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Abstract 
 

Trees provide many benefits to urban areas including enhanced human health, pollution 

mitigation, and reductions in residential energy consumption. The goal of urban forest 

managers is to develop mature trees with large crowns to maximize these benefits. Urban 

trees have the highest mortality rate during the initial years post planting, known as the 

establishment period. In an era of planting trees to reach quotas, the looming fact is many 

perish during establishment limiting goal achievement. Nursery production methods 

(NPM) are a controllable factor in practice that may have an impact on establishment 

success. In this study, urban trees planted in situ from four common NPM’s (balled and 

burlapped, smooth plastic containers, spring planted bareroot, and gravelbed bareroot) 

were monitored for three years post planting using the normalized difference vegetation 

index (NDVI). This data was derived from high-resolution imagery collected with an 

unmanned aircraft system (UAS). First, the single-imager multispectral sensor selected 

for this project was evaluated for effectiveness in determining tree health. This was done 

in a controlled growth chamber environment. Results showed the single-imager sensor 

derived NDVI values were effective indicators of tree stress within species groups. 

Second, a novel technique to isolate tree crowns for spectral data analysis with UAS 

derived imagery was utilized to compare the health of newly planted trees in situ from the 

four NPM’s. Analysis of the effect NPM’s had on tree health during the establishment 

period showed minimal differences between the study groups thus providing evidence 

that each is a viable option for practitioners in urban areas.  
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Introduction 

 

Benefits of Urban Trees 

Trees are a critical part of urban areas providing human mental and physical health 

benefits (Ulmer, et al., 2016; Reid, Clougherty, Shmool, & Kubzansky, 2017; Browning, 

Lee, & Wolf, 2019), reductions in energy consumption (Simpson & McPherson, 1996; 

Pandit & Laband, 2010), stormwater interception (Kirnbauer, Baetz, & Kenney, 2013), 

carbon sequestration (Nowak, Greenfield, Hoehn, & Lapoint, 2013), and air pollution 

reduction (Nowak, Hirabayashi, Bodine, & Greenfield, 2014). Gains from these benefits 

are most realized when trees are mature with full crowns. Characteristics of urban 

ecosystems such as unpredictable anthropogenic soils (Scheyer & Hipple, 2005), 

temperature extremes due to grey infrastructure (Dahlhausen, Rötzer, Biber, Uhl, & 

Pretzsch, 2018), infestations of invasive pests (Lovett, et al, 2016), and damage from 

humans (Morgenroth, Santos, & Cadwallader, 2015) result in a challenging environment 

for trees to reach maturity. 

 

Tree Maturity and Establishment 

Definitions of tree maturity vary based on species, location, and purpose (i.e. commodity 

forestry, urban forestry, parklands, etc.). Size, age, and biological state are typical factors 

to consider. The time required for a newly planted tree to provide positive net benefits 

(i.e. cost of having the tree versus benefits provided) can be 13-15 years or more 

(Widney, Fischer, & Vogt, 2016). Medium to large sized trees, trees over 30.6 cm 

diameter at breast height (DBH; 1.37m on stem from ground line) have projected annual 
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mortality rates of less than 4% (Nowak, Kuroda, & Crane, 2004). Considering the return 

on investment, and medium to large tree mortality rate, maturity here will be defined as 

an urban tree reaching 15 years of age after planting or 30.6 cm DBH. 

 

Surviving a decade and a half in sub-optimal conditions is difficult, but the success of 

installed trees is expected if sustained through the establishment period. This period can 

vary from two to five years depending on species and site (Sherman, Kane, Wesley, 

Harris, & Ryan, 2016), with year one having the highest mortality rates of around 18% 

(Nowak, McBride, & Beatty, 1990). Year one involves being removed from an artificial 

nursery environment of adequate water, nutrients and shelter, to being placed into an 

unpredictable urban climate. Labor, knowledge, and physical resources from the 

managing organization may be limited leaving a newly planted tree alone and susceptible 

to harsh in situ biotic and abiotic factors. Frequent watering aids in survival and 

establishment during the first two years after planting (Gilman, Black, & Dehgan, 1998), 

and therefore lack of post planting irrigation is a potential inciting factor that increases 

the probability of mortality. 

 

Each tree planted in the urban landscape will be exposed to harmful factors that are 

irrepressible or difficult to control such as climate, insects, pathogens, and damage from 

animals, landscape equipment, and vandals. Variables that can be accounted for and 

managed are the installation process, and type of nursery production method. At planting, 

it is critical for long term success that the root collar, where the main root system 

interfaces with the stem, be visible at the soil surface (Johnson, Johnson, McDonough, 
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Burban, & Monear, 2010). Due to cultivation and packaging practices in nursery 

operations, the root collar is often buried in the growth medium (Day, Watson, Wiseman, 

& Harris, 2009). Installers then need to mechanically remove a portion of the holding 

medium to prepare the root ball for planting at appropriate depths. This practice is labor 

intensive and perceived as inefficient by landscape crews resulting in trees planted with 

the top of the root ball at the soil surface, when the root flare and stem may be deep in the 

ball profile. This deep planting increases the chances of stem girdling roots (SGR) 

(Wells, et al., 2006). Stem girdling root symptoms appear many years after planting and 

will likely not impact tree height or stem diameter during the establishment period 

(Johnson & Hauer, 2000). 

 

In addition to appropriate depth, adequate water and mulch is recommended at planting 

(Johnson, Johnson, McDonough, Burban, & Monear, 2010). All planting practices for 

each nursery production method will disturb the roots of new trees. Adding water at 

installation will keep disturbed roots moist. Mulching from near the trunk extending to 

the dripline will help retain moisture in the upper soil profile between irrigating events 

and may increase above ground biomass and root development (Green & Watson, 1989). 

Unlike SGR’s, lack of water for newly planted trees results in lower growth rates, 

decreased photosynthesis, loss of leaves, and greater risk of mortality during the 

establishment period (Gilman, Black, & Dehgan, 1998).  
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Nursery Production Methods 

Nursery production methods (NPM) are also controllable by the property manager when 

selecting and installing new trees. There are many iterations of NPM’s, but four 

categories persist as popular options in arboriculture: spring planted bareroot (SBR), 

gravelbed “nursed” bareroot (GBR), plastic or fabric containers (containers), and balled 

and burlapped (BB).  

 

Spring Planted Bareroot 

Spring planted bareroot trees are extricated from the growing fields in the fall and stored 

in an indoor temperature controlled environment just above freezing (2ºC) with humidity 

levels between 65% and 75% (Bates, Niemiera, & Seiler, 1994). This keeps trees in a 

state of “metabolic rest” until they are exposed to an environment inciting active growth 

such as consistent temperature increases. Once removed from storage, SBR roots must be 

kept moist at all times before planting. The majority of roots, including water conducting 

fine roots, are removed during nursery harvest (Watson & Himelick, 1982). As a result, 

SBR trees removed from storage in the spring require installation into a soil medium 

conducive to root growth to reestablish the fine roots for water and nutrient absorption. 

Root growth begins immediately in an appropriate environment of adequate temperature 

and moisture. Spring climates are generally suitable for this process, but often will 

require ancillary water inputs throughout the growing season. 
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Gravelbed Bareroot  

Gravelbed bareroot trees are harvested and stored dormant in the same manner as SBR. 

Once removed from storage they are installed into a smooth gravel medium with stone 

diameters typically ranging from 0.5 cm to 2.0 cm. The root systems are placed so the 

first roots are several inches below the surface to help in stability of the tree and ensure 

appropriate moisture (University of Minnesota, Forest Resources, 2013). The gravel may 

require irrigation multiple times a day for adequate water availability to the roots. The 

subterranean conditions provide ample moisture and pore space promoting fine root 

growth. The results for many trees and shrubs are reestablished fine root systems. One 

study showed new fine root growth similar or greater than would be expected in a typical 

field harvested tree (Starbuck, Struve, & Mathers, 2005). Typically trees need to be held 

in gravel for six weeks or more. Few roots are lost when removed from the gravelbed for 

landscape installation as a result of the loose gravel medium. Fall planting is optimal to 

achieve the greatest root growth, but can be installed after six weeks regardless of season. 

 

Containers 

Container trees are those installed in a carrier to establish fine root growth and to make 

transporting them less laborious. Containers are typically made of a smooth plastic 

material with solid sides and bottom drain holes. Fabric and slotted plastic wall iterations 

are becoming more common. Size of the container required varies depending on the size 

of the plant (American Horticulture Industry Association, 2014).  Trees are planted in a 

container from seed, or are bareroot trees that are harvested from the field and installed in 

suitably sized containers. Growth mediums primarily consist of organic matter such as 
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peat or composted pine bark and inorganic materials such as perlite or vermiculite, or 

with limited use, mineral topsoil (Robbins, 2018). These components result in a lighter 

weight, well-drained medium, which promotes fine root growth. The ease of storage and 

transport of smooth plastic containers makes this type of NPM the most popular 

garnering 85% to 88% of the total nursery sales (National Agricultural Statistics Service, 

2007). Unfortunately, defective encircling root systems are common in these types of 

containers due to the smooth sides and restrictive environment, and the root collar is 

often buried deep in the root ball during cultivation. If these are not corrected at planting, 

the life of the plant may be shortened (Johnson & Hauer, 2000). 

 

Balled and Burlapped 

Balled and burlapped trees are mechanically field harvested with a tree spade and 

packaged before planting. This process removes between 85% and 98% of the original 

root system (Watson & Himelick, 1982; Gilman & Beeson Jr, 1996). When removed 

from the earth, the remaining root system and all of the mineral soil around the roots are 

placed in a burlap-lined wire basket and secured with twine. Field harvested trees with 

the appropriate stem caliper to intact root ball dimensions (American Horticulture 

Industry Association, 2014) can outperform other NPMs in reduced irrigation 

environments (Gilman & Beeson Jr, 1996). This NPM is the most labor intensive at 

harvest and installation due to the weight of the root ball which supersedes any of the 

other methods. Like container trees, the root system is not visible.  Root collars can be 

buried deep in the root ball during harvest with the potential to remain that way post 



7 

 

planting predisposing the tree to lifespan reducing stem girdling root development 

(Johnson, 2008).   

 

Each method when sized, handled, and installed appropriately can be expected to develop 

trees that thrive in the urban landscape.  Unfortunately the human element is not 

consistent in this operation, and in theory, bareroot and gravelbed bareroot NPM’s are 

more apt to be planted at appropriate depths due to the first order root always being 

visible at installation. In addition, bareroot and gravelbed bareroot trees do not have 

container mediums, that when present may result in root desiccation in the absence of 

post planting irrigation. The roots are in direct contact with mineral soils in the landscape 

at planting which have a higher water holding capacity when compared to typical 

container mediums, thus reducing the amount of ancillary water required. 

 

Tree Health Evaluation 

Health is defined by the Merriam-Webster dictionary as a “general condition or state” 

(Health, n.d.).  Methods for evaluating the state at which the physiological functions of a 

tree are operating, considered tree health, are many. One method removes a core from the 

tree stem to evaluate annual ring growth consistency. Variation in ring width has been 

used as an indicator of tree vitality from year to year in traditional (Cook, Johnson, & 

Blasing, 1987) and urban forestry (Gillner, Bräuning, & Roloff, 2014). A second method 

evaluates a tree’s stored starches through root sample extractions where a thin cross-

section of root is removed and stained with iodine (Wargo, 1975).  Starch retains the 

iodine stain and the amount of storages can be visually assessed. Trees that are healthy 
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have the ability to store excess starch in the root system that is critical for dormant season 

survival, and supplementing the spring growth before active glucose production from 

foliar photosynthesis can occur.  

 

The preceding methods of health assessment are invasive techniques. Additional injury to 

stressed trees may be undesirable. Non-invasive methods have been developed to quell 

this concern. Tree evaluators observe and measure trees to make judgements on tree 

health.  Assessments can be qualitative and quantitative. Visually analyzing the tree 

foliage is a common qualitative measure of health (Council of Tree Landscape 

Appraisers, & International Society of Arboriculture, 2000). Frequently, decline in tree 

health is exhibited as leaf chlorosis, leaf color change, marginal necrosis, wilting, and 

leaf drop. Evaluators make judgments of health issue severity based on personal 

experiences, education, training, and interpretation of assessment guidelines. Due to the 

subjectivity of these personal components, assessments can be inconsistent (Ferretti, 

1998).  

 

Quantitative methods reduce bias inherent in qualitative methods. Common empirical 

methods of analysis focus on external growth metrics such as crown density, live crown 

ratio, and crown diameter that provide tree condition data related to health. (Zarnoch, 

Bechtold, & Stolte, 2004). Leaves are likely to exhibit initial symptoms of stress and can 

be a more reliable indicator of current tree health versus growth metrics. Remote sensing 

techniques such as images from aerial multispectral sensors have been effective for 

assessment of foliage in agricultural and forestry operations (Pinter, et al., 2003; Dash, 
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Pearse, & Watt, 2018). Vegetation indices utilizing multiple bands from the 

electromagnetic spectrum can enhance explanation of plant health and have been 

effective in determining stressed trees in urban forests (Xiao & McPherson, 2005). The 

normalized difference vegetation index (NDVI) was developed in the 1970’s (Rouse Jr., 

Haas, Schell, & Deering, 1974) and is still commonly used for vegetation analysis. This 

index ratio is calculated per image pixel by subtracting a band from the red spectrum 

from a band in the near-infrared (NIR) spectrum and dividing that value by the sum of the 

two bands. The result is a value range from 1 to -1. Values higher on the scale indicate 

healthier vegetation. Taking the simple mean of all pixels from a tree crown in an urban 

environment can provide accurate quantitative data for tree health analysis (Xiao & 

McPherson, 2005). 

 

Aerial assessments have been effective in symptom detection in trees, but were outside 

the capabilities of many practitioners due to costs. The availability of unmanned aircraft 

systems (UAS; also “drones”) has created opportunities for vegetation health analysis 

with a reduced financial and logistic burden.  In 2018, the number of UAS registered with 

the Federal Aviation Administration surpassed 1,000,000 (United States Department of 

Transportation, 2018). Many models have global positioning system (GPS) stabilization, 

integrated cameras, and georeferencing capabilities. This allows for ease of pilot 

operation, high-quality imagery, and accurate land mapping respectively. Purchase costs 

for a UAS with GPS mapping capabilities start under $1000 (2019 United States dollars 

(USD)). Practitioners are required to be certified as a remote pilot in command under the 

FAA’s regulation Small Unmanned Aircraft Systems, Part 107 (C.F.R., 2016) to operate 
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their own UAS for commercial purposes or in controlled airspace. This is accomplished 

with no-cost study materials and a certification test at a cost of $160 (2019 USD). 

 

Utilization of NDVI requires a multispectral camera with capabilities to collect red and 

NIR wavelengths. Miniaturization of these sensors has progressed along with UAS 

production. Two types of cameras for UAS are multiple-imager and single-imager. 

Multiple-imager cameras have individual lenses and recording sensors for each desired 

wavelength combined in one camera body (MicaSense, 2019). Dedicated individual 

lenses and sensors for each wavelength band eliminates spectral contamination of 

recorded data from other wavelengths. The purchase price of multi-imager cameras may 

inhibit accessibility to some practitioners with cameras such as the Parrot® Sequoia+ 

Multispectral Camera at $3500 (B&H Photo, 2019), and the MicaSense® RedEdge-MX™ 

at $5500 (MicaSense, 2019b), both in 2019 USD.   

 

Single-imager cameras are standard consumer digital cameras that contain a band filter 

behind a single lens that determines which bands of wavelengths of light reach the 

sensor. Standard visible light filters allow red, green, and blue wavelengths to pass 

through to the digital sensor and block other wavelengths. Filters can also be applied for 

desired wavelengths outside the visible spectrum such as NIR. There is concern over the 

quality of the spectral data recorded by single-imager cameras due to the shared sensor 

for all bandwidths (MicaSense, 2019).  However, there is evidence from agricultural 

research that this configuration is functional for monitoring vegetation (Rasmussen, et al., 

2016). These cameras are also more accessible to all levels of practitioners with models 
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such as the MAPIR™ Survey3 at $400 (2019 USD) (Peau Productions, 2019).  

Transferability of methods to practitioners is a consideration of this research and given 

the evidence of legitimacy for plant monitoring, a single-imager camera was evaluated 

and selected here for data collection.  
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Chapter 1: Suitability of a single imager multispectral sensor for tree 

health analysis. 
 

 

Literature Review 

Tree canopy stress analysis is a key component to a sustainable urban forest. Trees 

installed in built environments are predisposed to decline by factors including heat island 

effects and disturbed soil profiles. Decline has been described as a spiral to mortality 

involving these predisposing factors in conjunction with inciting factors such as drought, 

and contributing factors such as a secondary insect or fungal invasions (Manion, 1981). 

Predisposing situations are not correctable therefore early mitigation of inciting factors is 

imperative to prevent spiral progression. Symptoms are often visible in the foliage as 

marginal necrosis (Vollenweider, Menard, Arend, Kuster, & Günthardt-Goerg, 2016), 

changes in leaf color (Fernández-Escobar, Guerreiro, Benlloch, & Benlloch-González, 

2016), or wilt. Identifying that a tree is experiencing additional stress is key to early 

intervention. 

 

Methods for stress detection are typically qualitative, performed by an arborist that 

visually reviews the tree for abnormalities in foliage or growth, and makes a level of 

stress judgement with reference to a defined scale, and set of parameters (Council of Tree 

Landscape Appraisers, 2000; Eichhorn & Roskams, 2013). Human interpretation may 

have variation in conclusions or fail to identify evidence (Drury, 2002; Luana, Fabiano, 

Fabio, & Paolo, 2015). Erroneous identification of stressors in trees may result in 

misapplication of remedies for false positives, or neglecting to consider treatment for 
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false negatives. These errors make management inefficient and risk loss of valuable 

urban ecosystem assets. 

 

Remotely sensed data derived from multispectral aerial photography has been used as a 

research method for identifying, and quantifying chlorophyll containing autotrophs since 

the mid-1900’s (Estes, 1966). High-resolution spectral analysis has shown evidence of 

detecting stress in vegetation from common abiotic and biotic disorders in the agriculture 

and rural forestry disciplines (Pinter, et al., 2003; Dash, Pearse, & Watt, 2018). 

Traditionally, achieving high resolution imagery meant using manned aircraft, which was 

both financially and temporally burdensome, and thus was restricted to well-funded 

commodity research. 

 

Rapid technology advancement in the late 1900’s and early 2000’s has given rise to the 

digitization of remotely sensed imagery (Neto, 1992), the proliferation of small 

unmanned aircraft systems (UAS) (United States Department of Transportation, 2018), a 

variety of miniature multispectral sensors (Deng, et al., 2018), and increases in personal 

computing capabilities (Campbell-Kelly & Aspray, 2004).  This has also been 

accompanied by decreased relative costs of these technologies (Comen, 2018) making 

them more accessible to research outside of the traditional arenas. The efficiency of 

assigning thematic values to pixels with the use of digital imagery and personal 

computers is significant to the quantitative stress analysis problem. The process of 

capturing an image, transferring raw data to a computer, processing the image, and 

analyzing the data is done in minutes. The output raster is divided into pixel segments, 
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each of which is assigned a digital number radiance value for each band of light recorded 

by the sensor.  These values are converted to reflectance (radiance divided by irradiance) 

with the aid of calibration target images taken in coincidence with the primary image. 

Reflectance is typically computed with models rooted in linear regression such as the 

Empirical Line Method of calibration (Smith & Milton, 1999). The reflectance values per 

pixel are the quantitative data used in remote sensing analysis of urban tree health (Xiao 

& McPherson, 2005). 

 

The metric reliably used to quantify vegetation is the normalized difference vegetation 

index (NDVI) (Rouse Jr., Haas, Schell, & Deering, 1974). The NDVI is calculated from 

pixel values of red and near-infrared (NIR) reflectance with the formula being the 

difference of NIR and red divided by the sum of NIR and red. The result is a value 

between and including -1 and 1. This metric has also been shown to have a relationship 

with plant stress and disease (Xiao & McPherson, 2005; Brodbeck, Sikora, Delaney, 

Pate, & Johnson, 2017; Dash, Watt, Pearse, Heaphy, & Dungey, 2017). The greater the 

value, the less stressed an individual plant is; the lower values indicate the presence of 

stress or decline in health. Agricultural researchers have used NDVI for herbaceous plant 

analysis with significant results (Brodbeck et al., 2017). Research of woody plants with 

NDVI has provided evidence of stress detection in urban trees using aerial imagery from 

manned aircraft (Xiao & McPherson, 2005). Published articles on the efficacy of low-

cost miniature multispectral sensors utilized by UAS operators for urban forestry 

applications is lacking. Näsi et al. (2018) used hyperspectral UAS data to successfully 

identify healthy and dead trees from bark beetle infestations in Picea abies.  No other 
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research was found involving UAS operation and urban tree health. The use of data from 

these sensors may aid arborists in making tree management decisions but confirmation of 

the resulting data viability is essential. 

 

The need to adjust collected spectral data to account for atmospheric scattering is 

common in remote sensing prior to analysis (Mazur, Kacprzak, Kubiak, Kotlarz, & 

Skocki, 2018). Irradiance from the sun passes through the earth’s atmosphere where 

radiation particles collide with suspended gasses and airborne particulate matter. These 

collisions cause changes in what strikes terrestrial objects and subsequently the radiation 

received by the airborne sensor (radiance). Techniques such as the Empirical Line 

Method (ELM) exist to adjust images to be within a similar range of reflectance values 

(Smith & Milton, 1999). Utilizing an environment with limited atmospheric interference 

may produce more precise technique analysis in conjunction with ELM.  

 

Artificially lighted growth chambers are used to control the environmental variables in 

plant research including radiation (Conviron, 2019). Designs typically consist of a sealed 

container with active radiation transmitters from the ceiling and passive reflected light 

from mirrored sidewalls. Chambers range in size from less than one square meter of 

growth area, to large walk-in rooms twenty square meters in area, and over two meters in 

height (Conviron, 2019). This sealed, controlled light environment provides ideal 

conditions to reduced or eliminate atmospheric scattering effects on imagery.  

 

 

 

 



16 

 

 

 

Problem Statement 

Previous research has investigated the efficacy of UAS mounted multispectral sensors in 

outdoor environments. Atmospheric effects on radiance is difficult to correct for when 

calculating reflectance and therefore contributes to reduced precision in results. A 

suitable environment was sought to reduce this variable. Walk-in plant growth chambers 

control for environmental variables. Imagery was collected in these enclosed artificial 

light chambers to minimize atmospheric effects on reflectance values. The objective of 

this research was to provide evidence on the validity of using a miniature single-lens 

multispectral camera to detect stress in deciduous shade tree foliage.  

 

This was a controlled study with trees of comparable size grown in a singular medium, 

container type, and growth environment. The experiment consisted of five species 

groups: Celtis occidentalis, Gleditsia triacanthos, Gymnocladus dioicus, Quercus rubra, 

and Ulmus americana; and three treatment groups: reduced irrigation, soil chemistry 

manipulation, and control. The dependent variable was the mean NDVI values calculated 

for all foliage pixels of each tree imaged in the growth chambers. Visual ratings of 

foliage health were collected on each tree before each imaging session and was included 

in analysis. 

 

The increased accessibility of UAS platforms with integrated and accessory miniature 

sensors has instigated an opportunity for utilization in urban forest management. Results 

from this research will provide evidence to field practitioners considering UAS sensors. 
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Materials and Methods 

Trees 

Samples were selected based on species that were commonly planted in Minnesota’s 

urban forests derived from a survey of nine community tree inventories in 2016. Selected 

species were Celtis occidentallis, Gleditsia triacanthos, Gymnocladus dioicus, Quercus 

rubra, Ulmus americana. All trees were bareroot nursery stock between 15 cm and 60 cm 

in height. Height range was a result of availability from wholesale nurseries. All trees 

were dormant and shipped in cardboard containers to the planting site. Visual inspection 

of stock confirmed that samples were in adequate condition for retention and planting, 

utilizing stock acceptance standards outlined by the Minnesota Department of 

Transportation (Larson, 2017). Fifty replications of each species were purchased for the 

project. 

 

Prior to planting, trees were sweated to break dormancy by wrapping the roots of the 

trees in wetted burlap, loosely covering the entire tree with a clear plastic material, and 

placed out of the sun in a shaded environment. This process artificially forces trees into 

the initiation of leaf expansion (Halcomb & Fulcher, 2003). Sweating is recommended 

for select species from nurseries that overwinter their stock in humid coolers to 

artificially regulate dormancy until spring planting. Trees removed from this state lack 

the natural transition to the growing season typical of a temperate climate and may 

require sweating prior to planting. Trees in this research were bareroot and were sweated 

until buds began to open and leaf expansion was imminent. Species vary in whether 
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sweating is required (Halcomb & Fulcher, 2003). Ulmus americana does not require this 

process and was excluded from this step. 

 

Trees were installed into brown #2 smooth plastic nursery containers with solid walls and 

bottom drain holes. Container size was selected based on criteria put forth by the 

American Standard for Nursery Stock (American Horticulture Industry Association, 

2014) referencing American National Standards Institute (ANSI) standard Z60.1-2014. 

This standard states that a #2 container is between 5246 cm3 and 7770 cm3 in volume, 

and trees less than 120 cm in height are appropriately nursed in these given their caliper 

is less than 1.27 cm. Samples in this study fit under both of these parameters. 

 

Container medium consisted of mineral soil and organic material. Mixture for this study 

was determined by considerations for water stress treatments. Sand was 55% of the 

mixture due to the large particle size relative to clay or silt. This characteristically 

allowed for greater pore space in the soil to facilitate water movement out of the 

container. The remaining components were common container medium, non-mineral 

materials consisting of 27.5% composted pine bark, and 17.5% peat moss. Retaining 

organic material in lieu of complete sand increased the buffering capacity of the medium 

to minimize fertilizer applications, and reduced the weight of the pots for transport. This 

mixture was obtained by bulk mixing equal parts Growers Mix (Plaisted Companies 

Incorporated, 2018) and coarse sand using a skid-steer loader. 
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Trees were hand planted during two planting sessions on May 21, and May 31 in 2018. 

Tree roots were submerged in water for staging while the planting was being completed. 

The planting process followed these steps: pots were filled to roughly one quarter full, 

then the tree was held by hand in the pot with the bottom of the root system touching the 

medium, next the pot was filled to 2.5 cm below the top of the container. The medium 

was pressed firm with hand pressure, and the transition from root to stem tissue was 

positioned at the medium surface. Once each species was planted, the group of containers 

were hand watered with a hose spray attachment until the medium was saturated.  

 

Study trees were placed outdoors in Falcon Heights, Minnesota (Lat. 44.9889, Long.        

-93.1780), in a fenced area for protection from rodent damage, and irrigated with an 

automated overhead spray system twice each day for thirty minutes. In June, Japanese 

beetles (Popillia japonica) were observed in the surrounding landscape where the trees 

were held. On June 29, 2018 all trees were moved to a greenhouse to avoid beetle-caused 

defoliation. In the greenhouse environment watering was done by hand at each container 

with a garden hose until the water reached the top of the container thereby filling the 

space between the soil line and the container top edge. 

 

Supplemental macro-nutrient fertilizer was applied to the medium once a week 

containing 20% of each: nitrogen (3.2% NH4, 5.3% NO3, 11.5% CO(NH2)2), phosphorus 

(P2O5), and potassium (K2O); and less than 1% micronutrients: magnesium (Mg, 0.05%), 

boron (B, 0.0125%), copper (Cu, 0.0125%), iron (Fe, 0.05%), manganese (Mn, 0.025%), 

molybdenum (0.005%), and zinc (Zn, 0.025%). The fertilizer was a water-soluble powder 
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that was mixed to a ratio of 400 parts per million. Each container received 300 ml of 

solution per application and was applied as a soil drench by hand. This process was 

continued from potting until August 1, 2018 when treatments were started. In addition, 

the pH of the container medium was monitored weekly beginning on June 22, 2018 

during the root establishment period using the PourThru method (Whipker, Cavins, & 

Fonteno, 2001) measured with a Corning 240 pH meter. Ten containers, two from each 

genus were randomly selected for pH sampling. The desired pH was between 6.0 and 7.0. 

Values were consistently averaging a pH of 7.5. Elemental sulfur (S, 99%) pellets were 

applied and worked into the soil surface of all containers on July 23, 2018. Container 

medium pH did not change prior to the start of treatments on August 1, 2018. 

 

Before treatment initiation, all trees were evaluated for sufficient rooting and foliage 

health through an adapted method of tree condition analysis from the Guide for Plant 

Appraisal (Council of Tree Landscape Appraisers, 2000). Values for roots and foliage 

ranged from one to four with four being no health or condition issues present, and one 

being major issues affecting the tree.  

 

Rooting was rated by hand pulling with light pressure vertically on the stem of each tree 

near the medium surface to assess fine root establishment in the container since planting. 

If there was movement in the stem, but not the soil ball it would get a rating lower than 

four based on the severity of the movement. A tree rated a four would have no movement 

relative to the soil ball; a three rating equated to minimal movement; a two was a stem 
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that easily moved in the soil; and a one rating would indicate the tree could easily be 

pulled out of the container medium.  

 

Foliage was observed and received point deductions for discoloration, blemishes, or 

wilting. Trees rated a four if the leaves were clear of blemishes and were visibly normal 

colored; a rating of three was given to trees that had minor abnormalities on less than 

25% of all foliage; twos were given to trees with abnormalities on between 25% and 50% 

of the crown; and ones indicated that more than 50% of the foliage was exhibiting 

symptoms of some stress or infestation.  

 

The root and foliage rating values were then added for each tree with the highest value 

possible being an eight. Trees rating lower than a seven were removed from the study 

resulting in a sample of trees of similar condition. The final number of total replicates 

was 179 (Table 1). Each species was divided evenly between the three treatments except 

G. dioicus which had a high mortality rate prior to treatments and therefore only control 

and water deficiency were represented. 

 

Table 1. Distribution of samples in treatment groups by species. 

Species 

Water 

Deficiency (n) 

Soil Chemistry 

Manipulation (n) Control (n) Total (N) 

Celtis occidentallis 15 15 15 45 

Gleditsia triacanthos inermis 14 14 14 42 

Gymnoclaudus dioicus 13 0 13 26 

Quercus rubra 11 11 11 33 

Ulmus americana 11 11 11 33 

All Species 64 51 64 179 
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Treatments 

Each of the five species were divided into three treatment groups: water deficiency, soil 

chemistry manipulation, and no treatment. The water deficiency and soil chemistry 

manipulation treatments were selected as common stresses in the urban landscape. The 

no treatment group served as a control for comparative analysis and as a barometer of 

treatment effectiveness. Treatments were started on August 1, 2018, or day 1. At that 

time watering was stopped for the water deficiency group. This group was then 

monitored daily for wilting symptoms. Due to the need to have foliage present for 

analysis, wilting trees were provided 300 ml of water at the time of wilt. Both the soil 

chemistry manipulation and control groups continued to receive weekly watering. The 

water deficiency group could no longer receive water-soluble fertilizer due to no water 

was being applied. Therefore, fertilization was stopped for the other treatments as well to 

eliminate a potential confounding condition. 

 

The soil chemistry manipulation group was provided a supplement to raise the pH of the 

container medium. This was intended to reduce the availability of micronutrients in the 

soil and force symptoms of nutrient deficiency in the leaves. Hydrogen ions (H+) in the 

soil are fundamental in releasing nutrients to the leachate from negatively charged soil 

particles through cation exchange.  As soil pH increases past 7.0, fewer H+ exist in the 

soil. Cation (nutrients) availability for plant uptake is regulated by an exchange of H+ 

occurring on negatively charged clay and organic particles (Waring & Running, 2007). 

Therefore, reduced H+ in alkaline soils diminishes the availability of micronutrients such 

as iron (Fe) and manganese (Mn) causing foliar symptoms of stress (McCauley, Jones, & 
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Jacobsen, 2009). Deficiencies in Fe and Mn cause stress in many tree species including 

Quercus spp., Acer rubrum, and Betula nigra (Morton Arboretum, 2019b). This is 

exhibited by lime green foliage often with dark green veining known as foliar chlorosis. 

Urban tree planting sites often have increased pH values resulting from anthropogenic 

factors such as road salt application (Černohlávková, Hofman, Bartoš, Sáňka, & Anděl, 

2008), newly exposed parent soils (Waring & Running, 2007), and general urbanization 

effects such as hardscape construction and litter (Asabere, Zeppenfeld, Nketia, & Sauer, 

2018). Increasing pH to manipulate nutrient availability was selected as a treatment in 

this research to replicate an urban tree stressor. 

 

The desired pH level here was greater than 8.0. Calcium is a common soil amendment for 

raising the pH of acidic soils. Cal-Flo® (Burnett Athletics, 2019), an agricultural calcitic 

flowable limestone product with 25.08% calcium was applied to the soil chemistry 

manipulation samples as a soil drench. Container medium pH was tested prior to 

application and then weekly during the study period for the soil chemistry manipulation 

and control groups. A subsurface sample of soil was collected from 20 trees, 10 from the 

control group, and 10 from the soil chemistry manipulation group. These were randomly 

selected ensuring two samples from each species in each treatment was obtained. The 

samples were then homogenized within each treatment and processed by the University 

of Minnesota Soils Testing Lab (University of Minnesota Soils Testing Laboratory, 2019) 

using the Spurway Method. The initial pH was near 7.5, approaching the level desired in 

this research. Therefore, the Cal-Flo® amendment was prepared at a half label rate 

mixture of 15.6 ml L-1 and applied in 300 ml of solution for each of the trees in the 
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treatment. This was done twice during the treatment time period, day 8 and day 17. 

Control group trees were given 300 ml water on the same days to mirror the amount of 

water given with the limestone treatment.  

 

Imaging 

Four dates were selected in which all trees were imaged individually. The first collection 

date was the first day of the treatment period, or ordinally study day 1. Additional images 

were taken on day 10, day 21, and day 37. The treatment period was terminated at day 37 

before natural senescence would become a confounding factor.  

 

The sensor used for collecting images was a twelve-megapixel MAPIR™ Survey 3W 

(Peau Productions , 2018) with a band-pass filter to acquire data in the wavelength 

spectrums of 550 nm (green), 660 nm (red), and 850 nm (near-infrared). This camera is 

typically used as an auxiliary sensor mounted on a UAS and has dimensions of 41 mm 

tall by 59 mm wide by 28 mm thick. The Survey 3W is equipped with a low distortion 

glass lens, f/2.8 aperture, focal length 3 mm, and an 87-degree field of view. Each image 

was collected in JPG and RAW format. This was an appropriate device for this project 

due to the small size, low cost ($400, 2018 USD), multispectral bands, and remote shutter 

trigger capabilities. 

 

Environmental Growth Chambers (Environmental Growth Chambers, 2017) walk-in 

model GC36 with interior dimensions of 2.46 m long by 1.35 m wide by 2.03 m tall was 

used as a controlled lighted environment for imaging. Lighting sources were 400 W 
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metal-halide high intensity discharge lights. Low NIR reflecting mats were placed to 

cover the floor of the chamber and low reflectance cloth material was placed over the 

container with a slit cut to accommodate the tree stem. This was applied to reduce 

contamination of the tree foliage reflectance from flooring material reflectance, and 

easily allow for masking out the tree leaves during image processing. The sensor was 

hung from the ceiling of the chamber with four wires and an in-house manufactured 

camera holder. The sensor was suspended 143 cm above the chamber floor and centered 

in x and y plane directions using a centering mark on the floor and a plumb bob from the 

lens to the mark for accuracy. Before each imaging session, the camera was centered and 

leveled with a 360-degree bubble level. 

 

Images of a calibration target were taken at the start of each imaging day. The 

consistency of the emitted light was assumed constant once chamber electricity was 

initiated and bulbs had warmed to operating temperature; therefore only one image was 

taken. Calibration of the images with the target was done during image processing before 

analysis. The calibration target was purchased from the MAPIR camera supplier, Peau 

Productions. The target had four rectangular Lambertian color patches: white, light grey, 

dark grey, and black. Images were calibrated with propriety software, MAPIR Camera 

Control (MCC) (Peau Productions , 2018), which utilized the Empirical Line Method of 

calibration calculation. 

 

Trees were moved into the chamber and imaged individually. Each was placed on the 

centering mark under the camera on the chamber floor. The doors to the chamber were 
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closed for each image to maintain consistent lighting and internal conditions. The camera 

shutter was triggered remotely through Bluetooth connection with a mobile tablet or 

phone using the GitUp application (GitUp Ltd, 2017). Exposure time was set to one-

sixtieth of a second. A faster exposure time resulted in inconsistent lighting apparently 

from alternating current pulses in the light. Slowing the exposure fixed this problem. 

Overexposure and blur were a concern with this exposure level, but image testing showed 

that this was not the case in this environment. Collected images were then processed for 

analysis. Processing converted the uncompressed RAW images into tagged image file 

(TIF) format with the MCC software and then calibrated with the calibration target 

images. Once calibrated, the images were ready for analysis (Figure 1).  

 

 

Figure 1. Example of calibrated image. Modified false color 

infrared: Red band = NIR, green band = NIR, blue band = red. 
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Analysis 

The primary response metric for this research was NDVI with pixel values between one 

and negative one (Figure 2); but ranges for foliage within those bounds can vary 

depending on the sensor used. Across sensors, the higher the value of the pixel on the 

leaf, the more functional that leaf tends to be. This is characteristic of healthy vegetation 

due in large part to the intense reflection of NIR light from healthy leaf structures. On the 

contrary, red light is highly absorbed by leaf chlorophyll for photosynthesis. This inverse 

relationship makes NDVI a formidable metric for leaf health. Each tree image was 

processed taking the simple NDVI mean of all tree pixels and using that value to assess 

the health of each replicate. 

 

 

Figure 2. Example of NDVI calculation applied to study tree. Darker 

greens are higher NDVI values closer to pixel value 1, reds represent 

lower values closer to pixel value -1. 
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Tree foliage isolation for NDVI calculation was accomplished using ArcMap 10.6 

(Environmental Systems Research Institute, 2018). Crown isolation for each image 

required multi-step geoprocessing. First, the NIR raster for a tree was loaded into the 

software. Using the map algebra geoprocessing tool, a setnull calculation was performed 

setting any pixel with a value lower than that of the tree foliage as null in a new raster. 

The resulting area around the foliage is null due to the low NIR reflective flooring and 

container cover (Figure 3). This new NIR raster was then used to calculate NDVI with 

the red band raster from the same tree producing a new raster with NDVI values. 

Considering the NIR null values in the calculation, the area around the tree foliage 

remains null in the NDVI raster. Next, a simple rectangular polygon was drawn within 

the bounds of the floor null area while containing the tree. Finally, the mean of all pixels 

within the polygon is calculated using the zonal statistics geoprocessing tool mean 

function. Each step was able to be done efficiently with batch processing due to the 

consistency of plant positioning, and floor covering. 
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Figure 3. Mask of NDVI raster leaving only the tree remaining. Isolated 

tree pixels were used for calculating NDVI mean values. 

 

 

Stress reference data was collected on each tree prior to all imaging sessions. This was 

done through visual assessment of the foliage and utilizing the same four point system as 

described earlier in the replicate selection. This data was used to confirm stress, and for 

normalizing data. 

 

Statistical analysis was performed in the statistical software R (version 3.6.1) (R Core 

Team, 2018) using the analysis of variance (ANOVA) test, pairwise comparison t-tests, 

and least significant difference (LSD) tests. Pairwise t-tests and LSD tests were corrected 

for multiple comparisons with the Bonferroni adjustment. Significance for all tests was at 

the p < 0.05 level. R packages utilized were dplyr (Wickham, François, Henry, & Müller, 

2019) and agricolae (Mendiburu, 2019).  
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Results 

Normalization of Data 

There was a significant difference in mean NDVI range of values for each imaging 

session (F(3, 712) = 1029.1, p < 0.001). Pairwise t-test comparison showed all paired 

combinations of sessions were significantly different (t(712), p < 0.001 for all 

combinations). Control trees with a consistent visual rating of four through all imaging 

sessions were tested to confirm that tree stress was not a factor in overall mean 

differences between groups. The means for these control trees were also significantly 

different for each imaging session (F(3, 144) = 1106.5, p < 0.001) (Figure 4). Pairwise t-

test for the control groups showed significant differences between all paired 

combinations of sessions (t(144), p < 0.001 for all combinations except Day 10 and Day 

37; t(144), p = 0.026 for Day 10 and Day 37).  

 

      

Figure 4. NDVI mean distribution of control trees with foliage rating of four normalized with calibration 

target method. 
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Growth chambers allow for imaging in a stable physical environment that reduces light 

scattering between the subject and the sensor. However, these artificially illuminated 

systems can have light intensity variation due to age of bulbs, and electrical component 

degradation, a phenomenon known as “chamber effect” (Porter, Evans-Fitz.Gerald, 

McElwain, Yiotis, & Elliott-Kingston, 2015). Due to this, an alternative method of 

normalization of each imaging session’s data was needed before accurate analysis could 

be performed. 

 

The M-robust linear regression with the Huber function method of normalization, 

originally used for comparing data from different satellite sensor NDVI rasters (Wenxia, 

Huanfeng, Liangpei, & Wei, 2014) was appropriate for this situation. This process 

involves selecting one dataset from multiple data collections of the same scene and 

utilizing it as a reference to calibrate the remaining datasets. The reference dataset is 

converted to reflectance values with the original calibration target and NDVI calculated. 

The remaining uncalibrated datasets have NDVI applied to the raster pixel digital number 

values. Individual M-robust linear models with Huber function were built for each of the 

uncalibrated datasets. The reference dataset serves as the response variable and the 

uncalibrated datasets as the effect. Calibration is completed by applying the resulting 

models to the NDVI pixel values of the uncalibrated rasters. 

 

Consistent replicates were desired for this process to reduce the effects on NDVI from 

stressed trees biasing the models. Again, control group trees that had a visual rating of 

four across all imaging sessions were selected and assumed consistent in NDVI. Next, a 
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data set had to be chosen as the reference. Imagery from session one was selected for this 

component. Individual linear regression models were built for each of the remaining three 

sessions with session one as the response variable and sessions two, three, and four as the 

effect variables. Mean NDVI values from each tree were then put into the linear model 

from their respective dates resulting in a value that is comparable across image sessions. 

Normalized data was tested and confirmed with no significant difference (F(3, 144) = 

0.11, p = 0.954) between means of control trees with ratings of four by imaging session 

(Figure 5). 

 

 

Figure 5. NDVI mean distribution of control trees with foliage rating of four normalized with M-robust 

linear regression method. 

 

 

Post Normalization Results 

Data from the first imaging session prior to treatment application showed a significant 

difference in mean NDVI values between species (F(4, 174) = 9.01, p < .001). Pairwise 

comparison revealed that multiple species differed significantly (t(174), p < 0.05) (Figure 

6). This result indicates that statistical tests based on raw NDVI mean values between 
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species would be biased. For these instances, differences in NDVI mean from imaging on 

study day 1 and day 37 were considered. Day 1 will be subtracted from day 37 resulting 

in positive numbers representing trees of increased health and negative numbers 

indicating trees under stress. Visual ratings of stress were manipulated in the same 

manner using difference. The difference in NDVI was tested with difference in visual 

ratings, species, and treatment groups as effects and their interactions. 

 

 
Figure 6. NDVI value means by species: day 1. Multiple species NDVI means varied significantly before 

treatments. Letters above bars indicate significance groupings at a less than 0.05 p-value. Species codes: 

CEOC = Celtis occidentalis, GLTR = Glyditsia triacanthos, GYDI = Gymnoclaudus dioicus, QURU = 

Quercus rubra, ULAM = Ulmus Americana. 

 

 

Mean NDVI difference values between day 1 and day 37 ranged from -0.188 to 0.021, 

and mean visual ratings ranged from -3 to 1. There was a significant result when 

considering the NDVI difference values in response to the visual rating difference values 
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(F(4, 148) = 158.78, p < 0.001). In the LSD comparison test three combinations were not 

significantly different from each other: 1 and 0 (t(148), p = 1.000), 1 and -1 (t(148), p = 

0.131), and 0 and -1 (t(148), p = 0.235). All other comparisons were significantly 

different (t(148), p < 0.001) (Figure 7).  

 

 
Figure 7. Change in NDVI by change in visual ratings. As visual ratings declined there was a significant 

change in NDVI values. Letters above bars indicate significance groupings at a less than .05 p-value. 

 

Treatment group also had a significant effect (F(1, 148) = 11.21, p = 0.001) as well as its 

interaction with visual ratings difference (F(9, 148) = 4.62, p = 0.004). The LSD 

comparison of treatment groups provided evidence that there were significant differences 

between all treatment groups: water stress and control (t(148), p < .001), water stress and 

soil chemistry manipulation (t(148), p < .001), and control and soil chemistry 

manipulation (t(148), p = 0.022). The NDVI mean difference was positive for the soil 
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chemistry manipulation group (M = 0.005, SD = 0.007), and negative for the control (M = 

-0.001, SD = 0.007) and water stress groups (M = -0.017, SD = 0.034). 

 

Species effect was also significant (F(4, 148) = 2.55, p = .041). Least squared difference 

test showed U. americana was different from all other species (t(148), p < 0.001), and C. 

occidentalis from G. triacanthos (t(148), p = 0.001). There were no significant 

differences between other species comparisons. Remaining ANOVA test interactions 

were not significant (p > 0.400).  

 

Table 2. ANOVA results for effects on NDVI mean values: all collection dates.  

    Results 

Species Effect df F value p value Significance 

Celtis occidentalis 

Visual rating (R) 2, 173 47.73 < 0.001 *** 

Treatment (T) 2, 173 6.10 0.003 ** 

Interaction R and T 2, 173 2.24 0.109 ns 

Gleditsia triacanthos 

Visual rating (R) 1, 162 8.05 0.005 ** 

Treatment (T) 2, 162 1.30 0.275 ns 

Interaction R and T 2, 162 1.29 0.277 ns 

Gymnocladus dioicus 

Visual rating (R) 2, 99 0.40 0.674 ns 

Treatment (T) 1, 99 3.07 0.083 ns 

Interaction R and T 1, 99 0.07 0.790 ns 

Quercus Rubra 

Visual rating (R) 1, 126 4.37 0.039 * 

Treatment (T) 2, 126 11.02 <0.001 *** 

Interaction R and T 2, 126 4.34 0.015 * 

Ulmus americana 

Visual rating (R) 3, 123 187.79 < 0.001 *** 

Treatment (T) 2, 123 2.94 0.056 ns 

Interaction R and T 3, 123 1.99 0.119 ns 

Note. Significance at the p < 0.050 level; Significance notation: 'ns' = p > 0.050, * = p < 0.050, ** = p < 

0.010, *** = p < 0.001. 

 

Individual species were tested for efficacy of the raw NDVI crown mean to indicate 

stress by using data from all collection dates as a response variable, and visual rating and 

treatment group as the effect. Interaction between effects was also tested (Table 2). 



36 

 

Visual rating effect on NDVI values was significant for all species except G. dioicus 

(Figure 8). The LSD test confirmed that NDVI values decreased with decreasing visual 

ratings for the species with significant differences. Variability by treatment group was 

exhibited by C. occidentalis and Q. rubra. Ulmus americana was not significant at p = 

0.050, but is notable at p = 0.056. The water stress treatment was significantly lower than 

the control treatment for C. occidentalis (t(173), p < 0.001) and Q. rubra (t(126), p < 

0.001). The species G. triacanthos and G. dioicus are characteristically tolerant to 

drought conditions and may not have had a period long enough to show symptoms due to 

the short temporal period of this study.  The soil chemistry manipulation treatment was 

significantly lower than the control for C. occidentalis (t(173), p < 0.001). No other 

species exhibited notable differences.  

 

 
Figure 8. Mean NDVI by visual rating. All individual species saw a decline as visual ratings declined 

except Gymnocladus dioicus. No ratings of 1 were observed for Gymnoclaudus dioicus, and no ratings of 

1 or 2 observed for Glyditsia triacanthos and Quercus rubra. Species codes: CEOC = Celtis occidentalis, 

GLTR = Glyditsia triacanthos, GYDI = Gymnoclaudus dioicus, QURU = Quercus rubra, ULAM = 

Ulmus Americana. 
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Discussion 

The ability to detect stress with NDVI was possible in all species except G. dioicus when 

tested within species groups. Agreement between visual rating reference data and NDVI 

in detecting stress gives validation to the visual rating process by professional arborists 

and more importantly provides a means for the collection of quantitative data to explain 

stress in trees. This is consistent in some measure with the research done by Xiao and 

McPhearson (2005). Their research broadly looked at NDVI stress response across all 

species in the landscape compared to visual condition ratings. Evidence from the current 

study suggests that healthy tree NDVI may vary among species making unadjusted 

comparisons between species inaccurate. This inconsistency should be expected due to 

variations in NIR reflectance across species as supported by speciation studies where the 

ability to decipher some species by their NIR spectral signature is described (Abasolo, 

Lee, Raymond, Meder, & Shepherd, 2013; Durgante, Higuchi, Almeida, & Vicentini, 

2013). This variation inherently would alter results of the NDVI calculation. Considering 

this, a more reliable measurement of stress would be within species comparisons. 

 

Identification of specific stressors with NDVI was not conclusive with this experiment 

even considering the water stress treatment had statistically significant results for three of 

the five species tested, and one of four species for soil chemistry manipulation. Altering 

the container medium pH with the applied rate of liquefied calcium was not achieved as 

confirmed through weekly pH testing. Therefore the significantly lower NDVI mean 

observed for the C. occidentalis soil manipulation group compared to the control is likely 

not a symptom of pH stress. The result of this was the inability to effectively compare 



38 

 

treatments prohibiting blind testing of stress causes through NDVI. Acknowledging this, 

trees with symptoms of stress did exhibit reduced NDVI values regardless of the cause. 

 

Sensor Performance 

The data collected with the MAPIR Survey3 sensor provided accurate data during each 

imaging session. The accuracy was explicit in the mean NDVI values significant 

relationship with visual ratings and the ability to detect artificially manipulated water 

stressed trees. Results herein give validity to the use of this sensor for further vegetation 

stress research, and a potentially suitable option for stress detection in field applications 

such as plant nurseries, trees in the urban landscape, and mono-culture rural forest stands. 

 

 

Limitations 

The results give credence to the capability of remote sensing tools for detecting and 

assigning digital values to a natural phenomenon. The conditions were designed to be 

controlled for an empirical comparative analysis. Five common trees planted in 

Midwestern urban landscapes were tested, and only G. dioicus showed no symptoms of 

stress with NDVI analysis. There should be confidence that this is not an anomaly. Stress 

detection through remote sensing can be an efficient tool for assessment, but knowledge 

of species’ symptomatic response and tolerance to stress is a valuable component to 

diagnosing disorders. 

 

Detection of stress in heterogeneous stands of trees by species and age may also lead to 

erroneous determinations of trees in decline. The results indicate that baseline NDVI of 
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healthy trees can differ between species and doing a comparative analysis of a canopy 

with multiple species may lead to false positives, or worse, false negative conclusions.  In 

addition, a dynamically growing juvenile tree that is rapidly producing new growth and is 

dependent on current climatic conditions may register fluctuating NDVI values when 

compared to mature trees with relatively slow growth and reliance on large energy 

storages. Using this technology in the field would be more robust in conjunction with a 

tree inventory including species, age, and tree location attributes allowing the practitioner 

to compare within attributes.  
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Summary and Conclusions 

The breadth of applications of remotely sensed multispectral data for environmental 

projects is growing in conjunction with computation capabilities. Sensors like the MAPIR 

Survey3 can be a cost effective way for land managers to assess the status of green 

infrastructure. Results from this study are promising for use of this technology in the built 

landscape for detecting tree stress and responding with mitigation methods. Determining 

stress early can increase the chances of an intervention being successful, and having a 

mechanism such as an unmanned aircraft system that can carry a miniature sensor is an 

additional tool to that end. The on-demand nature of these systems provide opportunities 

to target seasonally specific tree stressors, or overall tree health in late summer. Further 

research is needed to determine healthy NDVI baselines for species of interest, and if 

distinctive stressors symptomatic NDVI response can be differentiated.   
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Chapter 2: Tree health comparison of nursery production methods 

planted in situ utilizing unmanned aircraft system imagery. 
 

 

Literature Review 

Large urban trees provide the greatest benefits to urban environment inhabitants when 

compared to small and medium sized trees (McPherson, et al., 2006). Increased size in 

crown, diameter at breast height (measure at 1.37m on stem above ground level), and leaf 

area index results in greater reductions in energy consumption for cooling structures 

(Simpson & McPherson, 1996; Pandit & Laband, 2010), increased interception of small 

particulate matter pollution (Nowak, Hirabayashi, Bodine, & Greenfield, 2014), larger 

quantity of storm water mitigation (Xiao & McPherson, 2015), and carbon storage 

increases (Nowak & Crane, 2002).  

 

Planting, survivability, and continued growth of tree species considered large at maturity 

enhances the sustainability of urban ecosystems. This is compromised by epidemic 

infestations. As of 2019, tens of millions of ash (Fraxinus spp.) have been killed by 

emerald ash borer (Agrilus planipennis) in the United States (United States Department 

of Agriculture, 2019). Ash were a common species replacement for elm trees in urban 

areas lost to Dutch elm disease in the late twentieth century. In the cities of Minneapolis 

and Saint Paul, Minnesota the population of public right-of-way ash trees was 30,000 and 

26,000 respectively, with tens of thousands of additional trees in parks and private 

property (Minneapolis Park and Recreation Board, 2014; City of Saint Paul, Minnesota, 

2017). In 2019 both cities were considered generally infested with emerald ash borer and 

have been removing thousands of ash trees. 
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This scenario is not unique to Minneapolis and Saint Paul. It is played over and over in 

municipalities across the eastern half of the United States. In cities hardest hit by EAB, 

mass tree planting has been initiated. Example programs include the 10,000 Up campaign 

in Detroit, Michigan that promoted the planting of 10,000 replacement trees in city 

boulevards (City of Detroit, Michigan, 2018), and the 10K Tree Initiative in Indianapolis, 

Indiana, also an effort to plant 10,000 trees (Keep Indianapolis Beautiful, Inc, 2018). The 

success of these programs relies on the survival of the installed trees to develop into 

benefit providing large stature trees. The first two to five years after planting, known as 

the establishment period (Sherman, Kane, Wesley, Harris, & Ryan, 2016), is a critical 

time for tree survival (Miller & Miller, 1991). A mortality rate of 34% two years after 

planting has been observed, with one year after planting accounting for 18% of the total 

(Nowak, McBride, & Beatty, 1990). Larger, established tree mortality rates are closer to 

4% (Nowak, Kuroda, & Crane, 2004). 

 

Factors resulting in poor pre-establishment performance has been the focus of many 

research projects such as physical damage (Morgenroth, Santos, & Cadwallader, 2015), 

irrigation frequency (Gilman, Black, & Dehgan, 1998; Buckstrup & Bassuk, 2000), 

planting depth (Wells, et al., 2006; Day, Watson, Wiseman, & Harris, 2009; Gilman & 

Grabosky, 2011), tree size at planting (Struve, Burchfield, & Maupin, 2000; Garcia, 

Carver, King, Arnold, & Denny, 2016), wind event stability (Gilman & Masters, 2010), 

and surface conditions (Green & Watson, 1989). Nursery production method (NPM) 

effect has also been investigated in a number of studies. Buckstrup and Bassuk (2000) 

compared spring and fall planted bareroot with field dug balled and burlapped (BB) trees, 
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while other research focused on containers and BB trees (Gilman & Beeson Jr, 1996; 

Ferrini, Nicese, Mancuso, & Giuntoli, 2000). Each of these NPM studies used physical 

tree measurements such as stem caliper, tip dieback, and leaf and crown size. Lacking 

from NPM research are comparisons of tree health. 

 

Tree health assessments typically are visual inspections of foliage to make a 

determination of health (Council of Tree Landscape Appraisers, 2000; Eichhorn & 

Roskams, 2013). Foliage observations provide reliable cues indicating stress such as 

marginal necrosis (Vollenweider, Menard, Arend, Kuster, & Günthardt-Goerg, 2016), 

abnormal leaf color change (Fernández-Escobar, Guerreiro, Benlloch, & Benlloch-

González, 2016), leaf size, and wilt. These observations are qualitative and can introduce 

bias into the data from inherent human variability in conclusions or the potential to miss 

evidence (Drury, 2002; Luana, Fabiano, Fabio, & Paolo, 2015). Inspector experience, 

education, or lack thereof, may result in differentiated conclusions on health ratings 

assigned to an individual tree by multiple people. This characteristic of qualitative data 

makes quantitative techniques desirable. 

 

Remote sensing has been an effective quantitative tool for assessing vegetation since the 

mid-twentieth century (Estes, 1966). Multispectral aerial imagery from manned aircraft 

has been shown effective for assessing tree health in urban areas (Xiao & McPherson, 

2005). This type of imagery often includes a combination of light radiation bands in the 

visible spectrum, 380 nm – 700 nm (Butcher & Mottar, 2016), but can also include bands 

outside of the visible range. Non-visible bands within the near-infrared (NIR) spectrum 
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(750 nm – 1400 nm) are commonly included for vegetation monitoring (Butcher & 

Mottar, 2016). Near-infrared and red light (620 nm – 700 nm) reflectance fluctuations in 

response to changes in physiological characteristics of leaves makes these spectrums 

valuable in regards to tree health. Leaf cellular structures in a functional state, namely 

mesophyll (spongy and palisade parenchyma) and cuticle cells, reflect much of the 

incidental NIR light, with mesophyll cells exposure to intercellular air space having the 

greatest impact (Gausman, Allen, Myers, & Cardenas, 1969; Slaton, Raymond Hunt Jr, & 

Smith, 2001). Damage to, or reductions of cells in the mesophyll, or removal of the 

cuticle may result in reductions in NIR reflectance. Red light is also indicative of 

assessing vitality of a leaf as it is highly absorbed by chlorophyll a and chlorophyll b. 

Water stress can reduce chlorophyll content in leaves (Fanizza, Ricciardi, & Bagnulo, 

1991) therefore reducing the absorption of red light and the photosynthetic capacity of 

the leaf. Prolonged lapses in photosynthate production during the growing season may 

contribute to tree decline.  

 

Utilizing multispectral imagery allows for the computation of robust vegetation indexes 

such as the normalized difference vegetation index (NDVI) first developed in the 1970’s 

(Rouse Jr., Haas, Schell, & Deering, 1974). The NDVI is calculated from pixel values of 

red and NIR reflectance with the formula being the difference of NIR and red divided by 

the sum of NIR and red. The result is a value between and including -1 and 1. 

Agricultural, rural forestry, and urban forestry researchers have used NDVI for plant 

health analysis with significant results (Xiao & McPherson, 2005; Brodbeck, Sikora, 

Delaney, Pate, & Johnson, 2017; Dash, Watt, Pearse, Heaphy, & Dungey, 2017).  
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Multispectral aerial imagery for vegetation analysis has historically been obtained from 

sensors mounted on satellites or manned aircraft. Each of these platforms can be a 

logistical or financial burden for researchers and practitioners interested in large scale 

imagery used for individual tree health analysis. Open source satellite platforms such as 

the Landsat satellites with 30 m resolution (National Aeronautics and Space 

Administration, 2019) are on fixed orbit imaging cycles restricting image acquisition 

dates for the data consumer, and scales that are incompatible with individual tree 

analysis.  Manned aircraft can achieve appropriate scales but require coordination with a 

specialty organization trained in aerial mapping techniques. On-demand image 

acquisition could be a financial burden.  

 

Unmanned aircraft systems (UAS) for aerial imaging is a viable alternative to satellites 

and manned aircraft in some situations.  The rapid increase of UAS availability in the 

early 21st century has resulted in over one million registered units with the Federal 

Aircraft Administration (FAA) (United States Department of Transportation, 2018). This 

increase has been followed by the development of ultra-high-resolution miniature 

multispectral sensors that can be mounted or integrated with a UAS (Peau Productions, 

2019; MicaSense, 2019b; Parrot, 2019).  The access to these systems has opened 

exploratory research on the application of this new tool for analysis of vegetation at large 

scales as exemplified in work by Brodbeck et al. (2017) and Dash et al. (2018). Based on 

this evidence, application of UAS derived large scale NDVI analysis could be effective 
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for urban trees. At the time of this research no known published work on urban tree 

health analysis with UAS mounted sensors exists. 
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Problem Statement 

Evaluation of NPM effect on the performance of newly planted trees through the 

establishment period has been the focus of much research. Results from these projects 

provide urban forest management recommendations to public and private practitioners. 

Previous studies have focused primarily on physical measurements on trees, but have 

neglected to consider the foliar health that may indicate potential issues post study. The 

primary objective of this in situ study is to determine if NPM has an effect on the health 

of newly planted trees during the establishment period, and use these results to provide 

recommendations to practitioners for increasing the survival of trees past the initial post 

planting years when the risk of mortality is high.    

 

The second objective of this project is to introduce a novel technique using accessible 

tools for producing precise quantitative NDVI tree crown values from UAS derived ultra-

high-resolution multispectral imagery for comparative analysis. This application of new 

technology has the potential to aid land managers in the promotion of sustainable 

practices on the landscape by monitoring the health of their urban trees.  

 

Nursery production method is a variable consistent with urban tree plantings and can 

easily be manipulated by practitioners. Therefore, research and resulting 

recommendations involving NPM’s are of high value. The NPM’s common in Minnesota 

are balled and burlapped, plastic container, spring planted bareroot, and fall planted 

bareroot from gravel beds. These four types will serve as the focus of this research. 
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Materials and Methods 

Background 

Urban forests in the eastern half of the United States, including Minnesota, are losing 

large areas of canopy due to emerald ash borer (EAB) infestations. In response to this the 

Minnesota Department of Natural Resources and the United States Forest Service have 

made financial assistance available to communities of need through competitive grants. 

Grants focused on preemptive planning for EAB management, planting, and techniques 

for increasing trees planted per dollar with gravel bed systems. Gravel bed systems hold 

bareroot trees by burying the root system in pea stone and maintaining adequate moisture 

levels of the stone medium. These systems encourage fine root growth on bareroot trees 

that can then be planted over a longer period of the growing season (University of 

Minnesota, Forest Resources, 2013) when compared to the traditional bareroot spring 

planting period. Benefits to practitioners include the lower cost of bareroot stock and 

planting schedules that can be customized to worker availability. 

 

This influx of new urban tree installations as well as promotion of technologies such as 

gravel bed systems has instigated new questions of tree survivability and technique 

effectiveness. Trees installed in urban areas can be predisposed to decline from 

conditions that inhibit development such as soil compaction and water percolation rates 

(Pit, Lantrip, Harrison, Henry, & Xue, 1999), oxygen diffusion rates (Costello, 

MacDonald, & Jacobs, 1991), urban heat island effect, and climate. These are a few of 

the uncontrolled variables that can affect newly planted trees. A controllable variable is 

NPM. Published research on the effect of gravel bed bareroot NPM on new tree success 
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in urban areas is lacking. This new population of trees, largely as a result of 

governmental assistance to communities, provided an opportunity for study. 

 

Study Locations 

Nine communities in Minnesota were chosen for sampling in 2016. These were selected 

by fulfilling the following criteria: have maintained planting records, utilized gravel bed 

systems, and were preferably located in different regions of the state. Eight of the nine 

communities were receiving government assistance for urban forest management and 

were contacted through those programs. The cities sampled were Arlington, Fridley, New 

Ulm, North Saint Paul, Robbinsdale, Rochester, Saint Paul, Saint James, and Shakopee 

(Table 3). These cities had populations ranging from 2,225 people to 306,621 and 

represented locations in five Ecological Classification System subsections (Appendix A). 

Tree locations were a combination of trees planted in parks and adjacent to roadways 

(street trees). 

 

Table 3. Municipalities with trees included in study sample. 

City Population Latitude, Longitude 

Arlington 2,225 44.609326, -94.076204 

Fridley 27,853 45.086396, -93.255638 

New Ulm 13,238 44.309563, -94.464949 

North Saint Paul 12,444 45.013386, -92.999729 

Robbinsdale 14,544 45.028234, -93.334146 

Rochester 115,733 44.026927, -92.472167 

Saint Paul 306,621 44.953027, -93.099512 

Saint James 4,607 43.984192, -94.623933 

Shakopee 40,893 44.781715, -93.472015 
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Study Trees 

The study sample of trees was selected from inventories provided by the nine 

communities in 2016. Data was then combined and reviewed for replicate selection. 

There were insufficient tree replicates within species and NPM combinations for a robust 

sample size; therefore, analysis was done at the genus level. Time requirements for this 

study’s data collection methodology also restricted replicate size. Five genera were 

selected with 15 trees from each of four NPM’s resulting in a sample population of 300. 

The genera were Celtis, Gleditsia, Gymnocladus, Ulmus, and Quercus. Celtis, Gleditisia, 

and Gymnocladus replicates were all derived from varieties or cultivars from a single 

species within the genus: occidentalis, triacanthos, and dioicus respectively. Ulmus was a 

mixture of species americana and multiple Dutch elm disease resistant Asiatic hybrid 

varieties. Quercus species were from the taxonomic sections Lobatae (red oaks) and 

Quercus (white oaks). Random selection was used to obtain the study sample for any 

genus and NPM combination that had over 15 replicates. 

 

Nursery Production Methods 

Four NPM’s were common in the inventory data supplied by the communities: balled and 

burlapped (BB), plastic containers (container), spring planted bareroot (SBR), and fall 

planted gravel bed bareroot (GBBR). Trees noted as BB were field dug with root balls 

packaged in burlap-lined wire baskets. Harvest time data for the BB trees was 

unavailable. Container trees were assumed smooth plastic containers. Spring planted 

bareroot trees were void of any soil or planting medium encompassing the root systems in 

the spring of 2016 and were planted before August of the same year. Trees considered 
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GBBR were spring bareroot trees that were heeled into and held in a gravel bed system 

throughout the summer months and planted on or after August 1 of 2016.  

 

Gravel bed systems were popularized by the University of Missouri in the 1980’s as a 

method of holding bareroot trees for planting later in the season. These consist of smooth 

gravel, 0.75 cm to 1.9 cm in diameter, about 46 cm deep to completely cover the root 

systems of the bareroot stock, thus holding them in place while being watered with 

enough consistency to keep the gravel and roots moist (University of Minnesota, Forest 

Resources, 2013). This system promotes fine root growth before being planted into the 

landscape. As of 2019, 34 communities in Minnesota, non-profit groups, and private 

organizations reported utilizing a gravel bed (University of Minnesota, Forest Resources, 

2019). 

 

Data Collection: Dates 

Dates for image acquisition used in analysis were between August 6 and September 25 in 

2018, and between August 1 and September 21 in 2019. Late summer data acquisition 

mirrored the aerial imagery collection period used by Xiao and McPherson (2005) for 

urban forest health analysis. Ontogenesis of leaves affects the spectral reflectance with 

young leaves exhibiting more reflectance in the red spectrum from anthocyanin pigments 

contrasted with increased red absorption by chlorophyll a in mature leaves (Gamon & 

Surfus, 1999).  Foliage that has shown recoverable symptoms such as yellowing early in 

the growing season and have recovered to expected color prior to autumnal senescence 

would likely be considered healthy due to the capacity to reactively respond to stress. 
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Whereas late season canopy spectral changes can be associated with abiotic stress such as 

stem girdling (Johnson & Hauer, 2000), drought, or biotic stressors such as bur oak blight 

(Harrington, McNew, & Yun, 2012). Imaging was also attempted in 2017, one year after 

planting. This data was invalid due to inconsistencies in the 2017 model calibration 

system from the manufacturer and was not used in this research. 

 

Data Collection: Unmanned Aircraft System and Sensor 

The Mavic Pro UAS by DJI™ (DJI, 2019) was used for this research. This quadcopter 

has a stock diagonal width of 335 mm (13.19 in.), a weight of 734 g (1.62 lbs.) including 

the battery, an integrated visual spectrum camera, and global positioning system (GPS) 

flight stabilization. Flight stabilization with GPS allows the remote pilot to hover the 

UAS over a selected geographic position when the control sticks are in neutral. This 

feature was optimal for this research to obtain stable imagery with manual flight over 

selected tree locations. 

 

The sensor used for collecting images was a 12 megapixel MAPIR™ Survey 3W (Peau 

Productions , 2018) with a band-pass filter to acquire data in the spectral wavelength 

spectrums of 550 nm (green), 660 nm (red), and 850 nm (NIR). Camera dimensions were 

41 mm tall, by 59 mm wide, by 28 mm thick. The Survey 3W was equipped with a low 

distortion glass lens, f/2.8 aperture, focal length of 3 mm, and an 87-degree field of view. 

Each image was collected in JPG and RAW format. The sensor was mounted as an 

external accessory to the Mavic Pro utilizing a custom fixed gimbal produced by the 

sensor developer (Peau Productions , 2018). This was an appropriate device setup for this 
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project due to the small size, low cost ($400 USD in 2018), and multispectral bands 

applicable to NDVI. 

 

Data Collections: Images 

Each tree in the study was visited and imaged individually between the hours of 09:30 

and 15:30 central daylight saving time. Daily timeframe limited overshadowing from 

neighboring objects and coincided with more direct sun angles. The limited temporal data 

collection window prohibited discretion in weather conditions for imaging. Operations 

were deployed Monday through Friday and canceled only when leaves were wet or wind 

conditions caused leaves to flip excessively. Baseline wind speed for cancellation was not 

determined. Visual observation of tree movement was used to determine if conditions 

were conducive to imaging. Site characteristics such as wind protection from nearby 

objects made wind conditions variable from tree to tree. 

 

Ground vegetation and objects were considered a potential source of final processed 

imagery contamination. Condition of ground based foliage posed two problems. The 

initial issue was an inability to distinguish the crown of the tree from the underlying 

vegetation when NDVI values were similar. The second issue was the potential of ground 

spectral values being included in the analysis and biasing final NDVI data. Mixed pixels 

were also a concern in this regard. Mixed pixels exist where two objects meet within a 

single pixel of an image resulting in the processing software averaging the two objects 

digital values within the pixel giving a value that is not a true representation of either 

object. This was a concern where the tree crown edge meets the ground in the two 
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dimensional imagery. If the crown of the tree was digitized manually, mixed edge pixels 

with inconsistent ground values could be an issue in final comparative analysis. 

 

A novel approach was developed to account for ground vegetation interference and 

mixed pixel bias. Each tree imaged was underlain with black greenhouse shade cloth. At 

each site the underlayment would be spread to cover the area below the tree extending 

beyond the edge of the tree crown in most instances. This provided advantages over 

traditional imagery methods. Mixed pixels included in analysis would be averaged with 

consistent background conditions for each tree imaged. The shade cloth was also very 

low in NIR reflectance. This contrasting characteristic with tree foliage created a 

situation where the areas in images covered by shade cloth, but not the crown could be 

masked from the imagery. 

 

Vertical take-off and landing of the UAS was performed generally within a 20 m radius 

of each tree for obtaining aerial images. Flight altitude was measured by UAS internal 

hardware and monitored on the controller readout. Target altitude was 13 m above 

ground level (AGL) with a range of 12 m to 15 m. Target altitude was selected through 

test flights determining lowest general height for full crown coverage within the bounds 

of the ground shade cloth. Flight altitudes were field adjusted within the flight range for 

best fitting of crown over ground shade cloth in response to size of crown. Tree objects 

closer to the sensor cover more area in the field of view and appear larger, a phenomenon 

known as perspective distortion. Therefore, altitude was increased to the higher end of 
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the altitude range for taller trees to reduce the distortion and attempt to make the ground 

cloth visible beyond the crown in the image.  

 

Remote operation of the shutter was unavailable with this UAS and external camera 

combination. The multispectral sensor was set to automatic shutter mode taking an image 

every five seconds. Automatic shutter was initiated immediately prior to flight and 

terminated after landing.  The UAS internal sensor was streamed live to a tablet mounted 

to the remote pilot controller. The live feed was monitored by the pilot to center the UAS 

over the tree at the image principal point.  

 

Image Processing 

Images from the camera were collected in Joint Photographic Expert Group (JPEG) and 

RAW formats simultaneously. The RAW format retains all data collected by the sensor 

that can be transformed to other formats as needed. Collected imagery in the JPEG and 

RAW format needed to be processed into a tagged image format (TIF) for further 

analysis. The TIF format is not tied to any specific hardware/software and the conversion 

is lossless from the original RAW format (Aldus Cooperation, 1992). The co-initiated 

JPEG and RAW study tree images were converted into the TIF format utilizing free 

proprietary MAPIR Camera Control (MCC) software (Peau Productions, 2018b) from the 

sensor manufacturer. 

 

The MCC was also used to calibrate the images for comparative analysis. Every image 

captured had differing amounts of ambient light as a result of atmospheric interference 
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(i.e. haze, dust particles, clouds, etc.), temporal changes in solar zenith and Azimuth 

angles, and sensor equipment imperfections. The MCC performs an Empirical Line 

Method calibration (Smith & Milton, 1999) of study images with spectral data from the 

calibration image of the proprietary MAPIR Camera Reflectance Calibration Ground 

Target Package (V2) containing four color rectangles with known reflectance values 

(Peau Productions, 2018c). Per manufacturer instructions an image of the calibration 

target was captured immediately before flight. This image was used within the MCC to 

calibrate the flight images taken immediately after the calibration image. Care was taken 

to image the calibration target under the same sky conditions as the flight imagery for 

each tree. Images used for analysis were typically captured within 1 minute of the 

calibration target image. 

 

Image Analysis 

Tree canopy isolation for NDVI calculation was accomplished using ArcMap 10.6 

(Environmental Systems Research Institute, 2018). Crown isolation for each image 

required multi-step geoprocessing. First, the NIR raster for a tree was loaded into the 

software. Using the map algebra geoprocessing tool, a setnull calculation was performed 

setting any pixel with a value lower than that of the tree foliage as null in a new raster. 

The resulting area around the foliage was null due to the low NIR reflective shade cloth 

laid beneath the tree. This new NIR raster was then used to calculate NDVI with the red 

band raster from the same tree producing a new raster with NDVI values. Considering the 

NIR null values in the calculation, the area around the tree foliage remained null in the 

NDVI raster. Next, a polygon was drawn within the bounds of shade cloth null area while 
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containing the tree. If the tree extended beyond the null area perimeter, only canopy 

inside the bounds was included. Finally, the mean of all pixels within the polygon was 

calculated using the zonal statistics geoprocessing tool mean function. Custom tools built 

with ArcMap Model Builder combined some processing steps to increase efficiency. 

Each tree was processed individually and the resulting mean NDVI value of all canopy 

pixels was recorded and used as the dependent variable for statistical analysis.  

 

Statistical Analysis 

Statistical analysis was performed in the statistical software R (version 3.6.1)  (R Core 

Team, 2018) using the analysis of variance (ANOVA) test, pairwise comparison t-tests, 

and Fisher least significant difference (LSD) tests. Pairwise t-tests and LSD tests were 

corrected for multiple comparisons with the Bonferroni p-value adjustment. Significance 

for all tests was at the p < 0.050 level. R packages utilized were, agricolae  (Mendiburu, 

2019), dplyr  (Wickham, François, Henry, & Müller, 2019), multcomp (Hothorn, Bretz, 

& Westfall, 2008), and tidyverse (Wickham, 2017).  
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Results 

Study trees were observed terrestrially in 2017. From the initial sample population 29 

trees were dead and 13 were treated with a plant growth regulator from an unrelated 

research project and were removed from this study. Substitute study trees were randomly 

selected from the initial population where excess NPM replicates were available leaving 

the new sample population at n = 276. Subsequent years’ mortality accounted for 19 

reductions in 2018, and 8 reductions in 2019 (Table 4). Additional reductions  

 

Table 4. Mortality of tree by nursery production method per year. 

  Year of Mortality   

Nursery Production Method 2017 2018 2019 Total 

Balled and Burlapped 3 5 2 10 

Container 1 8 2 11 

Gravelbed Bareroot 12 2 4 18 

Spring Planted Bareroot 13 4 0 17 

Total: 29 19 8 56 

 

resulted from study trees being overgrown by larger trees restricting flight, trees in the 

shade of other trees, trees in areas with constant human traffic, and trees in areas 

prohibiting UAS operations near airports by updated 2019 FAA regulations. No 

additional trees were added after 2017. Final sample population from 2018 (Table 5) and 

2019 (Table 6) were n = 239 and n = 234 respectively. Due to variability of each site 

condition, some trees were imaged in one year and not the other. Trees that where imaged 

in both 2018 and 2019 totaled n = 230 and will be referred herein as ‘all years’ (Table 7).  
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Table 5. 2018 sample population. 

Genus NPM n Mean NDVI Std. Dev. Std. Error 

Celtis BB 15 0.287 0.018 0.005 

Celtis CONT 13 0.247 0.045 0.012 

Celtis GBBR 13 0.271 0.034 0.009 

Celtis SBR 7 0.289 0.015 0.006 

Gleditsia BB 14 0.272 0.030 0.008 

Gleditsia CONT 13 0.284 0.037 0.010 

Gleditsia GBBR 8 0.294 0.009 0.003 

Gleditsia SBR 10 0.284 0.016 0.005 

Gymnocladus BB 15 0.277 0.026 0.007 

Gymnocladus CONT 14 0.281 0.017 0.004 

Gymnocladus GBBR 15 0.280 0.025 0.006 

Gymnocladus SBR 15 0.287 0.017 0.004 

Quercus BB 10 0.296 0.016 0.005 

Quercus CONT 12 0.273 0.026 0.008 

Quercus GBBR 7 0.288 0.015 0.006 

Quercus SBR 7 0.287 0.031 0.012 

Ulmus BB 13 0.280 0.019 0.005 

Ulmus CONT 13 0.276 0.017 0.005 

Ulmus GBBR 14 0.271 0.020 0.005 

Ulmus SBR 11 0.279 0.016 0.005 

Note. BB = balled and burlapped, CONT = container, GBBR = gravelbed bareroot, SBR = 

spring planted bareroot. 
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Table 6. 2019 sample population. 

Genus NPM n Mean NDVI Std. Dev. Std. Error 

Celtis BB 15 0.331 0.021 0.005 

Celtis CONT 13 0.303 0.041 0.011 

Celtis GBBR 12 0.306 0.053 0.015 

Celtis SBR 7 0.333 0.026 0.010 

Gleditsia BB 13 0.332 0.011 0.003 

Gleditsia CONT 12 0.345 0.018 0.005 

Gleditsia GBBR 8 0.334 0.021 0.007 

Gleditsia SBR 11 0.334 0.013 0.004 

Gymnocladus BB 14 0.325 0.018 0.005 

Gymnocladus CONT 14 0.320 0.017 0.004 

Gymnocladus GBBR 14 0.329 0.028 0.007 

Gymnocladus SBR 14 0.334 0.013 0.003 

Quercus BB 10 0.327 0.032 0.010 

Quercus CONT 11 0.323 0.018 0.005 

Quercus GBBR 8 0.305 0.051 0.018 

Quercus SBR 7 0.343 0.015 0.006 

Ulmus BB 12 0.332 0.014 0.004 

Ulmus CONT 13 0.340 0.028 0.008 

Ulmus GBBR 14 0.323 0.027 0.007 

Ulmus SBR 12 0.330 0.023 0.007 

Note. BB = balled and burlapped, CONT = container, GBBR = gravelbed bareroot, SBR = 

spring planted bareroot. 
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Table 7. All trees combined with images from both 2018 and 2019. 

Genus NPM n Mean NDVI Std. Dev. Std. Error 

Celtis BB 30 0.309 0.030 0.005 

Celtis CONT 26 0.275 0.051 0.010 

Celtis GBBR 24 0.287 0.047 0.010 

Celtis SBR 14 0.311 0.030 0.008 

Gleditsia BB 26 0.304 0.035 0.007 

Gleditsia CONT 24 0.317 0.039 0.008 

Gleditsia GBBR 16 0.314 0.026 0.007 

Gleditsia SBR 18 0.309 0.029 0.007 

Gymnocladus BB 28 0.301 0.032 0.006 

Gymnocladus CONT 28 0.301 0.026 0.005 

Gymnocladus GBBR 28 0.306 0.035 0.007 

Gymnocladus SBR 28 0.311 0.027 0.005 

Quercus BB 20 0.311 0.029 0.007 

Quercus CONT 22 0.297 0.034 0.007 

Quercus GBBR 14 0.304 0.028 0.008 

Quercus SBR 14 0.315 0.037 0.010 

Ulmus BB 24 0.306 0.031 0.006 

Ulmus CONT 26 0.308 0.040 0.008 

Ulmus GBBR 28 0.297 0.035 0.007 

Ulmus SBR 22 0.303 0.031 0.007 

Note. BB = balled and burlapped, CONT = container, GBBR = gravelbed bareroot, SBR = 

spring planted bareroot. 

 

 

Analysis of variance of the all trees population showed significant results for mean NDVI 

values from primary effects NPM (F(3, 420) = 4.15, p = 0.006), genus (F(4, 420) = 4.86, 

p = < 0.001), and year (F(1, 420) = 428.55, p = < 0.001), as well as the interaction effect 

of NPM and genus (F(12, 420) = 3.25, p = < 0.001) (Table 8).  
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Table 8. ANOVA results for effects on NDVI mean values: all trees and years. 

Independent Variables Results 

Primary Effects df F value p value Significance 

Nursery production method 3, 420 4.15 0.006 ** 

Genus 4, 420 4.86 < 0.001 *** 

Year 1, 420 428.55 < 0.001 *** 

Interaction Effects      

Nursery production method & genus 12, 420 3.25 < 0.001 *** 

Nursery production method & year 3, 420 0.81 0.490 ns 

Genus & year 4, 420 0.93 0.444 ns 

Nursery production method & genus & year 12, 420 0.50 0.916 ns 

Note. Significance at the p < 0.050 level; Significance notation: 'ns' = p > 0.050, * = p < 0.050,                 

** = p < 0.010, *** = p < 0.001. 

 

Mean NDVI values from 2019 were significantly higher across all genera and NPM when 

compared to 2018. The months of May through August of 2019 recorded remarkable 

precipitation for seven of the nine study communities with an average of 54.08 cm (21.29 

in.) of rain compared with 46.17 cm (18.39 in.) in 2018 for the same period (Minnesota 

Department of Natural Resources, 2019). These ideal growing conditions likely 

contributed to the increase in tree health and NDVI values. Due to the consistency across 

all genera and NPM (Figure 9) no further analysis was performed in regards to year as a 

factor. 
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Figure 9. Comparison of NDVI mean values by year across genus and nursery production method. Error 

bars are standard error. BB = balled and burlapped, CONT = container, GBBR = gravelbed bareroot, SBR 

= spring planted bareroot. 

 

 

Further analysis was performed at the genus level. Fisher-LSD test of all years data 

showed significant differences in NDVI values between Celtis and Gleditsia (t(420), p < 

0.001), Celtis and Gymnocladus (t(420), p = 0.033), and Celtis and Quercus (t(420), p = 

0.026). All other genus combinations were not significant (p > 0.050). Due to this 

characteristic each genus needed to be analyzed individually for NPM effects to reduce 

bias from NDVI value variation that may be inherent between study genera. Due to these 

inconsistencies amongst genera, the NPM significance in the initial ANOVA across all 

replicates is not considered relevant. 
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Results by Genus 

Analysis of variance tests were individually performed on the effect of NPM on NDVI 

mean value for each genus for all years, and by each year. Celtis was the only genus to 

show significant differences between NPM’s for all years (F(3, 90) = 4.207, p = 0.008), 

and in 2018 (F(3, 44) = 4.718, p = 0.006). All other genera and year combinations had 

insignificant relationships (p > 0.050) (Table 9). 

 

Table 9. ANOVA results of nursery production method effects on NDVI mean 

values by genus. 

   Results 

Genus Year df F value p value Significance 

Celtis 

All 3, 90 4.207 0.008 ** 

2019 3, 43 2.054 0.121 ns 

2018 3, 44 4.718 0.006 ** 

Gleditsia 

All 3, 80 0.624 0.601 ns 

2019 3, 40 1.525 0.223 ns 

2018 3, 41 1.075 0.370 ns 

Gymnocladus 

All 3, 108 0.690 0.560 ns 

2019 3, 52 1.213 0.314 ns 

2018 3, 55 0.634 0.596 ns 

Quercus 

All 3, 66 1.105 0.353 ns 

2019 3, 32 1.815 0.164 ns 

2018 3, 32 1.815 0.164 ns 

Ulmus 

All 3, 96 0.517 0.672 ns 

2019 3, 47 1.201 0.320 ns 

2018 3, 47 0.649 0.588 ns 

Note. Significance at the p < 0.050 level; Significance notation: 'ns' = p > 0.050, 

* = p < 0.050, ** = p < 0.010, *** = p < 0.001. 

 

Multiple comparison pairwise t-test for NPM on Celtis from all years, 2019, and 2018 

sample populations was performed. The all years sample showed significant differences 

between BB and CONT (t(90), p = 0.016). Samples from 2018 also yielded significant 

results for BB and CONT (t(44), p = 0.008), and SBR and CONT, (t(44), p = 0.036). In 
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each of these comparisons CONT exhibited lower overall mean NDVI values than BB 

and SBR. Celtis data from 2019 showed no significant differences (p > 0.050) (Figure 

10).  

 

 

Figure 10. Comparison of all years NDVI mean values within Celtis by year. Error bars are standard error. 

Letters above error bars denote significance relationship between NPM’s within year sample population. 

BB = balled and burlapped, CONT = container, GBBR = gravelbed bareroot, SBR = spring planted 

bareroot. 
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Discussion 

Nursery Production Method Comparison 

Genus differentiation in mean NDVI was expected. Physiological leaf characteristics 

such as cuticle thickness, contrast in upper and lower leaf surface colors, and 

arrangement of mesophyll cells has been shown to affect the reflectance intensity of NIR 

light (Slaton, Hunt Jr, & Smith, 2001). Near-infrared reflectance is a primary component 

of NDVI calculations. Inconsistencies in NIR reflectance between species may be a 

factor in the significant differences seen here between the Celtis and Gleditsia samples. 

Also noted was Celtis CONT exhibiting the lowest of all genus and NPM combinations 

(Figure 9) effecting the overall mean for the genus. Genus differences here may be more 

the result of one genera’s poor performance, then a physiological inconsistency. Due to 

these unknown factors, evaluation of NPM within genera was more likely to yield 

accurate comparative results. 

 

Celtis planted in plastic containers was the lowest performer overall. Celtis BB, SBR, 

GBBR, and all other genera combinations did not have significant differences. Properly 

nursed container trees develop a dense fine root system that occupies the majority of 

potting medium pore space. This coupled with a porous potting medium designed to 

facilitate drainage sets up a situation where lack of supplemental water during the initial 

growing seasons after planting can result in water stress. Celtis is regarded as drought 

tolerant (Krajicek & Williams, 1990) but is likely to exhibit precursors to senescence in 

dry conditions due to leaf physiological factors such as low cell elasticity (Abrams & 

Knapp, 1986). Celtis CONT trees rebounded in 2019 (year 3 after planting) when 
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compared to 2018, and was no longer significantly lower in NDVI mean than the other 

NPM’s. As indicated previously, the growing season of 2019 received more precipitation 

in the majority of the study areas than 2018. This evidence suggests that the lower 

precipitation amounts, and root system characteristics may have contributed to the low 

performance for Celtis CONT in 2018. Increased rainfall and additional rooting time over 

two growing seasons for 2019 Celtis resulted in improved health. 

 

All other NPM and genus combinations had significantly similar mean NDVI values 

within their genus. Species within each of the study genera are often planted in urban 

areas in large part to their propensity to withstand in situ stresses. The evolution of these 

species being selected for planting is likely a result of property managers’ past 

experiences, and public data from research institution trials. Complimentary to species 

selection is that each NPM has been developed for many years, and each has remained 

marketable as a result of successful transplants. Healthy trees should be expected from 

these genera and NPM’s that survive through year 3 after installation. The results here 

support this hypothesis with the exception of Celtis CONT. 

 

Application and Recommendations 

Understanding the effect of NPM’s on the health of planted trees should be used in 

conjunction with standard planting considerations such as site and species selection. 

Nursery production method is a controllable variable for tree installers. Having 

information guiding this selection will aid in facilitating the establishment of the next 

cohort of urban trees. Financial considerations are often at the crux of these decisions, 
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and redirecting the focus from how many trees can be planted with the lowest cost NPM 

to how many successful plantings can be accomplished with the appropriate NPM for the 

same dollars would enhance the opportunity for established tree populations. 

 

Fortunately for practitioners the data in this research suggests that the majority of NPM’s 

produce healthy trees relative to the genus planted. When selecting Celtis, utilizing BB, 

GBBR, or SBR is suggested over CONT when health is considered. If the ability for 

regular maintenance is available, then Celtis CONT should also be considered due to the 

rebound in mean NDVI values year 3 after planting and the observed lower mortality 

within CONT NPM’s.  

 

Application of NDVI data conceivably has the potential to predict mortality of newly 

planted trees during the establishment period as well. The trees that were imaged in 2018 

and died before imaging in 2019 had a mean lower than the surviving group from 2018 

(Mdead = 0.245, Msurviving = 0.280).  There were not enough replicates to build a predictive 

model with only four trees from differing genera imaged in the dead group. Health 

decline in late summer prior to tree failure should be expected. Monitoring with NDVI 

during this period may be beneficial to practitioners who have the ability to intervene and 

take responsive care measures for low NDVI trees. 

 

This novel approach to assessing tree health provides practitioners an additional tool for 

managing the landscape beyond investigating NPM effects. Inspecting trees from all age 

classes can be accomplished using mean NDVI. Xiao and McPherson (2005) utilized this 
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metric across tree ages successfully with manned aircraft. The adaption of UAS 

technology with miniature multispectral sensors to this established research provides 

more accessibility to this method of urban tree health analyses for a greater community of 

practitioners. This is true both logistically, and financially. The UAS and multispectral 

sensor used in this research are publically available and lower cost relative to research 

grade alternatives. Purchase costs for a UAS with GPS mapping capabilities start under 

$1000 (2019 USD). Practitioners are required to be certified as a remote pilot in 

command under the FAA’s regulation Small Unmanned Aircraft Systems, Part 107 

(C.F.R., 2016) to operate their own UAS for commercial purposes or in controlled 

airspace. This is obtained with no cost study materials and a certification test at a cost of 

$160 (2019 USD). The multispectral sensor used in this study was $400 (2019 USD) 

(Peau Productions, 2019). The software used for analysis was either free open source 

(MAPIR Camera Control) or common within most governmental organizations (ArcMap 

10.x). If ArcMap is unavailable to the practitioner, the analysis could be performed 

utilizing the QGIS (QGIS Development Team, 2019) free open source GIS software. 

 

 

Limitations 

Multiple species imaged within each genus likely had an effect on the precision of the 

overall means used in comparisons. From the genera in this research Quercus and Ulmus 

would be most biased in this regard.  The Quercus sample consisted of seven species with 

unknown varieties and cultivars, and Ulmus had over ten cultivars and varieties. The 

known effect of leaf morphology on NIR reflectance promotes that Quercus and Ulmus 

results are likely snapshots of the genus, and analysis by species would add precision. 
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The remaining genera in the sample populations, Celtis, Gleditsia, and Gymnocladus, are 

monospecies with Celtis and Gymnocladus having very few available varieties and 

cultivars lending to more precise results. 

 

Lack of control over planting stock quality could have the potential to affect tree health 

and mortality. The American Standard for Nursery Stock (American Horticulture 

Industry Association, 2014) and agency manuals such as the Inspection & Contract 

Administration Manual for MnDOT Landscape Projects (Minnesota Department of 

Transportation, 2019) provide standards for practitioners accepting nursery stock, and 

specifically what to reject at delivery. Criteria for rejection may include improper root 

package sizing, dysfunctional root systems, mechanical damage to stems, and lack of 

disease and pest free certifications. Data was not available on the thoroughness of 

inspection at delivery and prior to planting by the municipalities or their contractor 

representatives in this study.  

 

 

Challenges with in situ replicates was accentuated by communities’ propensity to 

diversify tree species in new plantings. Utilizing nine community inventories to draw the 

sample population only provided five genera with enough replicates to achieve 15 in each 

NPM. Communities following current recommendations for planting a diversity of 

species for a more resilient urban forest (Simons & Johnson, 2008; Morton Arboretum, 

2019) resulted in difficulties obtaining more robust samples. This coupled with annual 

mortality, and sites with flight restrictions, left some genus and NPM combinations with 

fewer than ten replicates. 
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Replicate numbers were also restricted by time required to collect data in a relatively 

short daily and annual temporal period with limited resources. Ideally each tree in the 

study would be imaged simultaneously to control for solar zenith angle. Time of day and 

calendar date affects this angle. This was not completely controllable due to the number 

of flights that were needed. Images were taken between 09:27 hours and 15:03 hours, and 

dates of August 1 through September 25. Given these dates and times, the solar zenith 

angles were between 31.5 degrees and 66.5 degrees 
.
  Linear models were run on the all 

years data set for effect of time and date on mean NDVI values. Little correlation was 

found with r2 values of 0.116 (Figure 11) and 0.003 (Figure 12) for date and time 

respectively. This aligns with research showing minimal changes in NDVI values when 

solar zenith angles are between 30 degrees and 70 degrees (Huemmrich, Black, Jarvis, 

McCaughey, & Hall, 1999). Huemmrich et al. (1999) also looked at date effects on NDVI 

and recorded stable values on Populus tremuloides in Saskatchewan for the growing 

season until August 19, then saw a slow decline in values until October when values 

dropped quickly. This could explain the slight declining trend in NDVI values seen in 

Figure 11, but the more southern latitude of the Minnesota study communities in 

relationship to Saskatchewan likely would extend the growing season and subsequently 

the period of relatively stable NDVI values weakening the argument that the decline is a 

result of seasonal senescence. 
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Figure 11. Date relationship with NDVI values. Date is in ordinal values. Date range of 213 (August 1) 

through 268 (September 25). 

 

 

 

Figure 12. Time relationship with NDVI values. Time is in 24 hour format during daylight saving time.  
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The final limitation to this study was the use of UAS in urban areas. At the time of this 

project the FAA restricted flights of UAS over people and within proximity to restricted 

airspace surrounding airports. Flights over people were only an issue near busy roads and 

intersections resulting in a small number of trees being restricted from imaging. 

Pedestrian traffic could be monitored and avoided.  In the Minneapolis/Saint Paul 

metropolitan area the majority of the study areas were in restricted airspace requiring 

approval from the FAA for flights. Much of this flight barrier was relieved in 2019 by the 

ability to get near instantaneous approval to fly in most restricted airspace through the 

new Low Altitude Authorization and Notification Capability (LAANC) (Federal Aviation 

Administration, 2019). Even with LAANC there is a buffer area immediately adjacent to 

Class B, C, and D airports where authorization is not available through the instantaneous 

system restricting imaging for three study trees. This was not an issue in rural 

communities where airports were generally Class E airspaces with restrictive flight floors 

at 700 feet above ground level (AGL), well above the 400 foot AGL regulation for UAS 

overall altitude. 

 

Visual Interpretation 

Remote sensing techniques such as the approach in this project provides opportunities for 

practitioners to visualize quantitative data. The example shown in Figure 14 juxtaposes 

images of the same study tree from 2018 and 2019. The 2018 collection showed lower 

than average NDVI crown values compared with the 2019 image exhibiting values closer 

to the sample population mean. Supporting images can complement mean NDVI value 
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data. The numerical values are used to determine relative health, and the visuals show if 

the stress is homologous in the crown or if specific regions are effected. 

Figure 13. Comparison of a Gymnocladus with lower than average crown mean NDVI values in 2018 and 

values near the average in 2019. 
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Summary and Conclusions 

Establishing mature trees in urban ecosystems should be a primary component of 

community forestry plans. Literature on the benefits of these monolithic contributors to 

green infrastructure continues to grow. Mortality of newly planted trees is a contributing 

factor delaying the achievement of maturity in many urban planting sites. Factors such as 

climate, acute weather events, infestations, and physical damage from animals can be 

unpredictable. Practitioners need to focus on what can be controlled to provide the best 

opportunity for tree establishment and vigor. If this end can be accomplished, trees will 

be more resilient to unpredictable factors. 

 

Nursery production method is a readily controllable component in tree installation and 

therefore the focus of a number of research projects. Here evidence indicates that trees 

surviving through the third growing season after planting vary in health insignificantly 

between NPM within their genus. When provided the means to evade death in the first 

years after planting, health as assessed by NDVI is very similar. The more concerning 

issue lies with the level of mortality observed within the NPM’s of GBBR and SBR.  

 

Contrary to the results here, Buckstrup and Bassuk (2000) showed little mortality in a 

controlled in situ comparison of spring and fall planted bareroot and BB trees in Ithaca, 

NY where planting methods and nursery stock were quality controlled by the researchers. 

Similar to Buckstrup and Bassuk (2000), Smith-Scott (2011) reported a 5% mortality rate 

in bareroot trees with data collected on volunteer planted trees in Philadelphia, PA. Trees 

in the current study were mass planted in multiple communities by professionals, 
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contractors, and volunteers with no control for quality of stock or planting process by the 

investigators. This was purposeful in study design to account for real world factors of 

survival. The mortality recorded in this research more closely aligns with urban tree 

mortality from all NPM’s in the first years after planting observed by Nowak et al. 

(1990). Additionally, Ithaca, NY and Philadelphia, PA are in warmer hardiness zones, 7a 

and 5b respectively, and receive more annual precipitation on average when compared to 

the communities in this research located in zone 4b. Climatic factors could account for 

some of the increased mortality of these Minnesota plantings.  

 

Utilization of UAS for this type of analysis was successful in collection of multispectral 

data and NDVI calculations. Comparative analysis utilizing this metric provided results 

giving relative health of NPM groups within the sample populations. More research is 

needed in this realm to develop what NDVI level constitutes a designation of “healthy 

tree”. This will be challenging given unique ranges of NDVI values from different 

sensors, and the differences in values amongst species. 
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Appendix A: Map of Study Cities 
 

 

 


