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92 ABSTRACT

93

94  The ability of the rapid urban site index (RUSI) model to predict urban tree health was

95 testedn three cities in Wisconsj USA. While the RUSI model wdeund to

96 significantly correlate to tree growth and heaRh=(<0.01; R = 0.09-0.10) it did so

97  while explairing less variatiorthanthe previous studyP = <0.0001; B = 0.180.40) To

98 increase the strength of this correlation, weighting schemes on itkSheters wer

99 investigated butesulted imo significant correlation with tree performantée RUSI
100 modekodsensitivity tothe application of biosolids was also tested. To increase this
101 sensitivity, four different labile organic carbassessmentgsere added. 6ly the RUSI +
102 permanganate oxidizable carbon moslebwed a signifiant mean change as a result of
103 thesoil amendment applicatio® & 0.04; F = 3.47)Future research should continioe
104 expand thenodelsgeographiextentandtree species evaluated well as investigate
105 other potential parameters talan identifying site quality.
106 This thesiontinues with an evaluation pbpular lowcost soilpH and moisture
107 field sensors. Wenty-two soil pH and moisture sensors weredddor their ability to
108 accurately and precisely measure soil pH, volumetric soil moisture content (VMC), or
109 both. This research was conducted on four different soil texture classes (loamy sand,
110 sandy loam, clay loam, and clay) at three different moiséweds (air drya 0.5 field
111 capacity, and field capacity) GlasselectrodgoH sensors measuriragl:2
112 (soil:deionized water) solution were founda® both accurate and prec{g= <0.0001;
113 }.=>0.95). However, metal eleocde sensormserted into th soil had no significant
114  correlation to soil pH leveld?(=>0.1;} .= <0.2).When selecting a soil pH sensor,

115 measurement method may be the most important varfableVMC sensors performed
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best when measuririgne domain reflectometry and frequency domain reflectometry (
=<0.0001; . =>0.76).Sensorganeasuring electrical conductivityere highly variable in
cost, accuracy, and precisidifhen selecting a soil VMC sensor, measurement method
and costireboth important variable3.hese field sensors may improve urban site
management and could lead to the additiomad\ailable water holding capacity

parameter to the RUSI model.
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306 INTRODUCTION
307

1.1 INTRODUCTION
308 Arborists and urban forestemged arefficient tool b assess siteonditions and observe
309 theeffectivenes®f soil amendmentslo address this need, trapid urban site index
310 (RUSI) was developed by Scharenbroch et2dl1§). This research found the RUSI
311 model toaccurately predict tree healblit suggested continued developmenimprove
312 the model. Developmesuggestions includktesting the modeh newgeographical
313 areas andpatialscales as well as the exploratiorpafameter weighting aritie
314 introduction of new parameteto improve the modé correlation with tree performance.
315 This thesis seeks to address these suggestions and inclueleduation othe
316 RUSI modelin three communities iisconsin as well as assessing weighting schemes.
317 Alsotests was thaddition of a labile organic carbon parameterthe models ability to
318 predict tree performance and sensitivity to an organic soihdment.A pilot studyon
319 the development d field method for thevalwetion of plant available wates then
320 presentedFinally, field sensors were evaluated for their ability to accurately and
321 precisely measure soil pH dodsoil moistue inanattempt to identify sensors for use in
322 an urban site assessmehtcurate assessmemtgyallow arborists and urban foresters
323 to identify and addressts quality concerngherebyimproving thehealth and
324 sustainability of theirban forest. A sé& index tool maylso beused to increasteee
325 species diversity and individual tree performandee resof the introductiorsection
326 provides a literature overview supporting the need for this research as well as providing

327 the current knowledge on thepio.

11
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1.2URBAN FORESTS IMPORTANCE

1.2.1 Urban Tree Health and Growth

Reduced urban forest populations and species diversity is often a resadt tvep that
canresut in decreased community benefilhompson et al2009; Blood et a 2016).
The benefits otirban treesre maximized when they are allowedé¢achmaturityand
beyond(Roy et al., 2012)Nowak (1994) dundthat tree diameteat breast heightias
correlated to a trees ability to remove air particulatesthatlarge trees (>7¢€m)
remowedapproximately 6670 times the air pollutants efmall trees (<8 cin These
larger speciesan only provide increaseshvironmental and economic benefits when
located on sites that allow them to reach matuanitg maximizeheir genetic potential
(SubburayallandSydnot 2012).Genetic potential is often unrealizedpoor urban site
conditionsthat result ireduced treperformancgRoman and Scatena, 2011; Koeser et
al., 2013).Tree performanciecludes growthboth primary and secondags well as
healthwhich isdefined aghe ability to resist strain (Shigo, 1988)kban forest benefits
may be increaskwith sitequality management that promotes tregrvivaland longevity

while also aiding irdiversifyingspecies selection.

1.2.2 Urban Forest Diversity

Urban forest diversity malye limited due to the negative effetitat urban development
and maitenance can have on site a sites ability to support healthy trees. This
urbanization alters native forest spediesulting in changes the soil characteristie

(Whittaker et al., 2001; Clarke et al., 2013) resulting ferations to thetrudure and
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348 composition of these foredf@/ear, 2013)These alterations may result in decreased tree
349 species diversity and may make urban forests more susceptible toflosseest and
350 pathogen outbreak®aupp et al., 2006}-or exarple, imited diversity in New York
351 City, NY and Chicago, IL, combined with the potential infestatiojustfa singlespecies
352 of beetle Anoplophoraglabripennid, could result in 1261% canopy loss at a cost of $72
353 million-$2.3 billion (Nowak et a) 200). Koeser et al. (2013) suggéisata site index
354 thatmaximized tree longevity wouldnprove species diversityy increasing selection
355 optionand limiing tree lossSuch asiteindex could als@id in managing urban site
356 limitations and the urban forest.
357

1.3URBAN SITE CONSIDERATIONS
358

1.3.1 Site Factor Limitations of the Urban Forest
359 Manyurbansite chaacteristics affectree performancecluding climateurban,soil
360 physical,soil chemical, andoil biological factorsUrban development and maintenance
361 modify these factorsreatingunique and variaBlmicroclimates throughout thendscape
362 (Arnfield, 2003. Construction activities like cutting, fillingnd gradinganalterthe
363 nativesoilsandincreasairbanheterogeaity (Effland and Pouyat, 199De Kimpe and
364 Morel, 2000).In order to assss thesalteration soil forming factorsieed to be
365 considered on a much smaller scale (Pickett and Cadenasso, 2009). An urban site index
366 couldusethesesite characteristicso addresshehigh levels of heterogeneigndidentify
367 site qualityand improe it to promotefor treehealth.

368
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1.3.2Climatelnfluence
369 Important éimate consideratioafor urban trees includsolar radiationtempeature, and
370 precipitation Solar ediationis positively correlated with tree leaf nutrient content and
371 photosynthesis (Field, 1983)hotosynthetic rates aa¢soaffected by air temperature
372 (Schwarz et al., 1997They are generally positively correlated howewery high
373 temperaturemay cause a reduction pnotosynthesis and therefdree growth (Cregg
374 and Dix, 2001). Tie impact of temperatumn growth rate can bestimatedusing
375 growing degree days. Growing degree days (GDD) are calculated by subtracting the
376 mean daily temperature from the base temperature needguafah of thetree(GDD =
377  (Tmaxt Tmin) / 2T Tpasg (Prentice et al., 1992%0il moisture is also important for
378 photosynthesiswith ratesdecreasing under droligconditionsas trees close the
379 stomata to conserve waf@lexas and Medrano, 200200 much watemay alsareduce
380 growth assaturated soils cdmmit theamount ofoxygenavailablefor root respiration
381 (Percival and Keary, 2008Jrban trees witta proper balance of moisture, sghii, and
382 tempeature carbeexpected to bhealthier and survive longer
383 Climate factos may be highly altereoh urban settings. Temperatures within
384 urban areas can be elevated due tautban heat island efée (Oke, 1995)Tall buildings
385 increase this effect as well sdluence weather patterns and may shade urban trees
386 (Arnfield, 2003).Alteredweather patternandlimited wate infiltration canresult in
387 flooding in some areas whitghersneaby remain dry (Smith et gl2005).Due tothis
388 increasedariability, these tmate factors need to be assessed at indiviplaattingsites.
389

1.3.3 Anthropogenic Influence
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Human activitiesuch as vehicle traffic, infrastructure development,aanthce
vegetation managemeratterurban tregoerformance Streets with curbseducewater
infiltration by directing surface water to storm sewers, altedragnage pattes (Arisz
and Burell, 2006).These alterations may limsbil moisture resulting in decreased
microbial activity anchutrientupteke resulting irdecreased tree performar(&ark and
Firestone, 1995). Howeveryman activitiesuch as organigulch additionsan
improve sitequality by increasing thaoil carboncontent(Bronick and Lal, 2005n
addition tostabilizing soil temperature and moist@@&halkerScott, 2007).

Pickett and Cadenasso (2009) theorizewhtktin a city, soil characteristicand
function may follow thesamespatial heterogeeity asland useMany urban landises
such as transportah and infrastructureeanresult insurface alteration such asaling of
the soil surface resulting in decreagpdaht available watgiPickett and Cadenasso,
2009).0ther uses, such agyh traffic roads may result in ntrientand saldeposition
andmicrobialactivity ratesalteringplantnutrient avaability (Pickett and Cadenasso,
2009).These human activities need to be accurately assassadh planting sit®

improveurban treeand forestanagement

1.3.4 Soil PhysicaFactors

Important soil physical factofer tree performancecludetexture, compaction, and
structure. Soil texture influencése availability of water, air, and nutrientS#xton et al.,
1986 Kaise et al., 1992). Coarsextured soildiave reduced wiar holdingandcation
exchange capaciftenresulting inlow nutrientstorage andvailability (Saxton et al.,

1986. Finetextured soils holdnore water and nutrientsit aremoresensitiveto
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comgpaction (Patterson, 1977). Compaction alterssailcureresulting inincreasedulk
density that limitdreeroot penetratioriKozlowski, 1999)

Physical parameters are often altered during urban development, which may limit
a sités ability to supportrees Construction often requires soils to d@mmpated, which
increase their strengtind provides proper load bearing of buildi(8sharenbroch and
Watson, 2014)Therate of this compactiooan be variable based tre machinery used
as well as thsoil moisture and textur@nditions resulting in the increased
heterogeneity of developed arg¥gatson et al., 2014Y.0 improve a sites quality,
different construction mterials such as manufactured soiisay be used teupport
infrastructure while maintaining soil structure and indrggplant performancéSmiley
et al., 200%. A sitels physical soil factors may vawyidely based othetype of

development and managemeatuiring them to be included in a urban site assessment

1.3.5 Soil Chemical Factors

Soil chemical factorsuch & electrical conductivityfC), pH, and organic mattptay an
important role in thavailability of water and nutrientSoil ECis related to the total
amount of catins and anions in the soil and may also indisatkesalinity and nutriet
availability (Smith et al. 1996). Increased soil salinibftenadverselyaffects soll
structureresulting in decreasequant availabe water andreeperformancgHootman et
al., 1994)Tree performance is also influenceddwyl pHdue to itsnfluence on all soil
physical, chemical, and biologicgatoperties (Brady and We002)One specific

ex ampl e iimporamdnlthegvaiabiity of essentiahutrientswith ideal values

being between 6 and 7 pH unfishomas, 1996High and low levels of soil pH may
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434 result in decreased tree performance due to limitations or toxic levels of edetaents
435 in the soil solution (Brady and Weil, 200Both soil pH and EC may bafluenced by
436 the addition obrganic matterwhich stinulates biological activity as well as increasing
437 the total soil carbon conter@®@rganic matteserves tdold moisture as well as fuel
438 Dbiological activty, whichprovides and holds nutriensgile aiding in soil structure
439 creation(Sikora et al. 196). Sil chemical factors impact tree growth and health and are
440 necessarparameters for predictirgjite quality.
441 Soil chemical properties aoften variable in urban landscapesa result of
442  anthropogenic parent material and management practices. The weatiferianmade
443 materialsmayresultin elevated soil pHh urban area@Vatson et al., 2014Heavily
444 managedirbanareas may also experiendganges in pHalated tahe removal of plant
445  litter, decreasedoil organic matter levelsind improper irrigatiofCraul, 1999)On the
446 other handproper management includitige application of compostulch, and proper
447 irrigation will elevate soil organic matter contéficharenbroch and Watson, 2014
448 Irrigation may also ffect soil chemistry depending on theisdy and application ratef
449 the irrigation watefWatson et al., 2024Soi chemicalparameters greatlyffact the
450 availability of plant nutrients and are required when predicting tree performance
451

1.3.6 Soil Biological Factors
452  Urban development mdimit biological activity bydecreasinghe soil volumeand
453 alteringaggregationUrban planting bedsiayhave a limited soil volume and aséen
454  confined by impervious surfaséSanders and GrabosK3014).Impervious surfaces can

455 alterbiologicalactivity resulting indecreasg in soil aggregate strengthoch, 1994).
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Weak aggregates may further degrade causing a deaneaster infiltration, soil
aeration, and root growi{Nimmo and Perkins, 200Zyhe destructn of aggregates
within an alreadyimited soil volume further reducé®e root growth and performance.
Soil biological properties are highly variable within urban comitnesy Urban
development, including thestallation and repair of infrastructyten require
vegetation organic matte(O horizon)and togsoil (A horizon)removal (Randrup et al.,
2001; Scheenbroch and Watson, 2014he removal, handling, and reapplication of this
material can greatly reduce soil aggregation resultirsgilndegradation andecreased
site quality(Bronick and Lal, 2004)This decrease is also a result of the complete
removal of the O horizon and reduction of the A horjashich alters soil properties and
reduces soil organic conter{&charenbroch and Watson, 2014). Methodg o
development antime sincerepair arehighly variableresulting ina patchwork osoll
quality within urban areas (Pickett and Cadenas®09® Asitequalityindex would
allow frequent observation of theseportant and highly variable facsitio maximize

tree performance

14.SITE INDICES

1.4.1 Site Index Benefits

Site indices aresedto characterize the quality of a site for a specific funcsiach as
plant productivity or yield Site assessment todiave been developed for uge
agriculture (Doran and Parkih994) and rural forestry ¢Boenholtz et al., 2000).

Agronomic indices score site indicators and rate current conditions for their ability to
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support crops (Idowu et al., 2009). Forest indeesused to identify the growth potential

for a given specieat a given agéSchoenholtz et gl12000) These toolsnay have

limited usefulness imrban landscapédsecause of unique urban site conditions, high

levels of heterogeneity, and differences in plant type and species (Rahman et al., 2014).
Urban sites ofte suffer from poor site conditions, although a wide range of site

gualities exists (Schanbroch and Catania, 201®)ariability in site quality may be

addressed by maintaining a diverse urban forestiraga speciesaninfluenceits

ability to adapto site conditions found in urban arg&assuk, 2003; Sjoman and

Nielsen, 2010)Managers with knowledge of existing conditions can better match species

to planting sites increasing urban forest healtwell as aiding in thentroduction of

newtree sgciesto match site conditions as well dsersify our urban forests

1.4.2 CurrentUrban Site Indices

There have been manif@ts to ceate an urban site index includitige Ohio urban site
index(Siewert and Miller, 2011}hesite quality ndex(Scharenbroch and Catania,
2012) and the rapid urban site index (Scharenbroch et al., 20b&$e modelsere
specifically developed teelateurbansite conditions to tree performaneaking them
more suitable for urban tree plannitiyban tree specieselectionguides(e.g.the
Virginia urbantree selectqrCornell woody plant databgdeave also been developed.
However these toolfave limited geographicapplicationand focugnore onsimply
matchingtree species by mature height or growth form alf ascurrent conditionsuch

as sun exposure attSDA hardiness zonéor thatreasonthefocusof this thesis on
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urban sitandices thaattempt to quantitatively identify site quality amdy also be used

for sitequality management.

1.4.3 The Ohio than Site Index

TheUSI model,developed by the Ohio Division of Forestiypbased oscore from soll
and street factor@d-ig. 1.1) (Siewert and Miller, 2011)Soil factors include vegetation,
compaction, probe penetratiaand soil development. Street factors include speed limit,
number of lanes, availability of parkingnd length between stop sigitéis model is
field-based and usériendly, but its accuracy to detect urban tree performaasenot

been tested outsideg ©hio, USA.

USI (1-20)
|
| ]
Soil (0-12) Street (1-8)

1 1
|| Vegetation [ Speed Limit

(0-3) (0-2)
|| Compaction | | Number of Lanes

(0-3) (0-2)

Probe Penetration

(0-3)

Parking Availability
(0-2)

Soil Development
(0-3)

Length Between Stop
Signs (0-2)

Fig. 1.1. Factors and parameters for the urban site index (USI) model.
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1.4.4 Site Quality Index

Scharenbroch and Catania (20id®ntified soil factorswith the greatesnfluenceon

urban tree performancgoil factors includedh thesoil quality ndexweretexture,
aggregationbulk density, pHglectricalconductivity, and organic mattef.his index was
significantlycorrelated to tree heightanopy densityleaf chlorophyll content, aniee
condition indexHowever, he number ofariables and lab techniques required limit the
practicalityand accessibility of this modelhe geographical extent of this study was also

limited and the modéiasnot been tested outside of DuPage County, IL USA.

1.4.5 Rapid Urban Site Index

To address the nddor accuracy and practicality in an urban site inge@yious urban
and rural indices were combined to createréiped urban ise index (RUSI) model
(Scharenbroch et al., 201Mhe RUSI model contains five factors each wlitee
paraneters(Fig. 1.2). Each of these paramesds given a score of®based on field
observationsScores are then summelilyided by the maximum possible valuyand
multiplied by 100 to provide the final scofBhe RUSI model is a practical assessment

tool that has been found to correlate with urban tree health (Scharenbroch et al., 2017).
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— Precipitation (0-3)

— Climate Growing degree days (0-3)

— Exposure (0-3)

— Traffic (0-3)

—  Urban Infrastructure (0-3)

— Surface (0-3)

— Texture (0-3)

Physical Structure (0-3)

— Penetration (0-3)

RUSI = (>_s/3n)*100

B pH (0-3)

— Chemical Electrical conductivity (0-3)

— Organic matter (0-3)

— Estimated root area (0-3)

— Biological A horizon (0-3)

—  Wet aggregate stability (0-3)

Fig. 1.2 Factors and parameters for the rapid urban site index (RUSI) model.
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1.5SUMMARY
524  The urban forest performs many importanbsystenservicesTo maximizethese
525 servicesyrban forests should be made up of diverse species and individual trees should
526 be managed for health and longevity. To achieve this, urban forest managens need a
527 urban site index that cajuickly and accuratelgssess the quality of planting sites.
528 Previous attempts at an urban site index were either too simplistic or overly complicated
529 A new site index, the rapid urban sitelex (RUSI) model, was created to addressehe
530 shortcomings.
531 This thesis includesontinued evaluation of th&RUSI modetdability to predct
532 urban tree performanae@thin Wisconsin, USAas well as testingdtresponses to soil
533 management. Also evaluated are éfffects of veighting RUSI parameterthe additon
534 of a labileorganiccarbon parameterandthe exploration of a field evaation of plant
535 available waterLastly, multiple field sensors were evaluated for their ability to
536 accurately and precisely measure soil pH and/or soil moistameatiempt to identify
537 sensors for use ian urban site assessment. Accurate assessments may allow managers to
538 identify and address site quality concerns, improving their ability to manage the urban
539 forest. A site index tool may then be used to increase species diversity and individual tree
540 perfomance.
541

542
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TOWARD AN IMPROVED RAPID URBAN SITE INDEX

2.1 ABSTRACT

Arborists and urban foresters need an accurate and efficient tool to assessdtdns
and observe the efficacy of soil management actions. To address this need, the Rapid
Urban Site Index (RU$Imodel wagleveloped and found to significantly correlate to
urban treéhealth(P = <0.0001; B = 0.180.40).This studywas conducted to further
investigate these correlatis and evaluate the RUSI modethimee cities in Wisconsin,
USA. In this currehstudy, the RUSI model wdsund to significantly caelate to tree
health(P = <0.01; R = 0.09-0.10). To hcrease correlation strengtheighting schemes

on RUSI parameters wemvestigatedHowever, veighted models showed no significant
correlation with tredealth(P = 0.3-0.8 R? = <0.01) This research also tested the RUSI
model 6s sensitivity t o simprdve siteaquadity Aftetieen t
addtion of individual labile organic carbgmarametes, only the RUSI + prmanganate
oxidizable carbomodel showed aignificant mean change as a result of a soil
amendment applicatiof?(= 0.04; F = 3.47)Future research should continoeexpand

the geographic extent of the RUSI modeigaluation as well as investigate other

potential parametersuch as plant avaitée waterto ad in identifying site quality.

31

act



709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

32

2.2INTRODUCTION

2.21 Urban site assessments
Urbansoils are highly variabland influencdree species selection apdrformance
which includes both tree healiimd growthAn urban sitendex would allow arborists
and urban forestets address soil heterogeneity, whitly increase tree longevity,
species diversity, and redutee loss (Scharenbroch et al., 20Dijferent treespecies
have a range dblerance to urlbrasite conditiongSjoman and Nielsen, 2018)ich as
limited growing space and reduced soil quality including poor soil structure, high bulk
densities, and elevated soil pH (Day and Bassuk, )1 84plantingtrees that are less
tolerant to these urban sitonditionn highquality sitespew tree species may be
successfully introduced to the urban environménban site dlerant tees an then be
planted on lowquality sites to maintain and improve forest canopyaécurate and
field-based site index may allow arborists and urban foresters to increase the health and
benefit of urban forests.

An urban site index would also aidtime management of urban soils for
individual tree performance. Due to thi#endegraded nature of urbaails, amendments
havebeen shown to enhance urban tree performance (Scharenbroch and Watson, 2014).
Industry standards recommend, but do not require, soil testing before and after
management actiorf&NSI, 2011). However, current assement tools arémited in their
ability to measure the efficacy of urban soil management actions (Scharenbroch et al.,
2014). Improvingheseassessment tools will allow for improvatban tree site

managemertyy allowing for site specific soil management programs that magiinee
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performance and longevity

2.2.2Rapid urban site index
Recent efforts to create an arbsite index include the Ohio urban site indeeyert
and Miller, 2011), the soduality minimum data seScharenbroch and Catania, 2012),
and te rapid uban site index (RUSI)Scharenbroch et al., 2017). The RUSI model was
based on these previous urban and severalrgan site indiceg.g. agronomic and
timber) (Doran and Parkin, 1994; Amacher et al., 200f¢ model consists of five
factors and fiftee parameters. Factors include climate, urban, soil physical, soil
chemcal, and soil biologicalClimate parameters include precipitation, growing degree
days and exposure. Urban parameters include traffic, infrastructure, and penetration. Soil
physical @rameters include texture, structure, and penetration. Soil chemical parameters
include pH, electrical conductivity, and organic matter. Soil biological parameters
include estimated romiy area, depth of the A horizon, and wet aggregate stability. Each
paameter ie2valuated in the fieldnd scored from 0O to 3 with three being ideal
conditions AppendixA).

After developmentthe model was tested in sewvaties to determine its ability to
predict urban tree performandeitial testing was performed iBoston, MA; Chicago,
IL; Cleveland, OH; Springfield, MA; Toledo, OH; Ithaca, NY; and New York City, NY.
This research showed a significant correlation between the RUSI model and urban tree
performancecross all cities and species tested €0.0001; B = 0.18 0.40). The
initial testing showed the need for continued model development to include expanded

geographic range, parameter weighting, and identifying additional parameters to improve
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752 correlation to urban tree performance.
753
2.2.3Geographic extent
754  An ideal site index for urban trees would be accurate aarcmsge ofjeographical
755 scaks The geographic scaleimportant as urban forests are often developed at different
756 times creating a patchwork of site qualigsed on time since development amethods
757 used(De Kimpe and Morel, 2000The geographic locatiomay also influence soil
758 propertieghrough differencesuch agparent material and climate (Jenny, 1p41
759 Regional changes idimate have been shown to heavily influertoee species raeg
760 throughout urban forestMillar et al., 2007)Thesearejust a few of the mangpatial
761 factors influencing site quality and an urban site index must be able to address them.
762
2.2.4Parameter weighting
763  The current RUSI model assigns equal weights for all fifteen parameters, but initial
764 testingidentified severaparametershat appeato be better predictors of urban tree
765 performanceThese parameters include th@ssociated with soil volume and
766 compadbn, such as estimated rooting argai| structure, andvet aggregate stability.
767 Theimportanceof these parametevgas not surprisingas many urban tree health issues
768 result fromlimited soil volume and compaction (Jim, 1998). Numerous soil quality
769 indices address unequal parameter importance using weighting schemes (Andrews et al.,
770 2002). These schemes have been developed using expert opinion (Karlen et al., 1998) or
771 ordinaton analyses (Sharma et al., 2D0%ssigning higher weights to RUSI parameters

772 with greater influence on tree performance may improve the naaielgy to assess site
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quality.

2.2.5Additional labile carbon parameter
Labile organic carbon (LOC) is the portion of total soil organic carbon that is readily
available for decompositioby soil organismslhis carborprovides the energy tha
drives microbial activity, which in turn influences plant available nutrients and soil
structure(Van Der Heijden et al., 2008Thisrelation$ip may linkplart productivity to
the amounbf LOC present, making it a potential indicator of site quality (Sharifi et al.,
2008) Determining LOC content may provide arborists and urban foresters a method to
make informed decisits relatedo site qualityand management

Methods for determining LO@clude direct measuremeuoit the physical organic
matter (Marriot and Wander, 2006)iadirect measuremef microbial activity (Zou et
al., 2005) Direct measumaens includephysically separating different size classes (e.g.
0.052.0 mm) after whiclparticulateorganic mattecontent is determined for each
fraction (Cambardella and Elliot, 1992). Other direct measurements use chemical
methodsn which oxidizing agend are usedo calculatethe amount of reactivieOC
(Tirol-Padre and Ladh 2004. Biological measuremesitinclude quantifyingnicrobial
respiration defined as tl&O, production ofsoil organismsn a sealed contain¢Alvarez
and Alvarez, 2000)These CQlevels areoftenmeasured by observing a color change
using chemical indicator8leasuring a more sensitive indicatsuch as LOQnay
increase the accuracy of the RUSI model] allowit to be used to assess soil

management actiorad site quality
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2.2.60bjectives
This study investigated three knowledge gaps ottimeent RUSI model. First, does the
model correlate to tree performance outsidehefcurrent geographical rangg€cond,
can customizing the model for a specific management area through weighting of
parameters increase its coatbn to tree growth andealth?Third, is the current model
sensitive to soil managemeactions and does tlagldition of a LOC parameteicrease
this sensitivity?To address these knowledge gaps three specific hypstivese
developed:
1. The RUSI model will significantly corrate to tree performance in three
Wisconsin cities.
2. Adjusting the weighof individual parameters will improve the correlation
between RUSI and tree performance
3. The addition of a LOC parameter will increase the RUSIndel abi | i ty

the applicatio of an organic soil amendment.

2.3 METHODS AND MATERIALS

2.3.1 Description of studytes andplots

Cities selected for this study inclu8¢éevens Point, Green Bay,daNlilwaukee, WIUSA
(Appendix A) Thesecitieswere chosedue to tkeir willingness ¢ participatethe
presence of tree inventories, and geographical distribwiithin the stateThirty sample
plots were selected in each city using tree inventories to identify the most common

species planted from 208912 when planting data was avala. This planting period

t

(0]



37

815 was selected in an attempt to avoid any transplant stress while also attempting to get a
816 single season growth response from the ti@eGreen Bay, plantig data was not always
817 availableand sample plots were chosen from thelaté tree inventoryTilia spp.was
818 found to be the most suitigtree species all three communities.
819 Sample plos weredefined as a single tree and the surrounding $.Gincular or
820 rectangular plantingrea. In Stevens Point and Green Bay, fifgglets were rectangular
821 shaped between the street and the sidewalk with the other fifteen plots circular shaped
822 andnot bound by a sidewalk. In Milwaukee, all of the study sites were rectangular
823 shaped between the street and sidewalk. After all possiiteywére identified, thirty
824 sample and ten backup plots were randomly selected in eacBaiup plots were
825 selected in case field verification found that the location did not meet the required
826 criteria. Several backup plots were used in each commumitst often due to the
827 removal of theTilia spp.and replanting of a different species.
828
2.3.2Field assessments
829 Site quality was assessed at each sample plot using the RUSI model in the spring and fall
830 of 2017. The RUSI model uses climatic, urban, gbysical, soil chemicalnd soil
831 biological factors to provide an index-1@0) of urbanise quality (Scharenbroch et al.,
832 2017. Embedded in each of these main factors are three parameters. Individual
833 parameters were assessed in the field and scorad8rscale using the sdng
834 functions described iAppendixA (Scharenbroch et al., 201 Qbserved scores were
835 summed, divided by the maximum possible score, and then multiplied by 100 to compute

836 the RUSI score. The primary investigator performed adlegsments to limit bias
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During these visitsjrban tree performance was also assessed using urban tree
growth and health metrics. The urban tree health metrics included tree condition (TC),
tree condition index (TCI), and urban tree health (UTH) as bge&ttharenbroch et al.
2017(AppendixA). Tree health was also assessed by meastmanigelative leaf
chlorophyll contendf twelve leaveper treeusing a SPAD meter (SPAB02, Konica
Minolta, Tokyo, Japan(Percival et al., 2008)lhese twelve leavesane collectedn
four sides of the tree froequally distributedranch tipghroughout the bottom, middle,
and top of the crown. Growth metrics included total tree héighimeasured with a
height pole ad diameter at breast heigiBH; cm), which wasmeasured at 1.3 and
marked to ensure accurate follap readings. Crown volume was calculated by
measuring the crownaseradius in each of the four cardinal directions and then

calculatedollowing Moser et al. (2015).

2.3.3Soil collection tfreatmentandanalyses

During each site visitwenty 2.5cm wide x 15cm deep soil cores were randomly
collectedthroughout each sample pl@ores were composited by plptaced in
individually labeled plastic bagand kept on ice in a cooler until being tramgpd to the
laboratory where they were then stored aCuntil analyses were performed.

In the laboratory, eacdoil sample was sieved through anén screen for
homogenization and removal of esa materialSoil particlesize analysis was
performed using the hydrometer method (Gee and Or, 2002) btal organic matter
was determined using the loss on ignition method at@d@r 6 hours (Nelson et al.,

1996).The mrticulate organic mattéPOM:; g kg') was determined following particle
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size flactionation(Gregorich et al., 20Q08Potassium permanganate oxidizatdebon
(POX-C; g kg') was determined colorimetrical(yVeil et al, 2003). Potentially
mineralizable cdron (PMC; mg C@kg' d*) was measured as the amouh€@, in
0.25M NaOH tras following a sevetrdaysoil incubation, which was then titrateddo
phenolphthaleirendpointusing 0.25N HCI (Parkin et al., 1996). Soil respiration was
determined using the Sotai® CQ, burst tes(Solvita; mg CQkg™* d*) (Kearney, NE,
USA) which inaubates a color gel paddle in a container with a field moist soil sample for
24 hours, after which the paddle color indicates the quantity ejp@3ent (Haney et al.,
2008). Microbial biomass carbdg kg') and nitroger(g kg*) were determined using a
chloroformfumigation and extractio(Wance et al., 1987 assigningefficiency factors of
kn = 0.54 Joergensen and Mueller, 19%hdkc = 0.45 Beck et al., 199 After
fumigation, samples were extracted usingW,SO, and amlyzed for microbial
biomass nitrogen and carbon on a PerkinEImar &alyzer PerkirElmer Inc.,

Waltham, MA, USA).

Immediately aftethe firstsoil sampling, a top dressimg organic biosolids
(Milorganite, Milwaukee, WI, USAyvas applied by hand #ireerates Application rates
based on nitrogen (N) content were chosen in accordance with industry stdadards
urban tree fertilizatiofANSI, 2011).Accordingly, ten sites per city receivéte
maximumrecommendedate 0f2.92 kg N 100 i, ten siteseceived the standard rate of
1.46 kg N 100 i3, and he remaining ten sitagceived no soil amendment and served as

the control.
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2.3.4Statistical Analysis
882 To answer the first research question, statistics were computed to summarize the
883 relationshipbetween RUSI scores and tree performance. Himsgrlregression analyses
884 wereperformed to examin&hether the RUSI model correlated with tree performance
885 across all cities as well as within each city.
886 To answer the second research questidferdnt weighting schemes were
887 developed for each of the fifteen parameters basedpoimcipal component analysis
888 (PCA),relative variancgor relativecorrelation strength to tree metrié8¥eightswere
889 developed using th@atacollected during the second sdimg period and were tested on
890 data collected during the first sampling period. Following Sharma et al. (2005), a PCA
891 was performed and weights were calculated based on the percentage of the variation each
892 parameter explained. An individual paramétesaration percentage was divided by the
893 total variation explained by all the PCs providing a werghtoefficientbased on the

894 relative percentage of variation explained (Equation 1) (R&AB!

895 Equation 1.0 —';, where R, is the RUSI parameter weight,Hs the

896 parameter variation percentage, and i§ the total variation percentage

897 Parameter weights were also calculdtaded ortheir proportional variance

898 (RUSMar) and proportionatorrelation stregth (RUSK?). The final set of weights were

899 also based on variance and correlation stremgihused a binning systetm determine

900 thefinal weight.For these weights, the proportional variance or correlation strength were
901 ranked and the top fiyearameters with the highest variance or correlation strength were
902 given five times the weight, the five middle parameters were given threethimes

903 weight, and the fivéowestparameters were left unweight@RUSK arpin and RUSKyin).
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For the third resarch question, ANOVA tests were used to examine differences
in the LOC parameters as a result of the soil amendment applidationto running the
ANOVAGs, the normality of the daWiktesti stri b
and mean separatios wer e assessed Uesepgamdtersdwergihen HSD
scored and added to RUSI as & parameter. The ANOVA tests were again used to
examine differences in the RUgt as a result of the soil amendment application. Linear
regressions analgs were performed to examine e&3US| oc models correlation with
tree performance. These models included parameters based on POMARIUBDX-C
(RUSkoxc), PMC (RUShuc) and Solvita (RUShits)-

All tests wereconducted using SAS JMP 13.2.1 softav@BAS Institute Ing

Cary, North Carolina, U.S.) with significandeternined at a 95% confidence level.

2.4 RESULTS ANDDISCUSSION

2.4.1RUSI significantly correlates with urban tree performance in Wisconsin

Across all threeities, RUSI scores sigmtantly correlated witlthetreehealthmetrics(P
=<0.01;R*=0.090.10) (Table 2.1 The RUSI scores were not significantly correlated

with DBH, SPAD,tree height, or crown volum@ = >0.05; R* = 0.00:0.0%; data not

shown). This lack of significance mirrors that of the original RUSI study and suggest that
the model is a better predictor of the more important metric, tree health compared to tree
growth.Within each communitythe TC and TCI scores were not significantly correlated

to RUSI score$P = >0.01;R? = 0.020.13) and only in Milwaukee were UTH scores

found to be significanty = <0.0057;R?= 0.24). These results show that RUSI scores
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weresignificantly, but weakly correlated to urban tree performance at a regional scale,
but this significance was most often nonexistent within each commiihiéycorrelation
between RUSI scores afr@ée performance/as much weaker than in the previous study
on the RUSI modelScharenbroch et al., 2017 his finding raises the question of why
was there such a difference in the observed performance iotthel Threepossible
explanationgor the overall performance of the RUSI mods exploredn a later

section.
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932 Fig. 2.1. Significant linear regressionsK <0.01) between the rapid urban site index
933 and tree condition, tree condition index, and urban tree healthData from Stevens
934 Point, Green Bay, and Milwaukee, WI collected spring 2017 (N 90).
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Table 2.1. R and P-values for linear regression models for RUSI, weighted RUSI
models including RUSIpca, RUSIvar, RUSIR?, RUSIarbin, RUSIRsin, and labile
organic carbon (LOC) RUSI model$ including RUSIpom RUSIpox.c, RUSIpuc,
RUSIsonita and tree health metrics. Data from Stevens Point, Green Bay, and
Milwaukee, WI collected spring 2017 (N = 90).

2.4.2 Weighting RUSI parameters does not improgdel fit

Weighting parametenr®sulted imo significantcorrelation between RUSI scores and

urban treénealthmetrics(Table 2.1) Five weighting schemewere included in this study
based on a principal component analysis, variation levels, and significant camrefat

each parameter to tree health metrics. The failure of these methods to improve the
correlation between RUSI scores and tree health metrics is not surprising given the initial
low correlation before weightingt &ppearshat weighting alone is nohé ideal method

to adapthe model to specific locations.
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Model TC (0-3) TCI (0-100) UTH (0-100)
. TC=0.80+ TCl =36.06 + UTH =55.11 +
Fit y by x . " "
RUSI 0.02*RUSI 0.47*RUSI 0.01*RUSI
P value 0.003 0.005 0.005
R? 0.10 0.09 0.09
Fity by x Not significant Not significant Not significant
RUSIca P value 0.593 0.568 0.344
R? <0.01 <0.01 0.01
Fit y by x Not significant Not significant Not significant
RUSk ar P value 0.631 0.430 0.406
R? <0.01 <0.01 <0.01
Fit y by x Not significant Not significant Not significant
RUSI? P value 0.511 0.748 0.694
R? <0.01 <0.01 <0.01
Fity by x Not significant Not significant Not significant
RUSW arbin P value 0.675 0.469 0.535
R? <0.01 <0.01 <0.01
Fity by x Not significant Not significant Not significant
RUSIr2pin P value 0.521 0.848 0.568
R? <0.01 <0.01 <0.01
Fity by x Not significant Not significant Not significant
RUSIom P value 0.979 0.476 0.968
R? <0.01 0.01 <0.01
Fity by x Not significant Not significant Not significant
RUSIbox.c P value 0.549 0.775 0.157
R? <0.01 <0.01 0.04
Fity by x Not significant Not significant Not significant
RUSlbuc
P value 0.727 0.732 0.810
R? <0.01 <0.01 <0.01
Fit y by x Not significant Tei= 30'97 * Not significant
RUSkouia 058 RUSkatia
P value 0.059 0.034 0.107
R? 0.08 0.10 0.06

X Principle Component Analysis (PCAyariation (VAR), Correlation (&), Variation binned (VARDbin),

Correlation binned (Bin)
Y Particulate organic matter (POM), Permanganate oxidizable carbon{@(Particulate organic
matter (POM)
“Tree condition (TC), Tree condition index (TCI), Urban tree healiH)
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2.4.3 RUSI and RU&Jc are minimally sensitive to soil amendments

RUSI scoremeans did not fluctuates a result of the soil amendment applicat®r

0.33;F = 1.1).This findingwasexpected, as most soil parameters within the RUSI model
are not dynamic enough to be impacted by the application of biosolids. For example,
texture and estimated rooting area were found to be important properties in the initial
study but would be unaffesd by the addition of organic material. The limitations of the
current RUSI model may be improved with the addition of a more sensttilve
parametesuch as LOC

Soil LOC wasmeasured in an attempt to increase the sensitivity of the RUSI
model. Fur LOC parameters were measured with dAyX-C showing significant mean
changes between treatment ratés (0.05, F = 3.20) an8olvita showing significant
mean increases dreated vs no#treated site¢P = 0.02, F = 5.4B(Table 2.2).

Marginally significantmean increases were also observed in 06 untreated site® (
=0.08, F = 3.05) and in Solviteetween treatment raté3 £ 0.08, F = 2.66).

The POXC test measures the amount of active carbon present in the soil (Weil et
al., 2003). The biosolids alppation increased this amount of active carlasrwell as
providing a source of nitrogehoth ofwhich may have primed the biological
communities and increased decomposition on the treated sites (Sullivan et al., 2006).
Sites treated at the lower biogblate saw an increase in microbial actiwtich may
have decomposed the applied biosolids as well as preexisting organics, resulting in a net
loss of LOC (Table 2.2). The biological activity explanation is also supported by the
significant increase imicrobial respiration rates measured by the Solvita test (Table 2.2).

Sites with the highest amendment rate would also experience an increase in microbial
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respiration; however, the additional biosolids appear to have maintained a LOC level
similar to the ontrol.

Each LOC assessment was scored and added to the RUSI model as a sixteenth
parameter. The RUSx.c ANOVA test indicated a significant mean differen&e<
0.04) however, thefollomp Tukeyods HSD test did not ider
the reatment rate means. No other Rib3Imodels showed significant mean changes
related to treatment rates or between treated andreated sites (Table 2.2). The LOC
measurements lack of initial significanes well aghenoise introduced in scoring thes
parameteramay be responsible for the limited RY&d differences.

This study hypothesized that RU& models would bsignificantly correlated to
the addition of an orgac soil amendment. Howevdrigh initial site qualityevelsmay
have limited any impact of this amendment. The first site visits Sh®W& scores
ranging from 51.881.1 andanaverage of 65.@cross dlcities. Total organic matter
levels also indicated high site quality with an average content of 6.4% and a range of 2.6
12.7%.Existing organic matter andicrobial communitiesnay have already been
providing tree nutrients and water holding capacitth®point they were nlongerthe
limiting sitefactors (Knoepp et al., 2000). The high site quality and organic matter levels
present in this study woultegate most of the anticipdtsite improvement effects of the
biosolidamendment.

Soil LOC parameers should continue to be evaluated for their sensitivity to site
management. In this study, the limited number of figgcity per treahent maynot
havebeen fully representative of timatural variability throughout eadommunity.

These unanticipatelevels of variability, along with the high initial site quality may have
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caused the low average test power)hthe LOC anRUSI oc analyseswhich
decreases the ability of the statistical test to indicate a difference if one does exist for
researclguestion three (Stiedl et al., 199Cpntinued research specifically on P@X

and Solvita is warranted as they have shown significant correlations to soil amendment.
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Table 2.2. Analysis of variance (ANOVAJ + the standard error for labile organic
carbon (LOC) properties’ and RUSI oc models at secondamging. Letter
indicate significant mean differences using Tukey s H S [Data feom Btevens
Point, Green Bay, and Milwaukee, WI collected fall 2017 (N = 90).

F

P- TreatmentMean F P-
TreatmenMean  SE Ratio value SE Ratio value
; Non-
Maximum  Standard Control Treated
treated
Total POM 8.83 9.42 8.99 9.12 8.99
14 .87 .02 .89
(o/kg) +0.8a +0.8a +0.8a 0 0.8 t06a 08a 0.0 0.8
POX-C 9.91 8.50 1042 92.0 10.4
2 . . .
(o/kg) +557ab 557b +557 a 320 005 +404a 571a 3.05 008
PMC (mg 86.35 91.59 80.51 88.97 80.51
CO kgt d™h) +6.9a +6.9a +6.9a 000 099 )54 s68a 9T 032
Solvita (mg 84.73 84.51 81.49 84.62 81.49
2. . 4 .02
CO kgt d™h) +11a +11a +1la 66 008} oga s11p °* 00
69.2 66.32 69.03 67.74 69.03
RUSkowm +135a +135a 2135a 1 028 104 4144 OO0 040
69.86 65.35 66.84 67.60 69.58
RUSkoxc +136a +136a 2136a -7 004 04 1144 128 026
69.03 66.60 69.03 67.81 69.03
RUSkuc +130a $130a $130a Y 932) 94 4134 OO 040
70.69 66.88 68.61 68.78 68.61
RUSkonita +130a *1.30a *1.30a 209 0141 594 s14a 001 092

*Values within rows not followed by the same letter are significantly different at the 0.05 probability lev
using Tukeyds HSD test.

Y Particulate organic matter (POM), Permanganate oxidizable carbon{®érticulate organic matter
(POM)

2.45 RUSI performance assessment

Compared to thprevious RUStesearchthis studyfound themodelto be weakly
correlated to tree health atifthtmodel addition®ften resulted imo significant

correlation.Three reasons are presented to explain the greater corréahai@npast

study.
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The first reason why there was a reduced correlation between RUSI and tree
health isrelated to thestudysites In this study, eachite contained aingletreethat may
have not shown the effects of the s@ality given thehigh urban tolerance of the
species selectedi{ia) andyoung age of the treeS-12 yeargost planting.

Scharenbroch et al. (2017) found that RUSI correlations with tree health where greater
with larger trees (> 30 cm DBH) compared to smaller tre€&d(em DBH) all trees in

this study were < 22 cm DBHAdditionally, the previous study sites contained at least
three trees per sitend covered a wider range of tree ages allowing site quality to have a
greater influence on tree performanicethis study thesinglegenusand narrowtree age
rangewereselectedn an attempto assess the modatross threeommunitiesnegate

any nursery eéfct,andobserve growthresponséo a soil amendmentithin a single
growing season.

The second reason may the decreasedlimate variabilityrelated tahe limited
geographiextentand seasonality afssessmeninitial study sites occurred in four states
across 1500 km (Google Maps, 2pl&ad a mean annual temperature range from 6.7 to
12.9°C (US ClimateData, 2018)amean annual precipitation ranfyem 830 to 1,29
mm yr! (US Climate Data, 20)8andagrowing degree days range from 2,808 to 3,948
(Growing Degree Days, 20143ites in this studgccurredn one stat@cros250km
(Google Maps, 20)8had a mean annual temperature range from 6.7 ttC88S
Climate Data, 2018jrmean annual precipitation ranfyem 830 to876 mm yf* (US
Climate Data, 201)8andagrowing degree days range fréy878to 2,696(Growing
Degree Days, 2014Changes intlte seasonality of samplimgayalso influence RUSI s

performanceDuring thepreviousstudy, site and tree assessmseaturred throughout
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thegrowing season. In ihstudy assessmestoccurred during a single week in spring
and in fall. Thisreduction inseasonal variabilitynay have altered both sitachtree
scoring limiting the accuracy of the modedge quality prediction.

The third reason thRUSI model was weakly correlated to tree health may be that
the site and tree assessmeatsmissing keparameters aoare currenthypooly assessed
Additional key site parameterselated to tree performanceay includerootingvolume
andsoil compactionNegative alterations to theparametesreduces?AW (Mullaney et
al., 2015) nutrientuptake(Franco etl., 2011) and ultimatelyredu@sthe longterm
success of street trees (Sanders and Grabosky, Zidld)methods for determining
PAW are currently being researched and may providaditional parametdo assess
urban site quality (Appendix Bexisting parameters may have shown low correlation to
tree performance due the coarseness of measuring and scoAgpecificexample
would be soil organic matteeadings, whictshowed no significant correlatido tree
health This lack of correlatio may bedueto thecolorimetricfield assessment g a
color charthat wasdeveloped on soils outside the geographic exdgtitis studyFuture
research shouldontinue tanvestigatenewfield methoddor measuringparameters as

well as adjustments turrentscoring functions
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2.5CONCLUSION

Urban site assessmemsed tdbe practical and accurateda in the management of

urban trees and forests. While RUSI has been introduced as a model for predicting tree
performancetheresults otthis study suggest it should be usedreas an approach.

Rather than taking the model as is and usingedyuses should alter parameter

inclusion, assessment, and scoring tehigir unique area of intere$i/ith this in mind,
thegeographical range of the model should continue to be expanded as wenuch
needed expansion tife urba tree species evaluated. These continued efforts are
indicative of the challenge in creating an urban site index; however, the importance of
such a approaclshould not be ove@oked. Increasing the understanding of site quality
may allow arboristsrad urban foresters to improve individual tree care as well as expand

tree species selection thereby increasing the health and benefit of urban forests.
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Appendix A. Description of study areas, and tree and site indices

Description ofWisconsirstudy areas

Stewens Point (44.5236 °N, 89.574%/J has a total population of 26,670 people with an

elevation of 331.9n, average precipitation of 830nmandanaverage temperature of 6.7

°C. Native soils in Stevens Point are described as a Plaiffiedddshipassociation,

which is moderatéo excessively well drained and formed in deep sandy glacial deposits

(USDA, 1978). Stevens Point has approximately 7,230 city trees distributed among 47

specis with dominate genera éicer25%, Fraxinus15%,Malus 7%, Tilia 6%, and
Pinus6% (Davey, 2010).

Green Bay (44.5192N, 88.0198W) has a total population of 104,779 people
with an elevation of 177.6, average precipitation of 749hm andanaverage
temperature of 6.7C. The native soils in Green Bay are described as OstMashwa
association. These soils are wethined to somewhat poorly drained with sand and
loamy sulsoil (USDA, 1974). Green Bay has approximately 35,000tées with
dominate genera dcer31%,Fraxinus21%, Tilia 19%, andGleditsia9% (Freberg,
2016).

Milwaukee (43.089 °N, 87.9065°W) has a total population of 599,164 people
with an elevation of 1881, average precipitation of 874nm andanaverage temperature

of 8.7°C. The native soils in Milwaukee are described as Ozaikadey-Mequon

association. These sodse well drained to somewhat poorly drained with clay subsoils

( USDA, 1971) . Mi | waukeebs total tree
dominate genera dkhamnu23%,Acer20%, Fraxinus17%,UImus6%, andGleditsia

6% (USDAFS, 2008). It shdd be noted that native soils in all three citieayhave
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been significantly altered by urbanization.

Tree performance metrics
Qualitative tree health was assessed using three metrics: tree conditiotigd C),
condition index (TCI) and urban tree health (UTH)ese metrics were developed from
discussions with experts aslwas from literature (Webster, 1979; Bond, 2012:
Scharenbroch and Catania, 20 EYjuations and scoring functions for these metries ar
as follows.

Tree condition (TCyvas scored and calculated using Table and Equatio A&
method is a quick assessment of the relative gr@wtnch elongatiorand
signs/symptoms of stress. It provides-3 fating based on an ocular estimation ef th
presence of leaves and their condition, barldden, and growth rateThe tree
condition is considered dead when more than %z of the crown is dead and bark is
sloughing off. Trees are in poor condition when less than half the crown is dead and there
are signs of severely stunted growth. Trees are in fair condition if they have reduced
growth, minor dieback, and/or are chlorotic. Trees are in good condition when there are
no signs of stress present and high growth rates.

Equation Al. Tree condition (TC¥ n
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Table Al. Parameters and scoring function for the tree condition (TC) model

Tree Condition Score
Dead 0
(>1/2 of the crown dead, sloughing bark)
Poor 1
(<1/2 of the crown dead, growth severely stunted)
Fair 5
(reduced growth, chlorotic, minor dieback)
Good 3

(no stress present, high growth rates)

Tree condition index (T} scores were calculated using the modified Webster
(1979)method first used b§charenbroch and Catania, 20E2j¢ation A2; Table A2).
This method provides a rating on & kcale on the trees trunk, crown, roots. The trunk
factor rates how sound the tree is and the presence of damage or decay and its extent.
Crown is the trees canopy density and balance or ev&niesiootsfactoris the
presence of proper rooting habits represented by a large evenly spaced structural root
flare around the entire trunk
Equation A2. Tree@ ndi ti on | n@B®%10qQ TCI ) = ( xs

where s = parameter scores and n = the number opdi@meters assessed
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Table A2. Parameters and scoring function for the tree conditionndex (TCI)
model. Adapted from Webster (1979)

TCI 5 4 3 2 1
Extensive
Same as two,
Sound and Early deca decay, but cross
Trunk solid Minor damage . y y hollowness, o
signs . section is a
throughout cambium :
half circle
damage
. . Thing and Thin and
Dense, evenly Dense, slightly Thin or severely . g
. slightly severely
Crown balanced unbalanced imbalanced ) ,
imbalanced imbalanced
crown crown crown
crown crown
Three or more Three or more Less than three .
- . . No visible root
visible and visible and visible or
oven| slightl severel flares and Structural
Roots y ghtty y structural roots roots (>15 cm

balanced root unbalanced roo unbalanced root
flares (<2cm  flares (<2cm  flares (<2 cm
deep) deep) deep)

(2to 15cm deep)
deep)

Urban tree health (UTH) scores were calculatgidg the modified Jerry Bond
(2012 first used by Scharenbroch et al. (20E&yuation A3; Table A3). This method
provides a @5 ratingont he treeds | i ve c¢r own andaguality.o,
The live crown ratio is the percent live crown height to the total live tree height. Opacity
is the percent of light visibly blocked by branches, foljanel reproductive structures of
the actual live crown. Vitality is the percent of the upper crown that is free from recent
mortality. Growth is the thregear average terminal shoot extension on three random
branches with the same sun exposure that have not been pruned or damageds Quality
defined aghe percent of the upper crown that is free from necrotic, chlpostic
undersized foliage.
Equaton AB.Ur ban Tree Hebbmtl®H0 (UTH) = ( xs

where s = parameter scores and n = the number of TCI parameters assessed

opac-
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Table A3. Parametersand scoring function for theurban tree health (UTH) model.
Adapted from Bond (2012).

UTH 0 1 2 3 4 5
Crown No live
| 120% 2140 4160 6180 81100
Ratio crown
Opacity O™ 12006 2140 4160 6180 81100
crown
vitalty O Ve 15006 2140 41-60 6180 81100
crown
Growth O™ sem 510 1015 1520 >20
crown
Quality O™ 12006 2140 4160 6180 81100
crown

Rapid urban site index
Rapid urban site index (RUSI) scores were calculated following Scharenbroch et al.,
2017 (Equation A4; Table A4). A description of each of the 15 RUSI parameters is as
follows.

The climate factors of the RUSI model include precipitatPiAT), growing
degee days (GDD)and exposure (EXP). For PPT and GDD scores, it is suggested to use
the most recent, practicalnd accurate local data available. The PPT score was
calculated usinglata acquired from U.S. Climate Data (2014). If irrigation was present
on the site, then the PPT score was increased one point to a maximum score of three. The
GDD score is a measure of heat accumulation. The GDD units are calculated by mean
daily temperature (maximum plus minimum divided by two) minus base temperature
(10°C). Tre GDD units are summed for the year for annual GDD. Tiosvieg Degree
Days smagthone application was used to determine the GDD score for each location
(Growing Degree Days, 2@). The start date was 01/01/16 and the end date was

12/31/16and the GDD50 waselected as the base temperature. The free application
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returns the GDD for the most recent two years and a mean of this value was used to score
GDD. The EXP score was assessed in the field based on the number of faces of the tree
that are exposed to figun.

The urban factors in the RUSI model are traffic (TRAF), infrastructure (INFR)
and surface (SURF). The TRAF score was based on the number of lanes and amount of
parking available on the street. More lanes and less parkingiadiwore traffic, likal
fastermoving automobiles nd mor e of an Aurbanod i mpact
disturbance) on the site. The INFR score was based on the distance to the nearest hard
space or building from the main stem of the tree. The SURF score is basedypetbf
ground covering for the majority (>50%) of the rooting area for the tree.

Soil physical factors include texture (TEXT), structure (STR@Y pentation
(PEN). Texture reflectthe relative particle size distribution and is determined by &le fe
method. Structure is the shape of sod aggregatepresent Methods for assessing soll
texture by the feel method and structure staapeéescribed in Schoenberger et al.,
(2012) and Scharenbroch et al., (2014). Penetration was assessed by réjcerdapgh
and ease that the core sampler went into the s@hwbllecting samples

The soil chemical factors were gpH), electrical conductivity (EG)and soll
organic matter (SOM). Soil pH and EC were measoreHomogenized subsamples at
each sitaising a handheld combination pH/EC ereForthis research, the Oakton
PCTestr 35QAKTON Instruments Vernon Hills, IL, USAwas used. Soil organic
matter was estimated using the Color Chart for Estimating Organic Matter in Mineral
Soils of lllinois (Unwersity of lllinois Extension, Champaign, IL USA).

The soil biological factors were estimated rooting area (ERA), depth of the A
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horizon or topsoil (AHOR)and wet aggregate stability (WAS). Estimated root area was
an evaluation of theurface permeablgpace for root growth. The ERA score was
increased by one to a maximwhthree if a breabut areaof at least 50 fMwaspresent

within 2 m of the treeThe AHOR was the depth of the A horizon or topsoil via visual
inspection. The A horizon was distinguish®ddarker color, a more wetleveloped

structure and a greater abundance of fine roots compared to the underlying horizen. Wet
aggregate stability is an estimate of the strength of the aggregates to resist degradation
(Nimmo and Perkins, 2002). A modifidield-method was used to assess WAS. Five
aggregates 2 to 5 mm in diameter were placed on a 1 mm screen. The aggregates are
soaked in water 1030 s. After 30 s the screen wagtated (i.e., a vigorous swirl) for
another 30 s. Theumber andamount of ggregates left after the soak and swirl were
volumetrically estimatedral scored.

Equation A4. Rapid Urban Site Index (RUS)Exs/ 3n) * 100

where s = parameter scores and n = the number of TCI parameters assessed
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Table A4. Parameters and scoring functias for the rapid urban site index (RUSI)

model.
RUSI units 0 1 2 3
PPT mm yr? <500 500-750 751-1,000 >1,000
GDD d <1,000 1,00%2,500 2,50%4,000 >4,000
EXP # 0 1-2 34 5
TRAF n/a >4 lanes 24, .no 2-4; parking <2 lanes
parking
INFR m <1 1-5 6-10 >10
SURF n/a norrpermeable patchy thick vegetation organic
or bare vegetation mulch
TEXT na no soil; S, S|, C; L?:Lsgé zllgl' SL, SIL, L;
0, = o) ! ! ! o)
CF>75% CF=5075% CE=2549% CF<25%
STRC n/a M, SG, PL ABK SBK GR
PEN cm <5 520 20 with max 20 with min
effort effort
AHOR Cm <1l 1-5 6-15 >15
ERA? m’ <5 5-25 26-50 >50
<50% <50% >50%
0 <
WAS o no aggregates post soak post swirl post swirl
IL SOM . : .
SOM chart gray chip 1 chip 23 chip 45
<50 or 50-100 or 101-300 or
E it 1to1
¢ uS cm 53000  2,00£3000  1,00:2,000 -0t t0 1,000
pH n/a <4 or >9 4-490r819 5590r6.68 6-6.5

1304 Footnotes’Add 1 to the PPT if irrigation is present within 3 m of the tféeld 1 to the
1305 ERA score if brealout a zone of at 50 fiis present within 3 meters of the main stem of
1306 the tree.
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Appendix B. Toward field determination of plant available water

Introduction
Proper urban tree management requires quick and accurate field determination of site
conditions. This information may be used to maximize plant health while also increasing
spedes diversity in the urban forest (Scharenbroch et al., 2017). Soil moisture plays a
critical role in root growth with elongation decreasing rapidly under moisture stress in
most plant species (Lyr and Hoffmann, 1976). This stress can impact many phgalolog
processes including tree photosynthesis (Hsiao et al., 1976), tree growth (Hasiao, 1973),
and tree defense (McDowell et al., 2008). Specific responses to soil moisture levels vary
amongst plant species (McDowell et al., 2008), but often result iaased mortality
rates during both flooding and drought conditions (Allen et al., 2010). These conditions
alter the amount of plant available water (PA\@&fined as the amount of soil moisture
between field capacity and permanent wilting point. Soil moastaries spatially and
temporally requiring repeated evaluation throughout the growing season and site
(Famiglietti et al., 2008). To maintain optimal PAW and maximize tree performance,
arborists and urban foresters need a quick, accurate, and affarggbted to monitor
soil moisture levels.

The purpose of this study was to evaluate a field method of estimating PAW.
Specifically, carPAW be estimated from a soil volumetric moisture content (VMC)

reading at simulated field capacity?

Study sites and field data collection

Fifteen research sites were randomly selected from thirty street tree planting sites

68
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previously identified throughout Stevens Point, WI. Soils on tei#ss are described as a
Plainfield-Friendship association with a texture class of loamy sand to sandy loam, a pH
range of 6.37.8, and organic matter contents ranging from8L3% (Scheberl et al., in
preparation). At each research site, two sample plets selected 1.2 m from opposite
sides of the tree, parallel with the street. The first plot was sampled under current field
conditions. Soil VMC was measured using five different soil moisture sensors (Table
B1), and a 15 cm deep by 5.4 cm wide core eadiected, placed in a plastic bag, and
transported to the laboratory for analysis. Separate cores, 6 cm x 5.4 cm, were also
collected to determine soil bulk density and gravimetric moisture content. The second
plots were then saturated by adding 5.6 iodiged water to a 0.92 Tarea, simulating a
7.62 cm rain event. These sites were then allowed to drain 24 hr after which it was
assumed they were at field capacity. Soil VMC was then measured and cores were

collected following the same procedure as the first sampling.

Table B1. Soil sensors used for field evaluation of volumetric moisture content.

. Prong Accurac
Sensor Method” length Range y Manufacturer
(%)
(cm)

General General Tools and
Moisture EC 21.0 0-50% +5 Instruments, Secaucus, N
Meter USA
EXTECH

. FLIR Commercial System:

- o) +

Moisture EC 21.0 0-50% +5 Inc.. Nashua, NH, USA
Meter
5TE FDR 50 0-50% 43 Decagon Devices Inc.,

Pullman,WA, USA
Campbell Scientific Inc.,
Logan, UT, USA
Campbell Scientific Inc.,
Logan, UT, USA

Hydrosense | TDR 12.0 0-50% +3

Hydrosense Il TDR 20.0 0-50% +3

AEC (electrical conductivity); FDR (frequency domain reflectometry); TDR (time
domain reflectometry)
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Laboratoryanalysis

The separate soil cores were used to determine bulk density and gravimetric moisture
content(24 hr at 105°C) which was then used to determine VMC (Eemnd Topp,

2002). Field capacity and permanent wilting point moisture contents were measured
using a pressure plate extraction method (Dane and Hopmans, 2002). Field capacity
moisture content was determined on intact saturated co/@3 Pa. Soils were then

sieved at 2 mm to homogenize the sample and isolate the soil fraction. Permanemt wiltin

point moisture content was then measured on a sieved subsariffiéakPa.

Findings and future implications

Initial results show significant correlation between soil VMC measured with the EC
sensors and PAWP(= 0.029, 0.041; R= 0.32, 0.28). The ghificance and strength of

this relation support further research on this important topic as well the exploration of the
addition of a PAW parameter to the rapid urban site index model. The lack of correlation
between the other sensors and field conditwas surprising given that these sensors
performed well in a laboratory study (Scheberl et al., in preparation). Future research
should continue to evaluate limitations of these sensors ugeghwithin an urban

landscape.
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EVALUATION OF SOIL pH AND SOIL MOISTURE FIELD SENSORS

TOWARD USE IN AN URBAN SITE ASSESSMENT

3.1ABSTRACT

Soil moisture and pH levels directly affect urban tree performance. An accurate sensor to
assess these soil conditions would allow arb®aist urbarforesters to make and

evaluate management actions. These actions may then be used to imgaspecies

diversity and site quality. Toward this goal, twetwo soil pH and moisture sensors

were tested for their ability to accurately and precisely nreasil pH, volumetric soil
moisture content (VMC), or both. This research was conducted on four different soil
texture classes (loamy sand, sandy loam, clay loam, and clay) at three different moisture
levels (air drya 0.5 field capacity, and field capacity). Soil pH sensors using a glass
electrode in a 1:2 (soil:deionized water) solution were found to accurately and precisely
measure soil pHR = <0.0001} . = >0.95). However, sensors using metal electrodes
inserted into the soil had no significant @ation to soil pH levels{ =>0.1;} . =<0.2).

When selecting a soil pH sensor, measurement methpdentdne most important
considerationSoil VMC sensors using time domain reflectometry and frequency domain
reflectometry methods performed bd3t<0.0001;} . = >0.76). Sensors using the

electrical conductivity method were highly variable in cost, accuracy, and precision.
When selecting a soil VMC sensor, measurement method and cost are both important
variables. With accurate soil assessmeaartsoriss and urban forestexsan better select

treespecies ananprove soilmanagement ded¢ns.
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3.2INTRODUCTION

3.21 Urban site conditions

Field knowledge of site conditions is crucial for managers seeking to maximize tree
health while adding divsity to the urban forest. Factors influencing site quality include
urban developmerfGreinert, 2015)time sincedisturbance (Scharenbroch et al., 2005),
surface vegetation (Salvucci, 1998), and weather (Bolan et al., 2003). These elements
create a patchevk of soil physical, chemical, and biological properties across a single
community. Management of urban trees in this heterogeneous and changing landscape
may be improved with the use of an urban site index (Scharenbroch et al., 2017). Two
important variéles of a site index are soil pH and soil moisture (Shukla et al., 2006). Soil
moisture and pH levels fluctuate spatially and temporally (Wuest, 2015) requiring
repeated evaluation throughout the growing season and site. A site index that uses quick
and acurate field assessments may aid arborists and urban foresters in estimating site

quality.

3.2.2 Soil pH

Soil pH impacts tree performance by influencing the availability of essential plant
nutrients with an ideal pH range of 5/ (Watson et al., 2014)his ideal range is often
not observed in urban soils as a result of increased pH levels from deicing compounds,
high pH irrigation water, and the weathering of concrete surfaces (Ware, 1990). Soil pH

may also play an important role in tree species selewith ideal pH rangesgarying by
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species. Due to the importance and variability of soil pH, arls@imt urban foresters
need a method to quickly and accurately mesisim the field

Two methods commonly used for determining pH are colorimetric and
electrometric. The colorimetric method uses weak acids and bases as inabases
coloris based on the concentration of hydrogen ions in sol{fibonmas, 1996)This
method benefits from its lowost and portability but is subject to human interpretation
resulting in errors > 0.3 pH uni(Peech, 1965and was therefore not included in this
study. Electrometric methods determpté by measuring the flow of ions between two
electrodes made of either metal or glass (Ta4le Metal electrode sensors determine
total soil electrical conductivity (EC) between two metal surfaces that are separated by an
insulator. These sensors do nequire a sample to be removed from the site as they are
inserted directly into the soil. Theysocost less than glass electrode sendmrsmay

not be sensitive enough to accurately measure soil pH for assessing site quality.

Table 3.1. Comparisonof different methods used for measuring soil pH.

Cost

I Response .. . &
Sensor type %) Flexibility time Principlé' Remarks
Metal 10 Noninvasive, immediate
electrode 300 Field <3 min EC results, highly dependent on
sensor soil moisture and salt conter
Glass 135 Mildly invasive,
electrode 595 Field/Lab <30 sec HC instantaneous, fails in highly
sensor saline soils

AEC (electrical conductivity; HC (hydrogen ion conductivity)

Glass electrode sensors use two differéetteodes to determine soil pA.
hydrogen sensitive glass electrode measures the level of hydrogen ion conductivity while

a metal reference electrode measures total EC. These two conductivity values are then
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analyzed by the sensor to provide pH readings that are accurate to withatHOU@its
(Thomas, 1996)This method requires destructive sampling and mixing the soil with
deionized water or a salt solution (e.g. GaDespite these limitations, gkaslectrode
sensors are the preferred method of field evaluation of soil pH due to their high accuracy

(Thomas, 1996)

3.23 Soil moisture

Soil moisture plays a critical role in photosynthetic rél¢siao et al., 1976yoot growth

(Lyr and Hoffmann, 1967ree growth(Hsiao, 1973)and tree defengdcDowell et al.,

2008) Moisture level response varies among&csesMcDowell et al, 2008) with

most trees experiencing increased levels of mortality during both flooding and drought
conditions(Allen et al., 2010)Saturated soils limit oxygen availabilitgsulting in root

loss and ultimately tree mortality. Drought conditions reduce soil moisture levels,

limiting tree uptake of water and essential elememeasingree mortality. Two

important theoretical moisture levels are field capacity and permanent wilting point. Field
capacity is the soil moisture content after it has been freely drained by gravity. Permanent
wilting point isthe soil moisture content after whiplants wilt and fdito regain turgor

upon rewettingresulting in plant death. Soil moisture between field capacity and
permanent wilting point is known as plant available water. By maintaining soil moisture
within the range of plant available water, managers can decreassress and improve
performance. To do this, urban managers need a quick, accurate, and affordable method
to monitorsoil moistue content

Soil moisture has long been determined using the thermogravineetnicique,
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which determines soil moisture bgcording the loss of mass in response to heating the
sample(Ferré and Topp, 2002Jhis method is accurate and cesfective however, it
cannot be used for repetitive sampling as the sample is removed from the site and
requires long dry times (O 24 h) before
shortcomings have led to the development of many different field netifodoisture

estimation (Tabl&.2) including measuring EC or dielectpermittivity.

Table 3.2. Comparison of different methods used for measuring soil moisture.

Response

& Cost :
time

$) Principled  Outpu! Remarks

Flexibility

Destructive, time
TG 500 Lab 24 hr EVAP GMC consuming, no salt
limitations

Noninvasive,
instantaneous, fails
in highly saline
soils

TDR 545 Field/Lab <30 sec DC VMC

Noninvasive,
instantaneous, fails
in highly saline
soils

FDR 755 Field/Lab <30 sec DC VMC

Noninvasive,
10- , = immediate, highly
EC 375 Field/Lab  1-5 min EC VMC dependent on salt

content

ATG (thermogravimetric); TDR (time domain reflectometry); FDR (frequencyailom
reflectometry); EC (electrical conductivity}EVAP (evaporation); DC (dielectric
constan), EC (electrical conductivity),GMC (gravimetric moisture content); VMC
(volumetric moisture content)

Soil EC sensors estimatelumetric moisture contenMC) by measuring the
rate of conductance through the soil between two metal electrodes. While affordable,

these sensors vary in their accuracy due to interference associated with soil texture and

salinity. Soil dielectric permittivity sensors us@e domairreflectometry (TDR) or
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frequency domain reflectometry (FDR) to estimate soil moisture using the large contrast
between the permittivity of watet)( &, s@l@olids ! &), éhdair & Th& JDR
method sends an electromagnetic wave along wavegaided measur es t he
return velocity which is then used to calculate soil VIMGpp et al., 1980)The FIR

method works similarly to TDRut measures the variation in the signal frequency as
opposed to its ratn velocity(Robock et al., 2000Benefits of dielectric permittivity

sensors includportability, and quicker readings than the gravimetric me{Badbriyal

et al., 2012) These sensors have the same limitations as EC sensors, but dielectric
permittivity sensors can be calibrated to produce accurate readingstisains. Quick

and affordable sensors allow for multiple readings enabling arborists and urban foresters

to better evaluate a site and the efficacy of management actions.

3.24 Field sensors for urban site assessments
The purpose of this study was to queme field methods of measuring soil pH and VMC
andidentify the most accurate and precise metbbdeterminatiorfor use in an urban
site assessment. In order to evaluate these relationships, sensors were tested across a
range of soil moisture contentsdatextures commonly found in the urban settifigs
studies specific objectives were to:
1. Compare soil pH values determined with metal electrode and glass electrode
sensors to a laboratory standard
2. Compare soil VMC values determined through TDR, FDR,B@8do a
laboratorystandard.

3. Discuss mechanisms influencing accuracy and precision ofetiffevaluated

S i
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1518 sensor methods.
1519 4. ldentify key attributes to consider for sensor selection.
1520
3.3 MATERIALS AND METHODS
1521
3.31 Study soils and preparation
1522 Sensors werevaluated in four soil texture classes (loamy sand, sandy loam, clay loam,
1523 and clay) from aVyocendoamy sandn Portage County, WTypic Hapludalf USDA-
1524 NRCS, 1978) and a Kewaunee silt loam in Fond du Lac CountyTypid Hapludalf;
1525 USDA-NRCS, 1973) (Tabl8.3). Sand, silt, and clay contents were determined using the
1526 hydrometer metho{lGee and Or, 2002).0ss on ignition was used to determine soll
1527 organic matter conteifNelson and Sommers, 1998)d EC was determined using a
1528 (glasselectrode sensor (PCTestr 35; Oakton Instruments, Vernon Hills, IL, USA)y2h a 1
1529 (soil:deionized water) solution.
Table 3.3. Descriptions and properties of investigated soils including soil series,
subgroup, texture, organic matter content by loss on ignition (OM), soil bulk
electrical conductivty EC) and soi | bul k density
. . . EC Jb
Saoll Saoll . Sand Silt Clay OM
Series Subgroup Texture Horizon (%) %) (%) (%) E#ls) g:/lg?
Clay Ap 33 32 35 456 20500 1.21
Typic Loam
Kewaunee | pludalfs
P Clay Bt 10 32 58 3.64 23600 1.19
. Sandy A, 67 24 9 267 12400 1.38
Typic Loam
Wyocena
Hapludalfs Loam
y BC 83 8 9 0.51 5500 1.44
Sand
1530 In preparation,@ls were by sieved at field moisture content througman®6sieve to
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homogenizghe samples and remove any large materials that may have interfered with

sensor readings. Soils were thendiied in plastic trays for a minimum of 96 hours.

After air drying, deionized water was adde
30%) were eachedFerré and Topp, 2002Jhese levels were achieved by repetitious

misting and mixing of the soils, which weleehcovered andllowed to equilibrate for a

minimum of 12 hours. Soils were then packed into PVC containers (10 cm inside

diameter, 24.5 cm inside height) to target bulk densities (BaBJeTo maintain a

consistent bulk density, the soil was compaatettiree sections of 5 cm to a total soill

depth of 15 cm. Seven replicates were prepared for each moisture content and texture

type (n = 84).

3.32 Laboratory sensaanalyses
Soil pH was evaluated using two glass electrode and five metal electrode séhsors
glass electrode sensors were tested in a 1:2 (soil:deionized water) solution, while the
metal electrode sensors were inserted directly into each soil container. Soil VMC
contents were evaluated using one FDR, one TDR, and eight EC sensors inssctisd di
into each soil container. Soil pH and VMC were also evaluated using four metal EC
sensors that measured both variab®ekull list of sensors and manufactuiaformation
can be found i\ppendixC.

Manufacturer instructions for sensor preparaand calibration were followed to
limit user bias. Accordingly, only the Lincoln Moisture Meter (8000; Lincoln Irrigation,
Lincoln, NE, USA) was calibrated in a container of saturated soil for each texture. To

avoid artifacts resulting from soil disturlm the sensors were carefully inserted in order
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1553 of probe size from smallest to largest, avoiding locations of previous insertion. All testing
1554 was done with soils at ambient laboratory temperaturé@201°C). Soil pH standards
1555 were determined for each container using a benchtop glass electrode sensor (Sension+
1556 PH3, Hach Co., Loveland, CO, USA)homas, 1996)Soil VMC standardsf each
1557 container were determined on three subsamples collected at 5 cm depth increments.
1558 These subsamples were analyzed using the gravimetric methbdg2405°C) which
1559 was then converted to volumetric content using the measured bulk d&esi and
1560 Topp, 2002)
1561 During preliminary testinghe Luster Leaf 1880 (1880; Luster Leaf Inc.,
1562 Woodstock, IL, USA) failedvhen one of the three soil predseparated from the unit,
1563 and as a resylit was not included in the study¥he Dr. Mete® 4-in-1 (S20;
1564 HISGADGET Inc., Union City, CA, USAjailed after performing 10 out of the 12
1565 experimental runs and was included ia #nalysis.
1566
3.33 Statistical analyses
1567 Summary statistics were computed to evalua
1568 conditions at the 95% confidence | evel. Pe
1569 coefficients were calculated to assess sensorpre@sioml Li ndés concordanc
1570 was calculated to assess sensor accuracy and precision. Accuracy was defined as the
1571 ability of the sensor to estimate actual soil conditions. Precision was defined as the
1572 repeatability of sensor measurements. Standarderrand Li nés concor dan
1573 was calculated using Microsoft Excel 2016 software (Microsoft Inc., Redmond, WA

1574 USA). Pearsofs and Speanand6s coefficients were calcul a
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software (SAS Inc., Cary, NC USA).

34 RESULTS AND DISCUSSI®

3.41 Soil pH

The metal electrode sensors failegignificantly andaccurately measure soil pH across

all soil textures and moisture conte(fes= >0.1;} . = <0.2) (Table3.4) and did not

follow a 1:1 correlation with the standard (F8jl). Inair-dry sals, these sensors fail to
make ameasuremenwith reading showing little deviation from their zeroedlue of
severnpH. These sensors measure the soils conductance of an electrical signal, which is
dependent on soil moisture. When therelecl of moisture, the soil cannot conduct this
signal resulting in sensors failing to measure soil pgimoisture content increases,
sensors can better measure soil EC resulting in an increase in variability of the readings
(Fig. 3.1). Soil exture had nebserved influence on soil pH readings, although it has
been shown to affect EC readin®#andal et al., 2015)Sensors requiring the insertiof

the probe are at a fundamental disadvantage when measuring soil pH, which is stated as
the hydrogenon concentration in a solutiq®chofield and Taylor, 2007By inserting

the probento the soil there may be a lack of contact between the sensor and the soil
solution resulting in inaccurate readings. Another issue with metal electrode sensors is
the method uses bulk soil EC to estimate the concentration of hydrogebibassoils

often include many othesalts, making any hydrogen ispecific determination difficult.
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Fig. 3.1Soil pH metal electrode sensor readings compared to laboratory standard
(Hach Sension+ PH3).

The glass electrodgensorsvere foundo significantly am accurately measure

soil pH across all soil textures and moisture contéhts<0.0001;} . =>0.95 (Table

3.4). These high levels of accuracy and precision may be due to readougang in a
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1598 solil solution, @suring complete sensor contact and negating any issues with soil moisture
1599 or texture (Fig3.2). For this study, the solution was made using a 1:2 (soil:deionized
1600 water) ratio. This solution can also be made with a calcium chloride or potassium
1601 chloride ®lution for more accurate readings in high salt content §bilesmas, 1996)

Table34 . Pearsonord ,c&pealrabinds @odr &l ab

corr el @dnd standarf grror (SE) values between tested pH sensors and the
laboratory standard (Hach Sension+ PH3).

Sensor

Sensor Type r | Je SE

PCTestr 35 Glass 0.96%* 0.92%+ 0.95  0.28
Electrode
GlaSS *%% *k%

pH 5+ loorode 097 0.95 098  0.28

Turf-Tec Soil pH ~ Metal 0.01* 0.00* 001  0.38
Electrode

Luster Leaf 1835~ Met@ -0.10* -0.04* 001  0.39
Electrode

Luster Leaf 1840 Metal -0.07* -0.04* 0.03  0.30
Electrode

Luster Leaf 1845  Metal 0.11* 0.07* 0.06  1.37
Electrode

Luster Leaf 1847 Metal -0.07* -0.12* 001  3.70
Electrode

MoonCity 3in-1 Metal 0.06* 0.00* 0.02  0.86
Electrode

Dr. Meter® 4in-1 Vet -0.28% -0.60* 019  1.40
Electrode

Control Wizard Metal -0.25* -0.10* 0.02 141
Electrode

. Metal

Kelway® Soil Tester 0.15** 0.08* 0.22 0.29
Electrode

ANopval ue i s cca% denotesPt<®.8001f*odenotesP < 0.05 * denotes

P>0.1
1602
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Fig. 3.2. Soil pH glass electrode sensor readings compared to laboratory standard
(Hach Sension+ PH3).

3.4.2 Soil VMC
There was a strong correlation betwseit VMC EC sensors and the laboratory standard
across all soil moisture contents and textulRes 0.0001y > 0.75)(Table3.5).

However, most of these correlations failed to follow a 1:1 relationship with the standard
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(1 c=<0.40 (Figs. 3.3 and3.4) with the exception of the General®@}SMM500;

General Tools and Instruments, Secaucus, NJ,)@d84 ExtechNO750; FLIR

Commercial Systems Inc., Nashua, NH, USAhsors)(. = 0.71). Electrical conductivity
readings have been shown to correlate to m@stanten{Zhang et al., 2004However,

due to EC and VMCO0s interdependence with
attributes, no general model for their redaship has been proposgbphocleous and
Atkinson, 2015) Poor performace may also be a result of les@st manufacturing and
calibration as VMC sensor cost was correlated to sensor q(Rfity0.79)(Fig. 3.5). Of

the EC sensors tested, the Fuigc soil moisture sensor (MSX; Turf-Tec International,
Tallahassed;L, USA) had the lowest cosiccuracy ratio due to itacreased cost not

being reflected in its accuracy.

m
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1620 Fig. 3.3Volumetric moisture sensors with percentage readings compared to
1621 laboratory standard (determined using gravimetric method).
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1622 Fig. 3.4. Volumetric moisture sensors with ordinal readings compared to laboratory
1623 standard (determined using gravimetric method).













































