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Abstract

Arctic tundra ecosystems are experiencing warming twice the global average and Arctic

vegetation is responding in complex and heterogeneous ways. Shifting productivity,

growth, species composition, and phenology at local and regional scales have implications
for ecosystem functioning as well as the global carbon and energy balance. Optical remote
sensing is an effective tool for monitoring ecosystem functioning in this remote biome.

However, limited field-based spectral characterization of the spatial and temporal hetero-

geneity limits the accuracy of quantitative optical remote sensing at landscape scales. To

address this research gap and support current and future satellite missions, three central
research questions were posed:

e Does canopy-level spectral variability differ between dominant low Arctic vegetation
communities and does this variability change between major phenological phases?

e How does canopy-level vegetation colour images recorded with high and low spectral
resolution devices relate to phenological changes in leaf-level photosynthetic pigment
concentrations?

e How does spatial aggregation of high spectral resolution data from the ground to satel-
lite scale influence low Arctic tundra vegetation signatures and thereby what is the po-
tential of upcoming hyperspectral spaceborne systems for low Arctic vegetation char-
acterization?

To answer these questions a unique and detailed database was assembled. Field-based can-

opy-level spectral reflectance measurements, nadir digital photographs, and photosynthetic

pigment concentrations of dominant low Arctic vegetation communities were acquired at
three major phenological phases representing early, peak and late season. Data were col-
lected in 2015 and 2016 in the Toolik Lake Research Natural Area located in north central

Alaska on the North Slope of the Brooks Range. In addition to field data an aerial AISA

hyperspectral image was acquired in the late season of 2016. Simulations of broadband

Sentinel-2 and hyperspectral Environmental and Mapping Analysis Program (EnMAP) sat-

ellite reflectance spectra from ground-based reflectance spectra as well as simulations of
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EnMAP imagery from aerial hyperspectral imagery were also obtained.

Results showed that canopy-level spectral variability within and between vegetation com-
munities differed by phenological phase. The late season was identified as the most dis-
criminative for identifying many dominant vegetation communities using both ground-
based and simulated hyperspectral reflectance spectra. This was due to an overall reduction
in spectral variability and comparable or greater differences in spectral reflectance between
vegetation communities in the visible near infrared spectrum.

Red, green, and blue (RGB) indices extracted from nadir digital photographs and pigment-
driven vegetation indices extracted from ground-based spectral measurements showed
strong significant relationships. RGB indices also showed moderate relationships with
chlorophyll and carotenoid pigment concentrations. The observed relationships with the
broadband RGB channels of the digital camera indicate that vegetation colour strongly in-
fluences the response of pigment-driven spectral indices and digital cameras can track the
seasonal development and degradation of photosynthetic pigments.

Spatial aggregation of hyperspectral data from the ground to airborne, to simulated satellite
scale was influenced by non-photosynthetic components as demonstrated by the distinct
shift of the red edge to shorter wavelengths. Correspondence between spectral reflectance
at the three scales was highest in the red spectrum and lowest in the near infrared. By arti-
ficially mixing litter spectra at different proportions to ground-based spectra, correspond-
ence with aerial and satellite spectra increased. Greater proportions of litter were required
to achieve correspondence at the satellite scale.

Overall this thesis found that integrating multiple temporal, spectral, and spatial data is
necessary to monitor the complexity and heterogeneity of Arctic tundra ecosystems. The
identification of spectrally similar vegetation communities can be optimized using non-
peak season hyperspectral data leading to more detailed identification of vegetation com-
munities. The results also highlight the power of vegetation colour to link ground-based
and satellite data. Finally, a detailed characterization non-photosynthetic ecosystem com-

ponents is crucial for accurate interpretation of vegetation signals at landscape scales.

il



Zusammenfassung

Das arktische Okosystem erfihrt gegenwirtig eine Erwdrmung doppelt so stark wie der
globale Durchschnitt, worauf die arktische Vegetation in komplexer und heterogener Weise
reagiert. Die damit verbundenen Anderungen der Produktivitit, des Wachstums, der Ar-
tenzusammensetzung, der Phénologie und des Reproduktionserfolges auf lokaler und land-
schaftlicher Ebene haben Auswirkungen auf die Funktionen des hiesigen Okosystems so-
wie auf den globalen Kohlenstoff- und Energiehaushalt. Die Fernerkundung hat sich als
iiberaus wirksam bei der Beobachtung von Verinderungen der Okosystemfunktionen in
diesem Biom erwiesen. Allerdings sind feldbasierte Messungen und spektrale Charakteri-
sierungen der rdumlichen und zeitlichen Heterogenitit arktischer Vegetationsgemeinschaf-
ten limitiert und die Genauigkeit von Fernerkundungsdaten im Landschaftsmalstab einge-
schriankt. Um diese Forschungsliicke zu schliefen und aktuelle und zukiinftige Satelliten-
missionen zu unterstiitzen, wurden drei zentrale Forschungsfragen entwickelt:

e Wie unterscheidet sich die spektrale Variabilitit des Kronendaches zwischen dominan-
ten Vegetationsgemeinschaften der niederen Arktis und wie verindert sich diese Vari-
abilitit zwischen den wichtigsten phinologischen Phasen?

e Wie hingen Aufnahmen der Vegetationsfarbe des Kronendaches von hoch und niedrig
auflosenden Gerdten mit phdnologischen Verdnderungen des photosynthetischen Pig-
mentgehalts auf Blattebene zusammen?

e Wie beeinflusst die rdumliche Aggregation von Daten mit hoher spektraler Auflosung
von der Boden- bis zur Satelliten-Skala die arktischen Vegetationssignale der Tundra
und welches Potenzial haben zukiinftige hyperspektraler Satellitensysteme fiir die ark-
tische Vegetationscharakterisierung?

Um diese Fragen zu beantworten, wurde eine detaillierte Datenbank aus sichtbaren Nah-

infrarot-Spektralreflexionsmessungen, korrespondierenden Nadir-Digitalfotografien und

Photosynthesepigment-Massenanteilen der Vegetationsoberfliche der dominanten nieder

arktischen Pflanzengemeinschaften in drei phdnologischen Phasen zusammengestellt. Die

Daten wurden wéhrend der Vegetationsperioden 2015 und 2016 in der ,,Toolik Lake Rese-

arch Natural Area® im nordlichen zentralen Alaska am nordlichen Ausldufer der ,,Brooks

Range* gesammelt. Zusitzlich zu den Felddaten wurde in der Spitsaison 2016 ein hyper-

spektrales Luftbild aufgenommen. Neben Simulationen spektraler Signaturen von multi-

spektralen Sentinel-2, sowie hyperspektralen EnMAP Satellitendaten aus bodenbasierten

ii
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Reflektanzen, wurden auch simulierte EnMAP Bilder aus den hyperspektralen AISA Luft-
bildern abgeleitet.

Die spektrale Variabilitdt innerhalb und zwischen den Vegetationsgemeinschaften war in
verschiedenen phédnologischen Phasen unterschiedlich. Die Spédtsaison, wenn die Senes-
zenz der Pflanzen eintrat, war am geeignetsten, um viele der dominanten Vegetationsge-
meinschaften zu identifizieren, wenn bodenbasierte sowie simulierte hyperspektrale Re-
flektanzen verwendet wurden. Dies wurde auf eine allgemeine Verringerung der spektralen
Variabilitit und vergleichbare oder groBBere Unterschiede in der spektralen Reflektion zwi-
schen Vegetationsgemeinschaften im sichtbaren nahen Infrarotspektrum zurtickgefiihrt.
Vegetationsfarbe, extrahiert aus den Rot-, Griin- und Blau- (RGB) Indizes digitaler Fotos,
und pigmentgesteuerte Spektralindizes aus korrespondierenden bodenbasierten Spektral-
messungen, zeigten starke signifikante Beziehungen. Ebenfalls zeigten die RGB-Indizes
und der Chlorophyll- und Carotinoidpigmentgehalt einen mittleren linearen Zusammen-
hang, vergleichbar mit den Beziehungen zu den pigmentgesteuerten Spektralindizes. Die
beobachteten Beziehungen zu den Breitband-RGB-Kanilen der Digitalkamera zeigen, dass
die Vegetationsfarbe die Reaktion von pigmentgesteuerten Spektralindizes stark beein-
flusst und die Entwicklung und den Abbau von photosynthetischen Pigmenten nachverfol-
gen kann.

Die raumliche Aggregation hyperspektraler Daten von der boden- iiber die luft- bis hin zur
simulierten satellitengestiitzten Skala wurde durch nicht-photosynthetische Komponenten
beeinflusst, wie die deutliche Verschiebung des Ubergangs der roten spektralen Kante zu
kiirzeren Wellenlingen zeigte. Ferner war die Ubereinstimmung zwischen dem spektralen
Reflexionsvermodgen der drei Skalen im roten Spektrum am hochsten und im nahen Infra-
rotbereich am niedrigsten. Durch kiinstliches Mischen von Streuspektren mit unterschied-
lichen Anteilen erhdhte sich dieser Zusammenhang. GroBere Streuanteile auf der Satelli-
tenskala fiihrten zu einer hoheren Ubereinstimmung als auf der luftgestiitzten Skala.

Die vorliegende Arbeit zeigt, dass die Integration mehrerer zeitlicher, spektraler und raum-
licher Daten notwendig ist, um die Komplexitit und Heterogenitit der arktischen Vegeta-
tionsreaktionen in Reaktion auf klimatische Verdnderugen zu liberwachen. Die Identifizie-
rung spektral dhnlicher Vegetationsgemeinschaften kann durch die Verwendung hyper-
spektraler Daten auerhalb der Hauptsaison optimiert werden und fiihrt zu einer detaillier-

teren Ausgangsdatenlage. Die Ergebnisse zeigen auch die Vorteile der Vegetationsfarbe

v
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fiir die Verkniipfung von Boden- und Satellitendaten auf. SchlieBlich ist die Charakterisie-
rung nicht-photosynthetischer Okosystemkomponenten fiir eine genaue quantitative Fern-

erkundung der Vegetation auf der Satellitenskala entscheidend.
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1 Introduction

1.1 Scientific Background and Motivation

Arctic ecosystems have been the subject of intensive study in the last 50 years correspond-
ing to a rise in the understanding and awareness of anthropogenic climate change and the
phenomenon of Arctic amplification. Conclusive evidence of anthropogenic climate
change and an accelerated warming at high latitudes have been demonstrated for decades
and succinctly summarized by the Intergovernmental Panel on Climate Change (IPCC,
2014) and the Arctic Monitoring and Assessment Program (AMAP, 2017). The IPCC has
published global assessments on the science, impacts, and mitigation of climate change
since 1990 (IPCC, http://www.ipcc.ch/) and the AMAP has facilitated extensive study and
aggregation of past, current, and future Arctic climate change impacts from a broad social

and scientific perspective (AMAP, https://www.amap.no/).

The sensitivity of Arctic ecosystems to climate change is closely linked to properties of the
modern cryosphere (i.e. snow, freshwater ice, sea ice, glaciers, ice caps, ice sheets, and
permanently frozen ground (permafrost)), the stability of which depends on a consistently
cold mean state. The vulnerability of the modern cryosphere to warming can have cascad-
ing effects in terrestrial Arctic tundra ecosystems at local and regional scales. This will
have an influence on the global carbon budget and energy balance, biodiversity, as well as
socially and culturally important subsistence activities for northern communities (Bliss and

Matveyeva, 1992; Chapin et al., 2000; Hinzman et al., 2005; Oechel and Vourlitis, 1994).

Despite low ecosystem productivity and species diversity, the Arctic tundra biome se-
questers significant amounts of atmospheric carbon dioxide (CO3) into organic-rich soils
due to low turnover rates. The resulting large soil organic carbon pool in permafrost soils
is vulnerable to disturbance in a warming Arctic (Grosse et al., 2011; Hugelius et al., 2014;
Schuur et al., 2015; Tarnocai et al., 2009). In addition, the largely prostrate and patchy
nature of vegetation cover in combination with prolonged annual snow cover results in high
surface albedo compared to boreal forests acting as a cooling mechanism to the atmosphere
(Callaghan and Jonasson, 1995; Chapin et al., 2005). Current warming trends are disrupting
these biome-scale mechanisms setting off important positive feedback loops that effect ter-

restrial ecosystem functioning. For example, warmer temperatures mobilize carbon and
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nutrients increasing soil respiration, further warming air temperatures while also facilitat-
ing the expansion and growth of erect woody shrub species (Myers-Smith et al., 2011;
Karhu et al. 2014). The expansion of taller shrubs in turn increases the accumulation of
drifting winter snow, insulating the soil leading to winter decomposition and further release
of carbon and nutrients (Sturm 2011). An increase in taller shrubs also reduces surface
albedo by protruding through the snow, darkening the surface and enhancing absorption of

incoming solar radiation causing further warming.

Additional changes to the growing season length, snow cover duration, frequency and se-
verity of permafrost disturbance, depth of the perennially unfrozen active layer and the
resulting changes to surface hydrology further impacts local functioning of terrestrial Arc-
tic tundra ecosystems (Bhatt et al., 2010; Chapin et al., 2005; Elmendorf et al., 2012;
Serreze et al., 2000).

1.1.1 Arctic Tundra Vegetation

The Arctic tundra biome spans approximately 7 million km? north from the transitional
treelines of the Boreal/Taiga forests to the polar deserts and icecaps of the globe’s northern
most reaches (Bliss and Matveyeva, 1992) . This vast area has been broadly divided into
low and high Arctic dictated by the resulting ecological effects of latitude and climate. Bliss
(1992) describes the low Arctic as dominated by tundra, a generic term indicating 80—100%
vegetation cover, while the high Arctic is dominated by polar desert and polar semi-desert
with only 10-30% vegetation cover. More recently, (Walker et al., 2005) enhanced this
broad classification of circumpolar Arctic tundra by defining five bioclimatic subzones
ranging from the warmest and most vegetated to the coldest and least vegetated. The sub-
zones include, from north to south, and most to least vegetated: (E) low shrub, (D) erect
dwarf shrub, (C) hemi-prostrate dwarf-shrub, (B) prostrate dwarf shrub, and (A) cushion
forb. Following a similar latitudinal gradient of temperature and vegetation cover, species
diversity and richness also decreases with increasing latitude (Matveyeva and Chernov,
2000) . Although at the biome scale, species diversity is low, at the community scale, Arctic
tundra ecosystems have diversity comparable to temperate grasslands and coniferous bi-

omes (Bliss et al., 1981).

Tundra plants are morphologically adapted to harsh Arctic conditions having low stature

and low biomass with high allocations to below-ground structures. These adaptations allow
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plants to take advantage of an atmospheric surface boundary layer which can be up to 8°C
warmer than air temperatures at 1 m above the ground and to maximize surface area for
uptake of limited soil nutrients (Melgaard, 1982). The low stature of vegetation also max-
imizes winter insulation by snow and minimizes desiccation by wind (Oberbauer and
Dawson, 1992; Sturm et al., 2005). Further adaptations include photosynthetic capacity at
low light levels and accelerated growth and reproduction as soon as areas are snow free
due to overwinter storage of carbohydrates, shoots and flower buds (Billings and Mooney,
1968). Though hardy, many Arctic tundra species are also slow growing with relatively

low fecundity, characteristics that could limit their adaptability to climate change.

Recent meta-analyses, field-based studies, and landscape scale studies have highlighted the
concurrent non-linear landscape and plot-scale changes in Arctic vegetation productivity,
species composition, species distribution, vegetative growth, reproductive success, and
phenology in response to climatic changes (Bhatt et al., 2010; Bjorkman et al., 2017, 2015;
Elmendorf et al., 2012; Parmentier and Christensen, 2013; Prevéy et al., 2017; Walker et
al., 2006; Zhang et al., 2007). The overall research outcomes of the last decades reveal the
dynamic complexity and heterogeneity of the response of tundra vegetation to climate
change and associated feedbacks over space and time. For example, based on plot-scale
data Prevéy et al. (2017) showed how the sensitivity of Arctic plant phenology to warming
differs across climatic gradients implying a possible convergence of phenology with impli-
cations for gene flow across latitudes. From the landscape scale, the well documented phe-
nomenon of tundra “greening” over the past 30 years extracted from satellite imagery
(Bhatt et al. 2010) has shown an unprecedented decline in the most recent decade in some
areas linked to large scale atmospheric circulation (Bhatt et al., 2013). These two studies
serve as examples of the complexity of climate-driven vegetation changes across scales,
mechanisms, and parameters of interest bringing into focus the need for consistent and

reproducible data at multiple spatial and temporal scales.
1.1.2  Remote Sensing of Arctic Tundra Vegetation

Remote sensing data provide the potential to monitor the responses of Arctic tundra vege-
tation to climate change and associated feedbacks at multiple scales (Laidler et al., 2008;
Laidler and Treitz, 2003; Stow et al., 2004). The spatial extent of aerial and satellite remote

sensing provides the capability to undertake landscape and ecosystem scale studies for this



Introduction

remote biome. Factors such as persistent cloud cover, low sun angle, and a very short grow-
ing season present challenges for acquisitions of consistent frequency and quality. Thus,
integration of multiple temporal, spatial, radiometric, and spectral resolution data sources

is necessary for detailed characterization of Arctic vegetation.

Currently, broadband spectral vegetation indices (VIs) are the most common application of
remote sensing data in Arctic ecosystems due to the applicability, availability and temporal
record of the data (Laidler et al., 2008; Olthof and Latifovic, 2007; Raynolds et al., 2011,
2006; Stow et al., 2004). Broadband VIs have become well-established proxies for many
vegetation parameters including primary productivity, biomass, and vegetation type
(Boelman et al., 2003; Laidler and Treitz, 2003; Muller et al., 1999; Raynolds et al., 2011).
These indices are mostly based on a ratio between the red and near infrared (NIR) parts of
the electromagnetic spectrum to maximize signal to noise ratio by reducing illumination
differences and background soil signals. The red part of the electromagnetic spectrum is
sensitive to the photosynthetic pigment chlorophyll and the NIR to plant cellular and can-
opy structure. Taken together, reflectance in the red and NIR can indicate the amount of
green or photosynthetically active vegetation (Tucker, 1979). The normalized difference
vegetation index (NDVI) is perhaps the most common of these broadband indices and has
been widely used in quantitative remote sensing of Arctic vegetation (Boelman et al., 2003;

Laidler and Treitz, 2003; Muller et al., 1999; Raynolds et al., 2011).

The availability and record length of established broadband satellite programs such as
Landsat and MODIS represent highly valuable ecological records. However, the interpre-
tation of broadband indices outside of peak growing season and for characterization of
smaller Arctic vegetation communities as well as local spatial variations is limited (Laidler
and Treitz, 2003). High heterogeneity in community-scale vegetation composition, soil
moisture, and an abundance of litter and non-vascular components complicates interpreta-
tion of NDVI and other broadband VIs in sparsely vegetated areas and outside of the peak-
growing season (Liu et al., 2017). Buchhorn et al (2013) found that surface moisture re-
duced reflectance in the NIR, in turn underestimating the biomass signal of low-Arctic
tundra. Further, van Leeuwen and Huete, (1996) have demonstrated the importance of
standing litter and soil in the interpretation of biophysical parameters. These results suggest
that the small-scale heterogeneity of Arctic tundra vegetation and other internal ecosystem

components are not well characterized at non-peak times, limiting our ability to gain a
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complete and detailed picture of vegetation change in the Arctic.

Recent advances in optical remote sensing such as the European Space Agency’s Sentinel-
2 satellite (Drusch et al., 2012) and the German Aerospace Agency’s Environmental Map-
ping and Analysis Program (EnMAP; Guanter et al., 2015) offer new platforms with im-
proved spectral resolution facilitating the use of narrowband indices and the entire spectral
feature space (Schaepman et al., 2009) of the electromagnetic spectrum. The technical de-
velopments of these platforms will provide new methods for improved characterization and
monitoring of changes in heterogeneous low Arctic ecosystems in the context of climate

change and Arctic amplification.
1.1.3  Hyperspectral Remote Sensing of Arctic Vegetation

Across the visible-near infrared electromagnetic spectrum (VNIR; 400-1400 nm) vege-
tated surfaces reflect incoming solar radiation in distinct patterns due to a combination of
biochemical and biophysical properties. Three major photosynthetic pigment groups ab-
sorb incoming radiation strongly in the visible range (400—700 nm) of the electromagnetic
spectrum, creating unique spectral reflectance signatures and influencing vegetation colour
(Coops et al., 2003; Curran, 1989; Gitelson and Merzlyak, 1998; Gitelson et al., 2002). In
the NIR (700-1400 nm), cellular and canopy structure of vegetation control reflectance. A
phenomenon known as multiple scattering of radiation between air and plant cellular walls
as well as canopy structure leads to high reflectance values, known as the NIR plateau
(Gausman, 1974). The wavelength at which the transition between pigment absorption and
the NIR plateau occurs is called the red-edge and is commonly used in vegetation remote
sensing (Roberts et al., 2011; Thenkabail et al., 2000). The development, degradation, and
relative contribution of each pigment as well as the changes in cellular and canopy structure
can be tracked using hyperspectral resolution remote sensing (Sims and Gamon, 2002;

Stylinski et al., 2002; Tieszen, 1972; Ustin and Curtiss, 1990).

By targeting specific wavelengths with the use of hyperspectral remote sensing data, op-
portunities for detailed monitoring for vegetation differentiation and more detailed bio-
physical information can be derived aiding characterization of the complexity and hetero-
geneity of Arctic ecosystems over space and time (Liu et al., 2017). Specific wavelengths
and narrow band Vs are generally associated with chlorophyll, carotenoid, and anthocya-

nin content, which facilitate specific functions that control overall photosynthetic capacity
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and thus can be used to extract biophysical information.

The increasing frequency and availability of hyperspectral remote sensing data will help to
address some of the challenges associated with detailed observation of Arctic ecosystems.
Ground-based and aerial hyperspectral data are crucial for a better characterization of Arc-
tic biophysical properties and for informing the interpretation of optical satellite missions.
High spectral resolution data can maximize signal to noise ratios through targeting specific
wavelengths that show sensitivity to targeted parameters and insensitivity to background
signals. Recent studies have demonstrated the superiority of narrowband hyperspectral re-
mote sensing in estimating percent green cover and differentiating vegetation communities
in Arctic ecosystems (Bratsch et al., 2016; Buchhorn et al., 2013; Liu et al., 2017). Overall,
the application of hyperspectral remote sensing in Arctic ecosystems will improve our un-
derstanding of the spatio-temporal heterogeneity of this ecosystem and the environmental
gradients dictating it, and in turn will improve the accuracy of environmental change mon-

itoring.

1.2 Aims and Objectives

The main objectives of this research were to further our understanding of advanced optical
remote sensing observations of Arctic vegetation using a bottom-up, in-situ approach, ulti-
mately to inform the use of satellite-based observations for a more complete understanding
of the spatial and temporal complexity of Arctic tundra ecosystems. The specific research

questions that provide the basis for the three chapters of this thesis are outlined below:

1. Does canopy-level spectral variability differ between dominant low-Arctic vegeta-
tion communities and does this variability change between major phenological
phases?

2. How does canopy-level vegetation colour images recorded with high and low spec-
tral resolution devices relate to phenological changes in leaf-level photosynthetic
pigment content?

3. How does spatial aggregation of high spectral resolution data from the ground to
satellite scale influence low-Arctic tundra vegetation signals and thereby what is
the potential of upcoming hyperspectral spaceborne systems for low Arctic vegeta-

tion characterisation?

A multi-spatial, seasonal, and spectral scale approach was used to address the three research
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questions. A unique combination of ground-based, airborne, and simulated spaceborne data
at fine to coarse spatial and spectral resolutions as well as leaf-level photosynthetic pigment
data was acquired at three phenological phases representing early season/leaf-out, peak

season/maximum canopy extent, and late season/senescence (Figure 1-1).
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In the second chapter I explored the spectral variability of dominant vegetation communi-
ties at three major phenological phases using in-situ, canopy-level spectroscopy data and
simulated broad and narrowband satellite reflectance spectra. I aimed to determine if by
incorporating a phenological approach, the signal to noise ratio could be optimized thereby
increasing the spectral separability of dominant vegetation communities. Following on this
initial exploration of the importance of a phenological approach, in Chapter 3 I studied the
potential of digital photography to act as a surrogate and gap-filling tool for in-situ, canopy-
level spectroscopy and extracted biophysical indices. I related colour data extracted from
digital photographs at three major phenological phases to both leaf-level photosynthetic
pigment content and narrowband vegetation indices and discussed the implications for ex-
isting biophysical monitoring with broadband satellites. Finally, with the temporal and spa-
tial complexity of this low-Arctic tundra ecosystem clearly demonstrated by the in-situ
work of the previous two chapters, Chapter 4 studied how spatial aggregation influences
vegetation hyperspectral signals from the ground to satellite scale. Using multi-spatial scale
hyperspectral data from dominant vegetation communities as well as intrinsic ecosystem
components of litter, moss, and water, we studied how these ubiquitous and complex com-
ponents contribute to observed differences canopy-level reflectance from the ground to air-

and space-borne scales.

1.3 Study Area and Data
1.3.1 Toolik Lake Research Natural Area

All fieldwork for this thesis was conducted between May and September of 2015 and 2016
based out of the Toolik Field Station (68°37'N, 149°35'W) in north central Alaska (Figure
1-2). The Toolik Field station and surrounding Toolik Lake Research Natural Area, which
encompasses the two study sites of Toolik Lake and Imnavait Creek, is a National Science
Foundation (NSF) Long-Term Ecological Research (LTER) station and has been an active
research site since the 1970s. The study sites are situated within the Kuparuk River water-
shed on the North Slope of the Brooks Range, which includes the area from the summit of
the Brooks Range north to the Arctic Ocean. The site is classified as Southern Arctic Foot-
hills, a physiographic province of the North Slope (Walker et al., 1989) The Southern Arc-
tic Foothills were subject to three major glaciation events (i.e. Sagavanirtok, Itkillik I, and

Itkillik IT) with the most recent deglaciation occurring 60,000—100,00 years before present
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(Hamilton, 2003; Walker et al., 1989) . Distinct glacial terrain features and sandstone out-
crops characterize the landscape with elevation changes as great as 750 m though the local
relief is generally much lower. The Toolik Lake (68°37'N, 149°32'W) and Imnavait Creek
(68°37'N, 148°18'W) sites differ primarily in their glacial histories with the Imnavait Creek
site occurring on older Sagavanirtok substrates. The Toolik Lake landscape is more heter-
ogeneous than Imnavait Creek with an abundance of small glacial lakes, kames, and mo-
raines (Walker et al., 1994) The Southern Foothills are underlain by continuous permafrost
and snow covered up to nine months a year. Predominant winds result in extensive redis-
tribution of snow, particularly on north facing slopes and snow depths average around 50
cm prior to snowmelt. The climate of the Southern Foothills is highly variable as it is sub-
ject to more continental influences than the more maritime northern physiographic prov-
inces of the North Slope. The continental influence leads to warm summers and cold win-
ters with mean annual temperature between -7 and -11°C and mean annual precipitation
between 140 and 267 mm (Walker et al., 1989). There are minimal climatic differences

between the Toolik Lake and Imnavait Creek study sites.

The dominant vegetation communities are dictated by surface moisture regimes and range
from dry upland heaths, to moist tussock tundra, to wet sedge meadows. The most abundant
vegetation type is the moist acidic tussock tundra community, which is representative of
large swaths of the western North American and Siberian Arctic (Walker et al., 1994). The
tussock-forming sedge Eriophorum vaginatum dominates this vegetation type and often
occurs in complexes with Sphagnum species, ericaceous shrubs, and dwarf birch underlain
by acidic substrates. The contribution of the secondary species is dictated by the size and
age of the tussock; moss and shrubs are a common characteristic in larger, older tussocks
(Shaver et al., 1986). There is a corresponding non-acidic moist sedge tundra community
that is comparably dominant but is dominated by the non-tussock forming sedge Carex
bigelowii with contributions from evergreen shrubs such as Dryas integrifolia (Walker et
al., 1994). The most vegetated communities within the study site occur in upland water
tracks and are dominated by the deciduous erect shrubs of diamond-leaf willow (Salix pul-
chra) and dwarf birch (Betula nana). These communities have very defined margins with
species taking advantage of surface depressions acting as pathways for overland water
flow. The final group of communities is the dry to moist hemi-prostrate and prostrate dwarf

shrub communities (Walker et al., 1994). The dry uplands are characterized by low-grow-
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ing phenotypes (hemi-prostrate) of Betula nana, Salix pulchra, and Arctic blueberry (Vac-
cinium uliginosum) and occur on acidic substrates. The moister communities are dominated
by the prostrate shrubs Salix rotundifolia, Dryas integrifolia, and Cassiope tetragona and
occur on both acidic and nonacidic substrates. Wet sedge meadows were not included in
this thesis due to the complex signal associated with standing water, a persistent feature of

these communities.

All data collection was conducted in the Toolik Vegetation Grid (TVG), and Imnavait Veg-
etation Grid (IVG) (Figure 1-2). The TVG and IVG are 1 km? long-term monitoring sites
established by NSF as part of the R4D (Response, Resistance, Resilience, and Recovery to
Disturbance in Arctic Ecosystems) project. Elevation within the TVG ranges from 715—
775 m above sea level with minimal changes in slope and aspect. In the IVG, elevation
changes up to 100 m with a predominant west facing aspect in much of the grid. Both
Vegetation Grids are systematically divided by equally spaced markers every 100 m corre-
sponding to the intersection of Universal Transverse Mercator (UTM) coordinates. At each
of the equally spaced markers excluding the outer bounds of the grid, are long-term 1 x 1
m monitoring plots representative of a single vegetation community that are described in
detail by the Alaska Geobotany Center at the University of Alaska, Fairbanks
(http://www.arcticatlas.org/) (Walker et al., 2002).

11



Introduction

149°40'W 149°30'W

68°39'N

68°36'N

4+ Sample plots 2015 ® Sample plots 2016

Barrens
I Anthropogenic barren
Lichen on rock

Partially vegetated barren

Moist Graminoid Tundra
Tussock-sedge
Nontussock-sedge
Nontussock-sedge, horsetail

“+2« Nontussock-sedge, Cassiope

Wet Graminoid Tundra and Water
Sedge-moss tundra (poor fens)

*21271 Sedge-moss tundra (fens)

[ Unvegetated water
Herbaceous marsh

Prostrate- and hemi-prostrate dwarf-shrub tundra
Prostrate dwarf-shrub (acidic)

ARG 3 +.«.. Prostrate dwarf-shrub (Dryas octopetala)

- Prostrate dwarf-shrub (Dryas integrifolia)

- Hemi-prostrate dwarf-shrub (acidic)

I Hemi-prostrate dwarf-shrub (snowbed < 1m)

m Hemi-prostrate dwarf-shrub (nonacidic)
RER Hemi-prostrate dwarf-shrub (warm snowbed)
Erect-shrub tundras

Dwarf to low-shrub (birch)
[*2*2*1 Dwarf to low-shrub (willow)

Low to tall shrublands (birch)

— [*2e2+1 Low to tall shrublands (willow)
Meters
I 1 | Low to tall shrublands (water-track)
0 400 800 [352¢] Low to tall shrublands (riparian)

Figure 1-2 Location of the Toolik Lake and Imnavait Creek study sites in north central Alaska.
Inset A is the Toolik Vegetation Grid and inset B is the Imnavait Vegetation Grid. Vegetation com-
munities are defined by Walker et al., (2002). The crosses represent sites sampled in 2015; The
closed circles represent sites visited in 2016. At each closed circle up to 4 additional sub plots in
the immediate vicinity were sampled.
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In 2015, data were collected systematically in a subset of the TVG encompassing the first
53 long-term monitoring plots from north to south (Figure 1-2A). This sampling design
resulted in an uneven but spatially representative sample encompassing 12 distinct vegeta-
tion communities dominated by the moist acidic tussock tundra type. The IVG was not
sampled in 2015. In 2016, data were collected with a more even sampling design in 37
long-term monitoring plots of the TVG encompassing eight distinct vegetation communi-
ties. In the IVG, a subset of six long-term monitoring plots located in the north-western
part of the grid was sampled encompassing six distinct vegetation communities (Figure
1-2B). At each of the five long-term monitoring plots, four sub plots were established in

the immediate vicinity, resulting in five plots per vegetation type and 20 plots total for the

IVG.

Table 1-1 Overview of all data collected by year (2015 and 2016) and study site (Toolik Lake and
Imnavait Creek). Plots is defined as the total number of long-term monitoring plots and sub plots
visited. Obs is defined as the total number of individual measurements, photographs, or biomass
samples collected for spectral reflectance, digital photographs, and pigment analysis.

2015 2016
Toolik Lake Toolik Lake  Imnavait Creek
Phenological phase Parameter Plots Obs Plots Obs Plots Obs
Early season/ Speptral reflectance - - 69 621 24 216
Leaf-out Dlgltal photographs - - 69 138 24 48
Pigment analysis - 26 105 -

Peak season/ Spectral reflectance 53 477 78 702 20 180

Maximum canopy  Digital photographs 53 106 78 156 20 60
extent Pigment analysis 27 173 30 115 - -

Late season/ Spectral reflectance 52 477 77 693 20 180

Digital photographs 53 106 77 154 20 40

Senescence Pigmentanalysis 26 98 27 99 - -

1.3.2  In-situ Canopy-level Spectral Data

In-situ spectral radiance measurements were acquired in the TVG on July 5", and August
24" in 2015 and June 4'*", July 8", and August 23 in 2016. On June 17", July 7%, and
August 27™, 2016 spectral radiance measurements were collected in the IVG. The sequen-
tial data acquisition dates represent three seasons/major phenological phases of early sea-
son/leaf-out, peak season/maximum canopy extent, and late season/senescence. The spec-
troradiometer used was a GER 1500 with a spectral range of 350-1050 nm, 512 bands, a
spectral resolution of 3 nm, a spectral sampling of 1.5 nm, and 8° field of view (Spectra
Vista Co., Poughkeepsie, USA). Data were acquired under sunny conditions between 10:00

and 14:00 local time to ensure the highest solar zenith angle. Spectra were acquired with
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the observer facing south at nadir approximately 1 m off the ground resulting in a Ground

Instantaneous Field of View (GIFOV) of approximately 15 cm in diameter (Figure 1-3).

Figure 1-3 Example of field-based spectral reflectance measurement procedure in the Imnavait
Creek study site,

Nine point measurements of upwelling radiance (Lup), collected systematically ina 3 x 3
grid from west to east and north to south in each 1 x 1 m plot were averaged and used to
represent the spectral signature of each vegetation community. Downwelling radiance
(Laown) Was measured as the reflectance from a white Spectralon© plate. Surface reflec-
tance (R) was processed as Lup/Laown % 100 (0-100%). Reflectance spectra were prepro-
cessed with a Savitzky—Golay smoothing filter (n = 11) and subset to 400-900 nm to re-

move sensor noise at the edges of the radiometer detector.
1.3.3  True-colour Digital Photographs

In the same 1 X 1 m plots where in-situ spectral data were acquired, true-colour digital
photographs were taken within days of the spectral acquisitions in both 2015 (TVG: July
8", August 27M) and 2016 (TVG: June 14", July 12, August 18"; IVG: June 17, July
10", August 19™). Images were taken at nadir approximately 1 m off the ground with a
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white 1 x 1 m frame for registration of off nadir images (Figure 1-4).

Figure 1-4 Example of the nadir digital photography in a single long-term monitoring plot at three
major phenological phases. From left to right the photographs represent early, peak, and late season

Images were taken with a consumer-grade digital camera (Panasonic DM3 LMX, Japan)
in raw format, between 10:00 and 14:00, under uniform cloud cover to reduce the influence
of shadow and illumination differences. The digital camera collects colour values by means
of the Bayer matrix (Bayer 1976) with individual pixels coded with a red (R), green (QG),
and blue (B) value between 0 and 256. RGB values of each pixel in each image were ex-
tracted using ENVI+IDL (Version 4.8; Harris Geospatial, Boulder, Colorado). To reduce

the impact of non-nadir acquisitions, photo registration was done using the 1 x 1 m frame.
1.3.4  Leaf-level Photosynthetic Pigment Data

To measure leaf-level pigment content, leaves and stems (n =213) of the dominant vascular
species in a subset of the sample plots were collected at peak, and late season in 2015 and
early, peak, and late season 2016 for chlorophyll and carotenoid analysis. Samples were
placed in porous tea bags and preserved in a silica gel desiccant in an opaque container for
up to three months until pigment extraction (Esteban et al. 2009). Each sample was homog-
enized by grinding with a mortar and pestle. Approximately 1.00 mg (+/- 0.05 mg) of ho-
mogenized sample was placed into a vial with 2 ml of dimethylformamide (DMF). Vials
were then wrapped in aluminum foil to eliminate any degradation of pigments due to UV
light and stored in a fridge (4°C) for 24 hrs. Samples were measured into a cuvette prior to
spectrophotometric analysis (Milton Roy Spectronic 1201, ThermoFisher Scientific, Wal-
tham, MA, USA) (Figure 1-5).
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Figure 1-5 Left: Example of a silica gel-preserved biomass sample (Salix pulchra) prior to grinding
and extraction. Right: Spectronix 1201 spectrophotometer used to measure absorbance (A) and pig-
ment concentrations.

Bulk pigments concentrations were then estimated using a spectrophotometer measuring
absorption at 646.8, 663.8 and 480 nm (Porra et al., 1989) . Absorbance (A4) values at
specific wavelengths were transformed into pg/mg concentrations of chlorophyll a, Chl,,

chlorophyll b, Chly, total chlorophyll, Chls+», carotenoids, Car, using the following equa-

tions:

Chl, =12.00* 4°** —3.11% 4%¢* (1.1)
Chl, =20.78% A**** —4.88% 4°3* (1.2)
Chl,,, =17.67* A% +7.12% 4°9* (1.3)
Car=(A" —Chl )/ 245 (1.4)

The chlorophyll a to chlorophyll b (Chla:»), as well as the chlorophyll to carotenoid ratios
(Chl:Car) were calculated by dividing eq. (1.1) by eq. (1.2) and eq. (1.3) by eq. (1.4), re-
spectively. Pigment concentration was calculated as the average concentration of the dom-

inant species in each plot.
1.3.5 Airborne AISA Imagery

Hyperspectral imagery was acquired using an Airborne Imaging Spectrometer for Appli-
cations (AISA-Eagle sensor) mounted in a Basler BT-67 aircraft on August 27 2016 under
clear conditions between 12:20 and 12:50 pm local time. The acquisition was part of the
AIRMETH campaign, a joint Alfred Wegener Institute and the German Research Centre

for Geosciences (GFZ) mission in Alaska and the western Canadian Arctic. Five flight lines
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were flown south to north in a west to east pattern at an altitude of approximately 1 km.
Only the first three of the five flight lines flown were used in this thesis due to illumination
issues in the last two acquired flight lines. The three flight lines encompassed an area ap-
proximately 700 ha in size, covering the entire TVG (Figure 4-2A). The AISA Eagle imager
had 130 bands (404.9 — 1002.5 nm) with a bandwidth of 4 nm and a spatial resolution of
1.3 m nadir (Figure 4-2B). The data were atmospherically and radiometrically corrected.
The radiometric correction was performed using instrument and sensor specific manufac-
turer’s software CaligeoPro ©. The direct geometric correction was also performed using
manufacturer’s software by simultaneously using the measured IMU/GPS data stream.
Subsequently, the geocorrected radiance data was atmospherically corrected based on
ATCOR4 (Richer and Schlédpfer, 2018). During this procedure a small spectral shift of the
AISA sensor was detected and corrected. The resulting surface reflectance flight lines were

subset to the first 110 bands (404.9 — 907.6 nm).
1.3.6  Simulated EnMAP and Sentinel-2 Reflectance Spectra

The upcoming EnMAP satellite will have a total of 242 bands (423-2450 nm) with a spec-
tral resolution between 6.5 and 10 nm, and a ground sampling distance of approximately
30 m. A total of 95 EnMAP spectral bands were within the spectral range of the GER field
spectroradiometer. To obtain EnMAP-like reflectance spectra, the GER ground-based sur-
face reflectance spectra were interpolated to 1 nm and then spectrally resampled using the
spectral response curves of the 95 visible near infrared (VNIR) EnMAP spectral bands to
produce surface reflectance data commensurate with the EnMAP sensor. The Sentinel-2
satellite has 13 spectral bands (443-2190 nm) with a spectral resolution between 15 and
120 nm, from which the first 10 bands (band 1-8, 8a, 9) covered the spectral range of the
GER radiometer. Data were simulated in the same way as the EnMAP procedure; interpo-
lated to 1 nm and resampled using the spectral response curves of the 10 VNIR Sentinel-2

bands.
1.3.7  Simulated EnMAP Imagery

As part of the scientific preparatory program, an EnMAP End-to-End Simulation tool
(EeteS) was developed by the GFZ to provide a complete and accurate simulation of image
generation, calibration, and the processing chain (Segl et al., 2012, 2010). The individual
AISA flight lines were used as input to the EeteS and Level 2A EnMAP-like flight lines of
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the study area were generated (Figure 4-2C). The simulation begins by transforming the
AISA reflectance data to EnMAP reflectance data by modelling atmospheric conditions,
and accounting for the differences in spatial, spectral, and radiometric specifications of the
two sensors. An EnMAP image is then simulated through the processing chain from
onboard calibration, to atmospheric correction to orthorectification. The resulting EnMAP

image had 78 bands (423 — 903 nm).

1.4 Thesis Structure and Author Contributions

The thesis contains an introduction (Chapter 1), three main chapters representing three
manuscripts (Chapter 2, 3, and 4), and an overall synthesis and discussion (Chapter 5).
Chapters 2 and 3 are original publications that have been published in peer-reviewed and
ISI listed scientific journals and the third (Chapter 4) has been accepted for review in a
peer-reviewed, ISI listed scientific journal. All work represents stand-alone independent
research. There is some overlapping general information between the publications particu-
larly in the description of the study area, methods, and introduction sections as all work

was conducted in the same study area and data were used in multiple applications.

1.4.1 Chapter 2 - A Phenological Approach to Spectral Differentiation of Low-Arctic

Tundra Vegetation Communities, North Slope Alaska

Authors: Alison L. Beamish, Nicholas C. Coops, Sabine Chabrillat and Birgit Heim
Remote Sensing, 2017, 9(11), 1200; doi:10.3390/rs9111200

This first published manuscript presents an exploration of the spectral variability of low-
Arctic tundra in three major seasons representing early, peak, and late growing season. A.
Beamish and B. Heim created the sampling design. A. Beamish conducted all fieldwork as
well as statistical analyses, interpretation, generation of figures and tables, and wrote the
manuscript. N. Coops contributed to the data analysis, data interpretation, manuscript or-
ganization and reviews. S. Chabrillat and B. Heim contributed to data interpretation and

manuscript reviews.
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1.4.2  Chapter 3 - Monitoring Pigment-driven Vegetation Changes in a Low Arctic Tun-
dra Ecosystem Using Digital Cameras

Authors: Alison L. Beamish, Nicholas C. Coops, Txomin Hermosilla, Sabine Chabrillat,
and Birgit Heim

Ecosphere, 2018, 9(2):¢02123. 10.1002/ecs2.2123

This second published manuscript presents an assessment of the ability of digital photo-
graphs to act as a surrogate for in-situ spectral data to monitor pigment-driven changes in
vegetation. A. Beamish and B. Heim created the sampling design. A. Beamish conducted
all fieldwork and laboratory analyses as well as statistical analyses, interpretation, genera-
tion of figures and tables, and wrote the manuscript. T. Hermosilla wrote the code and
performed data extraction from the digital photographs as well as contributed to reviews of
the manuscript. N. Coops contributed to the data analysis methods, data interpretation,
manuscript organization and reviews. S. Chabrillat and B. Heim contributed to data inter-

pretation and manuscript reviews.

1.4.3 Implications of Litter and Non-vascular Components on Multiscale Hyperspectral

Data in a low-Arctic Ecosystem

Authors: Alison L. Beamish, Nicholas C. Coops, Sabine Chabrillat, Maximilian Brell, and
Birgit Heim
Remote Sensing of Environment, 2018, in review RSE-D-18-00542

The third manuscript, accepted for review in Remote Sensing of Environment, examines
the spatial aggregation of spectral signatures of dominant vegetation communities and how
non-photosynthetic and non-vascular ecosystem components contribute to signal. Artificial
linear mixture analyses were used to examine the contribution of these components from
the ground (15 cm) to the satellite scale (30 m). A. Beamish and N. Coops created the
concept for the paper. A. Beamish conducted fieldwork, data analyses, interpretation, gen-
eration of figures and tables, and wrote the manuscript. Sabine Chabrillat supported with
data analysis, data interpretation, and manuscript reviews. M. Brell conducted the atmos-
pheric correction of the aerial remote sensing data. N. Coops contributed to the data anal-
ysis methods, data interpretation, manuscript organization and reviews. B. Heim supported
with fieldwork during the aerial overflight and contributed to data interpretation and man-
uscript reviews.
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Tundra Vegetation Communities, North Slope Alaska

Alison L. Beamish !, Nicholas C. Coops 2, Sabine Chabrillat * and Birgit Heim !

! Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Re-

search Unit Potsdam, Telegrafenberg, A45, 14473 Potsdam, Germany

2 Integrated Remote Sensing Studio (IRSS) Faculty of Forestry, University of British

Columbia, 2424 Main Mall, Vancouver, BC V6T 174, Canada

3 Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences,

Telegrafenberg, 14473 Potsdam, Germany
Published: 22 November 2017 in Remote Sensing, doi:10.3390/rs911200

2.1 Abstract

Arctic tundra ecosystems exhibit small-scale variations in species composition, micro-to-
pography as well as significant spatial and temporal variations in moisture. These attributes
result in similar spectral characteristics between distinct vegetation communities. In this
study we examine spectral variability at three phenological phases of leaf-out, maximum
canopy, and senescence of ground-based spectroscopy, as well as a simulated Environmen-
tal Mapping and Analysis Program (EnMAP) and simulated Sentinel-2 reflectance spectra,
from five dominant low Arctic tundra vegetation communities in the Toolik Lake Research
Area, Alaska, in order to inform spectral differentiation and subsequent vegetation classi-
fication at both the ground and satellite scale. We used the InStability Index (ISI), a ratio
of between endmember and within endmember variability, to determine the most discrim-
inative phenological phase and wavelength regions for identification of each vegetation
community. Our results show that the senescent phase was the most discriminative pheno-
logical phase for the identification of the majority of communities when using both ground-
based and simulated EnMAP reflectance spectra. Maximum canopy was the most discrim-
inative phenological phase for the majority of simulated Sentinel-2 reflectance data. As
with previous ground-based spectral characterization of Alaskan low Arctic tundra, the
blue, red, and red-edge parts of the spectrum were most discriminative for all three reflec-
tance datasets. Differences in vegetation colour driven by pigment dynamics appear to be
the optimal areas of the spectrum for differentiation using high spectral resolution field
spectroscopy and simulated hyperspectral EnMAP and multispectral Sentinel-2 reflectance

spectra. The phenological aspect of this study highlights the potential exploitation of more
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extreme colour differences in vegetation observed during senescence when hyperspectral
data is available. The results provide insight into both the community and seasonal dynam-
ics of spectral variability to better understand and interpret currently used broadband veg-
etation indices and also for improved spectral unmixing of hyperspectral aerial and satellite
data which is useful for a wide range of applications from fine-scale monitoring of shifting

vegetation composition to the identification of vegetation vigour.

2.2 Introduction

Arctic tundra ecosystems exhibit small-scale variations in micro-topography as well as sig-
nificant spatial and temporal variations in soil moisture. As a result, vegetation composition
also exhibits small-scale heterogeneity leading to, at the community scale, Arctic tundra
ecosystems having comparable species diversity to temperate grasslands and coniferous
biomes (Bliss et al., 1981). Areas with common species complexes (i.e., multiple species
occurring together) in combination with surface moisture conditions define tundra vegeta-
tion communities at the smallest scale, according to the Circumpolar Arctic Vegetation
Map (Walker et al., 2005). Communities are often broadly divided into moisture regime
such as xeric (dry), mesic (moist), or hydric (wet), and soil acidity (acidic, non-acidic) and
then further divided depending on the species complexes present (Walker et al., 2005,
1994). Often the same species can be observed in multiple distinct complexes as different
phenotypes. Large homogenous patches of one or two species rarely exist outside water
tracks, disturbed areas, or dry uplands where erect and prostrate dwarf shrub species dom-
inate. This combination of small-scale heterogeneity in vegetation composition and soil
moisture as well as the prostrate nature of tundra species leads to highly mixed, variable,
and often similar spectral signatures between distinct vegetation communities. The some-
times-dominant presence of non-vascular components (mosses and lichens) and barren ar-
eas also contribute to the unique spectral signatures of tundra landscapes (Hope et al.,
1993). This high spectral similarity can be observed with ground-based Visible-Near Infra-
red (VNIR) remote sensing data making spectral separation challenging (Bratsch et al.,

2016; Buchhorn et al., 2013; Riedel et al., 2005).

Currently, the broadband Normalized Difference Vegetation Index (NDVI) is the most
commonly applied spectral index in Arctic vegetation remote sensing due to the simplicity,

availability, and temporal scale of the data (Laidler et al., 2008; Olthof and Latifovic, 2007;
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Stow et al., 2004). NDVI uses reflectance in the red and Near Infrared (NIR) wavelength
regions and has been used as a proxy for many parameters of Arctic vegetation such as
productivity, biomass, and community classification (Boelman et al., 2003; Laidler and
Treitz, 2003; Muller et al., 1999). However, interpretation of NDVI is complex, especially
outside of the peak growing season, given the aforementioned spatial and temporal hetero-
geneity of the biotic (vegetation composition) and abiotic (soil moisture) parameters of
tundra ecosystems. Variable moisture conditions, similar canopy structure between some
distinct tundra vegetation communities, and an abundance of standing litter all influence
spectral reflectance in the NIR, which is sensitive to canopy and leaf cellular structures as
well as moisture (Tucker, 1979). Previous research by Buchhorn et al. (2013) in low Arctic
Alaska showed that surface moisture masked biomass reflectance in the NIR, indicating
that NDVI values in phenological phases or vegetation communities with excessive surface
moisture could be problematic. An additional consideration is that of standing litter, a ubiq-
uitous characteristic of tundra vegetation communities, which has shown high reflectance
in the NIR, especially in sparsely vegetated communities (Laidler and Treitz, 2003; van

Leeuwen and Huete, 1996).

In the visible range of reflectance (400—700 nm), three major vegetation pigment groups
absorb strongly in the visible spectrum creating unique spectral signatures and dictating
plant colour (Curran, 1989). Carotenoid pigments that absorb in the blue and short wave-
lengths of the green spectral region are responsible for absorbing incident radiation and for
providing energy to photosynthesis (Bartley and Scolnik, 1995; Young and Britton, 1990).
Anthocyanins that absorb strongly in the green and in the short wavelengths of the red
spectral region provide photoprotection as well as physical damage protection and influ-

ence recovery (Chalker-Scott, 1999; Close and Beadle, 2003; Gould et al., 2002; Steyn et

al., 2002). Both carotenoids and anthocyanins have overlapping absorption regions with
chlorophyll absorption, which occurs in the blue and red spectral region, respectively.
Chlorophylls are the fundamental photosynthetic pigments that control light absorption by

vegetation and in turn control photosynthetic capacity and primary productivity.

Given the seasonal dynamics of the biotic and abiotic parameters influencing spectral re-
flectance of tundra vegetation communities, it is important to consider how this influence
changes over the growing season. Spectral differentiation of tundra vegetation communities

at the ground-based scale and, potentially, with remote sensing imagery, could be improved
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in different phenological phases through targeting specific wavelength regions where spec-
tral differences are maximized and spectral variability is minimized. Previous research of
ground-based spectral data has shown that narrow wavelengths (as opposed to broadband
representations) in the blue, red, and, red-edge regions of the spectrum are important for
differentiation of common Alaskan low Arctic vegetation communities at early and peak
phenological stages, and that the location of the most important spectral regions for differ-
entiation shifts with phenological phase (Bratsch et al., 2016). These spectral regions are
strongly associated with pigment absorption and the observed shifts with phenological
phase further support the role of pigment production and degradation in detailed assessment

of tundra vegetation.

Hyperspectral ground-based remote sensing data are critical for supporting the develop-
ment and interpretation of optical satellite missions. Accurate and detailed remote sensing
of tundra communities will likely improve with the use of hyperspectral remote sensing
data such as the upcoming Environmental Mapping and Analysis Program (EnMAP;
Deutsches Zentrum fiir Luft- und Raumfahrt, (DLR)) (Guanter et al., 2015) and the opera-
tional, multispectral Sentinel-2 mission (Drusch et al., 2012). These two platforms repre-
sent new tools in Arctic vegetation remote sensing by combining improved spatial resolu-
tion and revisit rate (Sentinel-2: 10-20 m and five-day revisit rate with a constellation of
two satellites) and spectral resolution to the freely available pool of remote sensing data.
The operational Sentinel-2 satellites have 8 bands in the VNIR (490-865 nm) at a spatial
resolution between 10 m and 20 m, and it is particularly promising for accurate tundra
vegetation monitoring due to several narrow spectral bands within the red-edge wavelength
region (~20-30 nm width at 705 nm, 740 nm, 783 nm, and 865 nm). EnMAP will have a
total of 89 narrow continuous and contiguous bands (~6.5 nm width) in the VNIR at a
spatial resolution of 30 m with a nominal revisit time of 27 days and an across track off-
nadir pointing revisit time of 4 days. Detailed assessment of tundra vegetation that can be
provided by these platforms will help to improve our understanding of the impacts of global
change on tundra vegetation change from photosynthetic activity to shifting species com-

position.

In the following study we use ground-based VNIR spectral measurements collected at the
canopy level in three major phenological phases to investigate the spectral variability
within and between dominant Arctic tundra vegetation communities and how this changes
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over the growing season. We also investigate the spectral variability of dominant commu-
nities with broader spectral resolution using simulated Sentinel-2 and simulated EnMAP
spectral reflectance data. For this, the InStability Index (ISI) was calculated, a ratio of
within and between endmember spectral variability at leaf-out, maximum canopy, and se-
nescence, representing the start, middle, and end of the growing season, in a low Arctic
tundra ecosystem. The ISI is a relatively new technique used as a first step in reducing
spectral dimensionality of hyperspectral data before classification methods such as spectral
angle mapper (Chance et al., 2016; Peterson et al., 2015; Somers and Asner, 2013; Somers
et al., 2011, 2010) and has not yet been applied in Arctic tundra ecosystems. Based on the
ISI calculations, this paper focuses on (1) the identification of the most discriminative (i.e.,
low within endmember variability and high between endmember variability) phenological
phase for identifying dominant vegetation communities; (2) within the most discriminative
phenological phase, identification of the most discriminative wavelength regions for iden-
tification of dominant vegetation communities; (3) determination of how the ISI results
differ between ground-based and simulated recent and upcoming satellite (EnMAP, Senti-

nel-2) reflectance spectra.

2.3 Materials and Methods
2.3.1 Study Site and Low Arctic Vegetation Types

The study was conducted in the Toolik Lake Research Natural Area (TLRNA) (68°62.57'N,
149°61.43'W), which lies in the Kuparuk River watershed on the North Slope of the Brooks
Range, Alaska. The TLRNA is representative of the Southern Arctic Foothills, a physio-
graphic province of the North Slope with a combination of moist tussock tundra, wet sedge
meadows and dry upland heaths (Walker et al., 1989). Data collection took place in a subset
of the Toolik Vegetation Grid, a 1 km?, long-term monitoring site established by the Na-
tional Science Foundation (NSF) as part of the Department of Energy’s R4D (Response,
Resistance, Resilience, and Recovery to Disturbance in Arctic Ecosystems) project (Figure
2-1). The elevation of the Toolik Vegetation Grid ranges from 715—775 m a.s.l. with min-
imal changes in slope and aspect. Long-term 1 x 1 m monitoring plots are located beside
equally spaced markers (100 m) delineating the intersection of the Universal Transverse
Mercator (UTM) coordinates of the study area. The 1 x 1 m plots are representative of a

single vegetation community at each site marker covering several square meters. The plots
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are classified based on work by the Alaska Geobotany Center (http://www.arcticat-
las.org/maps/themes/tl5c/tl5cvg) and the Circumpolar Arctic Vegetation Map (Walker et
al., 2005). For the purpose of this study, we grouped the distinct communities as defined
by the Alaska Geobotany Center into broader communities based on descriptions in Bratsch
et al. (2016). These groups include moist acidic tussock tundra (MAT), moist non-acidic
tundra (MNT), shrub tundra (ST), and mossy tussock tundra (MT). We added a fifth group
of dry tundra (DT) to this analysis. Additionally, our definition of ST differed slightly as
we restricted our measurements to communities with erect dwarf-shrubs Salix pulchra and
Betula nana, while Bratsch et al. (2016) included measurements of the erect shrub Salix
alaxensis and an erect phenotype of Betula nana. Descriptions of the broad communities
based on Bratsch et al. (2016), descriptions of the distinct vegetation communities, and
percentage cover within the Toolik Vegetation Grid, based on data provided by the Alaska
Geobotany Center are presented in Table 2-1.Within the Toolik Vegetation Grid, the sam-
pled vegetation communities make up 73% of the total vegetation cover and the abundances
of each community within the grid are representative of larger areas in the Alaskan low
Arctic (Bliss and Matveyeva, 1992; Muller et al., 1999; Tenhunen et al., 1992), and can be
used for extrapolation to larger scale observations such as from satellite imagery at 10 m,

20 m or 30 m.
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Figure 2-1 Sampling area within the Toolik Lake Research Natural Area (68°62.57'N,
149°61.43'W). Colours represent the aggregated vegetation communities as defined in Bratsch et
al. (Bratsch et al., 2016) . Insets represent typical senescent stage photographs of the five vegetation
communities, and the white frame represents a 1 x 1 m sampling area. DT: Dry tundra, MAT: Moist
acidic tussock tundra, MNT: Moist nonacidic tundra, MT: Mossy tussock tundra, ST: Shrub tundra.
Each black cross represents the location of the intersection of Universal Transverse Mercator
(UTM) coordinates of the study area with a 1 x 1 m long-term monitoring plot near to where
ground-based spectral data were collected.
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Table 2-1 Detailed descriptions of the vegetation communities as defined by Bratsch et al. (2016)
and the sub-communities included as defined by the Alaska Geobotany Center. % cover refers to

the percentage cover of each community type within the 1 x 1 km Toolik Vegetation Grid.

Com-
- Sub-commu- o %
mu- Description . Description
nity nity Cover
Upland Dryas octopetala-Selaginella sibirica,
sparsely vege- Dryas octopetala-Salix glauca: Prostrate
tated areas dwarf-shrub, forb, fruticose-lichen tundra.
Dry with prostrate Drv tundra Xeric, acidic, windblown or shallow winter 49
tundra  dwarf shrubs y snow cover, stony or with considerable ’
(Salix glauca) bare soil. Ridge crests, dry river terraces.
and abundant Dominated by Dryas octopetala, occasion-
lichens ally with Salix glauca.
Occurs on soils Betula nana-Eriophorum vaginatum.
with pH <5.0— Shrubby tus- Dwarf-shrub, sedge, moss tundra (shrubby
5.5andis dom- socktundra  tussock tundra dominated by dwarf birch,
inated by dominated Betula nana). Mesic to subhygric, acidic, 3.1
Moist dwarf erect by Betula moderate snow. Lower slopes and water-
acidic shrubs such as nana track margins. Mostly on Itkillik I glacial
tus- Betula nana surfaces.
sock and Salix pul-
tundra chra, grami- Shrubby tus- Salix pulchra-Carex bigelowii. Dwarf-
noids species sock tundra  shrub, sedge, moss tundra (shrubby tussock
(Eriophorum dominated  tundra dominated by diamond-leaf willow, 3.0
vaginatum) by Salix pul-  Salix pulchra). Subhygric, moderate snow,
and acidophi- chra lower slopes with solifluction.
lous mosses
Carex bigelowii-Dryas integrifolia, typical
Dominated by subtyPe; Tgmentypnum nitens-Carex bige-
0SSES. orammi lowii, Salix glauca subtype: Nontussock
Moist SES, 8 sedge, dwarf-shrub, moss tundra (moist
noids (Carex . L ) .
non- . ilowii), and Moist non- nonacidic tundra). Mesic to subhygric, 53
acidic & . acidic tundra  nonacidic (pH > 5.5), shallow to moderate '
prostrate dwarf . .
tundra snow. Solifluction areas and somewhat un-
shrubs (Dryas )
. N stable slopes. Some south-facing slopes
integriolia)

have scattered glaucous willow (Salix
glauca).
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Table 2-1 continued

Com- . Sub-commu- . %
. Description . Description
munity nity Cover
A moist acidic Eriophorum vaginatum-Sphagnum; Carex
tussock tun- bigelowii-Sphagnum: Tussock sedge,
dra-type com- dwarf-shrub, moss tundra (tussock tundra,
Mossy munity domi- Moist acidic mqlgt acidic tundra). Mesic to subhygric,
nated by acidic, shallow to moderate snow, stable.
tussock tussock tun- . .. . 54.2
sedges (E. This unit is the zonal vegetation on fine-
tundra ] dra . N
vaginatum) grained substrates with ice-rich permafrost.
and abundant Some areas on steeper slopes with solifluc-
Sphagnum tion are dominated by Bigelow sedge
Spp. (Carex bigelowii).
Betula nana-Rubus chamaemorus. Dwarf-
Dwarf shrub shrub, moss tundra dominated by dwarf
Dominated by . birch (Betula nana). Subhygric to hygric,
tundra domi- .
dwarf shrubs acidic, moderate to moderately deep snow. 1.7
nated by Bet- .
Betula nana Upland water tracks, margins of water
. ula nana
and Salix pul- tracks and lower slope areas. Somewhat
Shrub . . .
tundra chra inter- drier areas have abundant lichens.
spersed with Salix pulchra-Sphagnum warnstorfii.
graminoids, = Dwarf shrub Dwarf-shrub or low-shrub tundra domi-
forbs, lichens  tundra domi- nated by willows (Salix pulchra). Sub- 11
and mosses nated by Sa- hygric, acidic, moderate to moderately )

lix pulchra deep snow. Margins of upland water

tracks, palsas and high-centered polygons.

2.3.2 Ground-Based Data and Sampling Protocol

To capture phenological variations in spectral reflectance, data were collected systemati-
cally at three major phenological phases representing the start, middle, and end of the grow-
ing season in 2015 and 2016 in 1 x 1 m plots within the Toolik Vegetation Grid. Spectral
data were acquired to correspond to leaf-out (16 June 2016, Day of Year (DOY) 168),
maximum canopy (7 July 2015, DOY 188 and 11 July 2016, DOY 193), and senescence
(22 August 2015, DOY 234 and 17 August 2016, DOY 229). Ground-based phenological
observations (n = 178) from the Toolik Field Station Environmental Data Center
(https://toolik.alaska.edu/edc/, 2017), which monitors 15 dominant species in the dominant
MAT vegetation type, confirm the dates as good approximations of these phenological
phases. Leaf-out spectral data collection took place two weeks after average first date leaf-
out (29 May 2016, DOY 150) accurately capturing the middle of the leaf-out. Maximum
canopy data collection took place four days and one week after the average date of the last

petal drop in 2015 (3 July, DOY 184) and 2016 (3 July, DOY 185), respectively. By col-

lecting data after most species finished flowering, the maximum canopy signal was likely
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less contaminated by non-green signals and fell within the time of peak productivity of the
ecosystem. Senescence data were collected one month and three weeks after the average
date of the first colour change, referring to the first visible signs of senescence in 2015 (18
July, DOY 199) and 2016 (27 July, DOY 209), respectively. The phenological phases used
in this study are meant to represent the overall state of the vegetation, not specific pheno-
logical events such as the first day of the leaf-out, or first day senescence. Leaf-out is in-
tended to capture the period when most of the vegetation has leafed-out but is not yet fully
expanded; maximum canopy is intended to capture when most of the vegetation has fully
expanded; senescence is intended to capture when most of the vegetation has experienced

a colour change.

Spectral radiance measurements were collected using a GER 1500 field spectrometer (350—
1050 nm; 512 bands, spectral resolution 3 nm, spectral sampling 1.5 nm, and 8° field of
view). Spectra were collected under clear weather conditions at the highest solar zenith
angle between 10:00 and 14:00 local time. Data were collected at nadir approximately 1 m
off the ground resulting in a Ground Instantaneous Field of View (GIFOV) of approxi-
mately 15 cm in diameter. Nine point measurements of upwelling radiance (Lup) were col-
lected in 1 x 1 m plots representative of the five vegetation communities and averaged to
characterize the spectral variability and to reduce noise. Downwelling radiance (Ldown) was
measured as the reflectance from a white Spectralon© plate. Surface reflectance (R) was
processed as Lup/Laown X 100 (0-100%). Reflectance spectra were preprocessed with a Sa-
vitzky—Golay smoothing filter (n = 11) and subset to 400985 nm to remove sensor noise
at the edges of the radiometer detector. The total number of plots and spectral measure-

ments collected over the two years by vegetation community is presented in Table 2-2.

Table 2-2 Number of spectral measurements and independent plots sampled by vegetation commu-
nity.

Community Spectral Measurements Distinct Plots
Dry tundra 63 7
Moist acidic tussock tundra 126 17
Moist non-acidic tundra 144 14
Mossy tussock tundra 153 16
Shrub tundra 126 14
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A continuum removal transformation of the ground-based reflectance spectra was con-
ducted using the transform_speclib function in the hsdar package (Lehnert et al., 2016) in
R Studio (R Core Team, 2015). This process normalizes reflectance spectra to a common
baseline for comparison of absorption features. The removal of the continuum slope cor-
rects the band minimum to the true band centre enhancing absorption features (Clark and
Roush, 1984). A segmented hull continuum line was generated connecting local maxima
of the reflectance spectra. The segmented hull continuum approach was applied in this
analysis because it is superior in identifying small absorption features (Clark and King,
1987). Band depth (BD,) was calculated for each absorption feature using the following
equation:

R
BD, =1-—*

(2.1)

A
where R is the continuum removed reflectance at wavelength A; and CV is the continuum
value at wavelength A. The maximum band depth was calculated as the maximum band

depth between a specified wavelength range.
2.3.3 EnMAP and Sentinel-2 Surface Reflectance Simulation

The upcoming EnMAP satellite will have a total of 242 bands (423—2450 nm) with a spec-
tral resolution between 6.5 nm and 10 nm, from which 95 spectral bands are within the
spectral range of the GER field spectroradiometer. The GER ground-based surface reflec-
tance spectra were interpolated to 1 nm and then spectrally resampled using the spectral
response curves of the 95 VNIR EnMAP spectral bands to produce surface reflectance data
commensurate with the EnMAP sensor. The Sentinel-2 satellite has 13 spectral bands (443—
2190 nm) with a spectral resolution between 15 nm and 120 nm, from which the first 10
bands (band 1-8, 8a, 9) covered the spectral range of the GER radiometer. Data were sim-
ulated in the same way as the EnMAP procedure; interpolated to 1 nm and resampled using

the spectral response curves of the 10 VNIR Sentinel-2 bands.
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2.4.3 Stable Wavelength Identification Using the InStability Index

The ground-based reflectance spectra as well as the spectrally simulated EnMAP and Sen-
tinel-2 reflectance spectra were used to calculate the InStability Index (ISI) in order to
identify discriminative wavelengths in differentiating dominant tundra vegetation commu-
nities (Somers et al., 2010, 2009). ISI comes from a classification method known as stable
zone unmixing (SZU), a spectral mixture analysis used to determine fractional cover of
endmembers in a pixel (Somers et al., 2010). ISI has been applied to hyperspectral imagery
to create spectral subsets of data to map spectrally similar invasive species and detect oil
spills (Chance et al., 2016; Peterson et al., 2015; Somers and Asner, 2013). The ISI is a
ratio index calculated for each wavelength over the entire spectral range of the within-class
variability and the between-class variability. We used ISI to explore which regions of the
spectra are most discriminative for differentiation, i.e., maximizing between community
variability while minimizing within community variability, and to examine how that
changes over the growing season. ISI developed in Somers et al. (Somers et al., 2009) is
calculated as follows for two endmembers at wavelength i:

Ayithini 1.96(0;; + 0y
ISIi — within,i — ( 1,0 2,1) (2.2)

Abetween,i |Rmean,1,i - Rmean,z,il

where Rmean,1,i and Rmean,2,i are mean reflectance values for endmembers 1 and 2; and
ol,i and 02,i are the standard deviations of the reflectance values. Somers et al., (2009)
defined the sum of the standard deviation of endmembers 1 and 2 as an appropriate measure
of within class variability and the average Euclidean distance between endmembers as an
appropriate measure of between class variability. This equation was expanded to a multiple

endmember scenario used in this study as follows:

IS] = Ayithin,i _ Z Z 1. 96(0-21 + 05, l) 2.3
l Abetweenl m(m -1 j=z+1 |R — iy ’

mean,z,i mean,],l |

where m is the total number of vegetation communities (n = 5); and z and j are the vegeta-
tion communities under consideration when comparing more than two communities. To

calculate ISI values for each of the five communities, z was held constant as the target
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vegetation community and j alternated between the four remaining communities as de-
scribed in Equation (1). These four sets of ISI values were then summed by wavelength
and multiplied by the multiple endmember correction factor m/m(m — 1) to get the final ISI
value of each community. Low ISI values indicate low within-community spectral varia-
bility compared to between-community spectral variability and discriminative wave-

lengths.

A second step was taken to identify the most discriminative wavelengths using a three-
wavelength moving window to identify local minima. The local minima were identified
using a three-wavelength moving window minimum approach. Previous research has
shown that ISI-selected wavelength subsets increase the accuracy of endmember detection
in spectrally similar surfaces (Somers and Asner, 2013; Somers et al., 2010). The ISI local
minimum technique allows for flexible adjustment based on the variability of specific parts
of the spectrum, i.e., the local minima technique does not penalize or omit more variable
parts of the spectrum just because they are highly variable. To simulate how wavelength
selection could differ with different spectral resolutions, the local minima technique was
performed on the simulated EnMAP and simulated Sentinel-2 reflectance spectra and com-
pared to ground-based data. While Sentinel-2 is not a hyperspectral instrument it has higher
spectral resolution in the red-edge spectral region than previous multispectral optical mis-

sions.

The selected wavelengths were then partitioned into five broad spectral regions to identify
the most influential ones based on known pigment absorption regions and canopy structure.
The five broad spectral regions considered were defined as: blue: 400—-500 nm, absorption
of chlorophylls and carotenoids; green: 500—600 nm, anthocyanin absorption; red: 600—
680 nm, absorption of chlorophylls; red-edge transition: 680-800 nm; and NIR: 801-985

nm, leaf/canopy structure and water absorption.
2.4 Results
2.4.1 Spectral Characteristics by Phenological Phase

The smoothed and averaged reflectance spectra indicate that the five tundra vegetation

communities are relatively similar spectrally within each phenological phase and between
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leaf-out and senescence. Leaf-out and senescence spectra both present flatter spectra com-
pared to maximum canopy and less pronounced absorption in the red wavelength region
(Figure 2-2). MNT had the most distinct reflectance spectra with notably lower reflectance
in the NIR in all three phenological phases Table 2-3). DT had the greatest NIR reflectance
at leaf-out and senescence while MAT and ST had the highest reflectance in the NIR at
maximum canopy. At leaf-out all communities except the xeric DT site showed absorption
around 750 nm and 980 nm, at two water-absorption wavelength regions. The chlorophyll
and carotenoid absorption region between 400 nm and 500 nm and chlorophyll absorption
region around 680 nm were deepest at maximum canopy in all communities. Reflectance
in the NIR plateau from approximately 750 nm to 985 nm and absorption at the water-
absorption region around 920 nm were also highest at maximum canopy in all communities
except DT. The greatest difference in spectral reflectance in the visible spectrum appears
around the 680 nm chlorophyll-absorption region in all three phenological phases. Charac-
teristic changes in the slope of the red-edge transition between 681 nm and 800 nm known
as the “blue shift” of stressed vegetation (Rock et al., 1988) were observed from leaf-out

to maximum canopy and maximum canopy to senescence for all communities.
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Figure 2-2 Mean (black line) and standard deviation (grey ribbon) of ground-based reflectance
spectra of five dominant tundra vegetation communities in three major phenological phases of leaf-
out, maximum canopy, and senescence. (a) Dry tundra; (b) moist acidic tussock tundra; (c) moist
non-acidic tundra; (d) mossy tussock tundra; (e¢) shrub tundra.
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Table 2-3 Metrics of ground-based reflectance spectra of five dominant tundra vegetation commu-
nities in three major phenological phases: leaf-out, maximum canopy, and senescence.

Red Ec}ge Max Continuum Re-
Inflection Max Reflectance
. moved Band Depth
Point
) Blue Red
gjj}iﬁ‘l’t‘; Date Wazzglgth 55((35111 75&‘;‘“ 92&‘;‘“ (400-550 (550750
nm) nm)
Leaf-out 706 9.28 32.35 40.54 0.13 0.38
Maxi-
mum 710 9.01 31.54 37.10 0.26 0.64
Dry tundra
canopy
Senes- 704 733 3628  44.19 0.21 0.37
cence
Leaf-out 706 10.08 32.19 37.70 0.20 0.41
Moist acidic Maxi-
mum 714 10.35 39.45 46.08 0.45 0.74
tussock tun- cano
dra Senelz
705 6.82 28.03 37.37 0.28 0.42
cence
Leaf-out 706 7.59 21.38 26.79 0.14 0.23
Maxi-
Moist non- mum 712 9.33 28.97 35.08 0.25 0.56
acidic tundra  canopy
Senes- 704 6.52 2249 3342 0.24 0.31
cence
Leaf-out 708 8.78 27.68 32.71 0.16 0.38
Maxi-
Mossy tus- mum 713 8.94 32.20 39.76 0.29 0.62
sock tundra  canopy
Senes- 707 8.86 2931 3459 0.24 0.40
cence
Leaf-out 704 8.75 25.16 31.87 0.22 0.33
Maxi-
Shrub tundra mum 714 8.10 30.96 37.61 0.38 0.70
canopy
Senes- 705 6.09 2624  33.65 0.26 0.46
cence

2.4.2 InStability Index and Wavelength Selection of Ground-based Spectra

We used the ISI to examine the spectral variability by wavelength between vegetation com-
munities at leaf-out, maximum canopy, and senescence (Table 2—4, Figure 2-3). Table 2—
4 shows that when examining the entire VNIR reflectance spectrum, senescence appears to
be the most discriminative phenological phase, related to relatively higher between-com-
munity variability versus within-community variability for differentiation of target vegeta-

tion communities according to cumulative ISI values. MAT, MT, and ST all had the lowest
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cumulative ISI values during senescence while DT and MNT had lowest cumulative ISI

values at leaf-out and maximum canopy, respectively.
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Table 2-4 Cumulative ISI values of ground-based spectra of five dominant tundra vegetation com-
munities: leaf-out, maximum canopy, and senescence. Bold values represent minimum cumulative
values.

Vegetation Community  Leaf-Out Maximum Canopy Senescence

ISI ISI ISI
Dry tundra 1532 148,112 8477
Moist acidic tussock tundra 69,256 15,867 7730
Moist non-acidic tundra 26,104 7393 9835
Mossy tussock tundra 38,139 150,136 13,047
Shrub tundra 71,140 17,715 6623

Figure 2-3 shows that at leaf-out, ISI values were consistently low at around 750 nm, but
otherwise ISI values by wavelength showed large differences between communities. At
maximum canopy, wavelengths > 450 nm in the blue reflectance spectrum had consistently
low ISI values, and at senescence the entire blue spectrum had consistently low ISI values
across all communities. At senescence, the water-absorption region at the end of the NIR
between 920 nm and 985 nm had relatively low and stable ISI values in every community.
Wavelengths around 700 nm, the beginning of the red edge, had low ISI values (discrimi-
native) in all communities and all phenological phases. Leaf-out and maximum canopy had
the most variable NIR ISI values, while at senescence values were consistently low except
for single ISI peaks in the MT and MNT communities. Figure 2-3 also presents the results
from the local minima technique applied to the ISI values per wavelength for the dominant

tundra communities in all three phenological phases.
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At leaf-out, in all communities except DT, the minima technique chose a discriminative
wavelength within 6 nm of 440 nm, a region of strong chlorophyll and carotenoid absorp-
tion in the blue wavelength region (Figure 2-3). In the same communities a wavelength was
selected between 660 nm and 680 nm, a region recognized as an absorption maximum of
chlorophyll in the red spectrum, and one within 4 nm of 750 nm, the end of the red-edge
transition where vegetation cellular structure drives the reflectance signal. In MT, MAT,
and ST, a wavelength was selected within 6 nm of the 550 nm “green reflectance peak”, a
region with no chlorophyll absorption and anthocyanin absorption. In DT the majority of
wavelength selection was in the NIR, not surprisingly given the sparse vascular plant cover
and xeric moisture regime in this vegetation community. Wavelength selection was high in

MAT, ST, and DT in the water-absorption NIR region between 920 nm and 985 nm.

At maximum canopy, in all communities including DT, the minima technique selected a
wavelength within the 660—-680 nm chlorophyll-absorption region in the red spectrum. In
all communities, exactly 707 nm was selected by the minima technique a wavelength in the
middle of the red edge and just after chlorophyll absorption stops and vegetation cellular
structure takes over the reflectance signal. Additionally, a wavelength was selected within
4 nm of 950 nm in the water-sensitive NIR region in all communities. In MT, MAT, and

ST, a wavelength was selected within 6 nm of the 550 nm “green peak™.

At senescence in all communities, the minima technique selected 960 nm which lies within
the water-absorption region between 920 nm and 985 nm, and in all communities except
DT a wavelength was selected within 2 nm of 750 nm in the end of the red-edge transition.
In MAT, MNT, and MT, a wavelength was selected within 4 nm of 440 nm, the chlorophyll
and carotenoid absorption region and in MAT, MNT, and ST a wavelength was selected
between 660 nm and 680 nm, the second chlorophyll-absorption region. The minima tech-

nique selected no wavelengths near the 550 nm “green peak”.

2.4.3  InStability Index and Wavelength Selection of Simulated Satellite Reflectance Spec-

tra

Simulated reflectance spectra of ENMAP and Sentinel-2 are shown in Figure 2-7. Cumula-
tive ISI values from the simulated EnMAP reflectance spectra had similar phenological
trends as ground-based spectra with minimums at senescence for MAT, MT, and ST and

minimums at leaf-out and maximum canopy for DT and MNT, respectively (Table 2-5).
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The simulated Sentinel-2 reflectance spectra had different phenological results with leaf-
out identified as the most discriminative phase for MNT and maximum canopy the most

discriminative for MAT, MT, and ST.
Table 2-5 Cumulative ISI values of simulated EnMAP and simulated Sentinel-2 reflectance spectra

of five dominant tundra vegetation communities: leaf-out, maximum canopy, and senescence. Bold
values represent minimum cumulative values.

Vegetation Leaf-Out Maximum Canopy Senescence
ISI EnMAP Sentinel- EnMAP Sentinel- EnMAP Sentinel-
2 2 2
Dry tundra 401 38 7795 155 1125 53
Moist acidic tussock tun- 16,789 684 4570 225 2050 297
dra
Moist non-acidic tundra 2834 129 1883 182 2687 339
Mossy tussock tundra 12,958 485 7933 218 2346 311
Shrub tundra 9694 807 4928 200 1724 351

ISI values of simulated EnMAP reflectance spectra (Figure 2-4) showed overall low vari-
ability in senescence with some ISI spikes in the green part of the reflectance spectrum and
at longer NIR wavelengths. Leaf-out and maximum canopy ISI values were highly variable
between vegetation communities. Longer wavelengths in the red-edge and green reflec-
tance spectrum had consistently low values at leaf-out and maximum canopy in all com-
munities, respectively. In Figure 2-5, it can be observed that the broader resolution Senti-
nel-2 showed less obvious phenological trends in ISI values by band. In general, the green
and red bands had the highest ISI values while the red edge and NIR had the lowest in all

communities and phenological phases.
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The same minima technique was applied to ISI values of simulated satellite data. The re-
sults of the simulated EnMAP minima wavelength selection (Figure 2-4) were comparable
to the ground-based data (Figure 2-3). At leaf-out, there was strong selection in the blue
region in all communities except DT. In MAT, MNT, MT, and ST a wavelength was se-
lected between 450 nm and 460 nm within the maximum chlorophyll-, carotenoid-absorp-
tion region. The minima technique also selected a wavelength between 670 nm and 680 nm
in the chlorophyll-absorption maximum of the red spectrum region in all communities ex-
cept DT. In both MNT and ST, wavelengths were selected around 750 nm where the re-
flectance signal becomes dominated by leaf cellular and canopy structure. In both MAT
and MT, a wavelength was selected at 550 nm in the “green reflectance peak”. As with
ground-based data, the majority of wavelength selection in DT occurred in the NIR. The
minima technique showed strong wavelength selection in all communities in the water ab-

sorption region between 920 nm and 985 nm, except in MNT which had only one.

At maximum canopy, the minima technique once again had strong selection in the blue
spectrum with wavelengths selected at 450 nm within the maximum chlorophyll- and ca-
rotenoid-absorption region in DT, MAT, and MNT. In all communities except MT, a wave-
length was selected between 670 nm and 680 nm in the red chlorophyll-absorption region.
In DT and MT wavelengths around the 550 nm “green reflectance peak™ were selected. As
with leaf-out, minima wavelength selection was strong in the water sensitive NIR region

between 920 nm and 985 nm in all communities.

At senescence in all communities except DT, a wavelength around 750 nm, the end of the
red-edge transition, was selected. In all five communities, wavelength 952 nm was selected
in the water sensitive NIR region as well as wavelengths between 440 nm and 455 nm
within the chlorophyll- and carotenoid-absorption in the blue spectral region. Minima se-
lection was overall high in the blue spectrum as with the other two phenological phases. In
DT, MAT, and MT there was consistent wavelength selection around the 550 nm green-

peak.

The simulated Sentinel-2 data had generally similar band selection (Figure 2-5) when com-
pared in context to the broad defined spectral regions. At leaf-out, the narrow blue band
was selected in all communities except ST, in which the broad blue aerosol band was se-

lected. In all communities, a narrow band in the red edge was selected, except MT, which
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had the broad NIR band selected. Only in MAT was the narrow NIR band selected, and

only in DT was the water vapour NIR band centered at 945 nm selected.

Similar to leaf-out, the narrow blue band was selected by the minima technique in all com-
munities at maximum canopy. Only in DT was there selection in the green band and in
MAT and MT the red band. Narrow red-edge bands were selected in all communities. Only
in DT was the broad NIR band selected, and in MAT and ST the water vapour band was

selected.

At senescence, the narrow blue aerosol band was selected in all communities and the broad
blue band was selected in MAT. There was no band selection in the green reflectance spec-
trum. In DT and MNT, the red band was selected and all in communities a narrow red-edge
band was selected except in DT which had selection in the broad NIR band. In DT and ST,

the NIR water-vapour band was selected.

2.5 Discussion

Investigation of the ground-based, as well as the simulated EnMAP and Sentinel-2 spectral
variability of five dominant low Arctic tundra vegetation communities was undertaken us-
ing the InStability Index (ISI) at three major phenological phases of leaf-out, maximum
canopy and senescence at Toolik Lake, Alaska. The ISI index was chosen as a tool to un-
derstand the seasonal dynamics of spectral variability and identify the phenological phase
and regions of the spectrum that are best suited for a detailed assessment of representative
tundra communities. In this study, we specifically focus on dominant tundra communities
occurring on a circumarctic scale (tundra biomes C, D, E, Walker et al., (2005) excluding
the spectrally distinguishable plant communities of wetlands and shrubs taller than half a
meter that occur in disturbed areas or sheltered morphology. Previous studies utilize ISI
and the minima wavelength technique with hyperspectral imagery as a pre-processing tool
for spectral unmixing and classification (Chance et al., 2016; Peterson et al., 2015), but it
is also an effective method to explore and understand the phenology of spectral variability
by wavelength. We present a novel result of the influence of phenological phase on the
variability of Arctic vegetation community reflectance spectra and how in turn this could

improve the differentiation of these spectrally similar endmembers.
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2.5.1 Phenological Phase and Wavelength Stability of Ground-based Spectra

The identification of senescence as the most discriminative phenological phase for the ma-
jority of vegetation communities is an important finding as mossy tussock tundra, moist
acidic tussock tundra, and shrub tundra combined represent 63.1% of the Toolik Vegetation
Grid and contribute greatly to Alaskan above-ground biomass at the ecosystem scale (Bliss
and Matveyeva, 1992; Muller et al., 1999; Tenhunen et al., 1992). The observed discrimi-
nability of the senescence phenological phase could be explained by a combination of over-
all lower variability in reflectance and/or comparable or greater differences in mean reflec-
tance boosting the differentiability of these three communities from the other communities
in comparison to leaf-out and maximum canopy (Table 2—4, Figure 2-3). Previous charac-
terizations of Arctic vegetation community reflectance spectra have suggested that distinct
communities are spectrally more similar outside of the peak growing season but have not
explicitly explored the influence or trade-off of accompanying spectral variability observed
in the late season (Bratsch et al., 2016; Buchhorn et al., 2013). To date, the late season
represents a relatively unexplored phenological phase spectrally, and this paper shows that
it has potential given the relatively low ISI values in the visible and red-edge spectrum,
providing independence from the litter and water-sensitive NIR plateau for characteriza-

tion.

For the remaining two communities of MNT and DT, making up 10% of the study area,
maximum canopy and leaf-out were the most discriminative phenological phases, respec-
tively. For MNT, this is likely due to a maximum difference in chlorophyll absorption.
Buchhorn et al., (2013) and Walker et al., (1995) have shown the “less green” nature of
non-acidic communities compared to acidic ones as a result of species composition, includ-
ing the dominating moss species and a lack of shrub species, leading to lower pigment
absorption by chlorophyll (Buchhorn et al., 2013; Walker et al., 1994). The discriminability
of the leaf-out phenological phase for identification of DT could be explained by a combi-
nation of sparse vegetation cover and large differences in spectral reflectance during leaf-
out. These DT sites are subject to unique early-season conditions as they are generally lo-
cated on upland, exposed areas and have shallow winter snow cover leading to earlier
spring snowmelt and leaf-out of the vascular vegetation dominated by prostrate dwarf
shrubs (Asner, 1998; Chuvieco et al., 2002; Curran, 1989; Walker et al., 2005). Higher

reflectance in the visible and NIR spectrum could be the result of more advanced vegetation
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phenology in combination with bright, dry surfaces dominated by small stones and lichens
which have been shown to drive high reflectance in the NIR (Asner, 1998; Chuvieco et al.,
2002). The advanced phenology and desiccation is supported by the average snow-free date
of dry tundra phenology plots, as recorded by the Toolik Environmental Data Centre, which
were snow-free 10 and 11 days earlier than moist acidic tussock tundra plots in 2015 and

2016, respectively.

The resulting wavelength selection from the ISI minima technique in the most discrimina-
tive phenological phase of each community predominantly identifies vegetation colour,
driven by vegetation pigment concentration, as discriminative spectral regions for identifi-
cation of specific communities. The identification of senescence as a discriminative phe-
nological phase is particularly interesting, as the communities are visually most distinct at
senescence when carotenoid (yellow to orange) and anthocyanin (red) pigments begin to
dominate and chlorophyll (green) pigments are degrading. With the exception of DT, all
communities had equal or greater wavelength selection in the combined visible and red-
edge spectrum than the NIR. Slope and position of the red edge has been directly related to
chlorophyll content in vascular plants (Filella and Penuelas, 1994) and this paper is in
agreement with previous and well-established research linking absorption in the visible
spectrum to vegetation colour and pigment concentration (Curran, 1989; Gitelson and
Merzlyak, 1997; Gitelson et al., 2002; Stylinski et al., 2002; Ustin and Curtiss, 1990) but
brings new insights to the potential of the senescent phase for optical discrimination of low-
Artic vegetation. Current and upcoming missions will exploit visible wavelength regions
by providing products such as the carotenoid reflectance index (CRI) from Sentinel-2,
which uses the blue and shortwave red-edge wavelengths to measure the relative carote-

noid-to-chlorophyll content.
2.5.2 Phenological Phase and Wavelength Stability of Satellite Resampled Spectra

The results from the simulated satellite reflectance spectra suggest that EnMAP has the
spectral capabilities to capture the same general trends in wavelength selection as the
ground-based spectra. The simulated EnMAP reflectance spectra had the same phenologi-
cal trends in cumulative ISI values by vegetation community and comparable wavelength
selection as GER spectra. This suggests that the spectral resolution is capable of capturing

the same vegetation pigment dynamics as described for ground-based data. This result
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highlights the benefit a hyperspectral imager will have for detailed characterization of tun-
dra communities based on new spectral capabilities. This potential will have to be tested in
further studies, with simulated images or with real EnNMAP data taking into account the
spatial mixing at the 30 m scale. Nevertheless, this study demonstrates that the EnMAP
satellite has a high enough spectral resolution to be able to spectrally discriminate vegeta-
tion communities in low Arctic regions, with similar capabilities as much higher spectral

resolution (3 nm) ground-based spectral data.

The simulated Sentinel-2 spectra differed from the ground-based spectral data, as maxi-
mum canopy as opposed to senescence was the most discriminative phenological phase for
moist acidic tussock tundra, mossy tussock tundra, and shrub tundra communities; and leaf-
out as opposed to maximum canopy was the most discriminative phenological phase for
moist non-acidic tussock tundra selecting. The differences in ISI values from simulated
Sentinel-2 by wavelength and the resulting phenological trends could be explained by the
lower spectral resolution altering the ratio of spectral variability between and within com-
munities in some spectral regions. Although the spectral variability was different by phe-
nological phase and by wavelength, blue and red-edge bands of the simulated Sentinel-2
reflectance data were still selected as the most discriminative for the differentiation of com-
munities. The high selection in the red-edge bands suggests that Sentinel-2 data will be
superior to the broadband Landsat, which has lower spectral resolution in this part of the

spectrum.
2.5.3 Influence of Spatial Scale

This study examines the spectral capabilities of simulated surface spectral data from the
upcoming hyperspectral ENMAP mission and the currently operational multispectral Sen-
tinel-2, without spatial simulation equivalent to the pixel resolution of the sensors. Such a
spatial simulation including real hyperspectral imagery is out of the scope of this paper and
will be a topic of further research. Nevertheless, as a first approximation, we can consider
that such a spatial simulation would have resulted in a considerably lower within-commu-
nity spectral variability for reflectance sampled at 100 m? (Sentinel-2 VIS and NIR bands)
to 400 m? (Sentinel-2 red-edge and SWIR bands) and up to 900 m? (EnMAP). Indeed, the
simulated sensor data show high ISI values caused by high within-community spectral var-

iability due to sampling at a 0.15 m footprint spatial scale.
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The aerial extent of mossy tussock tundra and moist acidic tussock tundra community
patches in the Toolik Vegetation Grid are equivalent to the nominal scale of 400 m? to 900
m? pixels, providing pure pixels. Patches of dry tundra and moist non-acidic tundra in the
Toolik Vegetation Grid occur in smaller patches but north-east of the grid these communi-
ties occur in large patches equivalent to pure pixels. Shrub tundra communities that gener-
ally occur along water tracks have lower spatial dimensions but sometimes occur in larger
patches in tundra landscapes. As such, the studied communities will occur in both pure and
mixed pixels of operational and future medium-resolution satellite sensors. Our study con-
firms a low between-community spectral variability resulting in challenging spectral clas-
sification of pure pixels as well as spectral unmixing of mixed pixels at 10 m to 30 m scales.
Using ISI will support the selection of discriminative wavelength regions and indicate that
a multi-phenological phase approach will benefit the differentiation of spectrally similar
vegetation communities at the satellite scale; in particular, the use of senescent phase
EnMAP reflectance spectra in the visible, particularly blue, and red-edge spectrums, and

the use of leaf-out and maximum canopy phase simulated Sentinel-2 reflectance spectra.

2.6 Conclusions

To explore the spectral variability of dominant low Arctic tundra vegetation communities
and the potential of ground-based and satellite new optical data for better discrimination
and identification of different vegetation community types within tundra ecosystems, a rel-
atively new ISI technique was used to identify the most spectrally discriminative pheno-
logical phase and regions within the VNIR spectral regions. Based on field data and ISI
values, we support previous findings that heterogeneous tundra ecosystems are both spec-
trally similar and spectrally variable, making differentiation challenging. On the other hand,
our results based on the ISI technique suggest that senescence is the most discriminative
phenological phase for three tundra vegetation communities (moist acidic tussock tundra,
mossy tussock tundra, and shrub tundra), which account for a majority of the study site and
low Arctic biomass at the ecosystem scale. The use of the senescent phase optical satellite
data to discriminate vegetation communities has not been previously explored and is one
of the major results of this paper. As with previous ground-based spectral characterization

of Alaskan low Arctic tundra on the Alaskan North Slope, the blue, red and red-edge parts
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of the spectrum are observed as important for vegetation community identification. Fur-
thermore, differences in vegetation colour driven by pigment concentration appear to be
the most discriminative areas of the spectrum to differentiate specific vegetation commu-
nities. In this paper, the phenological aspect provides an added perspective, highlighting
the potential exploitation of more extreme colour differences in vegetation observed during

senescence.

Our study also highlights the potential of upcoming EnMAP and operational Sentinel-2
satellites to characterize the spectral variability of tundra vegetation communities based on
their spectral capabilities. The VIS and red-edge wavelength regions were the most dis-
criminative for both sensors and, as with the ground-based data, this result suggests a multi-
phenological phase approach could improve differentiation at the satellite scale. Senes-
cence was also the most discriminative phenological phase for the identification of the ma-
jority of communities when using EnMAP reflectance spectra, while simulated Sentinel-2
data identified the maximum canopy as the most discriminative phenological phase. The
results provide insight into both the community and seasonal dynamics of spectral varia-
bility, in order to better understand and interpret currently used broadband vegetation indi-
ces and also for improved spectral unmixing of hyperspectral aerial and satellite data. This
is useful for a wide range of applications, from fine-scale monitoring of shifting vegetation

composition to the identification of vegetation vigour.
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Figure 2-6 Mean (black line) and standard deviation (grey ribbon) of simulated EnMAP reflectance
spectra of five dominant tundra vegetation communities in three major phenological phases of leaf-
out, maximum canopy, and senescence. a) dry tundra, b) moist acidic tussock tundra, ¢) moist non-
acidic tundra, d) mossy tussock tundra, ¢) shrub tundra.
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Figure 2-7 Mean (black line) and standard deviation (grey ribbon) of simulated Sentinel-2 reflec-
tance spectra of five dominant tundra vegetation communities in three major phenological
phases of leaf-out, maximum canopy, and senescence. a) dry tundra, b) moist acidic tussock
tundra, ¢) moist nonacidic tundra, d) mossy tussock tundra, ) shrub tundra.

2.8.1 Data Publication

All data are publically available on the Open Access library Pangaea (www.pan-
gaea.de)

https://doi.org/10.1594/PANGAEA.885801
https://doi.org/10.1594/PANGAEA.885784
https://doi.org/10.1594/PANGAEA.885808
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3.1 Abstract

Arctic vegetation phenology is a sensitive indicator of a changing climate and rapid assess-
ment of vegetation status is necessary to more comprehensively understand the impacts on
foliar condition and photosynthetic activity. Airborne and spaceborne optical remote sens-
ing have been successfully used to monitor vegetation phenology in Arctic ecosystems by
exploiting the biophysical and biochemical changes associated with vegetation growth and
senescence. However, persistent cloud cover and low sun angles in the region make the
acquisition of high quality temporal optical data within one growing season challenging. In
the following study, we examine the capability of “near-field” remote sensing technologies,
in this case digital, true colour cameras to produce surrogate in-situ spectral data to char-
acterize changes in vegetation driven by seasonal pigment dynamics. Simple linear regres-
sion was used to investigate relationships between common pigment-driven spectral indi-
ces calculated from field-based spectrometry and red, green, and blue (RGB) indices from
corresponding digital photographs in three dominant vegetation communities across three
major seasons at Toolik Lake, North Slope, Alaska. We chose the strongest and most con-
sistent RGB index across all communities to represent each spectral index. Next, linear
regressions were used to relate RGB indices and extracted leaf-level pigment concentration
with a simple additive error propagation of the root mean square error (RMSE). Results
indicate that the green-based RGB indices had the strongest relationship with chlorophyll
a and total chlorophyll, while a red-based RGB index showed moderate relationships with

the chlorophyll to carotenoid ratio. The results suggest that vegetation colour contributes
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strongly to the response of pigment-driven spectral indices and RGB data can act as a sur-
rogate to track seasonal vegetation change associated with pigment development and deg-
radation. Overall, we find that low-cost easy-to-use digital cameras can monitor vegetation
status and changes related to seasonal foliar condition and photosynthetic activity in three

dominant, low Arctic vegetation communities.

3.2 Introduction

Changes to the functioning of Arctic ecosystems, such as shifts in photosynthetic activity,
net primary productivity, and species composition influence global climate change and the
resulting feedbacks (Bhatt et al., 2010; Parmentier and Christensen, 2013; Zhang et al.,
2007). Climatic changes have been accompanied by broad-scale shifts in Arctic vegetation
community composition and species distribution, as well as fine-scale shifts in individual
plant reproduction and phenology (Bhatt et al., 2010; Bjorkman et al., 2015; Elmendorf et
al., 2012; Prevéy et al., 2017; Walker et al., 2006). Changes in vegetation phenology can
impact overall ecosystem functioning as a result of mismatched species-climate interac-
tions. This in turn can impact species photosynthetic activity and growth through increased
vulnerability to events such as frost, soil saturation, or disruption to species chilling re-
quirements (Cook and Wolkovich, 2012; Heye et al., 2013; Inouye and McGuire, 1991;
Wheeler et al., 2015; Yu et al., 2010).

In Arctic ecosystems snow pack conditions and timing of snowmelt, rather than tempera-
ture, are primary drivers of the onset of vegetation phenology (Billings and Bliss, 1959;
Bjorkman et al., 2015). Changing snowmelt dynamics due to changes in winter precipita-
tion and spring temperatures have been shown to directly influence tundra vegetation phe-
nology throughout the growing season (Bjorkman et al., 2015). Thus, the onset of the grow-
ing season, the leaf-out stage, acts as a benchmark of phenology and identification and
characterization of this stage are key to understanding the overall and subsequent phenol-
ogy and fitness of tundra vegetation (Iler et al., 2013; Wheeler et al., 2015). The timing of
maximum expansion and elongation of leaves and stems and when vegetation is at, or near,
peak photosynthetic activity, peak greenness, are also important benchmarks of phenolog-
ical phases. Peak greenness marks the climax of the growing season, the timing and mag-

nitude of which can indicate ecosystem functioning, and acts as a benchmark for long-term
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monitoring of tundra productivity (Bhatt et al., 2010, 2013) A final benchmark of pheno-
logical phase is the end of the growing season, senescence. In combination with leaf-out,
senescence dictates growing season length and has implications for overall seasonal
productivity and carbon assimilation (Park et al., 2016). Characterizing key biophysical
properties of Arctic vegetation associated with these three benchmark phenological phases
is important for accurate monitoring and quantification of local and regional changes in
Arctic vegetation and in turn Arctic and global changes to energy and carbon cycling, as
well as associated feedbacks. The presence and seasonal changes in vegetation pigment
concentration can be used to infer biophysical properties including photosynthetic activity

and foliar condition at key phenological phases of Arctic vegetation.

The major photosynthetic pigment groups of chlorophyll and carotenoids absorb strongly
in the visible spectrum creating unique spectral signatures (Coops et al., 2003; Curran,
1989; Gitelson and Merzlyak, 1998; Gitelson et al., 2002). Chlorophyll pigments are the
dominant factor controlling the amount of light absorbed by a plant and therefore photo-
synthetic potential, which ultimately dictates primary productivity. Carotenoids (carotenes
and xanthophylls) are responsible for absorbing incident radiation and providing energy to
the photosynthetic process and are often used to provide information on the physiological
status of vegetation (Bartley and Scolnik, 1995; Young and Britton, 1990). The third major
pigment group of anthocyanins (water-soluble flavonoids) have a less concise function in
vegetation providing photoprotection (Close and Beadle, 2003; Steyn et al., 2002), drought
and freezing protection (Chalker-Scott, 1999) and they have been shown to play a role in
recovery from foliar damage (Gould et al., 2002). Photosynthetic pigments influence a wide
range of plant functioning from photosynthetic efficiency to protective functions (Demmig-
Adams and Adams, 1996) and can be measured destructively through laboratory analysis
or non-destructively using high spectral resolution remote sensing (Gitelson et al., 2006,

2002, 2001, 1996).

The development and degradation of chlorophyll pigments as a result of vegetation emer-
gence, stress, or senescence causes a distinct shift in spectral signatures in the visible spec-
trum to shorter wavelengths due to a narrowing of the major chlorophyll absorption feature
(550 — 750 nm) and an overall reduction in spectral absorption (Ustin and Curtiss, 1990).
Carotenoids (yellow to orange) and anthocyanins (blue to red) have less straightforward

seasonal, and therefore spectral, shifts. The spectral absorption by carotenoid pigments can
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result in mixed or masked spectral absorption with chlorophyll signals due to overlapping
absorption features in the visible spectrum (400 — 700 nm). Carotenoids and anthocyanins
often have relatively higher concentrations in senesced and young leaves when chlorophyll
concentrations are relatively low (Sims and Gamon, 2002; Stylinski et al., 2002; Tieszen,
1972). However in general, the predictable and distinct spectral features created by changes
in vegetation pigment concentration allow inferences of ecological parameters such as pho-
tosynthetic activity, nutrient concentration, and biomass (Asner and Martin, 2008; Mutanga

and Skidmore, 2004; Mutanga et al., 2004; Ustin et al., 2009)

Of particular interest for in-situ and laboratory spectroscopy of vegetation and phenology
are the spectral characterization of the xanthophyll cycle (carotenoids) and the ratio be-
tween photosynthetic pigments of carotenoids and chlorophyll as they relate to radiation
use efficiency and in turn radiative transfer models (Blackburn, 2007; Gamon et al., 2016;
Garbulsky et al., 2011). Radiative transfer models are used to simulate leaf and canopy
spectral reflectance and transmittance, and have been the basis for the inverse determina-
tion of biophysical and biochemical parameters of vegetation based on spectral reflectance
(Féret et al., 2011). Even at lower spectral resolution, the importance of pigments and pig-
ment dynamics related to the xanthophyll cycle can be seen in available products for recent
satellite missions, for example the European Space Agency’s (ESA) Sentinel-2 provides
many pigment-driven vegetation indices (see https://www.sentinel-hub.com/develop/doc-

umentation/eo_products/Sentinel2EOproducts).

While highly valuable, in-situ reflectance spectroscopy, like optical remote sensing, is chal-
lenging for remote Arctic field sites. Remote locations, challenges associated with field-
based monitoring, and atmospheric and illumination conditions of optical satellite imagery
of these areas limit available optical data, hindering phenological studies. To complement
the use of airborne and satellite imagery to measure vegetation pigments and classify bio-
physical properties in Arctic ecosystems, the use of true-colour digital photography and
Red Green Blue (RGB) indices to infer photosynthetic activity and foliar condition is a
promising area of study and should be examined (Anderson et al., 2016; Beamish et al.,
2016). Research has shown that Arctic vegetation changes are complex with strong site and
species-specific responses through space and time (Bjorkman et al., 2015; Elmendorfet al.,
2012; Walker et al., 2006). True-colour digital photography represents both a simple and

cost-effective way to increase data volume both spatially and temporally to capture site and
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species specific responses. Data from consumer-grade digital cameras has extremely high
spatial resolution and high data collection capabilities and is less weather dependent than
airborne and optical satellite remote sensing as varying illumination can be easily corrected
(Nijjland et al., 2014; Richardson et al., 2007). Large-scale, true-colour, repeatable digital
photography networks in temperate ecosystems such as the PhenoCam network (http://phe-
nocam.sr.unh.edu/webcam/) highlight the existing ecological applications of this method.
Additional work by Richardson et al. (2007) and (Coops et al., 2012) demonstrates the link
between ground-based true-colour camera systems and satellite scale (Landsat and
MODIS) observations. In addition to phenological parameters, well-established RGB indi-
ces derived from consumer-grade digital cameras have been shown to accurately identify
vegetation cover in Arctic tundra and temperate forests (Beamish et al., 2016; Ide and
Oguma, 2010; Nijland et al., 2014; Richardson et al., 2007), and can be closely related to
Gross Primary Production (GPP) in grasslands, temperate forests, Arctic tundra, and wet-
lands (Ahrends et al., 2009; Anderson et al., 2016; Migliavacca et al., 2011; Westergaard-
Nielsen et al., 2013) , as well as containing a sensitivity to changes in plant photosynthetic

pigments (Ide and Oguma, 2013).

In this study we examine the capability of in-situ, true-colour digital photography to act as
a surrogate for in-situ spectral data in assessing pigment-driven vegetation changes associ-
ated with three key seasons representing early, peak, and late season, in three dominant,
low Arctic tundra vegetation communities. To do this we asked the following research
questions: (1) what are the relationships between RGB indices and in-situ, pigment-driven
spectral indices? (2) How do these relationships change with community type and season?
(3) To what extent do the indices represent actual chlorophyll and carotenoid content? We
conclude with proposing the RGB indices best suited as proxies for in-situ spectral data for
monitoring seasonal vegetation change and the related pigment dynamics in a low Arctic

tundra.
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3.3 Methods
3.3.1 Study Site

Data was collected at the Toolik Field Station (68°62.57 N, 149°61.43 W) on the North
Slope of the Brooks Range, in north central Alaska in the growing season of 2016. The
Toolik area is representative of the Southern Arctic Foothills, a physiographic province of
the North Slope (Walker et al., 1989). Vegetation is a combination of moist tussock tundra,
wet sedge meadows and dry upland heaths. Data was acquired in the Toolik Vegetation
Grid, a 1 x 1 km long-term monitoring site established by the National Science Foundation
(NSF) as part of the Department of Energy’s R4D (Response, Resistsnce, Resilience, and
Recovery to Disturbance in Arctic Ecosystems) project (Figure 3-1). Vegetation monitor-
ing plots (1 x 1 m) are positioned in close proximity to equally spaced site markers deline-
ating the intersection of the Universal Transverse Mercator (UTM) coordinates and each
point within the grid. A subset of the grid was sampled for the purpose of this study repre-
senting three distinct and dominant vegetation communities as defined by (Bratsch et al.,
2016) (Figure 3-1). The communities include moist acidic tundra (MAT), moist non acidic
tundra (MNT), and moss tundra (MT). A detailed description and representativeness (%
cover of the Toolik Vegetation Grid) of the three vegetation communities sampled within

the Long-term Toolik Vegetation Grid are shown in Table 3—1.
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Toolik Vegetation Grid
1 km

Figure 3-1 Toolik Vegetation Grid located in the Toolik Research Area on the North Slope of the
Brooks Range in northern Alaska and a late season example plots of the three vegetation commu-
nities monitored in the study. MAT: Moist acidic tussock tundra, MNT: moist non-acidic tundra,
MT: moss tundra.

3.3.2 Digital Photographs

In order to capture the three major seasons of early, peak, and late, we acquired true-colour
digital photographs on three days in the 2016 growing season (June 16th (Day of Year
(DOY) 165), July 11th (DOY 192), August 17th (DOY 229)). Images were taken at nadir
approximately 1 m off the ground with a white 1 X 1 m frame for registration of off nadir
images (Figure 3-1). According to the Toolik Lake Environmental Data Centre
(https://toolik.alaska.edu/edc/, 2017) phenology record that monitors 15 dominant species
at the Toolik Field Station, the first image acquisition date occurred two weeks after the
average date of first leaf-out (May 29th, DOY 149) accurately capturing the peak of the
early leaf-out phase. The second acquisition took place one week after average date of last
flower petal drop (July 3rd, DOY 185) and within one week of recorded full green-up (end
of June). The final acquisition took place three weeks after average first day of fall colour
change (July 27th, DOY 209) and within the range of recorded peak fall colours (mid-
August).
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Table 3-1 Description of the three vegetation communities monitored in this study.

Com-
mu-
nity

Description

Detailed Description

%
Cover

Moist
acidic
tus-
sock
tundra

Occurs on soils with
pH <5.0-5.5 and is
dominated by dwarf
erect shrubs such as
Betula nana and Salix
pulchra, graminoids
species (Eriophorum
vaginatum) and aci-
dophilous mosses

Betula nana-Eriophorum vaginatum. Dwarf-
shrub, sedge, moss tundra (shrubby tussock tun-
dra dominated by dwarf birch, Betula nana).
Mesic to subhygric, acidic, moderate snow.
Lower slopes and water-track margins. Mostly
on Itkillik I glacial surfaces.

Salix pulchra-Carex bigelowii. Dwarf-shrub,
sedge, moss tundra (shrubby tussock tundra
dominated by diamond-leaf willow, Salix pul-
chra). Subhygric, moderate snow, lower slopes
with solifluction.

6.1

Moist
non-
acidic
tundra

Dominated by mosses,
graminoids (Carex big-
ilowii), and prostrate
dwarf shrubs (Dryas in-
tegriolia)

Carex bigelowii-Dryas integrifolia, typical sub-
type; Tomentypnum nitens-Carex bigelowii, Sa-
lix glauca subtype: Nontussock sedge, dwarf-
shrub, moss tundra (moist nonacidic tundra).
Mesic to subhygric, nonacidic (pH > 5.5), shal-
low to moderate snow. Solifluction areas and
somewhat unstable slopes. Some south-facing
slopes have scattered glaucous willow (Salix
glauca).

5.8

Mossy
tus-
sock

tundra

A moist acidic tussock
tundra-type community
dominated by sedges
(E. vaginatum) and
abundant Sphagnum

Spp.

Eriophorum vaginatum-Sphagnum; Carex bige-
lowii-Sphagnum: Tussock sedge, dwarf-shrub,
moss tundra (tussock tundra, moist acidic tun-

dra). Mesic to subhygric, acidic, shallow to
moderate snow, stable. This unit is the zonal
vegetation on fine-grained substrates with ice-
rich permafrost. Some areas on steeper slopes
with solifluction are dominated by Bigelow
sedge (Carex bigelowii).

54.2

Images were acquired with a consumer-grade digital camera (Panasonic DM3 LMX,

Osaka, Japan) in raw format, between 10:00 h and 14:00 h, under uniform cloud cover to

reduce the influence of shadow and illumination differences. The digital camera collects

colour values by means of the Bayer matrix (Bayer 1976) with individual pixels coded with

a red, green, and blue value between 0 and 256. RGB values of each pixel in each image

were extracted using ENVI+IDL (Version 4.8; Harris Geospatial, Boulder, Colorado). To

reduce the impact of non-nadir acquisitions, photo registration was undertaken using the 1

x 1 m frame. Table 3-2 shows the normalized RGB channels and RGB indices calculated

based on the normalized red, green, and blue values of the digital photographs, hereafter

referred to as RGB indices.
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Table 3-2 Calculated red, green blue (RGB) indices from RGB channels of digital photographs.

Index Formula Source
nG G/(R+B+G)
nR R/(R+tB+G)
nB B/(RtB+G)
GR nG/nR
GB nG/nB
2G-RB 2*nG—(nR+nB) Richardson et al. (2007)

Digital camera indices 2G-RB and nG have been used to monitor vegetation phenology
and biomass extensively (Beamish et al., 2016; Ide and Oguma, 2013; Richardson et al.,
2007). Additionally, we defined new RGB indices to examine their representativeness to
selected pigment-driven spectral indices (Table 3-3). We chose these RGB indices as they
represented as closely as possible the mathematical formulas of selected pigment-driven

indices presented in the field-based spectral data section below.

Table 3-3 Pseudo pigment-driven red, green, blue (RGB) indices calculated from RGB channels of
digital photographs.

Indices Formula
nBG (nB-nG)/(nB+nG)
nRG (nR-nG)/(nR+nG)
RGr (mMR-nG)/mR)
nG’! (1/nG)

2R-GB 2*nR—(nG+nB)

3.3.3 Field-based Spectral Data

Within one week of the digital photographs, field-based spectral measurements of each
vegetation plot were acquired using a GER 1500 field spectroradiometer (Spectra Vista
Corporation New York, USA). Spectral data were acquired on June 14th (DOY 165), July
8th (DOY 189), and August 23rd (DOY 235) in 2016 with a spectral range of 350 — 1050
nm, 512 bands, a spectral resolution of 3 nm, a spectral sampling of 1.5 nm, and an 8° field
of view. Data were acquired under clear weather conditions between 10:00 and 14:00 local
time corresponding to the highest solar zenith angle. In each plot, radiance data were ac-
quired at nadir approximately 1 m off the ground resulting in an approximately 15 cm di-
ameter ground instantaneous field of view (GIFOV). To reduce noise and characterize the
spectral variability in each plot, an average of nine point measurements of upwelling radi-
ance (Lup) in each of the 1 x 1 m plots was used. Downwelling radiance (Ldown) was
measured as the reflection from a white Spectralon© plate. Surface reflectance (R) was

processed as:
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R=—%_%100 3.1)

Laown

Reflectance spectra (0—100%) were preprocessed with a Savitzky-Golay smoothing filter
(n=11) and to remove sensor noise at the spectral limits of the radiometer data was subset

to 400 — 985 nm.

Using the spectral reflectance data, we calculated common pigment-driven vegetation in-
dices, focusing on vegetation colour, and those produced as remote sensing products by the
European Space Agency (ESA) and the North American Space Agency (NASA), a brief
description of each is provided below (Table 3-4). The indices that were calculated from

the field-based GER data are hereafter referred to as pigment-driven spectral indices.

The Photochemical Reflectance Index (PRI) is an indicator of photosynthetic radiation use
efficiency and was first proposed by (Gamon et al., 1992). The Plant Senescence Reflec-
tance Index (PSRI) is sensitive to senescence induced reflectance changes from changes in
chlorophyll and carotenoid content and was proposed by (Merzlyak et al., 1999). The Pig-
ment Specific Simple Ratios (PSSRa and b) aim to model chlorophyll a and b, respectively
(Blackburn, 1999, 1998) and (Sims and Gamon, 2002). Chlorophyll Carotenoid Index
(CCI) was developed to track the phenology of photosynthetic activity of evergreen species
by (Gamon et al., 2016) . The Carotenoid Reflectance Indices (CRI1 and CRI2) use the
reciprocal reflectance at 508 and 548 nm and 508 and 698 nm respectively in order to re-
move the effect of chlorophyll (Gitelson et al., 2002). The Anthocyanin Reflectance Indices
(ARI1 and ARI2) developed by (Gitelson et al., 2006, 2001) are designed to reduce the
influence of chlorophyll absorption to isolate the anthocyanin absorption by taking the dif-
ference between the reciprocal of green (550 nm) and the red-edge (700 nm). ARI2 includes
a multiplication by the near infrared (NIR) to reduce the influence of leaf thickness and

density.
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Table 3-4 Pigment-driven spectral indices.

Indices Short Formula Source

Photochemical Reflectance Index PRI (ps33 — pses) / (psss + Gamon and Field

Ps69) (1992)
Plant Senesceng:XReﬂectance In- PSRI (pers— pass) / prss Merzlyak et al. (1999)
Blackburn (1998,

PSSR PSSRa = pgoo/ pe71

Pigment Specific Simple Ratio _ 1999); Sims and
PSSRb = pron pos2 Gamon (2002)
Chlorophyll carotenoid index ccr (i p;;‘jz)/ (Ps1+ Gamon et al. (2016)
Carotenoid Reflectance Index 1 CRI1 (1/psos) - (1/psag) Gitelson et al. (2002)
Carotenoid Reflectance Index 2 CRI2 (1/ps0s) - (1/psos) Gitelson et al. (2002)
Anthocyanin Reflectance Index 1 ARI1 (1/pss0) - (1/p700) Gitelson et al. (2001)

Anthocyanin Reflectance Index 2~ ARI2  pgoo™*[(1/psso) - (1/p700)]  Gitelson et al. (2001)

3.3.4 Vegetation Pigment Concentration

To estimate how accurately plot-level indices represent actual leaf-level pigment concen-
trations, leaves and stems (n = 213) of the dominant vascular species in a subset of the
sampled plots were collected at early, peak, and late season for chlorophyll and carotenoid
analysis. Samples were placed in porous tea bags and preserved in a silica gel desiccant in
an opaque container for up to 3 months until pigment extraction (Esteban et al. 2009). Each
sample was homogenized by grinding with a mortar and pestle. Approximately 1.00 mg
(+/- 0.05 mg) of homogenized sample was placed into a vial with 2 ml of dimethylforma-
mide (DMF). Vials were then wrapped in aluminum foil to eliminate any degradation of
pigments due to UV light and stored in a fridge (4°C) for 24 hrs. Samples were measured
into a cuvette prior to spectrophotometric analysis. Bulk pigments concentrations were then
estimated using a spectrophotometer measuring absorption at 646.8, 663.8 and 480 nm
(Porra et al., 1989). Absorbance (A) values at specific wavelengths were transformed into
pg/mg concentrations of chlorophyll a, Chl,, chlorophyll b, Chlj, total chlorophyll, Chls+s,

carotenoids, Car, using the following equations:

Chl, =12.00% 4°7% —3.11* 4%%*

(3.2)
Chl, =20.78* A*** —4.88* 4°°** (3.3)
Chl,,, =17.67* 4°*** +7.12% 4°%* (3.4)
Car=(A""-Chl )/ 245 (3.5)
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The chlorophyll a to chlorophyll b (Chla.»), as well as the chlorophyll to carotenoid ratios
(Chl:Car) were calculated by dividing eq. (3.2) by eq. (3.3) and eq. (3.4) by eq. (3.5), re-
spectively. Pigment concentration was calculated as the average concentration of the dom-

inant species in each plot.
3.3.5 Data Analyses

We examined the potential of digital camera RGB data as a proxy for identified pigment-
driven vegetation indices using existing and new RGB indices. Simple linear regression
was performed between RGB indices defined in Table 3-2 and Table 3-3 and hyperspectral
PRI, PSRI, PSSR, CCI, CRI, and ARI indices defined in Table 3-4 (Table 3-6). The RGB
and spectral indices from significant RGB/spectral linear regressions were then chosen for
linear regression with Chla, Chly, Chla:», and Car:Chl for each vegetation community to

explore how well the chosen indices represent actual leaf-level pigment concentration.

As we assume RGB indices can be used in place of pigment-driven spectral indices, we
wanted to include the error associated with spectral indices as a proxy for leaf-level pig-
ments to more accurately estimate uncertainties. To do this, we used a simple additive error
propagation of root mean square error of the selected RGB/pigment and spectral/pigment

regressions using the following equations:

RMSE — \/Z?=1(Xobs,t_xmodel,t)2 (36)

n

RMSEp,op = \/(RMSE,)? + (RMSE,,_,)? 3.7)

Where RMSE is the root mean square error, X, ps ¢ and X;;,4¢; ¢+ are the actual and predicted
values of the linear regression t, respectively and where RMSE,,,,, is the propagated
RMSE of RGB~pigment regressions using the RMSE of the RGB~pigment regressions
(RMSE,.,) and the RMSE of the spectral~pigment regressions (RMSE,.,) (Table 3-8).
All analyses were performed in R (R Core Team, 2017) and an alpha of 0.05 was used.
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3.4 Results
3.4.1 RGB Indices as a Surrogate for Pigment-driven Spectral Indices

The strength of the relationships between the RGB indices and the pigment-driven spectral
indices was variable between vegetation communities (Table 3-5). The most consistent and
strongest regressions across the three vegetation communities were selected and are pre-
sented in Table 3-5 and Figure 3-2. The strongest three regressions were observed between
RGr and ARI2 in MT (R2 =0.77, p < 0.01, RMSE = 0.04), followed by RG and PSRI in
MAT (R2=0.75,p <0.01, RMSE = 0.05) and MNT (R2 = 0.75, p < 0.01, RMSE = 0.04)
(Figure 3-2).
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Figure 3-2 Simple linear regression between the six best RGB indices and pigment-driven spectral
indices across three seasons in each community type. MAT: Moist acidic tussock tundra, MNT:
moist non-acidic tundra, MT: moss tundra, RMSE: root mean square error.

PSRI had the strongest relationships across the three communities while the carotenoid
reflectance indices of CRI1 and CRI2 and the anthocyanin index of ARI1 had the weakest
relationships. In general, MT had the strongest and most consistent regressions across all
indices followed by MAT and finally MNT. We chose the following six RGB indices, 2G-
RB, 2R-GB, nG, nG-1, RG, and RGr, representing the pigment-driven indices of PSSRb,
PRI, PSSRa, CCI, PSRI, and ARI2, respectively, for linear regression with leaf-level pig-

ment concentration.
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Table 3-5 The most consistent, significant linear regressions between Red, Green, Blue (RGB) in-
dices and pigment-driven spectral indices in the three communities. Bold values represent moderate
to strong (R2 > 0.40) significant linear regressions. MAT: Moist acidic tussock tundra, MNT: moist
non-acidic tundra, MT: moss tundra, RMSE: root mean square error. See Table 2-1 — 3-3 for defi-
nitions of both spectral and RGB indices.

Spec-

RGB | MAT MNT MT
tral
R2 P~ RMSE| R2 P> RMSE| R? P RMSE
value value value
PRI 2GI§ 0.46 <0.01 0.04 0.29 <0.01 0.04 |0.53 <0.01 0.03

PSRI RG 078 <0.01 0.05 | 0.75 <0.01 0.04 |0.70 <0.01 0.05
PSSRa nG 072 <0.01 0.01 | 0.60 <0.01 0.01 |0.71 <0.01 0.01
PSSRb ?{C];- 0.64 <0.01 0.04 | 053 <0.01 0.03 |0.51 <0.01 o0.03

CCI nG 056 <0.01 0.04 | 058 <0.01 0.02 |0.73 <0.01 0.02

CRIl GB 040 <0.01 018 | 0.16 0.02 0.14 | 034 <0.01 0.14

CRI2 RB 0.09 <0.01 0.05 | -0.01 043 0.04 |0.17 0.03 0.02

ARI1 RG 0.30 <0.01 0.10 | 0.17  0.01 0.07 042 <0.01 0.07

ARI2 RGr | 0.63 <0.01 0.06 | 0.43 <0.01 0.04 |0.77 <0.01 0.04

3.4.2 RGB Indices as a Surrogate for Leaf-level Pigment concentration

The relationships between selected RGB indices and pigment concentration suggest high
variability in both fit and uncertainty across the three vegetation communities (Error! Ref-
erence source not found.). In general, the indices performed best across all communities
when predicting Chl, with the strongest observed in MNT. nG, representing PSSRa, had
the single strongest regression with Chl, in MNT (R2 = 0.61, p < 0.01, RMSE-P = 0.89)
and this relationship was also moderate in MAT and MT. Chl.+» and Chla:» also showed
weak to moderate correlations but performance across communities was more variable than
Chla. Both Chla+» and Chla:» showed moderate correlations with all indices except 2R-GB
in MNT and MAT, respectively. 2R-GB, representing PRI, also had a moderate relation-
ship with Chl:Car in MT (R2 =0.53, p <0.01, RMSE = 0.21) but poor performance in the
other two communities. The indices performed worst when predicting Chl, with R2 <0.27

in all cases.
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Table 3-6 Simple linear regression between the selected Red, Green, Blue (RGB) indices, and the spectral index they are representing in parentheses, and
pigment concentration with the propagated root mean square error (RMSE-P). Veg: vegetation community, Pig: Pigment concentration. Bold values represent
moderate (R2 > 0.40) significant linear regressions. MAT: Moist acidic tussock tundra, MNT: moist non-acidic tundra, MT: moss tundra, RMSE: root mean
square error. See Table 3-1 — 3-3 for definitions of both spectral and RGB indices.

wv_@ﬂmﬁ Veg RGB (spectral)
a) 2G-RB (PSSRb) 2R-GB (PRI) nG (PSSRa)
R’ p-value  RMSE  RMSE-P R’ p-value RMSE  RMSE-P R’ p-value RMSE  RMSE-P
Chl, MAT | 0.38 0.00 0.31 0.48 0.17 0.02 0.35 0.52 0.39 0.00 0.30 0.42
MNT | 0.59 0.01 0.12 0.22 0.06 0.26 0.18 0.25 0.61 0.01 0.12 0.22
MT 0.41 0.01 0.30 0.48 0.23 0.06 0.34 0.50 0.40 0.01 0.30 0.47
Chl, MAT | -0.02 0.45 0.12 0.18 -0.01 0.44 0.12 0.19 -0.01 0.43 0.12 0.18
MNT 0.27 0.09 0.07 0.11 -0.14 0.84 0.09 0.11 0.26 0.09 0.07 0.11
MT 0.08 0.18 0.20 0.29 0.06 0.20 0.20 0.28 0.08 0.18 0.20 0.28
Chlyp MAT 0.30 0.00 0.20 0.31 0.15 0.03 0.22 0.33 0.31 0.00 0.20 0.28
MNT | 0.53 0.02 0.08 0.15 -0.02 0.39 0.12 0.16 0.54 0.01 0.08 0.15
MT 0.24 0.05 0.28 0.44 0.16 0.10 0.30 0.43 0.24 0.05 0.28 0.42
Chlyp MAT | 0.50 0.00 0.32 0.53 0.15 0.03 0.41 0.61 0.50 0.00 0.32 0.51
MNT | -0.02 0.38 0.28 0.41 0.33 0.06 0.23 0.37 0.01 0.34 0.28 0.39
MT 0.12 0.13 0.32 0.36 0.04 0.25 0.33 0.41 0.12 0.13 0.32 0.39
Chl:Car | MAT | 0.19 0.01 0.18 0.25 0.12 0.04 0.19 0.26 0.20 0.01 0.18 0.26
MNT | 0.01 0.34 0.21 0.30 -0.14 0.93 0.22 0.31] 0.01 0.34 0.21 0.31
MT 0.23 0.06 0.19 0.27 0.53 0.00 0.15 0.21 0.24 0.05 0.19 0.29
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b) nG-1 (CCI) RG (PSRI) RGr (ARI2)

R’ p-value  RMSE  RMSE-P R’ p-value RMSE RMSE-P | R’ p-value RMSE  RMSE-P

Chl, MAT | 0.37 0.00 0.31 0.49 0.35 0.00 0.31 0.46 0.38 0.00 0.31 0.45

MNT | 0.60 0.01 0.12 0.22 0.56 0.01 0.13 0.21 0.55 0.01 0.13 0.15

MT 0.39 0.01 0.31 0.47 0.35 0.02 0.32 0.47 0.36 0.02 0.31 0.47

Chl, MAT | -0.02 0.49 0.12 0.19 -0.02 0.44 0.12 0.19 0.00 0.36 0.12 0.19

MNT 0.26 0.09 0.07 0.11 0.04 0.29 0.08 0.11 0.03 0.30 0.08 0.11

MT 0.08 0.19 0.20 0.27 0.08 0.18 0.20 0.28 0.08 0.18 0.20 0.28

Chly.y MAT 0.30 0.00 0.20 0.32 0.28 0.00 0.21 0.31 0.31 0.00 0.20 0.30

MNT 0.53 0.02 0.08 0.15 0.43 0.03 0.09 0.14 0.43 0.03 0.09 0.11

MT 0.24 0.05 0.28 0.41 0.23 0.06 0.28 0.42 0.23 0.06 0.28 0.41

Chl,.p MAT 0.51 0.00 0.31 0.54 0.43 0.00 0.34 0.52 0.43 0.00 0.34 0.51

MNT 0.00 0.35 0.28 0.39 0.22 0.12 0.25 0.37 0.21 0.12 0.25 0.35

MT 0.12 0.13 0.32 0.39 0.10 0.16 0.32 0.39 0.11 0.15 0.32 0.40

Chl:Car | MAT 0.19 0.01 0.18 0.27 0.20 0.01 0.18 0.26 0.23 0.01 0.18 0.24

MNT 0.01 0.34 0.21 0.30 -0.05 0.46 0.21 0.31 -0.06 0.47 0.22 0.28

MT 0.24 0.05 0.19 0.29 0.36 0.02 0.17 0.27 0.35 0.02 0.17 0.23
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3.5 Discussion

The relationships between selected RGB indices and pigment-driven spectral indices sup-
port the capability of digital cameras to act as a surrogate for in-situ spectral data and for
the study of seasonal vegetation changes associated with pigment dynamics in dominant
low Arctic vegetation communities. Evidence for the capability of digital cameras as an
ecological monitoring tool of vegetation phenology, biomass, and productivity and the re-
lationships of these parameters to spectrally-derived vegetation indices exists in a variety
of ecosystems (Ahrends et al., 2009; Anderson et al., 2016; Beamish et al., 2016; Coops et
al., 2010; Ide and Oguma, 2010; Migliavacca et al., 2011; Nijland et al., 2014,
Westergaard-Nielsen et al., 2013). Our study adds to this knowledge base by expanding to
pigment-driven vegetation indices chosen for their indication of photosynthetic efficiency,
a parameter of high interest in vegetation remote sensing. In addition, we showcase the
utility of a ground-based camera system in an ecosystem characterized by challenging ac-

quisition conditions for spectral data.

There are some technical considerations when using these types of digital cameras that
need to be considered such as consumer-grade digital cameras typically have limited range
charge couple device/complementary metal oxide semiconductor (CCD/CMOS) sensors
and employ automatic exposure adjustments with changing environmental brightness and
local illumination. This in turn affects the comparability of images collected under different
conditions however this can be overcome through the use of band ratios which are insensi-
tive to brightness. Local illumination differences caused by direct sunlight can still intro-
duce error, however, the Arctic is subject to unique illumination conditions because of the
low solar zenith angle, long periods of daylight, and frequent cloud cover leading to fre-
quent diffuse illumination conditions. Previous research has suggested collection of data
under uniform cloud cover (diffuse conditions) is ideal (Ide and Oguma, 2010). All images
in this study were collected under uniform cloud cover by choice however when consider-
ing a framework of high frequency (daily or hourly) data collection these phenomena
should be taken into consideration. Additionally, this study does not take into account the
impact of atmospheric scattering common in shorter wavelengths (blue) of air- and space-
borne platforms. This phenomenon would presumably reduce the correlation in the blue

channel and thus its use should be minimized when inferring relationships between air- and
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spaceborne platforms. However, the use of the blue channel in ground-based remote sens-
ing as in this study is less of a concern as atmospheric scattering is minimal at this near-
sensing scale. Another consideration is that digital cameras contain what is known as a
Bayer colour filter array that combines one blue, one red, and two green sensors into an
image pixel making green the most sensitive channel in the camera to mirror the sensitivity

of the human eye (Bayer, 1976).

From the standpoint of the human eye and digital cameras, all of the best performing RGB
indices except one provide a measure of vegetation greenness and the weaker relationships
seen with the carotenoid and anthocyanin (non-green pigments) indices are indicative of
the cameras overall green-bias or green sensitivity. The best performing RGB green band-
based indices of 2G-RB, nG, nG-1, RG, and rGR had the strongest relationships (R2 >
0.43) with the pigment-driven spectral indices of PSSRb, PSSRa, CCI, PSRI, and ARI2,
respectively, across all three vegetation communities. The moderate to strong relationships
observed in all three communities suggest these RGB indices can be used to monitor sea-
sonal vegetation changes associated with pigment-driven colour changes, mostly related to
the amount of green or chlorophyll pigments, in dominant low Arctic vegetation commu-
nities (Figure 3-2). Though we found an overall weakness in RGB indices to accurately
predict leaf-level pigment concentration, a number of significant weak to moderate rela-
tionships between Chl, and Chl.+» with the green RGB indices suggests they do capture
seasonal changes in chlorophyll content. Moderate to weak relationships between pigment
concentration and pigment-driven spectral indices have also been reported, even with data
collected concurrently at the leaf-level, due to variations in species-specific plant structure
and developmental stage (Sims and Gamon, 2002). The pigment concentration presented
in this study is an approximation using the mean of dominant vascular species and does not
take into account the influence of moss or standing litter, both of which influence green-
ness, especially at early and late season when vascular vegetation is not fully expanded.
This combination of roughly estimated pigment concentration, a greenness signal that is
not only composed of vascular species, especially at early and late season, and species-
specific characteristics could explain the weak correlations and the differences between
communities. However, it should be noted that all indices demonstrated a significant mod-
erate correlation in at least one community with pigment concentration. The five pigment-

driven spectral indices used in this study target different pigment groups however all are
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relevant for the monitoring of foliar condition and photosynthetic activity suggesting the
cameras can also indirectly infer changes to non-green pigment groups through an absence
or changes in the greenness or chlorophyll pigments. Though the green RGB indices were
generally the most consistent and had the strongest relationships, we also found that PRI is
well represented by 2R-GB and nR in MT and MAT (Table 3-5, Table 3—7, Table 3-8).
Since the pigment-driven spectral index of PRI is a prominently used index for estimating
photosynthetic light use efficiency (Gamon et al., 1997, 1992; Pefiuelas et al., 1995), the

use of digital camera nR to monitor this parameter is a particularly interesting result.

Current operational satellite missions provide an excellent opportunity for global monitor-
ing of foliar condition with relatively high spatial resolution. Here we focused on exploring
the spectral information in the visible wavelength region related to tundra vegetation col-
our, driven by pigment dynamics. The broadband spectral settings of major operational
satellite missions are at first consideration not optimal for capturing the detailed spectral
reflectance of vegetation as represented by narrowband spectral vegetation indices. How-
ever, we show that RGB colour values from consumer-grade digital cameras measuring
even broader-band spectral information show correlations with reputed pigment-driven
spectral indices such as CCI, PSSRa and ARI2 indices. Our results suggest vegetation col-
our contributes strongly to the response of these hyperspectral indices. The use of narrow-
band spectral indices related to vegetation colour and pigment dynamics in order to monitor
vegetation status and condition is already occurring with the Earth Observation System
(EOS) products from the Sentinel-2 multispectral satellite and will become more common
in the future with upcoming hyperspectral satellite missions such as the Environmental

Mapping and Analysis Program (EnMAP) planned for 2020.

3.6 Conclusions

Results of this study support the utility of digital cameras to act as a surrogate for in-situ
spectral data to monitor pigment dynamics as a result of seasonal changes in a low Arctic
ecosystem. The RGB indices using the green band perform best as proxies for pigment-
driven spectral indices. We highlight nG as a proxy for PSSRa in particular because of
moderate to strong relationships with both spectral and pigment data suggesting this RGB
index can track changes in chlorophyll a content. We also suggest 2G-RB as a proxy for

PSSRb, nG-1 for CCI, RG for PSRI and RGr as a proxy for ARI1. Though the accuracy of
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pigment prediction for these indices is not as strong, there is evidence that RGB indices do
track seasonal changes. This method represents a promising gap-filling tool and compli-
mentary data source for optical remote sensing of vegetation in logistically and climatically
challenging Arctic ecosystems. The implementation of low-cost time-lapse systems or na-
dir point measurements by an observer with consumer-grade digital cameras is highly fea-
sible and proven in Arctic tundra ecosystems and this study increases the possible applica-

tions of this method.

3.7 Supplementary Material

Table 3-6 Complete table of simple linear regressions between all pigment-driven spectral indices
and Red, Green, and Blue (RGB) indices. Bold values represent moderate (R? > 0.40) significant
linear regressions. MAT: Moist acidic tussock tundra, MNT: moist non-acidic tundra, MT: moss
tundra, RMSE: root mean square error. RMSE: root mean square error. See Table 3-1 — 3-3 for
definitions of both spectral and RGB indices.

RGB Veg Spectral

a) PRI PSRI PSSRa
R?> p-value RMSE | R?> p-value RMSE | R?> p-value RMSE

nG  MAT | 0.08 0.01 0.03 {070 0.00 0.01 [0.72 0.00 0.01
MNT | .0.03  0.73 002 [071 0.00 0.01 [0.60 0.00 0.01
MT | 033 000 002 |071 000 0.01 |071 0.00 0.01
nR  MAT | 046 0.00 0.01 |[0.49 0.00 0.01 | 028 0.00 0.02
MNT | 029  0.00 0.01 |0.32 0.00 0.01 |0.17 0.01 0.01
MT | 053 000 001 |051 000 0.01 [021 002 0.01
nB  MAT| 003 0.07 002 [0.18 000 002 |034 000 0.02
MNT | 0.14 002  0.02 [008 0.07 002 [0.13 0.03 0.02
MT | 0.00 0.33 001 [034 000 001 [0.69 0.00 0.01
GR  MAT | 025 0.00 0.08 |0.78 0.00 0.05 |0.70 0.00 0.05
MNT | 0.06 0.10 0.06 |0.80 0.00 0.03 |0.63 0.00 0.04
MT | 045 000 006 | 073 0.00 0.04 |0.60 0.00 0.05
GB  MAT|.001 057 024 |043 0.00 0.18 [0.60 0.00 0.15
MNT | 0.02  0.23 0.15 [ 032 0.00 013 033 0.00 0.12
MT | 0.17  0.03 0.16 {059 0.00 0.11 |0.80 0.00 0.08
nBG  MAT | .0.01 0.93 0.07 [ 042 0.00 0.06 |055 0.00 0.05
MNT | 003 019 005 [033 0.00 004 |034 0.00 004
MT | 014  0.05 0.05 [ 057 0.00 0.03 |0.78 0.00 0.02
RGr  MAT | 024 000 008 |0.77 0.00 0.04 |0.68 0.00 0.05
MNT | 0.07  0.08 0.06 [ 076 0.00 0.03 |0.57 0.00 0.04
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MT | 045  0.00 0.05 | 0.72  0.00 0.04 | 0.58 0.00 0.05

nG'  MAT| 005 0.02 0.19 | 0.70 0.00 0.11 | 0.68 0.00 0.11
MNT | .0.03 0.83 0.13 [0.70 0.00 0.07 |0.60 0.00 0.08
MT | 031  0.00 0.12 [0.70 0.00 0.08 |[0.70 0.00 0.08

2R-GB MAT | 9046  0.00 0.04 |0.49 0.00 0.04 | 028 0.00 0.04
MNT | 029  0.00 0.04 [ 032 0.00 0.03 [0.17 0.01 0.04
MT | 0.53  0.00 0.03 | 0.51  0.00 0.03 021 0.02 0.03
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Table 3-7 continued

b) PSSRb CCI CRI1

R P~ RMSE| R? P~ RMSE| R2 P~ RMSE
value value value

nG  MAT | ¢.64 000 0.02 (053 000 002 | 038 000 0.02
MNT | ¢.52 000 001 (057 000 001 | 024 000 0.0l
MT | 0.49 000 001 (072 000 001 | 019 002 0.02
nR  MAT| 017 000 002 [025 000 002 | 003 005 0.02
MNT | 006 011 001 |[008 007 001 | 000 030 0.0]
MT | 009 010 00l |029 001 00l |-005 078 0.0l
nB  MAT | 038 0.00 0.02 [020 000 002 | 033 000 0.02
MNT | 020 001 001 |020 00l 0.01 |0.09 006 0.02
MT | 056 0.00 0.01 |058 000 0.01 | 043 0.00 0.01
GR  MAT| 0,57 000 0.06 [050 0.00 0.08 | 029 0.00 0.08
MNT | 0.45 000 004 (051 000 004 | 021 0.01 0.05
MT | 0.38 0.00 0.06 [0.63 0.00 0.05 | 0.09 0.09 0.07
GB MAT| o058 000 0.15 [038 000 018 | 040 0.00 0.18
MNT | 035 000 0.12 |038 000 0.12 | 0.16 0.02 0.14
MT | 057 0.00 011 |074 0.00 0.09 | 034 000 0.14
nBG  MAT | ¢.55 000 005 (042 000 016 | 041 0.00  0.06
MNT | 038 000 0.04 |040 0.00 0.04 | 0.18 001 0.5
MT | .59 000 0.03 (073 0.00 003 | 034 000 0.04
RGr MAT| 055 000 0.06 |051 000 0.07 | 027 000 0.8
MNT | 0.41 000 0.04 (046 0.00 0.04 | 0.18 0.01 0.05
MT | 0.36 0.00 0.06 (062 0.00 0.04 | 008 0.10  0.07
nG'  MAT | ¢.61 000 012 [056 0.00 0.3 | 039 0.00 0.15
MNT | 0.53 0.00 009 [058 0.00 0.09 | 025 0.00 0.11
MT | 0.50 000 011 (072 0.00 008 | 0.19 003 0.13
2R- MAT| 017 000 005 |025 000 0.05 | 003 005 0.05
GB  MNT| 006 011 004 [008 007 004 | 000 030  0.04
MT | 0.09 0.10  0.04 |[029 0.0l 0.03 |-005 078  0.04
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Table 3-7 continued
c) CRI2 ARII ARD2
R e RMSE| R . RMSE| R . RMSE
nG  MAT| 001 050 003 | 021 0.00 0.02 | 046 0.00  0.02
MNT | .003 080 0.02 | 0.14 0.03 0.02 | 023 0.00 0.1
MT |.005 085 002 | 033 0.00 0.02 | 0.69 0.00 0.01
nR  MAT | 004 0.04 002 | 026 000 002 | 057 0.00 0.01
MNT | 002 056 001 [ 009 006 001 | 041 0.00 0.01
MT | 008 010 001 | 043 0.00 0.01 | 0.69 0.00 0.01
nB  MAT | 0.06 0.01 0.02 | 0.01 0.19 0.02 | 0.03  0.06 0.02
MNT | 002 046 002 |[-002 056 002 |-003 0.77  0.02
MT | 0.03 021 0.01 | 003 021 001 | 020 002 0.0l
GR  MAT | 001 08  0.10 | 026 000 008 | 0.62 0.00  0.06
MNT | 004 097 006 | 0.17 0.0l 0.05 | 042 0.00 0.05
MT | .0.03 0.53 0.08 | 039 000 006 | 0.77 0.00 0.04
GB  MAT | 002 009 023 | 009 000 023 | 021 0.00 0.21
MNT | 002 056 0.15 | 002 020 0.15 | 0.00 033  0.15
MT | 004 060 018 | 0.18 0.03 0.16 | 048 0.00 0.13
nBG MAT | 0.03 0.07 0.07 | 0.08 000  0.07 | 0.19  0.00 0.07
MNT | .0.02 0.53 005 | 003 019 005 | 0.00 035 0.5
MT | .003 058 005 | 017 0.03 0.05 | 046 0.00  0.04
RGr  MAT | 001 075 009 | 028 0.00 0.08 | 0.63 0.00 0.06
MNT | 2004 092 006 | 0.18 0.01 0.05 | 043 0.00 0.04
MT |.002 049 007 | 041 0.00 0.06 | 0.77 0.00 0.04
nG'  MAT | 001 050 0.20 | 021 0.00 0.18 | 0.44  0.00 0.15
MNT | .0.03  0.76 0.13 | 0.13  0.03 0.12 | 021  0.01 0.12
MT | 005 084 015 | 033 0.00 0.12 | 0.68 0.00  0.08
MAT | 0.04 004 005 | 026 000 005 | 057 0.00 0.03
2R-
G MNT|.-002 056 004 | 009 006 004 | 041 000 003
MT | 008 010 004 | 043 0.00 0.03 | 0.69 0.00 0.02
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Table 3-7 Complete table of simple linear regressions between all pigment-driven spectral indices
and pigment concentration. Pigment: Chl,: chlorophyll a, Chly: chlorophyll b, Chls-s: total chloro-
phyll, Chly.»: chlorophyll a to b ratio. Veg: vegetation communities. MAT: Bold values represent
moderate (R? > 0.40) significant linear regressions. Moist acidic tussock tundra, MNT: moist non-
acidic tundra, MT: moss tundra, RMSE: root mean square error. See Table 3-1 — 3-3 for definitions

of both spectral and RGB indices.

Pigment Veg

a) PRI PSRI PSSRa
R? P> RMSE| R?= P RMSE| R? P RMSE

value value value
Chl, MAT | 027 0.00 0.02 | 042 0.00 0.05 | 0.56 0.00 1.37
MNT | 0.24 0.10 0.01 | 025 0.10 0.05 | 0.07 025 0.89
MT 0.24 0.06 0.01 0.28 0.05 0.03 0.24 0.06 1.00
Chliy MAT | 0.07 0.07 0.02 0.06 0.10 0.06 0.51 0.00 1.44
MNT | 0.17 0.15 0.01 | -0.01 0.38 0.05 0.01 033 0.92
MT 0.15 0.12 0.01 | 0.11 0.16 0.04 | 0.10 0.17 1.09
Chl,sy  MAT | 0.25 0.00 0.02 | 0.35 0.00 0.05 | 0.51 0.00 1.44
MNT | 0.33 0.06 0.01 | 0.19 0.14 0.05 | 0.01 033 092
MT 0.10 0.17 0.01 | 0.11 0.16 0.04 | 0.10 0.17 1.09
Chl,, MAT | 0.13 0.03 0.02 0.00 0.05 4522 | 029 0.00 1.74
MNT | -0.11 0.67 0.01 0.37 0.05 29.81 | 0.03 0.30 0.91
MT -0.04 0.45 0.01 0.11 0.04 28.62 | 0.09 0.18 1.10
Chi:Car MAT | 0.17 0.01 0.02 0.01 0.05 5442 | 0.10 0.04 1.95
MNT | -0.03 0.42 0.01 | 0.62 0.06 33.19 | -0.14 091 0.99
MT 0.50 0.01 0.01 | 021 0.04 2854 |-0.09 0.77 1.20

b) PSSRb CCI CRI1
2 P” " RMSE| R? P RMSE| R?  p RMSE

value value

Chl, MAT | 0.31 0.00 5.23 0.23 0.01 0.40 0.12 0.03 0.06
MNT | 0.02 0.32 377 | 0.06 026 0.18 | -0.14 0.89 0.04
MT 0.16 0.11 2.60 | 029 0.03 0.34 | -0.06 0.55 0.05
Chly, MAT | 0.14 0.02 585 | 0.02 048 020 | 0.02 023 0.06
MNT | -0.07 0.51 394 | -0.11 0.68 0.09 | -0.10 0.60 0.04
MT | -0.05 0.51 291 | 022 0.06 0.181 | -0.09 0.77 0.05
Chlz«y  MAT | 0.31 0.00 525 |1 0.09 0.08 026 | 0.10 0.04 0.06
MNT | -0.03 0.42 3.87 |-0.02 0.39 0.12 | -0.14 1.00 0.04
MT 0.01 0.31 2.82 | 021  0.07 029 |-0.08 0.71 0.05
Chl., MAT | 0.19 0.01 569 | 024 0.01 044 | 0.03 0.18 0.06
MNT | -0.14 097 4.07 | 0.04 029 027 | 0.06 026 0.04
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Table 3-8 continued
MT 0.44 0.01 2.12 | 0.05 022 022 | 0.00 035 0.04
Chl:Car MAT | 0.26 0.00 543 | 0.01 0.12 0.57 | -0.01 042 0.06
MNT | -0.07 0.52 395 | -0.11 0.64 022 |-0.02 039 0.04
MT 0.21 0.07 2.52 | -0.08 0.81 022 | 026 0.05 0.04
c) CRI2 ARI1 ARI2

R? p RMSE | R? p RMSE | R2 p RMSE
Chl, MAT | -0.03 0.79 0.10 | 0.18 0.01 0.05 | 042 0.00 0.09
MNT | 0.07 0.25 0.07 | 0.40 0.04 0.03 | 0.83 0.00 0.03
MT | -0.08 0.67 0.08 | 0.10 0.17 0.04 | 031 0.04 0.07
Chly, MAT | -0.03 0.98 0.10 | 0.02 0.23 0.05 | 0.06 0.10 0.12
MNT | 0.01 0.33 0.07 | 0.04 0.29 0.04 | 022 0.11 0.07
MT | -0.07 0.60 0.08 | 0.06 0.22 0.04 | 0.16 0.11 0.08
Chl,sy  MAT | -0.03 0.79 0.10 | 0.16 0.01 0.05 | 036 0.00 0.10
MNT | 0.05 0.27 0.07 | 0.29 0.08 0.04 | 0.74 0.00 0.04
MT | -0.07 0.60 0.08 | 0.09 0.19 0.04 | 020 0.08 0.08
Chl,., MAT | -0.01 0.45 0.09 | 0.20 0.01 0.05 | 0.35 0.00 0.10
MNT | -0.14 0.92 0.07 | -0.07 0.50 0.05 | 0.16 0.15 0.07
MT | -0.05 0.50 0.08 | -0.09 0.78 0.04 | -0.08 0.69 0.09
Chl:Car MAT | 0.22 0.00 0.08 | 0.44 0.00 0.04 | 037 0.00 0.10
MNT | 0.30 0.08 0.06 | 0.40 0.04 0.03 | 021 0.12 0.07
MT 0.70 0.00 0.04 | 0.85 0.00 0.02 | 0.53 0.00 0.06

3.7.1 Data Publication

All data are publically available on the Open Access library Pangaea (www.pan-
gaea.de)

https://doi.org/10.1594/PANGAEA.886340
https://doi.org/10.1594/PANGAEA.886337
https://doi.org/10.1594/PANGAEA.886335
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4.1 Abstract

The spatio-temporal heterogeneity of terrestrial Arctic ecosystems including an abundance
of litter and non-vascular components and moisture conditions, presents unique challenges
for accurate and detailed monitoring of vegetation change. At the plot scale, narrowband
spectral data has been shown to be superior to broadband data in monitoring and character-
izing terrestrial Arctic vegetation but how these signals scale spatially is still relatively
unknown. In the following study we use senescent stage ground-based, airborne and simu-
lated satellite spectral data to examine how spatial aggregation influences spectral signa-
tures of six dominant low Arctic vegetation communities. A linear mixing analysis was
applied using litter, moss, and water (dark) spectra to explore the influence of different
combinations on these cover types on broader spatial resolutions typical of air and space-
borne sensors. The mixture analysis was conducted across ten biophysically important
wavelengths. Results suggest that litter was the most influential ecosystem components
when data were spatially aggregated from the ground to airborne scale and that influence
increased further from the ground to spaceborne scale. Mixtures of up to 70% litter and
moss resulted in the greatest convergence of ground-based and airborne spectral reflec-
tance. At the spaceborne scale only mixtures of litter resulted in a convergence of spectral
reflectance with percent mixtures up to 75% in the majority of sampled communities. As
expected convergence varied by vegetation community but in general was greatest in the
tussock sedge-shrub communities. The influence of litter has important implications for
monitoring vegetation at the satellite scale as these ecosystem components influence the

interpretation of biophysical variables. This is of particular importance in the tussock
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sedge-shrub communities, which are dominant across the western North American and Si-
berian Arctic. This study represents a snap shot of the heterogeneity of Arctic tundra eco-
systems. With continuing accessibility and coverage of high-resolution spectral data, better
spatio-temporal characterization of non-vascular/non-photosynthetic components will
greatly improve our understanding of Arctic heterogeneity and the environmental gradients
driving it.

Keywords: hyperspectral remote sensing, low Arctic, vegetation, linear mixing

4.2 Introduction

Terrestrial Arctic vegetation is inherently heterogeneous, defined locally by surface mois-
ture and micro-topographic gradients as well as broadly by climatic, geological, and geo-
graphical gradients. These local and regional factors influence vegetation over both time
and space. For example, the timing of snowmelt, which is broadly dictated by climate and
geographic position and locally influenced by micro-topography, is the main driver of the
onset of vegetation phenology and also influences surface moisture regimes (Billings and
Bliss, 1959). As such, changes within one season such as delayed or advanced snowmelt
can influence vegetation phenology, which in turn can influence overall productivity and
reproductive success of species (Bjorkman et al., 2015; Iler et al., 2013; Wheeler et al.,
2015). At broader scales, persistent changes in the depth of the snowpack and timing of
snowmelt driven by climate change could alter surface hydrological regimes changing the
habitat suitability with implications for the composition and biodiversity of some slow-
growing and low-fecundity Arctic species (Wrona et al., 2016). In Arctic ecosystems, local
and regional changes in terrestrial vegetation from phenology to species composition are
particularly important to characterize and monitor, as Arctic vegetation is a sensitive indi-
cator of climate change (Elmendorf et al., 2012; Prevey et al., 2017). The spatio-temporal
gradients of Arctic ecosystems have direct implications for monitoring vegetation, and per-

haps more importantly, monitoring ecosystem transitions in a changing Arctic.

Accurately characterizing the spatio-temporal heterogeneity of Arctic vegetation is a chal-
lenge, as it requires consistent and reproducible data at many scales and frequencies. The
multitude of currently available remote sensing data offers significant potential despite the
often challenging acquisition conditions. Persistent cloud cover, low sun angle, and polar

night combined with the prostrate nature of Arctic plants and ubiquity of standing litter and
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non-vascular species create unique challenges for remote sensing of Arctic vegetation at

high temporal frequencies.

Tussock tundra vegetation communities cover much of the Arctic tundra in western North
America and Siberia (Walker et al., 1994). These communities are dominated by the tus-
sock-forming sedge Eriophorum vaginatum with an abundant Sphagnum species and are
underlain by acidic substrates. A non-tussock sedge community also dominates the corre-
spondingly abundant nonacidic substrates dominated by Carex bigelowii (Walker et al.,
1994) with an abundance of the evergreen dwarf shrub Dryas integrifolia. Due to low de-
composition rates and sequential seasonal growth, both sedges maintain persistent and high
fractions of standing litter throughout the growing season. As previously mentioned, these
sedge-dominated tussock communities occur in complexes with dwarf-shrubs and moss
species (Shaver et al., 1986). Deciduous dwarf shrub species that dominate on acidic sub-
strates follow a more seasonal pattern with peaks in litter fraction following snowmelt and
late senescence. Evergreen and seasonal green species, which dominate in the nonacidic
substrates, have sequential growth or re-greening (of over-wintering leaves) growth pat-
terns resulting in greater and persistent litter fractions (Mayo et al., 1973). Many moss spe-
cies exists within tussock and other Arctic tundra vegetation communities across a wide
gradient of moisture conditions, often as an “understory” species. Sphagnum species create
a dominant vegetation complex with E. vaginatum in acidic tussock tundra types. Some of
these bryophyte species can adjust their productivity with moisture availability, greening
up when water is abundant and browning when water is limited (Gaalen et al., 2007; Oechel
et al., 1978). Spatio-temporal patterns of surface moisture also influence the optical prop-
erties of Arctic tundra beyond the broad-scale moisture gradients (Stow et al., 2004). When
the perennially unfrozen top layer of soil, known as the active layer, is at a minimum, lim-
iting infiltration and resulting in some communities high fractions of standing water. At
senescence, when the green cover fraction is minimized water may also become a dominant
fraction in the wetter water track and sedge marsh communities. The spatio-temporal in-
fluence of persistent standing litter, moss abundance, and surface moisture are likely not
limited to seasons when the green cover fraction is at a minimum. The contributing propor-
tions may change within a season and between years highlighting the importance of accu-

rate characterization of these ecosystem components.

The role of high spectral resolution remote sensing data including imaging spectroscopy
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(IS) at multiple spatial scales is of particular interest in Arctic ecosystems to attempt to
address and overcome some of the unique conditions presented by these ecosystems.
Ground-based and airborne spectral measurements have been used extensively in many
ecosystems to characterize vegetation from functional groups to individual species as well
as retrieval of a range of biophysical parameters such as biomass, photosynthetic activity,
and phenological stage. The application of these high-spectral resolution data in Arctic
ecosystems remains largely limited to ground-based characterization of vegetation func-
tional types or communities and airborne characterization of geological units (Beamish et
al., 2017; Bratsch et al., 2016; Buchhorn et al., 2013; Huemmrich et al., 2013; Rogge et al.,
2014). Though recent studies have highlighted the superiority of high spectral resolution
plot-based data in monitoring and characterizing vegetation (Liu et al., 2017). Recent pro-
jects, such as the North American Space Agency’s (NASA) Arctic-Boreal Vulnerability
Experiment (ABoVE) airborne campaign as well as the German Aerospace Agency’s
(DLR) upcoming hyperspectral Environmental Mapping and Analysis Program (EnMAP)
satellite are increasing the coverage and availability of detailed IS data in Arctic ecosystems
(Guanter et al., 2015). The EnMAP mission in particular will provide landscape scale IS
data at a spatial, spectral, and temporal scale previously not available likely providing new
insights into changing Arctic vegetation. ENMAP simulation studies have shown that the
sensor will be capable of monitoring gradual ecosystem change even in sparsely vegetated
systems (Leitdo et al., 2015; Schwieder et al., 2014). Though the temporal frequency of
acquisitions will remain a challenge due to the frequency of inclement weather, the detailed
data provided by successful acquisitions will complement existing and concurrent data ac-

quisitions.

Given the limited availability of IS data in Arctic ecosystems, we have a limited under-
standing of how the spatio-temporal heterogeneity of Arctic ecosystems and resulting spec-
tral characteristics are represented at multiple spatial scales. To successfully and effectively
apply IS data to questions of Arctic vegetation change, the non-photosynthetic and non-
vascular aspects of Arctic ecosystem heterogeneity and the resulting complexity of linking

vegetation signals from the ground to air and spaceborne scales should be examined.

Accurate interpretation of high resolution imagery requires knowledge of the ecosystem
components influencing spectral reflectance both internal and external to the studied area

(Guyot et al. 1992). Internal factors include biotic components such as fractional species
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coverage and geometry, understory and soil properties, and phenological stage while ex-
ternal factors can range from weather conditions to viewing angle of the sensor to the
ground in relation to the sun (Guyot et al. 1992, Schaaf et al., 1994). Chen, (1999) defines
and measures the heterogeneity caused by intrinsic and extrinsic components using either
texture or contexture. Contexture is defined by the size, shape, area, and distribution of the
components and is generally considered as the fractional cover within a pixel. Indices cal-
culated within a specified viewing window calculate the average variability of both contin-
uous and discreet ecosystem components which has been shown to greatly misrepresent the
biophysical variables of the targeted vegetation (Chen, 1999). Contexture-based ap-
proaches, that is, scaling by sub-pixel cover fractions, have shown to greatly improve esti-

mations of biophysical parameters such as leaf-area-index (LAI) (Chen, 1999).

To better understand the impact of this spatially heterogeneous landscape we in this re-
search examine the spectral characteristics of six low Arctic vegetation communities at the
ground-based, airborne and simulated satellite scale during the senescent season. We com-
pared ground-based spectral signatures of six dominant vegetation communities to corre-
sponding spectral signals from a hyperspectral Airborne Imaging Spectrometer for Appli-
cations (AISA-Eagle, 1.3 m) and simulated Environmental Mapping and Analysis Program
(EnMAP, 30 m). Ground-based spectra from non-photosynthetic and non-vascular ecosys-
tem components including water, litter, and moss were then individually and iteratively
mixed with ground-based spectra of each vegetation community and convergence to hy-
perspectral AISA and simulated EnMAP data was evaluated at specific wavelength regions
corresponding to photosynthetic pigment absorption as well as vegetation canopy and cel-
lular structure. Mixed spectra were then used to calculate relevant narrow band vegetation
indices (VIs) and compared to ground-based values and leaf-level pigment concentration.
From these results we hope to highlight the influence of these dynamic non-vascular and
non-photosynthetic ecosystem components have on the biophysical interpretation of green

vegetation signals in low Arctic ecosystems.

4.3 Materials and Methods
4.3.1 Study Site

The Toolik Lake Research Natural Area (68°62.57 N, 149°61.43 W) is located in north
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central Alaska on the North Slope of the Brooks Range, representative of the North Slope
physiographic province of the Southern Arctic Foothills (Walker et al., 1989). Dominant
vegetation types are dictated by soil moisture and include moist tussock tundra, wet sedge
meadows, and dry upland heaths. The Toolik Vegetation Grid within the Toolik Lake Re-
search Natural Area is a long-term monitoring site established by the National Science
Foundation as part of the R4D Project (Response, Resistsnce, Resilience, and Recovery to
Disturbance in Arctic Ecosystems). We sampled six dominant vegetation communities
within the Toolik Vegetation Grid. The sampled vegetation communities are representative
of the Alaskan low Arctic and can be used for comparison with larger scale airborne (1.3
m) and satellite (30 m) observations. Detailed descriptions of the six vegetation communi-
ties, as defined by the hierarchal physiognomic classification of the Alaska Geobotany
Center, and representative photographs taken during the senescent season can be found in

Table 4-1 and Figure 4-1, respectively.
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Figure 4-1 Toolik Lake Research Natural Area located in north central Alaska in the Southern Arc-
tic Foothills on the North Slope of the Brooks Range. Lower left inset shows the Toolik Vegetation
Grid where ground-based spectral measurements were collected. Lower right inset shows typical
late season digital photographs of each of the six vegetation communities where ground-based spec-
tra were collected. TDS: Tussock sedge, dwarf-shrub, moss tundra, NTS: Non-tussock sedge,
dwarf-shrub, moss tundra, HDS: Hemi-prostrate and prostrate dwarf-shrub, forb, moss, fruticose-
lichen tundra, HPS: Hemi-prostrate dwarf shrub fruticose-lichen tundra, DLS: Dwarf-shrub or low-
shrub, sedge, moss, tundra, LTS: Low and tall shrublands.
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Table 4-1 Toolik Lake Area Vegetation classification of the six sampled vegetation communities
as defined by the Alaska Geobotany Center’s hierarchal physiognomic classification.

Clreum- | lik Lake - Short
polar Description
. Area form
Arctic
Moist acidic tussock tundra complexes dominated by
graminoids. Dominant plant communities in-

Tussock sedge, | clude: Eriophorum vaginatum-Sphagnum and Carex bi-
dwarf-shrub, gelowii-Sphagnum. Mesic to subhygric, acidic, shallow | TDS
moss tundra to moderate snow. Stable slopes. Some areas on steeper

slopes with solifluction are dominated by Bigelow
sedge (Carex bigelowii)
Moist nonacidic tundra complexes. Dominant plant
communities include: Carex bigelowii-Dryas integrifo-
. lia and other subtypes of this unit (e.g., Salix glauca,
Grami- . .
noid Equisetum arvense and Cassiope tetragona). Includes
some miscellaneous graminoid communities mostly on
tundra . . .
disturbed areas, such as Deschampsia caespitosa; Ru-
Non-tussock . S ) :
sedge, dwarf- mex arcticus-Carex saxatilis; Salix chamissonis-Carex
’ aquatilis; Ranunculus pedatifidus-Poa glauca. Mesicto | NTS
shrub, moss tun- ..
dra subhygric, circumneutral, shallow to moderate snow.
Solifluction areas and somewhat unstable slopes,
mainly on Itkillik II glacial surfaces. Some south-facing
slopes have scattered glaucous willow (Salix glauca).
Also includes some miscellaneous graminoid-domi-
nated sites: deep-snow stream margins, landslides, some
rocky drained lake basins and animal dens.
Hemi-prostrate and prostrate dwarf-shrub, forb, moss,
Hemi-prostrate fruticose-lichen tundra. Snowbed communities domi-
and prostrate nated by either Cassiope tetragona or Salix rotundifolia.
dwarf-shrub, These communities are not differentiated at this scale,
. . : : HDS
forb, moss, fruti- but include Cassiope tetragona-Carex micro-
cose-lichen tun- | chaeta (acidic sites); Cassiope tetragona-Dryas integri-
dra folia (nonacidic sites); Salix rotundifolia-Sanionia unci-
Pros-
nata (deep snowbeds). Includes all snowbed types.
trate- - : :
shrub Hemi-prostrate dwarf-shrub, fruticose-lichen tundra.
tundra Dry or moist shrublands with very low-growing or
. creeping dwarf-shrubs. Dominant plant communities in-
Hemi-prostrate . St .
clude Betula nana-Hierochloe alpina; Salix pulchra-Hi-

dwarf shrub : .

. . erochloe alpina; and those dominated by Ledum palus- | HPS
fruticose-lichen . 2
tundra tre ssp. decumbens, Empetrum nigrum or Vaccinium

uliginosum. Subxeric to mesic, acidic, with shallow
snow. Shallow depressions on dry glacial till or out-

wash.
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Table 4-1 continued

Cir-
cumpo- | Toolik Lake Description Short
lar Arc- Area form
tic
Moist acidic tundra complexes dominated by shrubs, includ-
ing shrubby tussock tundra. Dominant plant communities in-
Dwarf- . . .
clude Betula nana-Eriophorum vaginatum and Salix pulchra-
shrub or . .. :
low-shrub Carex b.1gelown..Also dwarf-.shrub tundra domm.at.ed by
sedge ’ dwarf birch or willows. Dominant plant commgnltles in- DLS
’ clude Betula nana-Rubus chamaemorus and Salix pulchra-
moss, tun- . )
dra Sphagnum. Mesic to subhygric, mpderate SNOW. Lower
slopes and upland water-track margins, often with solifluc-
Erect- ’ tion..Or palsas and high-centered polyggns.
shrub A wide variety of low to tall shrpblgmds. Dominant plant
tundra communities include those growing in upland water tracks
such as Salix pulchra-Eriophorum angustifolium and Erioph-
orum angustifolium-Sphagnum squarrosum; those growing
Low and along streams such as Salix pulchra-Dasiphora fruticosa and
tall shrub- other low and tall shrublands; upland shrublands dominated | LTS
lands by Salix glauca and/or Alnus crispa or Populus balsamif-
era and shrublands on river gravels dominated by feltleaf wil-
low (8. alaxensis) or lanate willow (S. richardsonii). Low
shrubs in upland water tracks, streamsides and south facing
slopes, mesic to subhydric, often with deep snow.

4.4 Remote Sensing Data
4.4.1 Ground-based Image Spectroscopy Data

Ground-based spectral radiance measurements were acquired with a GER 1500 field spec-
trometer (350-1050 nm; 512 bands, spectral resolution 3 nm, spectral sampling 1.5 nm,
and 8° field of view, Spectra Vista Co., Poughkeepsie, USA). Data were collected on Au-
gust 23rd 2016 (Day of Year (DOY) 236) under sunny conditions between 10:00 and 14:00
local time to ensure the highest solar zenith angle. Spectra were acquired at nadir approxi-
mately 1 m off the ground resulting in a Ground Instantaneous Field of View (GIFOV) of
approximately 15 cm in diameter. The average of nine point measurements of upwelling
radiance (Lyp) collected in 1 x 1 m plots was used to represent each of the six vegetation
communities. Downwelling radiance (Lq4own) Was measured as the reflectance from a white
Spectralon© plate. Surface reflectance (R) was processed as Lup/Ldown * 100 (0-100%).
Reflectance spectra were preprocessed with a Savitzky—Golay smoothing filter (n = 11)
and subset to 400900 nm to remove sensor noise at the edges of the radiometer detector

and for comparison with airborne data.
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4.4.2  Airborne AISA Hyperspectral Data

Hyperspectral imagery was acquired using an Airborne Imaging Spectrometer for Appli-
cations (AISA-Eagle sensor) mounted in a Basler BT-67 aircraft on August 27th 2016
(DOY 240) under clear conditions between 12:20 and 12:50 pm local time. The acquisition
consisted of five flight lines flown south to north in an east to west pattern. The first three
of the five flight lines flown were the focus of this study encompassing an area approxi-
mately 700 ha (Figure 4-2a). The AISA Eagle imager had 130 bands (404.9 — 1002.5 nm)
with a bandwidth of 4 nm and a spatial resolution of 1.3 m at nadir (Figure 4-2b). The data
were atmospherically and radiometrically corrected. The radiometric correction was per-
formed using sensor specific instrument manufacturer’s software. The direct geometric cor-
rection was performed also using manufacturers software by using the simultaneously
measured IMU/GPS data stream. Subsequently, the geocorrected radiance data was atmos-
pherically corrected based on ATCOR4. During this procedure a small spectral shift of the
AISA sensor was detected and corrected (Richer and Schlédpfer, 2018). The resulting sur-
face reflectance flight lines were subset to the first 110 bands (404.9 — 907.6 nm).
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Toolik Lake Toolik Lake

Figure 4-2 a) Footprint of the first two AISA flight lines flown south to north and west to east as
shown on a peak season Sentinel 2 image. b) Orthomosaic of the AISA flight lines clipped to the
general area where ground-based data were collected. ¢) Simulated EnMAP orthomosaic generated
from the AISA data. Black areas marked with No data are the result of non-overlapping flight lines.
Black areas not marked with No data are masked water bodies.

4.4.3 EnMAP Simulation

The upcoming hyperspectral EnMAP satellite will have 242 bands covering the visible to
the short wave infrared (VSWIR; 420 — 2450 nm) with a bandwidth between 6.5 and 10
nm, and a ground sampling distance of approximately 30 m. As part of the scientific pre-
paratory program, an EnMAP End-to-End Simulation tool (EeteS) was developed by the
German Centre for Geosciences (GFZ) to provide a complete and accurate simulation of

image generation, calibration, and the processing chain (Segl et al., 2012, 2010).
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The individual AISA flight lines were used as input to the EeteS and Level 2A EnMAP-
like flight lines of the study area were generated (Figure 4-2¢). The simulation begins by
transforming the AISA reflectance data to EnMAP reflectance data by modelling atmos-
pheric conditions, and accounting for the differences in spatial, spectral, and radiometric
specifications of the two sensors. An EnMAP image is then simulated through the pro-

cessing chain from onboard calibration, to atmospheric correction to orthorectification. The

resulting EnMAP image had 78 bands (423 — 903 nm).

4.4.4 Spectral Comparison by Wavelength

To first explore differences between the pure ground-based spectra, and AISA/EnMAP
spectra in each vegetation community, the AISA and EnMAP spectra were normalized to
the ground-based spectra. The ground-based data were first spectrally transformed to AISA
and EnMAP resolution and then data were normalized and scaled by total reflectance using

the following equation:

R _ (Ria—Rj»)
norm —

4.1)

Rj)'
Where R; is the reflectance of AISA or EnMAP at wavelength A and R; is the percent re-

flectance of the spectrally transformed ground-based spectra at wavelength A.
4.4.5 Linear Mixture Analysis

Spectral data from AISA and simulated EnMAP data were extracted based on the geoloca-
tion of ground-based spectral data (Figure 4-1). Table 4-2 shows the number of individual
ground-based spectral measurements for each vegetation type and the corresponding num-
ber of AISA and EnMAP pixels. Nine point measurements were collected in each 1 X 1 m

plot corresponding to one AISA/EnMAP pixel.
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Table 4-2 The number of individual ground-based spectral measurements (n=9 per 1 x 1 m plot)
and the corresponding number of AISA and simulated EnMAP pixels for each of the six vegetation
communities.

. . Ground- AISA/EnMAP
Vegetation community

based
Tussock sedge, dwarf-shrub, moss tundra 81 9
Non-tussock sedge, dwarf-shrub, moss tundra 27 3
Hemi-prostrate and prostrate dwarf-shrub, forb, moss, fruti- 27 3

cose-lichen tundra

Hemi-prostrate dwarf shrub fruticose-lichen tundra 36 5
Dwarf-shrub or low-shrub, sedge, moss, tundra 27 3
Low and tall shrublands 45 5
Litter 20 -
Moss 9 -
Water - 11

Litter and moss spectral signatures were extracted from ground-based data collected with
the GER concurrently with the other ground-based data and the water (dark) spectra were
acquired from the AISA image (Figure 4-3). The litter spectra were extracted from a mesic
sedge-dominated tussock community and a xeric prostrate-shrub dominated system. The
moss spectra come from a mesic tussock tundra system in which all vascular plants were

removed and the water spectra were extracted from Toolik Lake in the AISA image.
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Figure 4-3 Litter, moss, and water spectra used in the linear mixing analysis. Vertical lines represent
10 biophysically important wavelengths from left to right chlorophyll/carotenoid absorption (502,
511, and 533 nm), green reflectance (551 nm), chlorophyll absorption (644, 653, and 672 nm), red-
edge transition (699 nm), and the NIR plateau (765 and 789 nm).

To examine the influence of inherent ecosystem components on spatial aggregation, spectra
of litter, water (dark), and moss spectra were mixed with ground-based spectra of each of
the six vegetation communities and compared to corresponding AISA and EnMAP spectra.
To do this, the litter, water, moss, and ground-based spectra in questions were spectrally
transformed to ASIA and EnMAP resolution using the spectral response functions of each
sensor. The spectrally transformed litter, water and moss spectra were then individually
iteratively mixed 500 times with the spectrally transformed ground-based spectra of each
of the six vegetation communities. We chose 500 iterations of each ecosystem component
to obtain a wide range of artificial mixtures and conducted this at percentages from 1 to
79% of the total signal at increments of 5%. The various mixtures from each community
were then compared to the corresponding AISA and EnMAP spectra using simple linear
regression. Ten key wavelengths were chosen to explore the convergence results of the

simple linear regression between mixed ground-based and AISA and EnMAP spectra (Fig-
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ure 4-2). The wavelengths were chosen based on spectral regions used in narrowband pig-
ment-driven VIs and are broadly categorized into chlorophyll/carotenoid absorption (502,
511, and 533 nm), green reflectance (551 nm), chlorophyll absorption (644, 653, and 672
nm), red-edge transition (699 nm), and NIR plateau (765 and 789 nm). We chose to perform
the linear regression on ten key wavelengths as they represent wavelengths that are relevant
to vegetation monitoring. A sensitivity analysis was conducted by examining the root mean
square error (RMSE) through the 500 iterations of each percent mixture. The optimal mix-
ture was chosen as the minimum RMSE value within 0.01% reflectance stabilized across a

5% increase in mixture percentage for AISA and 0.1% reflectance for EnMAP.

4.5 Results
4.5.1 Spatial Scaling of Spectral Signals

Ground-based, AISA, and simulated EnMAP spectra from the six sampled vegetation com-
munities are presented in Figure 4-4. In all communities there is a clear shift in the position
of the red-edge transition to shorter wavelengths from the ground-based to AISA and from
AISA to ENAMAP probably due to a mixture of several effects such as mixing in the sensor
field-of-view, sensor characteristics and data processing. In general, the EnNMAP spectra
were flatter and had greater reflectance in the visible spectrum (400—-700 nm) than the AISA
data. Spectral variability in the NIR decreased from the ground to spaceborne scale in all
but NTS, DLS and HDS. The AISA data showed strong water absorption components in
the NIR around 750 and 810 nm that were not present in the ground-based or simulated

EnMAP data due to smoothing from resampling.
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Normalization plots confirm that AISA data from the mesic TDS and LTS had the greatest
correspondence to the ground-based spectra while xeric HDS was the poorest (Figure 4-5).
These plots also show that in general, the blue wavelengths (400—-500 nm), followed by the
red-edge transition have the greatest differences from the ground to the aerial and ground
to the satellite scale. The NIR was relatively similar between the two scales with the ex-
ception of the xeric-mesic hemi-prostate communities of HDS and HPS. In all communities
except TSD and LTS, reflectance around the chlorophyll/carotenoid wavelengths of 502
and 511 nm was greater in the ground-based data as demonstrated by the negative values.
In all communities the reflectance was also greater in the ground-based data at the chloro-
phyll wavelengths of 644 and 653 nm, while for the chlorophyll absorption maximum at
672 nm, reflectance was relatively similar between the AISA and ground-based data. In
TSD and LTS the differences were minimal at both the chlorophyll and chlorophyll/carot-

enoid absorption regions compared to the other vegetation communities.
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The results of the sensitivity analysis for both AISA and EnMAP are shown in Figure 4-6.
Overall the RMSE at the EnNMAP scale was greater than the AISA scale. The communities
of TDS and DLS had the greatest RMSE between pure ground-based spectra and
AISA/EnMAP spectra while HPS spectra had the lowest. The remaining communities
showed similar patterns of RMSE at the AISA and EnMAP scale with the exception of
NTS which had lower error at ENMAP scale.

Overall lichen mixtures resulted in the greatest minimization of error at both the AISA and
EnMAP scale though the degree of minimization was community dependent. The greatest
minimization of error was observed in TSD and DLS followed by LTS. At the AISA and
EnMAP scale, the remaining communities of HPS, HDS, and NTS showed minimal im-

provements in error with increasing litter content.

Percent moss content had a variable effect on the RMSE with error minimization seen only
in TDS, DLS and LTS at the AISA scale. TDS once again showed the greatest minimization
with increasing moss content followed by DLS. In all other communities at the AISA scale
and in all communities at the EnMAP scale, increasing moss content increased RMSE sug-
gesting little moss contribution at the air and spaceborne scales. Water showed no error

minimization effects at either the AISA or EnMAP scale.

96



Implications of Litter and Non-vascular Components on Multiscale Hyperspectral Data in a Low

Arctic Ecosystem

a) —— a) hemil prostrate and dwarf I shrub, lichen tundra b)
o | — b) nontussock sedge, dwarf shrub, moss tundra
—— ¢) hemil prostrate and prostrate dwarfl shrub tundra
T4 —— d) low and tall shrublands
e) tussock sedge, dwarfl shrub, moss tundra
o | f) dwarfl shrub or low shrub, sedge, moss tundra
S
~
o
w s
(7]
= .
T xﬁ\
v |
A e TT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 2 5 M1 33 46 55 61 66 70 73 75 77 79 0 2 5 M1 33 46 55 61 66 70 73 75 77 79
% litter % litter
a)| 37 b)
2
2
&
o |
=)
o | =
N
W o |
» o
=
4 o |
&
~
S
w
o | N
S o | —
TT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TTTT L B
0 2 5 11 33 46 55 61 66 70 73 75 77 79 02 5 M1 33 46 55 61 66 70 73 75 77 79
% moss % moss
- ﬁ-d—/-—/_/_/_’/_/——/—a)' b)
e
- -
\—/_/_/ N"\_
o |
S
o~
w -~ 7
(7]
= @
¥ °
~
S 2
< _|
S
\*_—\/—’—’—’_"///_/ o |
S

rTrrrr1r1rr17r17 17 71T T T T T T T T T T T T T T T T T T T T T T T T
0 2 5 M1 33 46 55 61 66 70 73 75 77 79
% water

0 2 5 11 33 4 5 61 66 70 73 75 77 79
% water

Figure 4-6 RMSEs (%) from the iterative linear mixing analysis. Lines represent the minimum
RMSE from the 500 iterations of each percent mixture from linear regressions of ten key wave-
lengths between a) AISA and mixed ground-based and b) EnMAP and mixed ground-base.
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The optimal mixtures of lichen and moss at the AISA scale, as well as lichen at the EnMAP
scale are presented in Figure4-7, Figure4-8, Figure 4-9, and Table 4-3. The moss data at
the EnMAP scale and water data at both scales were excluded, as there were no improve-

ments in the error performance.
Table 4-3 Optimal mixtures from the linear mixture analysis of litter and moss. Data represent the

mixture that minimized root mean square error (RMSE) or the linear regression between ten key
wavelengths.

Vegetation Litter Moss
% RMSE % RMSE % RMSE
mix mix mix
AISA EnMAP AISA

Tussock sedge, dwarf-shrub moss tundra 70 0.72 75 1.18 55 0.87
Non-tussock sedge dwarf-shrub moss tundra 46 0.65 75 0.69 - -
Hemi-prostrate and prostrate dwarf-shrub 10 0.53 60 0.80 - -
forb moss fruticose-lichen tundra
Hemi-prostrate dwarf shrub fruticose-lichen 15 0.65 70 0.98 - -

tundra
Dwarf-shrub - low-shrub sedge moss tundra 61 0.76 75 1.02 40 0.88
Low and tall shrublands 60 0.65 75 1.04 - -

The percent litter in the optimal mixtures varied by vegetation community at both the AISA
and EnMAP scale (Figure 4-7, Figure 4-8). The optimal litter mixtures at the EnMAP scale
had greater percentages than at the AISA scale though in general the communities showed
similar patterns between scales. At both scales, the tussock communities of TDS and DLS,
and the erect shrub community of LTS had high percentage optimal mixtures while the dry
communities of HDS and HPS had relatively low percentage optimal mixtures. However,
at the AISA scale HDS and HPS had substantially lower percentage optimal mixtures rel-
ative to the other communities when compared to EnMAP. Only in TDS and DLS at the
AISA scale did moss minimize error (Figure 4-9). TDS once again had a high percentage

optimal mixture similar to the percentage optimal litter mixture.
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Figure 4-9 The moss mixtures with optimal model performance for the AISA data in two vegetation
communities (a, e). Inset pie charts define the percent litter (green) and the remaining vegetation
community signal (white). The black line represents the raw ground-based spectra of each commu-
nity type, the green is the optimal litter/vegetation signal and the red is the corresponding AISA
spectra.

4.6 Discussion

This study illustrates the potential of hyperspectral satellite data like EnMAP to character-
ize low Arctic vegetation communities while also highlighting the important influence of
non-photosynthetic (i.e. litter and water) and non-vascular (i.e. lichen and moss) ecosys-
tems components when data are spatially aggregated from the ground (15 cm), to airborne
(1.3 m), and to satellite (30 m) scales. The artificial linear mixture analysis suggests that
the litter signal is the dominant non-vascular/non-photosynthetic ecosystem components
influencing the spectral reflectance of ten biophysically important wavelengths when data

are spatially aggregated and it increases with increasing spatial aggregation.

Standing litter is ubiquitous component of Arctic ecosystems but our results suggest this
signal is more influential in tussock sedge-shrub vegetation communities. The greatest min-
imization of error for litter mixtures was seen in the Tussock sedge dwarf-shrub moss tun-
dra community and the Dwarf-shrub to low-shrub sedge moss tundra, both of which are
dominated by the tussock-forming sedge Eriophorum vaginatum (Walker et al., 1994). This
important Arctic species and the tussock communities it creates are a dominant vegetation
type across the western North American and Siberian Arctic. E. vaginatum tussocks have

a high standing litter content due to the sequential growth and senescence of tillers within
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one growing season and as a result of low decomposition rates of Arctic ecosystems
(Shaver et al., 1986). van Leeuwen and Huete, (1996) previously demonstrated the signif-
icant influence of standing litter on the spectral reflectance of vegetation using artificial
mixtures. They illustrated how without a priori knowledge of the vegetation/litter compo-
sition, the interpretation of biophysical signals from green vegetation could be inaccurate.
In Arctic ecosystems it has been reported widely that narrowband Vs derived from hyper-
spectral data are superior for inferring biophysical parameters such as light-use efficiency
and LAI from vegetation biomass and percent green cover (Buchhorn et al., 2013; Liu et
al., 2017). Our linear regression results from ten biophysically important wavelengths, sup-
ported by the findings of van Leeuwen and Huete, (1996) suggest that when data are spa-
tially aggregated the influence of litter on the overall vegetation signal will convolute the

biophysical signal at the airborne and spaceborne scale.

Moss also appears to be influential in the two tussock communities at the airborne scale.
The presence of moss is a common characteristic in larger tussocks, which are likely better
represented at the airborne scale than smaller tussocks (Shaver et al., 1986). This could
explain the observed RMSE minimization with the inclusion of moss spectra. The lack of
importance of moss in the other communities could be explained by the fact that moss is
often masked by vascular plants within the canopies of Arctic ecosystems (Liu et al., 2017).
Although bryophytes often make up a large percentage of total biomass, they often occur
under the canopy of vascular species and litter and therefore are likely not strongly repre-
sented at the airborne and satellite scale. Water showed a minimal influence in spatial ag-
gregation of the spectral signals suggesting that at the time of acquisition, this ecosystem

component was not dominant.

Direct comparison of spectral signatures showed particularly low correspondence between
the ground-based, AISA and simulated EnMAP at the red-edge transition and the NIR plat-
eau. A shift of up to 20 nm was observed in some communities even after the linear mixture
analysis. It is clear there is an additional non-vascular component influencing reflectance
in this area of the spectrum (Rock et al., 1988). This is of particular interest because some
of the highest correspondence between the different scales was at the chlorophyll absorp-
tion region in the red part of the spectrum, which has implications for many VIs using ratios

between red and NIR. This combination of lower NIR plateau and greater red reflectance
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at the airborne and simulated satellite scale could lead to misinterpretation through under-
estimation of the green vegetation signal at the airborne and satellite scales. The influence
of ecosystem components like litter and moss within an actual 30 m EnMAP scene will of
course depend on sub-pixel vegetation composition. Community composition, patch size,
and patch location within a scene and pixel will be differently affected by spatial scaling.
Through exercises like the one detailed in this study and further hyperspectral studies, im-
proved characterization of litter and other non-vascular/non-photosynthetic components
can improve spectral unmixing techniques and in turn the interpretation of the biophysical

signals of living, green vegetation.

Extrinsic factors including bidirectional reflectance distribution function (BRDF), shad-
ows, aerosols, and sensor distortions could also be effecting the spatial aggregation but are
not considered in this study. Previous research has shown that in Alaskan Arctic tundra,
BRDF effects increase with increasing spectral resolution and surface roughness, in turn
effecting interpretation of VIs (Buchhorn et al., 2016). We can assume that the influence
of solar zenith angle and shadow was consistent across spatial scales, and therefore mini-
mized, given the ground-based and aerial data was acquired three days apart and within
two hours of one another. The influence of aerosols is also likely minimal as wavelengths

in the blue part of the spectrum were purposely avoided for this reason.

The results of this study have implications for the biophysical interpretation of satellite and
airborne imagery in monitoring of Arctic tundra vegetation. The influence of the chosen
ecosystem components is likely at a maximum during the senescent season when this study
was conducted. An increase in the presence of litter and visibility of moss is assumed as
the canopy senesces, however the spatio-temporal influence of these components as well
as the aforementioned extrinsic factors must be considered for both phenological and long-
term monitoring studies. The sensitivity of the ten chosen wavelengths has implications for
other optical remote sensing platforms like Sentinel 2, which has wavelengths centred at
490, 560, 665, 705, 740, 783, 842, and 865 nm corresponding closely to the chosen wave-
lengths in this study. As the aforementioned increase in airborne and spaceborne hyper-
spectral missions continues, the potential for further spatiotemporal characterization of low
Arctic ecosystems will also increase and in turn will help to inform the interpretation of

broadband sensors.
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Through this exercise we shed light on the effects of non-vascular/non-photosynthetic eco-
system components on spatial scaling, however, this study represents a temporal snap shot
using mixtures with maximum variability and does not encompass all aspects of the spatio-
temporal heterogeneity of Arctic tundra ecosystems. We provide here a preliminary insight
into the role of non-vascular/non-photosynthetic ecosystem components in spatial aggre-
gation of dominant low Arctic communities. Of particular importance are the findings from
the dominant tussock sedge-shrub tundra types, which showed the greatest influence of
litter and moss at airborne and spaceborne scales. This should be taken into consideration
for current and future monitoring of low Arctic biophysical parameters at ecosystem and

landscape scales.

4.7 Conclusions

This study represents a preliminary examination of the influence of non-vascular and non-
photosynthetic components on the spatial aggregation of low Arctic vegetation spectral
signatures. The artificial mixing analysis using litter, moss, and water spectra suggest that
litter, followed by moss were the most influential ecosystem components that explain dif-
ferences in spectral signals when data were spatially aggregated from the ground to the
AISA airborne scale. Mixtures between 10 and 70% litter at the AISA scale, and 60 to 75%
at the EnMAP scale resulted in the minimization of error between ground-based, airborne
and simulated satellite spectral reflectance at ten biophysically important wavelengths.
Moss at percentages of 40 and 70% also reduced error but only in the two tussock-sedge
communities. Tussock sedge-shrub communities, which are dominant across the Arctic,
showed the greatest sensitivity to the linear mixture analysis, which is important for moni-
toring Arctic tundra vegetation at the satellite scale. Though this study represents only a
snap shot and does not explicitly consider extrinsic factors, it highlights the importance of
considering the unique ecosystem components present in Arctic ecosystems when spatially
scaling spectral data. As accessibility and coverage of high-resolution spectral data in-
creases, spatio-temporal characterization of non-vascular/non-photosynthetic will improve
furthering our understanding of Arctic heterogeneity and the environmental gradients driv-

ing it, which in turn will enable accurate monitoring of ecosystem change.
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5 Synthesis and Discussion

The overall aim of this thesis was to improve the interpretation of optical remote sensing
data related to vegetation by exploring relationships between multi-seasonal, multi-scale
remote sensing data. In the thesis research chapters, data from dominant vegetation com-
munities were acquired using remote sensing devices and laboratory analyses with an em-
phasis on bottom-up, in-situ data. The comprehensive database was assembled over two
growing seasons and three major phenological phases in the low Arctic Toolik Lake Re-
search Natural Area. The data collected support conclusions that hyperspectral remote sens-
ing provides accurate spatial and temporal biophysical information from complex Arctic
tundra ecosystems. Additionally, the outcomes provide a framework to improve interpre-
tation of globally important vegetation parameters. This in turn will improve current and
future understanding of the impact of climate change on terrestrial Arctic ecosystem func-
tioning. The unique spectral database created can also be used as a reference for future

studies of Arctic vegetation change.

The main thesis findings highlight the interplay between seasonal, spectral, and spatial
complexity of low Arctic vegetation communities. Three overarching factors of phenolog-
ical phase, vegetation colour, and intrinsic ecosystem components were identified as facil-
itating a more complete interpretation of hyperspectral remote sensing of low Arctic vege-
tation. These three factors are fundamentally connected, each influencing the characteris-
tics of the others. However, each served independent functions in addressing different as-
pects of ecosystem complexity and linking data across seasonal, spectral, and spatial scales.
The following synthesis discusses in detail the three major factors identified as they relate

to the research questions outlined in Section 1.2.

5.1 Phenological Phase: does phenology influence the spectral variability of domi-

nant low Arctic vegetation communities?

Globally, phenology has been identified as a sensitive indicator to climate change (Parme-
san and Yohe, 2003). Vegetation phenology in Arctic ecosystems is predicted to be partic-
ularly sensitive as snowpack conditions and the timing of snowmelt are the primary drivers
of the onset of phenology (Billings and Bliss, 1959; Bjorkman et al., 2015). The seasonal
emergence, growth, and senescence of vegetation have been monitored for decades by

field-based visitations to individual plants (Molau and Melgaard, 1996) and by quantitative
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remote sensing (Stow et al., 2004; Zeng et al., 2011). However, few remote sensing studies
have explicitly examined the influence of phenological phase on the spectral variability of
Arctic tundra vegetation communities. Fewer still have examined how this spectral varia-
bility is represented at different spatial and spectral resolutions. Most remote sensing stud-
ies of Arctic tundra, track long-term greening trends of peak season NDVI or monitor the

timing of the onset and end of the growing season (Stow et al., 2004; Zeng et al., 2011).

Results from this thesis indicate that phenological phase does indeed influence the spectral
variability of dominant vegetation communities and more importantly these phenological
differences can be exploited to improve identification and characterization of vegetation.
Methods associated with dimensionality reduction that calculate the ratio of between and
within endmember variability provided a detailed picture of spectral variability by wave-
length and also by phenological phase. Differentiation of several dominant and spectrally
similar vegetation communities appears to be maximized at non-peak phenological phases
(Chapter 1; Beamish et al., 2017). The result explains an overall reduction in spectral var-
iability and comparable or greater differences in reflectance in the VNIR between commu-
nities. In non-peak seasons, vegetation is either emerging or senescing resulting in lower
cellular and canopy scattering and lower reflectance in the NIR. This is also true of absorp-
tion by chlorophylls in the visible spectrum, which is minimized at emergence and senes-
cence. The development and degradation of other photosynthetic pigments is less straight
forward at non-peak times driving more diverse signals in narrow wavelength regions of

the visible spectrum (Sims and Gamon, 2002).

The detailed reflectance signatures captured by ground-based and simulated hyperspectral
satellite data, particularly in the late season, allows for the exploitation of differences in the
visible spectrum not available to broadband sensors (Beamish et al., 2017). This provides
a likely explanation of why the spectral variability of multispectral Sentinel-2 data was best
differentiated at peak and early season when reflectance in the green spectrum is at a max-
imum. Spectral variability in red reflectance manifesting, as yellows, oranges, reds, and
blues in the late season are lost in the averaging across blue and red wavelengths in broad-
band sensors. The vibrant colour differences observed in the late season could provide op-
portunities for differentiation of spectrally similar communities outside of the peak season

with satellite scale hyperspectral data.

The explicit comparison of spectral variability between phenological phases and spectral
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resolutions is a novel approach harnessing the information stored in different phenological
phase as a tool to improve identification of Arctic vegetation communities. Accurate iden-
tification of vegetation communities provides crucial baseline data from which detailed
changes to ecosystem functioning can be extracted. In the context of current and future
Arctic climate change, inherent ecosystem heterogeneity is driven by (1) high spatial vari-
ability in snowpack conditions and snowmelt, (2) equally variable changes in winter pre-
cipitation (Weller et al., 2005), and (3) highly heterogeneous responses of vegetation to
warming (Elmendorf et al., 2012). Hyperspectral remote sensing data collected in multiple
phenological phases can provide detailed and spatially explicit biophysical data at resolu-

tions not previously available to address this dynamic change.

5.2 Vegetation Colour: How does canopy-level vegetation colour relate to phenolog-

ical changes in leaf-level photosynthetic pigment concentration?

Vegetation colour dictated by the development and degradation of the photosynthetic pig-
ment groups of chlorophylls, carotenoids, and anthocyanins, is an indicator of vegetation
status and as this thesis showed, a powerful monitoring tool. At fine spectral resolutions,
pigment dynamics are tracked by distinct shifts in spectral reflectance in the visible part of
the electromagnetic spectrum (350—700 nm) (Coops et al., 2003; Curran, 1989; Gitelson
and Merzlyak, 1998; Gitelson et al., 2002). These shifts can be exploited to infer ecological
parameters such as photosynthetic activity, leaf-level pigment concentration, and biomass
(Asner and Martin, 2008; Mutanga and Skidmore, 2004; Mutanga et al., 2004; Ustin et al.,
2009). Broader spectral bandwidths common to major satellites such as Landsat, Sentinel-
2, and MODIS also track pigment dynamics by shifting reflectance in broad wavelength
groups representing blue, green, red and infrared, rather than individual wavelengths. Prox-
ies for biophysical parameters can also be extracted from the information stored in these
wavelength groups (Laidler and Treitz, 2003; Park et al., 2016). In this thesis, data collected
at even broader spectral resolutions of the red, green and blue (RGB) channels of a con-
sumer-grade digital camera showed correlations with reputable biophysical indices and the
photosynthetic pigment concentration driving them, suggesting that vegetation colour con-

tributes strongly to the response of spectral reflectance (Beamish et al., 2018).

The utility of vegetation colour has exciting potential to support detailed remote sensing of

vegetation at the ground and satellite scale and for linking vegetation signals from multiple
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spatial and spectral scales. The strongest and most consistent relationships were found be-
tween green-based indices and chlorophyll content and red-based indices showed moderate
correlations with the chlorophyll to carotenoid ratio. This represents one of the first direct
comparisons of leaf-level pigment concentration to colour data stored in digital photo-
graphs and the results support the continued development and use of broadband pigment-
driven biophysical indices like the ones currently available for Sentinel-2. The rise in avail-
ability of biophysical remote sensing products has been driven by a need for better param-
eterization of radiative transfer models, which are used to simulate leaf and canopy reflec-
tance and transmittance for climate models (Blackburn, 2007; Gamon et al., 2016; Gar-
bulsky et al., 2011). Of particular interest is the characterization of the xanthophyll cycle,
driven by changes in carotenoid pigments, and ratios between the photosynthetic chloro-
phyll and carotenoid pigments. Even at low spectral resolutions, remote sensing of vegeta-
tion colour on the ground and from satellites can inform the dynamics of these important

processes complementing detailed spectral characterization of these phenomena.

The results also support the use of digital cameras as a potential near field remote sensing
link or proxy for ground-based spectroscopy to relate to satellite acquisitions. The simplic-
ity of tracking vegetation status through changes in vegetation colour recorded by digital
cameras in Arctic ecosystems has been previously documented in many ecosystems
(Ahrends et al., 2009; Anderson et al., 2016; Beamish et al., 2016; Coops et al., 2010; Ide
and Oguma, 2010; Migliavacca et al., 2011; Nijland et al., 2014; Westergaard-Nielsen et
al., 2013). By adding pigment concentration and pigment-driven indices to the previous
body of research the biological validity of this method is increased. With challenging ac-
quisition conditions for high frequency optical remote sensing data, the findings also sup-
port the development of more extensive camera networks across the Arctic. A higher data
volume will facilitate better baseline data to monitor vegetation and ecosystem change to
inform northern communities as well as global policy on climate change mitigation and

adaptation.

5.3 Intrinsic Ecosystem Components: How does spatial aggregation of high spectral

resolution data influence low Arctic tundra vegetation signals?

Natural ecosystems are inherently heterogeneous and in Arctic ecosystems this heteroge-

neity has strong spatio-temporal patterns driven by environmental gradients. In the field of
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quantitative optical remote sensing, how this heterogeneity is represented at different spa-
tial scales is important for accurate interpretation of spectral signatures. By design, the
measurement process of optical remote sensing is the acquisition of the average radiative
signal from an area of interest (Townshend, 1981). When the signal is averaged, sub-pixel
variations can be masked and this masking can be different at different spatial resolutions
introducing bias with implications for ecological studies (Chen, 1999). Sub-pixel variations
can be introduced by extrinsic components such as shadow, sensor viewing angle or sensor
distortions, as well as from intrinsic components such as percent cover of bare soil, photo-

synthetic, non-photosynthetic, and non-vascular vegetation.

The snapshot of concurrently acquired senescent stage ground-based, aerial, and simulated
satellite scale hyperspectral data presents a unique opportunity to examine how spatial ag-
gregation influences vegetation signals of low Arctic tundra (Beamish et al. 2018, under
review). Moving from the spatial resolution of ground-based, to airborne, to simulated sat-
ellite data, there was a clear shift in the position of the red-edge transition in all communi-
ties indicating a decline in photosynthetically active components (Sims and Gamon, 2002).
However, all vegetation communities in the study site were 80—-100% vegetated and with
the exception of a few glacial erratics this is true at the landscape scale, suggesting an

averaging bias introduced by spatial aggregation.

The dominant tussock tundra community has a high proportion of standing litter as well as
the potential for bidirectional reflectance distribution function (BRDF) effects (briefly, the
inhibition of direct interpretation of reflectance data due to shadowed and illuminated com-
ponents of the canopy (Hapke, 1981, Hope et al., 1993). The results of an artificial mixture
analysis showed that increasing the proportion of standing litter improved the coherence
between spectral signatures at the three spatial scales. BRDF effects were not explicitly
examined, but a dark water spectra which can be used as a proxy for shadows, had little

impact on coherence suggesting BRDF effects were minimal.

The impact of spatial aggregation on spectral signatures was most pronounced in the NIR
and least in the chlorophyll absorbing red spectrum. This shows that without proper char-
acterization of the area of interest quantitative remote sensing data could be misinterpreted,
particularly VIs using ratios between NIR and red at coarser spatial resolutions. Stow et al.

(1993) previously showed community-specific relationships between vegetation quantity
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and spectral reflectance. Laidler and Treitz (2003) succinctly summarize how these com-
munity-specific relationships must be explicitly characterized in relation to spatio-temporal
ecosystem components such as phenological phase, terrain, climate conditions, illumina-
tion, viewing angle, sampling scheme and frequency of measurements to accurately relate

in-situ and satellite scale observations.

As Arctic ecosystems continue to respond to climate change in a complex and heterogene-
ous manner, detailed characterization of the spatio-temporal contribution of intrinsic and
extrinsic ecosystem components will be crucial for accurate quantitative remote sensing at
the landscape-scale. Currently, the availability of hyperspectral remote sensing data is in-
creasing through projects like NASA’s ABoVE airborne campaigns and DLR’s EnMAP
satellite. These data, along with concurrent ground-based data will provide the opportunity

to further understanding of spatial aggregation of complex Arctic tundra ecosystems.

5.4 Key Innovations

The research chapters of this thesis provide a framework with which to improve the inter-
pretation of vegetation remote sensing data and to address some of the challenges associ-
ated with detailed remote sensing in Arctic ecosystems. The framework suggests the incor-
poration of more phenological phases, a greater focus on the power of vegetation colour to
link multi-scale data, and finally detailed spectral characterization of non-photosynthetic

ecosystem components. Below are the key innovations of the thesis:

e Data from multiple phenological phase can be used as tool for better identification
of spectrally similar vegetation communities facilitating more accurate monitoring
of vegetation change and ecosystem functioning

e Simple ratios of visible bands from broadband data can be used as proxies for rep-
utable biophysical spectral indices increasing data volume and acquisition fre-
quency

e Non-photosynthetic components of tundra ecosystems influence the spatial aggre-
gation of hyperspectral remote sensing with implications for quantitative remote
sensing of vegetation

e A highly detailed and unique spectral library that can be used as a reference for

future studies
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5.5 Limitations and Technical Considerations

With the above innovations also come limitations and technical considerations. The first is
the emphasis on a phenological approach. Logistically and climatically, Arctic ecosystems
are challenging even at peak season when the weather is most stable. Frequent cloud cover,
forest fire smoke, low solar zenith angle, and snowfall are common throughout the rapidly
advancing growing season, limiting the window for acquisition of data across multiple sea-
sons. In addition, the remote location of most foci sites in the Arctic can make the collection
of multi seasonal data prohibitively expensive. So while in practice multi-season remote
sensing data would be ideal to improve vegetation characterizations, in reality this may be
logistically challenging to achieve. Additionally, the results of Chapter 2 are based on data
from a single digital camera and a single spectrometer. There was no comparison of differ-
ent camera or spectrometer systems and how this might influence the relationships with
biophysical spectral indices. A final limitation is the quality of the AISA and therefore
simulated EnMAP imagery. Though a very valuable tool, the EetEs is still only a simulation
of the EnMAP sensor and data quality issues in the AISA data are reflected in the simulated
data. The NIR of the acquired AISA data was very noisy and there were illumination issues
from the first to final flight line. Data quality issues of aerial remote sensing data are not
unique to this research. As outlined, the challenges associated with acquisition of high qual-

ity optical remote sensing data in the Arctic are substantial.

5.6 Outlook: Opportunities for Future Research

Hyperspectral remote sensing at the landscape scale is in its infancy in Arctic ecosystems.
With the increasing availability and application of hyperspectral remote sensing at both the
aerial and satellite scales continued refinement of the interpretation of vegetation signals is
needed for accurate landscape scale monitoring of Arctic tundra change. The following

highlights opportunities for future research:

(1) Studies that collect or aggregate spectral reflectance data of Arctic tundra vegeta-
tion communities from a variety of circumpolar Arctic locations at multiple pheno-
logical phases are needed to support a more detailed and site-specific characteriza-
tion of vegetation spectral variability. A latitudinal and longitudinal transect en-
compassing both sub- and high Arctic sites would be highly valuable to inform tar-

geted acquisitions for maximized separability between vegetation communities and
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parameters of interest.

(2) Refining the relationship between in-situ, true-colour digital photography, spectral
reflectance and biophysical parameters could also be highly useful in supporting
digital photography as a feasible gap-filling tool across the remote tundra biome.
Inclusion of further parameters such as leaf-area-index, as well as leaf-level nutrient
content to expand the use would also be interesting.

(3) More intermediate (i.e. aerial or tower) hyperspectral studies quantifying the rela-
tive input of intrinsic and extrinsic ecosystem components would be highly benefi-
cial to upcoming hyperspectral satellite missions. As the spatio-temporal complex-
ity of Arctic ecosystems drives the relative inputs of these two components, these
studies would also benefit from a phenological or seasonal approach to acquisitions.
Further on this, detailed spectral unmixing studies exploring the applicability of
current algorithms to Arctic ecosystems to extract the spectral signatures of both

intrinsic and extrinsic ecosystem components at sub-pixel quantities are necessary.
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