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Previous studies have demonstrated the link between leaf chlorophyll fluorescence and photosynthesis,
mainly at the leaf level and under controlled laboratory conditions. The present study makes progress in
demonstrating the relationship between steady-state fluorescence and net photosynthesis measured under
natural light field conditions both at the leaf and image levels. Ground measurements and airborne cam-
paigns were conducted over two summers to acquire hyperspectral imagery at 40 cm resolution and 260
spectral bands in the 400-885 nm spectral region. This enabled the identification of pure vegetation pixels
to extract their radiance spectra. The datasets were collected in August 2010 and 2011 in the western part
of the area included in the Ribera del Duero Designation of Origin (Denominacién de Origen), in northern
Spain. The experiments were conducted in twelve full production vineyards where two study plots per
field were selected to ensure adequate variability in leaf biochemistry and physiological condition. The vine-
yard fields were selected on the basis of their gradient in leaf nutrition and plant water status and showed
variability in leaf pigment values and stomatal conductance. Leaves were collected for destructive sampling
and biochemical determination of chlorophyll a + b, carotenoids and anthocyanins in the laboratory. Leaf
steady-state and dark-adapted fluorescence parameters, net photosynthesis (P,) and stomatal conductance
(Gs) were measured in the field under natural light conditions. Such data were used as a validation dataset
to assess fluorescence-photosynthesis relationships both at the leaf and the image level. The Fraunhofer
Line Depth (FLD) principle based on three spectral bands (FLD3) was the method used to quantify fluores-
cence emission from radiance spectra extracted from pure vegetation pixels identified in the hyperspectral
imagery. Fluorescence retrievals conducted using the FLD3 method yielded significant results when com-
pared to ground-measured steady-state F (r> = 0.48; p < 0.01) and F,//F,,’ (r> = 0.53; p < 0.01). The
two-year assessment yielded consistent results on the relationship between P, and F; both at the leaf level
and based on the airborne hyperspectral imagery. At the leaf level, significant relationships were found
between leaf F; and P, (r> = 0.55; p < 0.001 for 2010; r? = 0.59; p < 0.001 for 2011). At the hyperspectral
image level, the agreement between leaf P,, and airborne F was consistent for both years separately, yielding
significant relationships at p < 0.01 for 2010 (r?> = 0.54) and 2011 (r?> = 0.41) and a significant relationship
at p < 0.001 for the aggregated years (1> = 0.52). Results show the link between net photosynthesis and
steady-state fluorescence obtained under natural sunlight conditions at both leaf and airborne hyperspectral
imagery levels.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

1994). In particular, experiments conducted at the leaf and laboratory
level in controlled environments have shown that fluorescence and

A number of studies have demonstrated the link between leaf
chlorophyll fluorescence and photosynthesis (Krause & Weis, 1984;
Larcher, 1994; Lichtenthaler, 1992; Lichtenthaler & Rinderle, 1988;
Papageorgiou, 1975; Schreiber & Bilger, 1987; Schreiber et al.,
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reflectance indices were able to track diurnal changes caused by heat
and water stress (Dobrowski et al., 2005). Under water deficit condi-
tions, red edge indices measured at the canopy level have shown sen-
sitivity to temperature and stress through steady-state fluorescence
(Fs), tracking CO, assimilation. Such findings confirm earlier results
obtained at the leaf level by a study comparing fluorescence and net
photosynthesis relationships at the leaf level under water stress in
grapevines (Flexas et al., 2000). In that study, leaf measurements
showed a link between gas-exchange rates of CO,, H,O and chlorophyll
fluorescence data.
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Although such studies have clearly shown the interest of monitor-
ing chlorophyll fluorescence as an indicator of photosynthesis, several
earlier studies focused instead on the Photochemical (or Physiological)
Reflectance Index (PRI) (Gamon et al,, 1992) as a proxy for photosyn-
thesis. In particular, they evaluated the potential for measuring terres-
trial photosynthesis from space (Grace et al., 2007) using reflectance
(PRI) and fluorescence (F) indices. Specific assessments of the dynamic
changes in chlorophyll fluorescence vs. the PRI and photosynthesis
were conducted in grapevines (Evain et al., 2004), Scots pine (Louis et
al., 2005), experimental mangrove canopies (Nichol et al.,, 2006) and
coastal shrubs (Naumann et al., 2008). In natural vegetation developed
under salt and drought stress, both dark-adapted and steady-state chloro-
phyll fluorescence measures were used to detect effects on physiology
before they were evident (Naumann et al., 2007).

Despite the successful results obtained in some cases with the PRI
as a proxy for photosynthesis, some studies have shown that this
index is highly affected by the canopy structure, leaf pigments and
background (Suarez et al., 2008, 2009). In fact, this can prevent the
successful monitoring of photosynthesis (Rascher & Pieruschka,
2008). In this latter study, the PRI failed to monitor photosynthetic
light conversion due to the effects of the canopy structure on the
index, suggesting the use of fluorescence as a better indicator of pho-
tosynthesis. The modeling study conducted by Zarco-Tejada et al.
(2009) showed that fluorescence estimations using in-filling methods
were little affected by structural changes of the canopy such as leaf
area density. On the other hand, other standard indicators suggested
in the past for canopy monitoring such as the NDVI or leaf chlorophyll
content are highly affected by the canopy medium and fail to track
photosynthesis (Stylinski et al., 2002). This confirms the need for
sensitive indices related to short-term physiological changes.

In recent years, increasing attention has been given to chlorophyll
fluorescence for global monitoring of vegetation physiology. Specific
studies have explored the technical aspects and challenges of retriev-
ing fluorescence to monitor global photosynthesis (Malenovsky et al.,
2009). They have discussed scaling issues from the leaf to the region
level using O, bands for fluorescence quantification (Rascher et al.,
2009) and modeled gross primary production (GPP) from fluorescence/
assimilation rates in diurnal patterns (Damm et al., 2010). These efforts
related to global photosynthesis mapping through fluorescence quantifi-
cation have received much attention as part of the FLuorescence EXplorer
FLEX mission (FLEX) supported by the European Space Agency (ESA)
Earth Explorer program. Under such scope, earlier modeling work was
conducted as part of the Vegetation Fluorescence Canopy Model
(FluorMOD project) (Miller et al., 2004), which served to develop a leaf
model named FluorMODIeaf (Pedrés et al., 2004, 2008, 2010) and a can-
opy model named FluorSAIL (Verhoef, 2004). These models were used as
a first tool to explore the feasibility of retrieving the fluorescence signal
superimposed on the leaf and canopy reflectance spectra. These earlier
efforts were critical for the simulation work conducted later to assess F re-
trieval accuracy in response to relevant sensor properties, including the
spectral sampling interval, spectral resolution, signal to noise and spectral
shift, along with different fluorescence retrieval methods (Damm et al,,
2011). These experimental and modeling advances enabled the develop-
ment of SCOPE (Van der Tol et al,, 2009a,b), an integrated leaf-canopy
fluorescence-temperature-photosynthesis model. The abovementioned
modeling studies are critical to understand the feasibility of fluorescence
retrieval at both leaf and canopy levels. They have shown that it is a chal-
lenging task since the contribution to the radiance signal is estimated to
be about 2-3%. Thanks to these efforts, several methods have been
reported to extract the fluorescence signal at the leaf and canopy levels
with very narrow spectral bands (Meroni et al., 2004, 2008a,b, 2009;
Moya et al., 2004; Pérez-Priego et al., 2005), proving the feasibility of fluo-
rescence retrieval using the O,-A band feature. Recently, global maps of
chlorophyll fluorescence have been published (Frankenberg et al,
2011; Joiner et al,, 2011) using the Thermal And Near infrared Sensor
for carbon Observation sensor (TANSO) on board GOSAT (Kuze et al.,

2009). The fluorescence retrievals and global maps obtained from
GOSAT were discussed by Guanter et al. (2012), who found overall
good agreement between fluorescence quantification by the satellite sen-
sor and annual and seasonal patterns of vegetation.

Although these recent advances in the global mapping of fluores-
cence are a major step forward, progress in leaf-canopy fluorescence
modeling and near-field validation experiments is critical to understand
the fluorescence signal linked to photosynthesis under natural sunlight
conditions in pure vegetation pixels. This is particularly important as
vegetation structure, background, illumination and atmospheric effects
play a critical role at larger scales where the fluorescence signal is quanti-
fied in mixed pixels that aggregates shadows, pure vegetation and the
background. Few published validation studies have addressed the retriev-
al of fluorescence at the image level and the relationships between fluo-
rescence retrieved and field-measured photosynthesis under natural
light conditions. This is due to the lack of appropriate imagery acquired
at high spatial and spectral resolutions and the complexity of the field val-
idation required. Recent studies (Zarco-Tejada et al., 2009) applying the
in-filling method to 1 nm FWHM airborne multispectral imagery acquired
over crops for stress detection have shown the feasibility of mapping
fluorescence at 40 cm resolution using a micro-hyperspectral imager on
board an unmanned aerial vehicle (UAV) (Zarco-Tejada et al., 2012).

Despite the improvements in high-resolution fluorescence retrieval
from pure vegetation pixels under varying physiological conditions,
studies focused on the link between fluorescence quantification from
high-resolution imagery and field photosynthesis data are still lacking.
In the present study, field photosynthesis and fluorescence data and
high-resolution airborne hyperspectral imagery were collected over
two summers. The aim was to explore the relationships between fluo-
rescence, pigment content and net photosynthesis in pure vegetation
pixels extracted from the imagery. Leaf and canopy level fluorescence
and hyperspectral radiance images were used to explore i) the relation-
ships between leaf fluorescence measures and photosynthesis data
during two consecutive years, assessing steady-state and dark-adapted
fluorescence parameters as well as leaf chlorophyll, carotenoid and
anthocyanin pigment data; and ii) the link between airborne F quantifi-
cation extracted from pure vegetation pixels and photosynthesis data in
a validation study conducted over two summers.

2. Materials and methods
2.1. Field experiments and airborne campaigns

2.1.1. Study site description

The study was conducted in 2010 and 2011 in the western part of
the area included in the Ribera del Duero Designation of Origin
(Denominacion de Origen), in Pefiafiel, Valladolid, northern Spain, at
an altitude of 800 m above sea level. A group of non-irrigated full
production vineyards were selected to ensure adequate variability
in soil background and physiological status according to the purposes
of the study. This resulted in 24 different 10 x 10 m study plots. All the
vineyards had been planted between 1983 and 1994 with cv. Tempranillo
grafted on 110-Richter rootstock. The vines, spaced 3 x 1.5 m apart, were
trained to double cordons and spur pruned, with an average bud count of
16 buds per plant. Shoots were maintained in a vertical position (trellis).
The main wire was 0.70 m above the soil surface.

Soils were calcareous (up to 58.8% total carbonate content) and poor
in organic matter (about 0.76%), with an average pH of 8.6. Texture
ranged from medium to medium-weighted. Concentrations of active
carbonate (3.3-15.5%) and DPTA extractable iron (2.3-6.4 mg kg~ 1)
were highly heterogeneous within the area. Such soil properties along
with the presence of a sensitive rootstock (110-Richter) led to different
levels of iron deficiency chlorosis in the vineyards of the area. The study
plots had high variability of soil concentrations of extractable potassium
(86-345 mg kg~ 1), phosphorus (4.6-31.8 mg kg~ ') and magnesium
(120-663 mg kg~ !). The area has Mediterranean climate, with low
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temperatures in winter and hot and dry summers. Mean annual tem-
peratures in the study area were 11.2 °C and 12.2 °C in 2010 and
2011, respectively. The rainfall registered was only 414 mm in the
first year and 286 mm in the second one. Without irrigation, these in-
sufficient water supplies in soils varying in texture and root explorable
depth ensured a broad variability of water status levels in the study
zones.

2.1.2. Field data collection

Simultaneous measurements of leaf gas exchange and chlorophyll
fluorescence parameters were taken at veraison under field conditions,
coinciding with the airborne campaigns (24-25 August in 2010 and
17-18 August in 2011). Gas exchange (net assimilation, P,,, and stoma-
tal conductance, Gs) and chlorophyll fluorescence parameters were
monitored using a LI-Cor 6400 portable infrared gas analyzer (IRGA)
equipped with a 6400-40 leaf chamber pulse amplitude modulation
(PAM) fluorometer (Li-Cor, Inc. Lincoln, Nebr., USA). Fluorescence pa-
rameters included minimum (F,) and maximum (F,,) fluorescence in
dark-adapted leaves (F,’ and F,,’ under light conditions), variable (F,)
and steady-state fluorescence (Fs), efficiency (PPSII) and maximum
efficiency (F,/F, and F,//Fy,’) of photosystem II, apparent rate of elec-
tron transport (ETR) and photochemical (qP) and non-photochemical
quenching (NPQ).

Nine fully expanded leaves exposed to direct solar radiation and
inserted at the fourth or fifth node from the apex were selected in
each study plot to conduct the photosynthesis measurements. Chloro-
phyll fluorescence parameters of dark-adapted leaves were obtained
before dawn (1:00-3:00 h local time), while levels of gas exchange
and chlorophyll fluorescence of light-adapted leaves were obtained at
midday (11:00-13:00 h local time). The leaves obtained from each
site were used to determine assimilation and fluorescence levels, and
to ensure that field measurements were coincident with the airborne
campaigns. Only nine leaves per plot were selected for measurement,
as a larger number would have caused longer time gaps between the
airborne overpasses and the field measurements conducted. Leaf
chamber conditions were set constant for all measurements conducted:
incident photosynthetic photon flux density (PPFD) on the leaves was

set to 1500 umol photons m~2s~!, which is known to be above

photosynthetic saturation in field-grown grapevines (Escalona et al.,
1999; Flexas et al,, 1998); CO, levels in the analyzer were held constant
at 370 pmol CO, mol~! air. Temperature, air pressure and relative
humidity were maintained at ambient levels. Air flow rate through
the leaf chamber was maintained at 500 umol s~ . Leaf absorbances
measured at 635 nm and 465 nm were entered in the IRGA for photo-
synthetic measurements conducted in each study site. These values
were estimated from leaf greenness data previously obtained with a
CL-01 portable colorimeter (Hansatech Instruments Ltd., Norfolk, UK),
as described by Gonzalez et al. (2005). At veraison, twenty expanded
leaves were sampled from the top of the canopy in each study plot for bio-
chemical determination of foliar pigments in the laboratory (see details of
the protocols used in Zarco-Tejada et al. (2005) and Steele et al. (2009)).
Chlorophyll a (C,), chlorophyll b (Cp,) and total carotenoid (Cy.) concen-
trations were calculated using the extinction coefficients derived by
Lichtenthaler (1987) with absorbance measured at 470 nm, 645 nm
and 662 nm. Anthocyanin content was determined from extract absor-
bance at 530 nm (Steele et al., 2009), with an anthocyanin absorption
coefficient as in Strack and Wray (1989). All pigment content data
were expressed on a leaf area basis.

2.1.3. Airborne campaigns

Airborne campaigns were conducted in 2010 and 2011 using a
micro-hyperspectral imager on board unmanned aerial vehicles (UAV)
operated by the Laboratory for Research Methods in Quantitative
Remote Sensing (Quantalab, IAS-CSIC, Spain) (Berni et al., 2009;
Zarco-Tejada et al,, 2008, 2012). The UAV platforms used were designed
to carry thermal, multispectral and hyperspectral imaging sensors. Two
UAV platforms of different size, wingspan and payload capacity were
used to successfully accomplish the airborne campaigns. The UAV plat-
form operated in 2010 was a 2-m wingspan fixed-wing platform with
up to 1-hour endurance at 5.8 kg take-off weight (TOW) and 63 km/h
ground speed (mX-SIGHT, UAV Services and Systems, Germany). Due
to the additional weight required to carry the micro-hyperspectral
imager, the platform was operated at 6.3 kg TOW with reduced battery
capacity, yielding 20-minute endurance only. Due to this limited endur-
ance when carrying the hyperspectral imager, a larger UAV platform
was developed for hyperspectral imagery acquisition. It was a 5-m

Fig. 1. Flight plan conducted in the 2010 and 2011 airborne campaigns by the unmanned aerial vehicle carrying the micro-hyperspectral imager. The study fields where leaf

validation data were acquired are shown in red. Background image: IGN, PNOA, 2010.
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wingspan fixed-wing platform with up to 3-hour endurance at 13.5 kg
TOW and 66 km/h ground speed (Viewer, ELIMCO, Seville, Spain).
This larger platform enabled data acquisition from all study sites in
one single flight during the 2011 airborne campaigns, carrying both
the micro-hyperspectral imager and a thermal camera concurrently.

Both UAV platforms were controlled by an autopilot for autono-
mous flying (APO4, UAV Navigation, Madrid, Spain) and followed a
flight plan using waypoints to acquire imagery from all study fields
(Fig. 1). The autopilot had a dual CPU controlling an integrated Attitude
Heading Reference System (AHRS) based on a L1 GPS board, 3-axis
accelerometers, gyros and a 3-axis magnetometer (Berni et al., 2009).
The ground control station and the UAV were radio linked, transmitting
position, attitude and status data at 20 Hz frequency; this tunneling
transmission link was used for the operation of the hyperspectral imager
from the ground station deployed near the study sites.

The hyperspectral imager carried by the UAVs in both 2010 and 2011
was a micro-hyperspectral camera (Micro-Hyperspec VNIR model,
Headwall Photonics, MA, USA) in the spectral mode of 260 bands at
1.85 nm/pixel and 12-bit radiometric resolution. It yielded a FWHM of
3.2 nm with a 12-micron slit and 6.4 nm with a 25-micron slit in the
400-885 nm region. The 25-micron slit was selected in all flights of
this study in order to increase the signal-to-noise ratio (SNR), as no

a

spectral binning was conducted when acquiring the imagery with the
full bandset of 260 bands. Frame rate storage on board the UAV was
set to 50 fps with an integration time of 18 ms. The 8-mm focal length
lens yielded an IFOV of 0.93 mrad and an angular FOV of 50°, providing
a swath of 522 m at 53 x 42 cm pixel resolution at 575 m AGL altitude
and 75 km/h ground speed (Fig. 2a). The airborne campaigns conducted
over the vineyard fields were flight lines in the solar plane at 9:00 am
GMT in both 2010 and 2011. Each vineyard under study was targeted
at the center of the flight lines. For identification purposes, each plot
was marked in the field using ground control points detectable in the
imagery. For each vineyard under study, spatial subsets were created
(Fig. 2b;c) and subsequently used to extract image radiance.

The micro-hyperspectral sensor was radiometrically calibrated in
the laboratory using derived coefficients with a calibrated uniform
light source (integrating sphere, CSTM-USS-2000C Uniform Source
System, LabSphere, NH, USA) at four levels of illumination and six
integration times. Ortho-rectification of the hyperspectral imagery
acquired with the UAV platforms was conducted using PARGE (ReSe
Applications Schldpfer, Wil, Switzerland). This was done using input
data acquired with a miniaturized inertial measuring unit (IMU)
(MTiG model, Xsens, The Netherlands) installed on board and syn-
chronized with the micro-hyperspectral imager (as in Zarco-Tejada

Fig. 2. Imagery acquired in the solar plane by the micro-hyperspectral sensor on board the unmanned aerial vehicle with an IFOV of 0.93 mrad and an angular FOV of 502, yielding
53 x 42 cm pixel resolution at 575 m AGL altitude (a). Each vineyard under study was imaged at nadir (b), extracting the spectral radiance from each study plot (c).
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et al., 2012). The hyperspectral imagery acquired enabled pure vine
identification (Fig. 3a;b) using automatic object-based crown/vine
detection algorithms. This methodology successfully separated vines
from shaded and sunlit soil components in most cases, obtaining pure
vine radiance without shadow and soil effects (Fig. 3c). Finally, mean ra-
diance spectra were obtained for each study site (Fig. 4a). These radiance
spectra were later used to calculate fluorescence retrieval at each study
site using the O,-A in-filling method. A total of 13 spectral bands were ob-
served within the 0,-A feature with the airborne micro-hyperspectral
imager (Fig. 4b).

2.2. Fluorescence retrieval method

Total incoming irradiance was measured at the time of the flights
using a 0.065 nm full-width half-maximum (FWHM) Ocean Optics
HR2000 fiber-optics spectrometer (Ocean Optics, Dunedin, FL, USA).
The device was installed on a leveled pole with 2-m long, 600 um
optical fiber using a CC-3 VIS-NIR cosine corrector-diffuser (Ocean
Optics, Dunedin, FL, USA). The 0.065 nm FWHM HR2000 spectrome-
ter provided spectral measurements in the 680-770 nm range with
2048 channels. The spectrometer was specifically designed for fluores-
cence research targeting tree crowns in diurnal experiments, as described
in Pérez-Priego et al. (2005). It had an H11 grating with 1800 lines/mm, a
5 um slit, an L2 detector collection lens, an OF1-OG590 longpass filter and
a set of high-reflectivity AgPlus mirrors model SAG-UPGD-HR to enhance
the sensitivity of the instrument for high-resolution measurements in low
light level experiments. Due to the dark current sensitivity of the instru-
ment as a function of ambient temperature, a Peltier thermally insulated
box model PT-100 (Magapor, Zaragoza, Spain) was used to house the
spectrometer, keeping the internal temperature stable at 24 °C + 1 °C
during field measurements.

a

Irradiance (E) calibration of the spectrometer attached to the fiber
with the cosine corrector-diffuser was conducted in the laboratory
using a LS-1-CAL calibrated tungsten halogen NIST-traceable light
source (Ocean Optics, Dunedin, FL, USA). To match the spectral reso-
lution of the radiance imagery acquired by the hyperspectral airborne
sensor, the high-resolution irradiance spectra measured with the
HR2000 instrument was resampled through Gaussian convolution,
observing the effects caused by the bandwidth on the depth in the
0,-A region (Fig. 5). Mean radiance spectra extracted from the air-
borne hyperspectral imagery at each study site for the 260 spectral
bands were then used to estimate chlorophyll fluorescence. It should
be noted that previous results obtained when retrieving the chloro-
phyll fluorescence signal using the micro-hyperspectral imager were
characterized by a large spectral oversampling (1.85 nm sampling
interval) and 6.4 nm bandwidths (Zarco-Tejada et al., 2012). Based on
these data, the Fraunhofer Line Depth (FLD) principle calculated from
a total of three bands for the in (L763 nm) and out bands (L750 nm;
L780 nm) (FLD3) was applied to the hyperspectral imagery to quantify
the fluorescence signal using the equations described in Zarco-Tejada
et al. (2012). In particular, fluorescence (F) was quantified using the
Lin (L763), Loy (average of L750 and L780 bands), E;, (E763), and Eqy¢
(average of E750 and E780 bands) (Fig. 6) using Eq. (1).

Eout.Lin _Ein .Lout
F Eout _Ein (1)
The FLD3 and other suitable methods for fluorescence estimation
depending on the spectral data available (number of bands, spectral
bandwidth available, signal-to-noise ratio of the instrument) can be
reviewed in Meroni et al. (2010) and Damm et al. (2011). These studies,
particularly those of Damm et al. (2011), proved in a simulation study

Airborne vine Radiance (L) 4

C
120
= 110
~1004 8
"_; 3 90 A
? g0 3
pl % 70 A
g 60 - £ s0
= = 7750 760 770 780
o Wavelength (nm)
'E 40
=
<= 20
0 ; ‘ ‘
400 500 600 700 800

Wavelength (nm)

Fig. 3. Identification of pure vegetation pixels in each study plot from the airborne hyperspectral imagery using automatic object-based detection algorithms (a;b). Mean pure-vine

radiance extracted from each site without shadow and soil effects (c).
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within the O,-A feature (b).

that the FLD3 method can retrieve the fluorescence signal when wider
spectral bandwidths (i.e., 5 nm FWHM) are used along with high spec-
tral sampling (below 2.5 nm) with instruments with a minimum of
300:1 signal-to-noise ratio. These modeling results agree with experi-
mental fluorescence retrievals shown in Zarco-Tejada et al. (2012)
obtained with the micro-hyperspectral imager used in the present
manuscript. They are characterized by 260 bands acquired at 6.4 nm
FWHM, 1.85 nm sampling interval (yielding a total of 13 spectral
bands inside the O,-A feature) and a signal-to-noise ratio of 300:1
without binning. Other FLD methods such as FLD, FLD2 and iFLD
assessed in Zarco-Tejada et al. (2012) were not computed here as
they yielded poorer results than the FLD3 method used with the
Headwall Photonics VNIR micro-hyperspectral imager.

The airborne-derived fluorescence quantification for each year
was compared with ground measurements of leaf-level fluorescence
and net photosynthesis. Assessment of the relationships obtained for
each independent year and both years together was conducted to deter-
mine whether the relationships found between airborne F and leaf P,
were statistically different.
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Fig. 5. Irradiance data acquired at the time of the airborne flights with the sub-nanometer
HR2000 spectrometer in the 680-770 nm range (0.065 nm FWHM) and resampled
through Gaussian convolution to match the FWHM of the airborne hyperspectral sensor.

3. Results

Relationships between leaf-level physiological measurements of net
photosynthesis (P,), stomatal conductance (Gs) and dark-adapted/
steady-state fluorescence parameters and leaf pigments at veraison
are shown in Table 1 (year 2010) and Table 2 (year 2011). The two
years yielded consistent significant results in both cases for the relation-
ship between P, and F (12 = 0.55; p < 0.001 for 2010; r?> = 0.59;
p < 0.001 for 2011) (Fig. 7a and b, respectively). Other fluorescence
parameters that showed significant results (at p < 0.01 or p < 0.001
levels) for P, were F,/, F;,’ and NPQ. Consistently in both years, the
best relationships with P, were obtained for steady-state parameters
such as Fy/, Fy', F,//Fn’ and Fs (p < 0.001), while the dark-adapted
fluorescence parameters F,, Fy, F, and F,/F,, yielded non-significant
relationships (p > 0.05).

Relationships between G, and P, were significantin 2011 (r = 0.56;
p < 0.01) but non-significant in 2010 (r = 0.28; p > 0.05). This result
is probably due to higher water stress levels in 2011 as compared to
2010, which translated into a larger Gs and P, gradient in 2011
(Table 3). This hypothesis is consistent considering the relationships
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Fig. 6. Radiance (L) and irradiance (E) spectra showing the 750 and 780 nm (out) and
763 nm (in) bands used for fluorescence quantification through the FLD3 method.



Table 1

Relationships (Pearson correlation coefficient) between leaf-level physiological measurements of net photosynthesis (P,,), stomatal conductance (Gs) and dark-adapted (F, Fy, Fy, F,/Fr,) and steady-state fluorescence parameters (Fy', Fr', Fy//Fr', Fs,

DPSII, qP, NPQ, ETR) and leaf pigments anthocyanins (Ant), chlorophyll a + b (Cyp) and carotenoids (Cyc) acquired at veraison in 2010.

Physiological Dark-adapted fluorescence Steady-state fluorescence Leaf pigments
measurements
P, Gs Fo Fin F, Fu/Fm Fo/ Fon/ Fy/ /P’ Fy ®PSII qP NPQ ETR Ant Cap Cue

P, 1

G, 028 1

Fo —0.15 026 1

Fn 0.00 —029  —o011 1

F, 0.06 —033  —048" 093" 1

Fy/Fm 0.10 —038 0.88™ 0.55™" 0827 1

Fo' 0.62"" 019  —0.12 0.20 0.22 0.17 1

Fo' 0.69"** 027  —029 0.08 0.18 025 0.93"** 1

F//Fu 0.66"** 036  —047" —0.10 0.09 030 0.69"** 0.89"* 1

F 0.74™** 029  —026 0.08 0.17 022 0.94™** 0.99"** 0.86"* 1

®PSII 0.16 —017  —058™ 0.17 037 0.59™" 0.11 0.28 047* 0.17 1

qP —0.23 —035  —018 023 027 031 —045" —041* —0.26 —051* 069 1

NPQ —065""  —039 0.16 034 024 0.05 —081""  —089"*  —085"* 088" 018 048" 1

ETR 0.17 —016  —059"" 0.15 036 059" 0.07 025 046" 0.15 099" 071" o015 1

Ant 0.09 —005  —063"" 0.18 040 062" 0.40 0.49" 056" 044" 070" 025 —039 069" 1

Cab —0.02 —002  —061™ 027 047" 0.63"* 0.24 0.35 045" 0.29 065" 031 —0.18 066" 0807 1

Cre 0.18 -005 056" 0.07 0.28 0.50" 042" 053" 0.53"" 049" 0.52"" 0.12 —041" 054" 0687 082" 1

* p<0.05.

** p<001.
R < 0,001,
Table 2

Relationships (Pearson correlation coefficient) between leaf-level physiological measurements of net photosynthesis (P,,), stomatal conductance (Gs) and dark-adapted (F,, Fr, Fy, Fy/Fr,) and steady-state fluorescence parameters (Fy', Fry', Fy//Fry', Fs,

PPSII, P, NPQ, ETR) and leaf pigments anthocyanins (Ant), chlorophyll a + b (C.p) and carotenoids (Cyc) acquired at veraison in 2011.

Physiological Dark-adapted fluorescence Steady-state fluorescence Leaf pigments
measurements
P, Gs Fo Fin F, Fo/Fm Fo' Fr' Fy//F’ F, DPSII qP NPQ ETR Ant Cap [
P, 1
Gs 056" 1
Fo —024 0.00 1
Fn 0.17 —0.06 —0.06 1
F, 0.20 —0.06 —021 099" 1
Fy/Fn 0.34 —001 —054" 080" 086" 1
F,' 0.69"** 046" —0.34 054" 058" 064" 1
Fon' 0.71"%* 052" —048* 0.40" 046" 059" 0.92"** 1
/[P’ 0.48" 045" —057" 014 0.22 041% 055" 0.81"* 1
F 0.76"" 055" —044" 039 044" 056" 0.92"** 0.99"** 0.79"** 1
DPSIL 0.20 ~0.09 —048* 017 0.24 039 023 029 030 0.17 1
qP —021 —043" 0.05 0.06 0.05 0.02 —028 —0.40 —0.48" —050" 0.67"** 1
NPQ —0.66"" —0.58"" 056 009 0.01 —0.26 —072"%  —087""  —081™"  —086™* 026 045" 1
ETR 021 —0.05 —047* 0.18 025 0.40" 026 032 032 0.19 0.99™** 066" —027 1
Ant 0.60"" 0.36 —034 047" 051" 0.48* 0.70""* 0.76™"* 0.65""* 0.74% 0.36 —0.16 —056™ 039 1
Cap 032 0.16 —021 045" 047" 032 046 0.51° 049" 047* 0.44* 0.03 —035 045° 079" 1
Cec 038 0.13 —035 042" 0.46" 038 051" 057" 054" 053" 046" 0.00 —0.44* 046" 082" 096 1
* p < 0.05.
** p<001.
E p < 0,001,

85z-2k (€102) 9€1 Iudwuonaug Jo Suisuas ajoway / [p 32 vpplof-024vzZ [d

[3+14



254 PJ. Zarco-Tejada et al. / Remote Sensing of Environment 136 (2013) 247-258

a
16
y=0.0188x - 5.7772
14 1 R2 = 0.55"**
(p<0.001) °
» 12 ° .
o
£ ° e
& 10 °
&) Oy
S g
e 8 g
= /
R ° .’/’o o
© e ®
Q
4 4 °
2 N
August 2010
0 ‘ ‘ : ‘ :
300 450 600 750 900 1050 1200
Leaf Fs
16 °
y =0.023x - 10.403
141 R2 = 0.59** -
(p<0.001)
- 12 o
o
E 10 o
o) S
O
= 84 ,
(] o
£ o -
=3 e
N
c ’
o o o6
5 .
4+ e °
3 /"o
_ °
2 & ° August 2011
0 ‘ ‘ ‘ ‘ ‘
300 450 600 750 900 1050 1200
Leaf Fs

Fig. 7. Leaf-level relationships obtained between net photosynthesis (P,,) and steady-state
fluorescence (Fs) in 2010 (a) and 2011 (b).

obtained between G and fluorescence parameters, which were not
significant in 2010 but showed significant values at 1% level in 2011
with Fy’ (r = 0.52), Fs (r = 0.55) and NPQ (r = —0.58), and at 5%
level with Fy/, F,//F’, and qP.

The analysis of the gradient of all parameters measured at leaf
level at veraison in 2010 and 2011 (Table 3) showed that the P,
gradient was similar for 2010 and 2011 (i = 7.53 pmol CO, m~ 2 s~
for 2010; pu= 6.35umol CO, m~2s~! for 2011, with maximum
recorded values of 13.03 umol CO, m~2 s~ ! for 2010 and 15.53 umol

Table 3

CO, m~2 s~ for 2011). Nevertheless, G values clearly showed a wider
gradient in 2011 when compared to 2010, with maximum values of
0.12 mol H,0 m~2 s~ ! (2010) as compared to 0.21 mol H,0 m~2 s~!
(2011). Similar results were obtained for F; measurements, which
yielded similar values in both years (i = 708.05 for 2010; p = 748.09
for 2011) with maximum recorded values of 945.14 for 2010 and
1060.6 for 2011). The variability of the leaf pigment concentration data
recorded showed a much higher gradient for 2011 than for 2010, with
higher mean and maximum values recorded. The network of vineyard
fields was selected because of its gradient in leaf nutrition levels, show-
ing a great variability in leaf pigment values. However, no significant
relationships were found between anthocyanins, chlorophyll a + b
and carotenes when compared against leaf P, (except for Ant in 2011,
p < 0.01) and leaf F,. Consistently, probably due to the low gradient
in water stress levels, G5 and leaf pigment content were not related
(p was not significant in either year). As expected, relationships between
Ant, C;, and Cy were highly significant in both years (p < 0.001), yield-
ing correlation coefficients ranging from r = 0.68 to r = 0.96 in 2010
and 2011.

Mean leaf chlorophyll content per study site compared to leaf F;
(Fig. 8a;b) and P,, (Fig. 8c;d) for 2010 (Fig. 8a;c) and 2011 (Fig. 8b;d)
showed that chlorophyll content estimation was not able to explain
net photosynthesis levels under these conditions. While pigment
content data were not significantly related to P, levels in either year,
steady-state fluorescence data measured at the leaf level yielded signif-
icant results (r = 0.74 & r = 0.76; p < 0.001; Tables 1 & 2). At the
canopy image levels, the relationships obtained between mean leaf
fluorescence per study site and fluorescence retrievals conducted from
the airborne hyperspectral imagery using the FLD3 method yielded
significant results for Fs (> = 0.48; p <0.01) (Fig. 9a) and F,//Fy’
(> = 0.53; p<0.01) (Fig. 9b). These results show the agreement
between the field-measured steady-state fluorescence F; parameter
(and F,//Fy) and airborne retrievals of F using the micro-hyperspectral
imager.

The relationship between leaf P,, (mean calculated for each site)
and airborne F (extracted from the imagery for each site) was con-
sistent for both years separately, yielding significant relationships
at p<0.01 for 2010 (r? = 0.54) (Fig. 10a) and 2011 (r? = 0.41)
(Fig. 10b) and a significant relationship at p < 0.001 for the aggregated
years (r2 = 0.52) (Fig. 10c). These results demonstrate that airborne F
retrieval partially explained (p < 0.001) the P, levels of the study sites
imaged in 2010 and 2011. Statistical assessment was conducted with
the Chow test (Chow, 1960), which explored whether the coefficients
in the linear regressions were equal for years 2010 and 2011. The analy-
sis did not find any differences between both samples (p-value = 0.75),
that is, the coefficients in both linear regressions were equal for 2010 and
2011 and both years could be assessed together.

4. Discussion

Statistically significant relationships were obtained between air-
borne fluorescence quantified by the FLD3 method from hyperspectral

Gradient analysis of the mean leaf physiological data of net photosynthesis (Py, in pmol CO, m~2 s~ '), stomatal conductance (Gs, in mol H,0 m~2 s~ 1), dark-adapted (Fo, F, Fy, Fu/Fim)
and steady-state fluorescence parameters (Fy/, Fy/, Fy//Fn/, Fs, ®PSII, qP, NPQ, ETR) and leaf anthocyanin (Ant), chlorophyll a + b (C,p) and carotenoid (Cx.) contents (ug cm~2) acquired

from the 24 study sites in 2010 and 2011.

Physiological Dark-adapted fluorescence Steady-state fluorescence Leaf pigments

measurements

P, Gs Fo Fin F, Fo/Fm Fo' F,//Fo'  Fs OPSII  qP NPQ ETR Ant Cap Cxe
2010 Min 3.61 0.05 505.8 20549 1316 0.63 389.9 580.31 03 54797 0.09 026 141 59.58 331 2647 6.48

Mean 7.53 0.0815 5883 2501.6 19132 0.75 500.4
Max 13.03 0.12 7389 2786.7 22353 0.8 583.7
2011  Min 1.37 0.05 439.27 1842.0 1357.7 0.72 406.47
Mean 635 0.11 49734 2639.7 21424 0.80 520.46
Max 1553 0.21 600.87 2882.8 2407.7 0.84 654.88

799.7 0.36 70805 0.118 032 219 80.22 6.43  40.87 8.86
1046.4 0.42 945.14 0.15 041 332 101.15 879 52779 11.68
620.04 0.29 541.54 0.09 024 137 63.3 540 36.97 8.26
853.81 037 748.09 0.12 035 217 85.9 947 61.84 12,65
1180.2 0.47 1060.6 0.16 044 3 11141 1517 8567 15.61
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Fig. 8. Relationships obtained between mean leaf chlorophyll content per study site and leaf F; (a;b) and P,, (c;d) in 2010 and 2011 at veraison, showing that chlorophyll concen-

tration itself did not explain the P, variability found within the sites studied.

imagery and field-measured net photosynthesis. These results were sig-
nificant in two summer campaigns conducted in two consecutive years.
These results represent progress in the efforts to assess the relationship
between canopy fluorescence and photosynthesis, which was demon-
strated in this study using very high resolution hyperspectral imagery.
The hyperspectral imagery used in this study was characterized by
coarse spectral resolution (i.e., 6.4 nm FWHM) and a narrow sampling
interval (ie., 1.85 nm). Nevertheless, the retrieval of fluorescence
from measurements with such spectral resolution was possible for
the conditions of this study area, characterized by flat areas with
horizontally-homogeneous atmospheric conditions. This methodology
is therefore ideal for precision agriculture and vegetation monitoring
studies when using very high spatial resolution. An example of this is
the physiological assessment of vegetation using airborne platforms or
through close range plant phenotyping studies. Applying this method-
ology to densely vegetated areas or sites with topographic effects and/
or highly loaded atmospheres (e.g., tropical rainforest) would require
further assessments. Therefore, the methods presented in this study
under such ideal conditions should be validated if applied to satellite
imagery. In fact, modeling work should be conducted to assess the influ-
ence of such different environmental and atmospheric conditions on
the quantification of fluorescence. As an example, the study by Damm
et al. (2011) could be continued to account for atmospheric effects in
their sensitivity analysis of F retrieval using the FLD method.

Another important issue that requires attention is the potential
effect of photosystem I fluorescence in the 760 nm band. In fact, the
relationship between chlorophyll fluorescence quantified at 760 nm
and light use efficiency is being questioned by some authors (see
the discussion in Porcar-Castell, 2012). These authors suggest that a
large proportion of the fluorescence flux found at 760 nm is actually
due to fluorescence emitted by photosystem I, mostly driven by chlo-
rophyll absorption rather than by photosynthesis-related processes.
Nevertheless, the results of the present study showed a weak correla-
tion between chlorophyll content and fluorescence but a significant
relationship between fluorescence at 760 nm and photosynthesis. In
the two summer campaigns of the present study, the validation sites
showed a range in leaf nutrition levels but a non-significant relationship
(p > 0.05) between foliar anthocyanins, chlorophyll a + b and carot-
enoid concentration when compared with leaf P, and Fs. Therefore,
the chlorophyll content variation did not explain the net photosynthesis
variation under the conditions of this study. The lack of a relationship
between P, and Cgp, in this study could be explained because in the
study areas, i) net photosynthesis values were more strongly affected
by changes in plant water status than by iron deficiency chlorosis (as
shown in Tables 2 and 3), and ii) the predawn leaf water potential
and stomatal conductance measurements used as indicators of plant
water status were not significantly correlated with leaf chlorophyll con-
tent at veraison (G vs. C,, were not related in either year, as shown in
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Tables 2 and 3). In a study by Catalina et al. (2011), data from 2010 in
the same study area showed separate interaction effects of both water
status and nutritional levels on vine vigor, yield and most composition
parameters. Thus, fluorescence could be a good estimator of net photo-
synthesis levels in vineyards affected by water deficit (Flexas et al.,
1998, 2000), but also in those in which water and nutritional stress
are present simultaneously. This issue is critical and requires further
studies conducted with pure vegetation pixels extracted from high-
resolution imagery before global fluorescence maps derived from
GOSAT-FTS data in 760 nm and other future platforms can be interpreted.

Another important issue that needs further development is the
interpretation of the fluorescence signal from large pixels where all
scene components are mixed. Specifically, pixel-aggregation effects
at such coarse spatial resolutions need to be accounted for to fully un-
derstand the fluorescence retrieved from large pixels with different
levels of fractional cover, background effects, vegetation densities
and photosynthetic pigment absorption levels. An initial attempt
was recently made to understand the effects of fractional cover on the
retrieval of airborne fluorescence quantified from aggregated pixels,
using both leaf/canopy fluorescence models linked to a geometric
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(b) and the aggregated 2010 + 2011 years (c).
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model. The FluorFLIM model developed was used to retrieve pure tree
crown fluorescence from aggregated pixels using very high resolution
hyperspectral imagery (Zarco-Tejada et al., 2013). The conclusions of
that study suggested that without proper modeling work to account
for such spatial variability of the fractional cover, global maps of fluores-
cence would look very similar to standard NDVI maps due to the large
effects of the fractional cover on both NDVI and fluorescence retrieved
from large pixels.

Finally, it is important to highlight the difficulties of validating
fluorescence retrieval methods conducted with high-resolution imagery
at global scales. The main sources of complexity lie in the temporal and
spatial variability of within-canopy leaf physiological status as regards
both assimilation rates and fluorescence measures, which require sever-
al measurements acquired concurrently. It is extremely challenging to
conduct validation work in such complex and heterogeneous canopies,
especially if a number of study sites are required to provide a range of
physiological conditions. In a study such as ours, measurements collect-
ed from several study sites within the time of the airborne flights posed
additional difficulties due to the diurnal variation of both fluorescence
and assimilation rates. Moreover, although this study was conducted
on flat areas and it was possible to identify the study sites well, there
were several challenges. Such difficulties were related to atmospheric
effects, imagery calibration, methodological aspects of the quantification
of the fluorescence signal from pure vegetation pixels extracted with
little background and shade mixture effects, and complex operational
aspects regarding the operation of the micro-hyperspectral imager on
board an unmanned aerial vehicle. Even under these challenging meth-
odological, technical and field experimental and sampling conditions,
results of this study of two-year campaigns showed statistically sig-
nificant relationships, with p-values < 0.01 in most cases, and with
p <0.001 for the P, vs. airborne Fs relationship for the two years/
campaigns of study. Further validation studies such as the one described
here are needed to better understand the validity of modeling results
developed and reported for ideal simulation conditions, which in most
cases do not face the challenges described when complex fieldwork is
required. Without proper validation studies to report conclusions on
the relationships between field-based and airborne/satellite retrieved
fluorescence conducted under varying physiological conditions, species,
and canopy architectures, progress on fluorescence retrieval science will
be limited to modeling efforts. These simulation methods are of critical
importance. Yet, they are currently limited to the existing simulation
models available, which in most cases do not entirely mimic the condi-
tions of the real heterogeneous and complex cropping and natural
vegetation systems. The lack of a linked leaf-canopy radiative transfer
model to simulate fluorescence emission in heterogeneous canopies is
a clear example of the current limitations of fluorescence quantification
efforts on the modeling front.

5. Conclusions

The study presented in this manuscript assessed the relationships
between chlorophyll fluorescence measures and net photosynthesis
acquired at the leaf and canopy levels. High-resolution airborne imagery
with 40 cm resolution and 260 spectral bands in the 400-885 nm spec-
tral region was used. It was acquired from a micro-hyperspectral sensor
and enabled the identification of pure vegetation pixels. During two
summers, radiance spectra were extracted from validation sites where
steady-state and dark-adapted fluorescence measurements were
conducted as well as data on photosynthesis and stomatal conductance.
Leaf pigment concentration such as chlorophyll content, carotenoids
and anthocyanin concentration were also measured from the validation
sites and the relationships between pigment content and photosynthe-
sis levels were explored. The Fraunhofer Line Depth (FLD) principle
using a total of three bands (FLD3) for the in (L763 nm) and out bands
(L750 nm; L780 nm) (FLD3) was applied to the hyperspectral imagery
to estimate the fluorescence signal.

Results obtained between leaf-level net photosynthesis and fluores-
cence parameters yielded significant results: r> = 0.55 (p < 0.001) for
2010 and 1? = 0.59 (p < 0.001) for 2011. Fluorescence parameters
such as Fy/, F,,’ and NPQ also were significant when compared to leaf
P,. Consistently in both years, the best relationships with P, were
obtained for steady-state parameters such as Fy’, Fy’, F,//F’ and Fg
(p < 0.001). Although the validation sites showed a range in leaf nutri-
tion levels, no significant relationships (p > 0.05) were found between
foliar anthocyanins, chlorophyll a + b and carotenoid concentration
when compared with leaf P, and F;. Moreover, the chlorophyll content
variation itself did not explain the net photosynthesis variation under
the conditions of this study. Such results were due to the varying effects
of both photosynthetic pigment content and plant water status levels
found on the study sites. In this study, net photosynthesis was more
affected by changes in plant water status than by iron deficiency chloro-
sis. This indicated that stomatal conductance as indicator of plant water
status was not significantly correlated with leaf chlorophyll content.
Under these conditions, a relationship was observed between leaf F;
and net photosynthesis for both field campaigns conducted in 2010
and 2011.

The retrieval of the fluorescence signal from the airborne
hyperspectral imagery through the FLD3 method yielded significant
results when compared with ground truth F (r?> = 0.48; p < 0.01).
This confirms the feasibility of F retrieval using the airborne micro-
hyperspectral imager. The link between leaf P, and airborne F was
proven in the two years of the experiment, yielding significant rela-
tionships (r?> = 0.52, p < 0.001). These results provide insight on
efforts to monitor photosynthesis through fluorescence emission
quantification using remote sensing imagery. A critical aspect is that
fluorescence quantification was conducted in pure vegetation pixels,
therefore removing most of the effects of the structure, shadows
and the background on hyperspectral radiance data.
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