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Abstract

Quantifying photosynthetic dynamics from different spatiotemporal scales is highly
important for carbon uptake research, particularly under ongoing climate changes. The
photochemical reflectance index (PRI) has shown to be useful to remotely asses the
physiological functioning of vegetation and it constitutes a promising method to
estimate gross primary productivity (GPP) at global scale. In the last years, several
works have presented possible improvements on PRI understanding and formulation to
improve its applicability at larger temporal and spatial scales. The main objective of
this dissertation was to clarify the mechanisms that elicit the variability in PRI and to
evaluate the applicability of PRI in detecting photosynthetic dynamics and carbon
uptake under various stress conditions at different spatiotemporal scales.

Three special objectives were addressed in six chapters in this thesis. The first
objective was to summarize the main factors that affect PRI variation according the
most recent publications, also the relationships between PRI and RUE/GPP and other
ecophysiological variables across diurnal and seasonal scales at foliar, canopy and
ecosystemic levels, as well as the improvements in PRI implementation. The second
objective was to evaluate the capacity of PRI in monitoring the dynamics of
photosynthetic activity of evergreen species seasonally or under water or temperature
stresses. The last objective was to assess whether the PRI retrieved from MODerate
resolution Imaging Spectroradiometer (MODIS) can be utilized to detect the effects of
extreme drought on GPP and isoprenoid emissions at ecosystem scale.

The main conclusion of this thesis in the first chapter was that PRI is a good proxy
of RUE and GPP at different spatial and temporal scales and was mainly constrained
by facultative changes of xanthophyll-cycle pigments at short-term scales and by
constitutive changes of chlorophyll and carotenoid pool sizes at long-term scales.
Correcting PRI to decrease the effects of physical or physiological factors or combining
PRI with solar-induced fluorescence (SIF) and conventional greenness biomass indices

could greatly improve remote estimation of RUE and GPP. The second chapter showed



that leaf-level fluorescence spectra from all wavelengths (670 to 800 nm) have similar
potential to track the dynamics of photosynthetic seasonality during spring recovery
period in Scots pine needles and that PRI and WI also acted as good indicators to track
the recovery of photosynthesis. The third chapter demonstrated that both PRI and
reflectance-ratio based fluorescence (R690/R630) were not only sensitive to
progressively enhanced drought stress but also sensitive enough to the recovery of
photosynthesis for Mediterranean evergreen leaves. The fourth chapter illustrated that
PRI and APRI (morning PRI subtracted from midday PRI) were able to monitor the
seasonality and the midday depression of photosynthesis of Mediterranean evergreen
shrub in response to experimental warming and drought. In the fifth chapter the
conclusion was that the MODIS PRI normalized by absorbed light (APAR) (sPRIn)
detected the effects of drought events on GPP for Mediterranean forest but not for
grassland ecosystem. In the final chapter we concluded that PRI is a promising index
to estimate isoprene emissions, especially when it is complemented by information on

potential emission.

Keywords: canopy level, carbon uptake, climate change, drought, ecosystem level,
eddy covariance, fluorescence, gross primary productivity (GPP), leaf level,
photochemical reflectance index (PRI), photosynthesis, radiation-use efficiency (RUE),

recovery, remote sensing, seasonality.
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General Introduction

General Introduction

Photosynthesis is a key physiological process that regulates terrestrial ecosystem
functioning and productivity (Lambers et al., 2008), particularly in response to global
environmental change (Kirschbaum, 2004; Niinemets et al., 2017). Climatic drought
and warming can negatively affect plant ecophysiological traits, growth and survival,
and positively trigger plant mortality, greatly disturbing carbon balance (Pefiuelas &
Filella, 2001; Pefiuelas et al., 2009), particularly in the Mediterranean ecosystems with
a climatic interaction between heat and aridity (Valladares er al., 2013). Along with
ongoing climate change, the advanced timing of spring recovery and growing season
has also been detected in different regions of the world, especially at more northern
latitudes (Wang et al., 2015). Quantifying photosynthetic dynamics is of high
importance under climate change, and to find a rapid, efficient, and non-destructive
method to estimate photosynthesis dynamics from leaf, canopy, to ecosystem and
regional levels at various temporal scales remains a challenging issue for carbon uptake

research.

During photosynthetic process, the excessive reducing power that cannot be used
by photochemistry decreases radiation-use efficiency (RUE) and can be safely
dissipated through xanthophyll de-exposition status (DEPS) (Demmig-Adams &
Adams, 2006). The DEPS of xanthophyll pigments is associated to reflectance at
53 1nm due to increased zeaxanthin during xanthophyll cycle (Gamon et al., 1990). The
photochemical reflectance index was thus firstly defined through normalized
zeaxanthin sensitive band by an insensitive wavelength ((R531-R570)/( R531+R570),
where R is the reflectance and numbers are wavelength in nanometers) as an indirect
optical signal of RUE and reducing power availability (Gamon et al., 1992; Pefiuelas
et al., 1995). Several studies had proved that PRI was a good proxy of RUE and could
be used to estimate gross primary productivity (GPP) at different vegetation functional
types from multiple spatiotemporal scales (Garbulsky ez al., 2011; Pefiuelas et al., 2011).
Many studies also demonstrated that PRI was also a good indicator of RUE even under

1



General Introduction

environmental stresses conditions such as water shortage, nutrient deficit, and low and
high temperature (Filella et al., 2004; Suarez et al., 2008; Mand et al., 2010; Porcar-
Castell et al., 2012; Zinnert et al., 2012; Gamon & Bond, 2013; Rossini et al., 2013).
However, the variations of PRI are affected and controlled by many biochemical and
physical properties, such as foliar pigment pool size, canopy structure, solar geometry,
spectrometer/satellite view angles, illumination, soil background and also vegetation
functional types (Filella et al., 2004, 2009; Hilker et al., 2009; Garbulsky et al., 2011,
Hernandez-Clemente et al., 2011; Gamon & Berry, 2012; Gamon & Bond, 2013). The
extent to what these factors control PRI changes and how these effects can be
minimized or avoided, and how to improve the estimation of RUE using PRI are still

need to be clarified.

For example, during the winter-spring transition period, the photosynthetic
downregulation induced by cold temperature is generally accompanied by multiple and
concomitant physiological process, and biochemical and structural adjustments (Oquist
& Huner, 2003). In overwintering evergreen trees, changes in photosynthetic and
photoprotective pigments content and the afore mentioned adjustments drive to
wondering whether PRI can still be a good indicator to track photosynthetic dynamics
during spring recovery period. The fluorescence emitted by chlorophyll a (ChIF)
compete with photochemistry and heat dissipation and can be obtained through active
(pulse amplitude modulated (PAM) fluorometer) and passive (e.g. spectral fluorescence,
reflectance ratio (e.g. R690/R630), and solar-induced chlorophyll fluorescence (SIF))
methods (Porcar-Castell et al., 2014). Fluorescence measurements have also been
widely applied to detect changes in photosynthetic activity and GPP, even at canopy
and global scales by way of SIF (Meroni et al., 2009). At seasonal scale, the relationship
between leaf spectral fluorescence and photosynthesis has not been studied so far and
it is worth to evaluate this promising optical signal, particularly for overwintering

evergreen trees.

Although studies had shown that PRI is sensitive to water stress (Dobrowski et al.,

2005; Suarez et al., 2009, 2010; Hernandez-Clemente et al., 2011; Zarco-Tejada et al.,
2



General Introduction

2012), no studies have demonstrated that PRI was able to efficiently track
photosynthetic recovery after progressive drought stress. It should also be further
evaluated the applicability of ChlF obtained from reflectance-ratio in detecting
photosynthetic response to water stress. Photosynthetic midday depression can affect
the global carbon balance (Arora et al., 2009). We hypothesized that PRI could be
sensitive to midday depression of photosynthesis, and, thus could be useful for

detecting changes in RUE or GPP under extreme drought condition.

Addressing the above mentioned questions is important to improve the remote
sensing of photosynthesis and carbon uptake of global terrestrial ecosystems in
response to climate change. At this regard, the main objectives of this dissertation are
(1) to better understand the mechanisms of PRI changes and (2) to evaluate and improve
the capacity of PRI in assessing photosynthesis and carbon uptake under various stress
conditions from leaf, canopy to ecosystem levels and at diurnal to seasonal scales. With
this aim this thesis was divided into 3 blocks (one chapter in block 1, three chapters in
block 2, and two chapters in block 3). Block 1 synthesizes the most recent publications
of using PRI to remote estimate RUE and GPP. Block 2 was focused on exploiting the
applicability of leaf and canopy PRI in assessing photosynthetic dynamics for evergreen
species in response to water or temperature stresses. Block 3 was conducted to use
satellite-based PRI to assess the effect of extreme drought on GPP and estimate isoprene

emissions at ecosystem level.

The first chapter updates the review regarding the application of PRI in remotely
sensing RUE. We summarized the main factors that affect PRI variation and its
assessment of RUE across diurnal and seasonal scales at foliar, canopy and ecosystemic
levels, and the applications of PRI to assess ecophysiological variables, as well as the

improvements in PRI implementation.

The second chapter explores the optical cues likely to reveal the spring recovery
of photosynthesis in Scots pine needles. We assessed the relationships of spectral
fluorescence, PRI, NDVI and WI with photosynthesis, with long-term and in situ

monitoring measurements and high frequency laboratory measurements.
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In the third chapter, we addressed the assessment of photosynthetic activity in
response to progressive drought and recovery using PRI and passive ChlF (R690/R630)

in a Mediterranean evergreen species.

In the fourth chapter, we evaluated the diurnal and seasonal responses of
photosynthesis to long-term experimental warming and drought using PRI in an

evergreen Mediterranean shrub, Erica multiflora.

In the fifth chapter, we used different satellite indicators to detect the effects of
extreme drought on GPP in a beech forest with a comparison with three additional
ecosystems: a Mediterranean holm oak forest, a temperate beech forest and a semi-

grassland.

The last chapter addressed the capability of satellite-based (MODIS) PRI to detect
the isoprenoid emission during growing season and in response to mild and extreme

drought conditions in a temperate deciduous forest.

This dissertation ends with conclusions.
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Chapter 1. Affecting factors and recent improvements of the photochemical
reflectance index (PRI) for remotely sensing foliar, canopy and ecosystemic

radiation-use efficiencies

Chao Zhang, Iolanda Filella, Martin F. Garbulsky and Josep Penuelas

This chapter was published in Remote Sensing in 2016, 8(9), 1-33.
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Abstract

Accurately assessing terrestrial gross primary productivity (GPP) is crucial for characterizing
the climate-carbon cycle. Remotely sensing the photochemical reflectance index (PRI) across
vegetation functional types and spatiotemporal scales has received increasing attention for
monitoring photosynthetic performance and simulating GPP over the last two decades. The
factors confounding PRI variation, especially on long timescales, however, require the
improvement of PRI understanding to generalize its use for estimating carbon uptake. In this
review, we summarize the most recent publications that have reported the factors affecting
PRI variation across diurnal and seasonal scales at foliar, canopy and ecosystemic levels;
synthesize the reported correlations between PRI and ecophysiological variables, particularly
with radiation-use efficiency (RUE) and net carbon uptake; and analyze the improvements in
PRI implementation. Long-term variation of PRI could be attributed to changes in the size of
constitutive pigment pools instead of xanthophyll de-epoxidation, which controls the
facultative short-term changes in PRI. Structural changes at canopy and ecosystemic levels
can also affect PRI variation. Our review of the scientific literature on PRI suggests that PRI
is a good proxy of photosynthetic efficiency at different spatial and temporal scales.
Correcting PRI by decreasing the influence of physical or physiological factors on PRI
greatly strengthens the relationships between PRI and RUE and GPP. Combining PRI with
solar-induced fluorescence (SIF) and optical indices for green biomass offers additional

prospects.

Keywords: gross primary productivity (GPP); radiation-use efficiency (RUE);

photochemical reflectance index (PRI); affecting factors; spatiotemporal scales
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The photochemical reflectance index (PRI) and radiation use efficiency

1. Introduction

Terrestrial gross carbon uptake, expressed as gross primary productivity (GPP), and its
response to climatic changes play a key role in projections of future carbon cycles and climate
[1,2]. Increasing attention has been concentrated on accurately and continuously quantifying
and modeling GPP over large regions and long timescales [3-5]. Observations of vegetation
primary productivity in situ, and empirical [6] or process-based [1,7] models have been
successfully used to estimate the global distribution of GPP. These measurements, however,
rarely provide high-quality data and contain errors originating from the uncertainties of field
work, which impede a comprehensive understanding of the global terrestrial carbon cycle
[2,7].

Remotely sensing carbon uptake provides a unique opportunity for extending the spatial
coverage of carbon fluxes [2,8-11]. The quantification of GPP variation by remote-sensing
techniques is generally based on a model of radiation-use efficiency (RUE) [12,13]. This
model mainly considers the absorbed photosynthetically active radiation (APAR) and the
actual photochemical efficiency [12,13]. APAR has been extensively analyzed and is usually
derived from vegetation indices of greenness such as the normalized difference vegetation
index (NDVI) and the enhanced vegetation index (EVI) [10,14-17]. The remote sensing of
RUE, however, has been less extensively analyzed, perhaps because it is influenced by many
factors [10,18-20].

RUE is commonly remotely estimated using the photochemical reflectance index (PRI),
which is a proxy of ecophysiological parameters linked to the competition between energy
dissipation and photochemical conversion [11,18-23]. Reflectance at 531 nm rapidly
decreases in response to the dissipation of excess energy by xanthophyll de-epoxidation due
to an increase in zeaxanthin concentration and to chloroplast shrinkage following an increase
in thylakoid ApH, which is insensitive to short-term changes at 570 nm [18,19]. PRI is thus
defined as (R531 — R570)/(R531 + R570), where R is the reflectance and the numbers are
central wavelengths of narrow bands in nanometers. The remote sensing of photosynthetic
performance and plant stress has advanced considerably over the last two decades
[9,11,20,24], with tower- [25], aircraft- [26,27] and satellite- [9,28-31] based PRI at both
short (hours to days) and long (days to seasons) terms since Gamon, Pefiuelas and Field [18]
and Pefiuelas et al. [19] proposed this reflectance index. The short-term change in PRI
associated with the xanthophyll cycle, as proposed by Gamon et al. [18] and Pefiuelas et al.
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[19], is able to track photosynthetic performance and RUE, the actual or maximum
photochemical efficiency of photosystem Il (PSI1) and non-photochemical quenching (NPQ)
over a wide range of species, plant functional types and nutrient levels at foliar, canopy and
ecosystemic levels under various stress conditions (e.g., water shortage, nutrient levels,
disease and contamination) [19,20,23,28,32-46]. PRI has also been useful for studying
aquatic vegetation [47], mosses [48-50] and lichens [51]. Photosynthetic activation can be
efficiently tracked by PRI, particularly during special seasonal periods of alteration such as
spring recovery in coniferous [52-55], and across years in boreal deciduous forests [56],
Mediterranean holm-oak forests [29] and shrubland [22]. PRI obtained from MODIS
(Moderate Resolution Imaging Spectroradiometer) [25,29,56-58], AVIRIS (Airborne
Visible/Infrared Imaging Spectrometer) [59] and CHRIS/PROBA (Compact High Resolution
Imaging Spectrometer launched aboard the Proba satellite) [60] can also track changes in
photosynthetic performance and primary productivity at larger spatial scales. The rapid
changes in carbon uptake for evergreen vegetation in densely vegetated areas have been
captured by PRI, but not by widely used greenness indices such as NDVI which can be
saturated due to stabilized canopy greenness [20,28,39,61-63]. PRI, a narrow-band spectral
index as a proxy of ecophysiological parameters based on the changes in energetic status thus
provides a quick, simple, nondestructive, labor-saving and cost-efficient means of optical
sampling for exploring interactions of plant-ecosystem carbon fluxes and for promisingly
monitoring and mapping RUE/GPP at larger spatiotemporal scales [11,20,64—66].

Several studies, however, have shown that PRI can be affected by solar angle,
illumination, canopy structure, atmosphere, pigments and soil background
[10,11,20,23,54,67—75]. Additionally, the interpretation of PRI becomes more difficult for
mixed species or landscapes with varying canopy fractions [76,77], although several studies
have reported correlations between PRI and photosynthetic performance [34,35,78,79]. The
variation in PRI also depended on the site difference caused by vegetation types and canopy
structure [62,77], which generally affected the PRI-RUE relationships. Much of the long-
term variation in PRI and its tracking of carbon assimilation has recently been attributed to
changes in the sizes of constitutive (slow) pigment pools that also impacted long-term
tracking of carbon assimilation by PRI [23,54,55,67,76]. However, such studies have not
been expanded to a wide range of species and sites, so the physiological mechanism of long-
term PRI variation still remains to be clearly understood. Furthermore, the not yet resolved

physiological mechanism of PRI and its high sensitivity to various extraneous effects might
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impede the evaluation of photosynthetic performance, when scaling up from foliar to canopy,
and ultimately, landscape and global scales [24]. Even so, recent findings of links between
RUE/GPP and PRI and the integration of PRI with other parameters such as foliar pigments
[80], solar-induced fluorescence (SIF) [81] or vapor-pressure deficit (VPD) [77] may provide
new opportunities for the continuous assessment of carbon uptake.

In a review of the literature, Garbulsky et al. [20] found that PRI was significantly
correlated with RUE and other relevant ecophysiological variables across vegetation types
and spatiotemporal scales. The consistent relationships with RUE-PRI at different
spatiotemporal scales were summarized by synthetic analyses of publications from 1992 to
2009. The kinds of factors that control PRI variation in different plant functional types,
organizational levels and temporal scales, how and the extent to which these factors control
changes in PRI and how these effects can be decreased or avoided, however, remain to be
clarified. An integrated and robust model for remotely sensing carbon uptake using PRI at
different scales will also need to be developed for using PRI as an estimator of carbon uptake.

In this review, we analyze the main factors that drive changes in PRI and its assessment
of RUE at foliar, canopy and ecosystemic levels based on the scientific literature reviewed
by Garbulsky et al. [20] and on an additional review of the literature published between 2010
and 2015, and we summarize the applications of PRI for interpreting ecophysiological
variables. We also describe the principal suggestions for improving the estimation of RUE
and carbon uptake using PRI. The primary purpose of this study is thus to determine if PRI,
a simple, optical remote-sensing index, is a good proxy of RUE at both short and long

timescales from foliar to global levels.

2. Affecting Factors

We found more than 110 publications in the Science Citation Index published from 2010 to
2015 that studied remotely sensed PRI; among those, 73 studies analyzed the disparately
functional mechanisms of PRI at varying spatiotemporal scales and the factors that drive PRI
variation and hinder its use at longer timescales and larger regions. Here, we reviewed these
affecting factors of PRI over temporal (daily and seasonal) and spatial scales (from leaves to

ecosystems).
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2.1. Daily Changes
2.1.1. Foliar Level

Leaves in different canopy positions with changing illumination and varying temperature
have different PRI values. For example, shaded leaves had higher PRI values than sunlit
leaves with higher irradiance that generated a larger xanthophyllic pigment pool and a higher
potential diurnal pigment conversion [67,82,83]. In particular, illumination also led to a lower
PRI toward midday [83] and a recovery in late afternoon on sunny days [76,84-87] but to a
higher PRI toward midday on cloudy days [76]. PRI changed little over time with weak light
[88] and did not vary with maximum photochemical efficiency (Fv/Fm) [87,89], relative
water content (RWC), CO> assimilation or stomatal conductance under low photosynthetic
photon flux density (PPFD) (<700 pmol m~2 s7!) [90]. In contrast, PRI values decreased
under light saturation, due to the generation of a photoprotective reaction, which decreased
the epoxidation state (EPS) [85]. PRI was also sensitive to increased NPQ during the initial
growing stages in crops and to xanthophyllic pigments during the later growing stages [91].
PRI, however, was a poor diurnal indicator of the de-epoxidation state (DEPS) in different
crown levels for spruce needles, probably due to the variation in the chlorophyll/carotenoid
ratio [92].

Drought [30,93], temperature stress [87,93], low nitrogen concentration [91,94], iron
deficiency [95], high altitude [96], high ultraviolet A/B [97,98] and disease [99-102] can
potentially induce biochemical and physiological changes (e.g., chlorophyllic and carotenoid
contents, xanthophyll cycle and NPQ) and inhibit the photochemistry of PSII, thus leading
to a decrease in PRI, which was more apparent in young than in mature leaves as cadmium
stress increased [103]. Variations in the angle and direction of illumination [104] and
instrumental FWHM (full width at half-maximum) [69] can also change the optical
properties, which then influence PRI values. Gamon and Berry [67] reported that the sizes of
both the facultative xanthophyllic and constitutive pigment pools affected PRI and that the
latter but not the former caused PRI to vary with canopy position; they also suggested that
lutein de-epoxidation might influence PRI variability in nature. Other studies have also
reported that foliar chlorophyllic and carotenoid pigment pools, which characterize the plant

physiological status, contribute greatly to the variability of PRI [91,92,105], so incorporating

Chapter 1-13



The photochemical reflectance index (PRI) and radiation use efficiency

the effects of other photosynthetic pigments is necessary to use PRI as a more accurate proxy

for biophysical parameters or plant status [88,91].
2.1.2. Canopy Level

Fifteen of the publications studied the diurnal response of canopy PRI to the ecophysiological
status of the vegetation and to photosynthetic performance. The status of epoxidation of the
xanthophyllic cycle accounted for most of the diurnal PRI variability [76,106], especially in
the early morning and afternoon [107], and short-term adaptations to varying levels of solar
irradiance increased PRI variability [106]. Damm et al. [108] demonstrated the sensitivity of
canopy reflectance and vegetation indices derived from spatial and spectral high-resolution
data to varying irradiances, and reported that unknown direct/diffuse irradiance caused by
complex interactions of surface irradiance and reflectance anisotropy accounted for up to
32% of the uncertainty of PRI for crops. Another study found that spectra were best obtained
ca. 10 a.m. but that deviation from the zenith affected PRI, although the effect of the departure
of 10° from the nadir view precision on PRI accuracy was acceptable [109]. Further, a high
relative azimuth angle showed higher PRI values at any view zenith angles by capturing more
shaded foliage and thus decreasing the effect of soil background [82,83]. In addition, PRI
tracked RUE poorly when chlorophyllic concentrations during senescence were low [109]
and when wheat canopies at the elongation stage were sparse [110]. In contrast, PRI values
were lower for dark soil, even with dense vegetation, but estimated RUE and PSII efficiency
better [62,82,110]. PRI has also been used as an indicator of salinity stress in coastal species
but varied with tissue chlorides and not with pigments [111]. Some studies have also reported
that soil reflectance [62], species [110], canopy structure [75,82], tree age and illumination
patterns [84] complicated the interpretation of PRI. Gamon and Bond [84], however,
supported the hypothesis that photosynthesis is coordinately regulated, allowing PRI to be
used as an indicator of diurnal photosynthetic activity.

2.2. Seasonal Changes
2.2.1. Foliar Level

PRI is intended as a measure of the responses of a constitutive component dependent on the
pigment content of leaves and on a facultative component varying on a short timescale
because of the xanthophyllic cycle [67]. Hmimina et al. [86] reported foliar pigment content
had a stronger impact on PRI than on the relationship with RUE at seasonal timescales and

proposed a procedure for correcting PRI that clarified this pigment effect at the foliar level.
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PRI values during growth were lower for sunlit than shaded leaves [83,112] and were higher
for dark-green than either light- or yellow-green leaves [83,87]. PSII efficiency could not be
efficiently tracked by PRI in varying light intensities, seasons and leaf colors due to the
influence of chlorophyll, low temperature at night or low illumination on reflectance, which
inhibit the epoxidation of the xanthophyllic cycle and retain more xanthophyllic pigments
[87,113]. Likewise, the tracking of seasonal levels of Chlorophyll a/b (Chl a/b) using PRI
was affected by high non-photochemical dissipation from the senescence of the vegetation
and drought stress in desert species during growth [114]. PRI decreased throughout the
soybean growing season due to elevated ozone concentrations, which increased the protective
dissipation of excess energy and decreased the foliar contents of nitrogen and chlorophyll
[115,116]. PRI, however, correlated well with NPQ in evergreens during most of the year
except during spring recovery after winter down-regulation [72] and throughout the stages of
crop leaves unless PRI was corrected for pigment effects [88]. Similarly, EPS could not
account for the variation in PRI during spring recovery [54,55] due to the changes in the
constitutive pigment pool, but not the facultative xanthophyllic cycle, which led to the
primary variation of PRI during spring recovery and over the year in evergreen conifers.
Hernandez-Clemente et al. [117] found that changes in chlorophyllic and carotenoid
concentrations caused the variation of PRI values due to the seasonal fluctuation of foliar
optical signals. Similar findings were also reported for Salix viminalis trees [112], eggplant
[88] and oak and beech trees [86], where the sizes of the pigment pools contributed to most
of the PRI variability and thus limited its use for RUE estimation on long timescales. Changes
in pigment concentrations due to water stress, however, could also potentially affect the
seasonal variability of PRI [118-120], but these changes varied between species such as
Umbilicaria arctica and U. hyperborean [118]. PRI clearly differentiated between normal
and stressed holm oaks but was not very informative under a severe drought [121], and could
generally detect the physiological status of water-stressed plants but was not useful for the

drought-tolerant species Elaeagnus umbellate [122].
2.2.2. Canopy Level

Recent studies have indicated that the changes in the patterns of seasonal and inter-annual
PRI were correlated with chlorophyllic and carotenoid pool sizes and structural properties
[76,107,123,124]. Structural changes of the canopy caused by sustained water stress
[120,123,125,126] or a varying leaf area index (LAI) [127] over the season led to PRI
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variability and loss of the seasonal relationship between PRI and RUE. PRI calculated from
pure crown reflectance for fruit trees under different irrigation regimes varied with
xanthophyllic pigment contents and not with vegetation structure or chlorophyllic content
[128]. The sensitivity of PRI to physiological indicators of stress when calculated for entire
canopies, however, was considerably lower for dark soil [128]. PRI has shown sensitivity to
both the zenith angle and relative azimuth angle [83]. Differences in the correlations between
PRI and RUE for different types of vegetation can be due to differences in the canopy
structure and shadow fraction, however, when the canopy is detected from only one angle (as
with MODIS) [4], highlighting the importance of the effect of the canopy structure on PRI.
PRI was also sensitive to changes in the structure and physiology during the soybean growing
season caused by elevated CO, and Os concentrations [127]. Canopy PRI values were higher
during the growth phase than other phases [83,129] and did not efficiently track RUE
variability during the ripening stage [129]. Canopy PRI values were higher on cloudy days
with low irradiance than on sunny days [130], and were correlated most strongly with RUE
under clear or slightly overcast skies [123]. For some vegetation such as Elaeagnus
umbellate, a drought-tolerant invasive species, PRI decreased slightly during water stress

because of the plant’s special physiological and morphological characteristics [122].
2.2.3. Ecosystemic Level

MODIS and CHRIS/PROBA are common operational instruments for studying PRI at
ecosystemic and regional scales [9,60,131,132]. Alterations in the angle at which satellites
detect seasonal fluctuations of illumination, the shadow fraction detected by the sensor and
atmospheric effects were identified as critical influences on PRI signals on a spatial scale
[31,71,79,133], with the exception of some relatively uniform and dense canopy structures
and a low variability of shadow fractions [71]. PRI obtained from the backscatter direction
[25,60,132] nonetheless minimized the effect of shadows, and near-nadir satellite
observations [79] that reduced the effects of soil background and atmospheric scattering were
also optimal and improved the accuracy of RUE detection. PRI performance was improved
in forward-scattering directions after replacing the PRI formulation wavelength, which
indicates a possible shift in the signal of xanthophyllic de-epoxidation with the direction of
detection. In contrast, Sims et al. [134] found no difference between backward and forward
effects on MODIS PRI in a dense evergreen and two deciduous forest ecosystems. MODIS

PRI has detected the impacts of water stress on RUE [25], but not for severe droughts
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[31,135]. Intra-annual changes in MODIS PRI were dependent on the composition of foliar
pigments at evergreen sites and on the dynamics of canopy structure at deciduous sites [79],
but a universally applicable model for correlating ecosystemic RUE with MODIS PRI for all
types of ecosystems could not be found. Vegetation indices designed to be more sensitive to
chlorophyllic content explained most of the variability in GPP in a subalpine grassland
ecosystem characterized by a strong seasonally dynamic GPP, and the accuracy only slightly
improved by adding PRI to the model formulation [136]. The combined use of PRI and VPD
was also one of the better models for estimating RUE in tropical evergreen rainforests [77].

2.3. Other Factors

Several studies have concentrated on the influence of the configuration and calibration of
field spectroradiometers on PRI variation. Most spectroradiometers are designed for periodic
use, but continuous measurements and the validation of remote-sensing data are needed to
improve PRI accuracy and application in assessing carbon uptake [137,138]. Regular
calibration and the correction of data based on the effect of nonlinearity were therefore
recommended to ensure data quality [85,137,139]. Radiometric and spectral stability have
high impacts on the uncertainty of PRI. The accurate measurement of near-surface spectral
data can provide an important groundwork for the calibration and validation of satellite

measurements [85].

3. Application

PRI has been used as an indicator of photosynthetic function at long timescales and in large
areas and of carbon uptake at large scales [8,9,11,20]. We summarized various aspects of the
applications of PRI based on the review by Garbulsky et al. [20]. Sixty percent of the articles
published between 2010 and 2015 linked PRI to plant physiological variables (Table 1 [4,
25, 28, 30, 31, 54, 55, 60, 62, 69, 71, 72, 75-77, 79, 81, 84-95, 98, 101, 103, 105, 107, 109-
115, 117, 119-124, 126, 128-130, 132, 136, 140-153]). We included only the studies that
calculated PRI as (R531 — R570)/(R531 + R570) or (R570 — R531)/(R570 + R531) [18,19]
to allow analysis and comparisons. The coefficients of determination (R?) and uncharted
correlations were extracted from the figures, and were analyzed and drawn using boxplots

for each type of vegetation (e.g., broadleaved, coniferous and herbaceous/crop plants),
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timescale (daily or seasonal, i.e., changes within or across seasons) and organizational level
(foliar, canopy for a single plant or a monospecific stand, or ecosystemic for a stand of mixed
species). We also included the results by Garbulsky et al. [20] in our boxplots. The
correlations obtained from 153 publications were thus analyzed. All variables except the six
most common ecophysiological variables linked to PRI in Table 2 in Garbulsky et al. [20]
were also analyzed and plotted. The overall relationships between RUE and PRI reported
during the last two decades were analyzed at daily and seasonal scales and at foliar to

ecosystemic levels.

3.1. Foliar Level

3.1.1. Diurnal Changes
A total of 33 articles published from 1992 to 2015 analyzed the relationships between foliar-

level PRI and actual photochemical efficiency (AFv/Fm’), NPQ, the chlorophyll/carotenoid
ratio, EPS, DEPS, RUE or net CO> uptake (Figure 1). The correlations between PRI and
AFv/Fm’ (n =57, n is the number of the correlations reported in the literature) and RUE (n =
28) were among the most relevant. Most of the relationships were focused on broadleaved
and herbaceous/crop plants. The correlations for broadleaved and coniferous plants were
stronger than those for herbaceous/crop plants, except for the correlations between PRI and
EPS (or DEPS). R? for all variables other than the chlorophyll/carotenoid ratio also showed
high differentiation for herbaceous/crop plants (Figure 1). PRI for broadleaved species
represented medians of 80%, 76% and 78% of the variability of AFv/Fm’, RUE and net CO2
uptake, respectively (Figure 1a,d,f).

The R? of PRI with other physiological variables is presented in Figure 2. All studies
focused on broadleaved and herbaceous/crop plants, for which PRI explained averages of
68% or 67%, respectively, of the variation of emissions of volatile organic compounds
(monoterpenes and isoprenes). PRI was significantly correlated with foliar nitrogen content
and seed yield (R? = 0.29, p < 0.0001 and R? = 0.30, p < 0.0001, respectively) [115] for
soybean leaves exposed to elevated ozone. PRI was also significantly correlated in six
broadleaved species with water potential under water stress (0.60 < R? < 0.95) [30] and with
RWC (R? = 0.32) under water and temperature stress [93].
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Table 1. List of published studies (2010-2015) linking photochemical reflectance index (PRI) with ecophysiological variables. Specrad,

spectroradiometer. Abbreviations for the ecophysiological variables: RWC, relative water content; gS, stomatal conductance; RUE, radiation-

use efficiency; net CO. uptake, net photosynthetic rate, gross primary productivity or light-saturated photosynthesis; EPS or DEPS,

epoxidation or de-epoxidation state of the xanthophylls; Fv/Fm, maximum photochemical efficiency of PSII; AF/Fm’, effective quantum

yield, actual photochemical efficiency or photochemical efficiency of photosystem Il (®PSII); Fs, steady-state fluorescence; NPQ, non-

photochemical quenching; Chl/Car or Car/Chl, chlorophyll/carotenoid or carotenoid/chlorophyll ratio; VAZ, xanthophyll-cycle pigment

pools; V, violaxanthin; A, antheraxanthin; Z, zeaxanthin; L, lutein; gN, non-photochemical quenching; PPFD, photosynthetic photon flux

density; fAPAR, fraction of absorbed photosynthetically active radiation; fIPARg, fraction of photosynthetically active radiation intercepted

by vegetation; as, canopy shadow fraction; TI-Tair, leaf minus air temperature; Tc-Ta, crown minus air temperature.

Article Order

by Published  Year Reference Scale Variance Factor Species/Vegetation Type Vegetation Type Sensor Figure#  Ecophysiological Variable
Date
3 2010 (Ibaraki et al. [140]) Leaves Diurnal Strawberry, lettuce and potato Herbaceous and crop PRI imaging system la AF/Fm’
2 2010 (Ibaraki and Gupta [89]) Leaves Diurnal Potato Herbaceous and crop PRI imaging system 2 Fv/Fm
35 2013 (Kovac et al. [92]) Leaves Diurnal Norway spruce (Picea abies) Conifers Spectrad le Chl/Car
38 2013 (Pefiuelas et al. [141]) Leaves Diurnal Populus nigra and Quercus ilex Broadleaf Spectrad 2 Monoterpene emission rates
Isoprene emission rates
Sunflower, wheat, Quercus
48 2014 (Magney et al. [91]) Leaves Diurnal macrocarpa, Betula papyrifera, and Herbaceous and crop and Spectrad le NPQ
; Broadleaf 1b DEPS
Populus tremuloides
1dand 9 RUE
If Net CO, uptake
58 2016 (Harris et al. [112]) Leaves Diurnal Salix viminalis Broadleaf Specrad le Car/Chl
Isoprene emission rates
VAZ
2 Neoxanthin
Lutein
Chl
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Car
VAZ/Chl
Chl
63 2015 (Stratoulias et al. [142]) Leaves Diurnal Shore reed Herbaceous and crop Specrad 2 F}jrsf
ETR
Leaf N (%)
43 2014 (Ainsworth et al. [115]) Leaves Diurnal (Ozone) Soybean Herbaceous and crop Specrad 2 Chl
Seed Yield
Di | 1d and 9 RUE
55 2014 (Xue et al. [103]) Leaves nurma Soybean Herbaceous and crop Specrad If Net CO, uptake
(Cd polution) n
la AF/Fm
Diurnal I1dand 9 RUE
64 2015 (Suetal. [95]) Leaves (Fe deficiency) Peanut Herbaceous and crop Specrad T Net CO, uptake
Diurnal (Genetic 1dand 9 RUE
40 2013 (Sun et al. [143]) Leaves transformation) Barley Herbaceous and crop Spectrad IF Net CO, uptake
. . 1 AF/Fm’
Diurnal (Moisture 1 a NP (r)n
21 2012 (Osorio et al. [93]) Leaves and temperature Ceratonia siliqua Broadleaf Spectrad ¢ RWC
t
stress) 2 Water potential
25 2012 (Shrestha et al. [94]) leaves (I\]? ;Egri)ally) Rice Herbaceous and crop PlantPen PRI 200 lc NPQ
Di | 1d and 9 RUE
37 2013 (Pallozzi et al. [98]) Leaves turna Populus Canadensis Broadleaf Spectrad If Net CO; uptake
(UVA stress)
la AF/Fm’
30 2013 (Calderén et al. [101]) Leaves [Diurnal Olive orchard Broadleaf PlantPen 2 Te-Ta
(Vericillium wilt) eS
Diurnal 1f Net CO, uptake
7 2010 (Sarlikioti et al. [90]) Leaves (Water stress) Tomato Herbaceous and crop PlantPen PRI 200 5 Rg\)\éc
Diurnal la AF/Fm’
8 2010 (Shahenshah et al. [144]) Leaves (Water stress) Cotton and Peanut Herbaceous and crop PMA-11 T NPQ
Diurnal le Car/Chl
13 2011 (Garrity et al. [105]) Leaves (Water stress) Bur oak and 10 sugar maple Broadleaf Specrad 5 Chl
Car
1d and 6 RUE
Arbutus unedo, Quercus ilex, Quercus an
Di | bescens, Quercus cerris, O : 1f Net CO, uptake
18 2011 (Ripullone et al. [30]) Leaves turmna pubescens, Luercus cerris, Luercis Broadleaf Specrad la AF/Fiv
(Water stress) robur, Cannabis sativa, Fagus b DEPS
sylvatica and Populus euroamericana -
2 Water potential
. Pinus taiwanensis, Stranvaesia . la and 3a AF/Fm’
27 2012 (Weng et al. [113]) Leaves Diurnal/ niitakayamensis, two Miscanthus spp. Broadleaf, conifers and Spectrad
Seasonal Herbaceous and crop 4 Fv/Fm

and mango
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Ic NPQ
. . Diurnal/ 4a AF/Fm’
23 2012  (Rahimzadeh-Bajgira et al. [88]) Leaves Solanum melongena Herbaceous and crop Spectrad
Seasonal
2 and 4 ETR
Diurnal/ 3e Car/Chl
67 2015 (Wong and Gamon, [55]) Leaves Seasonal/ Pinus contorta and Pinus ponderosa Conifers Specrad
Internnual 3b EPS
la and 3a AF/Fm’
11 2010 (Weng et al. [87]) Leaves Diurnal/ Mango Broadleaf Specrad 3b EPS
Seasonal 4 Fv/Fm
Minimum temperature
46 2014 (Harris et al. [85]) 16231\;3{ Diurnal Pinus contorta Conifers Specrad 1b and 5b EPS
32 2013 (Gamon and Bond [84]) 16231\;3{ Diurnal Douglas-fir and ponderosa pine Conifers Spectrad 6 PPFD
Leaves/ Diurnal Specrad b and 5b EPS
16 2011  (Hernandez-Clemente et al. [69]) Canopy (Water stress) Pinus sylvestris and Pinus nigra Conifers AHS aitborne P gS .
Water potential
3dand 9 RUE
3c NPQ
3a AF/Fm’
3e Car/Chl
22 2012 (Porcar-Castell et al. [72]) Leaves Seasonal Pinus sylvestris Conifers Spectrad 3b DEPS
Fv/Fm
Car
4 Chl
VAZ
VAZ/Chl
3d, 9 and RUE
47 2014 (Hmimina et al. [86]) Leaves Seasonal Quercus robur and Fagus sylvatica Broadleaf Specrad 10a
3a AF/Fm’
60 2015 (Nyongesah et al. [114]) Leaves Seasonal Haloxylon ammodendron Shrubland Specrad 4 Chl a/b
. Seasonal 3a AF/Fm’
62 2015 (Sebela et al. [145]) Leaves (High night Rice Herbaceous and crop Specrad
temperature) 4 Fs
3d and 9 RUE
Seasonal 3f Net CO, uptake
53 2014 (Sun et al. [119]) Leaves (Interannual) Olive Broadleaf Specrad 3e Car/Chl
4 Car
RWC
54 2014 (Tsonev et al. [121]) Leaves Seasonal Quercus ilex Broadleaf Specrad 3dand 9 RUE
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(Water stress) 3f Net CO, uptake
4 RWC
10 2010 (Suarez et al. [128]) Leaves/ Seasonal Peach, nectarine and orange Broadleaf Specrad 3band 7b EPS
Canopy Airborne
Leaves/ 3e Car/Chl
19 2012 (Hernandez-Clemente et al. [117]) v Seasonal Pinus sylvestris Conifers Camera Car
Canopy 4 Chl
3f Net CO, uptake
3b EPS
3a AF/Fm’
66 2015 (Wong and Gamon [54]) Leaves/ Seasonal Pinus contorta, Pinus ponderosa and Conifers Specrad 3e Car/Chl
Canopy Picea glauca ETR
Z/Chl
4 L/Chl
B-carotene/Chl
VAZ/Chl
5d and 9 RUE
36 2013 (Liu et al. [110]) Canopy Diurnal Maize and winter wheat Herbaceous and crop Spectrad Sf Net CO, uptake
5c NPQ
S5dand 9 RUE
5f Net CO, uptake
. . ST . Sa AF/Fm’
29 2012 (Zinnert et al. [111]) Canopy (Salli:r)lliltl;:ﬂess) Baccharis Hi{;’:ﬁ;{;orza and Myrica Broadleaf Spectrad 5c NPQ
eS
6 Water potential
Total chlorides
44 2014 (Delalieux et al. [146]) Canopy (W;)t::lrlrsrier‘iss) Citrus orchard Herbaceous and crop APEX 6 Water potential
57 2015 (Gamon et al. [76]) Canopy ;)el ;sr:r?ell/l Pinus contorta Conifers SRS sensor glz C}}fl}/’CSar
Calluna vulgar?s, Vaccinium myrtillus, 52 AF/Fm’
Empetrum nigrum, Populus alba,
4 2010 (Miénd et al. [62]) Canopy Diurnal Erica multiflora, Globularia alypum, Mixture Specrad Fv/Fm
Cistus monspeliensis and Pistacia 6 N
lentiscus 4
5d, 9 and RUE
12 2010 (Wu et al. [109]) Canopy Diurnal Wheat Herbaceous and crop Specrad 10a
5f Net CO, uptake
.. . . . Sa AF/Fm’
61 2015 (Rossini et al. [147]) Canopy Diurnal Maize Herbaceous and crop Airborne 3 oS
. Diurnal . PlantPen gS
28 2012 (Zarco-Tejada et al. [120]) Canopy (Water stress) Orange and mandarin Broadleaf SKR 1800 camera 6 Water potential
41 2013 (Zarco-Tejada et al. [75]) Canopy Diurnal Vineyard Herbaceous and crop Airborne 6 eS
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(Water stress) Water potential
50 2014 (Panigada et al. [148]) Canopy (Wl)tézlrlr;?iss) Maize and sorghum Herbaceous and crop AISA Eagle Sa AF/Fm’
Diurnal/
26 2012 (Stagakis et al. [126]) Canopy Seasonal Orange Broadleaf Camera 6 Water potential
(Water stress)
5 2010 (Naumann et al. [122]) Canopy Seasonal Elaeagnus umbellata Broadleaf Specrad 7a AF/Fm’
42 2013 (Zarco-Tejada et al. [149]) Canopy Seasonal Olive orchard Broadleaf Airborne Te Net CO, uptake
59 2015 (Hmimina et al. [107]) Canopy Seasonal Quercus rob.ur, Fagus sy.lvatzca and Mixture Specrad 7d, 9 and RUE
Pinus sylvestris 10a
65 2015 (van Leeuwen et al. [130]) Canopy Seasonal Douglas-fir Conifers PRiAnalyze 7d and 9 RUE
7d and 9 RUE
6 2010 (Rossini et al. [129]) Canopy Seasonal Rice Herbaceous and crop Specrad 7 e1 ggd Net CO, uptake
.. Seasonal (Water . . AF/Fm
39 2013 (Rossini et al. [150]) Canopy stress) Maize Herbaceous and crop Airborne Ta RWC
TI-Tair
. Seasonal . 7d and 9 RUE
1 2010 (Hilker et al. [4]) Canopy Douglas-fir and Aspen Broadleaf and Conifers Specrad
(Interannual) Os
Seasonal . CHRIS/
15 2011 (Hall et al. [151]) Canopy (Interannual) Douglas-fir and Aspen Broadleaf and Conifers PROBA RUE
7d, 9 and RUE
31 2013 (Cheng et al. [81]) Canopy Seasonal Corn Herbaceous and crop Spectrad 10b
(Interannual) 7e and
10c Net CO, uptake
68 2015 (Wu et al. [124]) Cano Seasonal Wheat Herbaceous and cro Specrad 7d,9 and RUE
) Py (Interannual) P P 10a
. Leaves/ . . Specrad CHRIS/  3d, 8a and
52 2014 (Stagakis et al. [60]) Ecosystem Seasonal Phlomis fruticosa forest Broadleaf PROBA 9 RUE
34 2013 (Kefauver et al. [152]) Ecosystem Ozone Pinus ponderosa, Pinus jeffreyi and Conifers AVIRIS and CASI 0;
Pinus uncinata
8aand 9 RUE
56 2015 (Balzarolo et al. [153]) Ecosystem Seasonal grassland Herbaceous and crop Specrad 3b Net CO, uptake
8aand 9 RUE
8b and
24 2012 (Rossini et al. [136]) Ecosystem Seasonal Subalpine grassland Herbaceous and crop HIS 10¢ Net CO; uptake
Chl
fIPARg
Chl
. Seasonal . . CHRIS/ Chla
9 2010 (Stagakis et al. [132]) Ecosystem (Interannual) Phlomis fruticosa forest Broadleaf PROBA Car
Water potential
45 2014 (Guarini et al. [25]) Ecosystem Seasonal Quercus cerris forest Broadleaf MODIS 8a and 9 RUE
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Savanna (Combretum apiculatum, 8aand 9 RUE
Seasonal Sclerocarya birrea and Acacia
14 2011 (Goerner et al. [79]) Ecosystem (Interannual) nigrescens), Pinus ponderosa forest, ~ Broadleaf and Conifers MODIS
deciduous broad-leaved forest and fAPAR
Quercus ilex forest
20 2012 (Moreno et al. [31]) Ecosystem Seasonal Mediterranean Pinus pinaster forests Conifers MODIS 8aand 9 RUE
(Interannual)
Pseudotsuga Menziesii, Thuja plicata,
Tsuga heterophylla, Quercus rubra,
Acer rubrum, Betula lenta, Pinus
. Seasonal strobes, Tsuga Canadensis, Pinus . CHRIS/
17 201 (Hilker et al. [71]) Ecosystem (Interannual) banksiana, Picea rubens, Picea Mixture PROBA o
mariana, Pinus banksiana, Eucalyptus
delegatensis and Eucalyptus
dalrympleana
.. Seasonal . . . 8a, 9 and
49 2014 (Nakaji et al. [77]) Ecosystem (Interannual) Dipterocarp forest (many species) Mixture Specrad 10b RUE
8a, 9 and RUE
Seasonal Deciduous forest (Quercus robur and 10a
51 2014 (Soudani et al. [123]) Ecosystem Quercus petraea) and Mediterranean Broadleaf SKR 1800 8b Net CO, uptake
(Interannual) .
evergreen forest (Quercus ilex) aPAR
VPD
: y 8aand 9 RUE
33 2013 (Garbulsky et al. [28]) Ecosystem o0 Quercus ilex Broadleaf MODIS 8b Net CO, uptake

Diametric-increment
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Figure 1. Boxplots of the coefficients of determination of the relationships between
PRI and physiological variables at the foliar level and diurnal timescale: (a) Actual
photochemical efficiency (AF/Fm’); (b) Epoxidation or de-epoxidation state of
xanthophylls (EPS or DEPS); (c) Non-photochemical quenching (NPQ); (d)
Radiation-use efficiency (RUE); (e) Carotenoid/chlorophyll (Car/Chl) or
chlorophyll/carotenoid (Chl/Car) ratio; and (f) Net CO2 uptake. Central lines represent
medians, boxes represent 50% of the data, whiskers represent minima and maxima and
circles represent outliers. The numbers of correlations reported in the literature are

shown in brackets.
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Figure 2. The mean values of coefficients of determination of the relationships
between PRI and several physiological variables at the foliar level and short daily
timescale. All the correlations were significant (p < 0.05). Error bars indicate standard

error.

3.1.2. Seasonal Changes

Thirty articles published since 1992 linked PRI with ecophysiological changes at the
seasonal scale (Figure 3). PRI was most often correlated with actual photochemical
efficiency AFv/Fm’ (n = 57) and explained 17%-90% of its variability (Figure 3a).
Median R? was higher for conifers than for other species groups. PRI accounted for
0%—-86% of the variability of NPQ for broadleaved and coniferous trees (Figure 3c) and
was more strongly correlated with the chlorophyll/carotenoid ratio (R? between 0.55
and 0.89) than with EPS (or DEPS) (Figure 3b,e). The correlations between PRI and
RUE and net CO- uptake for broadleaved species were highly variable (R? ranged from
0.0 to 0.84 and 0.0 to 0.92, respectively; Figure 3d,f), but median R?> was 0.12 and 0.19
higher, respectively, than those reported by Garbulsky et al. [20].
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Figure 3. Boxplots of the coefficients of determination of the relationships between
PRI and physiological variables at the foliar level and seasonal timescale: (a) Actual
photochemical efficiency (AF/Fm’); (b) Epoxidation or de-epoxidation state of
xanthophylls (EPS or DEPS); (c) Non-photochemical quenching (NPQ); (d)
Radiation-use efficiency (RUE); (e) Carotenoid/chlorophyll (Car/Chl) or
chlorophyll/carotenoid (Chl/Car) ratio; and (f) Net CO> uptake. Central lines represent
medians, boxes represent 50% of the data, whiskers represent minima and maxima and
circles represent outliers. The numbers of correlations reported in the literature are

shown in brackets.

PRI was significantly correlated with other pigments or pigment ratios (e.g.,
chlorophyll, xanthophyll-cycle pigment pools: chlorophyll (VAZ/Chl) and
lutein/chlorophyll; mean R? between 0.40 and 0.86; Figure 4). PRI was significantly
correlated with Fv/Fm, RWC and the electron transport rate (ETR), and predawn PRI
decreased with the minimum temperature and explained 55% of the variability for
mango leaves [87].
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Figure 4. The mean values of coefficients of determination of the relationships
between several physiological variables and PRI at the foliar level and seasonal
timescale. All the correlations were significant (p < 0.05). Error bars indicate standard

error.

3.2. Canopy Level

3.2.1. Diurnal Changes

Only 12 articles in the last two decades reported canopy PRI for tracking
ecophysiological changes at short daily timescales. Ten studies published after 2010
illustrated the increasing applicability of PRI at the canopy scale. The correlations
between PRI and ecophysiological variables were lower at the canopy than the foliar
level. PRI explained 44%-74% of the variability of the actual quantum vyield for
broadleaved and herbaceous/crop plants but accounted for only 1%-40% of the
variability of AFv/Fm’ for mixed forests (Figure 5a). PRI also explained 23% and 38%
of the variability of RUE for two broadleaved species under salinity stress (Figure 5d)
[111]. Median R? between PRI and RUE and net CO, was as high as 0.66 and 0.63,
respectively, for herbaceous/crop species (Figure 5d,f). One article reported an R?
between PRI and the chlorophyll/carotenoid ratio of 0.65 in Pinus sylvestris (Figure 5e)
[117]. Two articles reported that PRI correlated well with NPQ, with a median R? of
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0.73 (Figure 5c¢). Three other articles reported slightly variable relationships between
PRI and EPS for conifers (Figure 5b).

Changes in PRI were significantly correlated with pigment contents, similar to the
correlation at the foliar level (Figure 6). PRI was strongly correlated with Fv/Fm and
non-photochemical quenching (gN) for shrubland at three sites in northern Europe but
not for shrubland at southern sites due to the dominance of soil reflectance [62]. PRI
explained a mean of 21%-46% and 21%-56% of the variability of water potential and
stomatal conductance, respectively. The change in PPFD explained 86% of the change
in diurnal PRI patterns for conifers [84], which demonstrated a strong effect of

illumination on diurnal PRI patterns.

3.2.2. Seasonal Changes

Only a few studies reported correlations between PRI and AFv/Fm’ (n = 2), EPS (n =
1) and the chlorophyll/carotenoid ratio (n = 1) at long-term (seasonal to inter-annual)
timescales, with R? between 0.44 and 0.78 (Figure 7a—c). Twenty-four articles,
however, linked seasonal or inter-annual changes in PRI with RUE at individual-plant
to stand levels. Median R? (0.79 and 0.65, respectively; Figure 7d) was 7.0% and 4.0%
higher for broadleaved and coniferous trees, respectively, than those (R? =0 .72 and
0.61, respectively) in Figure 5 in Garbulsky et al. [20]. PRI accounted for 66% of the
variability of RUE over an entire growing season for a mixed forest [107]. Four articles
published after 2010 illustrated that PRI was strongly correlated with changes in net
CO2 uptake for broadleaved (R? = 0.59 and 0.75) and herbaceous/crop (R? = 0.54 and
0.81) plants (Figure 7e).

Some studies also analyzed the correlations of PRI with water content (RWC, R? =
0.64) [150] and stomatal conductance (gS, R? = 0.46) [125]. One study reported that
PRI varied with the difference between foliar and air temperature for maize (R? = 0.82)
[150]. Another study illustrated that PRI obtained from a multi-angular
spectroradiometer varied with the change in the fraction of the canopy shadow (as) [4]

under constant RUE (0.45 g CMJ™!) for Douglas fir (R? = 0.45) and Aspen (R? = 0.83).
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Figure 5. Boxplots of the coefficients of determination of the relationships between

PRI and the physiological variables at the canopy level and diurnal timescale: (a)

Actual photochemical efficiency (AF/Fm’); (b) Epoxidation state of xanthophylls
(EPS); (c) Non-photochemical quenching (NPQ); (d) Radiation-use efficiency (RUE);
(e) Carotenoid/chlorophyll (Car/Chl); and (f) Net CO uptake. Central lines represent

medians, boxes represent 50% of the data, whiskers represent minima and maxima and

circles represent outliers. The numbers of correlations reported in the literature are

shown in brackets.
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Figure 6. The mean values of coefficients of determination of the relationships
between PRI and several physiological variables at the canopy level and short daily
timescale. All the correlations were significant (p < 0.05) except for one relationship
between PRI and carotenoid in Pinus sylvestris [117] and one between PRI and steady-

state chlorophyll fluorescence (Ft) [73]. Error bars indicate standard error.

3.3. Ecosystemic Level

PRI obtained from MODIS using different reference bands was generally used for
estimating ecosystemic RUE and GPP [20]. Tower or tripod-mounted
spectroradiometers were also used to study ecosystemic carbon uptake at long
timescales [77,123]. Forty relationships in 14 articles linked PRI with RUE based on
eddy covariance in various kinds of ecosystems (e.g., Mediterranean forests, temperate
deciduous forests, mountain grassland, evergreen tropical rainforest and boreal and
coniferous forests; Table 1). Median R? for the correlations between RUE and PRI
ranged from 0.12 to 0.59 (Figure 8a), with few non-significant relationships during
severe drought years [25]. The correlation between PRI and RUE (R?=0.12, p < 0.001)
for a tropical evergreen forest [77] was lower than that for broadleaf (0.59 of median
R?) and coniferous forests (0.39 of median R?), indicating a site-specific difference for

the PRI-RUE relationships. PRI was significantly correlated with net CO> uptake for
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Mediterranean forests (R?> was 0.28 [123] and 0.38 [28]; Figure 8b) and grassland
ecosystems (R? ranged between 0.13 and 0.81 [136,153]; Figure 8b).
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Figure 7. Boxplots of the coefficients of determination of the relationships between
PRI and physiological variables at the canopy level and seasonal timescale: (a) Actual
photochemical efficiency (AF/Fm’); (b) Epoxidation state of xanthophylls (EPS); (c)
Carotenoid/chlorophyll ratio (Car/Chl); (d) Radiation-use efficiency (RUE); and (e)
Net CO> uptake. Central lines represent medians, boxes represent 50% of the data,

whiskers represent minima and maxima and circles represent outliers. The numbers of

correlations reported in the literature are shown in brackets.
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Figure 8. Boxplots of the coefficients of determination of the relationships between
PRI and (a) Radiation-use efficiency (RUE) and (b) Net CO- uptake at the ecosystemic
level and seasonal timescale. Central lines represent medians, boxes represent 50% of
the data and whiskers represent minima and maxima. The numbers of correlations

reported in the literature are shown in brackets.
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Figure 9. Comparison of the strength of the relationships between PRI and RUE across
temporal and spatial scales. Each bar represents the average coefficient of
determination for each source of temporal variation (daily or seasonal) and spatial
scales (leaf, canopy and ecosystem). Different letters indicate significant differences
(p < 0.05). Error bars represent the standard errors, and the numbers of reported

correlations are shown in brackets.

3.4. RUE-PRI Relationships Across Scales
We calculated the mean R? between RUE and PRI at short daily and long seasonal

scales from foliar to ecosystemic levels (Figure 9). All correlations were strong across
spatiotemporal scales, with the mean R? ranging between 0.45 and 0.66. Mean R? values
at daily timescales were similar to those in Figure 10 in Garbusky et al. [20] at foliar
and canopy levels. The mean R? values at seasonal scales, however, were 20% and 7%
higher for foliar and canopy levels, respectively, than those in Figure 10 in Garbusky
et al. [20]. Also, the mean R?was higher for seasonal than diurnal relationships at the
canopy scale. Forty relationships linked changes in RUE with PRI at the ecosystemic
level, which was the second largest number of relationships, with a standard error of
0.04. Thirty-four of these relationships were reported after 2010. Daily PRI was thus
better correlated with RUE at the foliar than the canopy level, whereas seasonal PRI

tracked the changes in RUE better at the canopy than the foliar and ecosystemic levels.
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4. Improvements in PRI Implementation

As stated above, a series of factors hinder the interpretation of PRI and its capacity to
detect RUE from foliar to ecosystemic levels and at different temporal scales. The
minimization and avoidance of these influences on PRI variation has thus become an
urgent problem given its significance in the study of global carbon fixation. Improving
the accuracy of PRI interpretation and particularly its application to long-term and
global carbon uptake will require: (1) employing different kinds of instruments and
models, from ground-based to space-borne satellite sensors; (2) choosing reference
bands for PRI calculation (Table 2) and (3) combining other parameters and generating
PRI models.

4.1. Instruments

Various instruments have been used for obtaining PRI in addition to the traditional
ground-based spectroradiometer. A PRI imaging system was developed using a low-
cost CCD camera and band-pass filters (530 and 570 nm) to non-destructively evaluate
micropropagated plantlets, and has been successfully tested in cultured plantlets and
from outside the culture wvessels [89,140]. An automated multi-angular
spectroradiometer (AMSPEC I and 1l system) [4] was designed and CHRIS/PROBA
was used [71,90,151,154] for instantaneously measuring the spectra of a canopy at
multiple detection angles along the tracking path, and for illustrating the effect of
canopy structure and detection geometry at various spatial scales. CHRIS/PROBA,
however, can only provide a very limited spatial coverage, which inhibits the
monitoring of multiple-angular PRI at regional and global scales [154]. A temperature-
controlled spectrometric system was also designed to collect high resolution spectral
data to detect the diurnal and seasonal variation of RUE and fluorescence [137]. Other
instruments, such as a simple filtered photodiode (QuadPod) [155], a low-cost
spectroscopic instrumentation (PRiAnalyze) [130] and an automated PRI sensor with
upward- and downward-facing sensors [76], were developed to explore the
environmental and physiological constraints on photosynthesis and to improve remote-

sensing studies of carbon uptake.
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Table 2. PRI formulations for assessing RUE or net CO> uptake.

Formulation

References

Gamon et al. [18]

Original PRI=(R531 —R570)/(R531 + R570) Pefiuelas et al. [19]
PRI586 = (R531 — R586)/(R531 + R586) Panigada et al. [148]
Calderén et al. [101]
PRI515 = (R531 — R515)/(R531 + R515) Hernmﬁieszs'igilzrt‘flm[el §t6311'55)6]9’“7]
PRI512 =(R531 — R512)/(R531 + R512) Stagakis et al. [126]
Zarco-Tejada et al. [120]
PRI = (R525 — R570)/(R525 + R570)
PRI = (R539 — R570)/(R539 + R570) Stagakis et al. [60,132]
PRI = (R545 — R570)/(R545 + R570) Porcar-Castell et al. [72]
PRI = (R532 — R701)/(R532 + R701)
Different
bands PRI551 = (R531 — R551)/(R531 + R551) .
PRI5S55 = (R531 — R555)/(R531 + R555) (Simffl‘l’;tségll\itggl[sl ii]n i)
PRI645 = (R531 — R645)/(R531 + R645)
PRI667 = (R531 — R667)/(R531 + R667)
Garbulsky et al. [28] (MODIS)
PRI=(Bandl1 — Band1)/(Band11 + Band1) Guarini et al. [25] (MODIS)
PRI = (Band11 — Band12)/(Band11 + Band12) Moreno et al. [31] (MODIS)
PRI = (Band11 — Band13)/(Band11 + Band13) Sims et al. [134] (MODIS)
Vicca et al. [135] (MODIS)
PRI600 = (R531 — R602)/(R531 + R602) -
PRI670 = (R531 — R668)/(R531 + R668) Rossini et al. [150]
APRI = cPRI — PRI
(cPRI is dark-state PRI) Gamon and Berry [67]
_ _ Soudani et al. [123]
PRIc =PRI~ PRIO Hmimina et al. [86,107]
Ainsworth et al. [115]
Different _ Guarini et al. [25]
formulations PRIs = (PRI + 1)/2 Rossini et al. [129]
Wu et al. [109]
APRI = PRImidday — PRIpre-dawn Ripullone et al. [30]
APRI = PRI — PRIger :
(PRIRer is the minimum PRI near midday) Liuetal.[110]
PRInorm = PRI/(RDVI x R700/R670) Zarco-Tejada et al. [75]
. Garrity et al. [105]
(NDVI S}glgfoﬁjggllng% and CI) Rossini et al. [129,136]
i > > Hernandez-Clemente et al. [117]
4 Hall et al. [151]
APRIAGs Hilker et al. [4,71]
CPRI =PRI — (0.645 x In(mNDVI705) + 0.0688) Rahimzadeh-Bajgiran et al. [88]
Combination
: PRIz; = (R550 — R531)/(R550 — R570)
Wilg(lﬁ(;teh:r PRIz: = (R531 — R570)/(2R550 — R531 — R570) Wu etal. [109]

sPRI=0.15 x (1 —exp (—0.5 x LAI)) — 0.2

rPRI =PRI — sPRI

Wu et al. [124]

SIF

Cheng et al. [81]
Rossini et al. [129]

VPD

Nakaji et al. [77]

fAPAR estimated as MTCI

Rossini et al. [136] (MODIS)

PRIn = PRI — PRIO
sPRIn = (1 + PRIn)/2

Vicca et al. [135] (MODIS)

Chapter 1-35



The photochemical reflectance index (PRI) and radiation use efficiency

4.2. Modeling

Models of radiative transfer have been applied to explore the changes in PRI influenced
by a variety of detection geometries, illumination conditions and canopy structures in
conjunction with in situ measurements [4, 31, 69, 75, 82, 83, 109, 117, 128, 133, 151,
154]. The accuracy of the simulated PRI from ACRM (A Markov chain Analytical two-
layer Canopy Reflectance Model) was affected by canopy structural change and thus
led to inaccurate estimates of RUE and GPP [83]. Empirical regression models were
effectively used to assess PRI and ecophysiological variation [87,109,113,124].
Devising a valid model is therefore important for accurately estimating PRI and

providing a continuous assessment of GPP.

4.3. Different Formulations of PRI

The application of the xanthophyllic cycle and different reference bands has been
discussed extensively for better understanding PRI (Table 2). Porcar-Castell et al. [72]
used PRI calculated as (R545 — R570)/(R545 + R570), which has been associated with
the rapidly conformational changes contributing to protonation in key proteins in the
thylakoid membrane during reversible NPQ and has improved the correlations between
NPQ and PRI, especially during early spring decoupling in conifers. A combination of
a vegetation index of the xanthophyllic de-epoxidation band (531 nm) with a band
associated with chlorophyllic content (701 nm from CHRIS) performed better than PRI
for estimating seasonal RUE from the backscatter direction [60]. PR1515 (or PRI512)
has recently been proposed to minimize the effects of canopy structure under different
stresses [69,101,117,120,126] but was not significantly correlated with GPP for an
olive orchard [149] and performed slightly weaker than PRI for crops under water stress
[148,150]. Panigada et al. [148] reported that PRI570 and PRI586 correlated with
AF/Fm' (R?> = 0.49 and 0.51, respectively) for cereal crops under water stress better than
other PRIs based on different reference wavelengths. Additionally, PRIs based on green
reference bands at 555 and 551 nm correlated mostly with RUE, and PRIs based on
reference bands at 645 and 667 nm correlated better with the leaf chlorophyllic
concentration than with RUE [136].
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The first derivative of PRI with respect to shadow fractions viewed by the sensor
(APRIAos ! or PRI’) was developed to alleviate the impacts of vegetation structure and
radiometric properties on the basis of a multi-angular observation algorithm, which has
been used to infer RUE across different biomes [4,71,151,154]. The proposed PRI’
technique, however, was probably not applicable to infer RUE for canopies with
reduced variability in shadow fractions as noted by Hilker et al. [71]. Gamon and Berry
[67] showed that a combination of dark-state sampling (cPRI) and dark-to-light
conversion (APRI) could experimentally isolate the two (constitutive and facultative)
effects on PRI in situ without extensive destructive sampling, which could help to
interpret the variation in the PRI signal from remote platforms. Differences in canopy
PRI (APRI) from the minimum reference PRI near midday [110] were similarly applied
and improved the correlations between RUE and PRI (R? = 0.24 for PRI and 0.5 for
APRI). Differences in foliar PRI (APRI, dawn PRI minus midday PRI) [30] improved
the correlation with the maximum photosynthetic rate (R? = 0.21 for PRI and 0.44 for
APRI). Some studies also reported the use of scaled PRI (sPRI = (PRI + 1)/2) to avoid
negative values and for comparable analysis [25,115,129,135].

A corrected PRI (PRIc = PRI — PRIO0), after subtracting an estimated PRIO defined
as PRI of perfectly dark-adapted leaves, correlated well with RUE at diurnal [86],
seasonal [86,123] and inter-annual scales [123]. This approach considered the impacts
of changes in canopy structure and pigments, which greatly improved the correlations
between PRI and RUE (Figure 10a) with a increment of R2 by 71% and 92% at the
foliar level in oak and beech, respectively [86], and by 22% for a deciduous broadleaved
forest [123]. The correlation between PRI and RUE, however, was not improved by
correcting with PRIO for an evergreen forest, because PRIO varied little across the
season [123]. Hmimina et al. [107] developed an accurate deconvolution model for
further improving PRIO and PRIc to identify the influences of pigment and
physiological changes on PRI variation and improved the correlation with RUE from
an exponential correlation of 0.66 to a highly significant linear correlation of 0.93.
Vicca et al. [135] similarly applied PRIc (method from Soudani et al. [123]) using
MODIS data, successfully removed the impact of pigment and illumination and
detected the severe drought and GPP variation for a deciduous broadleaved forest that
was not detected by EVI. Wu et al. [109] also revised PRI by introducing the optical

signal of chlorophyllic content at 550 nm to decrease the effect of the sizes of pigment
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pools; two revised indices, PRIr1 = (R550 — R531)/(R550 — R570) and PRIr. = (R531
— R570)/(2R550 — R531 — R570), correlated better with RUE, particularly during
senescence when chlorophyllic content and LAl were low (R? = 0.57 and 0.59 for PRIgrs
and PRIgz, respectively; R? = 0.20 for PRI). The residual PRI (rPRI = PRI — sPRI),
which removed the structural-related signal in PRI (sPRI) as a function of LAI,
increased by 42% the correlation in the estimation of RUE over PRI [124]. In other
studies, the calibrated PRI (CPRI = PRI — (0.645 x In(mNDV1705) + 0.0688)) adjusted
the effects of the pigments and improved the correlation between PRI and NPQ [88].
PRI calculated as PRInorm = PRI/(RDVI x R700/R670) (RDVI, Renormalized
Difference Vegetation Index [156]) which normalizes for decreases in chlorophyllic
content and canopy leaf area induced by stress was better correlated with stomatal
conductance, water potential and pigment content and detected water stress better than
the standard PRI [75].

4.4. Combining with Other Parameters to Evaluate Carbon Fixation

Combining PRI with other vegetation indices (VIs) was a promising approach in the
review by Garbulsky et al. [20] to improve the detection of carbon uptake. The
conventional and widely used RUE model expresses GPP as the product of APAR and
RUE. PRI is a proxy of RUE, so some VIs (e.g., normalized difference spectral indices
(NDSI), NDVI, the MERIS terrestrial chlorophyll index (MTCI) and EVI) correlate
well with the fraction of APAR (fAPAR) [10,14-17,20,24,129,136]. GPP can thus be
efficiently assessed with the combination of MODIS Vs and PRI, and the correlations
were 22%—77% higher than with PRI (Figure 10c) [136]. Estimation of seasonal GPP
based on MTCl-related fAPAR and PRI-related RUE (PRI551, MODIS band 4 as the
reference band) modeled a subalpine grassland best (R? = 0.90) [136].

SIF, another photoprotective mechanism successfully sensed from space, is also an
indicator of vegetation function and is used for carbon modeling [157,158]. The
combination of SIF with PRI is strongly correlated with RUE and GPP for crops (Figure
10b,c). Combining PRI and SIF in a linear regression model improved GPP estimation
for a cornfield (R? = 0.8 for SIF at red band and 0.78 for SIF at far-red band, Figure
10c) [81]. Gross ecosystemic productivity (GEP) for a rice crop was best estimated
based on APAR as a function of steady-state SIF computed at 760 nm (SIF(far-red))
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and on RUE as a function of sPRI (Figure 10c) [129], which was the first study that
modeled seasonal courses of GEP based on measurements of remotely sensing
fluorescence. Nakaji et al. [77] demonstrated that the accuracy of estimating RUE
(Figure 10b) and the estimation error were improved for an evergreen tropical rainforest
by applying a regression model using PRI and VPD, probably due to the influence of

the water conditions on unseasonal variation in RUE.
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Figure 10. Comparison of the relationships between RUE/GPP vs. PRI and RUE/GPP
vs. improved/combined PRI. (a) PRIc was used for Q. robur and F. sylvatica [86], a
mixed canopy of Q. robur, F. sylvatica and P. sylvestris [107] and a deciduous
broadleaved forest [123]; PRIr: and PRIr2 were used for 7. aestivum [109] and rPRI for
T. aestivum (mixed non-linear model, rPRI = PRI — (0.15 x (1 — exp(—0.5 x LAI)) —
0.2)) [124]; (b) Tracking RUE combining PRI with SIF (red) or SIF (far-red) yield in Z.
mays (RUE =a+ Db x PRI + ¢ x SIF +d x PRI x SIF) [81] and with VPD in a dipterocarp
forest (RUE =0.153 x PRI—0.00067 x VPD +0.029) [77]; (c) Tracking GPP combining
PRI with SIF (red) or SIF (far-red) in Z. mays (GPP =a+ b x PRI + ¢ x SIF + d x PRI
x SIF) [81], with NDSI (GPP = (a0 x sPRI + al) x (a2 x NDSI + a3) x PARI, sPRI = (1
+ PRI1)/2) and SIF (far-red, GPP = (a0 x sPRI + al) x (a2 x SIF + a3), sPRI = (1 +
PRI)/2) in O. sativa [129] and with VI (MTCI, NDVI and EVI) and In(PAR) (GPP =
(@0 x PRI + b0) x (a x VI + b) x In(PAR)) [136] in a subalpine grassland.
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5. Discussion

The factors affecting PRI variation at different spatiotemporal scales were reviewed in
this study based on the most recent publications in which PRI has received increasing
attention and on the previous publications reviewed by Garbulsky et al. [20]. Our more
than 20 years’ analysis shows that diurnal changes in PRI were strongly correlated with
EPS at both the foliar and canopy levels (Figures 1 and 5) across more vegetation
species than those reported in the first study reviewed by Garbulsky et al. [20].
Interestingly, the relationships of seasonal PRI with Chl/Car ratios were stronger than
with EPS at both foliar and canopy levels for different species (Figures 1 and 3). Such
results indicate the significant impacts of xanthophyll-cycle pigments on short-term
changes of PRI, and chlorophyll and carotenoid pool sizes on long-term changes of
PRI, in accordance with the reported studies by Wong and Gamon [54,55]. Our analysis
thus further supports that taking into account the changes in chlorophyll and carotenoid
pool sizes is critical for PRI interpretation on long timescales. Our summarized
correlations between PRI and ecophysiological variables linked to RUE (Figures 1-8)
show that PRI is a good proxy of photosynthetic efficiency at foliar, canopy and
ecosystemic levels. The mean R? values between PRI and RUE at diurnal and seasonal
scales from foliar to ecosystemic levels in this study (Figure 9) were even higher than
in the first study reviewed by Garbulsky et al. [20]. Further, the significant relationships
of PRI with water status (relative water content (RWC) and water potential) suggest

that PRI also could be appropriate for water stress assessment.

Nevertheless, the factors complicating PRI interpretation still hinder the use of
generalized PRI-RUE relationships. Our summarized review of improvements in PRI
implementation found, however, that key factors driving PRI variation, such as the sizes
of pigment pools and canopy structure could be minimized or avoided in part to make
PRI an efficient indicator of RUE. Such improvement could be possible through
subtracting the dark-adapted PRI and introducing the optical signal of pigment pools or
the structural-related signal. Moreover, our analysis also showed that combining RUE-
related PRI with APAR-related greenness biomass indices (e.g., NDVI, MTCl and EVI;
Table 2) efficiently explores GPP (Figure 10), as expected in the previous review by

Garbulsky et al. [20]. On the other hand, most reported publications focused on
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broadleaf and herbaceous and crops during last two decades (Table 1), so expanding

the study to a wide range of plant functional types is necessary.

The strong correlations of PRI with actual photochemical efficiency, especially
with RUE and net CO uptake across different plant functional types and spatiotemporal
scales, indicate the possibility of assessing photosynthetic activity at larger scales.
Besides, MODIS PRI has been increasingly and successfully used to assess ecosystemic
RUE, allowing us to expect a PRI product in platforms such as the commonly used
NDVI.

6. Conclusions and Perspectives

The mechanisms involved in PRI variation can be complex due to varying spatial and
temporal scales. Many physical, biochemical and physiological factors can affect
diurnal and seasonal PRI patterns at foliar, canopy and ecosystemic levels. Most of the
variation of PRI when scaling up from diurnal to seasonal measurements is likely due
to the changes in the size of the constitutive pigment pools other than facultative
xanthophyllic de-epoxidation [54,55,67]. Other physical or external factors, such as
illumination, temperature or water stress, soil background, disease and low nitrogen
levels, have the potential to produce biochemical and physiological changes that can
also generate PRI wvariation. The structural properties of canopies and the
solar/spectrometric (or satellite) directions of detection at the canopy and ecosystemic
levels are also important factors that contribute to changes in PRI. Our analysis,
however, also indicated that PRI was often significantly correlated with
ecophysiological variables and RUE. R? values between PRI and RUE ranged between
0.41 and 0.66 (Figure 9), even higher than in the first studies reviewed by Garbulsky et
al. [20]. In particular, PRI was a good indicator of diurnal changes in RUE and a good

proxy of seasonal changes in photosynthetic efficiency at different spatial scales.

Our understanding of the ecophysiological mechanisms of PRI variation and the
implementation of PRI, particularly for assessing carbon uptake, have progressed.
Further, other photoprotective mechanisms, for example chloroplast avoidance
movement, have been proposed to have an effect on light-induced optical changes
related to zeaxanthin formation [159] that probably also play a role in the PRI variation.
Such influences on PRI variation should be further analyzed. The correlations between
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PRI and RUE have been greatly improved by decreasing the impact of the canopy
structure and the sizes of the pigment pools. These impacts can be decreased by
subtracting the dark-adapted PRI to minimize the influence of the canopy structure and
the pigment pools and by introducing the optical signal of the pigment pools or the
structural-related signal. GPP, though, can be better assessed by combining the RUE-
related PRI with APAR-related greenness indices, thus using the approach of the RUE
model. Combining SIF with PRI is another promising opportunity for interpreting RUE
and monitoring GPP from local to regional scales.

Studies of the optical remote sensing of RUE, especially using PRI to estimate or
model RUE, have focused mainly on temperate forests and grassland, with limited
studies of tropical forests. More attention should thus be paid to the assessment of RUE
and GPP using PRI for different species, especially for tropical forests. We should also
further explore the PRI mechanisms across vegetation types and at various spatial and
temporal scales. Unmanned aerial vehicles (UAVSs) with various multispectral cameras
can increasingly provide an exciting opportunity to obtain canopy PRI and also SIF
with high spatiotemporal resolution [74,75,149,160], which could be very beneficial
for our understanding of the variation in canopy PRI. Our results indicate that corrected
PRI (PRIc) proposed by Soudani et al. [123] is an outstanding improved PRI, which
could be a promising proxy of RUE and is warranted to be tested over a wide range of
species and spatiotemporal scales. Furthermore, PRIc was successfully obtained from
MODIS and tracked the severe drought episode and GPP variation. Thus, we advocate
efforts to produce a PRI product in platforms (e.g., MODIS PRI) as existing MODIS
NDVI/EVI products. Additionally, PRI coupled with SIF or indices of greenness
biomass is a promising approach to build an integrated and robust model of remotely
sensed carbon uptake. We can attempt to combine PRI corrected or calibrated by the
most influential factors (e.g., pigment pool sizes and structural changes) with SIF or
other greenness indices to establish a generalized global model of carbon uptake. The
satellite data from MODIS and GOME (Global Ozone Monitoring Experiment) provide
potential regional and global calculations of PRI. The Sentinel program [161] of the
ESA (European Space Agency), the new hyperspectral instruments built by the DLR
(German Aerospace Center), such as EnMAP (Environmental Mapping and Analysis
Program [162]) or DESIS (Earth Sensing Imaging Spectrometer [163]) on board the

ISS (International Space Station), as well as the forthcoming missions built by NASA
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(National Aeronautics and Space Administration), such as the HyspIRI (Hyperspectral
Infrared Imager [164]) or the EIS (Europa Imaging System [165]) allow space-based
calculation of the PRI and estimation of the RUE at a higher spatial resolution.
Incorporating satellite data with over 685 eddy covariance flux sites (FLUXNET [166])
even further enhances the global continuous and accurate monitoring of carbon uptake

by terrestrial ecosystems.
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Abstract

The spring recovery of photosynthesis in evergreen trees generates multiple optical cues
that can be measured from a distance. A few studies have previously assessed seasonal
relationships between optical signals and photosynthesis, but no study has so far
considered the seasonal dynamics between leaf spectral fluorescence and
photosynthesis. We conducted a high temporal resolution measurement campaign to
explore the efficacy of spectral fluorescence and other optical signals in detecting
photosynthetic seasonality during the spring recovery of boreal Scots pine under field
conditions.

We measured both PAM and spectral chlorophyll fluorescence, photochemical
reflectance (PRI), water index (WI), normalized difference vegetation index (NDVI),
modified NDVI (NDVlIros), photosynthetic efficiency, water content (WC), and
chlorophyll and carotenoid contents over boreal evergreen conifer needles during
spring recovery .

All wavelengths of the leaf-level fluorescence spectra, from 670 to 800 nm were
strongly correlated with photosynthetic seasonality. In addition, PRI and WI
significantly captured the photosynthetic reactivation in Scots pine needles.

The mechanisms regulating the above relationships were different, NPQ
controlled spectral fluorescence, carotenoid content regulated PRI, and the WI tracked
WC. We suggest that the combination of different indices that simultaneously capture
multiple physiological processes provides a robust and multi-faceted method to track

photosynthesis dynamics.

Key words: spring recovery, photosynthesis, spectral fluorescence, photochemical

reflectance index (PRI), water index (WI), carotenoid, seasonality
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1. Introduction

The seasonality of photosynthesis plays a key role in regulating climate-vegetation-
carbon cycle feedbacks (Forkel et al., 2016). Over the past few decades, climate change
associated shifts towards earlier timing of spring recovery of photosynthesis (Pefiuelas &
Filella, 2001) have been detected both in continental Europe (Menzel & Fabian, 1999; Fu
etal.,2014) and at more northerly latitudes (Buermann et al., 2013; Wang et al., 2015)

which may have important consequences for the afore mentioned feedback cycle.

In boreal regions, increasing temperatures during the winter to spring transition
period stimulate the intrinsic photosynthetic apparatus and trigger seasonal
photosynthetic reactivation (Oquist & Huner, 2003; Ensminger et al., 2004, 2008;
Verhoeven, 2014). However unlike deciduous trees, spring development of
photosynthetic activity in evergreen vegetation, which accounts for ¢.16% of the whole
land surface (Bartholomé & Belward, 2005), is difficult to detect at large spatial scales.
Consequently quantifying the photosynthetic reactivation of boreal evergreen ecosystems
during spring, and in response to ongoing climate fluctuations, remains a challenging

issue for ecophysiology, climate change and global biogeochemical research.

Vegetation indices (VIs) such as normalized difference vegetation index (NDVI),
have been extensively applied for detecting vegetation green biomass, and utilised to
estimate photosynthetic carbon assimilation dynamics at the ecosystem, landscape and
regional levels (Bannari et al., 1995; Huete et al., 2002; Buermann et al., 2013). These
VIs generally exploit the contrast between chlorophyll absorption in the red and foliar
structure scattering in the near-infrared (Tucker, 1979). However, due to the fact that the
NDVI is a rather (spectrally) insensitive proxy for broadband light absorption by
chlorophyll, this index is a poor indicator of photosynthetic dynamics caused by the rapid
alterations taking place in the photosynthetic machinery during seasonal transition

periods (Garbulsky et al., 2011).

An alternative VI, the photochemical reflectance index (PRI, Gamon et al., 1992;
Pefiuelas et al., 1995), has been shown to correlate with the rapid adjustments in
photosynthetic performance across a wide range of species and scales, including boreal
evergreens (Garbulsky et al., 2011; Porcar-Castell et al., 2012; Wong & Gamon, 2015a;
Zhang et al., 2016; Ulsig et al., 2017). The PRI is a good indicator of the short- (Gamon
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et al., 1992; Penuelas et al., 1995) and long-term (Garbulsky er al., 2008; Nyongesah et
al., 2016) changes of photosynthetic radiation-use efficiency (RUE), and responses to
carotenoid/chlorophyll ratio (Filella et al., 2009; Porcar-Castell et al., 2012; Wong &
Gamon, 2015b) and xanthophyll pigments (Gamon et al., 1992; Pefiuelas et al., 1994;
Filella ez al., 2009; Porcar-Castell ez al., 2012). It is xanthophyll pigments that participate
in the thermal dissipation of excess light (a process known as non-photochemical
quenching, NPQ), and also act as scavengers of reactive oxygen species (Demmig-Adams

& Adams, 2006; Jahns & Holzwarth, 2012).

Temporal dynamics in the concentration of carotenoids, particularly xanthophyll
pigments, are tightly coupled to photosynthetic dynamics (Demmig-Adams & Adams,
2006), especially in overwintering evergreens (Oquist & Huner, 2003; Verhoeven, 2014;
Wong & Gamon, 2015a,b). Seasonal changes of pigment pool sizes also strongly
influence spectral reflectance dynamics captured by PRI (Busch et al., 2009; Zhang et al.,
2016), and have been recently demonstrated to be the driving factor of PRI long-term
variations in evergreen conifers (Porcar-Castell ef al., 2012; Wong & Gamon, 2015a,b).
The PRI can therefore provide a potential optical window into the seasonal dynamics of

photosynthesis (Garbulsky et al., 2011; Zhang et al., 2016).

In contrast to VIs, which are largely related to foliage pigment contents, the emission
of chlorophyll a fluorescence (ChlF) is controlled both by the amount of foliar chlorophyll
as well as by the instantaneous photosynthetic performance of the leaves (see review by
(Porcar-Castell et al., 2014). ChlIF is therefore a highly sensitive optical measure of
photosynthetic activity and have been extensively used in plant science to study the
structural, functioning and environmental regulation of the photosynthetic apparatus
(Krause & Weis, 1991; Govindjee, 1995; Ensminger et al., 2006; Porcar-Castell et al.,
2014). The technique is now being widely adopted by the remote sensing community via
measuring passive solar-induced chlorophyll fluorescence (SIF) from towers, drones,
aircraft and satellites in an attempt to obtain remote information on photosynthesis
dynamics (Guanter et al., 2012, 2014; Zarco-Tejada et al., 2013; Drolet et al., 2014;
Porcar-Castell et al., 2015). Despite the small contribution of the fluorescence emission
to the total radiation reflected from vegetation, SIF can be measured using the Fraunhofer
Line Depth technique, where fluorescence is retrieved within narrow, dark and discrete

bands generated by solar or telluric absorption (Meroni et al., 2009).
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Importantly, and in contrast to the traditional pulse-amplitude modulated (PAM)
fluorescence which is registered over a broad spectral range, SIF is acquired within
narrow and discrete bands and therefore the information content might differ depending
on wavelengths. For example, red/far-red ChlF ratios (e.g. Feoo/F735 or Feoo/F740) have
been used as a non-destructive proxy to assess changes in chlorophyll content of leaves
(Hak et al., 1990; Lichtenthaler er al., 1990; D’ Ambrosio et al., 1992; Buschmann &
Lichtenthaler, 1998; Buschmann, 2007), given that increasing chlorophyll contents result

in enhanced reabsorption of red ChlIF within the leaf relative to far-red fluorescence.

Evidence that supports the use of SIF as a remote proxy of vegetation photosynthetic
dynamics is rapidly accumulating (Frankenberg et al., 2011; Zarco-Tejada et al., 2013;
Guanter et al., 2014; Pinto et al., 2016; Verrelst et al., 2016), including the case of boreal
evergreens (Walther et al., 2016). However the relationship between the leaf spectral
properties of the fluorescence signal and photosynthesis, and the physiological processes
that underline this relationship have not yet been characterized at the seasonal scale for
evergreen vegetation. The intensity and spectral properties of the fluorescence emission
are expected to respond to changes in pigment contents, photosystem I (PSI) and PSII
stoichiometry, and the overall seasonal regulation of photosynthesis (Buschmann &
Lichtenthaler, 1998; Porcar-Castell et al., 2014; Van Wittenberghe et al., 2015; Atherton
et al., 2016). This raises the questions: are all fluorescence wavelengths equally capable
of conveying the seasonal signal of the spring recovery of photosynthesis? Are there any
seasonal processes interfering with these relationships at the leaf level and for a particular
wavelength? The spring photosynthetic recovery is the ideal time to investigate these
issues, during which the evergreen plants progress from the winter down-regulated state

to the photosynthetically active summer state.

During the spring recovery, increases in water loss can occur due to the reopening
of stomata, which were previously closed during winter to mitigate water deficit during
freezing conditions (Tranquillini, 1982). Hence foliage water availability further affects
the photosynthetic regulation of overwintering evergreen (Oquist & Huner, 2003). One
of the optical indices that can quantify plant water content (WC) is the water index (WI),
which is based on the near infra-red water absorption at 970 nm waveband (Pefuelas et
al., 1993). The WI has been found to be highly correlated with WC, leaf water potential

and stomatal conductance (Penuelas et al., 1993, 1997, Serrano et al., 2010; Osorio et al.,

Chapter 2-59



Optical cues and photosynthetic recovery of overwintering evergreen needles

2012; Marino et al., 2014). Since the water status affects photosynthetic capacity, recent
studies have indirectly estimated photosynthesis using canopy WI in rice (Inoue et al.,
2008) and an olive orchard (Marino et al., 2014). In boreal evergreens, however, the
applicability of WI for assessing plant water status and the seasonality of the leaf-scale

WI in conjunction to photosynthesis are poorly understood.

Seasonal changes in photosynthetic capacity of evergreen foliage typically result
from the interplay of multiple and concomitant biochemical, structural and physiological
adjustments operating at the photosystem, leat and whole-plant level, such as changes in
the membrane fluidity (Vogg et al., 1998; Los et al., 2013), structural rearrangement of
the light harvesting antennae (Ottander et al., 1995; Oquist & Huner, 2003; Verhoeven,
2014), changes in the contents of photosynthetic and photoprotective pigments (Oquist &
Huner, 2003; Ensminger et al., 2004; Porcar-Castell et al., 2008), or the reactivation of
plant water relations (Tranquillini, 1982; Treydte er al., 2014; Vanhatalo et al., 2015).
Furthermore, the relative role of each of the above processes might depend on the
environmental conditions, type of stresses, or species. Assessing the performance of
different optical proxies and dissecting the processes that control the relationships calls

for comprehensive and high temporal resolution measurements.

The goal of this study was to characterize the optical cues of the spring recovery of
photosynthesis in boreal Scots pine needles with an emphasis on spectral fluorescence.
We combined long-term and in situ monitoring measurements with high frequency
laboratory measurements to compare the seasonal relationships between NDVI, NDVI7os,
PRI, WI, PAM fluorescence, spectral fluorescence, and photosynthesis; and to identify
and discuss the underlying mechanisms. In particular, we investigated the information
content of different fluorescence wavelengths for tracking dynamics of foliar

photosynthetic seasonality.

2. Materials and methods

2.1. Study site and field sampling protocol
Measurements were conducted at SMEAR-II (Station for Measuring Forest Ecosystem-

Atmosphere Relations, Hari & Kulmala, 2005), Hyytidld Forestry Field Station of the
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University of Helsinki (61°51'N, 24°17°E) at 181 m a. s. 1. on southern Finland. The

dominant stand is a 52-year old (in 2015) Scots pine (Pinus sylvestris L.).

The measurements were carried out between 24 February and 20 July 2015 in five
Scots pine trees. Five top branches per tree were selected and accessed using scaffolding
towers. Last cohort of needles (developed in summer 2014) were used in the study.
Needles were collected before 10 AM and immediately frozen in liquid nitrogen or
brought to the nearby lab for measurements. Measurements took place at variable
frequency (from 2-3 days for the critical recovery period (March 3 to May 21), to 3 weeks
for the reference winter (February 24) and summer periods (May 26 to July 20)). We
measured a total of 30 points in time. One set of needles was used for biochemical analysis.
Another set was separated into two portions and used for reflectance, maximum
photochemical efficiency of PSII (Fv/Fwm), spectral fluorescence (F, A is the wavelength
in nanometres) and leaf water content (WC) measurements. In each sampling day we also
measured the Fv/Fum under field conditions using same fluorometer with laboratory
measurement. In addition, chlorophyll fluorescence (ChlF) and shoot-level
photosynthetic gas exchange were continuously measured in a few of the same pine trees

in towers. For a schematic of the sampling and measurement protocol see Figure 1.
2.2. Environmental and gas exchange monitoring

Air temperature (°C) (Pt100 sensor) at treetop height and photosynthetically active
radiation (PAR, pmol m2s™) (Li-190SZ quantum sensor, Li-Cor Inc., Lincoln, NE, USA)
above the forest were monitored at 1 min intervals from sensors placed in a tall mast. The
CO; exchange of the shoots was measured in unshaded conditions at the top of the canopy
with a dynamic chamber system (Li-840, Li-Cor Inc., Lincoln, NE, USA) that was
operated automatically (see e.g. Aalto et al., 2014) for a detailed description of the system)
and closed intermittently 30-60 times a day with a record of every 5 seconds. The
chambers were opened most of the time exposing the studied shoots to the ambient
conditions. The fluxes were calculated from the gas concentration change in the chambers
during the first 40 s of the closure (Kolari ez al., 2012). The shoots were debudded prior
to chamber installation to prevent new growth during the study period. Only one needle
age class (2014 cohort) was installed inside the chambers; after completing the
measurements, the needles areas were measured. Maximum four chambers were in use
simultaneously during the study period from February 24 to July 20 in 2015.
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Figure 1. Scheme of the sampling protocol. One set of needles sampled from the tower
was synchronously put into the liquid nitrogen container within the cryotubes to keep
needles fresh and was used for further biochemical measurements. Another set was
separated in two in the laboratory, one portion was immediately used to measure fresh
weight for later water content estimation, followed by reflectance and dark acclimation
for 1 hour prior to measurements of maximum photochemical efficiency of PSII (Fv/Fm),
and then dry weight was measured. The other was used to construct a mat of needles and
dark acclimated for at least 1 hour in order to measure spectral fluorescence. Before
collecting needles, we also clipped the needles for dark acclimation for at least 1 h in the
same branches in the tower (field) to further measure Fv/Fum under field conditions using
FMS-2. Examples of the averaged fluorescence spectrum between 660 and 800 nm (a)
and reflectance (b) from five trees are shown in the figure panels which were measured
on May 18 in 2015. The numbers in the brackets indicate the order of measurements in

time.

Two photosynthetic parameters were estimated in 3-day time window: (1) 8 (m s™),
the photosynthetic efficiency in the optimal stomatal control model (Hari ez al., 1986; see

also Kolari et al., 2007). The parameter is essentially the rate of light-saturated
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photosynthesis per unit inter-cellular CO; concentration. The model also incorporates
responses of stomatal control and photosynthesis to temperature, CO> and vapour
pressure deficit; (2) a (umol CO2/umol PAR), the slope of linear function fitted to the
photosynthetic light response with low incident PAR (<300 pmol m? s!) before noon
(Kolari et al., 2014). For statistical analyses we normalized the time series of 5 and a for
each studied shoot with the respective parameter values between May 3 and 24 when the
data were available from all chambers and then rescaled using maximum summer values.
The rescaled normalized 8 and a were later denoted Pp (the proxy of the photosynthetic
efficiency) and RUE,, (the proxy of the radiation-use efficiency (RUE)) respectively.

2.3. Leaf spectral reflectance measurements

Leaf spectral reflectance was measured using a handheld VIS-NIR field
spectroradiometer (FieldSpec, ASD-Panalytical, Boulder, CO). The spectroradiometer
covered the spectral range between 325 and 1075 nm at a sampling interval of 1 nm and
FWHM of 3.5nm (see Porcar-Castell er al., 2012; Olascoaga et al., 2014 for further
details). A dark current and subsequent white reference was firstly registered using a
calibrated Spectralon reference panel (Labsphere, North Sutton, NH). Integration times
were 544 ms, recording time for each sample was no less than 10 s, and ten replicate
spectra were recorded for each sample (five to seven needles were arranged in a tight
row). The photochemical reflectance index (PRI) was calculated as (R531-
R570)/(R531+R570) according to Gamon et al. (1992) and Pefiuelas et al. (1995), where
R indicates the reflectance and the numbers mean the wavelength in nanometres. The
normalized difference vegetation index (NDVI = (R900-R680)/(R900+R680); Tucker,
1979), modified NDVI (NDVI7s = (R750-R705)/(R750+R705); Gitelson & Merzlyak,
1994) and WI (R900/R970; Penuelas et al., 1993) were also calculated.

2 4. Leaf Spectral fluorescence Measurements

Leaf F, (mW m? sr'! nm™) was measured using a FluoWat Clip (Image Processing
Laboratory, University of Valencia, Spain) coupled to the above described spectrometer
(See Atherton et al., 2017 for further details). The fibre optic was positioned in the nadir
direction 1 cm above the sample center. A white-light LED (MJ-858, Magicshine, UK)
was used as light source which provided a PAR level of c. 1200 umol at the leaf surface
as estimated with a LiCor quantum sensor (Licor LI150-A, Li-Cor Inc., Lincoln, NE,

USA). The incidence angle of the light beam was 45°. A Barium Sulphate Lambertian
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panel (Gigahertz-Optik GmbH, Tiirkenfeld, Germany) approximately 1 mm thick was
firstly placed in the FluoWat clip and ten reference spectra were recorded. The emitted
ChIF from fully dark-acclimated needles (arranged as a needle mat see Figure 1) was
excited using the LED light source, where the red to near-infrared contribution to incident
light spectrum was negated with a 650 nm short-pass filter (Edmund Optics Ltd, UK).
The filter had an optical depth of 4 (transmittance of 0.01%) and we neglected the
transmitted component in the rejection zone. Integration times were 136 ms and 275
spectra were recorded to ensure that we reached the steady state. The last ten spectra were
averaged and used to estimate steady state Fa between 650 nm and 850 nm (Fgso0-850). To
further reduce noise, the average Fss0-850 spectrum was smoothed using a Savitzky-Golay
filter (Filter order was 2 and averaging interval was 15). Two 1 nm bands around
fluorescence emission peaks of red and far-red bands (Feoo and F740) and their ratio
(Feoo/F7a0) were utilized in the analysis as proxy for red and far-red fluorescence,

respectively.
2.5. PAM fluorescence measurements

Fv/Fm was measured in the field using a fluorescence monitoring PAM (pulse-amplitude
modulated) system (MONI-PAM, Walz GmbH, and Germany) (Porcar-Castell et al., 2008;
Porcar-Castell, 2011). The MONI-PAM system was composed of 5 independent PAM
fluorometers installed in three of the five pine trees measured in the study. The system
recorded the instantaneous fluorescence yield, the maximal fluorescence yield (Fwm),
incoming PAR, and temperature every 30 minutes. The MONI-PAM uses a blue LED to
provide both measuring light and saturating pulses (>4000 umol PAR of 0.8 s duration)
to the needles. The parameter Fv/Fym was then calculated after Genty et al. (1989) using
the night fluorescence (F,) and Fu data. We also measured Fv/Fum both in the field and in
the lab with a portable fluorometer (FMS-2, Hansatech Instruments Ltd., Norfolk, UK)
to facilitate the intercomparison of field and lab measurements. Dark acclimation was
always more than 1 hour. The Hansatech fluorometer uses an amber LED light to provide
measuring light to the sample and an halogen lamp for providing the saturating pulses
(>6000umol PAR of 0.8 s duration). Note that differences in the measuring light color
between Hansatech and MONI-PAM instruments mean that Fv/Fum values between
instruments should not be compared in absolute units since amber light penetrates deeper

into the leaf than blue light (Vogelmann, 1993; Vogelmann & Evans, 2002), yielding a
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different measurement footprint.
2.6. Pigment analysis

Pigment extraction and analysis followed Wellburn (Wellburn, 1994) and dimethyl
sulfoxide (DMSO; VWR Chemicals, 23500.322) were used as extractant. Between 75 to
100 mg of frozen needle samples were homogenized using bead mill (TissueLyser II
Qiagen, Germany), 4 mm stainless steel beads and 2 ml microtubes for 2 minutes at 30
Hz. 1800 ul DMSO were added to homogenate and the mixture was homogenized again
for 1 minute at 30 Hz. All samples were extracted in 40°C for 4 hours. Chlorophyll a and
b and carotenoid content were measured by spectrophotometer (Shimadzu UV- 2401 PC)

at wavelengths 480.0, 649.1 and 665.1 nm.
2.7. Leaf water content

Fresh weight (FW) of needles was measured with a precision scale immediately upon
arriving to the laboratory. When the reflectance and Fv/Fm measurements were finished,
the needles were dried in an oven at 70 °C for 48h before measuring dry weight (DW).
WC was thus calculated as: WC = (FW-DW)/FW.

2.8. Statistical analyses

Linear regression models and simple Pearson’s correlation analyses were used to assess
the relationships between optical signals and photosynthetic parameters, and the
relationships between PRI, Fi and Fv/Fum, and to explore the influences of pigment
parameters and water content on photosynthetic efficiency and optical signals during
spring recovery period. The significance of the statistical models was tested at probability
levels p<0.05, p<0.01, and p<0.001. We also used Principal Component Analysis (PCA)
to evaluate the temporal variability and (wavelength) correlation occurring in the spectral
measurements. We ran PCA separately on time series of (1) the reflectance data-set and
(2) the F; data-set using R function ‘prcomp’. Spectral data were centred and the noisy
spectral ends clipped prior to the analyses. All the analyses were conducted with R version
3.2.2 (R Core Development Team, 2015) and MatLab version R2014a (MathWorks Inc.
2014).
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3. Results

3.1. Seasonal patterns in environmental data and photosynthesis

Both temperature and photosynthetically active radiation (PAR) increased gradually from
winter to summer (Figure 2). Daily mean temperatures in February (-1.7 °C) and March
(0.6 °C) were higher by 6 and 4 °C, respectively, compared to the average for the period
1981-2010 (Pirinen et al.,2012).  Despite the relatively mild winter we registered a cold
spell on March 22 with temperatures reaching a minimum of -11.4 °C and daily mean
temperature of -5.7 °C (Figure 2). The cold spell helped us investigate the responses of
optical indices and photosynthesis to a sudden decrease in temperature. Both the
parameter Pp, a measure of maximum photosynthetic rate, estimated from the continuous
gas exchange measurements in the field, and the parameter RUE,, a measure of maximum
photosynthetic radiation-use efficiency, increased over the study period with similar
seasonal patterns (Figure 3). Both parameters were rather stable at the start of the
measuring campaign but rapidly decreased twice during March. The first decrease
affected both P, and RUE; and occurred along with a sudden increase in daily noon PAR
with temperatures around zero degrees. The second decrease affected predominantly P,

and took place during 23 March, one day after the drastic decrease in temperature.
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Figure 2. Seasonal variation in daily noon photosynthetically active radiation (PAR)
(grey line) and daily mean temperature (black line) during the course of the campaign in

2015. Sampling dates are marked with vertical dotted lines.
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Figure 3. Seasonal variation in rescaled normalized daily photosynthetic efficiency (Pp,
closed symbols) and rescaled normalized slope of linear function fitted to photosynthetic
light response with low incident PAR before noon (RUE,, open symbols) estimated from
the continuous gas exchange data in the field. Points represent means of four shoots (n =

4). Error bars represent the standard error (SE, shown only when larger than symbols).
3.2. Seasonal patterns in optical indices

Leaf spectral fluorescence (F») and maximum photochemical efficiency of PSII (Fv/Fum)
exhibited seasonal variability coincident with temperature and photosynthesis (Figure 4a,
b). Both Fgoo and F740 were relatively flat at the beginning of the campaign and started to
gradually increase from early May (Figure 4a). The fluorescence ratio (Feoo/F740) only
showed a decrease during the cold episode but exhibited no clear seasonal patterns (Figure
S1). Fv/Fm trends (Figure 4b), measured either in the field or in the lab, followed the
gradual increase in daily mean temperature and tracked remarkably well the development
of photosynthetic capacity as expressed by P, and RUE,, (Figure 3). All Fv/Fum decreased
on March 23 one day after the cold spell. The Fyv/Fm values obtained with the MONI-

PAM system where consistently lower than those obtained with the Hansatech system.

Seasonal changes in the photochemical reflectance index (PRI) (Figure 4c) were
consistent with photosynthesis, F;, and Fv/Fu (Figure 3 and Figure 4a, b). PRI values
gradually increased from winter, through spring to summer, accompanied by slight
increase from -0.1 to -0.04 during the period of February 24 to May 4 and an abrupt

increase from -0.06 in May 4 to -0.02 in May 7. In contrast, the normalized difference
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vegetation index (NDVI) and modified NDVI (NDVlI0s) had no clear seasonal patterns
(Figure 4d, e) but values suddenly decreased in March and April. The water index (WI)
presented a gradual decreasing trend throughout the study period (Figure 4f).
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Figure 4. Seasonal variations in (a) spectral fluorescence (F) at 690 and 740 nm, (b)
maximum photochemical efficiency (Fv/Fm) measured in the field using MONI-PAM and
in laboratory using FMS-2 of Scots pine shoots, (¢) photochemical reflectance index
(PRI), (d) normalized difference vegetation index (NDVI), (¢) modified NDVI (NDVI7os),
(f) water index (WI), and PC analysis of the spectral variance (g) in fluorescence emitting
wavelength from FluoWat (680-760nm) and (h) in visible and near infrared (400-1000nm)
from the Probe. Points represent means of five biological replicates (n = 5) and error bars

represent the standard error (SE, shown only when larger than symbols).
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The F» and reflectance data were also analysed using Principle Component Analysis
(PCA) to detect spectral variance over the spring recovery season. In PC analysis for Fy
(Figure S2 and Figure 4g), PC-1 explained 98.9% variance of spectra, and only those
scores were consistent with seasonal changes in Fr40 and Feoo. All the fluorescence
emitting bands contributed weighting coefficients from 0.065 to 0.159 to PC-1 with two
peaks in red (~687 nm) and far-red (~740) wavelengths (Figure S2e and Figure 4g). In
PC analysis for reflectance (Figure S3 and Figure 4h), PC-1 and PC-2 explained 87.1%
and 10.5% spectral variance respectively, and PC-3 explained just 1.03% variance.
However, only the scores in PC-3 (Figure S3¢ and Figure 4h) exhibited similar seasonal
patterns to photosynthetic parameters highlighted by significant decreases in both PC-3
and P during March (Figure 3). The strongest wavelength contributions to PC-3 occurred
at the PRI detection band (~531 nm), the red-edge band of 685 nm and 717 nm and the
WI detection band (~970 nm) (Figure S3g and Figure 4h), emphasizing that this PC

carried most of the physiological information content.
3.3. Relationships of optical indices with photosynthesis

Both Fgoo and Frs0, Fv/FmM and PRI showed highly significant correlations with
photosynthetic parameters across the entire study period (Figure 5 and Figure S4).
Particularly, Feoo, F740 and Fv/Fum explained 71-89% variation of Pp and 62-84% variation
of RUE,,. The fluorescence ratio (Feoo/F740) was uncorrelated with photosynthesis during
this critical spring recovery season (Feoo/F740 vs Pp: n=18, p=0.16; Fe90/F740 vs RUE;: n=18,
p=0.36; Figure S5). The PRI also demonstrated strong relationships with P, (Figure 5c)
and RUE, (Figure S4c). However, the photosynthetic reactivation during winter-spring
transition failed to be detected by the commonly used indices NDVI and NDVI7os
analysed in this study (NDVI vs Pp: n=29, p=0.62; NDVI vs RUE,: n=29, p=0.50;
NDVlzes vs Pp: n=29, p=0.15; NDVI;s vs RUE,: n=29, p=0.08; Figure 5d, e).
Interestingly, the W1 significantly and inversely correlated with photosynthesis (R*>0.66;
Figure 5f and Figure S4f). In PC analysis, the score-I for Fi and score-III for reflectance
were also strongly correlated with photosynthesis (R*>0.63; Figure 5g, h and Figure S4g,
h). Importantly, all F, across the range 670-800 nm were strongly correlated with
photosynthetic parameters (P, and RUE,) (R* > 0.5; Figure 6) with maximum correlations
obtained in the red (675-690nm) and far-red (730-770) regions.
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Figure 5. The relationships of optical indices in Figure 4 with rescaled normalized
photosynthetic efficiency (Pp). Points represent means of five biological replicates (n =

5). **%p<0.001.
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and rescaled normalized photosynthetic parameters (P, and RUE).

Both Fesoo and F740 were significantly correlated with Fv/Fum across the entire study
period (Figure 7a-c), and presented similar relationships with Fv/Fm measured under
natural conditions using two different fluorometers. The two main optical indices Fj and
PRI were strongly correlated with each other (Figure 7d). The PRI explained more than
85% variance of Fv/Fm measured both in the laboratory and field conditions (Figure 7e-
g). However, the relationships of NDVI and NDVIyes with Fv/Fm were not significant
(NDVI vs Fy/Fm (lab FMS-2): n=16, p=0.36; NDVI vs Fv/Fum (field FMS-2): n=19,
p=0.86; NDVI vs Fy/Fum (field MONI-PAM): n=30, p=0.31; NDVI705 vs Fv/Fm (lab FMS-
2): n=16, p=0.08; NDVI70s5 vs Fv/Fum (field FMS-2): n=16, p=0.36; NDV1I705 vs Fv/Fum
(Lab FMS-2): n=30, p=0.10; ). The Fv/Fm measured in the laboratory and in the field
were strongly correlated (Figure 7h) demonstrating that needles measured in the lab had

similar physiological status to those in the field.
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Figure 7. The relationships of spectral fluorescence (F;), maximum photochemical
efficiency (Fv/Fm) and photochemical reflectance index (PRI). In panel h, the grey line is

the 1:1 line. Points represent means of five biological replicates (n = 5). ***p<0.001.

3 4. Dynamics of leaf pigment contents and correlation with photosynthesis and optical

data

Total chlorophyll (Chl) contents remained quite stable between 1.4-1.6 ng mgDW!
throughout the study period and registered only a slight and gradual decrease until mid-
May (Figure 8a). The Chl a/b ratio was stable until mid-April and then started to increase
reaching a maximum in early June (Figure 8b). In contrast, the dynamics of total
carotenoid (Car) contents and Car/Chl ratio were different (Figure 8c, d). The Car
contents increased slightly during early spring, reaching a maximum on March 23 during
the cold spell, which was also when minimum values of P, occurred. This was followed
by a gradual decrease in Car from mid-April until the end of the measuring campaign in
summer (Figure 8c). The fluctuations in the Car/Chl ratio were somewhat muted by the
slight adjustments in Chl contents and remained rather constant from mid-March to May,

when values started to gradually decrease.
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Figure 8. Seasonal variations in (a) total chlorophyll (a+b) content, (b) chlorophyll a/b
ratio, (c) total carotenoid content, and (d) carotenoid/chlorophyll (a+b) ration of Scots
pine needles. Points represent means of five biological replicates (n=5) and error bars

represent the standard error (SE, shown only when larger than symbols).

During the entire study period, the relationships of the photosynthetic parameters
(Pp and RUE,), Fy and PRI with Car parameters (Car and Car/Chl) were highly significant
and stronger than with Chl parameters (total Chl and Chl a/b) (Table 1). The WI also
showed significant relationships with pigments, but these correlations were smaller in
magnitude than Fa and PRI with pigments. Interestingly, both PRI and photosynthesis
were found to correlate best with Car content. Additionally, total Chl showed the lowest

correlations with all the parameters.
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Table 1. Seasonal correlation coefficients (r) of photosynthetic parameters, spectral
fluorescence (Fesoo and F740), Feoo/F740, photochemical reflectance index (PRI), normalized
difference vegetation index (NDVI), modified NDVI (NDVI7os) and water index (WI)

with pigments.

Chlorophyll Carotenoid Carotenoid/

(ug mgDw-)  Chlorophyllalb o\ DwH1)  (Chlorophyli-a+Chlorophyli-b)
P, -0.39* 0,78 -0.95%% -0.78%%*
RUE, NS. 0,78 20,927 0.77%%*
Feoo N.S. 0.56* -0.87%% -0.88%**
Frao N.S. 0.50* -0.85%% -0.90%**
Feoo/Fro  N.S. N.S. N.S. N.S.
PRI -0.38% 0,78+ -0.91 %% -0.77%%*
NDVI  N.S. N.S. N.S. -0.39%
NDVIs N.S. N.S. -0.42% 0,61 %%
WI 0.46* 0,71 %% 0.76%+* 0.55%*

3.5. Dynamics of leaf water content and correlation with photosynthesis and optical data
Foliar water content (WC) decreased gradually from the beginning of the study period
until mid-May (Figure 9a). When compared with the seasonality of photosynthesis, the
dynamics of WC were inversely correlated with the increase of P, and RUE, (Figure 9b).
The WI was found to be strongly correlated with foliar WC (Figure 9c). Further, all the
optical indices except NDVI and NDVIss had significant relationships with WC,
especially PRI (data not shown).

3.6. Principal component analysis

In the PC analysis, the score-1 for Fj, significantly correlated with photosynthesis and Fy
but not with Feoo/F740 (Table 2). The Feoo/F740 ratio was inversely correlated with score-II.
Additionally, score-I also had significant inverse relationships with Car and Car/Chl ratios
and was correlated with Chl a/b but uncorrelated with Chl. Importantly, the score-I and 11
in the PC analysis for seasonal reflectance changes were not correlated with Pp, W1, Chl
a/b, Chl and Car contents, but strongly and inversely correlated with NDVI and NDVI7¢s
(Table 3). Score-1I was slightly and inversely correlated with RUE, and PRI and affected
by Car/Chl. Only score-III showed the significant relationships with photosynthesis, PRI,
WI and pigments.
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Figure 9. Seasonal variations in water content (WC) for Scots pine needles (a), and the
relationships of WC with rescaled normalized photosynthetic parameters (P, and RUE,)
(b) and water index (WI) (c). Points represent means of five biological replicates (n = 5),

standard error (SE; shown only when larger than symbols) is shown in (a). ***p<0.001
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Table 2. Seasonal correlation coefficients (r) of photosynthetic parameters, spectral

fluorescence (Feoo and F740), Feoo/F7a0 and pigments with the first three PC scores of

fluorescence spectra.

Score-I Score-II ~ Score-III
Py 0.84***  N.S. N.S.
RUE, 0.79***  N.S. N.S.
Fe90 0.98%**  N.S. N.S.
| 1.00***  N.S. N.S.
Fe90/F740 N.S. -0.90%**  N.S,
Chlorophyll (ug mgDW) N.S. N.S. N.S.
Chlorophyll a/b 0.50***  N.S. 0.59%**
Carotenoid (ug mgDW") -0.85***  N.S. N.S.
Carotenoid/(Chlorophyll-a+Chlorophyll-b) -0.89***  N.S. N.S.

Table 3. Seasonal correlation coefficients (r) of photosynthetic parameters, normalized

difference vegetation index (NDVI), modified NDVI (NDVIyos), water index (WI) and

pigments with the first three PC scores of reflectance.

Score-1 Score-II ~ Score-III
Py N.S. N.S. 0.85%**
RUE, N.S. -0.38* 0.82%**
PRI N.S. -0.39% 0.79%**
NDVI -0.73%***%  .0.64***  N.S.
NDVlI7os -0.47** -0.82**%*  N.S.
WI N.S. N.S. -0.88%**
Chlorophyll (ug mgDW!) N.S. N.S. N.S.
Chlorophyll a/b N.S. N.S. 0.72%%*
Carotenoid (ug mgDW) N.S. N.S. -0.84%%*
Carotenoid/(Chlorophyll-a+Chlorophyll-b)  N.S. 0.49%* -(.73%H*
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4. Discussion

4.1. Spectral fluorescence tracks the spring recovery of photosynthesis

Leaf-level fluorescence yields are known to increase during the spring recovery of
photosynthesis in evergreen foliage (Ottander ef al., 1995; Ensminger et al., 2004; Porcar-
Castell et al., 2008; Soukupova et al., 2008; Porcar-Castell, 2011). Previous studies have
been based on pulse-amplitude modulated (PAM) methods which register the
fluorescence in a broad spectral range, typically from 700 to 760 nm, depending on
instrument design. In contrast, proximal and remote sensing of chlorophyll fluorescence
(ChlF) is based on retrievals within very narrow spectral bands located in either the red
or far-red regions of the fluorescence emission spectra (F;) (Figure 1a). Importantly, a
number of seasonal processes such as changes in chlorophyll (Chl) contents, sustained
forms of non-photochemical quenching (NPQ), or conformational changes in the
photosystems could interfere with the spectral properties of the leaf-level fluorescence
signal, which could erode the relationship between fluorescence and photosynthesis for
some spectral regions. We asked whether these processes exert a significant effect on the
seasonal correlation between solar-induced chlorophyll fluorescence (SIF) and
photosynthesis, i.e., are all wavelengths equally correlated with the photosynthetic

recovery process? (Porcar-Castell et al., 2014; A€ et al., 2015).

Firstly, seasonal changes in leaf Chl contents potentially affect the overall absorption
of photosynthetically active radiation as well as the reabsorption of ChlF particularly in
the red bands causing a spectral effect (Buschmann & Lichtenthaler, 1998). This
phenomenon has been used by the red/far-red ChlF ratio Feoo/F740, to track leaf Chl
contents, where the ratio decreases with increasing Chl contents (Lichtenthaler &
Rinderle, 1988; Hak et al., 1990; Lichtenthaler et al., 1990; D’ Ambrosio et al., 1992;
Agati et al., 1996, 2000). Here, seasonal Chl contents remained rather constant (Figure
8a), and so did the ratio Feoo/F740 (Figure S1), which was accordingly a poor indicator of
photosynthetic recovery (Figure S5). We therefore conclude that changes in leaf
chlorophyll content of evergreen vegetation are not likely to interact with the relationship

between F and photosynthesis during spring recovery period.

Secondly, although reversible forms of NPQ are known to quench photosystem II

(PSII) fluorescence, they have no apparent effect on the far-red fluorescence contribution
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from PSI (Genty et al., 1990). If the same holds true for sustained forms of NPQ (see e.g.
Verhoeven, 2014) we would expect the red fluorescence range to be more sensitive to
sustained NPQ (and by extension to the seasonality of photosynthesis) than the far-red.
Although more work is needed to elucidate whether sustained forms of NPQ operate in
PSI in a similar fashion as they do in PSII, the fact that the fluorescence ratio Feoo/F740
remained rather constant (Figure S1) and did not follow the recovery of photosynthesis

would support this hypothesis.

Overall, we found that all Fy from Fe70 to Fsoo were capable of tracking the spring
recovery of photosynthesis in boreal evergreen foliage (Figure 6). This finding suggests
that the above described processes do not significantly disrupt the correlation between
SIF and photosynthesis across the spectral range. This also means that, a priori, all the
telluric or Fraunhofer lines used for SIF retrievals share similar intrinsic potential to track
the leaf-level seasonality of photosynthesis. Obviously, when measuring at spatial scales
larger than a few needles, as we did in the present study, physical factors such as canopy
structure and wavelength dependent reabsorption (van der Tol ez al., 2009; Fournier et al.,
2012; Verrelst et al., 2015; Rossini et al., 2016; Migliavacca et al., 2017), and canopy
multi-layer heterogeneity or atmospheric absorption and scattering (Guanter et al., 2010;
Damm et al., 2014) will also contribute to the seasonal SIF dynamics and possibly impact

on the seasonal correlation between different SIF wavelengths and photosynthesis.
4.2. Fv/Fy and the seasonal dynamics of photosynthesis

Winter levels of maximum photochemical efficiency of PSII (Fv/Fm) measured by
MONI-PAM were higher than those registered in previous years for the same site (Porcar-
Castell et al., 2008; Porcar-Castell, 2011). This was consistent with the relatively mild
winter we experienced during the campaign compared to previous years. Low Fv/Fm
levels observed during winter (Figure 4b) are known to reflect mainly the accumulation
of sustained forms of NPQ (Demmig-Adams & Adams, 2006; Porcar-Castell ez al., 2008;
Porcar-Castell, 2011; Verhoeven, 2014). Accordingly, the correlation between steady state
Fy. and photosynthesis (Figure 5a) or Fv/Fm (Figure 7a-c) supports the statement that
seasonal dynamics in F; are mainly controlled by NPQ at the leaf level. It is important to
note that while Fv/Fu is related to the sustained component of NPQ alone, F, was also
affected by the reversible pH-dependent forms of NPQ upon illumination during our
spectral measurements, complicating the relationship between Fj and Fy/Fu. In addition,
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photochemical quenching and photoinhibition of reaction centres might also add to the
decoupling between F; and Fv/Fum. In turn, chlorophyll content dynamics did not have
any significant impact on F) dynamics as reflected by the lack of correlation with score-I

in the principle component analysis (PCA; Table 2).
4.3. PRI but not NDVI or NDVI7os tracks the spring recovery of photosynthesis

The photochemical reflectance index (PRI) significantly tracked the photosynthetic
reactivation of boreal Scots pine needles (Figure 5c¢ and Figure S4c). Seasonal changes in
leaf-level PRI have been shown to be strongly controlled by the carotenoid/chlorophyll
(Car/Chl) ratio (Filella et al., 2009) both during the spring recovery (Porcar-Castell ef al.,
2012; Wong & Gamon, 2015a,b), as well as during the autumn downregulation of
photosynthesis (Fréchette er al., 2016). Interestingly, we observed a slightly better
correlation between PRI and total Car compared to the Car/Chl ratio (Table 1). In addition,
we had 30 measuring points concentrated during the spring recovery period whereas the
measurements in the studies by Porcar-Castell er al. (2012) and Wong and Gamon
(2015a,b) expanded throughout the year with a much lower temporal resolution.
Accordingly, differences in the temporal patterns of Chl and Car contents between spring
and autumn could explain these contrasting results, emphasizing also the importance and

trade-off between temporal range and resolution in field studies.

Accumulation of Car during winter and early spring (Figure 8c) provides sustained
photoprotection contributing to sustained forms of NPQ (Ottander et al., 1995; Oquist &
Huner, 2003; Busch et al., 2009; Porcar-Castell et al., 2012; Verhoeven, 2014). As
temperature increases, sustained NPQ gradually decreases until the photochemical
machinery is fully recovered (Oquist & Huner, 2003; Busch et al., 2009; Porcar-Castell,
2011). This close seasonal relationship between Car and NPQ sets the relationship

between PRI and F, (Figure 7d) or Fv/Fum (Figure 7e-g) (Porcar-Castell et al., 2012).

In contrast to PRI, the normalized difference vegetation index (NDVI) and the
modified NDVI (NDVlIyos) failed to track the spring recovery of photosynthesis in Scots
pine needles (Figure 5d, e and Figure S4d, e). This is because the seasonality of
photosynthesis was decoupled from Chl content but was significantly reflected in Car
changes that were involved in the rapid physiological variations of plant under stress
conditions, which was not detectable by NDVI or NDV1I750 (Huete et al., 2002; Garbulsky

etal., 2011).
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4.4. WI tracks the spring recovery of photosynthesis

Our results indicated that the WI was not only correlated with foliar water content (WC)
(Figure 9c) but was also strongly correlated with seasonal photosynthetic dynamics
(Figure 5f), indicating the applicability of WI in tracking photosynthetic dynamics. Plant
water status (e.g. water potential and foliar water content), stomatal conductance and leaf
transpiration have been successfully detected using the water index (WI) under water
stress conditions for crops and Mediterranean trees at the leaf, canopy and landscape
scales (Penuelas ef al., 1996, 1997, Penuelas & Inoue, 1999; Marino et al., 2014; Sun et
al., 2014). PRI was significantly correlated with WC (data not shown), indicating that
PRI can be used for detecting rapid foliar WC changes. Similar results were also found
in previous studies for monitoring changes in WC or relative water content for trees

subjected to water stress (Sun et al., 2008, 2014; Osoério et al.,2012; Rossini et al., 2013) .

Water transport dynamics play a key role in the photosynthetic spring recovery of
evergreen trees, and are modulated by a number of stress related processes that include
increased evaporative demand and reduced water transport capacity due to xylem
embolism, limited osmotic potential, higher viscosity and excess sugar loading (Nikinmaa
et al., 2013; Lintunen et al., 2014). Over the course of our measurements we observed
gradual decreases in foliar WC (Figure 9a) and WI, which were concomitant with the
simultaneous restoration of photosynthetic capacity and transpiration (Kolari et al., 2007).
However, intuitively we may expect foliar WC and photosynthesis to be positively
correlated, whereas we found the opposite to be true (Figure 9b). Similar high values in
winter, with subsequent declines through spring, have been found for moisture levels and
sugar content of boreal conifer needles, mainly due to spring reactivation of
photosynthesis (Van Wagner, 1967; Little, 1970; Jolly et al., 2014). Therefore the changes
in foliage water content that we measured could reflect the temporal dynamics of sugar

content.

Further to the above, diurnal fluctuations in WC of needles are likely related to
transpiration dynamics i.e. water content decreases towards noon in summer but not in
winter this may explain the lack of recovery we observed in Figure 9a. In summary the
negative relationship that we observed could reflect the fact that the relationship between
WC and photosynthesis is not direct, but an indirect effect due to latent factors, and could
be any one, or a combination, of the following: transpiration dynamics, sugar contents,
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soil water content (Wu et al., 2011, 2012) or unrelated diurnal variation in foliar WC.
Further work is needed to elucidate the specific mechanism(s) that cause the spring

recovery dynamics of WC/WI.

4.5. Summary of the principal component analysis

The PC analysis provided a useful summary of the wavelength dependent information
content of both F, and reflectance datasets during the study period. For example PC-3
from the reflectance dataset tracked the photosynthetic spring recovery (Figure Sh and
Figure S4h), and the wavelengths that contributed most to PC-3 were the PRI detection
band (531 nm), the red edge (close to 685 and 717 nm) and the WI detection band, 970

nm.

The largest fractions of variation in the reflectance dataset were explained by PC-1
and PC-2 which were both correlated with NDVI and ND V1705, and neither which tracked
the spring recovery (Table 3). We suggest that this variation, and resulting correlation
with NDVI, was likely an artefact of our measurements. Measuring the optical properties
of needles is notoriously difficult (Olascoaga et al., 2016), and although we tried to
standardise our measurements as best we could it is likely that slight differences in needle
mat structure (see Figure 1) during the measurement period were the main cause for this
variation. For Fj, in contrast to reflectance, the largest proportion of variation as
represented by PC-1, did track the spring recovery (Figure 5g and Figure S4g). This
suggests that F, is a robust and potentially less error prone method for measuring

photosynthetic dynamics than spectral reflectance.

5. Concluding remarks

We reported for the first time that all ChlF emission wavelengths could be used to assess
photosynthetic seasonality of boreal evergreen needles. Additionally, the changes in PRI
revealed photoprotective activity and the WI provided a measure of foliar water content
during the re-adjustment of photosynthesis that occurs during the spring summer
transition period. Therefore we suggest that the combination of different optical indices

is preferable for maximising physiological information content retrieval, and can provide
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a non-destructive and robust approach to track photosynthetic dynamics during complex

winter-spring transitions.

In boreal evergreen conifers, the summer-autumn transition under fluctuating
temperature and daylength elicits changes in physiological processes along with changes
in NPQ, de-epoxidation state, carotenoid and chlorophyll contents, and foliar water
content etc., which differ from winter-spring-summer transition studied here (Oquist &
Huner, 2003; Busch et al., 2007; Fréchette et al., 2016). Further work could be used to
test the applicability of optical signals in revealing photosynthetic activity over summer-
autumn transition period for Scots pine. Our results also could be applied to evaluate
vegetation productivity shift response to ongoing climate change during critical seasonal
transitions. Additionally, more work is now needed to explore the efficacy of the main
fluorescence emission wavebands and the seasonal mechanisms controlling ChlF and PRI
(Atherton et al., 2017) for different species (e.g. broadleaf and herbaceous), especially at
longer timescales and larger spatial levels. Our results support the assertion that the
increasing use of unmanned aerial vehicles (UAVs; Gago et al., 2015) and ongoing and
forthcoming satellite missions such as GOME (Global Ozone Monitoring Experiment;
Guanter et al., 2014), OCO-2 (Orbiting Carbon Observatory-2; Frankenberg et al., 2014)
and FLEX (FLuorescence EXplorer mission; Kraft ez al., 2013), will provide improved
spatial-temporal assessment of terrestrial photosynthetic activity using SIF, PRI and

potentially WL
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Abstract

Monitoring Mediterranean summer drought is highly important because of its
increasing frequency of occurrence and its effects on ecosystem functioning. The
photochemical reflectance index (PRI) and passive chlorophyll fluorescence (ChlF) are
known to be sensitive to plant physiological processes, and through measurement of
these optical signals it is possible to use non-invasive remote sensing to monitor the
plant photosynthetic status in response to environmental stresses such as drought. Here
we explored whether PRI and passive ChlF are sensitive enough to assess not only
drought but also recovery after drought. It is also important to explore the feasibility of
using passive ChlF obtained from simple reflectance ratios such as R690/R630 in
assessing photosynthetic phenology. We thus conducted a greenhouse experiment using
Quercus ilex, a Mediterranean evergreen oak species, to investigate the links between
leaf-level PRI and R690/R630 with CO» assimilation rates (A), and photochemical
efficiency (Fv/Fm and Yield) in response to a gradient of mild to extreme drought
treatments (9 progressively enhanced drought levels) and corresponding recovery. PRI
and R690/R630 both decreased under enhanced drought stress, and had significant
correlations with A, Fv/Fum and Yield. The differential values between recovery and
drought treatments of PRI (APRIrecovery) and R690/R630 (AR690/R630recovery) increased
with the enhanced drought levels, and significantly correlated with the increases of
AArecovery, AFv/Furecovery and AYieldrecovery. We concluded that both PRI and R690/R630
were not only sensitive to enhanced drought stresses but also highly sensitive to
photosynthetic recovery. Our study makes important progress for remotely monitoring
the effect of drought and recovery on photosynthetic regulation using the simple

physiological indices of PRI and passive ChlF.

Keywords: chlorophyll fluorescence (ChlF), drought, Mediterranean, photochemical
reflectance index (PRI), photosynthesis, R690/R630, recovery
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1. Introduction

The increasing occurrence of drought in the Mediterranean region is widely reported
(Giorgi & Lionello, 2008; Nicault et al., 2008; Hoerling et al., 2012) and during the last
twenty years observations show that drought has affected ecosystem functioning and
structure (Liu et al., 2016; Pefiuelas ef al., 2017), decreased plant growth (Granda et al.,
2013) and primary production (Liu er al., 2015; Vicca et al., 2016), and triggered
vegetation mortality (Barbeta ef al., 2013). The increase of drought has also enhanced
the water scarcity (Iglesias et al., 2007), and elicited ecological damage (Lloret et al.,
2004) and crop failures (Turner, 2004). Faced with these negative impacts, monitoring
the timing of drought onset and the extent of the effects on vegetation ecosystems is

being increasingly warranted.

Summer drought, one of key constraints of Mediterranean ecosystems (Pefiuelas
et al., 2017), elicit a water deficit in the leaf tissue that can down-regulate
photosynthesis (Farquhar & Sharkey, 1982). This reduction in photosynthesis for
Mediterranean species such as Quercus ilex L. is generally caused by stomatal closure
in response to drought stress (Pefiuelas er al., 1998; Pefia-Rojas et al., 2004; Ogaya et
al., 2014). Quercus ilex is a broadleaved evergreen tree or shrub that is widely
distributed from semi-arid to humid areas of Mediterranean region (de Rigo & Caudullo,
2016). The sclerophyllous characteristics of Q. ilex make it possible to reduce its
transpiration and to withstand the effect of long summer drought. Quercus ilex also has
the ability to reactivate its photosynthetic machinery and increase photosynthesis rates
when the soil water content (SWC) is high enough to again support water transport

through the plant (Vaz et al., 2010).

When plants suffer water stress, the reducing power from photosynthesis becomes
excessive, but then the increases in zeaxanthin pigments from xanthophyll de-
epoxidation can safely dissipate excessive energy and prevent the photosystems from
potential damage by accumulating excitation energy (Adams & Demmig-Adams, 1994;
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Demmig-Adams & Adams, 1996). The photochemical reflectance index (PRI) was
firstly defined based on changes in zeaxanthin at the wavelength of 531 nm to assess
the efficiency of absorbed photosynthetic active radiation (APAR) for photosynthesis
(radiation use efficiency; RUE) (Gamon et al., 1992; Penuelas et al., 1995). A great
number of studies have found that PRI is able to track RUE changes at diurnal and
seasonal scales from leaf, canopy to ecosystem levels (Pefiuelas et al 2011; Garbulsky
et al., 2011; Zhang et al., 2016), because apart from xanthophyll pigments, PRI was
also associated with changes of carotenoid/chlorophyll ratios (Pefiuelas et al., 1994;
Garbulsky et al., 2010; Porcar-Castell et al., 2012; Wong & Gamon, 2015) which play
a key role in long-term dynamics of photosynthesis (Adams & Demmig-Adams, 1994;
Frank & Cogdell, 1996). Increasing attention has been focused on using PRI to detect
the effect of environmental stress (e.g. intense irradiance, water shortage, nutrition
deficit, and high and low temperature stresses) on photosynthetic changes (Filella et al.,
1996; Peniuelas et al., 1997, 1998; Dobrowski et al., 2005; Moreno et al., 2012; Guarini
etal.,2014; Sun et al., 2014; Vicca et al., 2016).

The changes in photosynthesis are synchronously accompanied by the emission of
chlorophyll a fluorescence (ChlF), which competes with photochemical conversion and
heat dissipation of excitation energy to use the absorbed light (Krause & Weis, 1991).
The contribution of the ChlF emission is only a small part of the total radiation reflected
from vegetation, however, ChlF is highly sensitive to the variability of plant
physiological processes in response to various environmental conditions, and can
provide a direct approach to detect the functional status of photosynthetic machinery
(Lichtenthaler & Miehe, 1997; Porcar-Castell et al., 2014). The range of the ChIF
emission spectrum is from the red to near-infrared regions, with two peaks at ca. 690
and 740 nm (Lichtenthaler & Miehe, 1997). Both the active (obtained from pulse-
amplitude modulated (PAM) fluorometer) and passive (solar-induced fluorescence (SIF)
obtained from Fraunhofer Line Depth technique) ChIF are extensively used for
monitoring the photosynthetic apparatus at leaf, canopy, ecosystem, regional and global

levels using PAM and spectroradiometers that are ground-based or carried on drones,
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aircrafts and satellites (Carter et al., 1996; Freedman et al., 2002; Dobrowski et al.,

2005; Guanter et al., 2014; Zarco-Tejada et al., 2016).

The ChIF can also be simply retrieved by reflectance ratios in the bands affected
by ChIF emission (mainly bands at two peaks) normalized by bands not affected by
ChlF, to remove the spectral information related to the reflectance (Meroni et al., 2009),
because the ChlF signal is superimposed on the leaf reflectance (Lichtenthaler & Miehe,
1997; Buschmann & Lichtenthaler, 1998). Although this method only provides the
relative values of ChlF and not real estimates with physical units, the reflectance ratios
such as R690/R600, R690/R630, R690/R655, and R740/R800 have been shown to track
the changes in fluorescence, photochemical efficiency and carbon assimilation rates for
healthy and stressed plants (Zarco-Tejada et al., 2000a,b, 2009; Dobrowski et al., 2005;
Ac et al., 2008, 2009; Furuuchi et al., 2013; Ni et al., 2015).

Numerous studies had shown that PRI is sensitive to water stress (Zarco-Tejada et
al., 2009, 2013; Moreno et al., 2012; Rossini et al., 2013; Panigada et al., 2014), but no
studies have illustrated that PRI was sensitive enough to track recovery after drought
stress, at least to the best of our knowledge. Few studies so far have either exploited the
applicability of the reflectance ratio based on ChlF for detecting the photosynthetic
response to water stress (Zarco-Tejada et al., 2000b, 2009; Dobrowski et al., 2005).
Only the study by Dobrowski et al. (2005) monitored photosynthetic response to water

stress and recovery with only a 4-days long experiment.

Along with the increasing occurrence of drought, it is important to find an easy,
non-destructive and efficient method to monitor both the effect of drought on plant
physiological and functional variability and subsequent recovery of the photosynthetic
machinery. This is particularly important for regions confronted with progressively
more extreme summer droughts such as the Mediterranean basin. Based on the previous
studies, PRI and ChIF are thus promising methods to test such photosynthetic responses.
In this study, we conducted a two-month long greenhouse experiment using the typical

Mediterranean species Q. ilex, by exposing the plants to 9 different progressive drought
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treatments through controlling the soil water content (SWC) and then re-watering for 5
weeks to explore the levels of plant recovery. We simultaneously measured foliar
reflectance to obtain PRI and reflectance ratio based ChlF (R690/R630), PAM ChIF to
get maximum (Fv/Fm) and actual (Yield) photochemical efficiency, and CO»
assimilation rates (A). We hypothesized that both PRI and R690/R630 would be
sensitive to the progressively increasing drought, and could therefore be used to monitor
photosynthetic dynamics. We also hypothesized that both PRI and R690/R630 would

detect the photosynthetic recovery after experiencing different levels of drought stresses.

2. Material and methods

2.1. Experimental design
Three-year old Quercus ilex saplings of ca. 60 cm height were obtained in May 2015
(Forestal Catalana, Barcelona, Spain) and were re-potted in 3.5 I pots, with a substrate
consisting of 45% sand, 45% autoclaved peat, and 10% natural soil inoculum. The soil
was collected from a natural holm oak forest on a south-facing slope (25% slope) in the
Prades Mountains in north-eastern Spain (41°13'N, 0°55'E). There were 162 saplings
in total, divided into 6 blocks, and plants were grown in the greenhouse of the
Autonomous University of Barcelona (Barcelona, Spain) with a 6-week period of
adequate watering, to allow them to acclimate to greenhouse conditions. The saplings
were then exposed to water stress by withholding water for 9 different drought
treatments with 18 plants each. The length of time withholding water ranged from 0 to
21 days. At the end of each treatment, the foliar photochemical efficiency and the
reflectance were synchronously measured on half of the pots (nine per drought level)
inside the greenhouse under clear skies within one hour of solar noon (12:00 to 14:00h).
These pots were then harvested to obtain plant biomass for a related study. The
remaining pots then had five weeks of recovery, which involved re-watering at optimal
levels, and then identical leaf measurements were collected for these plants.

The water content of the substrate was determined in each pot at the start of the

study and at the end of its drought period, and recovery period if relevant, (using ML3
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Theta Probe connected to a HH2 Moisture Meter from Delta-T Devices, Cambridge,
UK). Mean soil moisture at the start of the experiment was 22.6% and it decreased
exponentially to 0.3% at the end of the most extreme drought treatment. Soil moisture
recovered quickly to ca. 20% within one week of re-watering and was 24.7% on average
during the recovery phase. The differential SWC (ASWCiecovery) Was calculated by
subtracting the 9 different drought treatments values from corresponding recovery
treatments.
2.2. Leaf photosynthesis measurements
In the greenhouse, the CO, assimilation rates (A) of leaves were measured using an
ADC pro (LCprolPortable Photosynthesis System; ADC BioScientific Ltd.,
Hoddesdon, Herts, EN11 ODB) gas exchange system. The measurements were
conducted under a quantum flux density of 1000 umol m? s and ambient CO,
concentration of 385 pumol mol’. Five measurements were recorded for each plant.
After each measurement, the leaf area that was enclosed in the cuvette was marked on
the leaves; leaves were later photographed and the leaf areas for which A was measured
were estimated using ImageJ 1.46r (NIH, Bethesda, USA) to standardize all A
measurements. The differential A (AArecovery) Was calculated by subtracting the 9
different drought treatments values from corresponding recovery treatments.
2.3. Chlorophyll fluorescence measurements
Chlorophyll fluorescence measurements were performed by a pulse-amplitude-
modulated photosynthesis yield analyser (PAM-2000; Walz, Effeltrich, Germany). The
measurements were conducted on three healthy and mature leaves at the top of each
plant. A saturating light pulse (SP) was applied to dark-adapted (at least 20 mins) leaves
for the determination of minimum (F,) and maximum (Fw) fluorescence. The maximum
photochemical efficiency of photosystem II (PSII) (Fv/Fm) was then calculated
according to Genty et al. (1989):
Fv/Fm = (Fm-Fo)/Fum (1)

In parallel with Fv/Fm, the actual photochemical efficiency of PSII (Yield) was

also calculated based on the measurements of steady-state (Fs) and the maximal (Fm")
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fluorescence yield during fully closing of PSII center in light adapted leaves:
Yield = (Fu'-Fs)/Fu’ 2

The differential Fv/Fm (AFv/Furecovery) and Yield (AYieldrecovery) between the 9

different drought treatments values and recovery treatments were also calculated.

2 4. Reflectance measurements

Leaf spectral reflectance measurements were collected using a broad range mini
spectroradiometer (LR 1; ASEQ, Vancouver, Canada). The instrument measures spectral
reflectance between 300 and 1000 nm with a sampling interval of less than 1 nm. To
reduce atmospheric condition changes, the spectroradiometer was calibrated using a
white Spectralon reference panel (Labsphere, North Sutton, NH, USA), which can be
regarded as a Lambertian reflector. Incident solar irradiance was determined using the
same white reference panel. All spectral measurements were carried out at a nadir view
angle above the leaf. In each plant, we measured three different leaves at the top of the
canopy as replicates. The photochemical reflectance index (PRI, Gamon et al., 1992;
Pefiuelas et al., 1995) was calculated from the reflectance data (Rx implies reflectance
at X nm) as:

PRI=(R531-R570)/(R531+R570) 3)

Additionally, we also retrieved the red chlorophyll fluorescence signal based on
the reflectance ratio R690/R630, because in the red reflectance region both PSI and
PSII fluorescence emission have effects on leaf reflectance and the reflectance at 630
nm is less or not sensitive to fluorescence emission (Zarco-Tejada et al., 2000a).

The differential PRI (APRIecovery) and R690/R630 (AR690/R630recovery) Were
obtained through 9 different drought treatments values subtracted from corresponding
recovery treatments.

2.5. Statistical analysis

Differences of soil water content, CO> assimilation rate, photochemical efficiency, and
reflectance indices between the 9 drought levels and corresponding plant recovery were
analyzed using repeated-measures analyses of variance (ANOVAs). The differences

were considered statistically significant at P<0.05. The applicability of PRI and
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R690/R630 for assessing CO> assimilation, photochemical efficiency responses to
drought stress and recovery were analyzed using standardized major-axis regression to
identify correlations between the variables. All analyses were conducted with R version

3.3.2 (R Core Development Team, 2016).

3. Results

3.1. Responses to enhanced drought stress

In our experiment, the Q. ilex seedlings were treated by witholding watering from 0 to
21 days in 9 different drought levels treatments. Along with the increasing days of
drought and decreasing soil water content (i.e. enhanced drought stress), CO>
assimilation rates (A) and maximum (Fv/Fum) and actual (Yield) photochemical
efficiency decreased from highest values at the beginning of the experiment to lowest
values in severe drought condition (Figure 1). The physiological indices of the
photochemical reflectance index (PRI) (Figure la) and red chlorophyll fluorescence
obtained from reflectance ratio (ChlF.q, R690/R630) (Figure 1b) also decreased
gradually. Both changes in PRI and R690/R630 were highly consistent with the
decreases in soil water content (SWC), A, Fyv/Fm and Yield. However, in the last three

extreme drought level treatments, PRI did not change too much.

3.2. Relationships of PRI and R690/R630 with A, Fv/Fu, and Yield under enhanced

drought stress

PRI and R690/R630 were used to assess the photosynthetic response to drought stress.
Both PRI (Figure 2a) and R690/R630 (Figure 2b) were significantly correlated with A
and explained 72% and 86% of variance of A, respectively. PRI had strong relationships
with Fy/Fum and Yield (R?>0.85 and P<0.001 for both, Figure 2c). Similar significant
correlations were found between R690/R630 and Fv/Fum and Yield (R*=0.89 and
P<0.001 for both, Figure 2d).
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3.3. Responses to recovery

The SWC (Figure 3a) clearly recovered to the pre-drought condition in all drought
treatments after five-weeks re-watering. They all reached identically high values,
significantly higher than in the drought treatments from the 4-days drought level
treatment onwards (P<0.001). A (Figure 3b) was higher and remained similar in the
recovery treatment, particularly in the last three severe drought treatments. All Fv/Fum
values (Figure 3c¢) in the recovery treatment reached up to ca. 0.70 which were similar
to the 0-day drought treatment. The mean of Fv/Fwm in the 2-days drought level treatment
was not different to the mean of the 0-day treatment after five-weeks re-watering. The
recovery of Fv/Fm significantly increased from 7-days drought level treatment
(P<0.001). Yield (Figure 3d) presented analogous changes with SWC, A, and Fv/Fu,
and strongly increased from 9-days drought level treatment (P<0.001). Both PRI
(Figure 3e) and R690/R630 (Figure 3f) had no significant difference in first four
drought treatments with corresponding recovery treatments, but significantly increased

from the recovery treatment of 9-days drought level.

The differential values of variables by subtracting 9 drought levels treatments from
corresponding recovery treatments were calculated to assess the changes of
photosynthesis after one-month re-watering the plants of the drought treatment and to
evaluate the applicability of PRI and R690/R630 in detecting the recovery of that. The
values of AArecovery, AFv/FuMrecovery, and AYieldrecovery increased in conjunction with
increasing ASWC and increasing drought levels (Figure 4). Both AFv/Fumrecovery and
AYieldrecovery increased slowly in the last three drought levels. Changes in APRIiecovery
(Figure 4a) were consistent with AArecovery, AFv/FMrecovery, and AYieldrecovery-
AR690/R630recovery (Figure 4b) also showed a gradual increase as with the other

variables, with a high value in the 9-days drought level treatment.
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Figure 3. Changes in SWC (a), A (b), Fv/Fwm (¢), Yield (d), PRI (e) and R690/R630 (f)
in response to nine different drought levels and corresponding recovery treatments for
Quercus ilex. The significances were denoted as “p<0.1, *p<0.05, **p<0.01 and

##%<0.001.

3.4. Relationships Of APRIrec()very and AR690/R630rec()very Wlth AArecavery, AFV/FMrec()very,
Cll’ld AYieldrecovery

Both APRliecovery and AR690/R630recovery accounted for large proportions of the
variability of AArecovery (R>>0.70 and P<0.05 for both, Figure 5a, b). APRIrecovery Was
highly significantly correlated with AFv/Fumrecovery and AYieldrecovery (R*>0.85 and
P<0.001 for both, Figure 5c). The relationships of AR690/R630:ecovery With
AFv/FMrecovery and AYieldrecovery Were also significant, but they were not as good as those

Of APRIrecovery Wlth AFV/FMrecovery and AYieldrecovery (Flgul‘e Sd).
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Figure 4. Changes in differential A (AA), AFv/Fm, AYield, and ASWC with APRI (a)
and with AR690/R630 in response to nine different drought levels for Quercus ilex.

The differential values of variables calculated by subtracting the mean of 9 drought

levels treatment from corresponding mean of recovery treatments in Figure 3.
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Figure 5. Relationships of differential PRI (APRI) and R690/R630 (AR690/R630)
with differential A (A A) and photochemical efficiency (AFv/Fm and AYield) for

Quercus ilex. All the differential values are from Figure 4
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4. Discussion

4.1. PRI and R690/R630 tracked the photosynthetic changes under enhanced drought
levels
The enhanced levels of drought caused reductions in CO» assimilation rates (A) and
photochemical efficiency (Fv/Fm and Yield) in Mediterranean evergreen leaves (Figure
1). Similar trends were also recorded for the photochemical reflectance index (PRI,
Figure la) and the reflectance ratio based on chlorophyll fluorescence (ChIF)
(R690/R630, Figure 1b), indicating the sensitivity of PRI and R690/R630 to gradually
increased drought stress. The close correspondence of PRI and R690/R630 with
photosynthetic activity (Figure 3a) and photochemical efficiency (Figure 3b)
demonstrated the promise of pigment- or red ChlF-based approaches to remotely
monitoring of evergreen photosynthetic activity under gradually enhanced drought.

PRI, is used to reveal the facultative xanthophyll cycle activity at short-term scale
(hours to few days) (Gamon et al., 1992; Pefiuelas et al., 1994, 1995) but also to
estimate the changes in the constitutive pigment pool size at long-term scale (weeks to
months) (Filella et al., 2009; Gamon & Berry, 2012; Porcar-Castell et al., 2012; Wong
& Gamon, 2015). In our study, PRI showed promise as an index of photosynthetic
down-regulation and illustrated the activation of photoprotective carotenoid pigments
under photosynthetic down-regulation in response to gradually enhanced drought stress.
During the summer drying period, leaves in evergreen vegetation of semi-arid
Mediterranean region experience decreases in pigment contents and increases in
carotenoids/chlorophyll (Car/Chl) ratio (Baquedano & Castillo, 2006). This change in
Car/Chl ratios play a key role in photosynthetic down-regulation, and is associated with
variability in PRI (Filella et al., 2009; Porcar-Castell et al., 2012). PRI thus detected
the effect of the progressive drought on photosynthesis, consistent with many previous
studies that demonstrated PRI was correlated with photosynthesis and Yield under
water stress conditions (Pefiuelas et al., 1997, 1998).

Additionally, PRI was quite stable in the last three extreme drought level

treatments (plants without water for 16-21 days), unlike the slight decrease of A, Fv/Fum,
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Yield, and R690/R630, reflecting the insensitivity of PRI to severe drought, at
intensities where there is observable leaf fall. Previous leaf level studies have reported
that PRI was unable to assess the negative radiation-use efficiency (RUE) of severely
damaged plants (Penuelas et al., 1997). At canopy level, changes in structure,
heterogeneity in irradiance, and differences in sun angles within crown hindered PRI
interpretation and assessment of RUE (Zhang et al., 2016). At larger spatial scales,
satellite-based (Moderate Resolution Imaging Spectroradiometer, MODIS) PRI has
tracked ecosystem RUE even during severe water limitation of summer time for Q. ilex
(Goerner et al., 2009). The normalized PRI by absorbed light detected the drought effect
on gross primary production (GPP) in a deciduous forest and an evergreen broadleaf
forest in France, but did not capture the reduction of GPP in a semi-arid grassland in
Hungary (Vicca et al., 2016). Guarini et al. (2014) demonstrated that MODIS-based
PRI should be used with care under severe water stress, because the disturbances from
canopy structure, illumination and viewing angles etc. could increase the uncertainty of
PRI in tracking RUE. These studies presented the complications of the applicability of
PRI under severe drought conditions at different spatial scales, and other factors, such
as soil backgrounds, vegetation functional types, atmospheric interference and
instrument characteristics can also complicate the applications of PRI in assessing RUE
(Zhang et al., 2016). However, the strong correlations between PRI and A and
photosynthetic efficiency (Fv/Fm and Yield,) under enhanced drought levels
demonstrate that PRI can be applied to detect the effect of continuously increased
drought on photosynthesis for Mediterranean evergreen sclerophylls which generally
experience summer drought.

The recent progress in canopy, regional and global studies of SIF (Meroni et al.,
2009; Porcar-Castell et al., 2014; AC et al., 2015) support the use of leaf-level passive
ChIF as a non-invasive method of assessing photosynthetic activity. Interestingly, the
reflectance ratio based ChlF, R690/R630 obtained from leaf spectra presented highly
significant correlations with A, Fv/Fm, and Yield, and efficiently tracked the

photosynthetic changes in response to enhanced drought levels (Figure 2b,d). Our study
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not only made progress on the assessment of photosynthesis of leaf-level passive ChlF,
but also provided a simple method of obtaining passive ChlF using apparent reflectance.

R690/R630 was defined to obtain red ChlF because of the superimposed ChIF
emission at red reflectance. The reference band (R630) was chosen due to its
insensitivity to ChlF and sensitivity to chlorophyll pigments (Zarco-Tejada et al.,
2000a). Thus the R690/R630 can give a potential estimation of relative ChlF. It should
be noted that the reabsorption of red ChlF (particularly at ChlF emission peak near 690
nm) by chlorophyll pigments can affect the measurement of passive ChlF (Buschmann
& Lichtenthaler, 1998). However, in our study, the chlorophyll contents should have
been rather constant due to the characteristics of evergreen species, which probably
contributed to estimating ChlF and tracking photosynthetic changes of R690/R630.
Further studies of the reflectance ratio based ChlF should be focused on plants with
obvious changes in chlorophyll contents.

Additionally, the down-regulation of maximum photochemical efficiency (Fv/Fm)
is associated with changes of non-photochemical quenching (NPQ) under
environmental stress (Demmig-Adams & Adams, 2006; Porcar-Castell, 2011;
Verhoeven, 2014). The significant correlation of R690/R630 with Fv/Fum in this and
previous diurnal studies (Zarco-Tejada et al., 2000a,b) indicated that NPQ probably
plays a key role in linking R690/R630 with changes in photosynthetic activity. Although
PRI was also highly correlated with Fv/Fu, the rather constant PRI in the extreme
drought conditions (the last three drought treatments) was decoupled with the strong
depression of Fy/Fum. Such decoupling of PRI with RUE and NPQ was also found in
early spring when Scots pine needles confronted deep down-regulation due to the effect
of severe stress (Porcar-Castell ef al., 2012). In contrast, in our study R690/R630
presented consistent changes with Fy/Fu, Yield and A even under extreme water stress

conditions.

4.2. PRI and R690/R630 tracked the photosynthetic recovery from progressively
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enhanced drought stresses

The CO, assimilation rates and photochemical efficiency of Q. ilex were rapidly
recovered to normal values through five weeks of re-watering (Figure 3). The values of
PRI and R690/R630 were increased to similar values after re-watering, indicating that
both PRI and R690/R630 were also sensitive to the recovery of plant. The significant
correlations of differential PRI (APRI ecovery) and R690/R630 (AR690/R630recovery) With
AArecovery, AFV/Furecovery and AYieldrecovery (Figure 5) illustrated their potential to
monitor photosynthetic recovery response to drought stress.

PRI was originally defined to detect the variability of zeaxanthin changes at 531
nm (Gamon et al., 1992; Pefiuelas et al 1005). However, it should be noted that 531 nm
was the band associated with carotenoid pigment changes, including zeaxanthin and
also other carotenoid pigments such as lutein and neoxanthin (Gitelson et al., 2002).
These carotenoids both play key roles in energy dissipation of photosynthetic down-
and up-regulation (Ruban et al., 2007; Jahns & Holzwarth, 2012). However, studies had
demonstrated that constitutive long-term changes of PRI were greatly attributable to
carotenoid pigment pool sizes (Filella et al., 2009; Gamon & Berry, 2012; Porcar-
Castell et al., 2012; Wong & Gamon, 2015).Thus, the mechanism of PRI detecting
photosynthetic recovery probably was due to the carotenoid pigments acting on the
photochemical process. Also during water stress and recovery, PRI was significantly
correlated with carotenoid pigments in olive saplings (Sun et al., 2014).

In contrast with PRI, ChlF is the energy of absorbed photosynthetically active
radiation (APAR) that is lost during the first steps of photosynthesis which involves the
emission of red to far-red light (ca. 660 to 800 nm) (Porcar-Castell et al., 2014). ChlF
is therefore associated with the fraction of APAR and also with radiation-use efficiency
(RUE), giving the possibility of using R690/R630 to monitor the photosynthetic
recovery after experiencing different drought stresses. Additionally, ChlF is mainly
emitted from photosystem II (PSII), so the recovery of photochemistry could increase
the ChIF emission, particularly in red wavelengths close to 690 nm which is the

absorption peak of the pigment of PSII (Buschmann & Lichtenthaler, 1998; Porcar-
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Castell et al., 2014). Consequently, R690/R630 is a good indicator of photosynthetic

recovery in response to progressive drought stress for evergreen leaves.

5. Conclusions and final remarks

This study makes significant progress in assessing mild to extreme drought stresses in
Mediterranean evergreen species using PRI and passive ChlF. Both PRI and red ChIF
obtained from the reflectance ratio R690/R630 were not only sensitive to progressive
drought but also to plant recovery. Both PRI and R690/R630 significantly tracked the
photosynthetic response to enhanced drought levels and also detected the
photosynthetic recovery after five-weeks of re-watering. Both PRI and R690/R630 can
be used for remotely monitoring the effect of drought on the carbon uptake and
productivity of the Mediterranean species.

Our work also promotes the possibility of parameterizing RUE models based on
the PRI, SIF and normalized difference vegetation index (NDVI). This is because of
links between NDVI with greenness changes in annual and deciduous vegetation, PRI
with short and rapid changes in xanthophyll pigments and long-term shifts in pigment
pools, and SIF with the fraction of absorbed photosynthetically active radiation and
radiation-use efficiency (Gamon, 2015). Increasing use of hyperspectral
spectraradiometers carried on unmanned aerial vehicles (UAVs) (Gago et al., 2015) and
satellites (such as Metop and Sentinel series) provides the possibility of testing the RUE
model using PRI, SIF and NDVI for multiple vegetation types and at different

spatiotemporal scales.
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Abstract

Climatic warming and drying are having profound impacts on terrestrial carbon cycling
by altering plant physiological traits and photosynthetic processes, particularly for the
species in the semi-arid Mediterranean ecosystems. More effective methods of remote
sensing are needed to accurately assess the physiological responses and the seasonal
photosynthetic activities of evergreen species to climate change. We evaluated the stand
reflectance in parallel to the diurnal and seasonal changes in gas exchange, fluorescence
and water contents of leaves and soil for a Mediterranean evergreen shrub, Erica
multiflora, submitted to long-term experimental warming and drought. We also calculated
a differential photochemical reflectance index (APRI, morning PRI subtracted from
midday PRI) to assess the diurnal responses of photosynthesis (AA) to warming and
drought. The results indicated that the PRI, but not the normalized difference vegetation
index (NDVI), was able to assess the seasonal changes of photosynthesis. Changes in
water index (WI) were consistent with seasonal foliar water content (WC). In the warming
treatment, AA value was higher than control in winter but was significantly lower in both
summer and autumn, demonstrating the positive effect of the warming on the
photosynthesis in winter and the negative effect in summer and autumn, i.e., increased
photosynthetic midday depression in summer and autumn. Drought treatment increased
the midday depression of photosynthesis in spring and summer. Importantly, APRI was
significantly correlated with AA both under warming and drought, indicating the
applicability of APRI for tracking the midday depression of photosynthetic processes.
Using PRI and APRI to monitor the variability in photosynthesis could provide a simple
method to remotely sense photosynthetic seasonality and midday depression in response

to ongoing and future environmental stresses.

Keywords: drought; evergreen; midday depression; photochemical reflectance index

(PRI); photosynthesis; remote sensing; warming; water index (WI)
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1. Introduction

Droughts have occurred frequently under global warming around the world (Dai, 2011;
Vicente-Serrano et al., 2014), prominently disturbing terrestrial ecosystemic services and
functioning, such as water cycles (Sheftield et al., 2012), terrestrial production (Ciais et
al., 2005; Yuan et al., 2016), ecosystemic respiration (Ciais et al., 2005), biodiversity
(Bertrand et al., 2016) and plant survival and mortality (Carnicer et al., 2011; McDowell
et al.,2008). Increases in climatic warming and drought projected by some global models
(Dai, 2011; Sheffield and Wood, 2008) could profoundly affect Mediterranean
ecosystems (Giorgi and Lionello, 2008; Nardini et al., 2014; Pefiuelas et al., 2013;
Pefiuelas et al., in press), regions highly susceptible to climate change due to the
interaction between heat and aridity. Higher temperatures and lower precipitation in the
coming decades (Cook et al., 2016; Giorgi and Lionello, 2008) are expected to change
community structure (Liu et al., 2017) and decrease photosynthesis (Liu et al., 2016; Wu
et al.,2011) and plant growth (Barbeta ef al., 2013; Granda et al., 2013; Liu et al., 2015)
in Mediterranean ecosystems and thus to affect carbon uptake by terrestrial vegetation

and to alter regional carbon balances (Ciais, et al., 2005; Powell et al., 2013).

Plants respond to warmer and drier conditions mainly by downregulating
photosynthesis due to stomatal limitation and lack of soil water (Asensio et al., 2007;
Farquhar and Sharkey, 1982; Liu et al., 2016; McDowell et al., 2008; Ogaya et al., 2014;
Powell et al., 2013) or to electron-transport limitation and Rubisco (ribulose 1,5-
bisphosphate carboxylase/oxygenase) deactivation (Crafts-Brandner and Salvucci, 2000;
Llorens et al., 2003b; Sharkey, 2005). Such decreases in photosynthesis are accompanied
by decreases in the maximum photochemical efficiency of photosystem II (PSII, Fv/Fum)
(Gall¢ et al., 2007; Oliveira and Pefiuelas, 2005). When the sinks of reducing power
decrease and photosynthesis is downregulated, the increase in the dissipation of excess
energy can be estimated by quantifying the de-epoxidation state of the xanthophyll-cycle
pigments (violaxanthin, antheraxanthin and zeaxanthin) (Gallé ez al., 2007; Nogués et al.,
2012), in which violaxanthin is converted to zeaxanthin via the intermediate
antheraxanthin accompanied by a decrease in the pH of the thylakoid lumen (Demmig-
Adams and Adams, 2006; Porcar-Castell et al., 2014). The increase in zeaxanthin
associated with reversible non-photochemical quenching (NPQ) (Demmig-Adams and

Adams, 2006) can thus be detected by the photochemical reflectance index (PRI; Gamon
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et al., 1992; Pefiuelas et al., 1995b) at an absorption band of 531 nm in the vegetation
spectrum. PRI tracks the rapid physiological changes that are generally difficult to follow
in evergreen species using indices of greenness and canopy structure, such as the
normalized difference vegetation index (NDVI) (Garbulsky et al., 2011; Pefiuelas et al.,
2011; Stylinski et al., 2002).

PRI is a good indicator of the photosynthetic apparatus across functional types and
spatiotemporal scales (Garbulsky er al., 2011; Zhang et al., 2016) and has detected the
reactivation of photosynthesis from winter stress in evergreen species (Wong and Gamon,
2015a, 2015b; Gamon et al., 2016). The effects of seasonal drought on the photosynthetic
apparatus have also been detected by satellite-based PRI (Goerner et al., 2009; Vicca et
al., 2016). Maximum CO; assimilation has been efficiently estimated by PRI under severe
drought conditions (Ripullone et al., 2011), and Rossini et al. (2013) demonstrated that
changes in PRI were correlated with water stress in maize. Photosynthetic variability
induced by heat and drought is simultaneously accompanied by complex physiological
and biochemical processes, which could constrain the PRI-based estimation of the
photosynthetic apparatus. Carotenoid and chlorophyll pigments and structural changes to
canopies have strong effects at the canopy level and seasonal scale (Filella ez al., 2009;
Garbulsky et al., 2011; Stylinski et al., 2002; Wong and Gamon, 2015a; Zhang et al.,
2016). Many studies have focused on improving PRI to decrease the influences of
pigment-pool size and canopy structural change on the seasonal detection of
photosynthesis using PRI (Zhang et al., 2016). Long-term studies of PRI at ecosystemic
levels have increased during the last six years (e.g. Garbulsky et al., 2011; Zhang et al.,
2016).

The use of PRI to assess the effects of warming and drought on photosynthetic
activity, however, has received little attention. Filella er al. (2004) reported that a low-
canopy leaf area index (LAI) at the early stage of experimental warming and drought was
associated with the ability of PRI to detect photosynthesis. Ménd et al. (2010) detected
the impact of experimental warming and drought on the photosynthetic apparatus based
on the canopy PRI. Importantly, the differential PRI, APRI, obtained by subtracting dark-
state PRI from light-exposed PRI (Gamon and Berry, 2012; Gamon and Surfus, 1999;
Hmimina et al., 2014; Soudani et al., 2014) or by subtracting predawn PRI from midday
PRI (Magney et al., 2016; Wong and Gamon, 2015b), can eliminate the impacts of canopy
structure and foliar pigments on interpretations of PRI. Additionally, the midday
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depression or downregulation of photosynthesis can affect the global carbon budget
(Arora et al., 2009). Gamon et al. (2013) reported that the PRI depression was associated
with photosynthetic downregulation in evergreen trees. These studies led to our
hypothesis that a APRI obtained by subtracting morning PRI from midday PRI could be

used to detect midday photosynthetic depression.

We examined the seasonality and diurnal responses of photosynthesis to long-term
experimental warming and drought in an evergreen Mediterranean shrub. The optical
signals of PRI and fluorescence were measured in parallel with the photosynthetic rates
and water contents of leaves and soil. The primary purpose of this study was to determine
the utility of canopy PRI and APRI for assessing the seasonal and diurnal photosynthetic
performance. We also assessed the influences of simulated climatic warming and drought

on the photosynthetic activity in a long-term experimental system.

2. Materials and methods

2.1. Study site and plant species

The study was conducted in Garraf Natural Park on the central coast of Catalonia, Spain
(41°18'N, 1°49'E; 210 m a.s.l.), on a south-facing hill (13° slope). The test species, Erica
multiflora L., is a common evergreen, short-leaved, sclerophyllous and resprouting shrub
that typically grows on calcareous soils in the western Mediterranean Basin. The
vegetation coverage in Garraf is ca. 70% and is dominated by E. multiflora and
Globularia alypum L., each ca. 1 m high, accompanied by other Mediterranean coastal
shrubs (e.g. Dorycnium pentaphyllum L., Rosmarinus officinalis L., Ulex parviflorus L.
and Pistacia lentiscus L.). E. multiflora re-sprouts abundantly after disturbance removal
of aboveground biomass from the temporary extensive stump or from external roots near
the stump (Llorens et al., 2003a). Dry conditions, however, can greatly decrease the

productivity of E. multiflora (Llorens et al., 2003a).
2.2. Experimental design and field sampling

Our experiment was part of an experimental system established in 1999 and consisted of
nine 20-m? plots. Six of the plots were treatments representing climate change: three
drought plots and three warming plots. The remaining three were untreated control plots.

The drought treatment decreased the input of rainwater in spring and autumn using a
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transparent plastic covering the vegetation canopy operated automatically based on the
rainfall (<0.3 mm) and wind (<10 m s™!), decreasing the amount of soil water by 20% (Liu
et al., 2016). The warming treatment increased the nocturnal temperature by ca. 0.6 °C
and decreased the loss of heat by 64% using a reflective aluminum curtain (Liu et al.,
2016), depending on the season. The curtain was retracted automatically to avoid
hydrological effects during rains. See Pefiuelas et al. (2007) for details of the experimental

sites and treatments.

The study site has a typical Mediterranean climate characterized by a pronounced
three-month summer drought, a wet spring and autumn and a cool winter. The annual
precipitation in the study year was 510.2 mm, and the average monthly temperature was

15.8 °C.

Two randomly chosen E. multiflora plants in each plot were concurrently monitored
for gas exchange, parameters of chlorophyll fluorescence and optical signals.
Measurements were obtained on 12-14 February, 1-3 May, 23-25 July and 29 October-1
November 2014, i.e. one sampling for each season. Measurements were conducted on
sunny days in the morning (8:00-10:30, solar time) and at midday (11:30-14:30, solar
time). The start times were chosen based on the changes in solar irradiance during the
year. Soil water content and temperature were also measured in the morning and at midday.

Foliar water content was obtained by sampling branches of E. multiflora in the morning.
2.3. Environmental and gas-exchange monitoring

The air temperature and precipitation were continuously monitored at an automatic
meteorological station installed at the study site in 1998. The CO> assimilation rate (A)
and stomatal conductance (gs) were measured using a Li-Cor LI-6400XT Portable
Photosynthesis System equipped with a LI-6400-40 Leat Chamber Fluorometer (Li-Cor,
Inc., Lincoln, USA) at 25 °C and a light intensity of 1000 pmol m2 s™!. Three
measurements were recorded for each plant to reduce measurement error. Total leaf area
for each branch was obtained from small leaves pasted together and was then estimated
from a photograph of all leaves using ImageJ 1.46r (NIH, Bethesda, USA). The diurnal
change of photosynthesis (AA) was expressed as morning A subtracted from midday A.

2 4. Soil water content and temperature

Soil water content was measured using an HH2 moisture meter with an ML2x soil-

moisture sensor (Delta-T Devices Ltd, Cambridge, England). The measurements were
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obtained by inserting the sensor’s stainless-steel cylindrical rods into the soil to a depth
of 10 cm at three randomly selected locations within each plot. Soil temperature was also
measured at 10 cm using a digital soil thermometer (TO 15, Jules Richard instruments,

Argenteuil, France) (Asensio et al., 2008).
2.5. Foliar water content

Five branches were sampled as replicates to analyze foliar water content (WC) and
retained freshness in each plot using a portable crisper. The fresh weight (FW) of the
leaves was determined immediately after transport to the laboratory. The leaves were then
dried in an oven at 70 °C for two days to a constant weight (dry weight, DW). WC (Eq.

(1)) was then calculated as:
WC = (FW-DW)/FW (1)
2.6. Chlorophyll fluorescence

The maximum photochemical efficiency of PSIlI (Fv/Fm) was estimated based on
measurements of minimum (Fo) and maximum (Fwm) fluorescence by a portable
miniaturized pulse-amplitude-modulated photosynthesis yield analyser (MINI-PAM,
Walz, Effeltrich, Germany) with a leaf-clip holder. The leaves were dark-adapted for at

least 20 min with the leaf clips.

The actual photochemical efficiency of PSII (Yield, Eq. (2)) was estimated based on the

measured ﬂuorescence parameters as:
Yield = (Fum'-Fs)/ Fu' (2)

where Fs and Fu' are the steady-state yield of fluorescence and the maximum
fluorescence yield, respectively, during full closure of the PSII center obtained by the

fluorometer from light-adapted samples.

The diurnal change of Yield (AYield) was calculated by subtracting morning Yield
from midday Yield.

2.7. Canopy reflectance

Ground-based canopy spectra were measured in situ using a portable field
spectroradiometer (GER1500, Geophysical & Environmental Research, Spectra Vista
Corp., Poughkeepsie, USA). The instrument measures spectral reflectance between 268

and 1095 nm with a sampling interval from 1.5 to 2.1 nm and a 25° field of view. The
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reflectance was calculated after standardization by canopy irradiance using a reference
spectral panel (Spectralon, Labsphere, North Sutton, USA) serving as a Lambertian
reflector. All spectral measurements were from a nadir view angle approximately 0.5 m
above the canopy to minimize atmospheric and directional effects. The area measured
was thus a circle with a diameter of ca. 0.58 m on the top of the canopy. Three scans were
quickly recorded in different positions for each plant as replicates after measuring the
white standard spectrum. The vegetation eco-physiological indices used were PRI (Eq.
(3), Gamon et al., 1992; Penuelas et al., 1995b), NDVI (Eq. (4), Tucker, 1979), water
index (WI, Eq. (5), Pefiuelas et al., 1993), normalized difference chlorophyll index (NDCI,
Eq. (6), Gitelson and Merzlyak, 1994) and structure-insensitive pigment index (SIPL, Eq.

(7), Penuelas et al., 1995a) calculated from the reflectance data and expressed as:

PRI = (R531-R570)/(R531+R570) (3)
NDVI = (R900-R680)/(R900+R680) (4)
WI =R900/R970 5)
NDCI = (R750-R705)/(R750+R705) (6)
SIPI = (R445-R800)/(R680-R800) (7)

where Rx is reflectance at x nm.
APRI was also calculated by subtracting early morning PRI from midday PRI.
2.8. Statistical analysis

The seasonal variations of gas exchange, Fv/Fum, Yield and the vegetation indices were
determined using one mean per stand. One mean per plot was used for soil water content
and temperature and for foliar WC. We used repeated-measures analyses of variance to
detect the seasonal changes of all variables and to determine the impacts of the treatments
and the water status of both leaves and soil on photosynthetic seasonality. The responses
of the vegetation indices to photosynthetic seasonality and the applicability of WI for
assessing WC were analyzed using standardized major-axis regression to identify
correlations between the variables. We compared the fitted bivariate slopes between
treatments using 95% confidence intervals and the smart R package. All analyses were

conducted with R version 3.2.2 (R Core Development Team, 2015).
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3. Results

3.1. Climate and soil and foliar water statuses

The seasonal mean temperatures in 2014 (Figure 1) ranged between 9.7 °C in winter and
22.4 °C in summer. The summer was wet, with a total precipitation of 161.7 mm,
considerably higher than in winter (66.2 mm) and spring (79.6 mm). Soil water content
and temperature clearly varied seasonally. Soil water content (Figure 2a) was higher in
winter than the other seasons for all treatments. Soil temperature (Figure 2b) was lowest
in winter and highest in summer and was higher at midday for each season. Foliar WC
(Figure 3) differed significantly (p<0.001) between seasons and decreased from winter to
spring and then recovered in summer and autumn. The treatments, however, had no

impacts on WC.
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Figure 1. Daily mean temperature and daily total precipitation in Garraf Natural Park in
2014. Total precipitation was 66.2 mm in winter (January-March), 79.6 mm in spring
(April-June), 161.7 mm in summer (July-September) and 202.3 mm in autumn (October-
December). Seasonal mean temperatures were 9.7 °C (winter), 17.5 °C (spring), 22.4 °C

(summer) and 13.5 °C (autumn).
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Figure 2. Seasonal variation of soil water content (SWC) (a) and temperature (b) in
Garraf Natural Park in 2014. Error bars are standard errors of the mean (n=9 for the
drought and warming treatments, and n=18 for the control treatment). The significances

of the repeated-measures ANOVAs are depicted.
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Figure 3. Seasonal variation of foliar water content (WC) for Erica multiflora in 2014.
Error bars are standard errors of the mean (n=6 for the drought and warming treatments,
and n=12 for the control treatment). The significances of overall repeated-measures

ANOVAs are depicted.

3.2. Seasonal patterns of gas exchange, fluorescence and vegetation indices

The rate of CO; assimilation (A) (Figure 4a) was significantly lower in winter (ca. 2 umol
m s than autumn (ca. 8 umol m™ s™) for both the morning and midday measurements.
Morning A was significantly lower in the warming than the other treatments in spring
(p<0.05). Midday photosynthesis was significantly lower in the drought than the control
treatment throughout the year (drought < control, p=0.03), particularly in autumn
(»<0.05). Morning stomatal conductance (gs) (Figure 4b) was slightly lower in summer
than spring. Midday gs was significantly lower in both the drought and warming

treatments, particularly in summer (p<0.05 for both).

Fv/Fm (Figure 5a) increased throughout the year in the morning and at midday, in
parallel with the seasonal patterns in A (Figure 4a). Morning Fv/Fm was significantly
lower in the drought treatment, particularly in winter (p<0.01). Yield (Figure 5b) had
similar seasonal patterns as Fy/Fm, but was slightly lower in autumn than summer in the
morning. Midday Yield was significantly lower in the drought and warming treatments,

particularly in spring and autumn.
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Figure 4. Seasonal variation of CO; assimilation rate (A) (a) and stomatal conductance
(gS) (b) for Erica multiflora in 2014. Error bars are standard errors of the mean (n=6 for
the drought and warming treatments, and n=12 for the control treatment). The
significances of overall repeated-measures ANOVAs are depicted. *p<0.05 between

treatments for each seasonal measurement.
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Figure 5. Seasonal variation of foliar maximum (Fv/Fm) (a) and actual (Yield) (b)
photochemical efficiency for Erica multiflora in 2014. Error bars are standard errors of
the mean (n=6 for the drought and warming treatments, and n=12 for the control
treatment). The significances of overall repeated-measures ANOVAs are depicted.

*p<0.05, **p<0.01 between treatments for each seasonal measurement.

Chapter 4-122



The photochemical reflectance index (PRI) and photosynthesis response to warming and drought

Morning Midday
(a)
Season p<0.001 Season p<0.001
Warming<Control p=0.02 Warming<Control p=0.006
0.000 A
—0.025 1
[—
(a7
=
—0.050 1
—0.075 1
®
(b) S <0.001 S <0.001
0.85 - eason p . cason p .
—  0.801
>
e
Z
0.751
2 rC)onlrohl
rought
0.70 1 &k o Wam”%ng

Winter Spring Summer Autumn  Winter Spring Summer Autumn

Figure 6. Seasonal variation of the photochemical reflectance index (PRI) (a) and
normalized difference vegetation index (NDVI) (b) for Erica multiflora in 2014. Error
bars are standard errors of the mean (n=6 for the drought and warming treatments, and
n=12 for the control treatment). The significances of overall repeated-measures ANOVAs

are depicted. *p<0.05, **p<0.01 between treatments for each seasonal measurement.
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Figure 7. Seasonal variation of the water index (WI) for Erica multiflora in 2014. Error
bars are standard errors of the mean (n=6 for the drought and warming treatments, and
n=12 for the control treatment). The significances of overall repeated-measures ANOVAs

are depicted. **p<0.01 between treatments for each seasonal measurement.

The seasonality of PRI (Figure 6a) was similar to that of A and Fv/Fm. PRI was
significantly lower in the warming treatment both in the morning and at midday,
particularly in the morning in winter (p<0.05) and at midday in summer (p<0.01). NDVI
(Figure 6b) was lowest in spring and similar in winter and summer but did not differ
significantly between the treatments, both in the morning and at midday. Interestingly,
morning WI (Figure 7) varied similarly to WC (Figure 3) throughout the year. Midday
WI, however, was significantly lower in the drought and warming treatments, particularly
in summer (p<0.01 for both) and autumn (p<0.01 for the warming treatment). NDCI
(higher values indicate higher chlorophyll contents) (Figure S1a) was stable from winter
to summer but increased rapidly in autumn. NDCI was lower in the warming and drought
treatments both in the morning and at midday. SIPI (an estimator of the
carotenoids/chlorophyll relationship; higher values indicate higher
carotenoid/chlorophyll ratios) (Figure S1b) increased from winter to spring and then

decreased to minimum values in autumn.
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3.3. Relationships of A with PRI, WC, fluorescence and the other vegetation indices

PRI and A were significantly correlated in the treatments and over time (Figure 8a). NDVI
only poorly tracked the photosynthetic changes (Figure 8b). The indicators of foliar water
status, WC (Figure S2a) and WI (Figure S2b), however, were not correlated with the
seasonality of photosynthesis. Fy/Fm and Yield had significant relationships with A
(Figure S3) but more weakly than PRI. In particular, Yield and A were only marginally
correlated at midday in the drought and warming treatments (p<0.1, Figure S3b). NDCI
also tracked photosynthetic seasonality less well than PRI, with an R? range of 0.22-0.77
in the treatments (Figure S4a). SIPI was only weakly correlated with A (Figure S4b),
unlike PRI and NDCI. In the warming treatment, however, 47 and 42% of the variability

of A in the morning and at midday, respectively, were explained by SIPL.
3.4. Relationships between WC and WI

WI varied similarly to WC in the treatments in the morning but decoupled at midday in
the drought treatment (Figure 9). WI accounted for 77% of the variance of morning WC
in the warming treatment, 25% higher than in the control treatment. Midday WI and WC

relationship, however, were similar in the warming and control treatments.

3.5. Relationships of PRI with the fluorescence parameters and indices of vegetation

pigments

PRI was correlated significantly with Fy/Fum (Figure 10a, R? of 0.63-0.82 in the morning
and 0.59-0.69 at midday) but weakly with Yield (Figure 10b). Interestingly, PRI was
strongly correlated with NDCI (Figure S5a, R*>0.58 and p<0.001 for all treatments),
particularly in the warming treatment (R’>=0.81 and 0.88 for the morning and midday
measurements, respectively). The correlation between PRI and SIPI was also strong, with

a clearly higher R* at midday (Figure S5b).
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Figure 8. Relationships of CO, assimilation rate (A) with the photochemical reflectance

index (PRI) (a) and normalized difference vegetation index (NDVI) (b) for Erica

multiflora in 2014. The black lines represent the linear relationships over all three

treatments. n.s. p>0.1, p<0.1, *p<0.05, **p<0.01 and ***p<0.001 between variables. C,

D and W indicate the control, drought and warming treatments, respectively.
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multiflora in 2014. The black lines represent the linear relationships over all three
treatments. n.s. p>0.1, *p<0.5, **p<0.01 and ***p<0.001 between variables. C, D and W

indicate the control, drought and warming treatments, respectively.

3.6. Responses of APRI to AA and AYield

PRI varied diurnally similarly with A and Yield in all treatments throughout the year,
particularly in the warming treatment (Figure 11). AA, AYield and APRI varied from high
winter values (near or >0) to low summer values (<0) and then slightly increased in
autumn (Figure 11). These changes indicated that photosynthesis and PRI were mostly
lowest at midday in summer. AYield (Figure 11b) was significantly higher (p<0.05) in the
control than the drought and warming treatments that had low negative values from spring
to autumn, i.e. midday Yield was much lower in the drought and warming treatments. AA
and AYield were strongly correlated with APRI (Figure 12, >50% of the variability was
explained by APRI for all treatments combined), particularly for the drought (R?>=0.82
and p<0.1 for AA, R>=0.95 and p<0.05 for AYield) and warming (R*=0.98 and p<0.05 for
both) treatments. The slopes of these relationships were not different among treatments
except the slope between AYield and APRI that was lower in the drought than in the

warming treatment.
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indicate the control, drought and warming treatments, respectively.
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for the control treatment). The significances of overall repeated-measures ANOVAs are

depicted. "p<0.1, *p<0.05, **p<0.01 between treatments for each seasonal measurement.
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Erica multiflora in 2014. The black lines represent the linear relationships over all three
treatments. n.s. p>0.1, p<0.1, *p<0.05 and **p<0.01 between variables. C, D and W

indicate the control, drought and warming treatments, respectively.

4. Discussion

Our results showed that PRI but not NDVI efficiently tracked the photosynthetic
seasonality of mature evergreen plants under experimental warming and drought
conditions. PRI also tracked photosynthetic activity better than NDCI and SIPI. WI was
a good indicator of the seasonal variability of foliar WC in this drought-tolerant evergreen
shrub. Importantly, APRI detected the midday depression in photosynthesis in response
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to the warming and drought conditions, which are generally accompanied by multiple

physiological processes (e.g. lower midday gs in this study) and are not readily detectable.

4.1. PRI assessment of seasonal photosynthesis under long-term drought and warming

conditions

The study site, a typical Mediterranean region, has been generally characterized by low
precipitation and high temperatures in previous summers (Vicente-Serrano et al., 2014)
and in future climatic projections (Giorgi and Lionello, 2008). The summer was wetter
and the spring was drier in 2014 than previous years because of the higher summer
precipitation (82.1 mm more than in spring) (Figure 1) and a considerably lower spring
soil water content (Figure 2a; Liu er al., 2016; Nogués et al., 2012). A consequently
increased seasonally from winter to autumn, and Fy/Fy increased from spring to summer,
in contrast to the significant decrease in previous studies (Llorens et al., 2003a, 2003b).
These seasonal increases in A and Fy/Fm were efficiently tracked by PRI, with strong
correlations in all treatments (Figure 8a), which were stronger than in previous years in

this experimental system (Filella et al., 2004).

Midday A, gs and Yield and morning Fv/Fum were significantly lower in the drought
treatment throughout the study year, likely due to the effect of the water stress (Figures.
4, 5). Midday gs and Yield were also lower in the warming treatment. It has been reported
that drought and warming can advance the spring growing season, affect reproductive
performance and decrease plant productivity of E. multiflora (del Cacho et al., 2013;
Prieto et al., 2009¢). The drier and warmer conditions projected for the future could affect
diversity, decrease biomass and increase mortality in Mediterranean ecosystems (Liu e?
al., 2015, 2016; Nardini et al., 2014; Prieto et al., 2009a). Our results demonstrated the
negative effects of water deficit with or without warming on seasonal photosynthetic
dynamics, which would further affect plant growth in Mediterranean ecosystems. PRI
provided a simple method to non-destructively assess such long-term effects for drought-
tolerant plants. NDVI, however, was only weakly correlated with midday A (Figure 8b),
in contrast to a higher correlation of previous study (Filella ez al., 2004). NDCI was also
strongly seasonally correlated with A (Figure S4a), and SIPI was weakly and negatively
correlated with A (Figure S4b), but neither was as strongly correlated as PRI. PRI was not
only sensitive to long-term carotenoid/chlorophyll changes, but also to short-term
xanthophyll pigment conversion (Filella ez al., 2009; Gamon and Berry, 2012; Porcar-

Castell et al., 2012). The strong correlations of PRI with NDCI and SIPI (Figure S5)
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supported the importance of pigments in using PRI to monitor the photosynthetic
apparatus at seasonal timescales (Filella et al., 2009), because NDCI is an index of
chlorophyll changes (Gamon and Surfus, 1999; Gitelson and Merzlyak, 1994) and SIPI
is associated with carotenoid and chlorophyll ratios (Penuelas et al., 1995a). PRI and
NDCI were much lower in the warming than the control treatment, further demonstrating
the regulation of de-epoxidation state of the xanthophyll cycle in plants confronted by
heat stress, which affected the changes of the photosynthetic pigments. Our results also
indicated that these indices were sensitive to decreases in foliar gas exchange and

photochemical efficiency induced by warming.

Seasonal changes of the pools of carotenoid pigments, including xanthophyll
pigments but also lutein, neoxanthin and S-carotenoid, play an important role in
preventing photosynthetic inhibition and downregulation (Demmig-Adams et al., 1996;
Gamon et al., 2016; Niyogi, 1999). A previous study at our site found large seasonal
changes of carotenoids in E. multiflora (Nogués et al., 2012). Our study did not find
pigment changes, but the strong interactions of the indices associated with pigments (PRI,
NDCI and SIPI) with photosynthesis indirectly illustrated the role of the pigments in the

seasonality of photosynthetic regulation.

Variations in canopy structure such as shadows and plant architecture generally also
have large effects on the seasonality of PRI. Filella et al. (2004) proposed that PRI could
be a better indicator of photosynthetic activity than NDVI, under increased vegetation
coverage or LAI during the early successional stages of the E. multiflora canopy. Our
study supported this proposal, with NDVIs near saturation (Figure 6b), but PRI increased
synchronously with CO; assimilation rate (Figures. 4a, 6a). Additionally, NDVI did not
detect the disturbances to plant functionality due to drought or warming. Many reports
have demonstrated that NDVI is readily saturated in dense canopies and/or at high LAIs,
which could lead to poor or failed assessments of photosynthetic activity and plant
biomass (Garbulsky et al., 2011; Ménd et al., 2010; Stylinski et al., 2002; Zarco-Tejada
etal.,2013Db).

PRI has also been used to track variability in A in mature olive trees in response to
seasonal water stress (Marino et al., 2014). The prolonged summer-drought limited
radiation-use efficiency (RUE) was assessed by satellite-based PRI (Moreno ez al., 2012).
Our study confirmed the ability of PRI to detect the effects of seasonal water deficits on

photosynthesis and demonstrated the potential of PRI to assess the impacts of climatic
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warming on plant photosynthesis.
4.2 WI tracked the seasonal changes of foliar WC

Water availability plays a key role in photosynthetic regulation in E. multiflora (Llorens
et al., 2003b). Many reports have demonstrated that WI can be a non-destructive proxy
of plant water content for identifying water stress and predicting crop yield (Claudio et
al., 2006; Penuelas et al., 1993, 1997; Pefiuelas and Inoue, 1999; Rischbeck et al., 2016).
Our results also showed that the WI clearly detected changes in WC, particularly in the
morning measurements, probably because the measuring time of WI in the morning was
closer to the WC measurement and the relative water content in E. multiflora is lower at
midday than predawn (close to our morning measurement time) in dry summer season
(Catoni et al. 2013), which is also consistent with W1 in our study being lower at midday
summer particularly in the warming and drought treatments (Figure 7). However, neither
WC nor WI were highly correlated with CO; assimilation rate (Figure S2a, b). This
decoupling of foliar water status and photosynthesis in E. multiflora was probably caused
by the large role played by soil water availability in photosynthetic adjustment in
Mediterranean ecosystems, which generally encounter drought stress (Asensio et al.,

2007; Liu et al., 2016; Ogaya et al., 2014; Prieto et al., 2009b).

4.3. PRI assessment of midday depressions of photosynthesis under long-term drought

and warming

The low negative values of foliar AA and AYield in summer at the diurnal scale (Figure
11a, b) identified the midday depression of photosynthesis, which has been previously
reported for the same site by Llorens ez al. (2003a). The higher winter AA and AYield in
the warming than the control treatment indicated that warming was beneficial to winter
photosynthetic activity. In contrast, the lower negative summer and autumn AA and
AYield in the warming than the control treatment demonstrated that warming increased
photosynthetic midday depression in these two seasons. The drought treatment, however,
increased spring and summer midday depression of photosynthesis and had no effect on
winter and autumn photosynthetic depression. These results demonstrated that plant
photosynthesis in summer season was highly sensitive to climatic warming and drought,
and indicated that future climate change could enhance photosynthetic midday depression,
decrease vegetation production and disturb carbon budget for Mediterranean ecosystems.

Interestingly, the patterns of APRI with midday depression of photosynthesis were similar
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in the warming and drought treatments. The results present here, together with the strong
correlations of APRI with AA and AYield (Figure 12), illustrated that APRI was sensitive
to midday photoinhibition under experimental warming and drought and was a good

indicator of reduced carbon assimilation.

The midday depression of photosynthesis in Mediterranean summers can be caused
to a large extent by the excessive noon irradiance and high temperature (Damesin and
Rambal, 1995), which can profoundly influence diurnal PRI patterns and decrease
midday PRIs (Gamon and Bond, 2013). Short-term changes of PRI have been associated
with rapid conversion of xanthophyll pigments that protect the photosystem from
photoinhibition at high midday irradiances (Gamon and Bond, 2013; Pefiuelas et al.,
1995b) and downregulate PSII photochemical efficiency (Figure 11b; Damesin and
Rambal, 1995; Demmig-Adams et al., 1989). The regulation of photosynthetic midday
depression aids plant survival when environmental conditions are unfavorable but
decreases RUE and plant productivity (Gamon and Bond, 2013). Models have
demonstrated that photosynthetic downregulation reduces carbon uptake and affects the
carbon budget (Arora et al., 2009). Our study introduces a simple method to detect the
photosynthetic midday depression. Gamon and Bond (2013) reported that PRI was
sensitive to illumination and photosynthetic downregulation in a short-term study, which
supports the potential utility of APRI for monitoring the seasonal midday depression of

photosynthesis in the present study.

The midday depression of photochemical activity was also due to the significantly
lower soil water content and gs and higher soil temperature relative to the morning
measurements (Figures. 2, 4b). The availability of soil water may have been a key
constraint regulating photosynthesis in previous studies at the same site (Liu et al., 2016;
Llorens et al., 2003a, 2003b) and in a Mediterranean forest (Asensio et al., 2007). Lower
gs in E. multiflora generally co-occur with lower transpiration rates and higher vapor-
pressure deficits (Liu et al., 2016; Llorens et al., 2003a). Lower gs can also decrease
midday transpiration rates and prevent or control the decrease in foliar water potential
(Farquhar and Sharkey, 1982; van der Molen et al., 2011), eliciting lower midday rates of

carbon assimilation.

He et al. (2016) recently demonstrated that MODIS-based PRI was sensitive to RUE
constrained by water stress due to low soil water content. Magney et al. (2016) also

reported that APRI was more sensitive to water and nutrient limitation but less sensitive
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to LAI and chlorophyll content throughout the wheat growing season, which enabled
APRI to deconvolve the diurnal component from seasonal changes. Together with these
previous reports, our study further supported the ability of APRI to detect the responses

of photosynthetic midday depression to environmental stresses.

5. Final remarks

Ongoing global warming in the Mediterranean region, where the frequency of summer
drought has been increasing, is having a critical impact on the functioning of terrestrial
ecosystems and on plant physiological processes (Giorgi and Lionello, 2008; Liu et al.,
2016; Nardini er al., 2014). Remote sensing can potentially assess plant functional
adjustments and carbon assimilation at various temporal and spatial scales in response to
stress. PRI has been used to detect the impacts of water deficit on the photosynthetic
apparatus in Mediterranean species (Marino et al., 2014; Stylinski et al., 2002; Tsonev et
al., 2014; Zarco-Tejada et al., 2013a). We used PRI to detect the seasonality of
photosynthesis in E. multiflora under long-term drought and warming conditions (Figure
10). WI also provided a simple method for non-destructively detecting changes in plant
water content in this drought-tolerant shrub. Strong photosynthetic downregulation under
severe stress, however, can also be caused by other biochemical mechanisms and
probably be prevented by other photoprotective processes (Demmig-Adams and Adams,
2006; Takahashi and Badger, 2011). For example, PRI was decoupled from NPQ in
Ceratonia siliqua seedlings subjected to water stress (Osorio et al., 2012) and in boreal
evergreen needles during the transition from a cold winter to a warm spring (Porcar-
Castell et al., 2012) by non-regulated quenching other than thermal dissipation mediated
by xanthophyll for protecting the photosynthetic machinery. Our study also indicated that
warming was beneficial to winter photosynthetic activity and instead that warming and
drought increased summer midday depression of photosynthesis for semi-arid
Mediterranean evergreen shrub. APRI provided a simple method for detecting this midday

depression or downregulation of photosynthesis response to climate change.

It should be noted that we measured photosynthesis under constant light conditions
that can represent RUE at a given light intensity. Further study should test the utility of
PRI and APRI as indicators of plant photosynthetic dynamics and midday depression
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under natural illumination in evergreen shrubs and other functional types. Importantly,
assessments of PRI should be adjusted based on the effects of canopy structure, pigments,
view angle and irradiance etc. (Damm et al., 2015; Hilker et al., 2010; Magney et al.,
2016; Moreno et al., 2012; Soudani et al., 2014), to facilitate its applicability in
interpreting photosynthetic activity and in the large-scale monitoring of carbon uptake.
Increasingly used unmanned aerial vehicles (UAVs) with various optical sensors provide
an exciting opportunity to monitor multiple optical signals (e.g. PRI and WI) with high
spatiotemporal resolution (Gago et al., 2015). MODIS (Moderate Resolution Imaging
Spectroradiometer) aboard the Terra and Aqua satellites provides the possibility of
retrieving PRI or CCI (chlorophyll/carotenoid index, Gamon et al., 2016) both in the
morning and at midday, which can be further applied to test the diurnal changes of PRI
or CCI and the utility of assessing carbon budget under ongoing and future climate change
at larger spatial and longer temporal scales. GOME-2 (Global Ozone Monitoring
Experiment-2) spectrometer, aboard the Metop satellite with a high spectral (0.2-0.4nm
in ultraviolet and visible spectrum) and temporal resolution (enables scanning the earth
surface within 1.5 day), also provides the possibility of calculation of PRI to detect

changes in carbon uptake at high spatiotemporal scales.

Our ground-based study could provide basic information for validating the airborne
or satellite-based inferences of photosynthesis using PRI in response to environmental
stresses and the ongoing changes to climate, particularly, in regions dominated by
evergreen species where photosynthetic capacity is mainly constrained by stomatal
adjustment and water availability both in soil and leaves due to the effects of summer
drought and low precipitation, such as our study site. Remotely sensing pigment activity
to assess the seasonality of photosynthesis is a basic but vital step toward the ultimate

assessment of the global carbon budget.
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Abstract

Severe droughts strongly impact photosynthesis (GPP), and satellite imagery has yet
to demonstrate its ability to detect drought effects. Especially changes in vegetation
functioning when vegetation state remains unaltered (no browning or defoliation) pose
a challenge to satellite-derived indicators. We evaluated the performance of different
satellite indicators to detect strong drought effects on GPP in a beech forest in France
(Hesse), where vegetation state remained largely unaffected while GPP decreased
substantially. We compared the results with three additional sites: a Mediterranean
holm oak forest (Puéchabon), a temperate beech forest (Hainich), and a semi-arid
grassland (Bugacpuszta). In Hesse, a three-year reduction in GPP following drought
was detected only by the Enhanced Vegetation Index (EVI). The Photochemical
Reflectance Index (PRI) also detected this drought effect, but only after normalization
for absorbed light. In Puéchabon normalized PRI outperformed the other indicators,
while the short-term drought effect in Hainich was not detected by any tested indicator.
In contrast, most indicators, but not PRI, captured the drought effects in Bugacpuszta.
Hence, PRI improved detection of drought effects on GPP in forests and we propose
that PRI normalized for absorbed light is considered in future algorithms to estimate

GPP from space.
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1. Introduction

Increased frequency and intensity of drought events is among the prospects that we are
facing due to climate change. How ecosystems cope with and respond to extreme
droughts will be crucial in the terrestrial feedback to climate change'. Severe and
recurrent droughts can reduce the terrestrial carbon sink?, eliciting a positive feedback on
climate change. Ecosystem responses to drought, however, are highly variable in time
and space®>. Our knowledge of these responses is still very limited, in part because
research on the effects of extreme droughts began only relatively recently and because
extreme events occur only rarely in nature. The tools best suited for large-scale, long-
term, and continuous high-frequency monitoring of terrestrial ecosystems, i.e. remote
sensing imagery, though, have yet to demonstrate their ability to capture the effects of
extreme droughts on carbon cycling in natural ecosystems.

To use satellite data for detecting and quantifying the effects of drought at a global
scale, we need products that can reliably capture the variation in vegetation state (e.g.
defoliation or browning) and in vegetation functioning (e.g. decreases in photosynthesis).
Both can change in response to drought, but drought effects may also be restricted to
changes in vegetation functioning, for example when trees that already reached peak leaf
area experience a drought event, close their stomata and thereby strongly reduce
photosynthetic CO2 uptake. When drought severity remains below the level where leaves
turn brown, vegetation state remains largely unaltered whereas vegetation functioning is
altered and gross primary production (GPP) is decreased considerably.

Although commonly used remote sensing indicators such as the Normalized
Difference Vegetation Index (NDVI) detect green biomass and generally detect changes
in vegetation state (greening, mortality or defoliation)®’, these indicators often fail to
reflect drought-induced decreases in plant activity. This failure can be due to absence of
structural changes, to early saturation at high leaf area index masking moderate structural
changes, or to particularly complex structural changes®’. A recent comparison of
commonly used remote sensing indicators with field observational data accordingly
indicated a modest performance of these indicators in capturing the interannual variability
in GPP!°. Whereas for grasslands and evergreen broadleaved forests, NDVI and the
Enhanced Vegetation Index (EVI) capture interannual variability in GPP relatively well,

the relationships between the relative anomalies in annual GPP (estimated from eddy
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covariance measurements) and the corresponding anomalies for the remote sensing
indicators was very poor for deciduous broadleaved and evergreen needleleaved forests'?,

The GPP derived from Moderate Resolution Imaging Spectroradiometer (MODIS)
product (modGPP) is an advanced satellite product for estimating the uptake of carbon
by plants. The modGPP has been compared to field estimates of GPP in various studies,
which typically suggest that this product is reliable at large spatial and temporal scales,
but is more erratic at fine temporal and spatial resolution'®!3. The modGPP is calculated
as a function of FAPAR (fraction of absorbed photosynthetically active radiation),
temperature, vapor pressure deficit (VPD), light (all three derived from a global dataset'?)
and an estimate of maximum radiation-use efficiency (RUE). It thus includes important
abiotic variables that enable short-term fluctuations in this indicator that are not detected
in commonly used remote sensing indicators such as FAPAR. Field conditions, however,
may deviate from those suggested by these abiotic variables, which may lead to
substantial differences between modGPP and field-based GPP estimates during drought
periods (see e.g.11). The VPD obtained from the global dataset in particular may not well
represent water availability. For example, a drought-induced decline in GPP may last
much longer than the increase in VPD, which could lead to an underestimation of the
drought effect by modGPP if FAPAR is unaltered. Moreover, RUE is here expressed as a
biome-specific constant at its potential maximum that may not be representative of the
seasonally variable RUE of an ecosystem. Hence, resulting GPP estimates often do not
scale with field observations'®.

It has been suggested that RUE can be estimated remotely from the Photochemical
Reflectance Index (PRI)'®. The PRI is linked to the de-epoxidation status of the
xanthophyll cycle pigments, which is one of the components of the non-photochemical
de-excitation pathway'¢. PRI can capture the temporal dynamics in RUE via variations in
the xanthophyll cycle pigments and the relative ratio of carotenoids to chlorophyll. It is a
promising tool to better represent plant functioning through spectral measurements!'>!7!%,
However, a valid remotely-based RUE estimate across different plant functional types
and wide range of conditions has not yet been identified'>!”. Accordingly, the
performance of PRI in detecting drought effects on plant activity is still debated. A study
by Peguero-Pina et al.?’ demonstrated that ground-based PRI can be a reliable index for
detecting drought-induced reductions in plant activity (or more specifically, plant stress

indicators such as chlorophyll fluorescence), but drought detection using PRI derived
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from satellite data may be more problematic'®. Although PRI can capture changes in the

xanthophyll cycle, indicative of stress?!*2

, these changes can be obscured by the much
stronger signals of seasonal variation in the pigment pool of the leaves (e.g. chlorophyls)?!,
and by seasonal changes in illumination?. Recent insights from ground-based remote
sensing suggest that a normalization for absorbed light may overcome many of these
problems?*. This promising approach of normalizing PRI for absorbed light remains to be
evaluated for satellite-based PRI.

The aim of this study was to test if commonly used remote sensing indicators and
PRI calculated with MODIS bands could detect effects of extreme drought on GPP. We
hypothesized that commonly used remote sensing indicators, except for modGPP, detect
drought effects only when vegetation state is affected. We expected PRI to capture
drought effects on GPP in case of physiological changes and in particular, we anticipated
a substantial improvement of drought detection by PRI when normalized for absorbed
light. To test our hypotheses, we selected a beech forest in Hesse, France where long-term
monitoring revealed a strong reduction of GPP during the European heatwave?’ that was
associated with a drought event that lasted from 2003 until 2005 in this forest, but hardly
affected vegetation state (leaf area index, tree mortality). To further test the
generalizability of our findings, this ideal test case was further complemented with three
long-term monitoring sites that had experienced a severe drought. These three additional
sites - which were the only ones that met the necessary criteria (see Methods) - are an
uneven-aged and unmanaged beech forest in Hainich, Germany; an evergreen
broadleaved holm oak forest in Puéchabon, France; and a semi-arid grassland in
Bugacpuszta, Hungary (see Supplementary Table S1 for general site information). We
used the following remote sensing indicators in our study: NDVI, EVI, EVI2, FAPAR,
absorbed photosynthetically active radiation (APAR), Leaf Area Index (LAI), Simple
Ratio (SR), Global Environmental Monitoring Index (GEMI), Normalized Difference
Water Index (NDWI), modGPP and PRI (see Methods and Supplementary Table S2 for

calculations).

2. Methods

2.1. Site description

The key site in this study was a beech forest in Hesse, northeastern France. The
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monitoring site was installed in a 0.6-ha fenced experimental plot in the central part of
the forest. The forest was naturally regenerated and contained 95% European beech
(Fagus sylvatica L.) trees averaging 40 years of age in 2005. The young forest has been
managed traditionally by the French forest service (ONF) and was thinned just before the
start of the monitoring (end of 1995, no data available), in spring 1999, at the end of 2004,
and at the beginning of 2010. Stem density was reduced by 24.4, 17.7 and 10.5%, whereas
LAlIdecreased by 35.1, 33.3 and 22.9%, in 1999, 2004 and 2010, respectively (Figure 1b).
More information about this forest is provided in Supplementary Table S1 and in Bréda
et al.*® and Granier et al.?’.

We further searched the FLUXNET and European fluxes databases for sites to test
the robustness of the results obtained for Hesse. These sites, as for Hesse, had to meet the
following criteria:

1. Time series of GPP covering at least five consecutive years

2. Homogenous vegetation at 1 km resolution

3. Drought event that is detected in GPP

The first criterion is a prerequisite for analyzing time series. The effect of a drought
on GPP and its detection by remote sensing imagery can only be tested with sufficiently
long time series that (1) enable comparison of drought and non-drought periods, and (2)
enable detection of potential lagged and/or carry-over effects. The second criterion
ensures reliable comparisons between field data and remote sensing indicators, as it
avoids contradictory flux measurements that depend on wind direction and footprint
extent. The third criterion is necessary for testing the use of satellite data for detecting the
effects of drought. We selected only those sites where GPP was significantly affected
during a drought based on a breakpoint-detection technique and for which the site
investigators confirmed that the reduction in GPP during the drought could indeed be
attributed to water stress. These three criteria excluded the vast majority of sites,
especially because drought events were often not reflected in GPP measurements (e.g.
because trees had access to deep soil water), or because simultaneous management
activities confounded the drought response of GPP. The remaining sites provided datasets
of high quality, which was essential for this study. These three additional sites were: an
uneven-aged and unmanaged beech forest in Hainich, Germany; an evergreen
broadleaved holm oak forest in Puéchabon, France; and a semi-arid grassland in

Bugacpuszta, Hungary.
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2.2. Drought episodes

We calculated the Standardized Precipitation Evapotranspiration Index (SPEI) using the
SPEI-package in R47. SPEI is a meteorological drought indicator based on a monthly
climatic water balance (precipitation — potential evapotranspiration), which is adjusted
using a three-parameter log-logistic distribution. We then accumulated the values at a
timescale of 12 months, and this SPEI12 indicates for each moment in time the
meteorological dryness (or wetness) of the previous 12 months as compared to historical
observations. The choice of this timescale was arbitrary but of minor importance for this
study, because it only served to identify the occurrence and timing of a severe drought.
Moreover, the patterns in SPEI were similar for all timescales between six and 18 months
(data not shown). SPEI values between 1 and —1 are considered normal, whereas values
<—1 indicate drought and values <—1.5 indicate severe drought*’. We defined a drought
as a period where SPEI12 decreased to <—1.5.

Because we were interested in evaluating the use of globally available products, we
extracted the necessary long-term precipitation and potential evapotranspiration data
from EC-JRC-MARS (a dataset based on ECMWF model outputs and a reanalysis of
ERA-Interim; see http://spirits.jrc.ec.europa.eu/), based on the geographic location of
each site. This dataset provides a finer spatial resolution (0.25°) than the CRU data set
(0.5°) used by Vicente Serrano et al.*’. The period covered by the JRC-MARS dataset
was 1989-2012. Potential evapotranspiration estimates in this dataset are calculated using
the Penman-Monteith equation®®.

Although SPEI is a useful and convenient metric for detecting meteorological
drought, with good spatial and temporal coverage, it does not necessarily indicate field
conditions well. Plants experience a given reduction in precipitation quite differently
between sites (e.g., because of differences in soil texture)*’, and periods of drought are
therefore best identified using site-specific data. For that reason, we computed for the

selected sites relative extractable water (REW) based on a water balance model*’

(see
details in Supplementary Notes S1). REW represents soil moisture as a fraction of
maximum soil water across the rooting zone and is thus a type of agricultural drought
index50. Below REW=0.4, plants can be considered drought stressed?’.

Because the necessary data for calculation of REW were not available for
Bugacpuszta, soil water content (SWC) was used instead as an indicator of the water

status of the site. These data suggested a strong drought in 2009, when SPEI12 remained
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only slightly above —1.5. Therefore, 2009 was also considered as a dry year in the
analyses. In addition, we computed for Puéchabon the water stress index (WSI), which
incorporates not only soil measurements but also predawn leaf water potential
measurements and is therefore an even better indicator of plant drought stress than REW.
We consider WSI<-250MPa day to be indicative of moderate to severe drought (see
Supplementary Notes S1 for details).

2.3. Flux data

We extracted half-hourly data from the European fluxes database (http://www.europe-
fluxdata. eu), and complemented these with the most recent data available (provided by
the PI). We then calculated daily means from the half-hourly data. Gaps in the data due

1

to sensor malfunctions or less than ideal turbulence conditions®’ were filled using

marginal distribution sampling described by Reichstein et al.>?

. We used only days when
both daily meteorological and flux data contained less than 20% gapfilled half-hourly
data. Gross primary production was estimated using flux partitioning, based on the
extrapolation of nighttime flux observations corrected for temperature differences with
temperature-dependency relationships®?. We further refer to this GPP estimate as ‘tower

GPP’ to distinguish from MODIS’ GPP product (modGPP; see below).
2 4. Satellite data

We used MODIS subset data (collection 5) provided by ORNL DAAC
(http://daac.ornl. gov/cgi-bin/MODIS/GR _col5 1/mod_viz.html, col. 5) for deriving the
commonly used indicators (Table S2). The MODO09A1 ASCII subset dataset contains
surface reflectance data of MODIS bands ranging from 620 nm to 2155 nm at 500 m
spatial resolution and eight-day synthesis period. For comparison with the other satellite
indicators at 1-km spatial sampling, the 500 m reflectance data were re-sampled to 1-km
spatial resolution by simple aggregation of the 2x2 pixels centered at the flux tower. Only
high quality data were included and images affected by clouds or snow cover were
removed according to the quality flag associated with MODO9A1 data. The reflectances
at 1 km spatial resolution were used to compute the standard MODIS indicators presented
in Table S2 (NDVI, EVI, EVI2, SR, GEMI, NDWI). We also gathered FAPAR and LAI
from MOD15A253 at 8 days and 1 km and GPP data from MOD17 at 8 days and 500 m,
aggregated at 1 km; http://www.ntsg.umt.edu/project/ mod17%%. Finally, APAR (absorbed
photosynthetically active radiation) was calculated from the MODIS FAPAR data, and
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global radiation was calculated from EC-MARS-JRC data (0.25° spatial resolution; one-
day interval). We assumed a constant fraction of PAR in global radiation: global radiation
was divided by 43 to obtain an estimate of the photosynthetically active radiation (PAR;
this relationship was derived from a comparison with field observations of PAR; Figure
S3). This method removed gaps in the field data of PAR and was especially relevant for
the current study where the aim was to determine how drought effects observed in the
field could be detected using global databases. Note that we did not gapfill MODIS data
because the interpolations that are used for gapfilling could create important artefacts that
can influence drought detection.

Calculations of PRI were based on MOD21KM daily-calibrated radiance data (see
http://ladsweb.nascom. nasa.gov). These images were georeferenced using MOD3
geolocation information and the Swath MODIS Tool available from LP DAAC
(https://Ipdaac.usgs.gov/tools/modis_reprojection_tool swath). The pixel area of 1x1 km
corresponding to the flux tower position was extracted and PRI was calculated as

suggested by its developers!®>* (see Supplementary Table S2) and later also applied by,

1.42 1.4 1.5,

for example, Drolet et al.17, Garbulsky et al.**, Goerner et al.**, Guarini et a

Dates when clouds were detected (using the MODIS MOD?35 cloud algorithm and
visual inspection) were discarded. The maximum value of PRI was calculated from a
daily time series over an eight-day window to correspond to the temporal resolution of
MODO09 and MODI5A2. Because corrected reflectances for applying an atmospheric
correction are currently not available, we used the uncorrected PRI. Earlier studies
reported that atmospheric correction did not improve the estimation of RUE!"#?# and
therefore MODIS PRI without atmospheric correction was assumed to be an accurate
indicator of RUE in different ecosystem types'’**3>. The temporal consistency observed
in the PRI profiles presented in our study supports the reliability of the estimates.

To ensure positive values that are better comparable to commonly used remote
sensing indicators such as NDVI, PRI values were standardized as by Rahman et al.*° and
Goerner et al.>’:

sPRI= (1 + PRI)/2 (1)

Because the relationship between PRI and RUE varies over the seasons®*, along with
the dynamics in green biomass that absorbs the incoming radiation, we calculated a

standardized PRI (PRIn), which is normalized for APAR (absorbed PAR; see?* for

rationale). This normalization allows to focus on the part of PRI explaining RUE and
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photosynthetic performance because it removes the part linked to pigments and structure.
PRIn was calculated by:

PRIn = PRI~ RIO )
with PRIO the intercept of PRI vs APAR for a two-month window. This window size was
the best compromise between having sufficient data for a reliable fit (eight data points if
none are missing), and an informative relationship between PRI and APAR. The latter
changes over time?**, so the smaller the window, the better APAR represents the structure
of the vegetation. Finally, we standardized PRIn to obtain only positive values analogous
to sPRI:
sPRIn = (1 + PRIn)/2 (3)

sPRIn is an indicator of the excess energy not photosynthetically processed; when

plants are stressed, their RUE decreases as more energy is lost through heat dissipation.

An increase in sPRIn should thus indicate an increase in foliar photosynthetic activity.
2.5. Analyses

To test whether drought effects on tower GPP are detected by any of the remote sensing
indicators under test, we first calculated for each site the average seasonal pattern over
the entire time series, using a 1-month moving window (thus providing for each day the
average value across the time series). The anomalies from this average season were then
computed and used for further analyses, except in the case of sPRIn, which showed no
seasonality (Supplementary Figure S4). We then removed for all sites data for October-
April (thus leaving only May-September) to study only the season when plants have
leaves and are active. This elimination was necessary to avoid artifacts in the remote
sensing indicators caused by sensing soil instead of leaves.

In order to test if tower GPP and the remote sensing indicators were significantly
different during the drought period(s) as compared to the rest of the time series, we
compared a linear model with and without a drought term (which indicates the pre-defined
drought periods visualized as grey areas in Figs 1-7) using ANOVA. In addition, we ran
a test for structural changes58 considering only the pre-defined drought period and the
year before. As the data were all seasonally adjusted prior to this analysis, a simple
piecewise constant model was used. Hence, whereas the ANOVA considers all drought
periods within a time series at once, the test for structural changes considers the individual
drought periods.

Responses in remote sensing indicators may lag behind the responses observed in
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the field - for example when physiological changes reduce tower GPP while vegetation
state (LAI for example) is unaltered -, and full recovery from drought may be (long) after
precipitation ends the meteorological drought. These inconsistent responses complicate
robust detection of drought effects and are best analyzed with a flexible technique, such
as breakpoint analysis. Breakpoint analysis is a technique developed for detecting breaks
based on structural changes in the time series®®. This analysis is related to the test for
structural changes indicated above, but does not presume any periods where breaks would
occur (i.e., no pre-defined drought periods are considered). A simple piecewise constant
model with unknown number and location of breakpoints was adopted. Given a certain
number of breaks, their location is chosen to minimize the residual sum of squares across
the corresponding segments subject to a minimal segment size of 12 observations (about
three months of observations). The number of breaks was then chosen to optimize the
Bayesian information criterion (BIC). The result for each site and anomaly series is a
piecewise constant fit with the BIC-optimal number/location of breaks/segments. See

1.%° for more details.

Zeileis et a
All analyses were performed in MATLAB R2014b (The MathWorks Inc., Natick,
USA), except for the breakpoint analysis and the test for structural change, which both

used the strucchange package in R,

3. Results

In Hesse, the 2003 heatwave is clearly visible in the Standardized Precipitation
Evapotranspiration Index (accumulated over 12 months; SPEI12; see Methods); SPEI12
decreased below —1.5 and did not return to zero until 2006 (Figure la; for temperature
and precipitation data, see Supplementary Figure S1). This corresponds well with patterns
for relative extractable soil water (REW; calculated from ground data of soil moisture)
which reached a minimum in 2003 and remained low in 2004 and 2005. No other droughts
were visible in SPEI12 or REW for the rest of the observation period (Figure 1a). The
strong and lengthy drought had little effect on ground-based leaf area index (LAI)
estimates, which varied between 5.8 and 8.7 and reached a minimum in 2005, after the
thinning of autumn 2004 (Figure 1b). In contrast to LAI, tower GPP was substantially
reduced during 2003-2005 (Tables 1 and 2) and returned to pre-2003 levels only in 2006
(Figure 1c). The strong reduction in tower GPP due to the 2003—2005 drought was clearly
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captured by the test for structural change (Table 1) and by the breakpoint-detection
technique (Figure 1d).
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Table 1. For each site and each variable the P values of ANOVA analysis comparing a model with and without drought term and P values resulting
from the test for structural changes (SC) for the indicated period (i.e., the drought episode + the year before). P values in bold indicate robust
reductions during the drought period (i.e. the structural change test corresponds to the results of the breakpoint analysis presented in Figs 2—7 and

in SI). NA indicates that too few data were available to run the test for structural changes.

GPP <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <20.01
modGPP <0.01 0.05 0.01 0.15 0.37 <0.01 <0.01 0.07 <20.01 0.15 <0.01 <0.01
EVI <0.01 <0.01 0.74 0.99 <0.01 <0.01 <0.01 <0.01 <20.01 NA <0.01 <0.01
sPRIn 0.03 <0.01 0.21 0.12 0.36 <0.01 <0.01 <0.01 0.10 0.99 NA 0.01
APAR 0.90 0.30 0.76 0.44 0.48 0.04 0.02 0.52 <0.01 0.03 0.07 <0.01
EVI2 0.08 0.77 0.63 0.21 0.79 0.08 0.90 0.10 0.02 0.74 <0.01 0.02
FAPAR 0.53 0.48 0.52 0.63 0.45 <0.01 0.38 1.00 <0.01 <0.01 <0.01 0.01
GEMI 0.05 0.27 0.22 0.98 0.01 0.02 0.15 <0.01 <0.01 NA <0.01 <0.01
LAI 0.07 <0.01 0.53 0.32 0.10 <0.01 <0.01 0.99 <0.01 <0.01 <0.01 <0.01
NDVI 0.90 0.90 0.26 0.78 0.90 <0.01 <0.01 0.05 <0.01 NA <20.01 <0.01
NDWI 0.62 0.06 0.41 0.97 0.97 <0.01 <0.01 0.01 <0.01 NA <20.01 <0.01
sPRI 0.25 0.37 0.19 0.78 0.57 0.25 0.41 0.12 <0.01 0.03 0.69 0.99
SR 0.04 <0.01 0.94 1.00 0.67 <0.01 <0.01 0.04 <0.01 NA <0.01 <0.01
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Table 2. For each site and each variable the mean and standard deviation (in brackets) of the anomalies from the average season for the periods
without drought (white areas in Figs 1-6), for the drought periods (grey areas in Figs 1-6) and for the period preceding the first drought. For sPRIn
for which the absolute values are presented. For sPRI and sPRIn, values are multiplied by 100 for visualization purposes. Bold numbers indicate

significant differences between drought and non-drought periods (corresponding p values are in Table 1, in columns with header ‘ANOVA”).
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Figure 1. Time series of ground data and of the SPEI12 for the beech forest in Hesse. (a)
SPEI12 and relative extractable water (REW); (b) leaf area index (LAI; determined from
trapped litter; see29); (c) daily values for tower GPP; and (d) the results of the breakpoint
analysis for GPP (with 8-day values). In (a), the blue line corresponds to SPEI12 and the
black line to REW. The red line indicates the SPEI12 threshold of —1.5 (indicative of
severe drought). Black symbols for LAI indicate the year after thinning. No thinning
occurred in the years with open symbols for LAL In (d), the seasonally adjusted data
(abbreviated as ‘ad.’ in axis labels) are shown and the black line indicates the results of
the breakpoint analysis. The grey area indicates the drought episode that is focused on in

this study.

The GPP product of MODIS did not reproduce the pattern observed for tower GPP.
Although the test for structural change indicated a significant difference between drought
and non-drought periods (Tables 1 and 2) and a minor break was detected at the end of
the drought period, modGPP could obviously not reproduce the field observations;
modGPP during drought was even higher than pre-drought modGPP (Figure 2a, Table 2).
Another commonly used reflectance index, NDVI, did not change throughout the time
series (Figure 2b, Table 1). EVI, in contrast, decreased significantly during the drought,
as did the simple ratio (SR; for calculation see Table S2), albeit only for 2004-2006

(Figure 3e, Tables 1 and 2). None of the other commonly used remote sensing indicators

Chapter 5-157



Remotely sensed extreme droughts effects on gross primary production

decreased during the 2003-2005 drought episode (Figs 2 and 3). We suspected an
important role for the blue band in the successful detection of the drought effect with EVI,
so we tested if EVI2 (which does not cover the dynamics in the blue band) could detect
the drought effect on tower GPP. EVI2 did not decrease during the 2003—2005 drought
(Figure 2d, Tables 1 and 2), supporting the postulated importance of the blue band in EVI.
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Figure 2. Results of the breakpoint analysis for Hesse. Seasonally adjusted data
(abbreviated as ‘ad.’ in axis labels) are shown for the 8-day products of (a) MODIS GPP
product (modGPP), (b) NDVI, (c) EVI, (d) EVI2, and (e) standardized Photochemical
Reflectance Index (sPRI). For sPRI normalized for APAR (sPRIn; panel f), the absolute
values are shown because no seasonal pattern was detected by sPRIn (see SI). The grey
area indicates the drought episode. The black lines indicate the results of the breakpoint

analysis.
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Figure 3. Results of the breakpoint analysis for Hesse. Seasonally adjusted data
(abbreviated as ‘ad.’ in axis labels) are shown for the 8-day products of (a) FAPAR, (b)
LAIL (c) GEMI, (d) NDWI, (e) SR, and (f) APAR. The grey area indicates the drought

episode. The black line indicates the results of the breakpoint analysis.

We further tested if and how the drought effect was reflected in standardized PRI
(sPRI; see Eq. 1) and in sPRI normalized for absorbed light (sPRIn; see Eqs 2 and 3).
Whereas sPRI showed no significant response to drought, sPRIn decreased significantly
in 2003 and 2004 (Figure 2e,f, Tables 1 and 2). In 2005, i.e., prior to GPP recovery, sPRIn
returned to a level similar to pre-2003.

We also tested the performance of the remote sensing indicators at the three other
sites where drought had decreased GPP. The first site, Hainich, is an unmanaged beech
forest in Germany. Similar to Hesse, SPEI12, REW and GPP in Hainich decreased during
the 2003 drought, but this effect was much less pronounced, and soil water was obviously
replenished in Hainich in 2004, when REW never decreased below the common stress

threshold of 0.4 (Figure 4). Whereas the reduction in tower GPP at the end of the 2003
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growing season can be considered drought-induced, the slightly reduced tower GPP in
2004 as compared to other years most likely resulted from an extraordinary cold and rainy
spring and massive fruit production (masting) that was associated with the displacement
of leaf buds and thus a lower foliar production in 2004 (Supplementary Table S3).
Similar to Hesse, the modGPP data for Hainich did not match the observations in the
field well (Figure 4). The reason for the lower modGPP in 2001-2003 compared to other
years is unclear, but we presume it was related to artifacts in the algorithm, because
neither FAPAR (included in the modGPP algorithm) nor any of the other remote sensing
indicators showed this pattern. Interestingly, the 2003 drought was not captured by any
of the remote sensing indicators (see also Figure S5). Also, sPRIn did not detect the
reduction in photosynthetic activity (Figure 4¢; Tables 1 and 2). On the other hand, the
reduction in GPP (associated with a reduction in plant area index; Supplementary Table
S3) was somewhat reflected in EVI (Table 1; but detection was not robust across methods
and only the test for structural changes comparing 2002—2004 against the rest of the time
series revealed an effect) and in GEMI (Global Environmental Monitoring Index;

detected in the breakpoint analysis; Table 1 and Supplementary Figure S5).

In contrast to Hesse, the Mediterranean forest in Puéchabon is exposed to a dry
period every year (see REW in Supplementary Figure S2), causing a decrease in tower
GPP every summer, followed by an increase in autumn (Figure 5b). This typical
seasonality is not reflected in SPEI12, which indicates the anomalies of the historical
mean season. In 2005, however, SPEI12 decreased below —1.5, indicating a more extreme
drought than usual. SPEI12 further suggests a milder drought in 2009. In contrast to Hesse,
the 2003 heatwave was not obvious in SPEI12 for Puéchabon. This pattern in SPEI12
corresponded somewhat to the field measurements of predawn leaf water potential,
detected by the water stress index (WSI), but contained some important differences. First,
according to the WSI, the severest drought occurred in 2006, not 2005 (Figure 5a).
Second, in contrast to SPEI12, WSI did not quickly recover after the drought in 2009 but
remained low until 2011. The substantial decrease in WSI in 2005-2006 and the less
severe decrease in 2009-2011 were associated with lower GPP (Figure 5, Table 1). WSI
was not extremely low in 2003, but GPP decreased substantially (Figure 5b) due to the
extremely high temperatures (Supplementary Figure S1). Most commonly used remote-

sensing indicators captured the reduction in 2005-2006, but the reduction in GPP
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associated with the dry period of 2009-2011 was captured only by EVI (Figure 5d,
Table 1). sPRIn decreased for each drought where tower GPP decreased (and also during

the 2003 heatwave). sPRIn therefore outcompeted all other indicators.
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Figure 4. Time series of tower GPP, of remote sensing indicators, and of SPEI12 for the
beech forest in Hainich. (a) SPEI12 (blue line) and relative extractable water (REW, black
line). The red line indicates the SPEI12 threshold of —1.5 (indicative of severe drought);
(b) daily values of tower GPP, and the results of the breakpoint analysis for §-day GPP
and 8-day products of (¢) MODIS GPP product (modPP), (d) EVI, and (e) sPRIn. For
tower GPP, black symbols represent the flux measurements, while grey symbols are the
data for May-September that were adjusted for the seasonal pattern (abbreviated as ‘ad.’
in axis labels). This adjustment was also made for modGPP and EVI. The grey area
indicates the drought episode. The black lines in b-f indicate the result of the breakpoint

analysis.

Last, we tested drought detection in Bugacpuszta, a semi-arid grassland in Hungary.
Similar to Puéchabon, this grassland experiences drought stress every summer, and GPP
consequently peaks first in spring and then in late summer, interspersed by a reduction in
the dry summer months (Figure 6). Bugacpuszta experienced extremely dry summers in

2003, 2007, and 2009, as indicated by SPEI12 and supported also by soil moisture
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measurements. GPP decreased significantly during each of these droughts (Figure 6b,
Tables 1 and 2). The modGPP captured the droughts in 2007 and 2009 but not the 2003
drought. Other commonly used remote sensing indicators such as NDVI and EVI also
detected the drought effects of 2007 and 2009 (Table 1 and Supplementary Figure S5).
Interestingly, sPRIn did not show any robust changes throughout the time series (Tables 1

and 2).
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Figure 5. Time series of tower GPP, of remote sensing indicators, and of SPEI12 for the
holm oak forest in Puéchabon. (a) SPEI12 (blue line) and annual values of the water stress
integral (WSI in MPa day, black line). The red line indicates the SPEI12 threshold of —1.5
(indicative of severe drought); (b) daily values of tower GPP, and the results of the
breakpoint analysis for 8-day GPP and 8-day products of (¢c) MODIS GPP product
(modPP), (d) EVI, and (e) sPRIn. For tower GPP, black symbols represent the flux
measurements, while grey symbols are the data for May-September that were adjusted
for the seasonal pattern (abbreviated as ‘ad.’” in axis labels). This adjustment was also
made for modGPP and EVI. The grey area indicates the drought episode. The black lines

in b-f indicate the result of the breakpoint analysis.
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Figure 6. Time series of tower GPP, of remote sensing indicators, and of SPEI12 for the

semi-arid grassland in Bugacpuszta. (a) SPEI12 (blue line) and soil water content (SWC,
black line). The red line indicates the SPEI12 threshold of —1.5 (indicative of severe
drought); (b) daily values of tower GPP, and the results of the breakpoint analysis for 8-
day GPP and 8-day products of (c) MODIS GPP product (modGPP), (d) EVI, and (e)
sPRIn. For tower GPP, black symbols represent the flux measurements, while grey
symbols are the data for May-September that were adjusted for the seasonal pattern
(abbreviated as ‘ad.’ in axis labels). This adjustment was also made for modGPP and EVI.
The grey area indicates the drought episode. The black lines in b-f indicate the result of

the breakpoint analysis.

4. Discussion

The European heatwave of 2003 substantially reduced water availability in Hesse, and
also 2004 and 2005 were dry. Despite the lack of a drought response in LAI, tower GPP
obviously decreased. Foliar physiology was thus affected by the drought, but massive
defoliation or mortality did not occur. The breakpoint detection technique further revealed
that the drought effect on tower GPP lasted until end of 2006, even though water levels
had returned to pre-drought levels in that year. This illustrates the value of the breakpoint

detection technique, which does not require a predefined drought period and is
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particularly useful to detect and characterize drought impacts and climate-related
dynamics?®. We suggest that the application of this method (previously applied to remote
sensing data; e.g. in?” to time series of flux data can provide deeper insight into ecosystem
responses to drought.

As expected, most commonly used indicators did not change throughout the time
series. The lack of response of NDVI, FAPAR, and other of these commonly used
indicators corresponded to the lack of response of LAIL. Moreover, the signals are quickly
saturated in forests with high LAI (such as Hesse), making these indicators insensitive to
small changes in foliar biomass. Surprisingly, however, modGPP did not decrease in
response to the severe drought. Given that the algorithm for this product includes
temperature and VPD?*, and both increased in Hesse during the 2003 heatwave®,
modGPP was expected to detect at least a small decrease in 2003. These results indicate
that modGPP cannot reliably estimate the tower GPP response to drought for the beech
forest in Hesse.

Of the commonly used remote sensing indicators tested, only EVI and simple ratio
(SR) decreased significantly during the drought period. Both indicators are less prone to
saturation problems®. Because the reduction in SR lagged behind the reduction in tower
GPP and was not noticeable before 2005, we presume that the reduction in SR mainly
detected the thinning effect on LAI and not the drought response of tower GPP. EVIL, on
the other hand, had already decreased in 2004, and did not even respond to the thinning
event of 2005. EVI thus captured the drought-induced reduction in GPP in the absence of
a change in LAL

EVI was the only commonly used indicator under test that includes the blue band,
which was included in EVI to reduce the effect of atmospheric aerosols but could also
provide additional information on foliar carotenoid contents. Carotenoid absorption peaks
between 400 and 500 nm (covered by the blue band)*!, and the carotenoid:chlorophyll
ratio usually increases in response to environmental stresses>2, which results in a decrease
in EVIL. The fact that EVI2 (which is related to EVI but does not include blue band
reflectance) remained unaffected by the 2003-2005 drought episode, supports our
postulation that the reduction in EVI was related to an increase in foliar carotenoid:
chlorophyll ratio that was captured by the blue band.

sPRI did not change throughout the time series for Hesse. When normalized for

absorbed light, however, sPRIn did show a decrease in 2003 and this reduction persisted
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during 2004. The importance of the normalization for detecting the drought effect can be
explained as follows: sPRI can capture changes in the xanthophyll cycle (which responds
quickly to environmental stresses), but these changes are obscured by the much stronger
signals of seasonal variation in the whole pool of pigments in the leaves!, and by seasonal
changes in illumination?}. Normalization is therefore necessary to remove the signal of
seasonality in pigment pool and foliar structure to clarify the signal of the xanthophyll
cycle?*. PRI was normalized for absorbed light to remove (most of) the signal caused by
changes in the pigment pool and illumination, and the resulting sPRIn should thus reflect
changes in the xanthophyll cycle. Water limitation was somewhat alleviated in 2005, and
sPRIn returned to pre-2003 levels. In contrast to EVI and SR, sPRIn seemed thus
unaffected by the thinning in 2005, further confirming its performance in representing the
functioning, but not the state, of the vegetation.

Hainich, a mixed beech forest in Germany, also experienced a drought in 2003, but
unlike the case for Hesse, this event was brief; soil water was fully replenished during the
winter of 2003—2004. Leaf physiology was probably affected only briefly, which poses a
challenge on drought detection from satellite data. Indeed, the drought-induced reduction
in tower GPP in autumn 2003 was not detected by any of the remote-sensing indicators
evaluated (we did not consider modGPP, which obviously did not well reproduce the field
observations for previous years) and this example thus indicates the limits of drought
detection from satellite imagery. The timing of the drought at the end of the season may
have complicated the detection of its effects, with relatively few data points available
during the brief drought, and the regular leaf senescence may have obscured drought
detection even further.

Interestingly, a reduction in GPP in 2004, related most likely to reduced foliar
biomass production caused by an extraordinarily cold and rainy spring (Supplementary
Figure S1) and masting in 20043, was detected to some extent by EVI and especially by
GEMI (Supplementary Figure S5), but not by sPRIn. This illustrates the added value of
sPRIn, as EVI and GEMI alone could be taken to suggest a carry-over effect of the
drought, whereas the lack of a change in sPRIn indicates that this change in GPP was due
to a structural change, not to a change in leaf functioning.

The evergreen broadleaved forest in Puéchabon experienced recurrent droughts
during the study period. GPP decreased most strongly during the 2005-2006 drought,

which was clearly detected by most remote-sensing indicators. Neither LAI, nor foliar
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production decreased in 2006>*, whereas decreases in GPP are directly controlled by
water limitation®*. On the other hand, sPRIn was the only indicator that detected the less
pronounced drought in 2009-2011 and the reduction of tower GPP during the 2003
heatwave. The inability of modGPP to detect the drought effects on tower GPP in 2009—
2011 may be related to the meteorological data, which in our case differed from field
observations.

Lastly, GPP in the Hungarian grassland decreased during each of the three drought
events, and these decreases were well detected in many commonly used remote sensing
indicators, but not in sPRIn. The contrasting performance of different remote sensing
indicators between the grassland and forests studied here could be related to the earlier
observations that grasslands respond differently to drought than forests. Whereas trees
close their stomata and thus reduce tower GPP when soil moisture decreases below the
comfortable level, thereby maintaining leaf water potential above a critical threshold and
avoiding cavitation, grasses are not conservative in their water use and tend to remain

active until moisture levels drop below the wilting point®

. Grasses subsequently turn
brown and die. Grasslands may thus respond to drought in a way that is more easily
detected by remote sensing indicators such as NDVI that reflect green biomass. The quick
transition of grasslands from active to dead vegetation may complicate detection by eight-
day PRI indicators. The performance of PRI has also been suggested to depend highly on
the density of the vegetation®”. View angle had very little effect on PRI for dense forests,
but may confound PRI for sparser vegetation due to the increased importance of
background reflectance®’.

In summary, evaluation of sPRIn and commonly used remote sensing indicators
against four sites where a severe drought event reduced GPP revealed (1) that commonly
used remote sensing indicators, including modGPP are likely to leave drought effects on
GPP in forests undetected, (2) that sPRIn is a promising indicator that allows drought
detection from space and provides useful information about vegetation functioning that
is not captured by the other remote sensing indicators under test, and (3) that GPP
responses in a seasonally dry grassland are best detected by greenness indicators such as
NDVI, whereas the utility of sPRIn is limited. The fact that drought effects on GPP were
in several cases not detected by modGPP contrasts somewhat with Reichstein et al.*8, who

found a strong reduction in modGPP across Europe during the 2003 heatwave. This

apparent discrepancy can be clarified by the difference in spatial resolution and scale.
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While Reichstein et al.*® reported changes across Europe, using 10x 10 km pixel
resolution, we zoom in on just a few 1x 1 km pixels in Europe. Given that for example
the forest in Hesse is relatively small and surrounded by cropland and grassland, the
difference between our studies highlights the importance of choice of resolution: use of
small pixels is essential for a more mechanistic understanding, whereas large pixels
facilitate estimation of large-scale impacts, although following our study, the latter might
underestimate the drought impact on GPP.

A global product for estimating GPP from space would obviously be of great value
for understanding and predicting terrestrial carbon cycling. However, the most advanced
product currently available - modGPP - can not explain substantial spatial and temporal
variation in GPP'? and often fails to accurately capture pronounced drought effects on
GPP39. This illustrates the broader problem that modGPP (and other commonly used
remote sensing indicators) reflect primarily changes in vegetation state and leave
important changes in vegetation functioning undetected. The drought response of
modGPP is modeled on meteorological data (temperature and VPD), and these may not
represent the drought as experienced by the biota, which depends not only on incoming
water, but also on soil characteristics and rooting depth*’. Obviously, if modGPP cannot
capture strong drought effects, it is unlikely to capture even more subtle changes with
possible important implications for the terrestrial carbon cycle. Remote sensing products
targeting drought responses but based solely on greenness indicators and meteorological
data (e.g. the Vegetation Drought Response Index*') may be prone to similar problems as
modGPP. We suggest that remote sensing products to estimate GPP be based on a
combination of indicators of vegetation state (e.g. FAPAR) and functioning (e.g. sPRIn).

The PRI has been successfully incorporated in remote sensing algorithms to estimate
GPP of a specific site from space*’, and this GPP estimate was more accurate than
modGPP for the Mediterranean forest under test (Castelporziano, Italy). Until now,
however, a key limitation of PRI is that its relationship with plant physiological variables

such as RUE varies spatially and temporally***

, complicating its incorporation in remote
sensing algorithms for wider application. Possibly, sPRIn has more robust spatiotemporal
patterns because at least part of the complicating factors typical for PRI are excluded
through the normalization that removes the influence of variation in pigments and
illumination. A thorough evaluation of the overall spatiotemporal performance of sPRIn

should enable further improvement of the algorithms for estimating GPP from space and
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future studies need to evaluate such product against modGPP and alternatives as e.g.
provided by*.

Direct assessment of photosynthetic activity and RUE with PRI remains thus an area
of ongoing research, requiring a careful consideration of the spatial and temporal factors
affecting the PRI components, and a thorough evaluation of sPRIn. Different ecosystems
having contrasting constraints on carbon fluxes should also have contrasting optical
properties reflected in PRI and NDVI dynamics®. It is not likely that any single
parameterization will apply equally well across all ecosystems, biomes and/or seasons
due to the contrasting controls on physiology and structure, but this is an open question

that needs further consideration in the immediate future.
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Chapter 6. A MODIS photochemical reflectance index (PRI) as an

estimator of isoprenoid emissions in a temperate deciduous forest
This chapter is just now finished and going to be submitted to Remote Sensing of

Environment.
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Abstract

The quantification of isoprene and monoterpene emissions at the ecosystem level is not
entirely satisfactory with available models and field measurements. Remote-sensing
techniques can extend the spatial and temporal assessment of isoprenoid fluxes. Detecting
the exchange of biogenic volatile organic compounds (BVOCs) using these techniques
is, however, a very challenging goal. Recent evidence suggests that a simple remotely
sensed index, the photochemical reflectance index (PRI) indicative of radiation-use
efficiency and excess reducing power, is a good indirect estimator of foliar isoprenoid
emissions. We tested the ability of PRI to assess isoprenoid fluxes in a temperate
deciduous forest in central USA throughout the entire growing season and under moderate
and extreme drought conditions. We compared PRI time series calculated with MODIS
bands to isoprene emissions measured with eddy covariance. PRI was significantly
correlated with isoprene emissions for most of the season, until emissions peaked. PRI
was also able to detect the annual peak of emissions, even when it was advanced in
response to drought conditions. PRI is thus a promising index to estimate isoprene
emissions, especially when it is complemented by information on potential emission. It
may also be used to further improve models of isoprene emission under drought and other

stress conditions.
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1. Introduction

Isoprene comprises the largest fraction of globally emitted biogenic volatile organic
compounds (BVOCs). Isoprene emissions are of great importance in plant biology and
ecology and they can substantially influence atmospheric chemistry and composition and
processes of the climatic system (Pefiuelas and Llusia, 2003). For example, isoprene plays
arole in the formation of photochemical smog, ozone and other secondary pollutants such
as peroxyacyl nitrates and secondary organic aerosols (Andreae, 1997; Chameides et al.,
1988; Fuentes et al., 2000) and has implications for regional air quality and global climate
change (Pefiuelas and Staudt, 2010).

The quantification of isoprenoid emissions at the ecosystem level is not entirely
satisfactory with available models and field measurements. Isoprene emissions at canopy
to regional levels can be directly measured by applying techniques of eddy covariance
(Gu et al., 2017; Spirig et al., 2005; Westberg et al., 2001), but these measurements are
limited to a few sites. Isoprenoid emissions can also be estimated using models based on
capacities of foliar emission, such as the Model of Emissions of Gasses and Aerosols from
Nature (MEGAN) model (Guenther et al., 2012), with algorithms based on foliar
emissions that are driven by temperature and light (Guenther et al., 1993). Model
simulations, however, remain unsatisfactory because foliar-emission capacities are highly
variable and acclimate seasonally and over environmental gradients (Niinemets et al.,
2010a, 2010b). For example, MEGAN was not able to detect the peak of emissions
concurrent with episodic and extreme droughts (Potosnak et al., 2014; Seco et al., 2015).
A reassessment of current models is therefore required to better predict changes in the
seasonal dynamics of the capacities of both basal and total isoprenoid emissions,
especially under the increasing occurrence of drought stress (IPCC, 2014). Current efforts
are now being made to base the modeling on a fundamental understanding of the links
between emissions and the biological processes that affect these emissions (Monson et
al., 2012; Morfopoulos et al., 2013; Niinemets et al., 2010a), but uncertainty remains high
(Monson et al., 2012; Morfopoulos et al., 2013).

Remote-sensing techniques can offer quick and intensive monitoring of spatial and
temporal isoprene emissions at the ecosystem level with global coverage. Various
approaches have been developed for remotely sensing isoprenoid emissions, such as

indirect estimation by the remote detection of formaldehyde, a product of isoprenoid
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oxidation, in the atmosphere (Barkley et al., 2008; Foster et al., 2014; Palmer et al., 2003).
This approach, however, is based on highly uncertain assumptions associated with the
oxidant chemistry of isoprenoids to formaldehyde (Barkley et al., 2008; Valin et al., 2016)
and require a model of atmospheric chemistry to apply satellite observations to isoprene
emissions. A new simple approach has recently been suggested for estimating isoprenoids
using remotely sensed data (Pefiuelas et al., 2013). Assuming that photosynthetic reducing
power for isoprenoid production was higher under lower radiation-use efficiencies
(RUESs) (Morfopoulos et al., 2014; Owen and Pefiuelas, 2005; Pefiuelas and Llusia, 2004),
(Peniuelas et al., 2013) found that the photochemical reflectance index (PRI), a proxy of
RUE, at the foliar level together with factors of basal emission could predict isoprenoid
emission similarly to some standard emission models, and combined with these models
improved their predictions of isoprene emission (Penuelas et al., 2013). This remote-
sensing capacity is based on the inverse relationship between isoprenoid emission and
RUE and because PRI has already been widely tested as a good estimator of RUE at the
foliar, canopy and ecosystem levels at different temporal scales (Pefiuelas et al., 2011;
Zhang et al., 2016). PRI is also related to isoprene emissions, because the pathways of
both isoprene biosynthesis and xanthophyll-cycle dissipation co-vary, both increasing
when more reducing power is available (Morfopoulos et al., 2014), and on the diurnal
time scale PRI measures reflectance changes caused by the interconversion and
dissipation of xanthophylls (Pefiuelas et al., 1995). The next step is to test the ability of
PRI to estimate isoprenoid emissions at larger scales, e.g. canopy or ecosystem levels,
and throughout the season. Adding the temporal scale constitutes an additional challenge,
because the relationships of both PRI and isoprene with RUE can also vary throughout
the season.

Diurnal PRI variation is mainly driven by changes in the xanthophyll cycle (Gamon
etal., 1992; Pefiuelas et al., 1995), which are considered facultative changes in pigments.
On seasonal time scales (over weeks and months) PRI variation can be a combined
function of the xanthophyll cycle and changes in the pools of carotenoids and chlorophylls
(Filella et al., 2009; Porcar-Castell et al., 2012; Sims and Gamon, 2002; Stylinski et al.,
2002; Wong and Gamon, 2015), which are considered constitutive changes in pigments.
Recent studies have indicated these constitutive changes in pigment pool size have a
dominant influence on CCI (a PRI calculated using chlorophyll absorption band as

reference) over long time spans (Wong & Gamon, 2015, Gamon et al. 2016). Similarly,
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the relationship between PRI and isoprene emission is strongly influenced at longer
timescales by constitutive changes in the size of carotenoid pigment pools (Harris et al.,
2016) presenting the interesting hypothesis that carotenoid pigments are causally related
to isoprene emissions over seasonal time spans. This relationship may be due to the link
(either direct, e.g. via substrate availability, or indirect, e.g. via complementary
functionality) between potential isoprenoid emission and carotenoid synthesis at
timescales of days to weeks (Owen and Pefiuelas, 2013). Also, the ability of PRI to predict
seasonal variations in isoprene emission due to environmental factors other than light and
temperature (Geron et al., 2000; Harley et al., 1994; Pressley et al., 2005) and under stress
conditions (Potosnak et al., 2014; Seco et al., 2015) remains unknown. It is likely that,
over long time scales, PRI provides a general “stress indicator” that integrates the
influence of a number of environmental factors on plant biochemistry, photosynthetic
physiology, and isoprene emission.

Isoprene emissions at the ecosystem level based on eddy covariance were measured
throughout two consecutive growing seasons in a temperate deciduous forest in central
Missouri, USA (Potosnak et al., 2014; Seco et al., 2015). The site experienced a mild
drought in 2011 and an extreme drought in 2012. Both droughts were concurrent with
high isoprene fluxes. This data set of measurements represents an exceptional resource
for testing the ability of PRI to monitor the spatial and temporal emission of isoprene at
the ecosystem level over long time spans. The occurrence of different drought intensities
during the measurement period adds another important test for PRI. We tested (a) the
utility of PRI as an estimator of isoprene emissions at the ecosystem level, (b) the utility
of PRI as an estimator of seasonal isoprene emissions and (c) the sensitivity of PRI to the

changes in isoprene emission caused by moderate and extreme drought.

2. Materials and Methods

2.1, Site description

The study was conducted in central Missouri (38°44.650N, 92°12.000W, 219 m a.s.l.) at
the Missouri Ozark Forest Flux Site (MOFLUX, Gu et al., 2006), a broadleat deciduous
forest dominated by isoprene-emitting oaks, in the Baskett Wildlife Research and
Education Area of the University of Missouri, which is included in the AmeriFlux

Network. The main tree species include white, post and black oaks (Quercus alba L., Q.
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stellata Wangenh. and Q. velutina Lam., respectively), shagbark hickory (Carya ovata
(Mill.) K. Koch), sugar maple (Acer saccharum Marsh.) and eastern red cedar (Juniperus
virginiana L.). The area has a warm, humid, continental climate (Critchfield, 1966), with
mean January and July temperatures of -1.3 and 25.2 °C, respectively, and a mean annual
precipitation of 1083 mm (National Climatic Data Center 1981-2010 climatic normals,
Columbia Regional Airport, Missouri). We compared PRI time series derived from the
Multi-Angle Implementation of Atmospheric Correction (MAIAC, MODIS Terra, col. 6)
product to measurements of isoprene emission based on eddy covariance (measured
continuously by proton transfer reaction mass spectrometry (PTR-MS) and a fast isoprene

sensor (FIS)).

2.2, Flux data

The study site has an eddy-covariance system for measuring the flux of CO; between the
ecosystem and the atmosphere (see Potosnak et al. (2014) and Seco et al. (2015)). An
additional system was deployed to measure BVOCs. Isoprene was measured in 2011 by
the eddy-covariance system based on the FIS (Guenther & Hills, 1998). Isoprene,
monoterpenes and methanol were measured by PTR-MS (Ionicon, Innsbruck, Austria)
(Karl et al., 2002) in 2012 using virtual disjunct eddy covariance. The eddy-covariance
flux and meteorological parameters were measured on a 32-m walkup scaffold tower,
approximately 10 m above the canopy. Complete details of the eddy-covariance technique
and BVOCs measurements are provided by Potosnak et al. (2014) for the 2011 campaign
and by Seco et al. (2015) for the 2012 campaign. Measurements were recorded from May
to September 2011 and from May to October 2012.

CO:r-flux data were gap-filled and partitioned using marginal distribution sampling
described by (Reichstein et al., 2005). The CO- fluxes (net ecosystem exchange, NEE)
were partitioned into two components: gross primary production (GPP) and ecosystem
respiration (Reco). This method is a nighttime-based approach where Reco is estimated
by nightitme data using a respiration model, and GPP is then calculated as the difference
between Reco and NEE. We considered only days with photosynthetically active radiation
(PAR) >600 pmol m? s and calculated the average values for GPP and isoprene
emissions between 10:00 and 12:00 (CST) to coincide with the overpass of MODIS Terra
to obtain daily flux data. Daily RUE was calculated as:

RUE= GPP/fAPAR

The fraction of absorbed PAR (fAPAR) was derived by (Monteith, 1993):
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fAPAR =1 - PARu/PARin*e"1.35

where PARy. is PAR below the canopy and PAR;, is incident PAR. e"1.35 represents the
mean effect of the absorptivities in the spectral bands of PAR and global solar radiation.

Additional meteorological variables were measured continuously at the site. Incident PAR
above the canopy, air temperature and volumetric soil-water content (SWC) at 10 cm were

also measured. See (Potosnak et al., 2014; Seco et al., 2015) for details.
2.3, Satellite data

PRI was derived from MODIS on-board the Terra satellite, and the data were processed
using the MAIAC algorithm. MAIAC provides a daily 1-km gridded terrestrial
bidirectional reflectance factor (BRF, also known as surface reflectance) for MODIS
bands 1-12, which are derived from a time series as long as 16-day moving windows of
MODIS measurements. Except for atmospheric correction, the MAIAC algorithm also
uses a new technique for masking clouds for obtaining cloud-free data.

A time series of surface reflectance was extracted for the 1-km grid that included the
location of the flux tower. PRI was then calculated as the average of the nine closest pixels
around the Missouri Ozark site, all within 2 km of the study site. All high-quality cloud-
free observations and view zenith angles <45° were used. PRI from the MODIS satellite
sensor (MODIS PRI, also known as the chlorophyll carotenoid index (CCI) (Gamon et
al., 2016), and here on named PRI) was calculated as:

MODIS PRI (CCI) = (band 11 - band 1)/(band 11 + band 1)
where band 11 (526-536 nm) is the detection band and band 1 (620-670 nm) is the
reference band.

PRI values were standardized as described by (Goerner et al., 2009; Rahman et al.,
2004) to ensure positive values more comparable to commonly used remotely sensed
indicators such as the normalized difference vegetation index:

sPRI = (1+PRI)/2
2 4. Statistical analyses

The patterns of isoprene emission were hierarchically partitioned using the R ‘hier.part
package’ version 0.5-1 (Mac Nally and Walsh, 2004) to determine the importance of the
explanatory variables, temperature, RUE and SWC, independently of the other covariates.
We used the ‘visreg’” R package (Breheny and Burchett, 2013) to visualize this

relationship between isoprene emissions and each explanatory variable while the other
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variables were held constant. We calculated the standardized regression coefficients using
the “Im.beta” function in the R package QuantPsyc from the linear-regression model.
ANCOVAs were used to compare slopes and intercepts of the relationships between RUE
and isoprene emissions with PRI and between PRI-estimated and MEGAN-estimated
isoprene emissions. We used R to develop an empirical model based on the relationship
of isoprene emission with MEGAN data complemented with PRI data. We cross-validated
the model using 50% of the data as a sampling set and the remaining 50% as the testing
set and repeated this procedure 1000 times, randomizing both subsets. All data treatments
and analyses were conducted using R statistical software (version 3.2.5) (R Core Team,

2015).

3. Results

3.1. Seasonal variation in isoprene emissions, water availability, temperature and RUE

SWC at a depth of 10 cm continuously decreased in 2011 from mid-July (day of the year
(DOY) 190-195) to early August (DOY 215) from 0.5 to 0.25 m® m™ (Figure 1). This
decrease coincided with decreases in water-vapor pressure deficit, predawn foliar water
potential and net ecosystem production (Potosnak et al., 2014) indicative of water stress.
Temperature during the study period was higher in 2012 than 2011, and SWC began to
decrease from the beginning of the season (around DOY 140) to its minimum (<0.23 m?
m™ at 10 cm) at the end of August (DOY 243). Some indicators such as NEE, SWC,
atmospheric vapor-pressure deficit, predawn foliar water potential and ecophysiological
data indicated severe drought stress at the site during this period (Seco et al., 2015).

The pattern of isoprene emission differed between the two years due to differences
in water availability. Isoprene fluxes increased in 2011 from the beginning of May to a
peak at the end of July (around DOY 214) and then decreased. Isoprene emissions peaked
a few weeks earlier in 2012, at the end of June (DOY 175) (Figure 1). High isoprene
emissions were concurrent with the droughts in 2011 (moderate) and 2012 (more severe).
The temporal patterns of isoprene emission, temperature and RUE described two
scenarios in both years. Isoprene emissions initially increased to a maximum (increasing
phase) as temperature increased and GPP and RUE decreased. Emissions then began to

decrease (decreasing phase) when GPP and RUE remained low. Temperature decreased
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concurrently with emissions in 2011, but temperature began to decrease later than

emissions in 2012. Emissions in the decreasing phase were decoupled from RUE in both

years and also from temperature in 2012 (Figure 1).
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Figure 1. Seasonal variation of air temperature (T), SWC, GPP, isoprene emissions and

RUE at the MOFLUX site in 2011 and 2012.

3.2. Influence of temperature, RUE and SWC on isoprene emissions

The patterns of isoprene emission were hierarchically partitioned to measure the
importance of the explanatory variables, temperature, RUE and SWC. The independent
effects of temperature, RUE and SWC predictors were statistically significant in both
years (Figure 2). These variables together explained 88 and 89% of the variance in 2011
and 2012, respectively. Temperature had the highest independent contribution to the total
explained variance (48.9% for 2011, 49.4% for 2012), but the contributions of RUE (20.8%
for 2011, 31.7% for 2012) and SWC (30.3% for 2011 and 18.9% in 2012) were also
important.

SWC was highly correlated with both RUE (R*= 0.60) and PRI (R>=0.56). PRI was
thus able to detect the effect of low SWC on RUE and thus presumably on isoprene
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emissions.
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Figure 2. Partial residual plots of the relationships between isoprene emissions and
temperature, soil-water content and RUE during the increasing phase of emissions.
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Figure 3. Relationship between isoprene emissions and RUE at the MOFLUX site during
the increasing phase for 2011 and 2012.
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3.3. Relationship between isoprene emission and RUE

Isoprene emission was negatively correlated with RUE during the increasing phase
(Figure 3). The seasonal pattern of variation in RUE was opposite to that of isoprene
emission, peaking on the days with lower emissions and being lower when emission was
higher, but only until maximum emission, and then began to decrease (Figure 1). RUE
accounted for 50 and 67% of the variance in isoprene emissions during the increasing
phase in 2011 and 2012, respectively (Figure 3). The slope of the relationship was the
same in both years (ANCOVA, p>0.05), but the intercept differed, with a lower emission
for the same RUE in 2012.

3.4. Relationship between RUE and PRI

PRI varied seasonally in parallel to RUE throughout the entire measurement period
(Figure 4). PRI accounted for 52 and 72% of the variance in RUE in 2011 and 2012,
respectively. The relationship between RUE and PRI had similar slopes and intercepts in

the two years (ANCOVA, p>0.05).
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Figure 4. Relationship between radiation-use efficiency (RUE) and the photochemical

reflectance index (PRI) at the MOFLUX site for 2011 and 2012.
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Figure 5. Relationship between isoprene emission and the photochemical reflectance
index (PRI) at the MOFLUX site during the increasing phase in 2011 and 2012.PRI was
significantly and negatively correlated with isoprene emissions during the increasing
phase when we tested PRI as a proxy of RUE for estimating emissions (Figure 5). PRI
explained 39 and 63% of the variance in isoprene emissions in 2011 and 2012,
respectively. The slope of the relationship was similar (ANCOVA, p>0.1) for both years

but the intercept differed, with lower emission for the same isoprene values in 2012.

3.5. Estimation of isoprene emissions using PRI (and MEGAN)

Midday isoprene flux estimated by the MEGAN model agreed well with the measured
emissions for most of the annual cycle (Figure 6), but the model underestimated emissions
during the onset of drought conditions in 2011 when the emissions were higher (Figures.
6 and 7, Potosnak et al., 2014), and estimate errors were larger for 2012 when drought
conditions were stronger (Figures. 6 and 7, Seco et al., 2015). Isoprene emissions were
mostly higher than predicted for both 2011 and 2012 after SWC decreased below 0.26 m*
m™. Emission began to decrease in 2012 when SWC reached the wilting point for this
ecosystem (0.23 m> m?, Seco et al., 2015), earlier than the MEGAN estimates.

The seasonal PRI inflection point in the decreasing phase coincided with the emission
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peaks in both 2011 and 2012 and was thus sensitive to the advance of the emission peak
in 2012. The MEGAN estimates and temperature coincided with the emission peak in

2011 but not 2012, when the measured peak was earlier (Figure 7).
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Figure 6. Relationship between isoprene emission and the results of the isoprene
emissions estimation by MEGAN model for the MOFLUX site during the increasing
phase for 2011 and 2012. The dotted line is the 1:1 line.

We randomly selected 50% of the data from the increasing phase for both 2011 and
2012 together as a training set for creating two models to estimate isoprenoid emission,
one model using MEGAN and another using MEGAN and PRI. The remaining 50% of
the data was used for wvalidation. This procedure was repeated 1000 times.
Complementing MEGAN algorithms with PRI produced more precise estimates (slopes
were 0.89 using MRGAN and 0.98 using MEGAN+PRI)  of isoprene emission (Figure
8). Both estimates had the same coefficient of correlation with measured isoprene fluxes,
but the model combining MEGAN and PRI was more sensitive to higher emissions,

indicated by the better adjustment of the model to the 1:1 line.
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Figure 7. Comparison of the seasonal variation of isoprene emissions, PRI, RUE,
emissions estimated by MEGAN and temperature for 2011 and 2012. The solid lines are
spline fits. Vertical dotted lines show the period of maximum isoprene emissions in 2011

and 2012.

y=1.146+0.89x R*=0.8

model
Megan

—* Megan+PRlI

Modeled isoprene emissions (mg m2 h1)

10 20 30

Measured isoprene (mg m2 h1)

Figure 8. Measured versus estimated isoprenoid emissions using the MEGAN model and
MEGAN model+PRI. The black line is the 1:1 line, and the shading represents the 95%

confidence intervals.

4. Discussion

The relationship between isoprene emissions and PRI supported our hypothesis that
estimates of isoprenoid emission could be improved by using remotely sensed PRI at the
ecosystem level, under conditions of both moderate and extreme drought stress. This
capacity of PRI, a good estimator of RUE at foliar, canopy and ecosystem levels (Gamon
et al., 1992; Garbulsky et al., 2011; Penuelas et al., 2011, 1995; Zhang et al., 2016), is

based on the inverse relationship between isoprenoid emissions and RUE due to the
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higher availability of photosynthetic reducing power for isoprenoid production under
lower RUEs (Morfopoulos et al., 2014; Owen and Pefiuelas, 2005; Pefiuelas and Llusia,
2004) and to the direct relationship between PRI (via changes in the xanthophyll cycle)
and isoprene biosynthesis (Morfopoulos et al., 2014). Additionally, MODIS PRI (or CCI,
as calculated here) follows the seasonal change in carotenoid pigment pool sizes (relative
to chlorophyll), and these carotenoid pigments are possibly related to isoprene
biosynthesis (Harris et al., 2016; Owen and Pefiuelas, 2013). The emission peak of
isoprene coincided with the lowest RUEs of the vegetation after the seasonal increasing
phase. PRI was sensitive to the isoprene-emission peak coinciding with the drought in
2011, a peak that MEGAN underestimated. PRI was also sensitive to the advance of the
emission peak due to severe stress in 2012.

Isoprene emissions are not well explained by light and temperature under high stress
(Genard-Zielinski et al., 2014; Tani et al., 2011). The stimulation of ecosystem isoprene
emissions under various abiotic stresses reported in some studies (see references in
Pefiuelas & Llusia (2004), Niinemets et al. (2010a) and Genard-Zielinski et al. (2014))
were likely associated with the excess reducing power under stress conditions
(Morfopoulos et al., 2014, 2013). Residual reducing power not used by carbon
assimilation can support increased isoprene emission under drought (Dani et al., 2014).
The balance between the availability of reducing power and its use in carbon assimilation
may determine the rate of constitutive isoprenoid emission in plants (Dani et al., 2014).
The highest isoprene emissions coinciding with the peak of the drought in 2011 in our
study (a decrease in SWC, predawn foliar water potential and net ecosystem production;
Potosnak et al., 2014), were higher than expected due solely to the conditions of light and
temperature. This increase in isoprene emissions could be partly due to an increase in
foliar temperature caused by drought-induced reductions in stomatal conductance
(Niinemets, 2010; Potosnak et al., 2014), but it may also be due to the excess reducing
power (Figure 1, DOY 203-215). RUE explained part of the variance in isoprene
emissions (Figure 2), and water stress and RUE were strongly correlated.

PRI was not as good as an estimator of isoprene emissions later in the season, likely
because the decrease in emissions was caused by substrate limitation and lower
temperatures in 2011 and by substrate limitation in 2012, so PRI was decoupled from
excess reducing power. Carbon availability may have critically limited emission under

the severe drought at the site in 2012, because isoprene is produced in the chloroplast via
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the methylerythritol phosphate (MEP) pathway (Sharkey et al., 2008), which requires
both reducing power and carbon skeletons provided by photosynthesis (Loreto and
Schnitzler, 2010).

Photosynthesis and isoprene emissions were decoupled seasonally, as previously
described under drought conditions (e.g. (Bertin and Staudt, 1996; Brilli et al., 2007;
Fortunati et al., 2008; Funk et al., 2005, 2004; Genard-Zielinski et al., 2014; Pegoraro et
al., 2004; Potosnak et al., 2014; Tani et al., 2011; Wu et al., 2015). Isoprenoid emissions
continued to increase concurrently with a decrease in photosynthetic CO; fixation (GPP)
during the increasing phase. Mild stress may decrease carbon assimilation, but isoprene
emissions would not be affected, because the rate of electron transport would be
maintained and reserve carbon in the form of sugars and starch would support the
production of isoprenoids (Niinemets, 2010). Isoprene might reduce cell oxidation and
increase cell stabilization in plants (Sharkey et al., 2008; Velikova et al., 2012), so
increasing the allocation of the recently assimilated carbon to isoprene would constitute
an additional mechanism of drought resistance (Genard-Zielinski et al., 2014). Increased
emission under drought is sustained if the intensity of drought remains within a species-
specific tolerance threshold (Dani et al., 2015). Under extreme stress conditions isoprene
emission starts declining for a length of time which depends on the species studied, until
emissions are fully inhibited (Bruggemann and Schnitzler, 2002; Llusia et al., 2016;
Rodriguez-Calcerrada et al., 2013). Isoprene emission in our study was mostly higher
than predicted when SWC was <0.26 m* m~, and emission began to decrease when SWC
reached the wilting point for this ecosystem (0.23 m* m™; (Seco et al., 2015). This
seasonal decrease occurred earlier in 2012 than 2011 and earlier than modeled. Water
limitation can override the physiological effects of high temperature on isoprene emission
during severe stress (Fortunati et al., 2008), perhaps due to a very limited amount of
recently produced dimethylallyl pyrophosphate (DMAPP), an isoprene substrate (Tani et
al.,, 2011). (Bruggemann and Schnitzler, 2002) attributed the decrease in isoprene
emission during drought to a limitation of the carbon supply rather than to a
downregulation of isoprene synthase, an enzyme used during isoprene production.

The relationship of PRI with isoprene differed between the two years, as indicated
by the different intercepts in the fit (Figure 5). However, the PRI-RUErelationship
followed the same regression line for the two years (Figure 4), indicating the good

performance of PRI in estimating RUE. The relationship between isoprene emissions and
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RUE, however, was year-dependent even though the slopes were similar (Figure 3),
suggesting that the proportion of available photosynthetic reducing power for isoprene
formation differed between the two years. This difference might have been due to a higher
competition between photorespiration and the MEP pathway under drought stress as the
rate of photorespiration increases and reducing power and carbon supply for the MEP
pathway decrease (Dani et al., 2014), because carbon availability can limit emission rates
under severe drought and photorespiratory stresses (Dani et al., 2014) and isoprene
emission may be regulated by substrate availability (Funk et al., 2004). The residual
reducing power not invested in carbon assimilation is shared by non-photosynthetic sinks
such as photorespiration or the MEP pathway (Dani et al., 2014), and isoprene emission
may be most strongly influenced by pathways co-located with the MEP pathway in the
chloroplast, such as photorespiration, because they compete directly for both reducing
power and photosynthetic carbon (Dani et al., 2015).

In summary, we hypothesize that seasonal isoprene emissions would be primarily
driven by temperature but modulated by reducing power and substrate availability, based
on observations and previous conceptual models (Dani et al., 2015; Potosnak et al., 2014).
Photosynthesis, photorespiration and the MEP pathway directly depend on reducing
power and substrate availability. The availability of reducing power and substrate for the
MEP pathway is thus dependent on photosynthesis and photorespiration. Isoprene
emission would thus be stimulated by an increase in available reducing power when
drought conditions decrease photosynthesis but would begin to decrease later in the
season, despite the high availability of reducing power, because temperature would begin
to decrease and substrate would become limiting. Photorespiration increases under severe
drought conditions, causing a decrease in isoprene emissions, and photosynthesis (GPP)
becomes minimal, so the carbon supply for the MEP pathway is exhausted earlier,
advancing the seasonal decrease in isoprene emissions.

Based on the improved model results after including PRI, we propose a model of the
performance of PRI in estimating isoprene emissions throughout the season (Figure 9).
PRI is highly correlated with isoprene emissions at the beginning of the season and can
thus be used to estimate them. Emissions and RUE become decoupled when RUE (GPP)
is lowest and stabilizes; RUE remains low and isoprene emissions begin to decrease.

The effect of photorespiration on the relationship between RUE and isoprene

emissions under severe drought conditions can disturb the ability of PRI to estimate
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isoprene emission and can prevent the standardization of the PRI signal, even for the same
species or the same ecosystem. The lack of correlation between emissions and RUE late
in the season also hinders the use of PRI as a unique estimator for the entire season.
Additionally, PRI measured from satellite data represents conditions at the top of
canopies, but estimates of GGP using eddy covariance are integrated over the entire
canopy (Goerner et al., 2009), which, together with the scatter of eddy covariance
measurements, could account for some of the unexplained variability in the RUE-PRI

relationship.

Isoprene- RUE
decoupling

Photosynthesis

Photorespiration Hahil:
Temperature M

%

Reducing power availability:

| e

Isoprene emission Ss.

]

Increasing phase ) ecreasing pha

Time
Figure 9. Conceptual model of the seasonal behavior of PRI and isoprene emissions, with
the main drivers that affect their relationship. The variables in red affect isoprene
emissions independently of RUE and thus alter the ability of PRI to estimate isoprene

emissions.

PRI, however, was more sensitive than the MEGAN model to temporal changes in
isoprene emissions, because it followed changes in RUE, so PRI could be used to improve
MEGAN, consistent with previous foliar level studies where PRI combined with basal
emission factors was as good a predictor of isoprenoid emissions as some standard
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emission models and where a combination of MEGAN and PRI provided the best
predictions (Pefuelas et al., 2013). PRI was thus accounting for additional residual
variance not explained by the factors considered in MEGAN. Furthermore, the high
temporal resolution and spatially extensive nature of remotely sensed data can help the
detection of some of the spatial and temporal variability in emissions that other models
may miss (Pefiuelas et al., 2013).

In addition to the diurnal relationship between PRI and RUE mediated by the
xanthophyll cycle and indicating excess reducing power, seasonal changes in PRI are
primarily influenced by carotenoid pool sizes (relative to chlorophyll). The relationship
between PRI and isoprene emissions is strongly influenced by these constitutive changes
in pigments (Harris et al., 2016), so understanding how the isoprene-PRI relationship is
affected by both long-term changes in pools of carotenoid pigments and short-term
dynamic adjustments of RUE are important in studies with seasonal temporal scales.
MODIS PRI (CCI) has been developed to assess shifts in the levels of chlorophyll and
carotenoid pigments rather than the xanthophyll de-epoxidation cycle per se, particularly
when sampled over seasonal cycles in coniferous forests (Gamon et al., 2016).
Knowledge of the long-term pigment changes would add information for their effect on

1soprene emission, facilitating the interpretation of PRI for monitoring isoprene emissions.

5. Conclusions

This study is the first demonstration that a MODIS PRI (also called CCI) sensitive to
carotenoid pool sizes, could be used to remotely assess isoprene emissions at the
ecosystem level. PRI was also able to monitor emission increases during the onset of
drought conditions.

Complementing MEGAN with PRI improved MEGAN performance under drought
conditions. PRI was able to estimate isoprene emissions under standard and drought
conditions, but only until emissions reached their maxima. The subsequent decrease in
isoprene emissions, attributed to the lack of carbon substrates instead of reducing power,
was not well assessed by PRI

Direct estimation of isoprene emission by PRI is, however, limited, because PRI
estimates RUE, and the relationship between RUE and isoprene emissions can be

modified by stress conditions. Further research is thus needed to resolve this limitation.
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Additionally, further research is needed on the seasonal pigment responses involved to
clarify the individual roles of xanthophyll cycle pigments versus other carotenoid

pigments in the PRI signals linked to isoprene emissions
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Conclusions

1. Our review integrated more than 20 years’ analysis of studying PRI. The results
indicate that PRI is a good proxy of RUE and GPP at different spatial and temporal
scales. Diurnal changes of PRI were mainly associated with xanthophyll-cycle
pigments across different vegetation functional types at leaf and canopy level.
Seasonal changes of PRI, however, were significantly impacted by chlorophyll and
carotenoid pool sizes. Other biochemical and physical factors such as additional
photoprotective mechanisms, canopy structure, illumination, and view/solar
geometry etc. complicate PRI interpretation and further constrain the generalization
of the PRI-RUE relationships. Interestingly, improvements in PRI implementation
received remarkable achievements. For example, correcting PRI by decreasing the
influence of physical or physiological factors, or combining PRI with solar-induced
fluorescence (SIF) and optical indices for biomass greenness could greatly improve

remote sensing of RUE.

2. We demonstrated for the first time, as far as we know, the capability of optical
signals to assess seasonal photosynthesis dynamics in an overwintering evergreen
species. We found out that all wavelengths of the leaf-level fluorescence spectral,
from 670 to 800 nm have substantial and similar potential to track seasonal
photosynthetic dynamics. In addition, we showed that different optical signals,
fluorescence, PRI, and WI can track photosynthesis via different mechanisms. It
was NPQ that controlled changes in spectral fluorescence, carotenoid contents that
regulated changes in PRI and the WI was correlated with WC. We suggest that a
combination of different optical indices is preferable for maximising physiological
information content retrieval, and can provide a non-destructive and robust
approach to track photosynthetic dynamics during complex winter-spring
transitions.

3. PRIand reflectance-ratio based ChlF R690/R630 both decreased with progressively

enhanced drought stress, and significantly correlated with A, Fv/Fm, and Yield. The
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differential values resulting from subtracting the PRI and R690/R630 values of
drought treatments from the respective values of their corresponding recovery
treatments APRlrecovery and AR690/R630recovery Were correlated with AArecovery,
AFv/Furecovery and AYieldrecovery. Our result demonstrated that PRI and R690 were
not only sensitive to progressively enhanced drought but also to the recovery of the
photosynthesis after drought stress.

PRI but not NDVI captured the seasonal changes of photosynthesis in a
Mediterranean shrub submitted to a long-term experimental warming and drought.
The seasonality of water content was captured by WI. Warming enhanced winter
photosynthetic activity, and both warming and drought enhanced the summer
midday depression of photosynthesis. APRI (midday PRI subtracted from morning
PRI) was significantly correlated to photosynthetic midday depression both under
warming and drought treatments. We concluded that using PRI and APRI to monitor
the variability in photosynthesis could provide a simple method to remotely sense
photosynthetic seasonality and midday depression in response to ongoing and future
environmental stresses.

The generally used remote sensing products including MODIS GPP and PRI were
not reliable to detect the effect of drought on in situ observed GPP in forest.
However, the MODIS PRI normalized by absorbed light (APAR) (sPRIn) detected
such drought effects on GPP for Mediterranean forest but not for grassland
ecosystem in where the conventional greenness indices such as NDVI performed
better than PRI and sPRIn. We conclude that sPRIn provided a useful estimation of
vegetation functioning that is difficult to be captured by the other greenness indices
in Mediterranean forests, and is a promising indicator that allows to improve the
detection of drought effects on GPP from space.

MODIS PRI was significantly correlated with isoprene emissions measured with
eddy covariance for most of the season until there was a seasonal emission peak.
The subsequent decrease in isoprene emissions due to the lack of carbon substrates

elicited its decoupling with PRI. PRI also efficiently track the annual changes of
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isoprene emissions, even during the onset of drought conditions. We conclude that
PRI can be a promising index to estimate isoprene emissions, especially when it is
complemented by information on potential emission. It may also be used to further

improve models of isoprene emission under drought and other stress conditions.
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Figure S1. Seasonal variations in fluorescence ratio (Feoo/F740) for Scots pine needles.

Points represent means of five biological replicates (n = 5). And standard error (SE; shown

only when larger than symbols) was shown.
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Chapter 4. Photochemical reflectance index (PRI) for detecting
responses of diurnal and seasonal photosynthetic activity to

experimental drought and warming in a Mediterranean shrubland
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Figure S1. Seasonal variation of the normalized difference chlorophyll index (NDCI)

(a) and the structure-independent pigment index (SIPI) (b) for Erica multiflora in 2014.

Error bars are standard errors of the mean (n=9 for the drought and warming treatments,

and n=18 for the control treatment). The significances of overall repeated-measures

ANOVAs are depicted. *p<0.05 and **p<0.01 between treatments for each seasonal

measurement.

206



Supplementary material-Chapter 4

Morning Midday
(a) —All R>=0.09% —All R=0.18%* ¢
10.04®— - C ns. e— —C R*=(02]*
D ns. D ns.
*--Wns e o— — W R=034*

A (umol m-? 1)

®
0.0 ®
0.38 0.42 0.46 0.50 038 0.42 0.46 0.50
WC
( ) —All RZ=0.2]1%** — All R?=0.24%%% _
1004°%— —C R?=023* o= =C R=0.30%*
’ D ns. D ns. 3
e— —W R3:O.2§: e s |®= =W ns. #
® 7
'_I‘U}
8
S
g
=
=
p L ]
254 %"
L ]
L]
. [ ]
0.04 -
1.000 1.025 1.050 1.075 1.1001.125 1.0 1.025 1.050 1.075 1.100 1.125

WI
Figure S2. Relationships of CO» assimilation rate (A) with water content (WC) (a) and
the water index (WI) (b) for Erica multiflora in 2014. The black lines represent the
linear relationships over all three treatments. n.s. p>0.1, "p<0.1, *p<0.05, **p<0.01 and
*#%p<0.001 between variables. C, D and W indicate the control, drought and warming

treatments, respectively.
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Figure S3. Relationships of CO> assimilation rate (A) with maximum (Fv/Fum) (a) and
actual (Yield) (b) photochemical efficiency of PSII for Erica multiflora in 2014. The
black lines represent the linear relationships over all three treatments. *p<0.1, *p<0.05,
*#p<0.01 and ***p<0.001 between variables. C, D and W indicate the control, drought

and warming treatments, respectively.
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Figure S4. Relationships of CO: assimilation rate (A) with the normalized difference

chlorophyll index (NDCI) (a) and the structure-independent pigment index (SIPI) (b)

for Erica multiflora in 2014. The black lines represent the linear relationships over all

three treatments. n.s. p>0.1, "p<0.1, *p<0.05, **p<0.01 and ***p<0.001 between

variables. C, D and W indicate the control, drought and warming treatments,

respectively.
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Figure S5. Relationships of the normalized difference chlorophyll index (NDCI) (a)
and the structure-independent pigment index (SIPI) (b) with the photochemical
reflectance index (PRI) for Erica multiflora in 2014. The black lines represent the linear
relationships over all three treatments. *p<0.05, **p<0.01 and ***p<0.001 between
variables. C, D and W indicate the control, drought and warming treatments,

respectively.
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Chapter 5. Remotely-sensed detection of effects of extreme droughts

on gross primary production
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Table S1. Main characteristics of the study sites: location, elevation (El), mean annual
temperature (MAT), mean annual precipitation (MAP), vegetation type and dominant

species and a key reference.

Site Country Location El MAT MAP Vegetation (species) Reference
(m) (°C) (mm)

Hesse France 48.6742 N, 300 9.2 885 Deciduous broadleaved forest !
7.0656 E (Fagus sylvatica)

Puéchabon France 43.7414 N, 61 13.4 883 Evergreen broadleaved forest 2
3.5958E (Quercus ilex)

Bugacpuszta ~ Hungary 46.6911 N, 106 104 562 Semi-arid grassland 3
19.6013 E (Festuca pseudovina, Carex

stenophylla, Salvia pratensis)

Hainich Germany 51.0793N, 445 7 800 Deciduous broadleaved forest *

10.45 1E (Fagus sylvatica)
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Table S2. Description of the formulae used to derive the remote sensing indicators.
The variable ‘b’ represents the reflectance values derived from MODIS: bl: 620 —
670 nm; b2: 841 — 876 nm; b3: 459 — 479 nm; b7: 2105 — 2155 nm, b11: 526 — 536
nm; b12: 546 — 556 nm.

Index Formula Use Reference
Normalized Difference Vegetation b2 -=hl Greenness / biomass 3

Index (NDVI) b

Enhanced Vegetation Index (EVI) 25 (b2 - bl1) Greenness / biomass =

T b246-b1-7.5-b3+1

Enhanced Vegetation Index 2 5 <. (b2-b1) Greenness / biomass 9
b2+24-bl+1
(EVI2)
Simple Ratio (SR) b2 Greenness / biomass 2
bl
Global Environmental Monitoring b1-0.125 Greenness / biomass ?
n( -0.25;7)—ﬁ
-D.
Index (GEMI) _2(b2* =b1?)+1.5-b1+0.5b1
e b2+b1+0.5
Normalized Difference Water b2-b7 Leaf / canopy water content %
Index (NDWI) b2+l
Photochemical Reflectance Index bll-bh12 Changes in carotenoid ?
(PRI) Gt pigments (e.g. xanthophyll

pigments)
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Table S3. Field data for Hainich: plant area index (PAI, m? m™, is measured with the

LAI-2000 sensor, which detects leaves and other plant organs such as fruits), leaf

production (NPPI, g C m y!), fruit production (NPPf, g C m? y!), wood production

(NPPw, g C m™ y!), and comments on important events in the forest (Mund M, Herbst

M, Ammer C, Ghimire B, Kollascheck M, Knohl A, Schumacher J. (in preparation).

It is not just a trade-off — Evidence for a complex control of vegetative and

regenerative growth in an old-growth, mixed beech stand).

Year PAI NPPlI NPPf NPPw Comment

2003 6.2 175 24 199

2004 55 158 100 157 masting + low spring temperatures

2005 5.8 176 8 218

2006 6.0 163 115 190 masting

2007 57 179 42 254

2008 6.5 184 10 222

2009 6.1 175 172 194 masting

2010 6.7 181 13 175

2011 NA 124 189 129 masting + dry spring + early bud break + late frost
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Figure S1 Time series of monthly precipitation (P; black bars) and mean monthly air

temperature (Tair; grey symbols). Data were collected at the sites.
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Figure S2. Relative extractable water (REW) for Puéchabon (black line). The red line
indicates the common threshold of 0.4, indicative of drought stress. See manuscript

text for further details.
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Figure S3. Relationship between photosynthetically active radiation (PAR; pmol m™

s'!; obtained from flux tower) and global radiation (Rg; kJ.m™2.d"!; obtained from JRC-

MARS), for each of the studied sites. Linear fits through the origin are shown as black

lines. We used the relationship PAR=Rg/43 (red lines) to calculate PAR from the JRC-

MARS data set. This method has the advantage of removing data gaps in the field data

and is especially interesting for the current study where the aim is to test how drought

effects observed in the field can be detected using global databases (MODIS and JRC-

MARS).
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Figure S4. Seasonal patterns. The figures show the time series of flux or remotely

sensed data (black points) and the average seasonal pattern (using a ~1-month moving

window) used for calculating the anomalies (red lines) for the four sites.
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Figure S5. The results of the breakpoint analysis for the four sites.
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Notes S1 Water availability metrics.

Plants experience a given reduction in precipitation (or SPEI) quite differently between

10 and

sites e.g., because of differences in soil texture or groundwater access; see
periods of drought are therefore best identified using site-specific data. The stress
experienced by plants is ideally indicated by predawn leaf water potential'’, but this
measurement is not usually available. In our dataset, predawn leaf water potential was
available only for Puéchabon, where they were combined with measurements of soil-
water content to compute the water stress integral WSI; see '!?. In this forest, WSI
values ranging from -100 to -150 MPa day are representative of a wellwatered years,
while the lowest WSI observed so far was — 358 MPa day'?. We consider WSI < - 250
MPa day to be indicative of moderate to severe drought, which corresponds to a
probability of 0.3 given that average WSI was -213.6 MPa day, with a standard
deviation of 73.35 MPa day. Another reliable indicator of water availability is the
relative extractable water (REW) in soil, which can be calculated either from soil

113, The latter was used for Hesse and

measurements'’ or with a water balance mode
Hainich. The necessary data to run the model were not available for Bugacpuszta, but
soil-moisture measurements provided an indication of the depletion of soil moisture
for part of the time series under consideration. Soil-moisture measurements are not
necessarily indicative of drought as experienced by the biota (e.g., when roots explore

deeper soil layers; see also!?), but these measurements were useful for verifying the

plausibility of the SPEI results.
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