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Introduction

Summary

¢ Sun-induced fluorescence in the far-red region (SIF) is increasingly used as a remote and
proximal-sensing tool capable of tracking vegetation gross primary production (GPP). How-
ever, the use of SIF to probe changes in GPP is challenged during extreme climatic events,
such as heatwaves.

¢ Here, we examined how the 2018 European heatwave (HW) affected the GPP-SIF relation-
ship in evergreen broadleaved trees with a relatively invariant canopy structure. To do so, we
combined canopy-scale SIF measurements, GPP estimated from an eddy covariance tower,
and active pulse amplitude modulation fluorescence.

e The HW caused an inversion of the photosynthesis—fluorescence relationship at both the
canopy and leaf scales. The highly nonlinear relationship was strongly shaped by nonphoto-
chemical quenching (NPQ), that is, a dissipation mechanism to protect from the adverse
effects of high light intensity. During the extreme heat stress, plants experienced a saturation
of NPQ, causing a change in the allocation of energy dissipation pathways towards SIF.

e Our results show the complex modulation of the NPQ-SIF-GPP relationship at an extreme
level of heat stress, which is not completely represented in state-of-the-art coupled radiative
transfer and photosynthesis models.

information on the radiation emitted by plant chlorophyll when
plants are exposed to solar radiation, mediated by canopy archi-
tecture through reabsorption and multiple scattering escape prob-

Gross primary production (GPP) of terrestrial ecosystems repre-
sents the most important flux in the global carbon cycle (Beer ez
al., 2010), which provides ecosystem services of critical impor-
tance for society (Holmberg ez /., 2019). Anthropogenic climate
change has increased global temperatures and the frequency and
intensity of climate extremes such as heatwaves and droughts
(Bindoff e al, 2014), which have had a considerable effect on
GPP (Reichstein et al., 2013). Gross primary production can be
estimated by means of proximal and remote sensing (RS), partic-
ularly through the use of sun-induced fluorescence in the far-red
region (SIF) (Damm er al, 2010; Pacheco-Labrador ez al,
2019a). Top-of-the-canopy SIF  measurements contain
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ability of fluorescence (Fesc) (Yang & van der Tol, 2018). Sun-
induced fluorescence in the far-red region region is used to pre-
dict GPP as it is related to both the amount of absorbed photo-
synthetic active radiation (APAR) and the efficiency with which
APAR is used to drive photosynthesis light-use efficiency of pho-
tosynthesis (LUE,)) (Zhang ez al., 2014). Therefore, SIF has the
potential to quantify the effect of extreme events such as heat-
waves on photosynthetic activity (AZ et al., 2015). Nevertheless,
there is a need to explore the mostly unknown mechanistic rela-
tionship between SIF and GPP during rapid extreme heat stress
(Wohlfahrt ez al., 2018; Magney ez al., 2019).
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Both the light-dependent reactions of photosynthesis and SIF
originate at the photosystem level. When a chlorophyll molecule
is excited by a photon of light, the available energy can be allo-
cated to photochemistry, emitted as fluorescence (that con-
tributes to the top-of-the-canopy SIF signal), or dissipated as
heat through nonphotochemical quenching (NPQ) (Kitajima &
Butler, 1975), a process involving xanthophyll cycle de-epoxidation.
Because photochemistry and NPQ are physiologically modulated
(Porcar-Castell ez al., 2014) and respond to different environmental
conditions, it is complicated to find a universal linear relationship
between photochemistry and SIF, without information about NPQ,
especially under stress conditions.

An understanding of the trade-offs between these processes can
be achieved by combining canopy-scale passive (i.e. SIF) with
leaf-level active pulse amplitude modulation (PAM) fluorescence
techniques; the latter of which can be used to derive parameters
such as yields of photochemistry (¢pP) (Genty er 2/, 1989) and
Huorescence (pF) (Atherton e 2l, 2019), and NPQ (Cailly,
1996). Active fluorescence data at high temporal resolution (e.g.
hourly) suggest that the relationship between ¢F and ¢P at the
leaf level is highly nonlinear and strongly dependent on illumina-
tion conditions and NPQ (Porcar-Castell et al, 2014). Under
typical high-radiation conditions, ¢pP decreases in response to
NPQ increase, driving the positive SIF—photochemistry relation-
ship (‘NPQ phase’) (Porcar-Castell et al., 2014). van der Tol ez
al. (2014) reported that at high light and stress conditions, vari-
ous crops showed a negative F—¢P relationship (the ‘NPQ-
saturation phase’). However, to our knowledge, there have been
no observations of the ‘NPQ-saturation phase’ for plants experi-
encing heat stress, and it is unclear how this mechanism emerges
at the canopy scale as suggested by Magney ez a/. (2020). Non-
photochemical quenching is crucial to understand and model the
GPP-SIF relationship. Although the photochemical reflectance
index (PRI) can be used track NPQ, its use is challenging at the
canopy scale because canopy structure can be a confounding fac-
tor (Wong & Gamon, 2015). The integration of leaf and
canopy-scale fluorescence has the potential to explain the scale
dependence of trade-offs between NPQ, photochemistry and flu-
orescence (Magney et al., 2017), and therefore can help to better
understand the physiological information contained in SIF.

Extreme events such as heatwaves can represent natural experi-
ments, in which increases in NPQ (Georgieva & Yordanov,
1994) can alter GPP-SIF dynamics. Generally, deciduous trees,
crops, and grasslands react to heatwaves through a combination
of physiological (e.g. increase in NPQ and/or transpiration
(Drake ez al., 2018)) and structural changes (reduction in leaf
area index (LAI), chlorophyll degradation). Evergreen trees, par-
ticularly in the Mediterranean and semiarid regions, can with-
stand extreme temperatures of short duration without showing
significant pigment degradation or changes in canopy structure
(Teskey et al., 2015), primarily relying on physiological adapta-
tion for coping with extreme temperatures (Garcia-Plazaola e al.,
2008). Evergreen broadleaved trees therefore represent an excel-
lent test case to study the effect of extreme heatwaves on the
GPP-SIF relationship independently of the variations in chloro-
phyll content and APAR. Here, we make use of data from the
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2018 European heatwave (HW) that resulted in record-breaking
temperatures (Bastos et al., 2020) in Western Europe (Barriope-
dro et al., 2020). During the first week of August, the western
side of the Iberian Peninsula experienced daily temperature
anomalies compared with long-term observations up to 9°C,
caused by a Saharan air intrusion, leading to the most extreme
event ever recorded in the region (Sousa ez al., 2019; Barriopedro
et al., 2020).

This study aims to shed light on the relationship between GPP
and SIF during an extreme HW when changes in canopy struc-
ture are minimal. Our goals are two-fold: First, we wish to under-
stand the effect of the HW on the GPP-SIF relationship. In
particular, we want to investigate what role NPQ plays in shaping
the GPP-SIF relationship at high heat-stress levels. Second, we
investigated if a state-of-the-art radiative transfer and photosyn-
thesis model can reproduce NPQ, which is critical to obtain SIF,
at high heat stress. To do so, we used data from Mediterranean
evergreen oak trees (Quercus ilex) at the study site Majadas de
Tiétar (ES-LMa), where we measured canopy-scale SIF, GPP
estimated with the eddy covariance technique and active PAM
fluorescence.

Materials and Methods

Study site

The study was conducted in a Mediterranean open woodland, a typi-
cal Iberian dehesa in western Spain (39°56'24.68"N, 5°45'50.27"W;
Majadas de Tiétar, Ciceres, Extremadura, FLUXNET site
ES-LMa) (Supporting Information Fig. S1). The ecosystem is
composed of an herbaceous layer and scattered evergreen
broadleaved trees, mainly Quercus ilex L. subsp. ballota [Dest.]
Samp. (Holm oak). Trees fractional cover was c. 20%, while the
average horizontal and vertical crown radius was 4.2 m (o = 0.9
m) and 2.7 m (6 = 0.9 m), respectively (Pacheco-Labrador et al,
2019b).

The climate is Mediterranean, characterised by a hot and dry
summer. The annual precipitation value is ¢. 650 mm (falling
mostly from autumn to spring). The mean annual temperature is
16°C. The study was conducted from June 2018 to August 2018,
when the herbaceous layer was senesced (Luo ez 4/, 2018, 2020),
and the trees were the only active vegetation (El-Madany ez al.,
2020). From 2 August to 6 August 2018, the ecosystem experi-
enced a heatwave (Barriopedro ez al., 2020) with a 5-d average of
daily maximum air temperature (T,;;) of 43.2°C and daily maxi-
mum vapour pressure deficic (VPD) of 76.1 hPa (Fig. S2).
Extensive site details are available in earlier publications (El-
Madany ez al., 2018). The days considered part of the heatwave
are the 5 d from the 2 August 2018 to 6 August 2018, according
to Sousa et al. (2019); while the days considered pre-heatwave
are the 25 July 2018 to 1 August 2018.

Sun-induced fluorescence observations

The spectral measurements were collected using the FloX (JB
Hyperspectral Devices, Diisseldorf, Germany), a field spectrometer
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designed for continuous high-resolution spectral measurements for
SIF retrieval with technical specifications in terms of spectral cover-
age, resolution and signal-to-noise ratio (SNR) coherent with the
FLEX mission instrument specifications (Julitta ez 4/, 2017). The
FloX was equipped with two spectrometers: (1) QEPro (Ocean
Optics, Largo, FL, USA) with high spectral resolution (full width
at half maximum ¢ 0.3 nm) in the fluorescence emission range
650-800 nm; (2) FLAME S (Ocean Optics) covering the full
range of visible—near-infrared (full width at half maximum ¢ 1.7
nm). The spectrometer entrance slit was split into two optical
fibres leading to a cosine receptor measuring the downwelling radi-
ance and a bare fibre measuring the canopy upwelling radiance.
The spectrometers were housed in a thermally regulated box, keep-
ing the internal temperature constant at 20°C to avoid dark cur-
rent drift and spectral shifts related to temperature changes. The
thermoelectric cooler of the QEPro was set to 20°C to control the
back thinned CCD detector SNR (nominal SNR > 1000 : 1).
The integration time of the spectrometers was optimised for each
channel (down-looking and up-looking channels) at the beginning
of each automatic measurement cycle. Two dark spectra were sys-
tematically recorded at each measurement cycle.

The FloX system was installed on a 10 m tall optical obser-
vation tower located near the eddy covariance (EC) tower. An
upward facing fibre cable equipped with a cosine diffuser mea-
sured the downwelling irradiance, the upwelling radiance was
measured with a bare fibre (25° field of view) pointing roughly
north at a Holm oak crown at ¢. 2 m distance from the tower
and slightly off-nadir (¢. 10°). From the measured spectra we
retrieved sun-induced fluorescence in the red (O,-B band, 687
nm) and far-red (O,-A band, 760 nm) regions, referred to as
SIFg and SIF respectively, using both the improved Fraunhofer
line depth ((FLD) and the spectral fitting method (SFM)
(Meroni et al., 2009). Sun-induced fluorescence in the far-red
region and SIFp retrieved with iFLD and SFM were extremely
similar (Table S1). Therefore, in the article we present only
the iFLD, as it is less sensitive to noise compared with other
retrieval methods (Cendrero-Mateo et al, 2019). The
integrated SIF (SIFgg0_840) was calculated as: SIFgg0_g40 =
39.2435 x SIF + 83.6814 x SIF following Moreno et al.
(2015). We applied a filter to remove measurements that were
taken at high solar zenith angles (SZA < 50), which results in
retrieval errors and nonlinear response of the cosine optics
(Julitta er al., 2016). We computed a series of additional vege-
tation indices: the normalised difference vegetation index
(NDVI), the near-infrared reflectance of vegetation index
(NIRy) (Badgley eral, 2017) and the PRI (Gamon et al,
1997), derived from reflectance at 531 and 570 nm. Spectral
measurements were taken at an interval of ¢. 2 min, and then
averaged over 1-h periods.

To reduce the effect of canopy structure on the fluorescence
signal and to derive a more physiological proxy of fluorescence
we calculated the escape probability of SIF (Fesc) following
Zeng et al. (2019) (Eqn 1). We used the method proposed by
Zeng et al. (2019) as the assumption of high LAI and low contri-
bution of soil to the reflectance were met given the experimental
design:

© 2021 The Authors
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NIR
— Eqn 1

Fesc =
Jipar

Fraction of absorbed photosynthetically active radiation
(fapar) and APAR were estimated from incoming and reflected
radiance following Damm ez a/. (2010) and (Li & Moreau,
1996; Moreau & Li, 1996) (Eqn 2):

APAR = (PAR, _— PAR,q) x RAPAR Eqn 2
(PAR;,., the incoming photosynthetic active radiation (PAR);
PAR,.q, the reflected PAR; RAPAR, the ratio of PAR absorbed
by the green canopy to the PAR absorbed by all surface materials)
and it was calculated as shown in Eqn 3:

RAPAR = 0.105 — 0.323 x NDVI + 1.468 x NDVI* Eqn 3
Total SIF (SIF,,) was calculated as in Eqn 4:
SIF
SIF e = — Eqn 4
Fesc

The light-use efficiency of photosynthesis (LUE,) was calcu-
lated as in Eqn 5:

Eqn 5

Light-use efficiency of fluorescence emission, LUE¢ was calcu-
lated as in Eqn 6:

SIF

LUEf =— >
* 7 (APAR x Fesc)

Eqn 6

APAR was estimated in mW m™ nm™" sr™' and then con-
verted to pmol m 2 s~} for the LUE, calculation in Fig. 3(b).
All data were presented at an houtly scale, except for Figs 1, 2(a—d),
S3 for which midday means (between 11 and 13 coordinated
universal time (UTC)) were used.

Leaf-level active chlorophyll fluorescence and chlorophyll
content

Diurnal variation in active chlorophyll fluorescence was measured
with a MONI-PAM Multi-Channel Chlorophyll Fluorimeter
(Walz, Effeltrich, Germany) composed of a data acquisition unit
and five emitter—detector units (heads). The system was equipped
with solar panels as a power supply and operated in stand-alone
mode. The five heads of the MONI-PAM were installed on south-
facing branches of a Quercus ilex tree located within the EC foot-
print near the tree on which FloX measurements were performed
(Fig. Sle). Branches were accessed using a permanent scaffold, and
measurements were performed on leaves flushed in 2018. Active flu-
orescence signals included instantaneous fluorescence and maximal
fluorescence along with incident PAR and T,;,, and were recorded
at 10-min and 1-h frequencies, during the daytime and night-time,
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respectively. For active fluorescence data, the hours from 11 to 16
UTC were considered, as the leaves measured by the MONI-PAM
were shaded before 11 UTC, as shown by the high ¢$P and low
NPQ values between 8 and 10 UTC (Fig. S4d,f). MONI-PAM
data were used to derive NPQ, the yield of NPQ ($pNPQ), the
reversible component of NPQ (NPQ),), the sustained component of
NPQ (NPQ,) and the yield of photochemistry ($P) according to
Porcar-Castell (2011). The maximum value at night of quantum
yield of photosystem II (®P,,,,), corresponding to the widely used
F/F,, was calculated according to Porcar-Castell (2011). For the
calculation of NPQ), a reference maximum fluorescence (Fr) value
was obtained during a period in which at night-time the ®P,,,, was
0.81, which is within the range of nonstressed ®P,., in Holm oak
(Ogaya & Pefiuelas, 2003). The yield of fluorescence (pF) was cal-
culated as detailed in Porcar-Castell ez a/. (2014). Relative light satu-
ration of photosynthesis (x) is a scaling factor that describes the
degree of photochemical impairment and was calculated following
van der Tol ez al. (2014). Details regarding the calculation of the
MONI-PAM parameters can be found in the following R package
developed by our group (https://github.com/davidmartini90/pam).
For the estimation of the parameters with the PAM, we used the
prevailing assumption of perfect connectivity between PSII units
(lake model assumption), for which is stll unclear whether is valid
under stress (Porcar-Castell, 2011). The above parameters were
obtained for each MONI-head and averaged across all heads.

A soil plant analysis development (SPAD) chlorophyll meter
was used to estimate leaf chlorophyll status. Soil plant analysis
development measures transmittance of red (650 nm) and
infrared (940 nm) radiation through the leaf (Uddling ez al,
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2007). The SPAD measurements provide an indicator of chloro-
phyll content in relative units (SPAD values). Soil plant analysis
development values measured in Quercus ilex at the same experi-
mental site in previous studies were found to be linearly related
(R = 0.91) with chlorophyll 2 + & obtained in the laboratory
(Gonzalez-Cascon et al., 2017). Soil plant analysis development
measurements took place on 20 July 2018 (before the HW) and
4 August 2018 (during the HW), and were carried out on the
tree measured with the FloX and the tree measured with the
MONI-PAM. In each tree, two branches were measured (12
leaves per branch), dividing between current year leaves (new
leaves) and previous year leaves (old leaves).

Biometeorological parameters and carbon fluxes

Biometeorological variables and surface gas exchange have been
measured at the site since 2014 and we used data from June
2018 to July 2018. During this period the herbaceous layer was
completely dry. Therefore, the fluxes measured were representa-
tive of only the tree functioning as shown previously (Perez-
Priego et al., 2017; Perez-Priego et al., 2018; El-Madany ez al.,
2020) in which EC-derived water fluxes were compared with
independent water fluxes of the herbaceous layer obtained with
the lysimeters and sap flow measurements of the trees. An EC
system consisting of a three-dimensional sonic anemometer (R3-
50; Gill LTD, Lymington, UK) and an infrared gas analyser
(LI-7200; Li-Cor Bioscience, Lincoln, NE, USA) was used to
measure dry mixing ratios of CO, and H,O at a height of 15.5
m aboveground. Shortwave incoming radiation (SW;,) and
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years) and new leaves (i.e. leaves flushed in Pre-HW HW Pre-HW HW
the 2018), respectively. The boxes for the
pre-heatwave (pre-HW) period values are
blue while for the heatwave (HW) period in © New leaves ® Old leaves

yellow. Daily values of fapar, PAR, APAR and
Fesc are computed between 11 and 13
Coordinated Universal Time (UTC). **, 701
P < 0.01; *, P < 0.05 according to analysis

of variance (ANOVA) test. No significant [m)]
differences are observed in (a, e, f). In the E 601
boxplot the thick lines represent the median %)
and the lower and upper hinges correspond 50

to the 25 and 75" percentiles. The upper/
lower whiskers extend from the hinge to the
largest/smallest value no further than 1.5x

50 1

interquantile range.

longwave outgoing radiation (LW,,,) were measured with a ven-
tilated net radiometer (CNR4; Kipp and Zonen, Delft, the
Netherlands). Air temperature (T,;,) and relative humidity (rH)
were measured with a combined Pt-100 temperature and capaci-
tive humidity sensor (CPK1-5; MELA Sensortechnik, Bondorf,
Germany). Fluxes were computed using EDDYPRO v.6.2.0 (Fra-
tini & Mauder, 2014) as described in El-Madany er 4/ (2018).
Quality check of the fluxes was carried out according to Mauder
& Foken (2011). The storage flux was computed using a vertical
profile of CO, according to Falge eral (2001). The
u*-threshold (c. 0.13 m s™') was estimated according to Papale
et al. (2006). The measured net ecosystem exchange (NEE) was
partitioned into GPP using both night-time partitioning (Reich-
stein et al, 2005) and daytime partitioning (Lasslop ez al,
2010) methods as implemented in the REppYPrROC 0.7-1 R
package (Papale er al., 2006; Wutzler et al., 2018). For the anal-
ysis we retained only data coming from measured NEE and
latent heat data, or gap-filled data with high confidence (i.e.

© 2021 The Authors
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quality flag 0 and 1 (Wutzler er al, 2018)). In the main text
only the GPP from the daytime partitioning technique is
reported. We decided to use the GPP from the daytime parti-
tioning because the GPP derived from night-time partitioning
was noisier (e.g. (Lasslop eral, 2010)), particularly when
measured NEE was relatively low, as during the heat wave.
GPP-SIF and the GPP-VPD relationships were consistent inde-
pendently to the CO, flux partitioning method (Tables S2, S3),
as well as the method used for retrieval of SIF (Tables S1, S3).

The EC and biometeorological data were averaged at hourly
temporal resolution to smooth the effect of the random error on
the measurements (Damm ez al., 2010). Evapotranspiration (ET)
was obtained from latent heat flux measurements, the surface
conductance (gs) was obtained by inverting the Penman—Mon-
teith equation (Beven, 1979). Aerodynamic resistance was calcu-
lated following Thom (1972) and removed before the calculation
of gs. Calculations were conducted using the BIGLEAF R package
(Knauer et al., 2018).
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Statistical analysis

Significant differences between groups (HV and pre-HW) were
calculated using analysis of variance (ANOVA) (Girden, 1992).
To test differences in the slope of the NPQ-VPD relationship
between the pre-HW period and the HW period, an analysis of
covariance (ANCOVA) was used (Rutherford, 2001). Regres-
sions were performed with linear ordinary least squares and
second-degree polynomial regression. Selection of the regression
method was based on lowest Akaike information criterion. Corre-
lations coefficients were calculated using Spearman’s rank correla-
tion (R).

Results

Effect of the heatwave on SIF, NDVI and NIRy,

During the HW we observed an increase of 7.2°C and 22 hPa in
daily mean T,;, and VPD, respectively (Fig. 1a), compared with
the pre-HW period (i.e. 7 d before the heatwave). The 5-d aver-
age of daily maximum T,;, and VPD of 43.2°C and 76.1 hPa,
respectively, represented a substantial positive anomaly compared
with that measured at the site since 2004 (Fig. S2). As the HW
was caused by a Saharan air intrusion (Sousa ez 4/, 2019), which
was accompanied by higher than average dust levels, we observed
a 4.9% mean decrease in SW;,, (P < 0.01), and therefore also
PAR. After the HW the SW,, returned to the initial values. As a
consequence of heat stress, LW, increased by 7.2% (P < 0.01)
(Fig. 1b). The trees responded to the HW by decreasing photo-
synthesis (32.2% mean decrease of midday — between 11 and 13
UTC - GPP, P < 0.01) (Fig. 1c) and by sharply diminishing
midday SIF (Fig. 1d). Sun-induced fluorescence in the far-red
region normalised by PAR exhibited a massive decline, with a
mean decrease of 64.1% (P < 0.01) with respect to the pre-HW
level (Fig. 1d). Evapotranspiration did not significantly vary
between the pre-HW and HW periods (Fig. 1c) (P = 0.129),
but a gradual decline was observed during the HW. Fig. S5
shows a strong sensitivity of gs to VPD, with lower gs during the
HW. The strong physiological response of the vegetation con-
trasted with the relative stability of two spectral indices, the
NDVTI and the NIRy (Fig. le,f), which can be considered indica-
tors of vegetation canopy greenness. Both indices increased sig-
nificandly (P =0.02, P<0.01 for NDVI and NIRy,
respectively) with the HW, although their increment was modest:
0.7% and 4.7% for NDVI and NIRy, respectively. Simulations
with the soil canopy observation, photochemistry and energy
fluxes (SCOPE), a state-of-the-art radiative transfer—photosyn-
thesis coupled model, showed that this increase can be explained
by increased diffuse radiation during the HW (Fig. S6).

fapar and chlorophyll remain unaltered

The HW did not cause statistically significant changes in fypar (P
= 0.07) (Fig. 2a), which remained stable ¢ 0.49. Similarly,
chlorophyll concentration estimated with SPAD (as described in
the Materials and Methods section) did not show significant
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differences for both the leaves flushed in 2018 (2 = 0.06) (Fig.
2¢) and in the previous year (P = 0.052) (Fig. 2f). Absorbed
photosynthetic active radiation decreased (6.9% mean decrease)
during the HW due to the reduction in PAR (5% mean decrease)
(Fig. 2a,b). Escape probability of fluorescence instead showed a
modest, yet significant (P < 0.01), increase (from a mean value
of 0.418 + 0.011 during the pre-HW to 0.432 %+ 0.009 during
the HW) (Fig. 2d). Due to the small change in Fesc, we could
not definitively rule out a change in canopy structure during the
HW. Still, it was clear from the negligible changes in vegetation
indices and fypar that the response of Quercus ilex to extreme
heat was primarily physiological and only marginally structural.

Nonlinear GPP-SIF relationship at hourly time scale during
the heatwave

Our study revealed a nonlinear relationship between GPP and
SIF, when considering both the pre-HW and HW periods. Dur-
ing the pre-HW period GPP and total SIF,,, exhibited a positive
relationship (R = 0.52, P < 0.01), while during the HW their
relationship was negative (R = —0.36, P = 0.034) (Fig. 3a).
This pattern was even more pronounced when the efficiencies of
both processes were considered, as shown by the relationship
between LUE,, and LUE; (Figs 3b, S7).

A similar pattern was observed at the leaf level, as the relation-
ship between ¢$P and ¢F was negative during the HW (R =
—0.61, P < 0.01) and positive during the pre-HW period (R =
0.64, P < 0.01). During the pre-HW period the ¢pP—¢F rela-
tionship showed a clear hysteresis (Fig. S8) as for the same ¢F,
¢P showed lower values in the morning and higher values in the
afternoon.

The relationship between GPP and indices such as NDVI, PRI,
and NIRy (Fig. S9) differed strongly from the one exhibited by
GPP and SIF. Photochemical reflectance index showed a strong
linear relationship (R = 0.86, P < 0.01) with GPP (Fig. S9a),
which indicated the important role of NPQ dissipation during the
HW. Moreover, NPQ and PRI were strongly correlated (Fig.
S10d), suggesting that, given the negligible changes in canopy
structure, PRI was a good indicator of NPQ processes despite the
different scales at which they were measured (leaf and canopy).
Normalised difference vegetation index showed no significant rela-
tionship with GPP (Fig. S9b), while NIRy, showed a negative rela-
tionship (R= -0.69, P < 0.01) (Fig. S9c). The negative
relationship could be explained by GPP reaching its maximum in
the early morning hours, while NIRy, is at its minimum (Fig. S11)
due to directional effects under direct illumination.

The overall nonlinear GPP-SIF,,, relationship (Fig. 3a) was
mirrored by a similar NPQ-SIF,, relationship (Fig. 4a), with
NPQ measured at the leaf level. Even though the correlation
between NPQ-SIF,,, was not significant when the pre-HW and
HW periods were considered separately, the overall nonlinearity
departed from the expected negative relationship reported in pre-
vious publications that did not account for heat stress (Magney ez
al., 2017). Nonphotochemical quenching-GPP was instead
markedly linear (Fig. 4b), and its slope was not altered by the
HW (slope pre-HW = —1.2, slope HW = —0.98, P = 0.77),
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Fig. 3 (a) Scatterplot between gross primary production (GPP) and fluorescence emission at 760 nm total sun-induced fluorescence in the far-red region
(SIFiop). (b) Scatterplot between light-use efficiency of photosynthesis (LUE,) and light-use efficiency of SIF emission (LUEfy). In (b) the units of absorbed
photosynthetic active radiation (APAR) for the LUE, calculation are umol m~2 57" and the units of APAR for the LUE; calculation are mW m™2 nm~" sr™".
(c) Scatterplot between yield of photochemistry (®P) and yield of fluorescence (®F). Blue points correspond to the pre-heatwave (pre-HW) period and
yellow points correspond to the heatwave (HW) period. Hourly mean values in (a, b) are computed from 9 to 16 Coordinated Universal Time (UTC) and
from 11 to 16 UTC in (c). The size of each point is proportional to the nonphotochemical quenching (NPQ). In each panel the Spearman’s rank correlation

coefficient (R) and P-value are reported for the pre-HW and HW period. The black line is the overall fit from a second-degree polynomial. Blue and yellow
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lines are linear regressions for the pre-HW and HW periods, respectively. The shaded area represents the 95% confidence interval of the fit.

suggesting that the photosynthetic activity of evergreen oaks was
strongly controlled by the activity of the xanthophyll cycle. Non-
photochemical quenching was correlated with VPD (R = 0.82, P
< 0.01), but the slope of NPQ-VPD showed a decreasing trend
during the HW period (Fig. 4c) (slope pre-HW = 0.064, slope
HW = 0.039, P = 0.053). In fact, the diurnal cycles of NPQ
showed marked differences before and after the HW, with NPQ
reaching a plateau in the afternoon of the HW period (Fig. 5a).
In the same period, LUE; exhibited a strong increase, highlight-
ing changes in energy allocation during the HW. Additionally,
the ®P,,,, and the LUE, values during the HW were strongly
downregulated (Figs 5b, S3a,b), alongside the accumulation
NPQ, (Fig. S3c,d).

Nonphotochemical quenching, $pP and ¢F plotted against x
showed strong differences between the HW and pre-HW period
(Fig. 6a,c,e). For x values higher than 0.75, NPQ-x was signifi-
cantly positive in the pre-HW period (R = 0.61, P < 0.01), but
showed a negative relationship during the HW (R = —-0.32, P <
0.01) (Fig. 6b). The ®NPQ shows a similar saturation, although
less extreme than NPQ for high levels of x (Fig. S12a,b). ¢$P-x
presented a consistent negative relationship, but its slope became
steeper during the HW (slope of —5.9 and —6.5, for pre-HW
and HW respectively, P < 0.01) (Fig. 6d), meaning that, for the
same x, ¢P decreases more during the HW. ¢pF—x was negative
during the pre-HW (R = —0.47, P < 0.01), but positive during

© 2021 The Authors
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the HW (R = 0.57, P < 0.01) (Fig. 6e). Taken together, this
means that during the HW at high levels of light saturation,
NPQ decreased, ¢P decreased faster than usual and ¢F increased.

Discussion

Previous research has highlighted the need to better understand
the relationships between photosynthesis, fluorescence and NPQ
under extreme stress conditions, to better exploit proximal and/
or RS estimates of SIF for carbon cycle research (van der Tol
et al., 2014; Wohlfahrt ez 4/, 2018). Our study examined the
effect of the HW on the GPP-SIF relationship in evergreen
broadleaved trees, under no major changes in canopy structure.
Odur results showed that the HW caused nonlinearity in the over-
all relationship (i.e. when considering both the pre-HW and HW
period together) between photochemistry and fluorescence at
both canopy and leaf scale. We observed a saturation of NPQ at
high temperatures, and a change in energy allocation towards flu-
orescence emission, therefore leading to the GPP-SIF nonlinear
relationship when considering both the pre-HW and HW
period. Additionally, current state-of-the-art radiative transfer
and photosynthesis models such as SCOPE cannot model NPQ
at the level of stress experienced in this study, suggesting that
improved parametrisations are required to correctly model NPQ
and SIF during extreme events.
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Fig. 4 (a) Scatterplot between nonphotochemical quenching (NPQ) and fluorescence emission at 760 nm, total sun-induced fluorescence in the far-red
region (SIFy). (b) Scatterplot between NPQ and gross primary production (GPP). (c) Scatterplot between NPQ and vapour pressure deficit (VPD). Blue
points correspond to the pre-heatwave (Pre-HW) period and yellow points correspond to the heatwave (HW) period. Hourly mean values are computed
from 10 to 16 Coordinated Universal Time (UTC). In each panel the Spearman's rank correlation coefficient (R) and P-value are reported for the pre-HW
and HW period. The black line is the overall fit from a second-degree polynomial. The shaded area represents the 95% confidence interval of the fit.

Unravelling the mechanism behind GPP-SIF nonlinearity in
response to heat stress: the role of NPQ

We show that in Mediterranean evergreen broadleaved trees SIF
responded to the extreme heat stress (Fig. 1d), indicating that
SIF reflects changes in photosynthesis even in the absence of large
changes in APAR and chlorophyll content. There is a current
debate on the information content of SIF and the GPP-SIF rela-
tionship with two different positions (Dechant e /., 2020): the
first is that SIF contains both information about canopy structure
but also physiological modulation of photosynthesis, the second
is that SIF and GPP-SIF is mainly determined by structural
changes. In this study we show that even with minimal changes
in canopy structure (APAR and chlorophyll content) we observed
a relationship between SIF-GPP, therefore challenging the stud-
ies suggesting that SIF-GPP is mainly determined by structure
(Yang ez al., 2018). For comparison we showed that NDVI and
NIRy, two vegetation indices that contain information about
vegetation structure, are limited at this time scale in which both
directional effects and diffuse radiation do not allow tracking
photosynthesis (Fig. S9b,c). It is worth noting that we cannot
completely rule out subtle changes in canopy architecture, which
might be caused by slight changes in leaf angle distribution
(Gratani & Bombelli, 2000; Migliavacca ez al., 2017) or chloro-
plast movements (Van Wittenberghe ez al., 2019) in response to
the high temperatures. However, the variations in Fesc (Fig. 2d)
and other structural parameters seem extremely modest (Fig. le,

New Phytologist (2022) 233: 2415-2428
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f). Additionally, more diffuse radiation during the HW could
have increased LUE,, or affected the reflectance. Still, reflectance-
based vegetation indices would be only marginally affected by
higher diffuse radiation according to simulations with the
SCOPE model (Fig. S6). Moreover, the retrieval of SIF is more
uncertain during the HW because of the lower SNR, which
might explain the higher correlation of the ®F—®P (leaf scale)
compared with LUE~LUE, (canopy scale) during the HW (Fig.
3b,c).

This study confirms that GPP-SIF is influenced by NPQ, the
dominant dissipation pathway during the progression of the
HW. Nonphotochemical quenching, which is observed with
active fluorescence, can also be sensed at the top of canopy with
PRI (Fig. S10d); the tight relationship between GPP and PRI
(Fig. S9a) suggests the need for combining SIF and PRI for accu-
rate GPP predictions under extreme heatwaves.

Leaf- and canopy-level observations agree markedly well (Fig.
3), indicating that some features of the leaf-level photosynthesis—
fluorescence relationship manifest at the canopy level under the
extreme heat stress experienced. This result calls for a more
widespread combination of active and passive fluorescence mea-
surements for explaining the partitioning of energy between
NPQ, ¢P and ¢F, and how this is reflected in the GPP-SIF rela-
tionship. To do that, more analysis would be required to under-
stand how the assumptions used when estimating PAM
parameters (such as connectivity between PSII units) are affected
at seasonal scale or by stress (Porcar-Castell, 2011).
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Fig. 5 Mean daily cycles for (a) nonphotochemical quenching (NPQ), (b) light-use efficiency of photosynthesis (LUE,) and (c) light-use efficiency of sun-
induced fluorescence in the far-red region (SIF) emission (LUEy). Blue points correspond to the pre-heatwave (pre-HW) period and yellow points

correspond to the heatwave (HW) period. Error bars correspond to the SE.

Nonphotochemical quenching exhibited a complex behaviour
during the HW. Nonphotochemical quenching showed a strong
response to VPD (Fig. 4c), indicating that stomatal closure may
have been a process that triggered an increased dissipation of the
excess energy through the NPQ mechanism. However, under high
VPD (e.g. in the afternoon of the hotter days) the response of NPQ
saturated, indicating that the temporal kinetics of stomata and the
light reactions can decouple during heatwave events (Meinzer ez al,
2017). The apparent link between NPQ and stomatal conductance,
also suggested in previous research (Medrano ez al, 2002; van der
Tol et al, 2009) and exploited through RS with the PRI index
(Sudrez et al., 2008; Yang et al., 2020), needs to be further investi-
gated. In particular, a process-based understanding of the reladon-
ship between stomatal conductance, NPQ and SIF needs to be
established to correctly use SIF as a proxy for transpiration. Under
typical high illumination conditions ¢pP and F are positively corre-
lated (Porcar-Castell et al, 2014). This ‘NPQ phase’ is generally
observed in most studies that linearly relate GPP and SIF (Damm
et al., 2010; Yang er al, 2015) and is also representative of the pre-
HW period. During the HW, plants do not have the capacity to
adjust to unfamiliar extreme high temperatures and NPQ saturates,
pushing the plant to the ‘NPQ-saturation phase’ (van der Tol ez al,
2014; Magney ez al, 2020). In this phase, NPQ saturates early in
the day (Fig. 5a), leaving the photosystems without sufficient pro-
tection to cope with excess energy.

We propose that the mechanisms responsible for the observed
GPP-SIF overall nonlinearity under high heat stress are shifts in

© 2021 The Authors
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energy allocation towards fluorescence emission (Fig. 5¢), as the tree
leaves are pushed by the extreme heat stress into the NPQ-
saturation phase. The change in energy allocation would be caused
by NPQ saturation and sustained photoinhibition. Nonphotochem-
ical quenching might saturate if limited by its xanthophyll pool size,
which has a turnover time of several days (Demmig et al, 1988).
Sustained photoinhibition is clearly demonstrated by a decrease in
@D, and an increase in NPQ; (Fig. S3) and may be partly caused
by damage to the reaction centres (Porcar-Castell ez al, 2008).

State-of-the-art radiative transfer and photosynthesis
models cannot reproduce NPQ at high levels of stress

The fluorescence parameterisation in the state-of-the-art radiative
transfer and photosynthesis models, such as SCOPE, is based on the
relationship between the relative light saturation of photosynthesis
and NPQ (Fig. 6a). van der Tol et al. (2014) reported this relation-
ship for a variety of conditions, but not for the heat stress described
in our study. Magney ¢z /. (2020) indicated that there is only sparse
evidence that under high stress conditions (high NPQ), an increase
in ®F can occur; therefore, more studies are needed to better inter-
pret the GPP-SIF relationship. With our study we fill this gap and
we show that the current parameterisation of models such as
SCOPE that are used to derive photosynthesis and vegetation
parameters from SIF measurements for current and future satellite
missions, do not represent the NPQ response at the level of stress
observed in our study (Fig. 6a,b). In fact, neither the NPQ levels
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reached in this study nor the observed nonlinearity of the NPQ-x
relationship are reproduced by the model (Fig. 6a). Therefore, the
model would not be able to describe the NPQ-saturation phase that
led to the overall nonlinear response between SIF-GPP. This lack of
description of the NPQ-saturation phase under extreme heat stress
by SCOPE has to do with the fact that there is shortage of data con-
straining the process (van der Tol ez al., 2014; Magney ez al., 2020).
The increasing availability of continuous passive and active fluores-
cence data, alongside NPQ estimates in multiple experimental sites.,
will provide the data to constrain the model parameterisation under
different conditions, including during extreme events. Our results
call for an improvement in the parameterisation of the relationship
between the relative light saturation of photosynthesis and the NPQ
process in radiative transfer and photosynthesis models. By doing so,
we will probably improve the representation of GPP-SIF under
extreme conditions with important implications for the exploitation
of ground-based and satellite measurements to monitor photosyn-
thetic performance of the vegetation.

Uncertainties related to footprint mismatch and leaf-
canopy scaling

The difference between the radiometric and the EC footprint
is a2 common source of uncertainty when analysing time series

New Phytologist (2022) 233: 2415-2428
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0.I80 0.I85 O,IQO HW period. The shaded area represents the
X 95% confidence interval of the fit.

of spectral data and EC flux data. To minimise this uncer-
tainty, the experiment was designed so that the FloX system
and the MONI-PAM are installed within the EC footprint cli-
matology (Fig. Sle), and the selected trees are representative of
the trees in the footprint. Moreover, as the herbaceous vegeta-
tion in summer was completely senesced, the GPP signal is
dominated by the photosynthesis of the Quercus ilex trees sam-
pled (Perez-Priego et al, 2018; El-Madany ez al, 2020).
Another source of uncertainty is the mismatch between leaf-
scale and canopy-scale measurements. To minimise the scale
mismatch we sampled with the MONI-PAM and the FloX
similar portions of the canopy of the two trees; that is the
southern part of the canopy and external part of the crown.
The sunlit leaves at the south side of the tree crown were sam-
pled with the MONI-PAM because representatives of the por-
tion of the crown that is in the field of view of the FloX. In
this analysis we showed 15 d with stable structure of the
canopy (no substantial changes in NDVI and SPAD). The sta-
bility of vegetation structure guarantees that, in the rather
short period analysed, no artefacts affected the leaf to canopy
scaling due to changes in leaf area or pigments. The good rela-
tionship we found between NPQ measured at leaf level and
the PRI (Fig. S10d) is, for instance, an indicator of good com-
parability between leaf-level and canopy-scale measurements.
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Conclusions

In sum, the present study shows that, under severe heatwaves,
strong GPP-SIF nonlinearities are possible even in the absence of
large changes in canopy structure. While a linear GPP-SIF rela-
tionship is expected in most conditions and driven by NPQ
changes at the seasonal scale, under extreme stress a shift in
energy allocation can occur. Our results can help to improve the
parameterisation of the response of fluorescence to extreme events
and in this way pave the way toward a more robust use of SIF
for monitoring GPP under projected future climatic conditions
characterised by increases in both the frequency and severity of
heatwaves.
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Fig. S1 Picture of the eddy covariance tower, the radiometric
tower, the MONI-PAM system and satellite picture of the experi-
mental site at Majadas de Tiétar.

Fig. S2 2D kernel density estimation of daily maximum T,;, and
daily maximum vapour pressure deficit (VPD) from 2004 to
2018 in the months of June, July and August.

Fig. S3 Scatterplot between ®P,,,, and daily means of sun-in-
duced fluorescence in the far-red region (SIF) and vapour pres-
sure deficit (VPD). Scatterplot between daily means of the

sustained component of nonphotochemical quenching (NPQ;)
and SIF and VPD.

Fig. S4 Mean daily cycles for light-use efficiency of photosynthe-
sis (LUEp), light-use efficiency of fluorescence emission (LUEy),
x, ®P, ®F and nonphotochemical quenching.

Fig. S5 Scatterplot between gs and vapour pressure deficit
(VPD).

Fig. S6 Simulations with the soil canopy observation, photo-
chemistry and energy fluxes (SCOPE) model on the effect of dif-
fuse to total radiation on normalised difference vegetation index
(NDVI), near-infrared reflectance of vegetation index (NIRy),
photochemical reflectance index (PRI) and sun-induced fluores-
cence in the far-red region (SIF).

Fig. S7 Scatterplot between light-use efficiency of photosynthesis
(LUEp) and light-use efficiency of fluorescence emission (LUEy).
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Scatterplot between nonphotochemical quenching (NPQ) and
gross primary production (GPP).

Fig. S8 Relationship between ¢P and F for the pre-heatwave
(pre-HW) period and for the HW period.

Fig. S9 Scatterplot between gross primary production (GPP) and
photochemical reflectance index (PRI). Scatterplot between GPP
and normalised difference vegetation index (NDVI). Scatterplot
between GPP and near-infrared reflectance of vegetation index

(NIRy).

Fig. $10 Scatterplot between ®F and light-use efficiency of fluo-
rescence emission (LUEy). Scatterplot between ®P and light-use
efficiency of photosynthesis (LUEp). Scatterplot between ®F
SIFs60-840- Scatterplot between nonphotochemical quenching
(NPQ) and the photochemical reflectance index (PRI).

Fig. S11 Hourly means of vapour pressure deficit (VPD), short-
wave incoming radiation (SWin), normalised difference vegeta-
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tion index (NDVI), near-infrared reflectance of vegetation index
(NIRy), light-use efficiency of photosynthesis (LUEp), light-use
efficiency of fluorescence emission (LUEfy), nonphotochemical

quenching (NPQ), ®P and ®F.
Fig. S12 Scatterplot between ®NPQ and x.

Table S1 Spearman’s rank correlation coefficient (R) and P-value
between compared variables (SIF).

Table S2 Spearman’s rank correlation coefficient (R) and P-value
between compared variables (GPP-SIF).

Table S3 Spearman’s rank correlation coefficient (R) and P-value
between compared variables (GPP-VDP).
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