to the inverse function of red chromatic coordinate (Rcc) to display 

tree green-up in the spring through leaf-fall in the autumn. The measurement of “greenness” is 

used as a tracking metric for phenology and can help explain when trees are the greenest during a 

time period, which trees are turning green faster or slower, and how greenness (representing 

phenology) shifts over time.   

Thanks to their relative ease of use, phenocams and their accompanying indices are used 

throughout many different ecosystems to track phenological change. In the tropics, phenocams 

have aided in detecting unique characteristics of tree phenology that are instigated by flowering 

and leaf coloring (Nagai et al. 2016). In arid environments, phenocams have been shown to 

provide better interpretations of land surface phenology (Browning et al. 2017). Similarly, in 

grasslands and temperate forests phenocams are proven to be suitable tools for monitoring 

phenology of both herbaceous and woody plants (Sonnentag 2012, Inoue et al. 2015, Richardson 

et al. 2018).  

Although there has been an increase in both phenology studies and research using 

phenocams in recent years, urban areas have not received much attention. Time-lapse cameras in 

the urban environment are nearly ubiquitous and phenology of urban ecosystems is instrumental 

in understanding both local and global shifts, but the complex structure and spatial layout of 

cities may have previously discouraged the wide use of phenocams. Despite the unique 

conditions of urban areas, it is important to explore using phenocams as the primary method of 

phenological data collection since they may offer a flexible, accessible, and reliable solution to 

monitoring urban phenology at the canopy level.  
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Community Science 

Citizen science, which is also known as community science, engages members of the 

public in scientific projects, in-depth research, and surveys (Dickinson et al. 2010, Vogt and 

Fischer 2014, Theobald et al. 2015, McKinley et al. 2017, Roman et al. 2017). Community 

science has been incorporated into scientific research for decades and has allowed for progress 

across many different disciplines. In the ecological sciences, volunteers are typically recruited 

and trained when large quantities of data need to be collected and recorded, or when a study 

requires frequent, repeated observations (McKinley et al. 2017). Individuals or groups can 

participate in and get familiar with a scientific project as much as they desire and, depending on 

the project or topic, a variety of ages and skill-levels may get involved. The outcomes of utilizing 

community science are varied, but traditionally include increased environmental knowledge and 

awareness, improved scientific literacy, introduction to or enhancement of existing 

understandings of how to conduct a research project, and acquisition of new skills (Roman et al. 

2017, McKinley et al. 2017).  

 Across many scientific fields, the engagement of volunteers and implementation of 

community science is not new. In earth observation and remote sensing studies, community 

participation has aided in the calibration and validation of imagery (Fritz et al. 2017). Similarly, 

forest and land cover research projects have benefited from the volunteer work of community 

members using both traditional data collection techniques (e.g., measuring stems with calipers) 

and newer methods (e.g., applications that measure diameter-at-breast-height (DBH) from an 

image taken on a mobile device like a cell phone) (Molinier et al. 2016). In phenology studies, 

community volunteers have helped to fill gaps in broad spatio-temporal datasets, as well as 

expanded the scope and scale of certain data gathering techniques (Kosmala et al. 2016). Notable 
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projects include Project Budburst, which asks community members to track climate change by 

collecting plant data, and Nature’s Notebook, which relies on community members to collect 

phenological observations of plants and animals in an effort to inform environmental decision-

making (Chicago Botanic Gardens 2021, USA National Phenology Network n.d.) 

While all studies have found varying degrees of accuracy among volunteers, most agree 

that data gathered by trained volunteers are reasonably valid and differ only slightly from data 

gathered by professionals (Bloniarz and Ryan 1996, Roman et al. 2017). Frequently, the addition 

of community science complements existing data collection methods and is a useful tool to 

consider when collecting data. Overall, the outreach, education, and environmental motivation 

benefits of incorporating community science into scientific studies are often well worth the 

inclusion of volunteers when appropriate.  
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CHAPTER 3 

METHODS 

 

Study Site  

The city of Washington, D.C. was used as the central location for this study. The 

geographic range of this research project extends from just north of the city (Silver Spring, 

Maryland) to the southern point of the city-proper (southwest quadrant). The greater D.C. area 

spans just over 68 mi2 and is situated at an elevation of 125 meters mean sea level (MSL). The 

region is classified as a humid subtropical climate and is home to over 689,000 residents (United 

States Census Bureau 2020).  

As of 2015, Washington, D.C. has approximately 38% tree cover that is distributed in 

patches and individual plantings (Alonzo et al. 2021). The general composition of native versus 

non-native species throughout the city approximates 73% native to North America and 27% non-

native with origins in other countries. The area contains a large national park, Rock Creek Park, 

whose forests are dominated by American beech (Fagus grandifolia), boxelder (Acer negundo), 

and tulip tree (Liriodendron tulipifera), all of which are native to North America (Casey Trees 

2015). The city’s street trees are diverse with maples (Acer), oaks (Quercus), and elms (Ulmus) 

making up the majority of the trees in managed landscapes.  

The dominant types of land cover not associated with the national park or canopy cover 

include grass at 22.8% coverage and tar at 20.7% coverage (Casey Trees 2015). An important 

aspect of land cover to note is the percentage of impervious surface cover. Within the immediate 

D.C. area, approximately 39% of land is covered by impervious surfaces (Alonzo et al. 2021). 
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These surfaces, which are defined by the inability of water to penetrate through them, influence 

the movement of stormwater, as well as heat and energy fluxes. 

The location for each phenocam site was chosen from a pool of volunteer participants. 

The volunteers were sourced from a local restoration-focused non-profit called Casey Trees. 

Volunteers that had clear views of crowns or canopy were chosen as phenocam hosts. 16 

phenocams were installed in individual volunteer homes, while two were installed on the campus 

of American University and one was installed at a local elementary school (Figure 3).  

 

 

Figure 3. Washington, D.C. study site with district borders outlined in orange and each phenocam 

location is symbolized as a bright blue circle. 
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Phenocam Installation and Data Collection 

The methodology for installing the phenocams was adapted from the standards developed 

by the PhenoCam Network. Phenocam set-up was altered to be site-specific in order to 

accommodate for the nature of the study and the site variation (e.g., roof or window view, 

direction, angle, etc.). North-facing views were preferred, as were sites that allowed the 

phenocam FOV to be filled with greater than 50% canopy (Figure 4).  

 

 

Figure 4. Example of near-ideal set up at Delaware Ave. phenocam site. FOV contains more canopy than 

sky and there is minimal glare within the frame.  

 

Phenocams were secured to roof mounts or suctioned to indoor windows. Outdoor 

phenocams were equipped with protective casings to prevent damage from rain, wind, and other 

conditions (Figure 5).  
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Figure 5. Examples of phenocam set-ups. Top: Outdoor phenocam mount on roof. Bottom Left: 

Protective case and screen view. Bottom Right: Indoor phenocam suction mount on window. 

 

To produce data that captured near-continuous canopy conditions, each phenocam was 

set to take one picture every hour for each 24-hour period. All phenocams used four AA batteries 

and required a battery change roughly every 100 days. During these battery changes, the data 

were downloaded from the phenocam’s Secure Digital (SD) card for image processing and 

analysis. Data were collected starting in 2019 through 2020; however, consistent data collection 

did not begin until 2020, so 2019 lacked sufficient data. Therefore, only the years 2020 to 2022 

were considered in this study.  
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Phenocam Image Processing 

 All image processing and data analysis was performed in R. Raw data consisted of video 

files with each video representing one data collection period such as SOS 2021. Before analysis, 

the videos were separated into time-stamped hourly images. Following, the data were run 

through R script that selected the best daily image from each day. During best image selection, 

the brightness of each pixel was used to create an adaptive brightness threshold, which then 

located the best image per day. The collection of daily images was then manually reviewed for 

incorrect day and time labels, as well as poor image quality (e.g., images obscured by clouds or 

fog were replaced with higher quality images from the same 24-hour period).  

 Once the set of daily images for a phenocam was finalized, the images were input into an 

R package called xROI (Seyednasrollah et al. 2019). The xROI package launches a graphical 

user interface (GUI) that allows a user to draw regions of interest throughout a time series. For 

each phenocam, unique ROIs were drawn around target crowns and invariant targets. In most 

cases, each ROI represented an individual tree that was identified by the Urban Forestry Division 

(UFD) of Washington, D.C. (Figure 6).  
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Figure 6. Example of drawn ROIs on phenocam imagery. Crown ROIs are drawn in blue for each tree 

within the study. Each tree is assigned a label that corresponds to the species, as well as a unique 

identifying number. Invariant targets (non-crown objects that persist in the FOV) are also identified and 

labeled. 

 

 Each identified tree crown was given a unique four-letter code, which corresponded to 

the species and genus of the individual (Table 1).  



 

30 

Table 1. Codes assigned to the genera within this study.   

Code Genus 

ACSA Acer 

BENI Betula 

CABE Carpinus 

CECA Cercis 

CEOC Celtis 

LAIN Lagerstroemia 

LIRO Liquidambar 

LITU Liriodendron 

MORU Morus 

NYSY Nyssa 

PLAC Platanus 

QULY Quercus 

ROPS Robinia 

ULAM Ulmus 

ZESE Zelkova 

 

In instances where the canopy could not be divided into easily identifiable crowns, larger 

ROIs were drawn and named as “NI”, which indicated that the crowns were not identified to the 

genus or species level. Similarly, if trees did not have a UFD identification, then they were 

labeled as “NI”. Trees that were identified as conifers were given the label “NL”, or needleleaf. 

The unidentified individuals were included in broad phenometric analysis but removed during 
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analysis of phenometrics across genera. Needleleaf individuals were removed from all analyses 

due to their year-round persistence of green foliage. 

The invariant targets included objects in the FOV that were not canopy and had a 

consistent presence throughout the study period, such as a rooftop or sidewalk. The invariant 

targets were included for the purpose of normalizing scene illumination across images. Once 

ROIs were drawn, all of the ROIs of a phenocam were saved as both a Tag Image File Format 

(TIFF) file and the adjoining vector information in the form of a comma separated values file 

(CSV). An intermediate code extracted color information and statistical metrics for each RGB 

chromatic coordinate, and calculated Gcc. Lastly, the metrics were prepped and saved as CSV 

files to be used in the final step of the data processing.  

 A multi-year spline fitting method was developed to both fit the data to a spline and 

generate phenometrics for each tree. For each phenocam moving window statistics were used to 

run a 75th percentile window over the data (Sonnentag et al. 2012). Following, spline 

interpolation fit a cubic smoothing spline to Gcc data and added a baseline. SOS and EOS of 

each year were calculated from the mean of maximum Gcc values and the baseline, and then 

identified on the spline. GSL was manually calculated by subtracting SOS from EOS. The final 

outputs included a CSV file containing phenometrics, and the spline image which displayed the 

average Gcc value per day, the spline fit, and the day-of-the-year (DOY) when each phenometric 

occurred (Figure 7).  
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Figure 7. Examples of multi-year spline interpolations for three phenocams and three different Chinese 

Elm (Ulmus parvifolia) individuals. Each gray point represents a Gcc value per DOY. The blue points 

represent spline fit. The gray horizontal dashed line is the baseline established for each tree. Spaces 

between the spline fit indicate absence of data (typically from periods during winter and summer). The 

green plus signs designate SOS and the red plus signs represent EOS. A) Tree 1007 from the 17th St. 

phenocam. B) Tree 1009 from the First St. phenocam. C) Tree 1004 from the Trinidad Ave. phenocam. 

 

Statistical Analyses 

Testing Annual Differences in Phenometrics 

 To preliminarily determine whether phenocam imagery detected annual differences in 

phenometrics, the phenometric data were grouped by year. The grouped data were first checked 

for the assumption of normality using the Shapiro-Wilk test. Following, an analysis of variance 

(ANOVA) was run to determine whether significant differences existed between years for SOS, 

EOS, and GSL. Once significance was determined, Tukey’s Honest Significant Difference 

(HSD) was used to identify which years were significantly different from one another. As a final 

step, boxplots were created to visualize and better interpret differences in phenometrics.  

Preparation of Climate Data 

To examine phenocam imagery in conjunction with interannual climate differences and 

to address Aim 1 of this study, regional climate data (air temperature and precipitation) were 

retrieved in monthly and daily means, maximums, and minimums from the National Oceanic and 

Atmospheric Administration (NOAA). To convert the climate data into a set of useful predictor 

variables, the air temperature and precipitation data were assembled into distinct variables that 

represented phenologically influential periods of time. In particular, variables were created based 
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on the understanding that preceding conditions in the winter affect spring phenological events, 

while preceding conditions in the summer affect autumn phenological events (Menzel 2003, Luo 

et al. 2006, Mimet et al. 2009, Pellerin et al. 2012, Basler and Körner et al. 2014, Wang et al. 

2014, Liu et al. 2015, Xie et al. 2015, Jin et al. 2019, Alonzo et al. 2023). To produce the climate 

time periods for this study, the mean DOY of each phenometric was used to determine months 

and days that should be included in the preceding conditions. For example, the mean SOS value 

for 2020 was DOY 110 (April 19th), so all climate variables for 2020 were calculated with April 

19th as the end date. The resulting variables included preceding three-month, six-month, and 

daily (10, 15, and 20 day) minimum, maximum, and average values for both air temperature and 

precipitation. 

Preparation of Site Data 

In order to investigate the objectives of Aim 2, phenocam site data were retrieved from a 

number of sources. Tree canopy cover and elevation data were obtained from a 2018 lidar 

Canopy Height Model (CHM) and 2018 lidar Digital Terrain Model (DTM) respectively. 

Impervious surface cover was derived from city planimetric data (Table 2). Additional 

temperature data for EOS were acquired from a 2018 study that collected a mobile air 

temperature value in D.C. on August 28, 2018 (Shandas et al. 2019). This single date variable 

was incorporated as a spatially varying predictor to capture localized air temperature anomalies 

that may influence the timing of EOS. This variable was applied to only EOS because the air 

temperature value was collected during a summer month. No mobile air temperature data were 

collected during an SOS-appropriate time.  
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The site data were incorporated into this study to provide a high-resolution assessment of 

drivers of urban phenology. Additionally, the site variables enabled quantitative characterization 

of the differences between each phenocam (e.g., local imperviousness). To process the site data, 

a shapefile of coordinates for every phenocam was overlaid on raster data of impervious surface 

cover, canopy cover, elevation, and the local air temperature. Each phenocam location was 

buffered by 5, 15, and 90 meters to establish the spatial magnitude of each variable. The 

inclusion of three different buffer sizes allowed for the comparison of varying neighborhoods of 

influence on each tree. The site data were then extracted from within each buffer. Once 

extracted, the fractional coverage of each variable was used in modeling (Table 2).  

Preparation of Genus Data 

Species information was also incorporated into this study to investigate the phenocams’ 

ability to capture fine-scale differences between tree types and explore the synchronicity of 

urban trees from year to year. Species identities were acquired from the D.C. Department of 

Transportation’s Urban Forestry Division (UFD) for street trees within the study. Trees that were 

not identified in the UFD data were named as “NI” during ROI processing. Any existing 

needleleaf trees were labeled as “NL” but were ultimately excluded in statistical analysis. 

Notably, although there were over 25 species included in this study, the number of each species 

varied highly, and thus species were grouped within their genus so that the genera could be 

implemented as a variable (Table 2). 
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Table 2. Candidate predictor variables with descriptions.  

Variable Name Short Name Description 

Tree canopy TCF 
1 m tree canopy map derived from 2018 City of 

D.C. lidar data 

Impervious surface IMP 
Impervious surface from City of D.C. planimetric 

data 

Elevation ELEV City of D.C. lidar Digital Terrain Model (2018) 

Local Air 

Temperature 

TEMP_18 
Single-day local air temperature from Shandas et 

al. 2019 

Regional Air 

Temperature 

TEMP 
Monthly and daily minimums, maximums, and 

averages from NOAA 

Precipitation PRECIP Monthly averages and totals from NOAA 

Genus GEN 

UFD-identified genera of trees from phenocam 

imagery 

 

Hierarchical Mixed Effects Modeling 

Statistical modeling was conducted to investigate the relationship between each variable 

and phenology. Exploring the relationship between interannual urban phenometrics and regional 

and local drivers is key to better understanding how influential each variable is to the 

phenological responses of trees. Additionally, meaningful inferences regarding the efficacy of 

phenocams can be drawn from characterizing these predictor variables and their effects on 

phenology. 
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During model testing, all relevant variables were standardized so that differences in the 

units of each variable could be removed. Standardization of the variables also aided in the 

interpretation of variable importance for each model. For all modeling, SOS and EOS were 

filtered to remove outliers. SOS was filtered to only include SOS ≤ DOY 180, and EOS was 

filtered to include EOS ≥ DOY 270). Given that SOS in this study is intended to represent spring 

phenological events, the DOY filter for SOS was chosen to remove any SOS values that were 

later than July. Similarly, the DOY filter for EOS was chosen to remove any values earlier than 

September since EOS in this study is only representing autumn phenological events. 

A hierarchical mixed effects model was used to examine climate and site influences on 

SOS and EOS. The mixed modeling method was first applied to examine phenometrics nested 

within phenocam location. In addition, mixed modeling allowed for differentiation between the 

effects of the spatially distinct sites and the effects of differences in physiology (genus) and year, 

as well as variation in phenocam functionality and set-up.  

The hierarchical mixed model regression was performed with the “lmer” function (from 

the lme4 package), which allowed for the comparison of fixed and random effects in the model. 

The fixed effects were designated as the site variables, and the random effects were assigned to 

genus, year, and phenocam. Combinations of fixed effects and random effects were then tested to 

determine which variables had a significant influence on the phenometrics.  

Multiple models were fitted to each phenometric response variable (SOS and EOS). 

During model assessment, variables were included or excluded through a number of steps. 

Existing literature informed general variable inclusion in this study, and initial variable testing 

examined variable combinations using varImp (variable importance), which provided the level of 

importance that each variable held in a given model. Subsequent testing included using Root-



 

38 

mean-square error (RMSE) and median absolute deviation (MAD) values to track which 

variables improved model performance and which variables reduced model fit. RMSE assessed 

the difference between predicted and observed values in the models. Evaluation using MAD was 

included due to MAD’s insensitivity to outliers and the presence of potentially noisy data. In 

addition, R-squared (R²) values and coefficients were referenced to determine the explanatory 

power of each model. Minimization of the Bayesian Information Criterion (BIC) was used to 

select a single final model for each phenometric. Lastly, the model residuals and fitted values 

were plotted to reveal variances, and multicollinearity between variables was checked using 

Variance Inflation Factor (VIF).  

Ordinary Least Squares Modeling 

Following the hierarchical mixed effects modeling, Ordinary Least Squares (OLS) 

regression was used to examine the variable relationships without the influence of random 

effects. By not including random effects, the model is not overly influenced by broad grouping 

factors like phenocam or year. These random effects include sources of variance that are more 

difficult to quantify within this study. For example, phenocam effects may include variance due 

to shifts in FOV, phenocam angle and height, and disruptions to continuous data collection such 

as SD card malfunction. The variance produced by these sources is not generalizable and 

therefore is less useful to understanding the relationship between predictor variables and 

phenometrics.  

OLS regression removed the random effects from the modeling process and minimized 

the total squared error, which enabled the comparison of multiple independent variables for both 

SOS and EOS. Similar to the mixed modeling procedure, varImp was used to preliminarily 
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assess variable importance, and RMSE was applied to determine each model’s error. MAD was 

additionally included to account for potential outlier influences and provide a more robust 

indicator of model performance. R² values were compared to aid in determining model 

performance, and BIC minimization was used for selecting the final OLS models. Finally, 

residual and fitted values were plotted and potential heteroscedasticity was checked using the 

Breusch-Pagan Test for Homoscedasticity.  

Examination of Genera Differences 

 In addition to modeling site and climate variables, the relationship between phenometrics 

and genus was investigated. Importantly, BIC excluded genus from all regression analysis, but 

preliminary examination of the genus variable across phenometrics and years provided useful 

information regarding general interspecific differences between the genera of this study.  

To determine whether phenometrics differed significantly among genera, one-way 

ANOVAs were conducted. Following, the genera were filtered to remove any “NI” or “NL” 

individuals. This ensured that the phenometrics would only represent known trees. Phenometric 

differences were then visualized as boxplots to show the variability across genera.  

As a final step, median phenometric values of each genus were compared across the three 

study years. The median of each phenometric was chosen for comparison given that the median 

values represent the typical phenometrics of each genus. Study year and median phenometric 

values were plotted and colored by genus. The resulting plots provided visual guidance and 

insight into the synchronicity of genera throughout the years, as well as the maintenance of rank 

order.  
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Assessment of Volunteer Participation 

 Assessment of the involvement of community volunteers was descriptive rather than 

strictly analytical. The exploratory nature of this research emphasized flexibility and allowed for 

community members to both share their local knowledge and receive educational information 

regarding urban phenology and phenocams. Process notes, including successes and challenges, 

were kept in detail, and are included in the discussion section of this thesis. Volunteer feedback 

was also encouraged and recorded when provided so as to better inform the evaluation of 

methodological efficacy and feasibility. 



 

41 

CHAPTER 4 

RESULTS 

 

Phenocam Performance 

 A total of 15 phenocams remained active for the entire duration of the study period 

(Table 3).  
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Table 3. Data collection status for each phenocam. Active status indicates that the phenocam was actively 

gathering data, while inactive means that the phenocam was no longer collecting data. 

Phenocam SOS 2020 EOS 2020 SOS 2021 EOS 2021 SOS 2022 EOS 2022 

Trinidad Ave Active Active Active Active Active Active 

17th St. Active Active Active Active Inactive Inactive 

First St. Active Active Active Active Active Active 

Lang Pl. Active Active Active Active Active Active 

A 10th St. Active Active Inactive Inactive Inactive Inactive 

A 4th St. Active Inactive Inactive Inactive Inactive Inactive 

B 10th St. Active Active Active Active Active Active 

B 4th St. Active Inactive Inactive Inactive Inactive Inactive 

Delaware 

Ave 
 Active Active Active Active Active 

13th St.  Active Active Active Active Active 

California St.  Active Active Active Active Active 

Emerald St.  Active Active Active Active Active 

Q St.  Active Active Active Active Active 

7th St.  Active Active Active Active Active 

F St.  Active Active Active Active Active 

Pershing Dr.  Active Active Active Active Active 

HoS North  Active Active Active Active Active 

HoS South  Active Active Active Active Active 

Kalmia Rd.  Active Active Active Active Active 
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The four inactive phenocams were decommissioned over time. Three of the deactivations 

were the result of volunteer withdrawal and one was due to mechanical failures. Specific 

mechanical problems included SD card corruption, which affected the storage of data but was 

fixed with replacement SD cards, and failure to power on, which resulted in the removal of the 

phenocam. Despite the reduction in phenocams, by the end of the data collection period (EOS 

2022), over 270 phenometric estimates were made. The phenocams captured images of a total of 

93 trees across 16 genera and 26 species. Of those trees, 47 crowns were identified to the species 

level and 46 were labeled as “NI”.  

Phenological Differences Between Years 

Analyses were conducted to determine phenocams’ ability to detect and track differences 

in phenometrics between years. A one-way ANOVA of the interannual differences in 

phenometrics yielded a significant F statistic (F<0.001) for SOS, but not for EOS. This suggests 

that differences in SOS are more easily predicted than differences in EOS and that the source of 

variance in EOS is likely complex. Given this result, a Tukey’s Honest Significant Difference 

(HSD) post hoc test was applied to the SOS data (Table 4). The results of the HSD test showed 

that the years 2020 and 2021 were significantly different from one another, as were 2021 and 

2022 (p < 0.05).  
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Table 4. Results of the Tukey’s HSD test run for SOS.  

Year Tukey HSD Adjusted p-Value 

2020 – 2021 1.81e-4* 

2021 - 2022 0.23 

2020 - 2022 2.59e-3* 

*statistical significance at the 95% level 

 

The interquartile range (IQR) for each year and phenometric was used to preliminarily 

look at the spread in the data. SOS IQR decreased from 18 in 2020 to 16 in 2021 and finally 10 

in 2022. EOS experienced an increase with 2020 IQR at 25, 2021 at 30, and 2022 at 35. The 

slight decrease in variability of data distribution in SOS was visualized as a boxplot (Figure 8). 
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Figure 8. SOS variability by year. 

 

 Visual analysis of the SOS boxplot confirmed the significant differences in 2021 SOS. 

Many of the trees in 2021 experienced an advance in their SOS. This significant advance may be 

due to a rapid temperature increase between February 2021 and March 2021 (Figure 9).  
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Figure 9. Annual early spring (January – April) temperature averages.  

 

 While EOS was not significantly different between years, there were progressive 

increases in the spread of the EOS values (Figure 10).  
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Figure 10. EOS variability by year. 

 

 The greater spread of EOS values in 2022 may be attributed to abnormal precipitation 

patterns during the months leading up to EOS. While 2020 and 2021 experienced high 

precipitation in the late summer, the 2022 growing season experienced an earlier influx of 

precipitation in July (Figure 11). The following months were then drier than previous years and 

may account for the increase in EOS variability among trees.  
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Figure 11. Precipitation sums for the six months preceding EOS for each year. 

 

 

In addition to analyzing SOS and EOS, a one-way ANOVA found that GSL was 

significantly different between years as well. Similar to SOS, the years 2020 to 2021 and 2021 to 

2022 were significantly different for GSL (Figure 13). Since GSL is a function of both SOS and 

EOS, it likely responded to the significant differences in SOS.  
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Figure 12. GSL variability by year. 

 

From visual analysis, it is clear that the 2021 growing season was extended compared to 

the 2020 growing season. Within 2021, there was also far less variability in the data, which 

indicates that many trees experienced similar GSLs. Within 2022, there was a reduction in the 

median GSL, as well as an increase in GSL variability.  

Hierarchical Mixed Effects Model Outputs 

To address objectives in both Aims 1 and 2, hierarchical mixed effects modeling was 

implemented to determine whether phenocam imagery could capture the relationship between 

phenology, broad regional climate factors, and local site variables. The models that best fit each 

phenometric are provided below:  
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𝑆𝑂𝑆 = %𝐼𝑀𝑃 + %𝑇𝐶𝐹 + 𝐸𝐿𝐸𝑉 + 𝑇𝐸𝑀𝑃 +  (1|𝑃ℎ𝑒𝑛𝑜𝑐𝑎𝑚) 

 

𝐸𝑂𝑆 = %𝐼𝑀𝑃 + %𝑇𝐶𝐹 + 𝐸𝐿𝐸𝑉 + 𝑇𝐸𝑀𝑃 + 𝑃𝑅𝐸𝐶𝐼𝑃 + (1|𝑃ℎ𝑒𝑛𝑜𝑐𝑎𝑚) 

 

Year as a random effect was excluded as it introduced singularity into the regression and 

interannual differences were better explained by the local or regional variables included in this 

study. The site variables that were ultimately included in both phenometric models were all 

associated with the 90-meter buffer. The 90-meter buffer was chosen since it was more 

representative of the neighborhood around each phenocam. Within the climatic variables, 

temperatures from the preceding six months of each phenometric yielded the best model results 

and were therefore included for both SOS and EOS (Table 5). Precipitation, however, did not 

model SOS well and was excluded from that model. The preceding six-month precipitation sum 

variable did improve the EOS model, so it was selected.  

Table 5. Selected climate variable values representing six-month SOS temperature averages (C°), six-

month EOS temperature averages (C°), and six-month precipitation sums for EOS (in.). 

Year SOS TEMP EOS TEMP EOS PRECIP 

2020 9.23 22.02 33.07 

2021 8.63 22.58 33.62 

2022 9.02 22.50 25.44 

 

Once the best model for each phenometric was selected through BIC, the RMSE, MAD, 

and R² values were examined to determine the explanatory power of each model (Table 6). 
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Table 6. Hierarchical mixed effects model performance indicators. 

Model RMSE MAD R² 

SOS 0.88 0.20 0.32 

EOS 0.80 0.50 0.38 

 

Final model summaries were produced without standardization so that coefficients could 

be better interpreted. Non-standardized variable coefficients found that six-month preceding 

average temperature was significant (p<0.001) within the SOS model (Table 7).  

 

Table 7. SOS hierarchical mixed model summary. 

 IMP TCF ELEV TEMP 

Coefficient 33.12 13.64 -0.06 25.72 

Std. Error 60.23 63.82 0.16 9.01 

t-value 0.55 0.21 -0.34 2.85 

p-value 0.60 0.84 0.71 4.86e-3* 

*statistical significance at the 99% level 

 

No statistical significance was found within the EOS model (Table 8). The negative 

coefficients (TCF, ELEV, and TEMP) imply that higher canopy cover, elevation, and 
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temperatures advance EOS phenological events, while the positive coefficients (IMP and 

PRECIP) indicate that both greater impervious surface cover and precipitation delay EOS. 

 

Table 8. EOS hierarchical mixed model summary. 

 IMP TCF ELEV TEMP PRECIP 

Coefficient 78.65 -24.53 -0.01 -0.50 0.21 

Std. Error 54.15 53.43 0.14 6.47 0.46 

t-value 1.45 -0.46 -0.06 -0.08 0.46 

p-value 0.17 0.65 0.96 0.94 0.65 

 

Despite the lack of significant predictor variables in the EOS model, the R² value was 

0.38, which indicates that 38% of the variance in the data can be explained by the variables 

(model effects). This R² result is likely due to the phenocam random effect in the model, 

highlighting the role of unexplained variability stemming from phenocam placement, care, or 

other unquantified, site-specific factors. 

Ordinary Least Squares Model Outputs 

 In an attempt to understand the influence of variables without the phenocam random 

effect, OLS regression was used to model SOS and EOS. Like the hierarchical mixed models, 

OLS models were chosen based on BIC. The final OLS models are provided below:  

 

𝑆𝑂𝑆 = %𝐼𝑀𝑃 + %𝑇𝐶𝐹 + 𝐸𝐿𝐸𝑉 + 𝑇𝐸𝑀𝑃 
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𝐸𝑂𝑆 = %𝐼𝑀𝑃 + %𝑇𝐶𝐹 + 𝐸𝐿𝐸𝑉 + 𝑇𝐸𝑀𝑃 + 𝑃𝑅𝐸𝐶𝐼𝑃 

 

Both SOS and EOS OLS models included 90-meter site variables and six-month 

temperature averages. Additionally, precipitation sum of the six months preceding mean EOS 

was included in the EOS model. Model performance was evaluated using RMSE, MAD, and R² 

values (Table 9).  

 

Table 9. Ordinary Least Squares model performance indicators. 

Model RMSE MAD R² 

SOS 0.98 0.31 0.03 

EOS 0.97 0.62 0.04 

 

Upon visual review of fitted and residual plots, potential heteroscedasticity was observed, 

so the Breusch-Pagan Test for Homoscedasticity was implemented. The test produced the p-

values of 0.02 and 0.001 for SOS and EOS respectively. After evaluation, the models were 

summarized as non-standardized values.  

The SOS model produced a significant temperature coefficient (p<0.001) of 17.73 (Table 

10). Despite this significant relationship, the R² of the model was low, which indicates that the 

variables selected for the model do not explain variance in the phenocam data well. 
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Table 10. SOS OLS model. 

 IMP TEMP TCF DTM 

Coefficient -14.94 17.73 9.89 -0.03 

Std. Error 12.13 3.97 13.90 0.03 

t-value -1.23 4.47 0.71 -1.10 

p-value 0.22 1.45e-05* 0.48 0.28 

*statistical significance at 99% level 

 

Similarly, the R² of the EOS model was low, which suggests that EOS variance was also 

not well explained by the site and climate variables. Of the EOS model climate variables, neither 

temperature nor precipitation had a significant impact on advancing or delaying the phenometric. 

Of the site variables, only impervious surface cover was significant (p<0.05) with a coefficient of 

58.75 (Table 11).  
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Table 11. EOS OLS model. 

 IMP TEMP TCF DTM PRECIP 

Coefficient 58.75 -2.43 5.03 -0.03 0.35 

Std. Error 24.90 5.97 25.71 0.05 0.44 

t-value 2.36 -0.41 0.20 -0.66 0.76 

p-value 0.02* 0.68 0.85 0.51 0.43 

*statistical significance at 95% level 

 

Given that the impervious surface variable was significant within the EOS model, an 

additional plot was created to examine the relationship between non-standardized impervious 

surface cover and mean EOS across the different phenocam locations (Figure 13).  
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Figure 13. Fractional impervious surface cover by mean EOS. The blue line represents the line of fit and 

the green area of the plot represents the confidence interval. Data points are colored by phenocam 

location. 

 

The R value presented in the plot is the correlation coefficient, which serves as a measure 

of the strength of correlation between impervious surface cover and mean EOS. The p-value 

included in the plot explains the statistical significance. While the p-value indicates that the 

correlation between impervious surface and mean EOS is not statistically significant, the 

correlation coefficient of 0.3 shows that there is a slight positive correlation between the two 

variables. This result complements the impervious surface result of the OLS EOS model and 

provides further support for investigating the influence of site factors on urban phenology.  

 

Visualization of Genera Differences 

In order to further fulfill the objectives of Aim 2, ANOVAs were performed to determine 

whether significant differences existed between genera for SOS and EOS data. The ANOVAs 
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found that SOS differences between genera were not significant, but EOS differences were 

significant with a p-value of <0.05. The lack of significant SOS differences in genera implies 

that external effects, such as planting site or air temperature, are likely obscuring the influence of 

physiology on the expression of spring phenological responses.  

To better compare the variance among the different genera, boxplots of each genera’s 

median phenometric value are provided below (Figures 14 and 15).  

 

 

Figure 14. Boxplots of SOS by genus. 
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Figure 15. Boxplots of EOS by genus. 

 

Although genus was not a statistically significant variable in the modeling of SOS and 

EOS, differences between genera across years were visualized to examine synchronicity and 

detect genus-specific trends. The median SOS and EOS values of each genus were plotted 

against each study year with data grouped and colored by genus (Figures 16 and 17).  
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Figure 16. Median SOS plotted against year and colored by genus. Gaps in genera data are produced by 

missing phenocam data due to phenocam withdrawal, FOV complications, or data loss from technical 

malfunctions. 

 

Within SOS, there are notable annual shifts in median SOS for many genera. Differences 

in median SOS from 2020 to 2021 show that four genera experienced a delay in 2021, while five 

genera advanced the DOY that they experienced SOS. From 2021 to 2022, thirteen genera 

delayed SOS and only one advanced in SOS. The advancement of SOS indicates that 

phenological events associated with spring (i.e., bud development and flowering) occurred 

earlier in the year, while delays in SOS imply that those events began later in the year. These 

interannual changes disrupted the rank order, or ordered timing, of the genera. Maintenance of 

genera rank order is important for the timing of other biological or ecological processes within 

an ecosystem. Changes to the timing of when each genus experiences SOS may suggest the 

development of greater springtime disruptions.  
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In EOS, fewer genera experienced large shifts in their median values; however, the 

genera that did shift tended to do so significantly (Figure 17).  

 

 

Figure 17. Median EOS plotted against year and colored by genus. 

 

  Between 2020 and 2021, six genera advanced their EOS, while seven experienced a 

delay. Genera such as Cercis, Betula, and Carpinus experienced dramatic changes to their 

median EOS between the two years. From 2021 to 2022, five of the genera experienced an ealier 

EOS and four experienced a later EOS. Interestingly, a single genus, Ulmus, remained the same 

from 2021 to 2022 with a median value of DOY 312.  

The interannual genera differences in EOS indicate that autumn phenological events like 

leaf coloring and leaf loss occurred at varying and inconsistent times throughout the study 

period. High variation in median EOS led to moderate disruption of EOS rank order. Failure to 
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maintain rank order in EOS reflects the high variability of the summer and autumn effects that 

govern EOS.  

Evaluation of Volunteer Inclusion 

 In an effort to address Aim 3 of this study, the methodology of using volunteers as 

phenocam hosts was reviewed both during data collection and post-data collection. Broadly, 

incorporating volunteers into this urban phenology and phenocam study provided a mix of 

project benefits and complexities. The primary benefit of the inclusion of community volunteers 

as phenocam hosts was security for the phenocams. Phenocams were installed on private 

property with limited access to those not living or working within that private space. Due to this, 

the risk of phenocam disturbance or unwanted removal was greatly reduced. Additionally, the 

local knowledge of the volunteers was instrumental in monitoring site changes. For example, 

volunteers were able to note that one of the study trees had been accidentally sprayed with 

herbicide, which may have led to the tree’s death.  

 Another important benefit that was gained during the study was the establishment of 

relationships and connections with a diverse group of local community members. The connection 

that was created between the study and the volunteers enabled opportunities for educational 

efforts. For instance, presentations were given at the host-site middle school. These presentations 

helped increase audience knowledge and provided opportunities for reflection on important 

background content, methodology, and the broader context of this thesis research. In total, over 

160 students and teachers were engaged during two presentations, which expanded the purpose 

of this thesis to include community engagement.  
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Crucially, using volunteer homes as hosts for phenocam locations did introduce 

complexities into the study. Phenocams that were indoors were subject to accidental disturbance 

depending on their location within the home (e.g., phenocams near frequently opened windows 

or blinds could be shifted or knocked down). Additionally, large variation in phenocam set-up 

occurred to accommodate differences in height, angle, and direction of volunteers’ canopy view. 

Such variation was difficult to quantify within this study and consequently introduced excess 

noise to the phenometric data.  

Lastly, some volunteer withdrawal occurred over time. Since access to most of the 

phenocams was predicated on volunteers being present, any withdrawal of a volunteer resulted in 

the deactivation of a phenocam. By 2022, three volunteers had withdrawn from the study and 

had their phenocams collected. The reduction in the number of active phenocams added 

additional noise to the data but did not overly disrupt the data collection process.  
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CHAPTER 5 

DISCUSSION 

 

Interannual Differences in Phenology 

In addressing Aim 1, this study found that phenocams detected slight variation in 

phenometrics between years. Statistical analysis revealed that only SOS differences between 

years were significant. In addition, while some variation across years was expected, SOS and 

EOS did not respond as closely to regional climate, external site, or genera factors as anticipated.  

Further examination of the interannual differences in SOS showed that trees in 2021 

experienced a large advance in their SOS DOY. This early SOS may be attributed to rapid 

warming between February and March of 2021. Unlike the other two years, 2021 did not 

experience a gradual increase in temperature, but rather a quick rise through the month of 

February into March. 

Importantly, the mean February temperature in 2021 was much lower than in 2020 or 

2022, which emphasized that sudden increase in temperature and likely signaled trees to begin 

their spring early. The significant effects of mean air temperature on SOS in this study support 

previous research that describes air temperature of the months leading up to SOS as highly 

influential (Menzel 2003, Luo et al. 2006). In addition, this study shows that site conditions can 

help reasonably track urban phenological change at the individual crown level, which matches 

with similar results from other studies (Alonzo et al. accepted).   

Although there were no significant differences found between years for EOS, the 

variance or spread of the EOS values increased progressively. This may be due in part to large 

annual variations in precipitation between the months of July, August, and September. Annual 
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precipitation sums differed both in amount of rainfall and the timing of maximum rainfall 

between years. In 2020, precipitation increased gradually through the early summer months and 

peaked in August. Similarly, 2021 precipitation exhibited a similar pattern, but increased and 

then decreased dramatically around the month of August, which produced a drier September. 

During 2022, maximum precipitation was lower than in 2020 and 2021. In addition, during the 

2022 summer, maximum precipitation occurred much earlier than it had in previous years. This 

was followed by a period of low precipitation in August and September, which could account for 

the increase in EOS variance for 2022. Previous studies have found that EOS is sensitive to 

precipitation shifts such as drought conditions (Xie et al. 2015). Thus, the progressive reduction 

in precipitation during August and September from 2020 to 2022 likely emphasized differences 

between tree genera or sites and contributed to EOS variation.  

The Effect of Preceding Temperatures on Phenometrics 

 Modeling the relationship between climate variables and SOS produced significant 

coefficients for preceding temperature variables. Both the hierarchical mixed effects and OLS 

models yielded significant positive temperature coefficients. Within the mixed model, the six-

month preceding temperature coefficient was positive, which indicates that as temperature 

increases by one degree, SOS delays by approximately 2.6 days. Similarly, the OLS model 

generated a positive six-month preceding temperature coefficient that suggests temperature 

increases of a single degree delay SOS by 1.7 days. 

The result of a positive coefficient may be explained by insufficient cold weather during 

winter months. Deciduous trees in temperate forests need enough cold degree days in the winter 
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in order to properly break dormancy (Dai et al. 2021). Without these colder temperatures, spring 

phenology may be altered or delayed (Geng et al. 2020, Man and Dang 2021). 

 In the Washington, D.C. area, the historic average temperature for December is 5.4°C 

while the average temperatures for January and February are 3°C and 4.4°C respectively. 

Combined, the historic average temperature for winter in the D.C. region is approximately 4.3°C 

(NOAA, n.d.). Within the years of this study, the annual winter temperature averages were 

higher than historic norms (Figure 18).  

 

 

Figure 18. Monthly temperature averages for each study year. The historic average of each month is 

labeled as "Norm” and colored in bright red. 

 

The warmer winter temperatures likely contributed to variation in SOS values given that 

there is a diverging relationship between insufficient cold days and higher spring temperatures 
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(Chuine et al. 1999, Cleland et al. 2007, Fu et al. 2014). While lack of winter chilling may delay 

trees breaking dormancy, higher preceding spring temperatures may force the start of 

phenological events. 

Unlike SOS, the drivers and mechanisms behind EOS timing are more difficult to 

ascertain (Cleland et al. 2007, Liu et al. 2016).  However, existing literature has found that the 

timing of EOS phenological events like dormancy are highly influenced by temperature (Menzel 

2003, Luo et al. 2006). The temperature coefficients for the EOS mixed effects and OLS models 

were not significant, but it is worth noting that the coefficients of the six-month preceding 

temperature averages from both analyses were negative. This indicates that EOS may have 

advanced under the conditions of higher temperature. The cause of this negative relationship may 

be partially due to the effect of heat stress on trees.  

Heat stress has been shown to force leaf dormancy in certain trees (Xie et al. 2015). In 

urban environments, trees are subjected to UHI, which exacerbates the heat of summer months 

(Imhoff et al. 2010, Vogt et al. 2017). When temperatures get too hot, trees tend to prioritize 

water retention and cooling over photosynthetic activity and may experience leaf mortality 

during excessive heat days (Teskey et al. 2015). Therefore, it is possible that the increase in 

temperature, combined with precipitation or drought factors, forced trees to begin EOS events 

earlier during the study years.  

The Effect of Site Variables on Phenology 

 The only site variable that displayed significance across the models was OLS impervious 

surface cover for EOS. With a positive coefficient of 58.75, the OLS regression suggests that as 

impervious surface cover increases by 10%, EOS delays by approximately 5.9 days. This result 
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supports previous findings that attributed delays in EOS to higher temperatures induced by 

impervious surfaces and UHI (Mimet et al. 2009, Zipper et al. 2016, Alonzo et al. accepted).  

Although none of the site variables were significant for SOS, it is worth mentioning that 

the impervious surface cover displayed the expected relationship of advancing SOS in areas with 

higher impervious surface cover. This relationship is meaningful as it lends support to potential 

future studies that aim to investigate phenological shifts in the urban environment.  

Genera-Level Differences in Phenometrics  

Analysis of SOS and EOS revealed that the two phenometrics are fairly distinct at the 

genus-level in this study. Unlike trees in rural landscapes, city trees often exist within an 

artificial or heavily designed plant community (Li et al. 2006). The species that exist in cities are 

quite often planted and tend to be greatly mixed with native and non-native species (Nitoslawski 

et al. 2016). In this study, the majority of the genera recorded by phenocams were native, but 

there were some non-native individuals such as Zelkova (elm family) or Lagerstroemia (crape 

myrtle family).  

The comparison of median SOS across years for each genus showed that six genera 

experienced an advance in their 2021 SOS. It is possible that the shift in those six genera could 

be in response to the fast rise in early spring temperatures that was captured in the preceding six-

month temperature variable. Unlike the previous year, which only had a 5.22-degree difference 

between the months of February and March, the average 2021 March temperature was 7.45 

degrees higher than the February average (Table 12).  
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Table 12. Monthly mean temperatures (C°) for January, February, March, and April of the study period.  

Year Jan Feb Mar Apr 

2020 5.78 6.56 11.78 12.94 

2021 3.67 3.22 10.67 14.56 

2022 1.44 5.89 10.22 13.89 

 

 

Rank order statistics were not implemented in this study; however, the interannual genera 

plots were compared with a study that explored individual tree phenology using satellite imagery 

and performed a similar genera-level visualization as this study (Alonzo et al. accepted; Figure 

19).  

 

 

Figure 19. Median phenometric values for each genera plotted across three years. A) SOS, B) EOS 

(Alonzo et al. accepted). 

 

 In the prior study, the genera can be seen maintaining rank in SOS. The rank order 

stability declines slightly in EOS but is still reasonably maintained between years (Alonzo et al. 

accepted). In contrast, the genera of this phenocam study are not clearly maintaining rank order 
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for either phenometric. This may be a result of the impact that site and climate have on different 

individuals, or it may be due to additional influences from unquantified effects such as 

differences in tree care or phenocam angle.  

 Although the phenocams in this study were able to capture general phenometric change 

in genera over time, investigation of the specific physiological differences between genera would 

provide greater insight into the interspecific mechanisms behind changes to phenological 

responses. For example, other studies that examine differences in phenology across species or 

genera include variables such as age, height, wood density, or xylem water potential, which 

provide species or genera-level context for interspecific comparisons (Valdez-Hernández et al. 

2010, Basler and Körner 2014, Fréjaville et al. 2019).  

Phenocams and Community Science 

 Phenocams are an affordable, accessible, and customizable tool for gathering data on 

urban phenology. Using phenocams as the sole method of phenological data collection is 

relatively novel in urban phenology research. This study aimed to explore the feasibility and 

utility of using phenocams to collect multi-year phenological data. The study found that the 

unique benefits associated with this technique include customization of FOV and near-

continuous data collection.  

 Since phenocams can be set up in various locations and at varying angles or heights, it 

was easy to specifically select canopy rather than concrete, asphalt, or undesirable vegetative 

matter such as grass. This reduced the chances of obtaining imagery with undesirable targets 

such bushes or lawns. The FOV was adjustable to each site, which enhanced flexibility in data 

gathering, but did introduce the potential for FOV shifts over time. Previous phenocam studies 



 

70 

found that small shifts in FOV were generally not an issue, especially when viewing 

homogenous canopy, but larger shifts required post-collection processing (Richardson et al. 

2018).  

The near-surface nature of the phenocams allowed for the tracking of phenology at the 

individual-level, which was extremely useful for capturing phenometric differences between 

sites and genera. Similarly, the phenocams could be set to collect data at a near-continuous 

frequency, which allowed for efficient data collection and reduced the time and energy needed to 

gather a large enough sample size for this study. Similar benefits have been detailed in earlier 

studies conducted with phenocams (Richardson et al. 2007).  

Although this study confirmed the benefits of phenocams, the complexity of working 

within a city and with battery-powered phenocams was significant. The PhenoCam Network’s 

methodology for installing phenocams recommends placing phenocams at five to ten meters 

above the canopy, but in urban areas, especially within residential neighborhoods, there are few 

opportunities for mounting phenocams that high. Similarly, unlike canopy and site conditions in 

research forests, urban tree and canopy presence varied greatly by site, so the direction and angle 

of each phenocam was tailored to each site.  

Crucially, the phenocams that were used in this study required battery changes 

approximately every one hundred days. The battery compartment was located on the underside 

of each phenocam, so it was necessary to disturb the phenocam each time the power source 

required maintenance. Unfortunately, this often shifted the FOV slightly. Similarly, because 

some phenocams were attached to indoor windows, if the window opened or was adjusted, or if 

the suction mount failed, the FOV was subject to shift. To accommodate the variation in FOV, 
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processing in xROI was tree and FOV-specific. Following this method promoted maximum data 

preservation.  

Additional complexities that were encountered included phenocam damage due to 

external factors. Though outdoor phenocams were protected in an outer case, some internal 

failing did occur throughout the study. Moisture was able to enter into some of the outer cases, 

which caused the batteries to corrode quickly. There were also two instances where SD cards in 

the phenocams ceased functioning and data were not retrievable. Due to these mechanical 

challenges, some phenocams stopped working and had to be replaced or removed from the 

project.  

In a prior study that assessed phenocams’ ability to track vegetative phenology, three site 

classes (Type I, II, and III) were created as part of the protocols recommended by the PhenoCam 

Network (Richardson et al. 2018). These classes are used to describe the locations and set ups of 

phenocams in participating phenocam projects. The Types refer to the model of phenocam used, 

as well as set-up and maintenance procedures. Type I phenocam sites use the standard 

PhenoCam Network protocols, which list a specific brand of camera (NetCam SC IR, StarDot 

Technologies, Buena Park, CA, USA) and designate maintenance responsibilities to phenocam 

site hosts. Types II and III describe sites that vary in either the phenocam model or the set-up and 

maintenance of the phenocam (The PhenoCam Network, n.d). 

Within this urban phenology study, phenocam sites do not fall under any of the 

previously described Types. The phenocam model that was used in this project was Brinno, 

which differed from the standard model and brand of the PhenoCam Network. Additionally, each 

phenocam site required unique set-up conditions, and maintenance was not provided by 

phenocam volunteer site hosts. Due to these site and study-specific adjustments, phenocam sites 
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in this research project likely require an additional Type category such as a Type IV. However, 

to provide better generalization of methods and results, this thesis recommends that future urban 

phenocam studies use a site class of Type III or lower.   

In addition to implementing phenocams, this study engaged community volunteers to act 

as site hosts. Selected volunteers hosted a phenocam either on a rooftop or on a window. 

Volunteers did not maintain the equipment but did provide updates or alerts when equipment 

failed or shifted. Given the source of volunteers, most had a baseline of urban tree knowledge 

prior to joining the study, but educational conversations and local knowledge were exchanged 

during each battery-change and data download visit. Presentations were also given at the local 

middle school hosting one of the phenocams. These presentations provided students with an 

explanation of the project and a lesson on trees in urban areas. By situating a phenocam at the 

middle school, and by prioritizing informative conversation during phenocam maintenance, 

greater community science connections and knowledge were fostered throughout the study 

period.  

Lastly, it is important to note that this study was started prior to the Covid-19 pandemic. 

Conducting a research project with the help of volunteers during the pandemic made the logistics 

of accessing the phenocams slightly more complex. Due to this, some volunteers chose to opt out 

of the study. This did not overly affect data collection; however, it did result in some phenocams 

being removed from the study. All measures were taken to ensure volunteer and researcher 

safety during phenocam maintenance visits. Ultimately, the number of active phenocams was 

influenced by both phenocam malfunction and the withdrawal of volunteers. Due to this, it is 

recommended that future urban phenocam studies consider the accessibility of phenocam sites, 

as well as prioritize sites that can remain active for extended periods of time. 
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CHAPTER 6 

CONCLUSION 

 

 This novel phenology study explored using phenocams to collect urban phenological 

data. Modeling climate, site, and genus variables revealed that the only significant climatic 

variable was the six-month preceding temperature average from the SOS models. Though the 

relationship between temperature and SOS differed from what was previously expected, lack of 

cold enough temperatures in the winter months may account for this result. Similarly, the only 

significant site factor was impervious surface in the EOS OLS model. The relationship between 

impervious surface and EOS was positive, which supports the expectations of this study, as well 

as previous findings that show greater impervious surface cover leads to a delay in EOS.  

Broadly, the methods applied in this study produced informative and interesting 

information that both aided in answering the research Aims and provided useful preliminary 

analyses of urban phenology in D.C. Importantly, the type of phenocam used, as well as the 

variation in urban study site, created noise in the data, which potentially obscured the strength of 

relationships between variables and phenometrics. Additionally, the implementation of 

volunteers likely contributed to unquantifiable variance, which limited the information that could 

be derived from variable relationships. Despite this, statistical analyses and data visualizations 

were effective for the general exploration of phenology using phenocams under the conditions of 

an urban environment.  

The phenocams’ ability to detect interannual and site phenological differences lend 

support to their inclusion in future urban phenology research. In addition, this study reinforces 

the findings of earlier phenocam projects that suggest that phenocams are an accessible tool that 

can be adapted to suit a variety of study site variations. Ultimately, the findings of this study add 
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to the existing understanding of urban phenology and provide a foundation for further 

exploration into using phenocams within cities.  

Future research that uses phenocams to obtain urban phenological data would provide 

great insight into both urban phenology and the technique of implementing phenocams in urban 

areas. Based on this study, it is recommended that future projects use phenocam set ups that have 

a connected and continuous power source. Depending on project resources there should be high 

selectivity regarding the phenocam brand. Although not required, phenocams that capture images 

in near-infrared would enable better comparisons with satellite imagery products. 

Similarly, careful consideration should be taken to ensure that phenocams are protected 

from inclement weather and disturbance. Secure phenocam sites within cities may be more 

difficult to obtain, but priority should be given to high, accessible areas that do not experience 

frequent human traffic. If community volunteers are recruited, then it is recommended that 

researchers are extremely selective in their choice of location height and phenocam mount. 

Rooftop sites are recommended, but high indoor windows may also be suitable phenocam 

installation locations.  

Expanding upon the results found in this study, future research into D.C.’s phenology 

could focus on the influence that physiological differences may have on interannual phenology. 

Examining physiology would offer additional and testable drivers of phenological differences. 

Another avenue of focus could include analysis of yearly temperatures preceding a growing 

season. This may provide greater details about cumulative external influences and the resulting 

phenological reactions. Finally, future research should include a greater number of phenocams 

and run the project for an extended length of time to investigate long-term changes and patterns 

in the phenology of urban trees.  
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