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Abstract

Terrestrial vegetation helps mitigate the accumulation ofi@@he atmosphere through
photosynthesisvhich locks CQ into vast stores of vegetative material. However, the rate of
this flux is itself sensitive to global change and may fluctuate in viesate difficult to

predict. Monitoringgross primary productivitfGPP) continuously across both space and time

is thus critical to understanding the risks of continued climate change. This thesis evaluates
satelliteremote sensing measures to improv&easment of carbon uptake and explores the
complementarity and confounding factors of two physiologically related spectral indices: solar

induced chlorophyll fluorescencglf), and the photochemical reflectance indeRl).

An evaluation of the impact ¢dnd cover and latitude d8IF phenology across tH&ovince of
Ontario using a GIS approach shows higBgtrmagnitudes in more densely vegetated land
cover types, early start of season in urban environments, and delayed start of season in
croplands. Exploiting the 2017 North American Solar Eclipse as a natural shading experiment

over a mixed forest canopy abprmal scalandicates thathanges ifPRI can result from



multiple scattering of light through a forest canopy.SAE andPRI are highly sensitive to

canopy structurd,devise and test methods to measure leaf area index from understory light
sensorsl report a near 2§ear record of canopy structure for a mixed forest site. Fidally,

report the results of a comprehensive field campaign to characterize the causes of variability in
SIF, PRIandGPPacross diurnal, seasonal and interannual time peNatgbility in PRIand
SIFyield areassociated with changes in canopy chlorophyll content and canopy structure. The
findings support emerging evidence that structure and radiation dorSifatariation and

highlight limitations ofPRIin tracking light sress over long time series.

The findings advance our ability to assess vegetation productivity from spaireliad:

factors that may confound our interpretation of remotely sensed spectral indices.
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Chapter 1
Introduction

Theeart hés climate is changing at an unpreced
greenhouse gases suctcasoon dioxide €O,) from the burning of fossil fuels. Terrestrial
vegetation helps mitigate the accumulation ob@Che atmosphere thrgh photosynthesis

which locks CQinto vast stores of vegetative material. The amount of carbon sequestered into
vegetation in a fixed period of time is referred to as gross primary produc®mty) ( However,

the rate of this flux is itself sensitive ggobal change and may fluctuate in ways that are

difficult to predict. MonitoringGPP continuously across both space and time is thus critical to
understanding the risks of continued climate change. In this thesis, | evaluate remote sensing
measures to inrpve assessment of carbon uptake from space. The findings advance our ability
to assess vegetation productivity from space and reveal factors that may confound our
interpretation of remotely sensed spectral indices.

1.1. Importance of terrestrial GPP monitoring and the state of

Canadads forest s

1.1.1. Carbon budget

The global average atmospheric 30ncentration is projected to reach 415ppm by the end of

2021 (Friedlingstein et al., 2021By comparison, prendustrial concentrations were relatively

steady near 28@mn in the first half of the #century prior to the industrial revolution. These
increases in atmospheric €ave warmed the climate at a rate unprecedented in the last two
millennia, and observed temperatures are comparable to the warmest periddsh1f8,000
years(IPCC, 2021)Despite increasing emissions of £&ver time, the airborne fraction has

remained remarkably constant at around 0.45 due to increased uptake by the terrestrial biosphere
and global ocean€anadell et al., 2007 considerable area of uncertainty in predictions of

future climate change lies in where, wlaynd how the land and oceans have kept pace thus far,

and whether they will continue to do &bloor et al., 2010)



Terrestrial ecosystems have a large effedheraccumulation of C£n the atmosphere.

Annually, 9.5 GtC of fossil C&is emitted to the atmosphere through human activities, with
additional 1.1GtC emitted by changes in land use such as deforeffataaiingstein et al.,

2021) The global langurface absorbs 3.1GtC of these excess emissions to the atmosphere
annually, through photosynthetic uptake ofZCThe oceans take up additional 2.8GtC, limiting
the atmospheric C{yrowth rate to 5.1GtC annualfffriedlingstein et al., 2021However,

there remains uncertainty as to the current magnitude; antdhinterannual variability, and
geographic distribution of t he asgvellmdthelfututea n d
trajectory. Constraining these uncertainties remains a saqmiibrity to better understand,

predict, and mitigate the risks of global climate change.

1.1.2. COq; fertilization effect

The land carbon sink results from an imbalance between terrestrial carbon uptake through
photosynthesis, and emissions through respiratnehdisturbances such as wildfire. One
mechanism for this imbalance is 16, fertilization effect. At higher levels of atmospheric

CO, plants permit diffusion of the same quantfyCO;, with lower stomatal conductance,
therebyconserving watefAinsworth and Rogers, 20Q7)hus, higher Co®has supported
increaseglant growth, especially in water limited environments. Howevehedeaf levelthe
response of photosynthesis to Z4®nonlinearat asaturatingCO, concentrabn, CQ is no

longer limiting the rate of photosynthesis and photosynthesis becomes instead limited by the
availability ofthe substrateibulose bisphosphate (B®) to bind CO; in the photosynthetic
apparatugFarquhar et al., 1980; Sharkey et al., 2007 pther wordsat leaf levelthe carbon
fertilization effect saturates at higtO,. For instance, Chapter 5 of this thesis reports a series of
COe response curvaseasuredt a temperate forest site these measuremen@®0; typically
limited the rate of photosynthesisly when below 500ppmit remains unclear how global
vegetation will acclimate to lagh CO, regime, and resource intensive free air@@richment
(FACE) experiments have proliferatedtiyp to reveal these effects ac®a variety of biomes,
environmental conditions (warming), and nutrient limitation regi(@ssworth and Long,

2021) Evidence suggests that the strength of the carbon fertilization effect is declining globally
(S. Wang et al., 2020yvhich has imptations for how we might address climate change.



1.1.3.  Sensitivity of terrestrial ecosystems to climate, weather, and

disturbance

Terrestrial vegetation is also highly sensitive to changes in precipitation and temperature, as well
as extreme weather events. oy conditions can lead to declines in productivity as plants

close their stomata to conserve water, but if these conditions pérsigghtinduced mortality

can occur. Storms can lead to extreme weather such as hail, wind, ice, or flooding that can
damaye vegetation directhyWVarming and drought can reduce tree resiliewan though

suitable habitat ranges expand in both latitude and altitocieasingsusceptibility taherbivory

as in the case of the mountain pine be@lendroctonugponderosag the hemlock wody
adelgid(Adelges tsuggetheLymantria dispar dispa(LDD) moth or the emerald ash borer

beetle Agrilus planipennik Increased storms are also associated thighfrequency and

severity of forest fires. Climate change léready caused an increased frequearty intensity

of extreme weather eventdowever jt remains impossible to predict localized occurrences of
extreme weather and how they will interact watidemicecosystems. It is thus challenging to
bothmeasure ahpredict the combined effects of these regional scale interactions on the global
carbon balancdRemote sensing @&PP addresses these challenges allowing us to map the
reductions in productivity caused by such disturbances, and to monitatigtosbane

recovery.

1.1.4. Natural climate solutions

The ability of terrestrial ecosystems to absorb carbon from the atmosphere has led to excitement
over the prospect of natural climate solutions (also known as fzdgesl climate solutions)

the ability ofnature to mitigate climate changeisgomet al.(2017)suggest natural climate

solutions can provide 37% of the mitigation efforts needed to achieve the Paris Agreement target
of limiting warming to 2°C. Bastin et g2019b)further assert that the earth could support an
additional0.9 billion hectares ofanopy cover, that if allowed to mature would store up to
205GtC.Thisamounts t@®/3 of the ~300GtC (or ~1000 Gt ¢Qhat has been added to the
atmosphere by human activities since 18B0s Bastin et al(2019b)hailed ecosystem

restoration as amortge most effective tools to mitigate climate change. These studies have

sparked action by individuals and corporations aiming to reduce their carbon footprints. Tree
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planting initiatives are now ubiquitous among corporate social responsibility plansraads

a marketing tactic to sway environmentally conscientious consumers. The Bonn Challenge aims
to restore 150m ha by 2020 and 350m ha by 2030Tfilien Trees campaign aims to plant 1

trillion treesbasedn an estimate that there are 3.04 trillicees currently, and that 46% have

been lost due to human activities. Tgmpular#teamtrees movement has already funded the

planting of 23 million treefrom donations andhasplanted 9 millionof thesetrees

However, Bastin et a{2019b)was highy criticized by the scientific community for

overestimating the area available for forest restoration, as well as the total carbon sequestration
estimate for tree planting potential. Further, some critics of the study highlight the potential of
these overgimates to misguide climate policy. Indeed, many tree planting initiatives have failed
to meet their intended goafsor instance, on Nov 11, 2019, a tf@anting campaign in Turkey
succeeded in planting 11 million trees. However, within three month0®@é trees planted

had dieddue tolack of water resulting from insufficient rainfall apdor timing of planting

(Kent, 2020) In such instancegpjantingtargets were mebut a measurable impact on climate
change was not achieved. There can alsanogended consequences of tree planting initiatives
such as reductions in biodiversity (particularly where forest isnadive), consequences on the
hydrological cycle, increased risk of fire, and decreased surface albedo. Brancalion and Holl
(2020)underscore the need for biophysical targets for tree planting initiatives and highlight that

planting trees alone may not always restore (or create) a functioning forest.

The number of hectares of forest restored, and the number of trees planted diynof@as

how well we are meeting mitigation targets, and do not quantitatively indicate the quantity of
carbon emissions offsekhis lack of clarity distrastfrom more urgent priorities such as
eliminating reliance on fossil fuelé. carborbased metad is urgently needed to monitor the
success of natural climate solutions and prevent unintended impacts to sensitive ecosystems
caused by assessing the wrong metric. This would help direct the massive social momentum

around natural climate solutions towdn& most effective, evidendmsed solutions.

1.15. Canadaobds forests

New estimates suggest Canadads terrestrial
plant biomass (21 Pg C), peat soils (92 Pg C) and other soils (292(Bgt&) et al., 2021)



This amounts to 11.5% of the 3550 Pg C stored in terrestrial eansygtebally(Friedlingstein
et al., 2021)

The fluxes of greenhouse gases (GHGs) betwee
the United Nations Framework Convention on C
national inventory repo(ECCC, D21) C a nnaawnlkged kndgscillate between a net source

and net sink of Cexto the atmosphere. Canada reported that manageddaossased GHG

emissions by 13 MEO; eqor 1.8% of total emissions in 20&8the 2020 national inventory

report, but inproved accounting for insect and other disturbances, bioenergy production, forest
harvest, and forest conversion led to an increase in net emissions of 21Mt changing the net flow
toasourceof84MtC{ q from Canadabds ,@asepateintie202dnds i n
nati onal I nventory report. The most up to da
reports suggest Canadabs btathadatmoapherfe sice20tbas b e
with the highest emissions of 9.9Mt in 2018 most recentear reportedECCC, 2021)These

large changes in estimates demonstrate the continued challenges associated with accounting for

t he ear t hos The mmgdstonfluentenof therCanadian land surface on net fluxes are

from theforest secton which net sinksdecreaseffom 200Mt in 1990 to 30Mt in 2007 and

fluctuated thereafter.

It is impossible to measure carbon stocks and floxethe groundvith sufficient spatial

coverage for accurate carbon accoun{®chimel etal., 2015) Canadads | and sur
estimates reported to the UNFCCC are thus instead derived from the Carbon Budget Model of

the Canadian Forest Sector (CBBFS3)(Kull et al., 2019; Kurz et al., 2009yhis model is

driven by empirical data on forest yieldthrar than by simulating photosynthesis, and therefore
cannot simulat@erturbations in processes thesponl to atmospheric Cgor climatic changes.

The CBMCF S 3 maddamthgé kes in its intermediate complexity: ClBAS3 can

explicitly model disturbace, land use change, and management/harvest activities as well as the
transfer of carbon between pools with relatively few input parameters compared to process

models.

Process models, on the other hand, can help simulate how ecosystems will respandit@ch
environmental conditions through explicit representation of photosynthesis, respaation

other processes, but require substantial environmental and biophysical input pardineters.



Integrated Terrestrial Ecosystem Carmtget(InTEC) model wa developedo address this
gap byintegraing processhased representation pifiotosynthesis with models of disturbance,
and forest manageme(@hen et al., 2000)nTEC explicitly simulates the response of terrestrial
photosynthesis ttactors such amperature and growing season length, atmospheric CO
concentration angrecipitation and cathusbetter predict how terrestri@PP will respond to

continued climate change.

1.2. Remote sensing in Gross Primary Productivity (GPP)

modelling

Satellitebased remote sensing can provide spatially contiguous input datasets from which
estimates o6GPP can be derivedsing models of the terrestrial biosphd¥er instance, the
Moderate Resolution Imaging Spectrometer (MOBBPP product uses a lighise efficiency
approach to modébPPfrom remotely sensed inputs:

"O00 0YOODO'YQOODO'Y Equation 1-1

whereLUE is light use efficiencyPARis photosynthetically active radiation aifAdPARis the
fraction of photosynthetically active radiation absorbed by veget&idRis determined from

time of day, time of year, and latitude, as well as atmospheric condi#d®sRdepends on the
structue and absorptivity of vegetation in tRARspectrum and is estimated from an algorithm

to account for biome specific radiative transtayE is simply the efficiency by which light is
utilized for photosynthesis, and varies with vegetation type, ligietdemeteorological

conditions, among other factors. The MOBB®P product uses a look up table spanning 11
global biomes to parameteriz&E in the calculation oGPP. This method is not able to resolve
subbiome variability inLUE dynamics OtherLUE based modelling approaches adjuse

using computational approaches that account for the temperature sensitivity of photosynthesis
and water stress (CASA, G-REM); thus the scientific community has dedicated substantial
resources to develapy methods to monitdtUE and photosynthesis from space directly. This
thesis focuses primarily on two spectral indices that relate to vegetation physiology, that are well

poised to elucidate partitioning of sunlight through photosynthetic angmatosynthetic



pathways from space: solar induced chlorophyll fluoresce®ié®, @nd the photochemical
reflectance indexRR]).

1.2.1. Remote sensing of SIF

When illuminated, chlorophyll molecules-eenit a small portion of absorbed light at longer
wavelengths throughHuorescence. Dynamic changes in chlorophyll fluorescence have long

been used in photosynthesis research. Plants capture sunlight using light harvesting complexes
associated with photosynthetic reaction centres. These complexes transfer energy to chlorophyl
resulting in singlestate excitation of the chlorophyll molecule. The excitation energy dissipates,
returning chlorophyll to its ground state via several distinct pathviaysy driving

photosynthesis, 2) through chlorophyll fluorescence, or 3) throagiphotochemical

guenching including thermal dissipatifftrause and Weis, 1991; Muller, 200These

pathways compete for excitation energy, and the proportion of energy directed to each pathway
determines the efficiency by which plants are able éolight for photosynthesis.

SIFis detectable from space frdgarthrorbiting satellites. A linear relationship has been
observed betweeBlIF andGPPfrom spacdGuanter et al., 2012; Kohler et al., 2018; Sun et al.,
2018; Y. Zhang et al., 201,§)reserihg a new paradigm for remote monitoring of terrestrial
photosynthesis.

1.2.2. The photochemical reflectance index (PRI)

PRIis a spectral index that exploits a change in reflectance at 531nm, a spectral region that
responds to xanthophyll pigment interconvemsi@Gamon et al., 1992, 199@)nder light

stress, reflectance at 531nm andRid decrease. As the xanthophyll cycle is the primary
mechanism responsible for dissipation of excess light througipinotochemical quenching,

PRI has shown promise for mgipg LUE remotely(Garbulsky et al., 2011; C. Zhang et al.,
2016)



1.3. Open research questions:

While SIFandPRIarewell poised to improve capabilities for remote sensinG®BP, there

remain challenges in interpreting the mechanisms for variati8iFandPRIin both space and
time. There remain open scientific questions that must be addressed before reliable carbon
accounting can be achieved using these new methods. Irufartaespite the linear

relationship observed betwe8i-andGPP from space, chlorophyll fluorescence relates
nonlinearly to photosynthesis at a leaf scale, and plot §eaakenberg and Berry, 2018;
Mohammed et al., 2019; Pore@astell et al., 2022014) The mechanism for the linearization

of theSIFGPPrelationship observed from space remains elusive and further research is needed
to understand what passive measuremen®Fo€an indicate about canopy structure, canopy
chlorophyll content andght partitioning(Magney et al., 2019a; Mohammed et al., 20P%)I

is well poised to contribute to this understanding through its ability to detect nonphotochemical
guenching driven by the xanthophyll cyditowever a universal relationship betweBR
valueandUEhas not emerged since thée¢e dhandaegalps f i
2016) PRI has been shown to be sensitivé&d, as well as chlorophyindcarotenoid content,

complicating its interpretation over heterogeneous landscapes.

1.4. Thesis objectives and structure

This thesis focuses dhe overarching objective of assessing wheliercan be used to

improve monitoring ofGPP usingSIF by untangling causes of variability BIF andPRI

including illumination, viewillumination geometry canopy structure, canopy chlorophyll
content, and physiologyrhese factors vary in both space and time, and this thesis focuses on
spatial scales ranging from the leaf to satellite scale, and tempales sanging from seconds

to multiple yearsThis thesis is comprised of four main manuscripts followed by a summary of

general conclusions and future research directions:

r
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1.4.1. Chapter 2: Land cover and latitude affect the phenology of solar

induced fluorescence in the Province of Ontario, Canada

Chapter 2 describes the overall phenolog$léfacross the province of Ontario and assesses
differences in satellite bas&lF phenology across land cover types and latitudinal zones. This

is achieved using a GIS approach to assess the area of each land cover clasSlk each
measurement available from the TROPOMI satellite. In contrast to spatial downscaling schemes
which use seval days ofSIF observations to determine spatial averages across a grid, this GIS
approach prioritizes temporal fidelity and land cover accuracy over spatial resolution. The
results highlight tha®SIF phenologygenerallyreflects differences in vegetatiphenology

owing to agricultural practices (later planting dates lead to late pEqkurban heat island

effects (urban areas green up earlier and senesce later than natural environments), and latitude
(northern areas green up later and senesce eadientore southern areas of the same land

cover type). This chapter confirms the control of vegetation phenology &iRisgynal

observed from space at regional scale and has implications for how land cover decisions impact

t he car bon b aterestr@alecosy$tem®nt ari o6 s
The specific questions assessed in this chapter are:

i) DoesSIF phenologyand magnitude track expected biogeographic variation daado
cover?

i) DoesSIF phenologyand magnitudérackexpected biogeographic variations due to
latitude?

iif) Given the tight linkage betwed&PP andSIF, how iscarbonuptake impacted by land

use change?



1.4.2. Chapter 3: The response of spectral vegetation indices and solar
induced fluorescence to changes in illumination intensity and geometry in

the days surrounding the 2017 North American Solar Eclipse

It is well established th&RIandSIF change in tandem at small spatial scales. For instance, a

transition of a dadadapted plandr leafinto full sunlight produces synchronous changes in both
PRIandSIF;

1 1 ]
18:46 18:48 18:50 18:52 18:54

Y
L WS eptas apl ke

18:46 18:48 18'50 18:52
Time

Figure 1-1 Example of concurrent measurements of SIF (a.u.) and PRI (unitless) over a potted basil plant after a
transition from a dark-adapted to light saturated state (unpublished data).

However, such phenomena have not baeserved directhat the scale of whole forest canopies
as artifcially manipulating the light environment of a whole forest is impractical (if not
impossible) While it is reasonable to assume individual leaves in the forest canopy exhibit this
coupled light sensitivity, it is not clear how confounding effects froraladity in the sunlit

shaded fraction, canopy chlorophyll or canopy structure would impact observation of these
effects at forest scalelnder field conditions, changes in illumination level aften

accompanied by changes in illumination angksociged withdiurnal variation in the solar
positonThe exception to this rule is during a
with only smallaccompanying changes in illumination directigithough a solar eclipse
obscureglirect solar radiatin in a manner similar todoud, it provides a smooth and rapid

change in radiation that is unconfoundeddspes of cloud edge scattering and variable
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illumination. Chapter 3 exploitthe 2017 North Americasolar eclipse to investigate the
impacts ofillumination level on spectral indices in the absence of accompanying changes in
illumination direction. The eclipse serves as a hglanipulation experiment at the scale of a

whole forest canop
This papemraddressethe following research objectives:

i) To determine the responses in environmental conditions and vegetation to the eclipse and
other changes in illumination throughout the study period,

i) to determine whether the physiologically related spectral inditfeand PRIrespond to
dimminginduced changes in vegetation both during the eclipse, and when variations in
illumination are accompanied by changes in illumination geometry,

iii) to determine whether spectral indices that are used to estimate canopy structusé and le
biochemistry are stable under varying illumination levels resulting from the eclipse,
sunrisesunset, and cloudiness, and

iv) to explore the variability in spectral indices resulting from canopy spatial variability and

sky condition.

1.4.3. Chapter 4: Daily leaf area index from photosynthetically active

radiation for long term records of canopy structure and leaf phenology

Spectral indices, includingRIandSIF are impacted nainly by leaf physiology, but also by

both canopy structure, and canopy chlorophyll content. It is difficult to account for the impacts
of each as canopy structure and leaf chemistry change independently and simultaneously
throughout the growing season.chcate measurements of both are thus needed to better
characterize the impacts of structure and chemistry on spectral indices. It is challenging to
develop a robust time series of canopy structural measurements due to the manual operation of
commercial Al meters. Chapter 4 evaluates four methods to automate measurement of canopy
structure (specifically leaf area indéx4l) using attenuationf photosynthetically active

radiation PAR through the vegetation canopy. All four methods improve upon manual
meaurements from handheld commercial instruments as they permit assessment of daily

changes inLAl over long time series from historic measurement records. While the motivation
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for this work was to help quantify the influence of canopy structui®lbandPRI, the results
have broad implications for applications including satellite product validation, phenology
process modelling, assessing the impacts of global change on phenology and greening, and
improved representation of canopy structure in models dethestrial biosphere.

The specific objectives assessed in this paper are to:
)] explore the feasibility of derivingAl from along-term PARdataset,
i) compard_Al measurements frofARto those from independent records derived
from the MODIS Land Products Fixed Sites Subsetting and Visualizatioattto
Oak Ridge National Laboratory Distributed Active Archive Cefittgneni et al.,
2015; ORNL DAAC, 2018and from reference measuorents collected with BAI -
2000instrument, and

1) explore differences in phenology metrics between the resulting datasets.

1.4.4. Chapter 5: Temporal covariation between spectral indices, leaf

traits, and fluxes of CO. at the Borden Forest

Chapter 5 presents a comprehensive suite of field measurements at the Borden Forest site over
three growing seasons in comparison Vtk andPRI. The chapter compares leaf level
measuremes of chlorophyll and carotenoid content, photosynthetic capadity{ Jmay, leaf
reflectancel Al (from Chapter 4), and ecosystem fluxes of.@@rtitioned to photosynthesis

and respiration, to canopy spectral measuremé&hts.work explores the temporal covariation

in SIF, PRland the environmental causes of variability in gross ecosystem producBB),

as well as quantitative relationshipetweerGEP and spectral indicesn an attempt to assess

the complementarity betwe&iF andPRI for GEP estimation
The specific objectives of this chapter were to:

i) characterize the variability in leaf traits and chemistry throughout the growing season.
i) examine the strength of tiRRIresponse to light stress at leaf scale throughout the

growing season
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iii) assestemporal covariation i®IF, PRlIand environmental causis changes irtGEP at
canopy scaleand

Iv) investigate the quantitative relationships betw@&ei and spectral indices

1.4.5. Chapter 6: Summary of this thesis and future research directions

Chapter 6 summarizes the main findings of this thesis and presents general conclusions. The
chapter describes how remote sensing can contribute to improving monitoring and mapping of
terrestrial photosynthesis, improve modelling and supporitorarg the land surface

interaction with global climate change. Topics for future research arising from the results
presented in this thesis are further discussed.
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Chapter 2
Land cover and latitude affect the phenology of solar induced
fluorescence in the Province of Ontario, Canada

2.1. Abstract

Aim: Land use decisions directly affect tteerestrial carbon balants changing the quantity
and typeof vegetation present. Howeveych consequences alifficult for decisionmakers to
accountfor in environmental impact assessme8tdar induced chlorophyll fluorescenc@ )
measured from satellidosely relates to gross primgsyoductivity of terrestrial vegetaticand
presenta new source ahformation from which to assess environmental impacts of land use
decisionsWe assess the usefulnes$StF measurements imccounting for changes in
vegetation primary productivity due land use change.

Location: Ontario, Canada
Taxon: Plants.

Methods: We use a weightediouble logistic regression based on the land cover mixture within
SIF measurements frohe TROPOspheric Monitoring Instrument (TROPONMb) separate

SIF phenology by land cover for the region of Onta@anadaWe useSIF integrated annually

to determinein relative units, the consequences of land use change on photosynthetic carbon
uptakefor the study regiorfinally, we applya linear relationship betwe&iF andGPPto map
GPPat a spatial resolution of 30m across the province of Ontario.

Results: We findthat SIF tracksexpecteiogeographicgbatterns of productivityurban areas
exhibit an earlier start dhegrowing seasgriower SIF magnitudeand later end of season than
natural land cover classeshereasroplandsexhibit a later start cfeasonPatterns oSIF
phenology and magnitudé®w land covertransitions from Broadleaf Deciduous Fordsts
croplands or urbaanvironments to have the highest impacts on carbon uptake
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Main Conclusion: SatellitebasedSIF measurementare useful irexploring the geographic
variation of vegetation pductivity and casupportinclusion ofcarbon accounting

environmentahssessmerdt regional scale

2.2. Introduction

Spatially continuous mapping and monitoring of gross primary productiS@P|, the
photosynthetic carbon flux, is a high priority for predicting the respanddeedbackesf

terrestrial ecosystems to global climate chafi®eng et al., 2021polar induced fluorescence
(SIF) has shown a tightear universatelationship withGPP at large spatial and long temporal
scaleqFrankenberg et al., 2011; Joiner et al., 2011; Li and Xiao, 2022; Sun et al,, 20d.7)
shows promise as a direct proxy @PPthat can be detected from spatke ability todetect
SIFfrom spacehusstards to changbowGPPi s moni t ored across the ¢
surface However,spaceborn&IF measurementare available atelativelylow spatial

resolution comparetb the spatial scale of variation @PP and land use management across the
Earth 6 s s Im thit studye we explore the usefulnessatiellitebasedSIFin assessing
biogeographical variation i@PP at a regional scale across the province of Ontario, Canada
through use oThe North American Land Change Monitoring Sys@®m land covedataset
(Latifovic et al., 2012)Such nappingof GPP can supporguantitative assessment of the carbon
impacts ofland usemanagementecisions that affect the carbon uptake of the land sudach,

as natural climate solutionagriculural intensification, and development

There remain open questioas tothe mechanism responsible for the linearization ef th
relationshipbetweenGPP andSIF across scales. For instaneg higher temporal and spatial
resolutiors, correlation betwee@PP andSIF weakengNichol et al., 2019)view-illumination
geometry impactSIF as observed from satellitkie to bidirectional reflectance effe¢ksao et

al., 2021; He et al., 201,7andSIF variability has also been linked to vegetation structure (leaf
area indexI(Al) and leaf angle distribution), and leaf chlorophyll contbath of which can

vary by land cover typ@/errelst et al., 2015Nonethelesshe broadly linear relationships
betweersatellitebasedSIF andGPP permit exploration of applications of this new technology
to assessing the terrestrial carbon balaBoeh studies have revealed the impacts of flooding on

cropland carbon uptak®in et al., 2020)evidence of a drgeasornncrease in photosynthesis in
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the Amazon foreqiDoughty et al., 2019\anddistinct phenologies oflifferent ecosystem types

across CalifornigTurner et al., 2020)

In this study, we appl$IF as a proxy of5PPto assess thenpacts of land se change on the

regional carbon balance over t@anadian province of Ontaridhe province of Ontario has
undergone urban intensification and expansion in the southern region, as well as intense
agricultural productionSouthern Ontario land cover wastarrically comprised of Temperate
Deciduous ForegRamankutty and Foley, 1999, fig. 2; Ritchie, 198¥wever, today southern
Ontario is predominantly agricultural, and urb&ig(re2-1). These changes impact the

terrestrial carbon budget for the regiboweverpr edi cting the regionods
climate change becomes difficult fastherchanges to vegetation covesulting from changing

land use are difficult to predict.o address these challenges2017, the province of Ontario
announced the development of a Land Use Carbon Inventary or der t o fiassess
agriculture, forestry and other land sssuch as wetlands and grasslands to emit, remove and

st or e (OraaridoMinistdy of Natural Resources and Forestry, 20H@)vever, to date

such an inventory has not besggveloped

In this study, weexamine the utility of satellitbasedSIF in asses#qg the impacts of land use
change on carbon uptake through photosynthégsise the high spatial resolution NALCMS
land cover dataset ttetermine théand cover class withinSIF measurement footprints across
the Province of Ontarid'his approach enablesianced assessment of how laoger affects

SIF phenology. In turn, usin§IF as a proxy foGPPinforms howlanduse decisions can affect
terrestrial ecosystem carbon balarfw@tigh changes in the length of the growing season, and
photosynthetic intensity.

Specifically, we ask:

i) DoesSIF phenologyandmagnitude track expected biogeographic variadioa toland
cover?

i) DoesSIF phenologyand magnitudérackexpecteiogeograpld variations dueo
latitude?

iii) Given the tight linkage betwe&PP andSIF, how iscarbonuptake impacted by land

use change?
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We anticipatd thathigh latitude environmentsauld see delayed start of growing season and
shortgrowing season length, but thdagtudedriven patternsvould differ amongland cover
types. We anticipateanurban heat island effect to lengthen growing seasons in built up
environments. Lastly, we anticipdtdifferent carbon uptake capacity of land cover types to be

apparent in exmining differences in the annual magnitude and timirglBemissions.

2.3. Methods

2.3.1. Study region

We limit our analysis to the bounding extent of the province of Ontario, Canada, thus including
part of the northern United States,, the rectangular region betweef#.34 and95.16 degrees
longitude, and 41.66 and 56.86 degrees latitk&tpu(e2-1). The Southern Ontario region is

highly populated, and heavily utilized for agricultural production. The Northern US regions
falling within the boundaries of the studyearinclude broadleaf forest vegetation that occur

only in small amounts within southern Ontario and are thus included as a proxy for the expected
natural vegetation within the Southern Ontario region. The northern portions of the province of

Ontario are sarsely populated and dominated by boreal and subarctic vegetation.

This study region is sufficiently expansive that it allows for analysis of land use change impacts
over a large range in land cover and land uses. However, limiting the analysis tbbigosu

of North America limits the effects of withiclass variability on the analysis results, as well as

the impacts of topography which heavily influence the biogeography of North AnRrichie,

1987) For instance, it is not reasonable to consilde highly productive coniferous forests of

the pacificnorthwesto function similarly to the stunted black spruce forests of the boreal zone,
but these disparate forest types are not separated in most land cover datasets available at
continental scale/Ve thus limit the analysis to the smaller subregion over which within class

variability is minimal.

The focus on the province of Ontario also pr
Environment plan which aims to address climate changepanedt ect t he pr ovi nc

water(Ontario Ministry of the Environment Conservation and Parks, 2018)
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2.3.2. Land cover dataset

We use the North American Land Change Monitoring System (NALCMS) 30m, 2015 version 2
dataset based on Landsat and Rapidiggery for this studylatifovic et al., 2012)The

NALCMS products provide continemtide land cover datat 30m spatial resolutiamsing a
consistent standard through a collaborative effort between Canadian, United States, and
Mexican government ageies (Latifovic et al., 2012)Through this programlandcover and

land cover changareassessed every 5 years through a cooperative partnership between Natural
Resources Canada, United States Geological Survey (USGS), Comision Nacional para el
Conocimiento y Uso de la Biodiversidad (CONABIO), Comisién Nacional Forestal

(CONAFOR), and Institto Nacional de Estadistica y Geografia (INEGI), and supported by the

Commission for Environmental Cooperation (CEC3tifovic et al., 2012)

This dataset was ideal for this study due to the consistency in classification scheme between
Ontario and thearthern UnitedStates andhigh spatial resolution compareddther land cover
datasets such #ise MODIS land cover dataset at 50(ffniedl and SullaMenashe, 2019)

While newly released global land cover datasets at 10m resolution are now avasedleta
Sentinef2 imagery(e.g.,.E S A 6 @ldOder,andE s r 202D $and Cover datasitthey
includefewerland use/land cover classes, for instance, mixing all forest types into a single class
(Karra et al., 2021 PDue to this limitationwe opted for use of the NALCMS dataset for this
analysisbut note that thetudy could be extended globally using these global high

resolution land cover products.
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Data Source: 2015 Land Cover of North America at 30 meters (edition 2.0, Published February 2020) | Projection: Lambert Azimuthal Equal Area

Developed jointly by: the Canada Centre for Remote Sensing (CCRS)/Canada Centre for Mapping and Earth Observation (CCMEO), Natural Resources Canada
(NRCan), Comisién Nacional para el Conocimiento y Uso de la Biodiversidad (CONABIO); Comision Nacional Forestal (CONAFOR); Instituto Nacional de Estadistica y
Geografia (INEGI); U.S. Geological Survey (USGS)

Figure 2-1 A) Map of the study area, and NALCMS 30m dataset. B) Region near the Borden Forest Research
Station AmeriFlux tower, with landcover classes from the MODIS MCD12Q1 Land cover dataset for 2018. C) Region
near the Borden Forest Research Station AmeriFlux tower with land cover indicated using the NALCMS dataset.

2.3.3. Satellite SIF dataset

We usedSIF measurements retrieved from the Tropospheric Monitoring Instrument
(TROPOMI) on the Sentindd Precursor ($P) satellite, as derived by Kohler et(@018)

These data were obtained froftp(/fluo.gps.caltech.edu/data/tropoinif ROPOMISIF has
advantages over previous Satelf- datasets in that it provides measurements with footprint
size of 7km by 3.5 km at nadisjth near day global coverage. In contrast, O€&and

GOSAT provide limited spatial coverage, whereas GGvnd SCIAMACHY footprint sizes
are large (40 x 40km, and 30 x 60km, respectividphler et al., 2018)
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2.3.4. Geoprocessing procedure

TROPOMISIF data were obtaed for 2018, the first full year of TROPOMI operation, as daily
NetCDF files. Each NetCDF file was read using the RNetCDF padkéighna and Woods,
2020)within the R statistical computing langua@® Core Team, 202@nd subset to
measurements fallghwithin the bounding box containing the province of Ontario, Canasa (
measurements with center coordinates betw@4r84 and95.16 degrees longitude, and 41.66
and 56.86 degrees latitude). Corner coordinates were used to conveStleaasuremedrto a
polygon feature within R using the sp package for spatial(Batand et al., 2013; Pebesma and
Bivand, 2005)and the RArcGIS bridge(Esri, 2021)

Using ArcPy within thé?ython 3 programming language, the polygon feature classes were then
proected to the Lambert Azimuthal Equal Area projection, to match the NALCMS 2015 Land
Cover Dataset. We then used the ArcPy function Tabulate Area, to determine the area of each
land cover type from the NACLMS land cover dataset falling within the boursdafreactSIF
polygon. Areas of each land cover class were computed in square meters and joine&k6 each
feature class. The daily files were merged into a single polygon feature class for subsequent

analysis.

2.3.5. Statistical analysis

Further statistical amgsis was achieved within R using theARcGIS bridge.

SIF measurements were separated Bttdatitudinal zones using the cut function in R. For each
pair of latitude zone and land cover class, phenological parameters were then determined by

using the ra function in R to fit the model of Gonsamo et(a013b)

"Y1 Equation 2-1
© | p Q p Q
Here,DOYis the day of year, | isthe amplitude between the early summer plateau and
background, | is the amplitude between the late summer plateau and vsiedhson

background, and are normalized slope coefficients for spring and fall, respectively, and

and’ are the midpoints in day of year of the gregnand senescence transitions, respectively.
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Measurements were weighted by the proportion of the area Stmeasurement footprint
overlapping the land cover of interest. This more heavily weights pueés pixhile not fully
excluding observations where only a portion of the measurement footprint included the land
cover of interestThis approachdoes not fullyeliminateinterference of other cover types
assessing the land cover of interest. Thugyder to minimize the impact of tf&F phenology

of other land cover classes in the regression results, measurements were only included if they

were comprised of65% of the land cover class of interest.

From the phenological regressions, start of seéS08) and end of seasoEQS werethen

calculated for each land cover type and latitudinal zoneras: 'Y} 2 andoo Y1

8 .
—— respectively.

2.3.6. Mapping phenology based on land cover and latitude

In order to determine the spatial variabilitySi- phenology, linear regressions were calculated

to predictSOSas a function of latitude for each land cover.

Linear regression models were used to calculate a new raster dataset from latitude and land
cower to explore spatial patterns$hF start of seasousing the R packagaster(Hijmans,

2020) This was achieved hysingthereclassifyfunctionto createa Booleanlayer for Urban,
Natural, and Crop environments, thagoplying the results of a linear regression between Start of

Season antititude to each land cover typsing the overlay function ithe raster package.

2.3.7. Assessment of carbon consequences of land use changes from
SIF

Previous studies have demonstratetbae relationship betwe&iF andGPP (Frankenberg et
al., 2011; Joiner et al., 2011; Sun et al., 20Li7and Xiao(2022)further demonstrate that the

GPP-SIFrelationship is largely consistent irrespective of land cover ablogh AmericaWe

thus considerariability in SIFto indicaterelativedifferences inGPP. Thisin turnallows the
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assessment of relative differences in the gross annual photosynthetic carbon uptake as the
integral of SIFmeasurements throughout the year:

Equation 2-2
60 a0 a e RUETDP YO

We thus compare the integrals of the nonlinear regression models for each land cover type
within each latitudinal zone to approximate the relative carbon consequences of land use
conversions between classes while accounting fir tlianges isIF magnitude, and length of

growing season.

We further use thenearrelationshipdbetweerSIF andGPPreported byLi and Xiao(2022)to
mapGPP across the province of Ontario, using thgical phenology oSIF determined by land
cover and latitude
000 p@ "YOWE d £ i0o0&@ VA Oi | Qi
Equation 2-3
000 p@® YOE®D énadeEQ

2.4. Results

Plotting SIF over time without accounting for land cowdronsa n appar ent &édoubl
SIF phenology. However, separating tBE- measurements by their predominant land cover

reveas that this double peals explained by different phenologies of land cover types within the
study regionSpecifically, the first peak i8IF occursdue to early green up of broadleaf forests,
whereas the second peadcursdue to the later peak in agricultussistemsOverall SIF
magnitudesreimpacted by latitude. For the same land cover type on the same day of year, the

magnitude oSIF measurements lower at high latitudesHigure2-2).
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Figure 2-2 TROPOMI SIF measurements with central coordinates falling within the study area and separated by
majority land cover class within the measurement footprint. Measurements primarily comprised of water are not
shown. No data were available between February 18 and March 7, 2018.
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Figure 2-3 TROPOMI SIF measurements (points) for the latitudinal zone from 42.7 to 43.2 degrees north. Lines
indicate nonlinear regression of phenological curve for selected land cover classes. No data were available between
February 18 and March 7, 2018.
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Nonlinear regression usirigquation2-1 reveas distinct patterns of greemp and greefown
that differ amongst land cover types. While ove®Hl phenology appears as a double peak,
separatingsIF measurements by predominant laxader type reveals that the early peak
originates from natural ecosystems, and the second peak results from the latepgyeen
croplands that respond whenplantingoccursrather than directly to environmental

phenomena.

For each land cover type ia&h latitude zone, we further examined He@SandEOSdates
differ by land cover type and by latitudéigure2-4). Urban areashow a clear heat island
effect throughanearlierSOSand lateEOSas compared to other land cover typethe same
latitudes Croplands show lat&OSwith areversal in theelationshipbetweenSOSdate and
latitude the most northern croplands had earl@StSdates This contrasts witlyeneral
expectations that northern environments should experlaters&SOS and likely results from a
longer duration for crops to mature in northern environments, and a higharerokperennial

forage and pasture within the cropland land cover etbkgher latitudes
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Figure 2-4 Start of Season and End of Season calculated from SIF Phenological Curves for each land cover in each
latitudinal zone. There a clear impact of both land cover and latitude on Start of Season. End of Season in urban/built
areas is delayed compared to other land covers at the same latitudes. SIF End of Season date was unrelated to
latitude throughout the study region. However, urban and built-up areas tend to have a later end of season date than
vegetated areas at similar latitudes.
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Table 2-1 Linear regression to predict SOS by day of year from latitude for cropland, urban and natural environments
in the study region.

Cropland Urban Natural All
Predictors Estimatee p Estimate p Estimate p Estimate p
'(rggrf(‘)ept 220.30 <0.001 15.95 0.338 -11.79 0.300 22.87 0.061
Latitudes 136 0029 256 <0001 3.42 <0001 275 <0.001
(DOYPN) . . . . . . . .
Observations 13 8 92 132

R?/ R? adjusted 0.363/0.305 0.899/0.882 0.718/0.715 0.485/0.482

Start of Season
(Day of Year) A

0 125 250 500 km 0 25 50 100 km
———tt—t—+—+ H———t————
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Figure 2-5 Map of SOS dates determined from the linear regressions in Table 2-1, land cover types, and latitude.

26



An urban heat island effeig clear in theSIF datasetsandthe phenological pattern indicatan

earlier start of season and later end of season, leading to an overall increase in growing season
length in these areadowever,SIF valuesaremuch lower overall than surrounding more

vegetated countrysiddlonethelessnban areas at all latitudésavethe smallest annually
integratedSIF among all land cover classes except water, suggebtgrban areas havewer

productivity and thus lower CQuptake than other land cover types.

30

20 Land Cover

@ Needleleaf Forest

=® Broadleaf Deciduous Forest

& Mixed Forest

@ Temperate/Sub-Polar Shrubland
Temperate/Sub-Polar Grassland

& Wetland
Cropland

-# Urban/Builtup

& Water

Latitude

100
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SIF Integral (i.e. Relative Change in GEP)

Figure 2-6 Integral of SIF phenological curve determined through nonlinear regression using Equation 2-1. Since SIF
relates closely to GPP, the length of horizontal arrows indicates the relative loss of carbon uptake resulting from land
cover conversions (e.g., from broadleaf deciduous forest to urban) at each latitude.

The pattern oSIF integral show a clear relationshipith latitude,with more northern areas
having lower overall values &IF and thudower GPPor carbon uptake. This matches
expectations that regions with lower light availability and shorter growing seasons would have
lower GPP. However, the results emphastmew theexpected benefit afatural climate

solutions, such asee plantingwould vary with latitudeand land cover type theseresults
suggesthattree planting and rewilding initiatives Ontario are likely to have the most benefit

to carbon uptakan the southernmost regiodeminated by human land uséwwever,

available land in southern Ontario is scarce, as much of the region is undergoing rapid urban
expansion and is heavily utilizédr agricultural productionConversions of natural land cover

classes to urban and built bpve large impacts d&8PPin the southernmost regions
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Figure 2-7 Annual expected GPP mapped from latitudinal variation in SIF phenology for each land cover class. This
allows high spatial resolution (30m) assessmentof GPPacr oss Ont ar i olTérsestrialaagidns shonmfna c e .
black were fit poorly by the phenology model and are in turn excluded from the GPP calculation.

MappingGPP shows the impact of land use, land cover and latitude and on carbon éptake.
general pattern of high€&PPin southernmost regions is appardrwever, the most

productive regions in the study area are broadleaf deciduous forests of upstate New York and
Michigan. Ontario has retainedlativelylittle broadleaf forestue to high use of the land

surface for agriculture, which has much lowa®?P. Furthermore, urban areas are significantly
less productivelespite their extended growing seasditee low productivity of urban areas

likely results from low vegetation density in these regidimese findings therefore suggest that
increasing vegetatiodensity may be most effective at improving carbon uptake in urban

environments.
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2.5. Discussion

We examind the phenology o8IF separated biand coverandlatitude in order to exploreow
SIF reflects biogeographical variation @PP, andhow it could be usd to support assessment

of land use change consequences on &©hange.

2.5.1. Land cover, land use, and SIF phenology

We find a strong dependence of phenological metrics derivedSitbron the mixture of land

cover classes falling withiSIF measurement footmts. This is consistent with other studies

that have investigated how vegetation type influeigi€wariability. For instance, C. Wang et

al. (2020)determined that spatiotemporal patternSifyield (i.e, SIFAPAR varied between
different crop tpes, primarily due to variation in escape fraction. These differences also explain
the improvements in the relationship betw&RandGPP seen through spatial downscaling
schemes. For instance, Duveiller and Ces2®1.6)report improved correlation witGPP

through downscaling of GOME SIF observations, and particularly when vegetation type is
accounted for. X. Wang et §2020)explored the reasons for patterns of global asynchrony in
NDVI, SIF, andvegetation optical depttv©OD) phenolog, finding SIFto best correlate with

end of seaso®PP, whereas\DVI andVOD EOStend to extend beyond the end of the carbon
uptake period acroggobal biomesTurner et al(2020)noted a double peak in TROPORIF
phenology due to asynchrony of grasses, chapparal, and oak savanna ecosystems with the
evergreen forests present in the study region spanning the state of California, USA. Tleis doubl
peak pattern is similar to the differil®IF phenology of forest and cropland systems observed in

the present study.

While the effects of latitude and urban heat enhancement on the phenology of terrestrial
vegetation are already well studied, relatively few have investigated these effects in the context
of SIF phenology. The urban heat island effe@etreport in the presnt study is consistent with

the results of S. Wang et §2019) who report an urbarural gradient in phenology metrics

derived from OC@2 SIF measurements over the Northern Hemisphere. The udsah

differences irSIF phenologyalsolargely matchhe urbarrural differencesn phenology

metrics derived from &ndsat surface reflectanGépper et al., 2016 Althoughwe report
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extended growing season in urban areas, the&Sléwnagnitudes in these regions suggest low
GPP. This is expectedue to tke high proportion of unvegetated surfaces in urban and suburban

areas.

Overall we findthatthe phenology and magnitude of tBE-signal largely respond to expected
biogeographic patterns across the province of Ontahis. showghatSIF holds promise for
assessing biogeographic variation in phenology at regionaksmadeprovides information of

usefor environmental assessment and land use planning.

2.5.2.  SIF for exploring impacts of land cover and land use on carbon

uptake

Land cover classeare divided largely based on the type and extent of vegetation. Different
plant types and thus resulting land cover classes inherently ditféd iGPP, and their

phenology with substantial impacts on climgleawrence and Chase, 2010, 2007)

Modification of land cover due to agricultural and urban land use is extensive. Ramankutty and
Foley(1999)made a first attempt to map the historical conversion of natural ecosystems to
cropland and tally the losses of natural lands. Ramankutty(@088)subsequently report that
more than one t reetadd saurfbce hab eeneavetted  agridulture. These
shifts have substantial impacts for the carbon budget, and climate, with land use change
accounting for a net emission of 1.6 GiGQa#rbon in the 2020 Global Carbon Budget
(Friedlingstein et al., 2020)

Given the tight relationship betwe&tFandGPP, our results suggest that examinatiorst#
phenology by land cover class provides useful information in assessing the impadtaivar
change and land use on the terrestrial carbon budget. These differences in phenology may be
useful for predicting and monitoring the carbon uptake impacts of natural climate solutions such

as reforestation, rewilding, and tree planting initiatig@sscom et al., 2017)

Furthermore, as the spatiotemporal resolutioBlfdatasets increases, shifts in the temporal
signature ofSIF phenology may be useful for detecting change in the land surface, which may
occur due to disturbance, invasion g species, changes in land use, or responses to global

climate changerhis study provides a framework for applyi8t- measurements to support
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sustainable land use decisions at municipal and regional scales. As a next step we plan to extend
the methodsised in this study across Canada and North America, while incorporating further

information on crop type for agricultural land use classes.

The results of our analysis agree broadly with Caiveida assessments pfimary
productivity.Both Liu et al.(2002)andGonsamo et a(2013a)reportestimates of NPP across
Canada 6 s uding thelBoneed EScasystem Productivity SImuldREPS, Liu et al., 1997)
driven with remote sensing inpuaslkm and 250m spial resolution, respectivelyrhough
these analysdecus on net rather than grgasmary productivity, broad agreement of our
results with thesenodelbasedstudies is apparent. Both studies report high productivity in
deciduous forest regionmllowed by coniferous forests, and croplands, and low productivity in
shrub,grass, and urban environmentghile our results suggest muldwer productivity in
coniferous forestthan these earlier studjdahis difference is likely due to the diversity of
coniferous forest ecosystems across the entirety of Caviada includes the highly productive
coastal forests of the pacific northwesy. contrast, the coniferous forests in this stuagited

to the Province of Ontarj@areincludeless productiveonifer plantationsandboreal forests
explaining the lower productivity relative to other land cover clagdesconvergence of the
SIF based results witthese modebasedstudies spports the broad usefulnessSif datasets

in environmental managemaeantd carbon accountingllowing us to magPP at a spatial
resolution of 30m across the entirety of the province of OntAdosystem models require
accuratenput datasetdechnical knowledge, and understanding of the minghetion in order

to generate estimate$ carbon fluxesOur analysis in this study generategigh-resolution

map (30m) olGPPfrom a single satellitbasedSIF dataset and a routilyegeneratedandcover

classification producing results broad agreement widlicosystenmodels

2.5.3. Usefulness of high-resolution land cover datasets in interpreting

SIF variability, and opportunities for further research

Measurement footprint size 81F datasetss still relatively large, and man$IF measurements
will be influenced by an area that can incorporate several disparate land cover classes. This can
often result in an observed bimodal phenological pattern as two peaks in vegetation productivity

may occur at dferent times in differing vegetation types. For instance, crop phenology is
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determined largely bthe timing of plantingandits peak growth is typically delayed compared

to surroundingecosystems. This results in two peakSiRover the growing seasénone as

natural ecosystems reach maturity, and a second as crops mature later in the growing season.
The NALCMS land cover dataset allowed investigation ofgikl land cover mixtures and

their impact orSIF variability. Our reslts highlight the necessity of high spatial resolution land
cover datasets in interpretationQif dynamics over regional scales. The 30m spatial resolution
of the NALCMS datasds ideal for this purpose as much of the forested area in Southern
Ontariois small and surrounded by agriculture. These regions appe@pésndor savannan

lower resolution global datasets such as the MODIS MCD12Q1 dataset as shown inFig. 1b.
NALCMS dataset provides high resolution land cav&ng consistent methodgp across all

of North Americathus future work will involve extending this study acrdks continent.

However, the analysis presented in this stadygl extensions to broader geographic ranges
would benefit from enhanced granularity of land coversyp®r instance, wetlands in Ontario
range in type from coast@lyphamarsh ecosystems, to beaver pgrahd sphagnum dominated
bogs and fenslyphasystems in Ontario are also undergoing invasioRlmagmites australis

a species with a distinct phenojogs compared to the domindntpha Differences in
phenology may thus occur within single land cover classgs\etland), due to differing sub
class, or due to shifting species composition as a result of invégealso note differences
between ouresults and Canadaide analyses of primary productivity, likely owitgthe
inclusion of diverseoniferous forest typaa a single land cover clags national scale studies
These challenges could be overcdmencluding consideration of both landwer class and
ecoregionn the analysigCommission for Environmental Cooperation, 1997)

Di fferences between crops may al so exist wit
Ontario hayfields are dominated by perennial grasses which are cut, dried, and baled for use as
animal feed. However much of the agricultural land in Ontario stsef planted crops

including corn, soy, and wheat which are seeded and harvested annually on a crop rotation
schedule and thus may vary from year to year. The authors plan to extend the analysis presented
here to a cros€anada assessmentSif phenology for agricultural types identified in the

Agriculture and Agrfood Canada annual crop inventgAgriculture and AgrFood Canada,

2020)i a 30m raster dataset derived from Landsegbentinel2 and RADARSAT2 showing
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crop type for each year betweer020and 2019 for agriculturally productive regions in Southern

Canada.

In this study, we focuprimarily on relative differences i8IF magnitude and consider these
differences to bendicativeof variations inGPP. However, much effort is currently being
dedicated towards understanding togariation ofSIFandGPP. Generally linear relationships
have been reported betwe®gh- andGPPat large spatial, and long temporal scatexl the

slope of these relationshipas been shown to valitle among land aver types (with the

largest differences explained by differences between C3 and C4 vegetatiatifferences in

the variation of photosynthesis and fluorescence during drp(igland Xiao, 2022)Such
relationshipgpermitus to map hoviGPP varieswith land cover anthtitude to support
assessment of carbon consequencesafonmental management decisidNenetheless, it is
important to note that these spatial patterns are generalized across land covendlaisses
analysisand would thus omit any variation within a classch as dynamics related to edge
effectsin forests(Morreale et al., 2021 prassessment of how spatial patterns of drought impact
productivity of a particular land cover tygeigh spdiotemporalresolutionSIF datasetsre thus

of high importance in photosynthesis research, inclugifrgproducts basedn surface
reflectanceandmachine learninge.g., GOSIF, Li and Xiao, 2019; CSIF, Y. Zhang et al., 2018)
spatial downscaling approachi@uveiller and Cescatti, 2016; Turner et al., 2020dnew
dedicatedSIF observing satellite systems.g.,the FLEX explorer, 300m 800m) Nonetheless,
the approach presented in this study provides a mapmfalGPP derived fromSIF at amuch
higher,30m resolutionthanhas yet been achieved through these alternative approatiees
highly detailed dataset holds information of v&ece to assessing land use conversions that

may occur at regional scales.

2.6. Conclusions

We investigated thasefulness of TROPOMIF in assessinghe phenology and magnitude of
carbon uptake through its ability to tragkpectediogeographic variatioresulting from land
cover and latitudeOur results emphasize tiaiF measurementsom TROPOMI are
influencedby the land cover mixture within measurement footpriassessed using the high

spatial resolution NALCMS datasétccounting for themixture of land covetypes in eaclSIF
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measurement sha@that SIF phenology follovs expected patterns relatedl&itude, urban heat

island effects, and land use for agrictdtu

SinceSlIF relates closely t&PP, assessment of differences3i phenology amongst land

cover types indicates ho@PPresponds to land use change at different latitutlels analysis
emphasizes that changes in apparent land surface phenology can be caused by changes in land
use, and these effects are appareftiidatasets. This has implications for monitoring the land
surface response to climateacige as well asuccess of natural climate solutions in achieving
carbon uptakeThese results have implications for the usefulne&$foin accounting for

regional carbon budgets and predicting and monitoring the impacts of natural climate solution

projects.

We anticipatehat continued iterations ttie NALCMS monitoringprogram,combined with
continued collection o8IF measurements from TROPOMI and other high resolugién

datasets will result in substantial insights into the carbon costs of land use change.

34



Chapter 3
The response of spectral vegetation indices and solar induced
fluorescence to changes in illumination intensity and geometry in
the days surrounding the 2017 North American Solar Eclipse

This chapter has been published in the Journal of Geophysical Reis@&wogeoscienceas:

Rogers, C. A., Chen, J. M., Zheng, T., Croft, H., Gonsamo, A., Luo, X., & Staebler, R.

M. (2020). The Response of Spectral Veget
to Changes in lllumination Intensity and Geometry in the Days Surrounding the 2017

North American Solar Eclipsdournal of Geophysical Research: Biogeosciences

12510), I 22. https://doi.org/10.1029/2020JG005774

3.1. Key points

1 We investigate how illumination affects spectral indices using a solar eclipse as a
shading experiment at the gzaf a forest canopy.

1 PRIchanges resulted from the 570nm reference band rather than the 531nm band
associated with xanthophyll pigment interconversions.

1 Sensitivity to multiple scattering may confound interpretation of spectral indices in

assessing vegggion.

3.2. Abstract

Remote sensing is a key method for advancing our understanding of global photosynthesis and
is thus critical to understanding terrestrial carbon uptake and climate change. Increasingly
sophisticated spectral indices including solar inddtmedscence$1F) and the photochemical
reflectance indexRRI) are considered good proxies of canopy structure, biochemistry and
physiology. However, the relative influences of illumination intensity and angle on these
measures are difficult to unravehrticularly at the scale of whole forest canopi#s. exploit

the solar dimming during the 2017 North American solar eclipse as well as a clear day before
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and cloudy day after the day of the eclipse. This novel approach allows us to assess changes in
spedral vegetation indices due to illumination intensity independent of changes in illumination
angle. Physiologically relevant spectral indices were most affected by dimming, with
illumination level explaining 97% of variability i8IF and 99% of variabilityn PRI during the

eclipse. The spectral change in reflectance through the eclipse period teatdianges iPRI
aredriven by reflectance differencesthe 570 nm reference band rather than the 531 nm signal
band associated with xanthophyll pigmarierconversions. This study refines our interpretation

of vegetation properties from spaweeth implications for our interpretation of signals related to
terrestrial photosynthesis derived from sensors spanning a range of illumination conditions and

angkes.

3.3. Introduction

Photosynthesis is the largest flux of carbon uptake in nature and plays an important role in
climate change mitigatiofle Quéré et al., 2018Accurately monitoring changes in terrestrial
photosynthesis 1 s ®&alchangecRemotasaensingbasmygdéas er a of
transformative contribution to deriving spatially continuous information on vegetation health
and leaf biophysical traits that can be used to model photosynthesis at various spatial and
temporal scale@Ryu et al., 20%; Schimel et al., 2015Much of this biophysical information is
derived from spectral indicesimple metrics that exploit spectral band combinations to
determine avegetation characteristic of interestd.,Normalized Difference Vegetatidndex
(NDVI) (Tucker, 1979) Spectral vegetation indices are used for their sensitivity to canopy
structure(Chen and Cihlar, 1996; Froelich et al., 2015; Huete et al., 1pRfhent content

(with particular attention to chlorophylBlackburn, 2007Croft et al., 2014a; Croft and Chen,
2017; Gitelson and Merzlyak, 1997; Sims and Gamon, 200@hysiological statu€&amon et

al., 1997; Mohammed et al., 2019; PorCastell et al., 2014Recent technological advances
have led to the operationatrieval of solar induced fluorescen&iK), which has been

suggested to be a more direct proxy of photosyntliésiser et al., 2011; Magney et al.,

2019a) The usefulness of spectral indices relies on their ability to uniquely respond to a target
variable rather than confounding factors such as irradiance levels andluimmation

geometry. Howevemany studies report sensitivity of vegetation indices to these confounding
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variablegBurkart et al., 2015; Leblanc et al., 1997; Morton et al., 28ims et al., 2011,
Zhang and Roy, 2016)

Previous research has examinedéifiects of viewillumination geometry and irradiance level
on spectral indices related to canopy structNi2VI tends to decrease at midday under clear
skies when a higher propion of the sensor field of view is filled by sunlit vegetation
(Beneduzzi et al., 2017; Gamon et al., 200®)is results in @ositiverelationship between
NDVI and solar zenith angle. However, this relationship is not apparent under cloudy skies
(Ishihara et al., 2015)

Separating the effects of illumination level, and vilumination geometry on spectral index
values is especially challenging for spectndlices that track fast physiological responses to
light stressUnder diffuse lighting conditions, (i,eloudy skies ohigh aerosol loading), light
can penetrate deeper into the canopy, illuminating more leaves. In contrassumdeskies a
smallernumber of leaves will be fully sunlit, and these sunlit leaves may receivelgééding
their light saturation point. As a result, at canopy scales, diffuse illumination conditions can
generally increase tHght useefficiency of photosynthesis asrapared to clear skig&nohl

and Baldocchi, 2008; Niyogi et al., 200Fhe Photochemical Reflectance Ind®R() tracks
light-induced stres@Gamon et al., 1992and thus shows promise in refining lighge
efficiency-based estimation of gross primgroductivity GPP) (Drolet et al., 2005; Gamon et
al., 1997) However, at canopy scald®Rlalso varies with shadow fractighlall et al., 2011,
2008; Hilker et al., 2008which confounds accurate estimatiorlight useefficiency (LUE)
(Zhang et al., 2017Under clear skies?RI measurements will be comprised of a mixture of
sunlit leaves that are light saturated and shaded leaves, whereas under cloudy skies the
measuement will irclude reduced illumination abp-of-canopyleaves as well as increased
illumination of lower canopy leaveslilker et al.,(2008)separated physiological from
directional effects of light oRRIusing a bidirectional reflectance distrilanifunction BRDF
model and an assumption that observations can be grouped by physiological status, which are in
turninferredfrom photosynthetic efficiency and sky conditions. However, this key assumption
may be violated by the tendency eéf traitsincluding the concentration of xanthophyll
pigments responsible for ngghotochemical quenching and the respondeRifto light stress,

to vary throughout the canopy profile across a light gradt&cdrtazza et al., 2016)he leaves

at each canopy level will be acclimated to differing light conditions and may differ greatly in the
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amount of light each leaf is receiving relative to its light saturation point. Pigment
concentrations are known to influence the relationshipRito light use efficiency, and this
gradient in pigments throughout the canopy profile may in turn affect how this relative light
saturation relates ®RI (Gamon and Berry, 20120 a modelling study, Barton and North
(2001)investigated the rolef solar and view geometry ¢R|, finding a strong sensitivity of
PRIto view angle. However, assumptions of the modelling approach included a consistent
relationship betweeRRI andLUE throughout the canopy. The vertical gradient present in
xanthophyllpigmentg(Scartazza et al., 2016)ggestshatthis assumption is unlikely to be
realistic. These factors confound interpretatiof?Bl signals at canopy scaleghere light
manipulation experiments are not possible. We aim to investigate how spetitres including
PRIvary with changing illumination level at the scale of a whole forest canopy under field
conditions exploiting the 2017 solar eclipse as a means to separate illumination effects from
view-illumination geometry effects. We anticipdbat the factors described will lead to
differing relationships betwed?PRI and illumination level under various sky conditions and

viewing angles.

SIF has been shown to relate directly to photosynthesis particularly over large spatial extents
and long temporal scales. Despite the growing body of literature on the relationship &ifween
andGPP (Frankenberg et al., 2011; Li et al., 2018; Xiao et 819 the mechanism by which
they relate remains poorly understood. Magney €R@ll9a)determined that seasonal variation

in photoprotection via xanthophyll cycle activity provsdemechanistic explanation linking
reducedSIF yield with reducedsPPin dormant winter evergreens. However, the phenology of
photoprotection differs across pldonctional types, and these findings cannot be extended to
broadleaf species which lose their leaves rather than invest in photoprotection through winter.
These large variations in canopy structure throughout the growing season lead to variation in the
fraction of photosynthetically active radiation absorli&aé AR by leaves and chlorophytnd

may be a driving mechanism for the tight couplings6fP andSIF in broadleaf forests

(Badgley et al., 2017; Magney et al., 2019b)asensitivity analysis ofhe SoitCanopy
Observation of Photosynthesis and Energy (SCOPE) model, which simulates the dynamics of
SIF at canopy scaléeaf inclination anglgleaf area indexandtotal chlorophyll contendire the

most important drivers &IF variability (Verrelstet al., 2015)Leaf emergence in spring

significantly precedes development of leaf chlorophyll content and photosynthetic capacity, and
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both of these decrease with senescence significantly before leaves fall from the tree in autumn
(Croft et al., 2017, @1L4b) This is another mechanism by whiGlPP may relate closely t81F

at seasonal time scales, as the variability in chlorophyll relates the capacity for photosynthesis to
the SIF resulting from the interaction of light with chlorophyll. Howev8it-is also directly

impacted by viewllumination geometry even whé&BPP and other physiological factors remain
constant. This is because tBE-signal is dominated by sunlit leaves whereas the contribution

of shaded | eaves i n dbysonpasisorfPinte et &il.i 2016Jheof Vv i e w
direction from which the canopy is observed under the same illumination conditions, can thus
have a strong effect on ti&F signal retrievedFor this reasonHe et al.(2017)propose a

correction to accourfor angular effects i51F data retrieved from the Global Ozone Monitoring
Experiment (GOMER. In the current study, we examine the variabilityst¥ with changes in
PARinduced by diurnal variation under clear skies, a solar eclipse, and dimming due to
cloudiness. This enaldassessment of whether the responsglbto PARIs consistent across
varying viewillumination conditions that could impact ti&¢F signal.SIF yield, calculated as

the ratio of theSIF signal to incidenPARIis also evaluated since, unlike other spectral indices

that are reflectanelkased and thus control for variability in illuminati@iF variability on a

diurnal timescale is primarily driven by changes in illumination. Evalu&ikgyield indicates

the efficiency with which vegetation fluoresces the illumination it absorbs, while controlling for

illumination variability.

The near infrared reflectance of vegetatiNilRV) is gaining attention for its ability to track both
SIFandGPP (Badgley et al., 2017NIRvis highly coupled witlSIF at global scales, yet its
simple formulation as the productDVI and either near infrared reflectance or reflected near
infrared radiance allogfor study at higher spatial resolutions compared to the course
resolutionsavailable forSIF. A distinction betweeNIRvformulations (i.e.reflectanceor
radiancebased) warrants some mention. While calculaliigvas the product dfiDVI and

near infrared reflectance accounts for incident radiation, calculdtiRgas the poduct of

NDVI and total near infrared radiance wiikteadvary with incident light. The latter has been
shown to traclGPP and photosynthetic capacity in proximal studigaldocchi et al., 2020; Wu
et al., 2020)Relatively few studies have investigdtviewangle effects olNIRy, though in
simulations using the SCOPE motléang et al.(2020)find that bothNIRvandSIF vary

similarly with viewing angleThus NIRvcanbe used to correct satellite derivetF for angular
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and canopy structural effects in relat®d- measurements from the orbiting carbon observatory
(OCO)2 toGPPderived from flux tower data. We extend our study to investigate illumination
and viewangle effects on reflectant@sedNIRV. In this study wexamine the variability of
SIFwith changes ifPARiInduced by diurnal variation under clear skies, a solar eclipse, and
dimming due to cloudiness. This enadssessment of whether the responsglibéto PARIs

consistent across varying vidgllumination conditions that could impact ti&F signal.

Angular effects are not limited to the spectral indices discussed thus far. View angle immpacts
spectral indices occur due to a variety of causetuding variation in the contribution of sunlit
and shadecehves to the signal observed by a sensor, as well as differences in the leaf level
reflectance of sunlit and shaded leaves. We thus add to our analysis amieteled for leaf
chlorophyll content estimatiofMaccioni et al., 2001 thathas been shawto perform best for
measuring chlorophyll content at canopy scale for a broadleaf forest in a comparison amongst 47
spectral indice¢Croft et al., 2014a)We also include in our analysis the enhanced vegetation
index EVI) as an alternative for compson to the widely useNDVI. EVI has improved
sensitivity in areas with high biomass, and a reduced sensitivity to both atmospheric and soil
background effectéHuete et al., 2002Although the atmospheric effects are unimportant at
proximal scale, ottr differences betwedflVl andNDVI may result. For instance, in a study
examining the impacts of topography B¥l andNDVI, the former was shown to be highly
sensitive to topographic effedfglatsushita et al., 200due changes in radiance on inclined
surfaces as a result of differing ssensor geometry. This effect would be important to the

interpretation oEVI data collected at proximal scale, where-sensor geometry also varies.

While similar questions have been examined by shading experimiéhéspot scale using dark

to light transition experimen{&amon et al., 2015; Harris et al., 201d0d through model

based investigation®arton and North, 2001)he 2017 North American solar eclipse on

August 21, 2017 provided amprecedented opportunity to examine the sensitivity of spectral
indices to changes in illumination level under field conditions while silesnination
geometry, canopy structure and Dbi omeckpse r e mai
conditions changes to illumination level are accompanied by changes in illumination angle.
Cloudiness results in diffuse illumination, whereas under clear skies the solar zenith angle will

be tightly coupled with downwelling irradiance as the sun rises and satdiomal cycle.

While studies that manipulate illumination at a plot scale have provided the foundations for our
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understanding of viewllumination effects on spectral indices, the 2017 solar eclipse allowed
for an analogous experiment investigating ttieot of illumination independent of illumination

angle at the scale of a whole forest canopy.
This paper will address the following research objectives:

1) To determine the responses in environmental conditions and vegetation to the eclipse and
other changem illumination throughout the study period,

i) to determine whether the physiologicatilated spectral indic&slF andPRIrespond to
dimminginduced changes in vegetation both during the eclipse and when variations in
illumination are accompanied by cluggas in illumination geometry,

iii) to determine whether spectral indices that are used to estimate canopy structure and leaf
biochemistry are stable under varying illumination levels resulting from the eclipse,
sunrisesunset, and cloudiness, and

iv) to explore thevariability in spectral indices resulting from canopy spatial variability and
sky condition.

We hypothesize th&RI should increase with an increase in 531nm reflectance as light falls
below saturating level§IF should decrease in response to a deergabght as it is a re

emission of some of the light absorbed by chlorophyll within leaf tissues. On the other hand,
indices not related to physiological changes should respond less to changes in illumination level.
We further anticipate that relationpiibetween light intensity and spectral index values will be
affected by spatial variability (due to diversity of tree species present at the site), as well as by
view-illumination geometryas this geometry will change the relative contribution of lower

canopy leaves to apparent reflectance and fluorescence signals.

3.4. Materials and methods

3.4.1. Field site and study period

All field measurements were taken at the Borden Forest Research Station located in Ontario,
Canada, at 4 4Fiydres'l shows iheldcatibnooithe study site and path of the
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solar eclipse. The map was developed using ArcGI§Eam 2020) The site is situated within
one of the largest patches of contiguous forest in southern Ontario and houses a fully
instrumented eddy covariance tower that has provided nearly continuous measurements of
carbon dioxide, energy and water vapour fluxes si®&6 (Froelich et al., 2015; Lee et al.,

1999; Teklemariam et al., 2009)he forest is comprised of a mixtureAxder rubrum L(52%),
Pinus strobus L(13.5%),Populus grandidentata MichX7.7%),Fraxinus americana L(7.1%),
andPinus resinosa Aif(1.9%), with other hardwood species accounting for the remaining 20%

of species compositiofi.ee et al., 1999; Teklemariam et al., 2009)

All measurements were collected during the period August 20 to 22, 2017. Thiddlrperiod
included a predominalytclear day (August 20), a clear day that included a solar eclipse
(August 21), and a predominantly cloudy day (August 22). At the location of the study site, the
solar eclipse on August 22017,began at 1:09pm EDT, reached a maximum obscuration of
75.2%6 at 2:30pm EDT, and ended at 3:47pm with a total duration of 2 hours and 38 minutes.

Borden Forest

Borden Forest

ob’“"’atio,,. ¢ Borden Forest

5 Kilometers.

Figure 3-1 a) Location of the study site and path of the solar eclipse that occurred over North America on August 21,
2017 (NASA Scientific Visualization Studio, 2016). Grey zones indicate the percentage of obscuration of the sun at
the maximum of the eclipse. b) Region within southern Ontario of the study site (Projection: UTM 17N). c) Sentinel-2
true color image of the Borden Forest site, acquired Sept 24, 2017 (ESA Copernicus, 2017). The tower position is
indicated in all three panels by the purple point symbol. The city of Toronto, ON, Canada is included as a green point
in panel b for reference.
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3.4.2. Field measurements

In order to assess environmental changes, and vegetation physiological changes throughout the
study period, the following measurements were extracted from the tower flux and
meteorological data. Fluxes of carbon dioxide were determined as the covariaveendagh
frequency measurements of vertical air velocity (Applied Technologies Inc., Type K sonic
anemometer) and fluctuations of carbon dioxide concentratiec@QR Inc., L}6262 infrared

gas analyzer) at a height of 33.4m. Wind speed and directiomezrsured at a height of 43m

(RM Young Wind Monitor Model 05103). Temperature and relative humidity were measured at
41m (Vaisala Temperature and Relative Humidity Probe HIG@). Photosynthetically active
radiation PAR) was measured by a tower mounkAR sensor (LICOR Inc., LF190SA). To

gain further insight into vegetation physiological changes, sap flow measurements were
collected using the heat ratio meth@irgess et al., 2001pFM1 Sap Flow Meter ICT
International, Armidale Australia). Flux amgeteorological data are plotted using the package
ggplot2 (Wickham, 2016)n the R statistical computing langua@eCore Team, 2020)

3.4.3. Canopy spectral observations

Multi-angular spectral reflectance measurements were collected during the study period using a
tower mounted spectrometer (UnisgeC, PP Systems, Amesbury MA) as described by Zheng
and Cher(2017) The UnispeeDC is a dual channel spectrometer, withcdyonized

photodiode detectors in the range JAM0 nm with a spectral sampling interval of 3.3 nm and
Rayleigh resolution of less than 10nm. The instrument was housed on the eddy covariance tower
at a height of 38 m in a weatherproof enclosure. The upfaaing detector was fixed with a

cosine corrector for sky irradiance measurement, and a downward facing probe-detiyr26€

field of view was installed on a pdift device to measure reflected radiance at multiple view
angles. Data acquisition and rioda of the partilt device was achieved using a custom control
software developed using MATLAB he Mathworks Inc., 2017Reflectance measurements

were collected every 3 seconds, cycling between 4 view zenith angles (43°, 48°, 53°, 58°) and
view azimuh angles ranging from 0° to 360° (excluding angles where the tower was within the
sensor field of view). A full cycle of measurements was completed approximately every 15

minutes. Throughout the study period, 33,034 spectral reflectance measurementdlectesl c
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and 158 pattilt cycles were completed. Subsequent analysis of canopy spectral observations
wasconducted in MATLAB(The Mathworks Inc., 2017)

Measurements were corrected for instrument dark current as a function of temperature. The
instrumentwas run with channel ports covered tightly in aluminum foil and placed in a dark
enclosure. The system was acclimated to a variety of temperatures and a highly linear
relationship between instrument dark current values and detector temperatures wedefaleriv

each of the 256 spectral sampling intervals on each channel. Measurements were subsequently
corrected by subtracting the dark current predicted as a function of instrument temperature,
channel and spectral sampling interval.

The sensor channels wamesscalibrated by pointing both probesrtically and coveringhem

with a diffusive dome to ensure consistent illumination of both spectrometer channels. In order
to also account for attenuation of the cosioerector, the cosine corrector was fittedhe
downwelling sensor channel throughout the cicagration procedureCross calibration
measurements were collected under varying light conditions (full sun, part cloud, shade, and
dark conditions). For each spectral sampling interval, the retdtipmetween upwelling and
downwelling channels digital numbers was highly linear. Linear regressions through the origin
were calculated to determine the relative sensitivity (regression slope) of the upwelling channel
to the downwelling channel ¢R0.93 br all spectral sampling intervals, ané>09 between

400nm and 1000nm). This regression slope is equivalent to thecaldsstion ratio presented

by Gamon et al2015) Reflectance was calculated for each spectral sampling interval
accounting forelative sensitivity of each channes:

% VU h i h Equation 3-1

o]o)

where'Y is reflectance at wavelength0 is the target radiance at wavelengfiv

is the sky irradiance at wavelengthandd 6 is the crossalibration ratio calculated as the

slope of the crossalibration model for wavelength

Half hourly averages of the calibrated 190SA sensor were used to scale the integral of
downwelling irradiance from the Unisp&C instrument in the photosynthetically active range
(4007 00 nm) t o u%siThisallosffor synolodndusrmeasurementsP#Rand
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spectral indices at high freguacy which would not be possible via direct comparison to the LI
190SA sensor as it is set up to monR&Raveraged every half hour. All comparisons between
spectral measurements d@adRmade in this study use tiRARmMeasurements derived from the

Unispes-DC instrument.

Spectral indices were calculated from the corrected spectral reflectance measurEamdats (

3-1) and fall into three general categories:

1 Physiological indicearedeveloped to monitor fast changes in light stress response and
track physiological processes occurring within the IB&tl( andSIF).

1 Structural indices are used to monitor canopy sirecand are sensitive to canopy
biophysical properties such as leaf area index and above ground bidiD34sE VI,
andNIR\).

1 Chlorophyll indices are used to measure chlorophyll pigment contenMate0lindex
Maccioni (2001) was shown to perform bstmeasuring chlorophyll content at canopy
scale(Croft et al., 2014a)and has been selected for use in this stivthc€0)).

Table 3-1 Spectral indices and their formulations as used in this study.

Index Name Formula Reference
R= Refl ectance at
'O =solar irradiance at wavelength
0 = target radiance at wavelendth
__| Photochemical _ Y Y
8| Reflectance Index oY "OW (Gamon et al., 1997)
=3 (PRI)
o
(2
>| Solar Induced 0 .0 0 .0
o Fluorescence YOO Efo o) 8 (Plascyk, 1975)
(SIF) 8
Normalized
Difference o s .,:'Y Y
= Vegetation Index LOW Y Y (Tucker, 1979)
5| (NDVI)
S
b - !O I uo
¢ | Enhanced Vegetatior O w v v (Huete et al., 2002)
Index c®
(EVI) Y ® Y X® Y P
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Near Infrared
reflectance of
Vegetation
(NIRV)

0 0Y 00wy (Badgley et al., 2017)

Chlorophyll index of T { Y
Maccioni, 2001 Y Y (Maccioni et al., 2001)
(Macc0)

Chlorophyll

The ability of a spectrometer to measure/detect a fluorescence signal is dependent on it having a

sufficiently fine spectral resolution (full width at half maximurWWHM), to resolve an

absorption feature in the downwelling spectrum with sufficient detail that infilling as a result of

fluorescence can be quantifigtulitta et al., 2016)Typically, with grounebased spectrometers,

the narrow @B band is used for resohg red fluorescence and the much widerAChand is

used for faired fluorescence. From the canopy reflectance spectra collected with the Unispec

DC instrument it is possible to observe theAband centered at 760 nm that is commonly used

in far redSIFretrieval. We used digital numbers from upwelling and downwelling channels of

the spectrometer, within and outside theACband in order to retriev&IF in arbitrary units.

Since fluoresceris not calculated from reflectance, the cioal#bration ratios between the

two detectors at 760nm and 756.7nm were used to correStRlvalculation for relative

sensitivity between the two instrument detectors as follows:

606 gO g0 0 g606 O
60 gO ¢ 66 O

“Y'O'O Equation 3-2

whered O refers to the relative sensitivity of the downwelling channel to the upwelling channel.

While it would be preferable to utilize a spectrometer withsaibometer spectral resolution

and radiometric calibration to retrie@F in absolute unit§Julitta etal., 2016; Meroni et al.,

2009) the UnispedC has been successfully used to retri@ifein other studiegPaut

Limoges et al., 2018)ur resulting data tracked the diurnal patterBARclosely. This diurnal
pattern can be expected sirgi€ is are-emission of a proportion of photons absorbed by the
chlorophyll molecule and should vary with illumination intensity. Similar results are reported by
other studies involving proximal remote sensingt# (Yang et al., 2018)
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For eaclspectral observation, the phase ang)ebgetween the solar and viewing angle was

calculated as:
AisO AT [0 AiTj0 OEfN OEfN AT | Equation 3-3

where— is the solar zenith angle; is the view zenith angle;- is the solar azimuth angle,

and— is the view azimuth angle.

3.4.4. Comparisons of spectral indices to changes in illumination and

view-illumination geometry

The temporal pattern in eachgetation index was examinagdainstvariations inPARfrom

August 2022, 2017. To evaluate the response of spectral indices to dimming for the whole
canopy, and to reduce the impacts of spatial canopy heterogeneity on spectral measurements,
averages wereatculated for each repeated sequeotview zenith and view azimuth angles.

The partilt device repeated the sequence of view angles every 15 minutes.-htialitb

averages were plotted with respect to time RAR The response of each vegetation intex
illumination level was also examined via a linear regression between the spectral iné&Rand
under each sky condition (clear, eclipse, and cloudy). Coefficients of determination were
calculated to determine the proportion of variability in each sgldodex that was explained by
changes ilPAR Regressions were compared to determine if the response of each spectral index
to PARdiffered depending on sky conditions (clear, eclipse, cloudy). To determine the influence
of view-illumination angle on spectral index values, theniiBute averaged spectral index

values were examined in comparison to average phase angle betweendheieersngle and

solar position.

Finally, to separate the impacts of sky condition, vikwnination angle, and illumination

level, individual 3second measurements (with no averaging) were grouped by phase angle,
view angle, and the fraction of light amating from the solar beam direction (itee beam
fraction, ("Q)). We determine the beam fraction following the empirical formuBlack et al.

(1991)to determine the diffuse fraction of incident light:
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Y Mt om) oY TRV p¥ &% CBIUWAY TEIT £quanon 34
Y ™ ohY 1@ 1
where'Y is the diffuse fraction of global irradianc®, is the total global irradiance, aRis the
ratio of Y to top of atmosphere irradiance calculated as the product of the solar constant (1360

W m?) and the cosine of the solar zenith angle. The diffuse fraction for total shortwave radiation
was then used to determine the beam fractid®@AdRas:

Q p pa% Equation 3-5

The factor 1.4 results from the higher diffuse fractioRARthan total shortwave radiation
owing to the preferential scattering of shorter wavelengths in the atmog¢fShpéters eal.,
1986)

Data were grouped into low (0 to 0.3), medium (>0.3 to 0.6) and high (>0.6) beam fraction bins.
The solar eclipse was separated as an additional sky condition group. Data were additionally
grouped into 25 quantiles of view azimuth angles.dazh pair of view azimuth angle and

beam fraction groupings (25 and 4 bins, respectively), a linear regression was performed
between the spectral index value &A&R Regression Bquared and slope were plotted to

examine the variability in goodness dfdnd sensitivity of spectral indices to changeBAR

for different sky conditions and view directions. A second regression model adding phase angle
as an additional explanatory variable was calculated and examined for significance of the phase

angle malel coefficient and improvement of regressiosd@iared.

3.5. Results

3.5.1. Temporal variability in meteorological variables, sap flow and

canopy fluxes of CO>

Figure3-2 shows the variation in environmental conditions that occurred throughout the study

period. August 20 and 21 were generally clear except for the eclipse, followed by overcast
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conditions on Augst 22.PARdecreased substantially during the eclipse, inducing a decrease in
temperature and corresponding increase in relative humidity. Net ecosystem productivity,
defined here as the net flux of idto the ecosystem, was highest on August 21 andshow
clear decrease during the solar eclipse. Net ecosystem productivity was lowest during the
afternoon and evening of August 22 durwlgich time light levels and temperature were both

low, thus limiting photosynthetic GQuptake. The eclipse also hadl@ar impact on the rate of

sap flow through a red maple tree close to the tower.
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Figure 3-2 Variability in a) PAR, b) air temperature, c) wind direction, d) CO: flux, e) Relative Humidity, and f) Sap
Flow, throughout the study period (in UTC). The eclipse period is indicated by vertical lines in each panel. PAR, air
temperature, CO:z2 flux, and sap flow decrease throughout the duration of the solar eclipse.CO: flux is positive in the
direction from atmosphere to ecosystem, showing a clear decrease in CO2 uptake resulting from eclipse induced
dimming.

3.5.2. Temporal variability in spectral indices under clear skies, during
solar eclipse, and under cloudy skies
The etipse provided an opportunity to test which of the commonly used spectral indices are

most influenced by changes in illumination. Variability in 3lDxes occurred as a result of

diurnal, eclipse and cloudiness induced chang@AR therefore we wouldexpectPRIand
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SIFto change if they indeed track light stress and rates of photosynthesis. We also assess

whether spectral indices related to canopy structure are insensitive to this solar dimming.
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Figure 3-3 a) PAR, b) NIRv, c) SIF, d) SIF yield calculated as SIF/PAR, e) NDVI, f) EVI, g) Macc01, and h) PRI are
plotted over time throughout the study period (in UTC). The color of each point indicates simultaneous PAR
measurements to highlight sensitivity of each spectral index to changes in illumination level (PAR) in pmol/m?/s.

FromFigure3-3 it is clear that both of the physiologicalhased spectral indiceBRIandSIF,

exhibit temporal variability that tracks changes in inconi®@dR The decrease in illumination
that occurred dring the solar eclipse coincided with a notable increaB&®Rirandadecrease in
SIF. SIFyield (calculated aSIFPAR generally increased with illumination level. These
general patterns are as expected sitRRedecreases under conditions of exced# l{gxhibiting
an inverse relationshipgIF should have a direct relationship with irradiance as it is a re

emission of a portion of absorbPAR (PorcarCastell et al., 2014)
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The structural indeXDVI exhibited a minimal response to changigRthroughout the study
period. While changes iNIRvandEVI occurred throughout the study period, relative changes
were small in magnitude. The small responsiDBVI, NIRv, andEVIto changing?PARmatches
expectations as structural indiakespend onto biomas, which would not have changedtably
over the 2 hour an88 minuteduration of the eclipse or throughout the study period duration.
The chlorophyll indesMacc0Olexhibited a minimal increase during the solar eclipse. However,
dawn and dusk conditions as well as dimming caused by clouds caused a dedvieas®1n
values. Nonetheless, the overatgnitudeof changes itMaccOlwasalso small, ranging from
0.7 to less than 0.8.

3.5.3. Sensitivity of spectral indices to dimming under clear, eclipse, and

cloudy skies

The consistencyf the relationships betwe®ARand each spectral index under the three
illumination conditiongs investigated furthefFigure3-4 demonstrates varying levels of
correlation between spectral indices &&Runder clear skies, witBIF andNIRvpresenting

the strongest (R= 0.92), and weakest R v p 1) relationships under clear sky conditions,
respectively. Full details of the regression results are preseniathlie3-2. Notably,PAR
explained 99% of variability iPRIand 97% of variability irSIF under eclipse sky conditions.
The relationship betwedPRlandPARunder clear skies displays notable hysteresis. The
temporal pattern iPRIshows that dawn values BRI are much higheihan those in the

evening, despite similar illumination levels. As a redeR]) values at lowPARfall into two

distinct groups (morning and evening) leading to a weak general relationship bEfRiesmd
PARunder clear skies. This hysteresig’iRl was sill present, but to a lesser degree during the
day of the eclipse, with evening valuedRitl being only slightly lower than morning values
(Figure3-4e). This suggesthat the midafternoon timing of the eclipse may have mitigated the
mid-afternoon temperature and moisture stress typical under clear skies, and that this reduction
in stress may in turn have affected Biel signal.Figure3-2 shows that relative humidity was
lower on the afternoon of August 20 than August 21 (the day of the eclipse), which may be
related to higher need for dissipation of excess ligtauiiph the xanthophyll cychhich, in

turn, would causa decrease i?RI. Under cloudy skies, there was a negative relationship
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betweerPARandPR], similar to during the eclipse, but with substantially more scatter (lower
R2=0.11). This scatter may result in part from the small ran§&\R with low values
throughout much of the day, as well as hysteresis in the respoRBe tofPARwith differing

morning and eveninBRIlunder similar illumination levels.

NDVI is significantly positively correlated witRARonly under clear skies. The relationship is
largely driven by low values of botiDVI andPARiIn morning and evening. These values

occur when the sun is lowest in the sky, but also at azimuth angles furthest fronAsdbth.

sensor is mounted on the south side of the tower, the sun illuminating the canopy from the east
or west would allow for observations closer to the hotspot than would be possible when the sun
illuminates the canopy from the south. RBVI values wold be lowest closest to the hotspot,

this finding of lowNDVI at morning and evening is thus likely caused by vigwmination

angle effectsNIRv, EVI are not significantly correlated witPARunder any sky conditions.

MaccOlpresented much more scatitethe relationship witiPARunder clear skies. Although
the relationship betwedviaccOlandPARwas significant under clear skié¥A\Rexplained only
6% of the variability ifMaccOlvalues.PARexplained 91% of the variability iMacc0lduring
the eclipseand 31.4% under cloudy skjedbeit with a reversal in slope (p<0.001). This
suggests that changing illumination angle affétésc0lvalues differently than does changing
illumination level alone. Nonetheleshanges ilMaccOlvalues and slopes of thegressions

with PARwere small throughout the measurement peri@ble3-2).
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Figure 3-4 Regression plots for SIF (a, b, c), PRI (d, e, f), NDVI (g, h, i), EVI (j, k, 1), MaccO1 (m, n, 0), NIRv (p, q, r)
compared to PAR under Clear, Eclipse, and Cloudy sky conditions, respectively. The colour of points indicates the
time of day, with a consistent scale for each plot column to enable visualization of hysteresis where spectral index
values can differ at the same illumination condition at differing times of day (e.g., PRI, panel d). Regressions on the
day of the eclipse include data only during the duration of the eclipse while data for other time periods are plotted in
light grey for reference only.
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Table 3-2 Regression results for comparisons of spectral index values to PAR for each day of the study period.
Regressions for the day of the eclipse include data only during the duration of the eclipse. Regression results
significant at a threshold p<0.05 are in bold.

Index | Sky condition Parameter Estimate | DF RMSE R p-value
Clear g‘;‘zﬁiif:m éizéoz 78 |513 92 <.0001
SIF | Eclipse 'é‘ct)ee';‘f:iif’ém 5_5323 8 26.3 96 <.0001
Cloudy g‘;‘zﬁiif:m ?3437'74 47 | 247 88 <.0001
Clear e o |78 | 000627 0018 | 0239
PRI | Eclipse pereeR 0 s |8 |0000454] 099 | <0.0001
Cloudy pereeR 1002 o a1 |o0se2 |11 <0.05
Clear g;iﬁiif’ém 2:5733905 78 |.0381 | .46 <0.001
NDVI | Eclipse e o o |8 | 0115 032 |0623
Cloudy 'é‘;ee';‘;if’etnt 2:52605 47 | 0549 |.022 |0305
Clear pereeR 1% 5 |78 00109 | 000381 | 0587
EVI | Eclipse 'é‘;i';‘;if’etm 2:;;%06 8 0.00101 |0.307 | 0.0964
Cloudy g;i';‘;lif’etnt g:égim 47 |0.0165 |0.000119| 0.941
Clear g;iﬁii?;m g:;gios 78 |000414 |0.0626 |<0.05
Macco1| Eclipse e T s |8 | 00007560013 | <0.001
Cloudy g;iﬁlif’;n t 2;22 s |47 |000464 0314 <0001
Clear g;i';‘;lif’etnt g:ggios 78 | 0.00489 |5.07¢05 | 0.95
NIRv | Eclipse g‘;i';‘;lif’etnt g:g%m 8 0.000442 | 0314 | 0.092
Cloudy g‘;i';‘]fii?etm 2:22206 47 |0.00731 |0.00142 |0.797
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3.5.4. Difference in spectral reflectance resulting from solar dimming

To investigate the causes of changes in response of spectral indices to changes in irradiance
levels during the solar eclipse, we plot the relative changes in reflectance spectra across the

visibleNIR wavelength range-{gure3-5).
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Figure 3-5 a) Two spectra plotted show mean canopy reflectance. One spectrum was collected immediately
preceding, and the other at the maximum of the solar eclipse. Differences between these two reflectance spectra are
nearly imperceptible. b) Difference between these mean canopy reflectance spectra between start and peak of the
eclipse at each sampling wavelength. Vertical lines are shown at 531nm and 760nm, the wavelengths associated
with changes in PRI and SIF, respectively.

Examining the full spectrum of resp@ns reflectance to eclipseduced dimmingndicates

that dimming does not affect each spectral band equadyre3-5). Where the change in
reflectance is positive, the reflectance at the peak of the eclipse was higher than at its start.
Where the change in reflectance is less than zero the reflectance decreased during the eclipse
compared to at its stalowever, in calculating spectral indices lthe@ band combinations at
different wavelengths, it is the not the absolute magnitude of changs ithabrtant but rather

the relative differences between spectral bands used in the Reflectance generally

increased in visible wavelengths (4%00m) but increased less in green wavelengtiesr

550nm) than for the remainder of this range. Reflectance generally decreased in the near infrared
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wavelengths between 700nm and 800nm but decreased less near 760nm, the wavelength

associated witlsIF detecton using the telluric ©A band.

The larger increase at wavelengths with lower leaf reflectance (blue ~4@0dmed ~680nm)
suggests a multiple scattering effédultiple scattering is less influenced by leaf reflectance for
diffuse radiation than fadirect radiationcreating an effect mirroring that of leaf spediTden

et al., 2014)This is becausthe reduction in multiple scattering when direct radiation

diminished during the eclipse differs among spectral regibims reduction in multiple

scattering was smaller at wavelengths with lower leaf reflectance such as in the red region of the
visible spectrum relative to the change in multiple scattering in spectral regions where leaf
reflectance is high such as in thear infrared. Hencéhe small differences in the dimming

effect at different wavelengths signify changes in the multiple scattering contribution to the total
reflectance. For the same reason, near infrared reflectance decreased most during the eclipse

because multiple scattering was the strongest under full light conditions and diminished during

the eclipsé

Following the pioneering work ¢fSamon et al., 1990yve anticipated a spectrally narrow
increase in reflectance in response to dimming censerathd 531nmhowever no feature was
observed. The spectrally wide feature centered around 550nm may instead drive the observed
changes ilPRIrather than the 531nm signal associated with xanthophyll cycle pigment
interconversionsThe width of the feate also suggests that a reference band of 570nm used in
calculatingPRImay be affected by changes in illumination level relative to neighboring regions

of the spectrum.

The sharp feature centered around 760nm shows that fluorescence accounted fer a small
decrease in apparent reflectance compared to neighboring spectral regions. This is consistent
with observations of increa$&dF Yield during the eclipse perideigure3-3.

The spectral reflectance change also explains the stabilpwl, NIRv, EVI, and instability of

MaccO1through the duration of the solar eclips®VI, NIRvandEVI are calculated

1 A modetbased analysis of multiple scattering effects on canopy reflectafizehier discussed in Appendix A.
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combinations ofeflectance values measuradd7(m, 680nm, and 800nnT&ble3-1) which

are similarly impacted by the eclipse. HowewgaccO0lutilizes bands at 680nm, 710nm, and
780nm which are each impacted differently by the eclipse. In fact, the slope of the spectral
change in reflectance is steepest between 680nm and 7&gplaining the high sensitivity of
Macc01to changing illumination. Other studies formulaBVI andEVI with varying band
combinations within the red and near infrared range. The sensitivitgs# thdices to changing

illumination may be affected by the band selectionithased in the calculation.

3.5.5. Effects of view-illumination geometry on spectral indices

To separate the effect of vieMumination geometry from illumination level, we calculdtéde
average phase angle between the sun and the sensor for each setafglaitieasurements.

Figure3-6 reveals how the phase angle between ilhation and viewing direction varies with
illumination under each sky condition, as well as the variability in each of the spectral indices
examined. The range in phase angle dutfiegsolar eclipse was less than 4 degrees
demonstrating the degree to whitle eclipse minimized effects of changing vighymination

geometry.

Under clear skies, there is a noticeable negative relationship between phase angle and spectral
index values foNDVI, andSIF. Under cloudy skies, we should anticipate the phase angle to be
unimportant as the illumination received from the sun would be diffused as it passes through a
cloud. It thus would not intercept the vegetation surface from the angle of the sun used in
calaulating the phase angle. As such, the noticeable relationship between phase angle and values
of the spectral indiceDVI, PRIandSIF under cloudy skies can be assumed to result from

changes in illumination.
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Figure 3-6 Scatterplots between phase angle and SIF (a, b, c), PRI (d, e, f), NDVI (g, h, i), EVI (j, k, I), Macc01 (m, n,
0), and NIRv (p, g, r). Colours indicate PAR at the time of measurement in pmol/m?/s. Plots for the full day of the
eclipse are shown in grey for reference and coloured by PAR values during the duration of the eclipse. Note that
although a relationship between phase angle and spectral index values emerges on clear days, these changes are
accompanied by changing PAR illustrating the challenges in separating the impacts of view-illumination geometry
and illumination level under normal conditions. During the solar eclipse indicated by the coloured points, large
changes in PAR occurred independently of phase angle which changed by less than 4 degrees.
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In order to further disentangle the factors influencing spectral index y&8ilEe®RI, andNDVI

were examined furtheNIRv, EVI, andMacc0lexhibited small changes in index value

throughout the study period and thus were not included in the additional analysis. Individual
measurements were grouped by view azimuth angle (25 quantiles) and beam fraction (bin 1: 0 to
0.3, bin 2: >0.3 to 0.6, bid: >0.6, with an additional grouping for the eclipse, bin 4). View

azimuth bins correspond to data divided into groups containing an equal number of data points
ranging from 267.5 degrees (bin 1) to 162.5 degrees (bin 25), passing through zero. Regression
between spectral index values @Rwere performed on data falling into each pair of beam
fraction and view angle groupings. Regressions were tested for significance at a threshold of
p<0.05. A second set of regressions adding phase angle as antexplea@able were added to
determine if the addition of phase anglelairs a greater proportion of variability in the

spectral index value th@ARalone. In the multiple regressions including phase angle, the
regression coefficient for phase angle \aB® tested for significance at a threshold of p<0.05.

Each of the 100 regressions for each of the three spectral indexes contained between 50 and 425

data points.

Figure3-7 shows that there is variability in the slope anddrared for regressions between
PARand spectral index values when grouped by sky conditions, and view angles. Variability
among view azimuth bins is related to spatial heterogeneity of the ¢araspy (i.e.differing
tree species or canopy gaps). BtfF, model Rsquared showed best fit for eclipse data,
followed by clear sky data (bin 3). In contrast RRR|, clear skies yield significant regression
results for most view angles, but with lowsguared. Eclipse sky conditions show higher R
squared betwedPrARandPRI. These results are generally consistent with the pattern of
improved Rsquared values fd?RIversusPARunder eclipse conditions reportedrigure 3-4.
However, the generally lower-8juared values for the instantaneous data rather thaminlLie
averages showbatspatial heterogeneity introduces variabilityARI response t®AR Under
medium and highly diffuse sky conditions associated with cloudiness (bins 2, andPR}) R
squared valueare lower with many regressions producing insignificant restitsvever, for

SIF, regression resul&e significant with higher Rsquared than the other indices.

ForNDVI, models produce highest$Ruared at bins corresponding to view azimuth angles
ranging from 90 to 160 degrees (binsZ&). These view angles areganopy viewing

directions ranging from east to nearly south of the tower which may capture a high range in
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shaded canopy fraction throughout the day. The pattern is weakly mirrored at bins
corresponding to more western view directions under clear Jtiesabsence of this pattern or
significant relationships betwe®&DVI andPARat most view angles during the solar eclipse

suggests that this pattern is a result of vikwnination geometry effects.
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Figure 3-7 R-squared and model slope for regressions between spectral indices and PAR for groups of beam
fraction and view azimuth. The bins for beam fraction correspond to values as follows: bin 1: 0 i 0.3 (mostly diffuse),
bin 2: >0.31 0.6 (partly diffuse), and bin 3: >0.6 (mostly direct). View azimuth bins correspond to data divided into
groups containing an equal number of data points ranging from 267.5 degrees (bin 1) to 162.5 degrees (bin 25),
passing through zero degrees from North. The regressions in panel a, d, and g, relate the spectral index to PAR
only. The plots b, e, and h indicate the model slope for the regressions shown in a, d, and g. Panels ¢, f, and i
include phase angle as an explanatory variable in a multiple regression between spectral indices and PAR. White
tiles indicate regression models that were not statistically significant (p<0.05) (a, b, d, e, g, h) or where the coefficient
for phase angle was not statistically significant (p<0.05) (c, f, i). View angle impacts regression goodness of fit and
slope demonstrating spatial canopy heterogeneity in the response of spectral indices to changing illumination.
Regressions for PRI and SIF exhibit highest R-squared under eclipse conditions, and low variability in slope with
view azimuth.

For all three indices, model-8uared valueare improved by the addition of phase angle, but in
some viewing directions, and undense sky conditions the phase angle coefficient
insignificant, indicated by whitgles inFigure3-7 c, f, and j. FOISIF andPR, regressionare
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significant at most view angles, whereas¥ti»VI several pairs of view angles and sky
conditions yield insignificant regression results. Lastly, regression slapsome instances
positive betweePRlandPARunder clear skied~{gure3-7e). This is the opposite to the
expected negative relationship betw@&l andPAR suggestinghatmechanisms other than
xanthophyll cycle activityare responsible for the resulting change®Rl at these view angles

and under these sky conditions.

3.6. Discussion

With physiologicallysensitive metrics such &F andPR], it is challenging to determine

whether index changes are related to physiological processes, seasonality of leaf chemistry or
canopy structure, or to physicaliglated processes such as-sblfding within the canopy.
Meanwhile, the photosynthetic fluxes we aim to assess with speci@srate highly sensitive

to illumination Figure3-2). Although interconversions in xanthophyll pigments can occur on

the time scale of seconds to minutes, canopytsire and total pigment pools respond only

slowly to environmental conditions. By examining changes over the duration of the eclipse, we
ensure that variability in the spectral indices did not result from variations in constitutive leaf
chemistry, canopytsicture or changing contributions of shaded leaves, but rather purely as a
result of variations in physical and physiological processes including the rapid epoxidation and

de-epoxidation of xanthophylls.

PRIwas more variable than w&F, however PRI still showed some simildy across all sky
conditions if afternoon and evening values are excluded for the cledfyistgresis irPRIwas
evident on the clear day but not during the eclipse, suggesting that Hadtenrcbon timing of

the eclipse may have mitigated the raiternoon temperature and moisture stress typical under
clear skies. This is consistent with the findinggHifjgins et al., 2019who documented
reductions in air temperature throughout the 2017 North American Eclipse at three field sites
within the path of totality. We also report reduced air temperature and increased relative
humidity in Figure3-2 which may act as triggers to allow physiological light dissipation
mechanisms to relagoemmigAdams, 199Q)Furthermore, we see a clear decrease in sap flow

consistent with stomal closure and reduced water loss through transpiration at the top of the
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vegetation canopgBovard et al., 2005)This along with reduced G@ptake indicates

photosynthetic reduction during the solar eclipse.

The hysteresis noted PRI is driven by hgh morningPRIvalues during the clear day. It is

worth noting that Harris et &2014)reported a similar diurnal patterniRIin a study
comparingow-cost2-channelPRIsensors to a Unispd2C instrument. They attribute high
morningPRIto instrument error and considered the possibility that error was introduced by the
cosine corrector at high solar zenith angles. Gamon @l5)similarly report noise in thBRI

signal of SRS sensors (produced by Decagon, now METER) at high solar zenith angles, and
suggest these noisy values may result from interacting effects of sun angle and sky conditions.
Although a Unispe®C instrument was used as the benchmark in both stutliiemains

possible that the higher morniRdRI values we report may be influenced in part by instrument
specific spectral responses to illumination conditions (cloudiness, and solar zenith angle). These
potential effects would not be relevant during solar eclipsevhen the illumination level

changed dramatically with less than ten degrees change in solar zenittCangleting for
hysteresis ilPRIwould requirecharacterization of its various potential causes, including-view
illumination effectsjnstrument specific responses to illumination conditions, and biological
responsedviore sophisticated fieldeady spectrometers are becoming available with higher
spectral resolution and the potential for radiometric calibration. Further study with more
sophisticated instrumentation may help to further characterize and/or eliminate these potential

sources of error.

Figure3-5 shows a spectral feature centered arotechtinimum absorption wavelength of
chlorophyll, and a feature in the near infrared. These features suggest differing effects of
multiple scattering before and during the eclipse. The spectral feature in the green wavelengths
in Figure3-5 overlaps the spectral bands used in calcul®iRgand demonstrates hddRl is

impacted by multiple scattering in the vegetation canopy.

Other studies have attempted to control for veewgle effects in assessing canopy saté

dynamics. These studies largely focus on the relative contributions of shaded and sunlit leaves
and devise schemes to separate t(ida# et al., 2008; Hilker edl., 2008; Middleton et al.,

2009; Zhang etal.,2017) Thi s separation can help to accc
Aconstitut i(@anon addBerfy,201@)mhe sessor field of viewVhen
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comparing diffuse and direct light conditiomanopy structuragffectsbecome importanin
particular, since under diffuse illumination conditions light is able to penetrate to deeper layers
of a forest canopy, the overall reflectancéhatcanopy scale will be more affected by leaves
lower in the anopy under diffuse conditions than under sunny skies. Under sunny skies, the
lower canopy will be in deep shadow and not contribute as significantly to the overall
reflectance of the canopy as compared to sunlipteganopy leaves. Across all spectradices
assessed, we observe much smaller coefficients of determination for regressions BAfReen
and index values under cloudy skies than under clear or eclipse sky conditions. This suggests
thatdiffuse illumination results in additional variability the spectral indices that cannot be

accounted for byPARalone.

The eclipse allowed for assessment of differences in spectral reflectance and spectral indices in
theabsence of changes in view illumination geometry. There should therefore be minimal
difference in the respective contribution of shaded and sunlit leaves throughout the eclipse.
Nonethelessa spectrallyvarying change in reflectance is observed. These results are surprising

in the context of sensingRl at thecanopy scale. Based on the pieneg darkto-light

transition experiment of Gamon et @990) we anticipated this natural shading experiment to
reveal a narrow feature centered on 531nm. This would increase 531nm reflectance compared to
that at the reference band of 570nm througlioe: eclipsecausing an increase RRI. We

instead observe a wider feature at longer wavelengths associated with minimum chlorophy!l
absorption. This feature shows decreased reflectance at the 570nm reference band relative to the
531nm band associatedtiwfacultative changes in xanthophyll pigments. This has the ultimate
effect of increasingRI during the solar eclipse (the result anticipated), but these changes in

index value result from 570nm reflectance changes rather than those at 531nm. Thk spectr
reflectance change also explains the stabilitib¥/1, NIRv, andEVI, and the instability of
MaccO1lthrough the duration of the solar eclipse, based on the band combinations used in the
calculations of these indices. This whole canopy shading experiment demonstrates challenges
that may occur in interpreting spectral indices at canopy (or larger) sshlek,are obscured

under normal conditions that preclude separating illumination andilienination geometry

effects.

A modelling study by Barton and Norf@001)aimed specifically to investigate the expected

role of view angle, and canopy structimerariability of canopyPRI measurements. However,
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in their modelling approach they assume a consistent relationship betWEemd assumthat
changes inLUE alone drive changes PRI This assumption simplifies the interpretation of the
results allowing for clear presentation of the importance of canopy geometry and view angle
effects onPRIbased on expected differenced IbE. However, the results presented here
demonstrate that tHeRI signal may be affected by scattering within the canopy thrtis
intrinsically linked to changing physiology ahtJE at the scale of individual leaves. Future
experiments may benefit from measurements of the diffuse fraction of illumination as well the
use of imaging spectrometers to help disentangle the rolalif &d shaded canopy fractions

under different illumination conditions.

We find that values diiDVI, EVI, andNIRvare insensitive to changes in illumination in the
absence of changes in viglumination geometryFigure3-3 andFigure3-4). However, during

the clear day when vievlumination geometryandPARvary in tandemNDVI displayed high
variability. The variance of reflectance spectra with vibwmination geometry has been shown

to differ between the visible and near infrared portions of the electromagnetic spectrum, which
are used iMNDVI calculation. In a modelling study,eblanc et al.(1997)demonstrate that

NDVI varies with viewillumination geometry dependent on the proportional contribution of
shaded leaves observédtkar infrared reflectance decreases less in shadow than does red
reflectane owing to the strength of multiple scattering in the near infrdieel strong multiple
scattering in the near infrared makes shadow
As a resultNDVI which is based on the red and near infrared bandsases with the shadow
fraction observedrigure3-6 shows a decrease NDVI with phase angle. High phase angles in
Figure3-6 correspond to sunrise or sunset conditions. As the sensor was mounted on the south
side of the tower and observed the canopy from the north direction, it would therefore mostly
observe the shaded side of toeewns near noon when the sun is illuminating the canopy from
the south, resulting in higdDVI values. Near sunrise or sunset, when the phase angle was
larger, the sensor could observe a larger fraction of the sunlit crowns. The observedDaiver

at sunrise and sunseF{gure3-2 andFigure3-4) is thus consistent with theoretical basis which
showsNDVI decreases with sunlit canopy fraction. Further study to characterize view angle
effects at the scale of forest canopies may befmefit alternative sensor placement. In this

study, the Unispe®C instrument was placed on the south side of the tower preventing

observation of the hotspot where view angle effects on reflectance and spectral indices are most
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severgBeneduzzi et al., 201 amon et al., 2006Yhe hotspot, or the portion of the canopy
where sunlit leaves would be maximally observed with |oMBY1 values, was obscured by the
tower (excluded in the data), leading to higher canopy avéiBy# values(Leblanc et al.,

1997)

Future efforts should target collection of spectral measurements throughout solar eclipses to
further examine the impacts of illumination and viglwmination geometry on spectral indices.
In further study, the use of high spectral resolution, teatpex controlled, radiometrically
calibrated instrumentation rather than the Unisp&cinstrument used in this study would
minimize the need for dark current correction and detectsscalibration. This would reduce
thepotential for instrument respagsto impact spectral index calculations. Imaging
spectrometers capable of spectrally resolvingPiRéandSIF signals may also provide

particular insight to the relative importance of sunlit and shaded leaves in interpretation of
spectral indices at theeale of forest canopies. Instrumentation to separately measure diffuse and
direct illumination may also aid in elucidating variations in illumination angle due to haze and
cloudiness aiding interpretation of results related to eclipse induced dimmitlg, Las
positioning sensors to observe the hotspot effect may help characterizéwi@wation angle
effects particularly if applied over homogenous canopies with minimal canopy spatial
heterogeneity.

The viewillumination geometry of satellite data acsjtion has been implicated as a source of
variability in the estimation of terrestrial variables of interest. Satellite observations of Amazon
greenup were found to be an artifact of ssensor geometrfMorton et al., 2014; Samanta et

al., 2010) Hilker et al.,(2015)showed MODISEVI to be sensitive to directional effects,

affecting estimation of leaf area indeb(). Angular normalization oBIF has been shown to
better relate t&sPP (He et al., 2017)and viewillumination geometry affectthe slope of
relationships betweeslIF andGPP(Z. Zhang et al., 2018)nclusion of phase angle as an
explanatory variable in regressions between spectral indicd®ARad/as significant only for

some view angles and sky conditions. Exclusion of thegaodtmay have limited the sensitivity

of our analyses to view angle effects on spectral indices. Future study would benefit from
experimental setups that capture the full 360 degrees of view azimuth surrounding the sensor to
capture the hotspot effect. 8tas in homogenous canopies would also help mitigate challenges

introduced by spatial canopy heterogeneity.
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3.7. Conclusions

It is well established that most spectral indices are sensitive to bothlhisination geometry

and illumination level, which areraultaneously affected by cloudiness and diurnal movement

of the sun with respect to the target of interest. Despite the importance of assessing how
illumination affects spectral indices, it is impossible to manipulate illumination levels in a
controlled maner at the scale of a forest canopy. In this study we exploited the drastic reduction
in illumination level that occurred during a solar eclipse as a natural shading experiment to
evaluate the impact of illumination level while controlling for changeumination geometry

at the scale of a whole forest canopy.

The method presen&nopportunity to validate our understanding of directional effects under
field conditions. Cloudiness induced additional variability in the relationships between spectral
indices andPAR indicating that diffuse illumination causes changes to spectral index values in
ways that cannot be accounted for by changes in illumination level alone. Accounting for phase
angle at each view azimuth angle under varying sky conditionsajigrienproved relationships
betweerPARand bothPRIandSIF. However, the spatial variability in the canopy, and lack of
visibility of the hotspot north of the forest tower limit further separation of these effects.

While NIRvandEVI were relatively stale throughout the measurement perfd®VI1 exhibited
decreases at dawn and dusk under clear sky conditions. These patterns are consistent with view
illumination geometry effects, &DVI decreases with the proportion of sunlit canopy which

would be maximally observed during these time periods from the sensor mounted on the south
side of the tower.

We find that sensitivity of spectral indicesRARresults from the spectrally varying pemse

of the canopy reflectance to dimming. Althougl andPRI varied as expected with
illumination, changes iRPRIwere affected by the spectrally varying response of reflectance to
the eclipse in an unexpected way. We anticipgtatdimming would reslt in a 531nm

increase in reflectance. Howevese instead attribute changesHRIto decreases in reflectance
at 570nm relative to reflectance at 531M\WWe also attribute sensitivity dacc01to the spectral
change in reflectance, as the index is daled using bands that are differently affected by

dimming during the solar eclipse. Examining the difference in reflectance between the start and
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maximum of the eclipsmdicatesthat these spectral indicasesensitive to multiple scattering

of photondn the plant canopy rather than the biochemical changes that they were designed to
detect (.e., xanthophyll cycle interconversions in the cas®B1, and changes in chlorophyll
content in the case dMacc0)). This sensitivity may confound interpretatiohspectral indices

at the scale of forest canopies and beyond.

The next solar eclipse in this regissan annular eclipse at sunrise on June 10, 20%is

will be followed by a total solar eclipse on April 8, 202daching its maximum at 3:19pm EDT.
The present study demonstrates the potential to exploit eclipses to better understand how
spectral indices respond to changes in light conditions. We anticipate broadening these eclipse
based investigations ovrture eclipseevents to explore questionglight partitioning at the

canopy scale, and how they can be detected through remote sensing techniques.
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Chapter 4
Daily leaf area index from photosynthetically active radiation for
long term records of canopy structure and leaf phenology

This chapter has been published in Agricultural and Forest Meteorology as:

Rogers, C., Ched, M., Croft, H., Gonsamo, A., Luo, X., Bartlett, P., & Staebler, R. M.
(2021). Dally leaf area index from photosynthetically active radiation for long term
records of canopy structure and leaf phenoldgyicultural and Forest Meteorology
304 305, 1084 . https://doi.org/10.1016/|.agrformet.2021.108407

4.1. Highlights

1 We present four methods to calculbfd on a daily basis frolRAR
1 Each method shows high linear correlatrath MODIS andLAl-2000datasets
1 All methods provide a precise indicationstért and end of the growing season

1 PARbased_ Al has broad potential to reveal phenological response to global change

4.2. Abstract

Leaf area indexL(Al) is a critical biophysical indicator that describes foliage abundance in
ecosystems. An accurate and continuous estimatibAlat therefore desirable to quantify
ecosystem status and function (ecgrbon and water exchange between the land surfacdan
atmosphere). However, deriving accuratd measurements at regular temporal intervals
remains challenging, requiring either destructive sampling or manual collection of canopy gap
fraction measurements at discrete time intervals. In this studyreser four methods to obtain
continuoud_Al data, simply derived from above and below canopy measurements of
photosynthetically active radiatioRAR at the Borden Forest Research Station from 1999 to
2018. We comparkAl derived using the fodlPARbasednethodswith independent
measurements afAl from optical methods and the MODIS satelli#®l product.LAIl estimates
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derived from all fouPARbased methodsapturethe seasonal changes in observed and

remotely sensetAl and show a close linear corresgdence with one another {&f 0.55 to

0.76 compared to MODIBAI, and R of 0.78 to 0.84 compared ta\l -2000measurements). A
PARbased method using Millerds Integral theor
LAI-2000measurements {R0.84, p<0.001, SE=0.40). In many years MOLOI&I indicates an

earlier start of season and earlier end of season than th@A&lgased_Al datasetsshowing

systematic biases in the MODIS assessment of growing season.

The fourPARbased_Al methods outlined iris study provide ahAl dataset of unprecedented
temporal resolution. These methods will allow precise determination of phenological events,
improve leaf to canopy scaling in procdsssed models, and provide valuable insight into

dynamic vegetation responses to global climasnge.

4.3. Introduction

Theexchange of carbon and water between plants and the atmosphere occurs at the scale of
individual leaves. Leaf area inddxA(l), defined as ¥ the total (alded) area of leaves per unit
ground aredChen and Black, 1992k thusan importantand dynamidiophysical indicator

with a close link to carbon, energy, and water fluxes between the biosphere and the atmosphere.
LAl is a key variable in terrestrial ecosystem models and allovtbéaicalingof leafprocesses

to canopiesndto wholeregions. Accurately representitite temporavariations inLAl is

crucial to the accurate modelling of seasonal dynamics in land surface carbon and water
exchange. The seasonal dynamickAifalso represent the timing of key phenological ésien

such as budburst, full leaf expansion, maturity and senescence, which are direct indicators of
vegetationbés response to climate change, 1in
(Richardson et al., 2013tvidence suggests that earlier sgrgrowing season onset and

delayed senescence in fall have resulted from climate change. However, this trend has slowed
and the mechanisms underlying this response remain poorly undgiBiaoct al., 2019)

These phenological responses thus havedaroglications for quantifying carbon cycling at the
scale of ecosystems and the entire globe. Hence, it is critical to measure the precise temporal

dynamics ol_Al.
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Despite the importance @fAl in representin@ variety oftemporalecosystem processes,
obtainingaccurataneasues oftemporalvariationin LAl is challenging Destructive
measurementsf LAl are laborious, requiring sampling of a large enough number of leaves to
represent the study ardaestructive sampling of forested ecosystems is lysimpractical (and
undesirable due to permanent changes to the sitey direct measurements typically rely on
litter collection throughout only the fall senescence period. These direct measurement
approaches are thus poorly suited to the study of,dahsonal and intannual temporal
dynamics inLAl. Indirect measurements bAl are achieved bynstruments or methods
estimating the gap fraction of the canopyrtourn estimate_Al. These include
1 theLAI-2000andLAI-2200 plant canopy analyzetd {COR, Lincoln Nebraska)
(Welles and Cohen, 1996; Welles and Norman, 1,991)
1 ceptometers such as AccuPAR-BB (METER Environment, Pullman WA), and
SunScan (Deltd Devices,Cambridge, UK),
1 Tracing Radiation and Architecture of Canopies (TRAC) (Huiming Instrumentation
Limited, Nanjing, ChinafChen and Cihlar, 1995; Leblanc et al., 2002)
1 Digital Hemispherical Photography (DHP) systei@ben et al., 1991and
1 Terrestrial laser scanni(@LS) systemgBéland et al., 2014; Zheng et al., 2013)

However, the handheld nature of each device makes it challenging to #raoreasurements

are taken in exactly the same way in exactly the same location on each measurement date. Sky
conditiors can also limit data collection with commercial instruméidtbayashi et al., 2013;

Leblanc and Chen, 200I0his complicates the measurement of long time serieAlads it is
challenging to ensure consistency in repeat measurements. In addisendéiveces require an
operator to collect measurements, which limits the frequency with which repeated measurements
can be made. Lastly, while satelitased approaches for retrievingl exist, their frequency is
limited by satellite overpass frequencyddhe frequency otloud-free skies. HigHrequency

(i.e. daily) measurements &fAl are required to precisely capture rapid phenological events,

such adeafbud burst and senescence, which can occur over short time frames in temperate
ecosystemsand ould easily be missed using manual measurements or satellite dakangith

temporal sampling interva(g\hl et al., 2006)
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Commercial instruments generally rely on the attenuation of light through the vegetation canopy
to estimate canopy gap fractiaioin a modification of the Bedrambert law. Howevereddy
covariance towersften housesimilar, but permanently mountsensorghatcontinuously
measurghotosynthetically activeadiation(PAR above and below the forest canopythis

study, ly determininghe proportion oPARat the top of the canopy that reaches the sensor
below the canopy, we can continuously calculate the gap fraction probability as used in
commercial ceptometerSome preious studies similarly exploit information from candpgR
transmission when frequebAl measurements are needed. For instance, Wytherq20@B)
employ a fixed extinction coefficient to match that typically used in a PNnET model to simulate
forestsof the same type as their study site, the Harvard Forest. Richardsor2&1&)utilized

a similarPARbased approach in an assessment of bias introduced by misrepresentation of

phenology in 14 models participating in the North American Carbon &ro§ite Synthesis.

In this study, we use data from permanently mouR#&Rsensors above and below a temperate
mixed forest canopy to calculate ddill from 1999 to 2018. Our objectives were to:

)] explore the feasibility of derivingAl from thelong-term PARdataset,

i) compard_Al values calculatettom PARwith those from independent records
derived from the MODIS Land Products Fixed Sites Subsetting and Visualization
tool at the Oak Ridge Nationabhboratory Distributed Active Archive Centre
(Myneni et al., 2015; ORNL DAAC, 2018nd from reference measurements
collected with & Al -2000instrument, and

i) explore differences in phenology metrics between the resulting datasets.

ThePARbased Al egimation methods presented are not dissimilar to those employed by
commercially availabl& Al meters However the main advantages of sePARbased methods
arethat they permitaautonomous, continuous, asichply derived daily estimate afAl not
feasble through manual measurements or satellite datdsetse estimates can be achieved

without any need for instruments other than basic light sensors.
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4.4. Theory of indirect LAl measurement

Several reviews thoroughly cover the theory underpinning indirect assessrhéh{Bfeda,

2003; Jonckheere et al., 2004; Weiss et al., 2004; Yan et al.,, 21i6h is described here only
briefly. Indirect methods for quantifyingAl employ an applidegon of the BeeilLambert law to
describe the attenuation of light through a physical material as a function of optical depth and

path length through a substance:
yu YA Equation 4-1

where'Qd is the light penetrating through a path length 601s the incident light; is the
attenuation coefficieniMonsi et al., 2005; Monsi and Saeki, 1953)

Wilson (1963, 1960kmployed a poinintercept method whereby contact points between foliage
and a probe were used to deriv@l for a quadrat. Ross and Nils¢Ross, 1981; Ross and

Nilson, 1965)subsequently used extinction of a beam of radiation penetrating througit a pla
canopy as a replacement for the probe in determining points of interception due to leaf contact.

The principle of determiningAl from radiation extinction is described by:

L — 0Q Equation 4-2

whered — is the probabilitthata beam penetrates the canopy at angl@is an extinction
coefficient that accounts for variation in attenuation as a result of path length and leaf
orientation, and is effectiveLAl and includes woody elements of the vegetation canopy and

effects of norrandom spatial distribution of canpplements (i.e clumping)(Nilson, 1971)

A simplified case, ignoring multiple scattering of incoming radiation in the canopy, refilaces

with — as:
D — O Equation 4-3

where"O— is the projection coefficient of plant elements on the plane normahtaA 1 -9

the cosine of the solar zenith angle accounts for the path length through the (dAoogiyet
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al., 2005; Monsi and Saeki, 1953; Nilson, 1971; Ross, 19813 model can be inverted to

determineeffectiveLAl as:

o & — Equation 4-4

Determination oL Al is complicated by the sensitivity @®— to leaf angle distribution. Leaf

angle is most commonly defined as the angle between the leaf normal (the line orthogonal to the
leaf plane) and zenith and is traditionally measured by painstaking analysis of leveled
photographs. While new (and less labiensive) methods employing digital photography

(Pisek et al., 20119r terrestrial laser scanndigicari et al., 2019¢an be used to measure
orientation of leaf surfaces, a spherical leaf angle distribution is still often assumed, giving

‘O— ™ at all—simplifying determination of Al. However this assumption is often

violated, in many environments, including broadleaf forestsch tend to exhibit more

planophile leaf angle distributions, with variability throughout the growing s6&aaie et al.,

2015) CommercialLAl instruments employ different approaches to account for the variability

of "O— with leaf angle and solar position. ThAl-2000device and hemispherical photography
methods overcome the sensitivity'@— to solar zenith angle by taking measurements at

several view angle@Velles and Norman, 1991Another solution, employed by the AccuPAR
device is to measure when solar zeattigle is 57.3i.e., elevation angle is 32.7 °), at which

G — becomes insensitive to leaf angle distribution, or to make an estinthte. gparameter
(seeEquatiod-16b el ow) for wuse in Campbell 6s ellipso
(Campbell, 1990)

4.4.1. Accounting for non-random leaf spatial distribution and woody

area index

Chen(1996)expresses as the product of plant area ind®#() and a clumping index () to

account for norrandom spatial distribution of canopy elements:

x a0 .
00 O0O— Equation 4-5
m
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Chen(1996)further separateBAl into woody and leafy components by subtracting the area of

woody elements. Often a constant ratio of woody to total plant area is aptied (
06 O0Op wdY 006006 0wé ¢ B CBE QQw Equation 4-6

However, in deciduous forests, this ratio can be expected to vary since leaf area will increase in
spring and decrease in fall while woody area remains stable by comparison. Rather than
determine a constant value to repre$#nl, one can instead subtralbe minimum wintePAI

to determind_Al and more accurately capture variability in the ratio of woody to total plant area
at the broadleaf study site:

0600 600 80 Equation 4-7

Since cumping and woody area index introduce sources of variability in the calculatigx,of
in this study we ensure consistency by comparing measuremeént§ah aLAl-2000

instrument to our calculations df derived from above and below candpRmeasurements.

4.5. Methods

4.5.1. Study site

We collected all measurements for this study at the Borden Forest Research Station located on
the northern boundary of the Bord€anadian Forces Bag#4°1 9NNj79°5 6WN; in Ontario,
CanadaThe site was established in 1984 and has providediyremarinuous eddy covariance
measurements of carbon, water vapor, and energy fluxes sincéFt88kch et al., 2015A

oneyear gap in the record occurred in 2004 due to construction of a replacement tower. Flux

data are reported to AmeriFlux (Site ID: €#0) and are available for download.

The incoming aboveanopyPARis monitored with a LICOR LI190SA quantum sensor fixed
at a height of 44m from June 1995 to Dec 2003, and a height of 41.5 m from April 2005 to
present. Théelow-canopy downwellindPARis measured with a ECOR LI-191 line quantum
sensor at a height of 1.5m (situated above the forest understory) from 1999 to piaéent.
hourly averages of daytime incidgPRwere used in this analysis.

74



4.5.2. Data cleaning

Throughout the study period from 199018, thereare322,842 pairs of halfiourly above and
below canopyPARmeasurement® ARdatawerescreened for quality first by excluding low
light (nighttime) data wheRARwas less than 1&mol m?s* (leaving 130,343 pairs of
measurements). Next, top of atmospHefdrwas calculated in a manner consistent with that
empl oyed by METEROGs Ac c uPARSlarcengtantasmasstuneed to beT h a 't
255&mol mi?st and the top of atmosphePARis calculated ag v U T8 &t 7i A T-O
(Campbell, 2017; METER Group Inc., 2028)ext the ratio of incider? ARat top-of-canopyto
PARattop-of-atmospherevas calculated and any data points for which the ratio exceeded 1
were excluded. The same pealure was repeated for the stamopyPARdata (130,325 pairs of
measurements remain). Finally, the ratio of below camjiRto abovecanopyPARwas
calculated and excluded when the ratio exceeded 1 aglive-canopyPARsensor is always
partially occluded as compared to tbg-of-canopysensor. This had the result of excluding any
data points for which theARsensor abovthe foresttanopy wa occluded by snow
accumulation or other obstructions. 130,205 pairs of measurements remained, or 99.9% of
daytime measurementsigure4-1 shows the catinuous, hakhourly measurements of above
and below canopi?ARdata over a typical annual cycle.

75



Q
N

2000+
l(D
Y 15004
(S
2 10001
=1 — Above Canopy
X 500 — Below Canopy
<
o
O- T T T T
0 100 200 300
Day of Year (2018)
b) 0.41
g ’ . it '.-.g.': % ...|: ‘u.
8 *t e oo ] .: u. *
o’ 031 i &V, ofe
<< @ . * * * ~
a g A R 4 H *
~ =021 en g &,
gE o % . * S .
oS3 “Y 1) 3 ‘..
s 011 . e .
< Ckastenananlt
O.O- T T T T
0 100 200 300
Day of Year (2018)
o
c -
g
—~~ i ° ]
Teo® S go ot Year
N ° e "
E® 4 o °, *% -.5¢ 2013
~ 0 [ ]
<€ . Y 2014
30 3
>3 . \ 2015
BN
§<—j: 5 o 2016
tg—
LIJE -.,.. W\ ° 2017
S 11 . * 2018
= 0 100 200 300
Day of Year

Figure 4-1 (a) Half-hourly PAR measurements above and below the Borden Forest canopy. Above canopy PAR
measurements are plotted in purple. Below canopy PAR measurements are plotted in green. (b) daily average
transmission calculated as PARbelow/PARanove (Equation 4-10). (c) Effective LAl measurements collected at Borden
from all years using a LAI-2000 plant canopy analyzer. There is a clear seasonal pattern with light transmission
through the forest canopy highest in winter months when trees are free of leaves and lowest in summer months
when LAl is highest.
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4.5.3. Calculation of solar position

In order to determine the beam fraction of light (tlee proportion of light received directly
from the sunds direction, rather t Hoamlavi a di

reported by Black et a{1991)to determine the diffuse fraction of global irradiance:

Y ot oy oY 1TV p WP cSuWAY @
Y ™ ochY 1@

Equation 4-8

where"Y is diffuse irradiance)Y is the total global irradiance, aiis the ratio of'Y to top of
atmosphere irradiance calculated as the product of the solar constant (1380awirthe
cosine of the solar zenith angle. The diffuse fraction for total shortwave radiation was then used
to determine the beam fractionPAR("Q) as:

. Y Equation 4-9

Q p P8

Y

The factor 1.4 results from the higher diffuse fractio®ARthan total shortwave radiation

owing to the preferential scattering of shorter wavelengths in the atmog¢fShéiers et al.,
1986)

An alternative method for determining beam fraction, employed by the Meter AccuPAR
ceptometefCampbell, 2017)is that of Spitters et a11986)which is derived from an analysis

of literature and data reported throughout the Netherlands. While the two methods yield very
close results and choice of methods does not significantly impact the analysis, the authors here

opt for the method dBlack etal. (1991)due to its applicability to Canadian sites.

4.5.4. Four indirect PAR-based methods of continuously deriving LAI

LAl was derived from transmissioh) 0f PARthrough the canopy, measured as

oY
oY

—
Cq C

Equation 4-10

In turn, in a similar approach to that used by commerecalbilable instrument@NVelles, 1990;
Welles and Cohen, 1996; Welles and Norman, 19@1)set to represend —, or the
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probability that a photon penetrates the forest canopy. We tosgetermine effectiveAl using
the following four methods based Biquation4-4:

1) Simple Method

2) Campbell method

3) Miller integral

4) Lang-Gonsamo method

4.5.4.1. Simple Method

If the leaf angle distribution within the vegetation canopy is assumed to be sppemdairm,
"O— would beconstant and equal to 0.5. This allows the calculatian éfom Equation4-4

as:

a &) — Equation 4-11

Equationd-11was applied directly to each half hourly pair of above and below canaRy
measurements. While a simple, and easily implemented approach to detetm,rireg
assumption o$pherical leaf angle distribution is unlikely to be valid. In practice, leaf angle
distribution is rarely spheridgl uniform and can even vary throughout the growing season
(Pisek et al., 2013; Raabe et al., 20T9)e following three methods includensideration of
leaf angle (Campbell method) or eliminate the need for a spherical assumptiorGdasamo,

and Miller methods).

4.5.4.2. Campbell Method

Campbell(1986)present a method tanore accurately characterize leaf angle distribution as an
ellipsoid whle maintaining computational simplicity. The method allows for oblate spheroid
distributions wherein there would be more horizontal than vertical leaves, or for prolate
spheroids where leaf angles are more vertically oriented. Can(p88&6)introducesa
parameter that represents the ratio of projection area of the spheroid on a horizontal plane to
that of a vertical plane thus indicating the oblateness of the spheroid. Ca(hpb8)lextends

this work to provide analytical expressions to repre¥@#t as:
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. C...1 Qe _
O— —— — Equation 4-12
Qwe i .1 Qe

whereQis the normalized ellipse area, ands the leaf inclination angl€is calculated as:

Q ... pXXT. ppUYc?® Equation 4-13

This permits calculation of the extinction coefficief@ n Equation4-2 as:

. . 0 & :
0 Equation 4-14

PX T T.. pP Pg 8

Campbell(1990)further provides an analytical expression to deriyeom the mean leaf angle

of the canopy[") as:
r opuvo .. 8 Equation 4-15

Rearranging for. gives:

wpv
r

o Equation 4-16
A leaf inclination angle less than 1 radian (57.3 °), im@re horizontal or planophile than
spherical, will have a value ofless than 1. Mean leaf inclination angle above 1 rad&n,
more vetical, or erectophile, than spherical will give a value.gfreater than 1. Perfectly

spherical leaf angle distributions would have a value.off exactly 1.

4.5.4.2.1. Accounting for scattering of solar radiation:

Radiation transmitted through a vegetation canopy is a mixture of direct radiation, and diffuse
radiation that has been scatteredhsyatmosphez as well as by leaves within the vegetation
canopy. We use an approach consistent thighvidely used AccuPR (LP-80) ceptometer
(METER Environment, USAformerly Decagon) to account for the diffuse fraction of radiation.
This approach draws from a simplification of the model of Norman and J&9v8)devised by

Norman in 1988hough not formally presented a traditional scientific manuscrigthe
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approach is the methashderpinning major commercial instruments for determihiAg
including the AccuPAR and S@eanceptometerswith 0 calculated as:

_p__,. o
P C'QQ pag Equation 4-17

op ™ Q

where Qis the beam fractionalculated as iEquation4-9, ando is an empiricalparameter that

accounts for leaf absorption is calculated as:

0 TR Yot PYd T LW Equation 4-18

where®is leaf absorptivityabsorbed radiation normalized by incident radiation, here calculated
over thePARspectral range (40000nm))

The Campbell method requires some knowledge of:
i. leaf angle distribution which impact®— and extinction coefficient, as well as the
ii.  proportion of direct and diffuse radiation and

iii.  leaf absorption.

A common approach when measurements are not available, such as that used byRA& Accu
ceptometers to use the assumptions that leaf angle distribution is spherical, and leaf absorption
is around 0.9We useEquatiord-8 andEquationd-9 to partitionPARinto direct and diffuse
radiation.We use the following methods to most accurately representhbe twodifficult to

measure parameters.

4.5.4.2.2. Leaf Angle distribution:

Looking outward from the Borden Forest tower at+tashopy reveals layers of horizontally
oriented leaves. This is indicative of ammahile leaf angle distribution suggesting the
assumption of spherically distributed leaves may bernect for this site. Rather than

employing an assumption that leaf angles are distributed spheriediigh does not match our
experience at the site, we utilize leaf angle distributions reported for similar species at Harvard
Forest by Raabe et §2015), available from the TRY plant trait databgkattge et al., 2020)

We calculated an average leaf angle distribution weighted by the proportion of each species
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present at the Borden Forest gifeklemariam et al., 2009\Vhile Raabe et a{2015)report
leaf angles throughout different stages of the growing season, we have used a mezhn value

16.63°,assumed to be representative of the whole growing season.

4.5.4.2.3. Leaf Absorption:

Leaf absorption was accounted for uskguation4-18. Measurements of leaf reflectance, and
transmittance were collected on 19 dates throughout the 2013 growing se&sxm on
saccharumMarsh, Acer rubrumL., Populus tremuloideMlichx., Populus grandidentata

Michx., Fraxinus americana., andFagus grandiblia Ehrh Collectively these species account
for 76% of the species composition at the Borden F¢fesiemariam et al., 2009)

Absorptance was calculated as:
w p Y Y Equation 4-19

where'Y and”Yare the meareflectance and transmittance, respectively, ovePtigspectral
range (406700nm). A mean value od T was assumed to be representative of the growing

season.

4.5.4.3. Miller Integral

An elegant solution to the problem of variation@+— with solar zenith angle is that of Miller
(1967) By measuring — over the full range of zenith angjéBe parametelO— is not

required asO can be calculated using the integral:

0] C WeE+H Q&]E_‘:Q— Equation 4-20

We perform the numerical integration on clear sky datapointstfiose where beam fraction

exceeds () over a moving window of 5 days. As the data did not span the full range of solar

zenith angles from 0 teradians, we bounded the integration by adding data points at each limit

of the definite integral, where the integrand is conveniently equal to zero. The integration was
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performed by fitting a function of the forf— 6 A T-@ E-{whereC is a constaitto each

5-dayset ofdata and determining as:

) ¢c 0—Q— Equation 4-21

This results in a daily estimate forfor all days for which there are sufficient cleky

datapoints to fit the function and apply the integration.

4.5.4.4. Lang-Gonsamo Method

Lang(1987)presents a method to interpolate the probability of beam transmission when the
sunds angl e ganglelthevadud dDais.0.5 Aréspettike of leaf angle
distribution. The approach uses a linear regression betwaed A1 &1 10 — to predict
the mean contact numbé&)from6 6 —whereA andB are the slope and intercept of the

regression, respectively. ERuabosdt20) giwed:i ng t hi s
0 ¢o o Equation 4-22

Half-hourly values of canoplp ARtransmittance were used to calculbafd using the sun and its
movement through a range of solar zenith angles as a probe. Tadkmurly values of

AT G Tt were regressed againstn radians to determine a slog) @nd intercept4).
|l deally, Langbs met h essdonofthe directrsblar beame As suck,iven g t r
filtered the data to balance the need for clear sky data against retaining sufficient data points for
successful regression. Data were filtered by beam fraction suchrtfatof PARcame from
t he s un 6ferany datagant retained. Linear regression was applied on a modiag 5
window of data to ensure sufficient clear sky data points for a regression to yield meaningful
results. While the lay moving window reduced the temporal resolution of thetregudataset
(effectively smoothing the results), the method allowed a larger subset of data to be included in

each regression thus minimizing noisy results and sensitivity of the regressions to outliers.

Since éis equal to zero, we forced the regsion through the-tercept at—frt .
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Gonsamo et a(2018)recommend the use of a robust regression procedure that limits the
sensitivity to outliers, as compared to ordinary least square regreBseynfound that a least
absolute deviations regression procedure outperformed the algorithms of Miller, Caamubell,
Langb6s ordinary | east squares apprlibfrom ,
field measurements of gap fractidrollowing the work of Gonsamo et §2018)we apply the
least absolute deviations algorithm using the R packagack(Osorio and Wolodzko, 2017)

in the R statistical computing languagde Core Team, 2020)

The regression coeffi ci @Equatisnd-22e whieh isiesevdlent tan
interpolating the value of the extinction coefficient at the special andg3é whiere gap fraction
and extinction coefficient are insensitive to leaf angle distributien the value of

“O— converges on a value of 0.5 regardless of the leaf angle distributions).

455. LAI-2000 and TRAC measurements

Indirect measurements bAl were also collected usingL#l -2000plant canopy analyzer.

Measurements were taken at 10 points along a 100 m trantsadiey to the south of the

and

Lan

tower. At large zenith angles, direct transmission of diffuse light from the sky is low but diffuse

radiation scattered in the canopy remains high. This can lead to overestimation of direct

radiation transmittance through thenogy, as a portion of the radiation received by the below

canopy sensor is scattered within the canopy rather than directly transmitted. As a direct result

following Equationd-4, this scattering results in underestimatio ofChen et al., 1991;

Leblanc and Chen, 20014 typical recommendation is to exclude the lowest twa Rl 68)
of the 5 measurement angles from the calculatidbAbfrom theLAI-200Q limiting the view
angles to 7, 23 and 38 as a correction for the underestimatioraf at large zenith angles

(Chen et al., 2006)rhis method is effective in reducing theltiple scattering effect when the

leaf angle distribution is approximately spherical. It would also be sensible to restrict the Miller

and LangGonsamo calculations @fAl to the same view angles for the purpose of comparison.

However, it was not feasibte filter the data in such a way at this site location due to its
latitude: solar zenith angle only falls below’3fetween April 5 and Sept 4 (DOY 96 and 248)

at the site latitude and excluding data outside this range would exclude all measurements from

the fall senescence period. As such,ltAé-2000measurements used included all 5 rings of
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data for determination af , to allow a consistent basis of comparison to the ceptometry based

methods assessed in this study.

This same transect was used foraswwements dfAl and the clumping index using a TRAC

device, when solar zenith angles were approximately’ 5aifgl the solar beam (and resulting
shadows) intersected the transect at approximately 90°. TRAC results gave a clumping index of
0.95 averagedver 13 measurement dates between May and October 2018. There was no
noticeable seasonal pattern in clumping index over the growing season, so this average clumping

index can be applied to determib&l from 0 for all measurement dates.

4.5.6. MODIS LAl

LAI data derived from MODIS were obtained from the Fixed Sites Subsetting and Visualization
Tool at the Oak Ridge National Laboratory Distributed Active Archive C€OIRNL DAAC,

2018) Data were restricted to the pixels falling entirely within the forest area containing the flux
tower and suizanopyPARsensor. For the MCD15A3H grid used, these were pixel numbers
[145, 146, 160, 161, 1621 Al was calculated as the median of valuesafa@ilable pixels for

each date in the-day dataset. As the dataset has a 500m spatial resolution, pixels outside this
area may be affected by spatial variability in areas not visible from the location of the sub
canopyPARsensor. In fact, the row of gls immediately north of the tower pixel would be

influenced by a road and agricultural area.

4.5.7. Phenological metrics

LAI derived from each method whsusingthe logistic function presented by Gonsamo et al.
(2013b)

“Q Al 1 -

w | ) ) Equation 4-23
wherewis day of year (DOY),| | is the amplitude between the early summer plateau
and background] | is the amplitude between late summer plateau and background,

and| are normalized slope coefficients for spring and fall,fandndf are the midpoints (in

DOY) in thegreenup and senescence transitions. Phenology metrics can be systematically
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calculated from the parameterskfuation4-23 (Gonsamo et al., 2013ased on®, 2" and
3 derivatives oEquationd-23. Following Gonsamo et &2013b)we compare the midpoints
of greenup { ) and senescende (), as well as the start of seasoriy f| 8 o/ ),
the start of peak'Y0 0 | ® @) ), the end of peakd( 0 | 18 oI |, the
end of seasoril0 "Y | T® @ , and the length of the growing season)( Y

OU "YY0 Y

All figures were created in R using thepdigt 2 data visualization packa@é/ickham, 2016)
the ggplot2 extensions cowplWilke, 2020)and GGally(Schloerke et al., 2021)

4.6. Results

4.6.1. Comparison between different LAl derivation methods

We first examiné) calculated via each of the four methods: the fsRbased algorithms
(i.e.,Simple, Campbell, Lan@Gonsamo and Miller), alongside the independent measurements of
0 from LAI-2000measurements at the site, and the MODASdataset Figure4-2). Each pair

of methodss compared with a linear regression model. Since each measurement is an estimate
of the same metrid) , we should expect regressionuks to closely follow a 1:1 linear

relationship if both methods compared accurately meas@e
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Figure 4-2 (a) Effective LAl (Le) estimated by MODIS, LAI-2000, and the Simple, Campbell, Lang-Gonsamo, and Miller PAR-based methods for the period 1999-2018. (b)
Logistic regression fit to all daily LAI estimates from each method for all years of the study period, showing the typical annual amplitude and timing of green up and
senescence. (c) First derivative of the seasonal curves shown in (b). The maximum of each curve corresponds to the timing of the midpoint of green-up (b1) and the
minimum to the midpoint of senescence (b2) for each method. (d) Correlation matrix comparing daily LAl estimates for each pair of methods. Black lines indicate a 1:1 line,
whereas green lines indicate line of best fit. Pearson correlation coefficients are shown in the upper quadrants, with *** indicating significance threshold of p<0.001.
Frequency distributions for each method (histograms) are shown on the diagonal.
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Table 4-1 Typical phenological metrics for each LAI estimation method computed by fitting Equation 4-23 to LAI
estimates from all years. b1 and b2 are midpoints of green-up and senescence. SOS indicates start of the growing
season, EOS indicates the end of the growing season and LOS is the length of the growing season. Values indicate
day of year.

Midpoint o
Midpoint of
SOS of Startof | Endof | gonoscenced EOS | LOS
Greenup Peak Peak
n
n

MODIS LAl 128 139 151 261 276 293 165
LAF2000 135 145 156 270 288 306 171
Simple 134 147 159 254 279 305 171
Campbell 136 146 159 275 287 299 164
LangGonsamo 133 153 172 276 289 303 170
Miller 132 147 163 274 287 302 169

0 values anghenological timing of greenp and senescendeigure4-2b, ¢ differ between
methods. Values af areslightly lower for the Miller and Langsonsamanethod than those
determined using the Campbell method, whscslightly lower than théAl-2000
measurements in summer but slightly higher thah-2000measurements in winter. The
Simple method produsenuch higher estimates of than all other mettds, including MODIS
andLAl-2000during summer, but lower estimates than all methods except the MGYDIS
dataset in winter. With the exception of the LaBgnsamo method, aHARbased methods
result in a midpoint of spring greerp T thatis within 2 days of that calculated frobAl -
2000measurements-{gure4-2c, Table4-1). In contrast, the MODIRAI product exhibis af
value6 days earlier than the referenté\l -200Q The LangGonsamo method ressiin af
value8 days later than fdrAl -200Q In fall, the midpoint of senescende is within 2 dgs of
DOY=288, as determined frorhAl-2000measurements, except for the Simple method
whichis 9 days earlier (DOY=279). The determined fronMODIS LAl is DOY=276, 12 days
earlier than foL.Al-200Q

We found thab estimated fronall four of thePARbased methodarehighly linearly
correlated with measurements frorhAl -2000plant canopy analyzer, and with the MODIS
LAI dataset (R>.78 and .55 respectively, p<.00figble4-2). However, the difference in slope
and intercept between the lines of best fit showRigure4-2d and he 1:1 lines indicatthatall
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methods deviate from a 1:1 relationship. Although the Simple methodsshewlosest line of
best fit to the 1:1 line, the temporal pattern irestimates from the Simple method differ

substantially from th&Al-2000measurements, and from the otR&Rbased methods.

Figure4-2d reports frequency distributions for eachdatasetall of which are bimodal. This
indicates most data are collected at low or higlvalues with less frequent data collection
during transitions between these two states. HowevePARased methods provide a much
higher data density at intermediatevalues which occur during spring and fall periods. The
frequency distribution df Al-2000values shows few measurements were conducted during
winter when visits to the field site were infrequent.

Table 4-2 The regression results comparing each pair among the six Le retrieval methods (LAI-2000, MODIS, Simple,

Campbell, Lang-Gonsamo, and Miller). All regressions were significant at a threshold of p<0.001. Notably, R? was
lowest when comparing the two validation methods (i.e., MODIS v. LAI-2000).

: Standard RESIETEL
Estimate Error t-value Pr(>|t|) R? Standard | DF
Error

MODIS  v. LAI-2000 Goiideri 0, 026|400 [ <o | 040 | 147 |2
Smoe v wzoof e o5 oz3 w1008 o7 o7 | s
capel v._uazonofecen 815 {ode {s2e 1000 Jon 051 |
Gonsamo * LAI2000| 0710041058 | <n0oi | 078 | 049 | 109
viler v LAI2000| G i 072 To0s |22 <000 | 0% | 040|109
Simple _v. MODIS | Sooet 076 nor aoa7 | <ooor | O |087 | 1152
camprel v._wops [Hecen [Lis oot {1058 1000 Jooo 075 | 11
Gonsamo *MOPIS | Cociiden |03 001 | erss | <opor | 055 |07 | 1160
wier v wops | Heeen 1270w 1250 | 0001 1o o5 | o
Campbell v. Simple | Gopiictori | 071000 | 20661 | <0001 | 093 |03 | 6854
Gonsamo *_ S™P® | Cositcen |05 000 | 14882 | <000 | 077 |00 | 604t
wier v smpe | mecent 097 oo ioose |9001 {oq7 o50 | oo
Gonsamo * _CamPbell|Cociilen 07000 | 10751 | <0001 | 095 | 039 | 604
wier v campef Hece0 020001 {2109 | 0001 {00 055 | oo
e v e e 105z {oo[ow 100 To00 (000 o
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4.6.2. Half-hourly variation in canopy PAR transmittance

Figure4-3 shows the influence of irréhce conditions (i.ethe amount of diffuse vs direct

irradiance) on the calculation 6f at halfhourly intervals for a single year (2018).

The Campbell method on a hdlburly basis results in a reasonable seasonal pattern ab high
during summer months and law during winter monthsHigure4-3). However, the Simple
method exhibits a curved pattern, and a slower transition tolpetkn do the other methods,

peaking near day of year 173, the summer solstice. The Simple methodsalks in earlier end
of season metrics than the other methods.

a) Simple Method b) Campbell Method c) Campbell Method
Mean leaf angle: 57.3° Mean leaf angle: 57.3° Mean leaf angle: 16.63°
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Figure 4-3 The Le calculated on a half hourly basis using (a) the Simple method, (b) Campbell methods with spherical
leaf angle distribution and (c) the Campbell method with a 16.63° leaf angle considered representative of the Borden
Forest site. Point transparency indicates diffuse fraction of the top-of-canopy PAR, calculated using Equation 4-8 and
Equation 4-9. This demonstrates that under clear skies values of Le using these methods are higher and more
variable than for cloudy skies. This results from a combination of spatial variability in the forest canopy as the sun
moves through the sky on a clear day, and from violation of the assumption that leaf angle distribution is spherical.

Half-hourly values of the Simple and Campbell methods show minimal variability within a
single day under cloudy skies. However, there is high variabiliy imithin a single day under
sunny skiesowing to the spatial variation in and the small canopy areghich would

influence hakhourly 0 measurements whéf is high. In other words, under clear skies when
"Qis high the hakhourly transmittance and resultiog estimate would be influenced

predominantly by the portion of the canopy casting shadows on the below ¢&Bggnsor
within each hakhour.
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To further examine the extent to which solar zenith angle accounts for differences between the
Simple and Campltleapproach, the Campbell method calculation was repeated using a mean
leaf angle of 57.3corresponding to a spherical leaf angle distributiigure4-3b). This

modified Campbell method resulted in higldervalues under clear sky conditions, particularly
near the summer solstice, whereas, under cloudy skies the results of the two Campbell
approaches were nearly identical. However, results of théfiesb@ampbell method differed

from those from the Simple method indicating that parameters present in the Campbell method,
but absent in the Simple meth@de responsible for the improved performance of the Campbell
model compared tbAl -2000measuremest and that these differences cannot be attributed to

leaf angle representation alone.

4.6.3. Variations in phenological metrics between each LAl method

In order to investigate the ability of each method to capture the key phenological parameters of
the ecosystenwe compare seasonal profiles for the full measurement period of each respective
method Figure4-4).

Our results show that the seasonal pattein iis relatively consistent with that @fAl -2000

across alPARbased methods except the Simple metlagufe4-4). This demonstrates that

the Campbell, Langsonsamo ash Miller methods can provide a temporally precise indication
of phenology. The timing of spring increasainand fall leafdrop overlap reasonably well

with the independent datasets framl -2000measurements. The large gaps in the records for
the MODIS and thd_Al -2000measurements are a result of the much lower temporal sampling
intervals of each method, and result in much higher standard error in determination of the
phenological metricsHigure4-4b, c¢) in comparison to the continudedRbased approaches

outlined in this study.
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Figure 4-4 Shows the temporal fingerprint of Le time series from each method. Points indicate start of season (white)
and end of season (black). Start of Season (b), and End of Season (c) are plotted for each method, with ribbon width
indicating standard error for each year of the study period. The MODIS LAl product precedes the end of growing
season as determined by other methods in most years.

The MODISLAI dataset exhibited an earlier start to the growing season in several years, and an
earlier end to the growing season in almost all years in thg ptriod as compared to the
ceptometrybased datasets. This resulted in shorter growing season length when calculated from
the MODIS dataset in several years. On average, MODIS midpoint ofgpéerwas DOY

139, seven days earlier than for the Campielhod =146); and MODIS midpoint of

senescende was DOY 276, eleven days earlier than for the Campbell methe@87) (Table

4-1).

91



4.7. Discussion

4.7.1. Accuracy of values and phenological timing of PAR-based LAl

estimates

We considerLAl-2000measurements as a reference for the effet#deof the Borden site.
Although,Neumann et a(1989)foundLAI at the Borden site to have a maximum of 5%inmA
usinglitterfall measurementd&. Al -2000measurements were also validated by litterfall at

Borden in the 1995 growing season, in which midseagdmveraged 4.2 #m? (Staebler et

al., 2000) Our peak sason estimate af from LAI-2000measurements 4.53+0.46m?/nm?.

This value is within a reasonable range compared to previously reported litterfall estimates, as
the canopy) can vary spatially, as well as from year to year, both of which may introduce
uncertainty in both the litterfall andAl -2000estimates.

TheSimple, Campbell, Lan@gonsamo, and Miller methods are linearly correlated with one
another Figure4-2, Table4-2), as well as with reference measurements ftéin2000
However, the actual values vary between methods, as well as timing of and shape of the
phenological curves. This raises a quests to which method is most accurate. Here, we

summarize (Table-8) and discuss the merits of each method under different circumstances:
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Table 4-3 Required parameters, advantages and disadvantages of each PAR-based method presented in this study

Method Required Advantages Disadvantages
Parameters
;nzzitlrrss ;)rnel)r/nzzgr:asy 0 - Sensitive to leaf angle
P : : - Does not account for within canopy
- Does not require clear skies :
(best incloudy conditions) scattering
Simple | =t _Can be calc{JIated from a sinald” High variability i estimates
measurement oft 9% _ Least accurat®ARbased method in
. : e both 0 values and representation of
- Indicates spatial variability in
CanoDvi phenology
pyu
- Does not require clear skies
(best in cloudy conditions)
- Can be calculated from a single
ndicatos <patial variabiltyin |~Hioh variabilty i _estimates
Campbell| — 1,"Q & canobvi P y - Requires several parameters that can
Pyv - difficult to measure or estimate
- Accounts for within canopy
scattering
- Accounts for leaf angle
distribution
- Requires multiple measurements bf
across a range ef
- Insensitive to leaf angle - Requires clear skies
Lang distributions - Sensitive to small range efat high
Gonsamol t - Requires only two easy to latitudes
measure parameters - Does notaccount for within canopy
scattering
- Underestimates) values compared to
LAF2000
- Requires multiple measurements bf
across a range ef
- Insensitive to leaf angle -Requires clear skies
Lo 9 - Sensitive to small range efat high
: distributions :
Miller =1 - Requires only two easy to latitudes
q y y - Does not account for within canopy
measure parameters :
scattering
- Underestimated) values compared to
LAF2000

The Simple method is easily applied and provided a good estimaterothis study. However,

it relies on the assumption that leaf angle distribution is spherical and does not account for

scattering within the vegetation canopy. In environments whe&@ssumption is clearly

violated, for instance in willow or grass dominated systems that tend to have erectophile

(vertically oriented)eaf angle distributions, larger errors should be anticipated. Nonetheless, the
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Simple method provides a fast meansjgbroximatingd with minimal effort and few required
parameters. Measurement under cloudy skies, when mean illumination angle,isv6ul@°

also minimize effects of leaf angle distribution. However, even under these conditions,
estimatesarehigher than from other methods, the seasonal pagemrealistic, and the end of
growing season precesletherd estimates. Comparison between the Simple method and the
Campbell method, which uses a spherical leaf angle assumptiaratesthat the imccurate)
seasonal shape results from both the spherical leaf angle distribution and other parameters
included in the Campbell model but absent in the Simple model. These include leaf absorptivity
in thePARrange, and the beam fraction, demonstratwag the assumption in the Simple model
that leaves are fully absorptive in tRARrange, and illumination is from the solar direction

only, are violated.

The Campbell methothereforegreatlyimproves upon the Simple method by eliminating an
assumed ldaangle distribution and also accounting for leaf absorgiwhcanopy scattering
Campbel | 6s met h bAid-20a0gvher & goodwmiodimation df the leaf angle
distribution is usedThe Campbell method results in more realistic valugs a6 well as a

more reasonable seasonal pattern. However, a disadvantagehs tGampbell method relies

on substantial additional dathatareoften difficult to measure or estimate (j.mean leaf

angle, and leaf absorptivity in tiARspectral range The leaf absorption and leaf angle
distributions were estimated in this study and were held constant throughout the growing season.
In reality, leaf absorption is low early in the growing season before chlorophyll has developed.
Leaf angle can also vatiiroughout the growing season as leaves ur{ie&hbe et al., 20153s

well as in vegetation that displays heliotropi€dhell et al., 19749r wilting under water stress
(Kimes and Kirchner, 1983Further study is needed to characterize leaf angle distribution and
leaf absorption, as well as their variation throughout the growing season. These variable
parameters could be used to improve further uposstimations using the Campbell method,

andassess uncertainty introduced by errors in these parameters.

There is high variability i estimated by the Campbell and Simple metHonls one hak

hour to the nextHigure4-3). This variability likely results from differences in sky conditions
(i.e, the relative proportions of diffuse and direct irradiance), and associated changes in the
direction from which light received by the above and betamwopyPARsensors originates.

These differences would lead to a different part of the vegetation canopy causing the
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interception of the solar bea®@n a uniformly overcast day, canopy elements throughout the
full hemisphere would impact measurementssimeh half hour. In contrast, under clear skies
leaves in the direction between the below carf®firRsensor and the sun would have a larger
impact on the measurements than those outside the line of sight between the sensor and the sun.
For this reason, mafacturers of commercially available ceptometers, recenthaveraging
several measurements collected at different solar zenith degie®\ccuUPAR(METER Group
Inc., 2020) or SunScaifWebb et al., 2014) However, this variability can also bensidered a
benefit ofboth the Simple and Campbell methods as they permit estimatiorfroim radiation
transmission measurements at individual andgreseality, the variability in hathourly 0
estimates results from the spatial heterogeneityanopy closure and the resulting alternating
periods of direct beam exposure and shading on theaudpyPARsensor. This variability
could thus be used to infer spatial variability in the caribpynder clear skies, from a series of

repeated estintes representative of discrete areas of the vegetation canopy.

TheLangGonsamo met hod and Mill er method bgach pr
eliminating the need for information on the angular distribution of leaves. However, they each
requiresufficient clear sky data to enable a model to be fit. Hereeach daily calculation of

0 , we used 5 days of halffourly data for each method to ensure sufficient clear sky data for an
accurate fit. As such, neither method would be appropriate for frequently cloudy sites where
clear sky data is rarely available, such as tropical rainforesysteass.The LangGonsamo

method providereasonable results in ; however, plotting A T -§ 1 against—eveals that

the relationship was often ndimear on several days during the study perkidyre4-5),

incurring an artificial change in the extinction coeffici€é®tThis results from high diffuse

radiation measured below the forest canopy when the sun is low in the sky. This phenomenon is
de<ribed in its impacts on digital hemispherical photographZhen et al(1991) This

nonlinearity suggests that the Miller integration method, rather than theGamgamo linear
approximation may be a preferable approach to determiningespitets higher computational
complexity.When the relationship betweerA | -G T and—is nonlinear as shown ifigure

4-3, the LangGonsamo method with a linear approximation using mostly the data at the middle
of the range in—values would cause overestimatiorbof We therefore suggest the Miller

method isnost reliable when there are sufficient data to cover the full zenith angle range.

However, the difference between these two methods is small in our study, suggesting that the
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LangGonsamo method is a good approximation despite these limitalioadMiller method

relies on integration over the range of solar zenith angles from 0 to 90°, whereas the Lang
Gonsamo method can be estimated from a subset of solar zenith angles in this range.-The Lang
Gonsamo method may thus be possible to compute whefichsnt data are available for the

Miller integration. Howeverboth Miller and LangGonsamo methods make use of radiation
transmittance data at high zenith angles, at which the influence of the effect of multiple light
scattering is large, causing consideealhderestimation af . Both methods would thus suffer

from the limited range of solar zenith angles in high latitude environments where the sun is
always low in the sky, and measurements are more heavily impacted by the multiple light
scattering effect

In general, we recommend that when conditions are suitadlelear sky datareavailable
across a large range in solar zenith angle), the Miller method should be used. Whskyclear
dataareavailable across a smaller range in solar zenith atigdd,angGonsamo method is
more suitable. However, in hightitude, or cloudy environments, or when data cannot be
collected across a sufficient range in solar zenith angles for theGangamo or Miller
methods, the Campbell method would be most apjatep The Simple method should be
limited to use when the other three methods cannot be appliediaugly or high latitude

environments, where leaf absorption and mean leaf angle cannot be reasonably estimated.

4.8. Opportunities for improvements to PAR-based LAl

estimation

Although all four methods perform well, each could be improved upon. For instaece¢he

growing season, the Simple and Campbell methods produce largaiues on average than

those of the Langsonsamo and Miller methodBiure4-2). Theory suggests this is mostly due

to the influence of multiple scatteg of light in the canopy on the latter two methods, which

give larger weighting to the mean contact numbeA((fG 1) at | arger d wher
influence of multiple scattering is larger (deguationd-20). This is because the contribution of

scattered light in the canopy increases greatly with zenith afigleré4-5).
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Figure 4-5 Lang-Gonsamo regression plot, showing-c o s (UA)glan nst d. The rel dtearonship i s
indicating a possible source of error in applying the Lang-Gonsamo linear regression method to this data.

Although multiple scattering of light would also influence the results from the Simple and

Campbd methods, especially at high solar zenith anglespthealues at low solar zenith

angles are less influenced and hence are larger than at other angles. The IEiguits4rb
suggestthatLanGonsamo and Mil |l er 6 dum® mhitipld satteringd e r e s
An opportunity for further research to address this issue and improve the estimatidroaf

ceptometry would be to separately measure daedtdiffuse illumination. For instance, above

and below canopy measurements of direct and diffiddewould allow calculation of direct

beam transmittance as:

o
o &

oY B
oY B

Equation 4-24

—+
C4 Ca
Ca Ca

This adjustment would account for the effects of multiple scattering in the canopy which would
increase transmission due to enhancement of diffuse radiation. Lower values of transmittance
would in turn result in highds estimates for the LanGonsamo ad Miller methods. TheAl -
2000minimizes the effects of multiple scattering in the canopy by using dighidilter since

blue light is less scattered by canopy elements than longer wavelengths, and more scattered by
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the atmosphere thus providing ab@amopy illumination throughout the full hemisphere

(Welles and Cohen, 1996; Welles and Norman, 199 Ejmilar approach utilizing sensors
restricted to (red or blue) wavelengths where chlorophyll absorption is high rather than the full
PARrange may similarly help mitigate the effects of scattering within the plant canopy.

The actuab values differ between tHeARderivedd datasets, theAl-2000measurements

and the MODIS_AI product Figure4-2). Nonetheless, these differences are relatively small,
and have several reasonable explanations: the MODIS pixel is large compared to the region
within view of the subcanopyPARsensor, and slightly oviaps an area of pine plantation north
of the study site. The pine plantation can be expected to have highi#an the broadleaf

forest. However, this does not account for the lower MG@#8vedLAl in winter, as the
coniferous plantation would maintaigh LAI throughout the year, and likely results from
sensitivity of the MODIS_AI product to snow covdiian, 2004) Another possible explanation
for differences is that the MODIS @&\l algorithm interfaces with the Land Cover Product
(MCD12Q1) to deve LAl based on a bidirectione¢flectance function and look up table based
on vegetation type. The Borden Forest pixel is misclassified as Savanna rather than Deciduous
Broadleaf Forest in the land cover product which may introduce errors into the@DI
results. The transect used for th&l -2000measurements is also spread over 100 m, whereas
the subcanoplPARsensor is stationary effectively providing a point measurement, leading to
differences in the area sampled. Future efforts to impP@Mebased estimation ad should
include deployment of multiple below canopfRsensors to better match the spatial sampling

scheme used for validation by other approaches, suchlag000or litterfall measurements.

Despite the differences in total magnitude,theneasurements derived here from subcanopy
PARare highly linearlycorrelated with independent measurements pfvith Pearson
correlation coefficients exceeding 0.7 for all methods as compared to MGDEhdLAI -

2000 The Campbell, Langsonsamo, and Miller estimates also closely follow the seasonal
phenology ol Al-2000measurements. Should thal-2000be considered the standard for a
particular site, linear regression models such as those repoitatlled-2 would allow
predidion of LAI-2000values between measurement dates ff&Rdata alone. The Miller
method predicteti Al -2000measurements with?R: 0.84 and residual standard error of 0.84
m2/m?, whereas the Campbell method predidtédi-2000measurements with?& 0.81 axl
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residual standard error of 0.5%/m?. ThePARbased methods can thus be used to fill gaps in

the time series available from other sources.

4.8.1. Implication for understanding and modelling of phenological

processes

Although considerable efforts have beenidatd towards understanding the environmental
factors that impact the timing of plant phenology, significant gaps remain. Spring budburst is
thought to respond primarily to temperature, though in complex (Page et al., 2019While

it is generally recognized that water availability, chilling requiretagand photoperiod may

also play some role, their relative importance is complex and may vary widely between plant
speciegBadeck et al., 2004; Piao et al., 2019; Polgar and Primack, .ZedllL)eaf coloring

seems to be primarily dictated by photoperiod, but the process and its sensitivity to other factors
remains poorly understoqéstiarte and Pefiuelas, 201%he phenology modelling community

is limited by the availability of dataften relying on short term manipulation experiments that

may not adequately account for long term adaptations to climate change, on satellite records that
have at best a temporal resolution of several days, or on citizen science datasets that are
collectedwith inconsistenguality (Chuine, 2000; Chuine and Beaubien, 2001)

Many existingLAl datasets, including those derived from both satellite and ground based
phenocams, rely heavily on greenness and thus leaf color to detect the presence of leaves. This
can lead to challenges in autumn when senescent leaves may be present. In many years
throughout the study period, MODIS staahd enebf-season precedes both the stanid end
of-season as comparedRARbased methods calculated in this study. Thi®eslihe

challenges phenology researchers have outlined when using satellite derived phenology
products. Understory green up significantly precedes green up of the overstory, leading to an
early signal in characterizingAl for the ecosystem from satellpgatforms(Ahl et al., 2006) A
summer green down precedes leaf dropl@DIS LAI products are derived from greenness and
would thus decrease with decreasing leaf pigments before leaves physically fall ftopeshe
(Elmore et al., 2012)This findinghas implications for the use of remotely sensed data in
representation of canopy structure within terrestrial ecosystem models as shorter growing season

may lead to underestimation of the carbon uptake period compared to reality. Accurate
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characterizatiof seasonal timing is thus critical to accurate prediction of carbon fluxes from
modetbased approachesn advantage of all theARbased methods presented here is the
temporal continuity of thé data, permitting a precise quantification of phenalabevents.

This is particularly important in spring and fall periods, when both MODIS andXh&000
measurements are too sparse to capture the exact timing of budburst, full leaf exgasion
onset of senescenand leaf fall. The difference is particularly striking in spring owing to the
short time period between budburst and leaf expar{€iorft et al., 2015)The dataset

presented here is also largely independent of leaf color and would allow for theéisepara

leaf presence and leaf color that can be convoluted in other datasets.

4.9. Conclusion

The objective of this study was to explore the feasibility of derilzé&\band leaf phenology
metrics from a long record &fARmeasurements. At the Borden Foresg, alvailability of sub
canopyPARdata precedes the availability of other long time sérfdsstimates such as
satellite or phenocam datéle used these methods to detiemporally continuous
measurements of seasonal and interannual variability awer a period spanning nearly 20

years.

All four methods described provide reasonable magnitudes and seasonal patterns of effective

leaf area index) , on a daily timescale throughout the measurement period.

All four methods described show strong lineaationships with independent measurements of
0 from anLAI-2000instrument and MODI®AI. The Miller method showed the strongest
relationship with manualAl -2000measurements fR0.84, p<0.001, SE=0.40).

MODIS LAI presented earlier start of seasod earlier end of season dates than the dRANR
based) in many years in the 2@ear dataset. This suggests systematic biases of MODIS in the

assessment of the growing season.

Application of the methods presented here will allow users to fill the lystpseen manual or
satellite derived measurementsiof facilitating precise determination of phenological events.
Application of these methods can thus improve the representation of phenological events in
phenology process modelling, or the represesmati canopy structure in terrestrial ecosystem
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models. Such approaches hold broad potential to provide valuable insight into the dynamic

responses of vegetation to global climate change.

While the data presented hen@from a single site, the instrumtation required is not

uncommon. In fact, 36 other sites within the AmeriFlux network report above and below canopy
PARmeasurements. We plan to extend this work across the available data in the AmeriFlux and
FLUXNET networks to develop a larged\l datasefor use in terrestrial ecosystem models and
validation of satellitd_Al datasets. The resulting study will augment the information available
from other approaches, such as phenocam netW@i&sardson et al., 201,8llowing for
greaterconfidence in representation of canopy structure. The benefit of the methods described in
this study are not in improving the accuracy of existing methods but rather in the temporal
continuity with whch consistent measurements can be obtained with mieiffcat or expense.

Highly accurate light sensors are widely available, easy to-cadésate, and can be widely

deployed in lowcost autonomous systems.
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Chapter 5
Temporal covariation between spectral indices, leaf traits, and
fluxes of CO: at the Borden Forest

5.1. Abstract

In this study we examine whether complimentary information from the photochemical
reflectance indexPRI) and solar induced fluorescen@&F) can be used together to improve
monitoringof gross primary produatity (GPP) from remote sensingf physiological changes
in the forest canopyVe report asuite of concurrent observations of spectral, environmental,
and physiological data at leaf and canopy sclthe Borden Forest Research Statslong

term AmeriFlux site.

We findthatdi f f er ences bet ween tree speciesd | eaf
spatial variation in multi angular spectral observations that is most significant in sprirajland f
ThePRIsignal is not always detectable at leaf scale and reverses in sensitivity to light stress on
senescent leaveSIF performs better thaabsorbed photosynthetically active radiati&i® AR

in predictingGPP, but these relationships are improvedy marginally by inclusion oPRI.

PRIis relatal to LUE through seasonal variations in canopy chlorophyll and structure, bus track
LUE poorly in the peak growing seasavhen variations in structure and leaf biochemistry are

small

Importantly, our fhdings suggest th&RI may not improve the ability to assess light
partitioning through photochemical, nonphotochemical quenching, and fluorescence pathways
as deduceftom spectral information. Nonetheless, the index tracks seasonal variations in light

use efficiency that may yet prove useful.

Finally, we explore the ability of the near infrared reflectance of vegei@iéty) to account
for canopy structuralariability in the SIF signaland findthatNIRvoutperforms a physically

based angular normagidon scheme
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5.2. Introduction

Estimating gross primary productivitsPP) from space has long been a goal of the scientific
community(Grace etal.,2007) and i s more i mportant than ev
change. Combined effects of fertilization (Ainsworth and Long, 2004; Piao et al., 2019;

Sun et al., 2014; S. Wang et al., 2Q2)anging patterns of precipitation, temperatme
drought(Anderegg et al., 2019; Sage and Kubien, 2007; Wu et al., 2Hdr)ginggrowing
seasondngth(Barr et al., 2004; Gonsamo and Chen, 2016; Piao et al.,,Zdi®rhanging
disturbances such as fires, herbivory, and dis@diieer et al., 2009; Y Pan et al., 2013l
concurrently impact the terrestrial biosphere in ways that are diff@wpredict and in turn

create feedbacks to the climate sys{@reen et al., 2017; Piao et al., 2018)obal forests are
currently thought to provide a net carbon sfik Pan et al., 20113nd as a result natural

climate solutions such as tree glag programs have captured the attention in areas of corporate
and personal efforts to combat climate chafdggpa et al., 2021However, the global capacity

and effectiveness of such solutidresedrawn considerable scrutiny and debate within the
sdentific community(Bastin et al., 2019b, 2019a; Friedlingstein et al., 2019; Grainger et al.,
2019; Lewis et al., 2019; Skidmore et al., 2019; Veldman et al., 2848)indeed it is well
established that many forests are carbon neutithl those recetly disturbed acting as net

sources of carbon to the atmosph@hben et al., 2003)The potential for global forests to shift
from sink to source, as well as the proliferation of tree planting progfartteerincreaseshe

need to monitor the carbaptake of vegetation from the atmosphere.

Solar induced chlorophyll fluorescen&® k) presents a transformative change in remote
monitoring ofGPP. SIFis a faint reemission of absorbed photons by chlorophyll, and thus a
direct observation of the inteittan between light and the photosynthetic apparatus of live
vegetationFrankenberg and Berry, 2018§IF measurements from satellite aB&P have been
observed to vary directly at global scalEsankenberg et al., 2011; Guanter et al., 2014, 2012,
Joirer et al., 2016, 2013; Yang et al., 2015; Y. Zhang et al., 20&6gnting a new method to

monitor the response of the land surface and changes in its ability store carbon from space.

The use of fluorescence in photosynthesis research has a long, mstdiating the ability to
separate the faint contribution of fluorescence from the overwhelming reflectance of vegetation

under solar illuminationPulseamplitude modulated (PAM) fluorometry employs saturating
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light pulses to characterize the pathways for light absorbed by chlor@ktayivell, 2000) a

technique that is not possible wiiF, which uses the sun as a passive light source. Thus far,

PAM fluorometry is limited to the leaf scaldth a few excepons (Atherton et al., 2019)There

thus remain open questions linking the mechanisn®variation at canopy and larger scales

to the nuanced insights gained from PAM fluorometry at leaf scale. Addressing these challenges
would enable anorenuancednterpretation of the meaning 81F andhold promise for

untanglingthe physiological partitioning of light by vegetation at global scale from space
(PorcarCastell et al., 2021)

This challenge is not trivial. The relationship between fluorescencplradsynthesis is

complex and differs between the scale of an individual leaf and the scale of an entire plant
canopy. At leaf scales, only residual enegyffuorescedthat is, the excess energy that remains
afterphotochemical quenching®), nonphobchemical quenchind\PQ), andheat dissipation
(Maxwell, 2000; PorcaCastell et al., 2014 hese processes thus serve to modulate the
fluorecence signalAs a result, the leagcale relationship between fluorescence and
photosynthesis is nonlineardiholdsinformation on the partitioning between competing
physiologicalprocesses. At global scales, a linear relationship bet&@#esndGPP has been
observedFrankenberg et al., 2011; Guanter et al., 2014, 2012; Joiner et al., 2016, 2013; Yang et
al.,2015; Y. Zhang et al., 2016Jespite theurvilinear relationshippetween fluorescena@nd
GPPexpected from theorfGu et al., 2019; van der Tol et al., 20a4d observed over small
spatial and short temporal sca{®agney et al., 2019aJ he scentific community has dedicated
substantial efforts to attributing tHisear relationshigo mechanistic explanationa

challenging endeavour &F is affected by variations in space and timéh@amount of
chlorophyll in each leaf (Clak), and how leaves are arrandedy, leaf area indexLAl) and

leaf inclination angl€LIA)), which in turn impact how much light is absorbed by the vegetation
canopy APAR or absorbed photosynthetically actragliation), how much of the absorbed light
is reemitted as fluorescenc8If yield), and whether this light is able to escape the canopy or is
reabsorbed by neighbouring leaviss(escape probability\Verrelst et al., 2015Porcar

Castell et al(2021)outline a roadmapf multidisciplinary research needemresolve

mechanistic connections betwegh- andGPPthrough observations of photosynthesis,
structure and physiology at multiple scales. This would enable interpreta®df loéyond the
current empirical relation witliGPP by revealinghe physiological processes involved in

photosynthesis.
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One avenue which may improve understandinG®BP-SIF linkages is througimonitoring of
processes that compete with both photochemistry and fluoredeoereeitation energy
(PorcarCastell et al., 2014Chlorophyll fluorescence is modulated by ramotochemical
quenching NPQ) 1 i.e., quenching (reductions in fluorescence) not resulting from
photochemistry. The predominant process responsibPRQis fast changes in the

epoxidation state of xanthophyll pigmentghich serve to harvest excess light energy and
facilitate its dissipatin as heat. Through the xanthophyll cycle, plant tissues avoid damage, or
photoinhibition, of the photosynthetic apparatus under conditions of exces®leghinig

Adams and Adams, 19960)he photochemical reflectance ind@®R() is a spectral index with

long history of tracking fast physiological changes in leaves due to its ability to detect spectral
changes in green reflectance at a wavelength of 531nm associated xanthophyll pigment
interconversions. Specifically, excess light triggersepgexidationof the xanthophyll cycle (i.g.
conversion of violaxanthin to antheraxanthin and then zeaxanthin), lowering reflectance at
531nm(Gamon et al., 1990PRInormalizes 531nm reflectance against that at 570nm to
separate changes in this signal from ovelidfierences affecting the complete spectrum of
reflectancgGamon et al., 1992 he ability to deteddPQfrom space is a promising avenue to
complement the insights we can infer fr@ir measurement3.houghPRI has been touted in

its ability to tracKight use efficiency, a quantitatively reliable model for retrievitf from
PRIremains elusivéGarbulsky et al., 2011; C. Zhang et al., 2016)

In this study we examine whether complimentary information fRB®handSIF can be used
togetherto improwe GPP detection from remote sensitioughmonitoring of physiological
changes in the forest canopye aim to contribute to filling the data gaps through a suite of
concurrent observations of spectral, environmental, and physiological data at leai@mnd ca

scaleatthe Borden Forest Research Statmlong termAmeriFlux site.

We first characterize the variability in leaf traits and chemistry throughout the growing season.
We then examine the strength of el response to light stress at leaf scal®aghout the

growing season. Next, wassestemporal covariation isIF, PRland environmental causes for
changes iIlGEP at canopy scale. Finally, we investigate the quantitative relationships between
GEPand spectral indices
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5.3. Methods

5.3.1. Study site

All measurements were collected at the Borden Forest Research Station operated by
Environment and Climate Change Canada in Sout@etario, Canada (44C 9N\j79°5 6VWj

The facility, first established in 1984 houses a 44m instrumented tower and has provided eddy
covariance measurements of carbon, water and energy fluxes nearly continuously since 1995
(Froelich et al., 2015)

5.3.2. Automated measurements

5.3.2.1. Flux methods

Fluxes were determined using the eddy covariance mettch relates covariance of the
vertical component of the wind speed with fluctuations of a scalar property of interest (e.g.
CO,, water vapor concentration, or teempture). Fluxes of carbon were determined from the

vertical movement of air and its G@oncentration as:

O Equation 5-1

where” s the air density) is the molar mass of air, and 60 is the vertical
turbulent flux of CQ corrected for fluctuations in air density resulting from fluctuations in
humidity following the procedure &W/ebb et al(1980)(WPL corretion).

The net ecosystem exchange of@@s then calculated from the €fux and change in
storagan the atmosphereelow 33m, determined from measurements of the c@@centration
profile as the integral of the change in &@ncentration over time, ithh respect to height:

Y(?'U (oXo Equation 5-2
Yo
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To correct for systematic underestimation of fluxes during conditions of low turbulence, data

were excluded below a friction velocify*) threshold of 0.3 m/s.

All data were further checked for quality issues that often result from instrument or computer
malfunction, power outages or bad weather. Data outside a reasonable range were excluded

along with any parameters calculated fromdhestionable data points.

Flux partitioning and gap filling were achieved following Barr e(2004) Small gaps are first
filled by linear interpolation. Measuredspiration R) is determined as nocturnal and cold
seasomet ecosysteraxchangeNEE) when the photosynthetic flux is known to be zero, and an
empirical relationship with soil temperature is derived as:

i

Y 5 IR ~ Equation 5-3

Modelled versus measur@&is then regressed on a moving window of-tlala points. To
determine a time varying adjustmentgquation5-3.
i oi

Y - _ Equation 5-4
p Agbi Y

The resulting model is used to estimate daytiaad fill gaps in nighttime flux dat&ross
ecosystem productivity@EP) is then estimated as the difference betweEE and the resulting

R. Gaps inGEPare then fit to an empirical model:

0 0000

_ Equation 5-5
0 "00Q

"00 0

C

where Anaxis light-saturatedsEP, and0d 0 "O8incident photosynthetically active radiation
(i.e., photosynthetic photon flux densjtyandk is an empirical constant. The time varying
regression slope of modelled versus measGieR is then determined on a moving window of

100 data points, and introduced as an adjustmefdqaation5-5:

005D 9 (3 _ Equation 5-6

The resulting time varying relationship is then used to fill gagagR. Finally, gaps ilNEE are
filled from the difference betweeagapfilled GEPandR.
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Note, since we aim to investigate mechanisms for the relationship beBNeand GEP, and
betweerPRIand light dissipation processdisis dependence of thgapfilling procedure on
incidentPPFD could impact results. We thus restrict our analyses to thgaphlled fluxes,
and light use efficiency is calculated based on unfiB&dP data.

. 000 "000

0 YO —— e —— e Equation 5-7
oOouvoYOULTO LT V()]

While GPPandGEP areconceptually similarthe terms are not directlgterchangeable
(Chapin et al., 2006; Wohlfahrt and Gu, 20I8)roughout this chapter,ewuse the ternGEP

when referring to fluxes measured by eddy covariance at the Borden tower

5.3.2.2. Canopy spectrometer system

In order to collectulti-angular measurements of canopy spectral reflectance as well as solar
induced fluorescence, a dual channel spectrometer (UABPePP Systems, Amesbury MA)

was installed on the tower at a height of 38m from May to November of each year in the study
period. The Unispe®C has a range of 3a0100 nm with a spectral sampling interval of 3.3nm

and Raleigh resolution of less than 10nm. The instrument was housed in a weatherproof
enclosure. The upward facing detector was levelled and fitted with a cosieetor. The

downward facing probe was installed on a-tilirdevice that cycled between zenith angles of

43, 48, 53, and 58 degrees and azimuth angles ranging from 0 to 360 degrees. The rotation of the
pantilt device and the acquisition of data waggdered by a custom control software developed

in MATLAB (The Mathworks Inc., 2017)

5.3.2.2.1. Dark current and cross calibration

All measurements were corrected for instrument dark current as a function of instrument
temperature. The instrument was run in a @aéosure with channel ports covered tightly in
aluminum foil. The system was acclimated to a range of temperaiues highly linear

relationship between instrument dark current values and detector temperatures was derived for

each of the 256 spectrampling intervals on both instrument channels. Measurements were
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corrected for dark current by subtracting the dark current value predicted as a linear function of

the instrument temperature, channel, and spectral sampling interval.

The sensor channels veecross calibrated by pointing both probes toward zenith and covering

with a diffusive dometherebyensuring consistent illumination of both spectrometer channels.

The cosine corrector was fitted to the downwelling probe during this-cadigsation proedure

to also account for attenuation through of illumination through the cosine corrector. For each
detection wavelength, the dark correction was first appfdthear regression through the
originbet ween wupwelling and dobem weasctalculatddreacth ann el
3.3nm sampling interval between 330 and 1100tardetermine the relative sensitivity

(regression slope&)f eachchanneR?> 0.93 for all wavelengths arif > 0.99 between 400 and
1,000nm). This regression slope égjuivalent to the crossalibration ratio presented by Gamon

et al.(2015)

5.3.2.2.2. Reflectance and fluorescence calculations

Reflectance was calculated accounting for the relative sensitivity of each channel as:

0
U Equation 5-8
00

whereRs.is reflectance at wavelenghPr srgetis the dark corrected target radiance at
wavelengthe; Pi exyis the dark corrected sky irradiance at wavelelsgdndCCs.is the cross
cdibration ratio calculated as the slope of the cross calibration model for wavetength

We used digital numbers from upwelling and downwelling channels of the spectrometer, within
and outside the G& band in order to retrievBIF in arbitrary units. Since fluorescence is not
calculated from reflectance, the crasdibration ratios betweehé two detectors at 760 and
756.7 nm were used to correct B calculation for relative sensitivity between the two
instrument detectors as follows:
06 gC 30 0 g 60 0©
00 gO 3 06 ©

Equation 5-9

YO
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whereCCsrefers to the relative sensitivity of the downwelling channel to the upwelling channel
O is thesolar irradiance at wavelengthandd is thetarget radiance at wavelength

As a spectrometer with sttanometer spectral resolution would be preferable for quantifying
the SIF signal, we applied additional quality assessment oSthelata: sinceésIF should only
occur over vegetated targets, waified that spatial variability isIF varied with spatial
variability in NDVI. We also verified that seasonal variabilitySh yield generally follows

canopy chlorophyll content assessed via laboratory quantification as Wi\dwalues.

5.3.2.2.3. Angular normalization of SIF

We follow the procedure of He et §2017)to normalizeSIF measurements top-of-canopy

and hotspot directions. In any particular viewing direction, the sunlit canopy fraction in the field
of view will dominate theSIF signal as significantly more light interacts with chlorophyll in the
sunlit canopy fraction than in shadow. It follows thatiability in observe®&IF can result from
view-illumination geometry alone without true changes in the total canopy emission. Thus, it is
necessary to account for these bidirectional effects in interpretat#lir.ofhe SIF signal in the
observation dection will be comprised of dissimil&F emissions from the sunlit and shaded
portions of the canopy as well as a contribution from multiple scattering 8ifsgnal. This

observedIF signal can thus be decomposed as follows:
YO YO 0 YO 0 | YO 0 Equation 5-10

The proportion of sunlit and shaded canopy varies with the alignment between the observation
and illumination anglé i.e.,if the canopy is observed and illuminated from the same direction
only sunlit leaves will be in view as leaves and other objectobgicure their own shadows

(the hotspot direction) whereas if the observation and view angles are far from one another more
shaded canopy will be observed. The fecale model separates the sunlit and shaded canopy
based on the probability a ray wileretrate the canopy both from the source of illumination to

the leaf, and from the leaf to the sen&hen and Leblanc, 1997)

The total sunliLAl can be expressed as the probability that the sun will penetrate the canopy of
height,h, to a depthz.
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Equation 5-11

And likewise, the probability thaeafarea is viewed from the view direction is:

0 ¢ p Ao BM Equation 5-12

Where' and‘ denote the respective cosines of the solar and view zenith angles.

The probability of viewing sunlit leaf area is the probability that the leaf isilhathinated and

viewed. Thusthe sunlit leaf area can be expressed as the produgiahdL..

0 Aob— — Q «

™ Oom om
Q Q

™ 0 Equation 5-13
Agp = —g Q4 Qa

[ [‘)
¢ —— 0P Agp 2 BTm

When the vegetation canopy is illuminated and viewed from the same angle, the viewer
observes the canopy through the same canopy gap as it is illuminated. However, when the view
angle differs from the illumination angle the view and illumination of theegaontion of the

canopy would be through different canopy gaps. As such the probability of viewing and
illuminating a portion of the plant canopy is identical wies 0 (i.e, the view and illumination

angle are the same), and differ most wheénlarge The hotspot kernel function of Chen and

Cihlar (1997)can correct for this correlation by ranging between 0 when the paths of view and

illumination are dissimilar, and 1 when the view and illumination occur through the same

canopy gap.

O, Agb.,. 1" 6 Equation 5-14
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whereC represents the hotspot width and relates to the size of canopftygapally set to
12.5 for forests, and 8.33or other land cover typgsie et al., 2017) and, can be determined

from:

Equation

Al e AT-OAT1-©6 OELIOELD i 5.15

wherel3 is the angle between the solar and view azimuth direcfidrescorrected sunlit leaf

area then becomes:

O g, O 0 ) "0, Equation 5-16
In other words, when observing the hotspot, =1 andd 0 and when outside the
hotspot'O, is zeroandd 0 . Atthe proximal scale used in this study, the view and

illumination directions are rarely the sanieus "O, was simply set to zero rather than
calculated fronEquation5-14 andEquation5-15. However"O, would be more important to
considerfor satellitebasedSIF measurements where the view and illumination angles are more

likely to align

Visible shaded leaf area can then be determined from the difference between the anotaint of

leaf area in view and the sunlit leaf area in view:

0 0 0 Equation 5-17

Finally, SIF emission can be expressed as follows:

YO Y Q) YO 0 | "YAD
Equation 5-18
YO O — | 0

whereb is the ratio of sunlit to shad&IF emission {Y'OI'Y"O ), andUis a multiple scattering
factor(He et al., 2017)This permits calculation of the sunlit, hotspot, and St&I(SIFs, SIF,

andSIR, respectively) as:

) i Equation 5-19



YO “YQ) Equation 5-20
YO YO YO O O Equation 5-21

As the angulanormalization scheme relies on the solar position to separate sunlit and shaded
leaf area, the scheme is not accurate under diffuse illuminatiqrelpwedy skies). We thus limit

analysis of the performance of the angular normalization scheme to ¢k=ar sk

5.3.2.3. Automated leaf area index monitoring

Leaf area index was estimated from the attenuation of photosynthetically active radiation
through the forest canopy using t @el)Ge€ampbel
Section4.5.4.3.

5.3.3. Field data collection

5.3.3.1. Species sampled

The Borden forest is comprised of a mixturédoer rubrum L(52%),Pinus strobus L
(13.5%),Populus grandidentatMichx (7.7%),Fraxinus americana L(7.1%), andPinus

resinosa Ait(1.9%), with other hardwood species accounting for the remaining 20% of species
composition(Lee et al., 1999; Teklemariam et al., 2004) leaf sampling and measurements
were carriedut on trees accessible at the top of the forest canopy from the Borden tower at a
height of approximately 22m. The leaves of three trees of different species can be safely
accessed from the tower at this heighraxinus americana I(white ash)Acer rubrum L. (red
maple), andPopulus grandidentata Michthigtooth aspen). Additionally, samplipgior to

2017 included a fourth tred?opulus tremuloidesyhich lost a limb and became unsafe to access
from the tower in early 2017. These species, though all members of the deciduous broadleaf
plant functional type, differ in successional strategy, and autecddagylus grandidentata
Michx.is an early succesnal species, that is fast growing and intolerant of shexk. rubrum

is adaptable to diverse conditions and tolerant of both drought and swampy soils. Shade tolerant,

A. rubrumtends to replace poplars over time, a successional process consistent with
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observations at the Borden Fordstaxinus americanavas once widespread in Ontario but is
now quickly declining due to invasion B\grilus planipennisthe Emerald Ash Borer beetle

which likely arrived in North America in the early 1990s.

USDA Tree Species Ranges
7| Populus grandidentata
Fraxinus americana

(I Acer rubrum
[ZZ]  Populus tremuloides
? Borden Forest

0 250 500 750 1000 5

e e il ometers k

Projection: Canada Lambert

Projection: Robinson

. ‘o
a N

Figure 5-1 North American range of Populus grandidentata, Fraxinus americana, Acer rubrum and Populus
tremuloides

5.3.3.2. Leaf reflectance measurements

Leaf reflectance measurements were collected on the three sampled tbpeaggsouthe 2018
growing season using an ASteldSped’ro spectrometeand acontact probevith an

integrated light sourc& he spectrometer has a range of-23500nm and nominal spectral

sampling interval of 1nm. Approximately 1&p-of-canopyleaves of each tree species

accessible from the tower were measured, with fewer measurements per species in autumn due
to there beindgewer leaves accessible within safe reach of the tovieggetation indices were

calculated from the reflectance spectra as follows:
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Table 5-1 Spectral indices used in this study

Index Formula Usage Reference
NDVI Y Y Greenness (Rouse et al., 1973)
Y Y
MNDVI8 Y Y Greenness (Mutanga and
&Y, &Y, Skidmore, 2004)
Macc01 Y Y Chlorophyll Content | (Maccioni et al.,
Y Y 2001)
ARI Y zVY Anthocyanin Content (Gitelson et al., 2001,
CRI Y zY Carotenoid Content | (Gitelson et al., 2002
PRI Y Y Xanthophyll Cycle | (Gamon et al., 1992)
Y Y activity

Leaf reflectance measurements were atstected over dadadapted leaves in order to observe

the change in the reflectance spectra associated with a transition fromaaldptéd state to

light exposed. A leaf of each species was wrapped in aluminum foil upon arrival at the site

around 10amUpon completion of other work, around 1:30pm, dadapted leaf reflectance

was measured immediately upon unwrapping the leaf, and subsequent measurements were
triggered as quickly as the instrumenuld be triggerefbr a period of approximately 1 minute

This experiment replicates the design of Gamon €1880)which first reported the 531nm

signal associated with xanthophyll cycle activity in sunflowers. Wedtmconfirm the

signal 6s presence throughout the growing sea

characterize any seasonal variability in the signal.

5.3.3.3. Leaf gas exchange and fluorometer measurements

Leaf CQ response (ACi) curves were meased ontop-of-canopyleaves throughout the 2017

and 2018 growing season using ar6dD0xt photosynthesis system fitted with a 6400_eaf
Chamber Fluorometer (LCOR, Lincoln NE, USA) following the methods of Croft et al.

(2017) This method allowfor consistency witlpreviously collected data fro2014-2016. For

each measurement date, astCAcurve was measured in situ on one leaf of each of the tree
species accessible from the flux tower. The instrument was allowed to warm up for 30 minutes
prior tomeasurement. For each measurement, the temperature was set to 25°C, and humidity
was monitored throughout measurement and maintained betwa@9&0rhe leaf was clipped

into the leaf chamber and allowed to acclimate to chamber conditions. Upon stabilofd@af
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photosynthesis, and stomatal conductance @& éurve measurement was initiated. The

sequenceofC&x oncent r at i omoldairiwas 430n200, 10@ &, 400, 600, 800,
1000, 1200, 1500, 1800. In early spring and late fall, when taefaarbon assimilation was
small, curve fitting can be difficult due to low photosynthetic capacity. ThedG@rentrations
2000, and 2radair wemmadded © Me-&i curve measurement sequence in

spring and fall.

The leaf was held at ea€O, concentration for a minimum of 2 and maximum of 5 minutes,

with measurements taken upon stabilization of measured parameters. Each curve took between
45 and 75 minutes, with values continuously monitored throughout the measurement. In some
cases, a bf would detach from the tree during measurermentthese instances, the

measurement was restarted on a new leaf.

A-Ci curves were screened for quality, and consistency in relative humidity and stomatal
conductance throughout the full measurement praee@ne curve was subsequently excluded

from the dataset. Remaining@i curves were fit with the Farquhar photosynthesis model

(Farquhar et al., 198® deriveVemaxandJmaxc 0r r ect ed t o 25A using th
packaggDuursma, 2015; Kore Team,2020) si ng t he batch pr.ocessin
Data points were excluded from a curve if incideARfell outside the range 1561850,

intercellular CO, concentration@;) was less than 0 or greater than 2000 ppm, or photosynthesis

fell outside the range betweeh0 & Mod /and &HD emol / m

Leaf fluorescence was measured concurrent wAti Burves using the L6400xt and the built
in FIr-ACi Curve auto program. This program exposes the leaf to a saturating light pulse and
recordsFo@ Fm@ Fs, FWO /m@prior to each record of photosynthesis.
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Figure 5-2 A typical fluorescence trace during a complete CO2 response curve. The data shown was collected on a
top-of-canopy Populus grandidentata leaf on May 26, 2017

In order to collect fluorescence parameters for @al&pted leaves;8leaves of each species

were wrapped in aluminum foil upon arrival at theldisite. After all other field measurements

were complete, the E6400xt actinic light was turned off for daddapted fluorescence
measurements. For each tree species, theattaited leaves and leaf chamber fluorometer

were enclosed in a blackout cuntéo prevent light exposure as the leaf was transferred to the
fluorometer chamber. Each leaf was clipped into the chamber, allowed a period of three seconds
to acclimate to the chamber and reach a basal fluorescencé@yah( a saturating pulseas

initiated to measure maximal fluorescent@)(

These measurements permit calculation of the following parameters as deiscdepthby
Maxwell, (2000)and Murchie & Lawsor§2013)

Non-Photochemical Quenching:
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0 5-22

Maximum efficiency of PSII:

0O 0 O _

O O Equation 5-23
Maximum efficiency of PSII in the light:

O 'Ox Ox

—_ Equation 5-24

O Oee

5.3.3.4. Leaf sampling and biochemical analysis

Five leaf samples of each species were collected, placed on ice, and transported to a laboratory
for extraction and quantification ahlorophyll a and b contegtcarotenoid content, leaf water

content, and specific leaf area.

A single hole punch was used to remove two discs, each with an area of G, Z8@tneach

leaf. Discs were weighed and were then placed in 4mL ofdiithylfamamide for a

minimum of two weeks and stored in a freezetl@°C to permit full extraction of the leaf
chlorophyll. Upon complete extraction, leaf chlorophyll and carotenoid content were quantified
from absorbance of the solution using a Shimadzul@®0 spectrophotometer at 663.8nm,
646.8nm, and 480nm following the method of Wellb({i:994)

O pg 0 g 0oPpP O 4 Equation 5-25
0w ¢CHRYO g THYO 4 Equation 5-26

Q TLILTD PP ¢ OO o By @D

&5 G1 €008 00 Equation 5-27
CTUV

3
Y4 |

whereAs.is the absorption coefficient at wavelength

Solution concentrations were converted to areal units as follows:
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5.4. Results

5.4.1. Seasonality of leaf traits, biochemistry, and leaf optical properties

Figure5-3 shows how the data collected in this study fit into kergn monitoring of leaf traits
at the Borden Forest research statMyhaxandJmaxmeasurements were collected from 2014
2018, with fuorometer measurements commencing in 2015. In late 2015, a dark adaption
protocol was added to allow for assessment of-dddptedluorometrymetrics such allPQ
andFv/Fm.
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Figure 5-3 Seasonality of leaf Vcmax, Jmax and fluorescence parameters at the Borden Forest site

Leaf traits and biochemistry were not constant throughout the study period. Upon I&afsut,
andJmaxwere low and increased gradually until early July, and began a gradual decline from
maximal values in mibeptember. A similar pattern occurredFii® /wdor the effective

quantum efficiency, where&s/Fm, the maximum quantum efficiency reached its maximal
value in early June, remained high through late SeptembErdginus americangand early
October forAcer rubrum andPopulus grandidentataiVhile bothF./Fm andF.0 /m@ndicate
maximal quantum efficiency0 /mdindicates this quantity under lightlapted conditions
whenNPQ processes are present. Thihe differing pattern betwedn/Fm andF.0 /md-
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indicates variability ilNPQ. Indeed NPQis highest in spring, plateaus during the peak growing

season and decreases through fall.
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Figure 5-4 Leaf physiological traits throughout the 2018 growing season

Fs, steady state fluorescence, quantifies the strength of the fluorescence signal at leaf scale under
constant illumination conditions. Thus, variabilityfegives an indication of the variability in

SIFyield at leaf scalers increases in spring until midune, remains steady until early October,

and sharply declines, generally following a similar patteitaxandJmax However, while

Populus grandidentattypically has highest chlorophyll conteWmaxandJmaxacross the three

tested specie§;sis lower forPopulus grandidentatthan the other species tested.

Leaf chemistry also varies through the growing season. Leaves emerge with little chlorophyll
andgradually increase in chlorophyll content until early July. Decline in leaf chlorophyll content

begins in midSeptember for all species sampled but declines more sloWlygalus
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grandidentatahan other speciePopulus grandidentatalso retains its lves later in the

season than the other species sampled.
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Figure 5-5 Leaf biochemistry throughout the 2018 growing season for three tree species. a) Leaf chlorophyll a+b
content by area, b) leaf total carotenoid content by area, c) the ratio of chlorophyll to carotenoid content. Chlorophyll
data was collected from 2016-2018 (and not all data is shown). 2018 data are shown to illustrate typical seasonal
patterns in leaf chlorophyll content.

Leaf reflectance measurements were used to calculate spectral indices and assess their

variability throughout the canopy and the season.

The Normalized Difference Vegetation IndéXVI) was high upon leaf emergence, and

remained high until late September Fbaxinus americanaandAcer rubrum and until late
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October forPopulus grandidentatadcer rubrumNDVI had a large standard deviation in
October, when some leaves senesced ed#nberothers. The senecence process occurred more
evenly in other species, and indeed tlagability is apparent from visual observations of the
forest canopy or phenocam images in fall.

The Anthocyanin Reflectance IndeXRI) was low except during spgrand fall, with higher
values observed fadkcer rubrumthan other species, consistent with visible redness in leaf
samples. The Plant Senescence Reflectance IR&R)(was low until October foAcer
rubrumandFraxinus americangbut remained low on adlampling dates fdPopulus
grandidentataAt the leaf scaleé?Rl varied seasonally, with lower values in spring and fall than

the midgrowing season.
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Figure 5-6 Seasonal variation in leaf spectral indices for Fraxinus americana (green), Populus grandidentata
(orange), and Acer rubrum (purple).

We used darko-light transition to test the function &Rl at a leaf scalé=rom theory, it
follows that asudden abnot shift in illuminationshould inducea change itNPQand pigment
interconversions through the xanthophyll cy@@amon et al., 1990 hisin turnshould reveal
a decrease in reflectance near 531nm and a decre@BRéoner time after the sudden tramen
(Gamon et al., 1992)

In general, the seasonal overall pattern in RRfvalues follows the seasonal patteriNIRQ.

However, mid growing season variabilityRl is not clearly related to temporal variability in
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NPQfor each species. Due to th#ficulty in standardizing the timing of initidRI

measurement upon transition from dark to light conditions, we caution against quantitative

assessment of the strength of Bl response. However, we note that in all specie®ie

response to lighdtress reversed in direction over senescent leaves.
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Figure 5-7 Seasonality in the response of PRI to a dark-to-light transition on individual leaves. Starting PRI values
are illustrated using filled points and ending PRI values are illustrated using hollow points. PRI start and ending
values are much lower on senescent leaves in autumn than throughout the remainder of the growing season.
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Figure 5-8 Reflectance spectra (normalized over the 800-850nm range), reflectance change and PRI change for a
Fraxinus (ash) leaf in mid-August and a senescing Populus (aspen) leaf in late-October after a dark to light transition.
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Neither the 531nm signal nor the decreasBRiis apparent in early July for any of the three

tree species tested. However, the sigmapparent throughout the remainder of the growing
season. This suggests variability in the strength oPRigesponse¢hroughout the growing
seasonOnce leaves began to senesce, the 531nm signal was undetectable, and instead an
increase iPRIis observed after the increase in light stress. To explore wheth&Rhissultis

due to a lack oPRIsignal or to an alternative spectral change at the reference band, we apply a
new index in order to isolate spectral changes at the leaf Stedereformulated PRI

normalizes reflectance at 531nm against linearly interpolated reflectance at 531nnmneeterm

from neighbouring wavebands just outside the xanthophyll related spectral feature at 531nm

y Y Y

YQQET 6 06 Re——S Equation 5-29
. Y Y
v C

This reformulation should capture shifts in 531nm relative to the overall reflectance similar to
the standard PRI formulation, but without sensitivity to reflectance at the typical 570nm

reference band which could be impacted by factors other than xanthoptiglbctivity.
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Figure 5-9 Change in PRI over time after a sudden dark to light transition. Top row: original PRI formulation. Bottom
row a reformulated PRI to avoid reliance on the 570nm reference band. All leaves sampled were visibly senescing
except for the Poplar on October 10 2018, highlighted in green.

The newPRIformulation effectively resudtin a decreasm the index value over time after a

darklight transitionfor senescent leaves. Even when chang@®Riraresmall a general
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decreasing trend in the nd¥RIformulationcanbe discerned. For green leaves, the R&Y
formulation performed similarly to the traditional formulation. This suggbatihe new
formulation successfully isolates 531nm changes in reflectance in tracking xanthophyll cycle

activity.

The data presented thus far characterize the variability in leaf level spectral indices,
biochemistry, and physiology observed throughou®E8 growing season. These results
provide a foundation for the interpretation of concurrent spectral indessBRd/ariability at
the canopy scajevhich we discuss in the sections that follow.

5.4.2. Spatial heterogeneity in spectral indices is driven by species

specific differences in the mixed forest canopy

At the canopy scal&IF andPRIvary throughout the study period as do their responses to
changing illumination, environmental conditions, and canopy chemistry and str&itire.
shows a clear variabilitwith lower values irspringand fall than during the mid growing
season. This is due baitlower incidentPAR availableto interact with chlorophyll, antb
lower canopy chlorophyll content owing both to lower leaf chlorophyll content and Lodver

during the spring and fall seasons.

As the Borden Forest is a mixed fordsie forest canopy presents a A#wmogenous target for
proximal remote sensing measurementss apparent agpatial variability inSIFandPRIin
the area surrounding thewer. The arrangement of differing tree species throughout the area
around the toweleads to variability in spectral indices by view direction, related to spectral
properties of the individual trees. This variability is most extreme in spring and fall, when
speies level differences in phenology are most appdreet, the difference in timing of leaf

out and senescence between species leads to high spatial variation in spectral index values:
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Figure 5-10 Spatial variability in spectral indices in spring, summer, and fall.

NDVIandSIFin the direction between 28870 degrees azimuth were consistently low
compared to the surrounding area. This indictitathe sensor fieldf view in these view
azimuth directionsvas not comprised of vegetatiorh&se view directions were excluded from

further analysis.

In fall, PRIl also reveda spatial variability in the vegetation canopy not apparent f@w| or
SIF. This suggestthatPRImay be useful in monitoring vegetation senescenbeh varies in

timing among the species present in a mixed forest such as Borden.

The high spatial variability observed exceeds any lIBFDF effects, particularly in spring and
fall. This highlighs the difficulty in characterizinBRDF effects in heterogeneous (mixed)
forest sites. In contrast, the considerably more homogenous Douglas fir forest used to
characteriz&8RDF effects onPRI by Hilker et al.(2008)allowed for the assumption that
diredional differences result solely from changes in vidumination geometry, sky conditions,

and the physiological responseRRI at leaf level to changing illumination. Zhang et(2D17)
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present a scheme for normaliziR&I for sunlit and shaded canopy fraction and make the
assumption that variation PRI at different view angles occurs only due to varying propastion
of sunlit and shaded canopy. The heterogeneity and its observed effects on multi angular
spectral observainsthatwe report in this study suggebatsuch assumptions would be

violated at the Borden site.

5.4.3. Temporal variation in spectral indices on seasonal and sub-daily

time scales

Figure5-11 shows theseasongpatterns in mean daytime valuesSi¥, SIFyield, andPRIl as

well as patterns iGEP, PPFD, effectiveLAl calculated from the attenuation BARthrough

the canopyRogers et al., 202 1)eaf chlorophyll contengind leafVemax SIF exhibits seasonal
variability broadly following diurnal and seasonal variations in the availabiliBAdR

However, there is a decoupling betwé&dhk andPARIn spring when higiPARprecedes
vegetation green wwhen effectiveLAl and leaf chlorophyll content remain lofaily
maximumsSIF, andSIF yield exhibit a distinct peak near the summer solstice when illumination
is high PRIremains high throughout the period when Hoth andcanopy chlorophyll content

are high but is low in spring and fall, likely owing to a combination of oM and canopy
chlorophyll content.
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