Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2017

\S}

OO0 N =~ W

10
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29

30
31
32

33

34
35
36
37
38
39
40
41
42
43
44
45

Article
Plant Fluorescence Measured under Two Extreme

Lighting Conditions Using a Passive Spectroradiometer

Trina Merrick »*, Ralf Bennartz 2, Maria Luisa S. P. Jorge?, Thiago S. F. Silva 3, John Rausch! and
Guilherme Gualda?

1 Department of Earth and Environmental Science, Vanderbilt University, 5726 Stevenson Center; 7th floor,
Nashville, TN, U.S.A., 37240

2 Space Science and Engineering Center, University of Wisconsin — Madison, 1225 W. Dayton St., Madison,
WI, U.S.A., 53706

3 Universidade Estadual Paulista (UNESP), Instituto de Geociéncias e Ciéncias Exatas, Campus de Rio Claro,
Ecosystem Dynamics Observatory. Av. 244, 1515, Bela Vista, 13506-900, Rio Claro, Brazil

* Correspondence: trina.l. merrick@vanderbilt.edu; Tel.: +xx-615-322-2976

Abstract: In this study, we evaluated chlorophyll fluorescence (CF) under two extreme
illumination conditions at plant scale with a passive spectroradiometer. Fluorescence (F) was
estimated by reading directly from radiance spectra of a variety of plants illuminated with
light-emitting diode (LED) grow lights in the laboratory. Solar-induced fluorescence (SIF) was
estimated from spectral measurements of the same plants under sunlight using the Fraunhofer
Line Depth (FLD) method. Chlorophyll fluorescence yield (Fyid) and solar-induced fluorescence
yield (SIFyi) were calculated by normalizing F and SIF with absorbed photosynthetically active
radiation (APAR). Two approaches to estimating APAR were compared: utilizing white reference
spectra and reflected spectra versus white reference spectra combined with the fraction of absorbed
photosynthetically active radiation (fPAR) derived from literature. Average F and SIF were
different by a factor of approximately twenty-four (F = 0.110 + 0.038 Wm2um-'sr! versus SIF = 2.60
£ 1.87 Wm=2um-sr). In contrast, the average normalized values Fyiela and SIFyieia were within the
margin of error of one another (Fyiela=0.022 + 0.008 um'sr! and SIFyiia= 0.030 £ 0.020 um-"'sr™). This
study highlights the influence of APAR on CF and the importance of properly accounting for it
when estimating yield and demonstrates the ability of two simple and portable experimental
setups with a passive instrument to obtain fluorescence metrics.

Keywords: photosynthesis; carbon uptake; primary production; light use efficiency; measurement
techniques; Oxygen bands; handheld spectrometer; Analytical Spectral Devices

1. Introduction

Understanding of plant health, vegetation functioning, and details of carbon uptake processes
could be improved through innovative methods of monitoring photosynthesis from leaf to global
scales. Chlorophyll fluorescence (CF) is an especially promising parameter to remotely sense
photosynthetic status of plants. CF varies with changes in photochemistry and it is sensitive to
environmental conditions, which make it especially suitable for measuring physiological traits and
a better predictor of plant health and seasonality than broadband indices, such as the normalized
difference vegetation index (NDVI) [1-4]. CF and heat from non-photochemical quenching are the
two processes by which plants regulate excess energy input to the photosynthesis machinery. If
combined with information about input illumination, these quantities reveal details about
photosynthesis and have the potential to quantitatively determine parameters linked to
physiological status of plants, carbon uptake, growth rates, and plant reactions to stress. Specifically,
CF is the light energy emitted by a plant in the wavelength range of approximately 0.680-0.780 um,
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46  which generates an emission spectrum with two broad peaks. The first peak occurs around 0.680 pm
47  and corresponds to activity from Photosystem II (PSII), while the second peak is at approximately
48  0.74 um and corresponds to Photosystem I (PSI) activity. When measured under sunlight, the
49  fluorescence signal is overpowered by the intensity of the reflected solar irradiance, with CF making
50  up only from 1-5% of the reflected signal from vegetation. However, two atmospheric oxygen
51  absorption windows intersect with the CF emission spectrum: the Oxygen-A (O2A) band is within
52 the PSI range at approximately 0.761um and the Oxygen-B (O2B) band is at approximately 0.687um
53 in close proximity to the PSII peak. Measurements centred at these bands enable comparisons
54 between CF retrievals under sunlight and the full spectrum CF measured in the laboratory, provided
55  the techniques properly account for insolation variability effects [5].

56 To distinguish between outdoor and laboratory CF measurements, we can refer to the
57  measurements as solar-induced chlorophyll fluorescence (SIF) when CF is induced by sunlight, and
58  fluorescence (F) when induced by any other source. Since F and SIF contain a combination of
59  information about the photosynthetic status of vegetation and incident irradiance and are linked to
60  photosynthesis, light use efficiency, and Gross Primary Production (GPP), measurements of this
61  parameter and associated quantities are desirable both in the laboratory and field [6-12]. At the leaf
62  scale, pulse-amplitude modulation (PAM) fluorimetry is one of the most commonly used methods of
63  exploring the light reactions of photosynthesis due to its ability to monitor and manipulate the
64  activity, status and efficiency of photosystem II (PSII) [1, 12]. The efficiency of PSII is a measure of
65  the relative quantum yield and a proxy for light use efficiency. PAM, considered to be an active
66  sensing technique, utilizes a modulated light source to trigger F and measures relative states of F
67  accurately at the leaf scale. However, PAM is not well suited for experiments where radiometrically
68  calibrated radiances are desired or for upscaling to plant level or beyond. Further, because PAM is
69  bound by the limits of relative measurements, comparisons between studies, such as remote sensing
70  studies, are difficult to accomplish [7, 9, 12-14]. SIF, measured through passive measurement
71 techniques, has been demonstrated to be related to plant photosynthetic functioning and has been
72 shown to be proportional to carbon uptake and gross primary production (GPP) [3, 15-18]. Studies
73 also suggest SIF is an earlier indicator of vegetation stress than other remote sensing vegetative
74 health indices [11, 19].

75 Despite SIF’s advantages, to our knowledge, there have been no published studies attempting
76 to passively measure F in the laboratory with common LED grow lights or relate this type of
77  measurement to retrievals of SIF from passive observations. Passive spectrometers collect
78 measurements with the potential to determine F, SIF, and other fluorescence metrics. Additionally,
79  spectroradiometers that operate only in the vis-NIR tend to be smaller, more portable, and less
80  expensive, but just as good as the extended range systems for F and SIF measurements, so more
81  studies should evaluate these instruments for fluorescence estimates. In this study, the instrument
82  used was an ASD Handheld 2 Pro spectroradiometer (Analytical Spectral Devices/Panalytical,
83  Boulder, CO.). ASD Field spectrometers specifically have been used in various studies for FLD
84  retrievals estimating SIF [3, 18, 20-23]. The ASD Handheld 2 Pro spectroradiometer (HH2), which is
85  used in this study, is small, has a fixed fiber optic, and can be operated untethered from a laptop. The
86  HH2 has identical spectral and radiometric specifications to the ASD Field spectrometer in the
87  325-1075nm range, but is more portable and durable than the field spectrometer (Figure 1). While
88  passive spectral measurements do not contain as much detailed information regarding the specific
89  photochemistry as PAM measurements, they have the ability to estimate fluorescence in radiance
90  units rather than relative units because of the HH2's absolute radiometric calibration. This allows for
91  wider comparisons across experiments and the potential for more direct comparisons of plant
92  functioning across different physiologies. Passive spectroscopy also has a greater capacity for scaling
93  from leaf to plant, canopy, ecosystem or global scale [9, 12, 18].

94 The purpose of this study was to employ a relatively simple and inexpensive instrument and
95  experimental setup to measure fluorescence quantities in radiance units with sufficient accuracy to
96  account for the influence of the absorbed photosynthetically active radiation (APAR) on the values
97  of F and SIF. We show these methods reliably estimate fluorescence metrics that under vastly
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different insolation conditions. In order to accomplish this, F and SIF have to be estimated from the
full spectral observations from the instrument. In addition, techniques to estimate APAR need to be
established and evaluated. The heavily influential incident irradiance can be accounted for by
normalizing SIF by the absorbed photosynthetically active radiation (APAR). The remaining
quantity, termed fluorescence quantum yield [24], or SIFyild, has been related to photosynthetic
efficiency [11, 23] and has been shown to be a proxy for light use efficiency as a model parameter to
estimate gross primary productivity [6]. As mentioned before, the yield of F, Fyieq, is also related to
light use efficiency.

In this study, we explored the potential of using observations from an ASD Handheld Pro 2
Spectroradiometer (HH2) (Analytical Spectral Devices/Panalytical, Boulder, CO) to estimate
fluorescence (F) and Fluorescence yield (Fyied) of plants illuminated by a common light emitting
diode (LED) in the laboratory and to estimate solar-induced fluorescence (SIF) and solar-induced
fluorescence yield (SIFyiia), then compare these fluorescence metrics. The techniques presented are
useful for future studies of relationships among F, SIF, and GPP quantities in both laboratory and
field settings, as well as expanding scientific disciplines where passive remote sensing is used to
determine the state of plant health at leaf, plant, and canopy scales.

The remainder of this article is structured as follows: In Section 2 we describe the experimental
methods and calculations. Section 3 outlines the results of the experiments and a discussion and
conclusions are given in sections 4 and 5, respectively. Since notation across the literature varies, a
table of nomenclature was developed for this article found in Table A 1.

2. Materials and Methods

2.1. Spectral data collection

An ASD Handheld 2 Pro spectroradiometer was used to make all spectral observations. There
were two experimental setups for the HH2: laboratory dark tent under light emitting diode (LED)
illumination and outdoors under full sunlight. Figure 1 shows the HH2 with a Spectralon® white
reference panel in the dark tent with regular full spectrum lighting (a), with LED (b), with sunlight in
a typical outdoor measurement (c) and in the case with accessories (d).

S
B %

| = . ] ‘.} v - Sl ele 3 \
Figure 1. ASD Handheld 2 Pro Spectroradiometer a) set up in laboratory tethered mode with
laptop and ASD Illuminator b) set up in laboratory untethered with light emitting diode
MiracleLED™ ¢) in the field untethered and d) stored in Pelican™ case with all accessories.

For the experiments, a selection of both potted plants and plants growing outdoors (natural
plants) were used. Table A 2 summarizes these plants and their characteristics. Figure 2 shows a
sample of the plants under LED along the top row with the matching plant under sunlight along the
bottom row. For each plant target, a measurement was made with the HH2 in both illumination
conditions (LED and sunlight) within 15 minutes of one another. In the laboratory under the LED,
potted plants or cuttings of natural plants were placed in a 5 x 6" military surplus field dental x-ray
development tent (dark tent) and their spectra recorded. The potted plants varied in size, structure,
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138  type, and were all cared for according to instructions at purchase to maintain plant health. The
139 natural plants chosen were visibly healthy with accessible portions for measurement. Spectra were
140  recorded in both illumination conditions with the HH2 directly over the plants at a vertical distance
141  insuring the field of view for the bare fiber optic did not extend past the margins of greenery and
142 assuring inclusion of multiple leaves, needles, or branches. The vertical distance from the top of the
143 plants was approximately 20 cm.

144

145 Figure 2. Sample of plants used in the experiment. Plants on the top row are under LED
146  illumination. Bottom row are in sunlight. Plants L to R: Magnolia cuttings/natural, Pine
147  cuttings/natural, Potted Variegated Lilyturf, Potted Pothos.

148

149 For all observations, the HH2 bare fiber optic (25° field of view) was used for acquisition. The
150  instrument was set to average 25 individual measurements for each recorded spectrum. A white
151  reference measurement was taken at a maximum of ten-minute intervals to capture environmental
152 changes. Before each white reference measurement, the integration time was optimized
153 automatically, which yields the maximum signal-to-noise ratio. The white reference panel
154  measurements were taken from a distance of approximately 20 cm to match the distance from the
155  plants as closely as possible. MiracleLED™ 2.2 Watt and a 7 Watt TOMTOP™ E27 LED grow lights
156  were used in the laboratory. Grow LEDs emit a limited spectrum, primarily in red and blue regions,
157  making fluorescence detectable in the 0.68-0.78 um range. They were placed at a slight angle to the
158  reference panel/plant target at a vertical distance of approximately 25 cm and oriented to illuminate
159  the target as fully as possible.

160  2.2. Fluorescence estimates

161 The values for F under LED illumination were taken directly from the measured spectrum at
162 the wavelength corresponding to the trough of the Oxygen-A (O2A) absorption band, 0.761 um,
163 from laboratory observations. The Oxygen-B (O:B) band trough is at 0.687 pm and a corresponding F
164  value could be chosen for comparison to SIF values at that band. However, the O2B has been shown
165  to be less reliable when utilizing one of the FieldSpec (FS) spectroradiometers (Analytical Spectral
166  Devices, Boulder, CO) [18, 20, 21]. The FS and HH2 have identical spectral resolution of 3 nm full
167  width-half max and identical sampling interval of 1 nm [18, 25, 26]. This prompted close
168  examination of the O2B band, which corresponds to the PSII peak of the full spectrum. Due to the
169  results presented in Section 3.1, the values for F at 0.687 um were not used in the analyses.

170
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2.3. Solar-induced fluorescence estimates

Spectra of the same potted plants or the naturally growing sources of cuttings measured
indoors were recorded outdoors on the same date. Outdoor measurements were made first and
every effort was made to transfer indoors as quickly as possible within 8-15 minutes of the outdoor
measurements. Radiance based methods for retrieval of SIF are almost entirely derived from the
Fraunhofer Line Depth (FLD) method [18], first proposed by Plascyk and Gabriel [27]. This method
compares the radiance of a plant target spectrum to a reference panel placed under identical
illumination conditions. By exploiting the FLD or “in-filling” of the Fraunhofer or Oxygen
absorption bands, an estimate of SIF can be reached. Values from the measured spectra in this study
were used to estimate SIF via the FLD method using the O2A and O:B bands. A measurement of the
radiance inside and outside an oxygen absorption band of the target plant, Lon and Lot, respectively,
is compared to an irradiance measurement inside and outside the same band for the reference, Eon
and Eo.

To estimate Lsir from these values, the system of equations

LO}’[ = REon + SIF:N’I

(1)
L,, =RE,, +SIF,,

are used. Ron and Ror are the reflectance coefficients in and out of the absorption band, which is the
ratio between the energy flux reflected by a sample to the energy flux reflected by the reference
panel for the same solid angle [27-29], but, for the FLD method, Ron is equal to Ros, thus R is used in
Equation 1. SIFon and SIF.i are the fluorescence in and out of the absorption band. For the standard
FLD method, the R and SIF are assumed to be constant on the band and off the bands. Using this
assumption, substituting and rearranging the above yields an equation for fluorescence:

SIF — Eoﬂ‘Lon - EonLoﬂ

Eoﬂ _Eon (2)

The FLD method and its derivatives require selection of the wavelengths used for Aon and Aot
within each oxygen absorption band, O2A and O:B of a spectrum. In other studies that employed the
FLD method, the O2B Aon band is 0.687 or 0.688 pm and the O2A Aon band 0.760 or 0.761 pum [18]. The
Aott for each absorption region can have an even larger range depending on the instrument and
experiment. Here, we examined the spectra of incoming sunlight measured with the HH2 from the
white reference panel to assure the bands chosen for Aon were in the lowest portion of the absorption
band troughs and Aot was clearly on the shoulder of the absorption band. In addition, the shape and
depth of the absorption bands were examined to determine which absorption band would give the
best results.

2.4. Fluorescence yield and solar-induced fluorescence yield calculations

In order to compare values of fluorescence between the two experimental setups, the difference
in input radiation to the photosynthetic system between the sun and LEDs need to be addressed [19,
30]. This type of normalized fluorescence, termed fluorescence quantum yield, or fluorescence yield
for short, (SIFyie) [24], has been related to photosynthetic efficiency [23] and has been shown to be a
suitable proxy for light use efficiency (LUE) as a model parameter to estimate GPP [6]. To calculate
Fyied or SIFyieq, an estimate of the absorbed photosynthetically active radiation (APAR) is required
for each observation [30-32]. In this study, two approaches to estimating APAR were taken and the
results compared.

The illumination available to plants in the range of wavelengths useful for plant photosynthesis
(approximately 400-700 nm), termed photosynthetically active radiation (PAR), is outlined in the
literature [31-36]. The irradiance supplied by the LED or sunlight in the PAR range is available from
the white reference spectrum recorded in conjunction with each plant spectrum measured and is
used in each of the two methods for estimating APAR.

d0i:10.20944/preprints201710.0156.v1
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219 In our first approach, we estimated the degree to which the available energy, or PAR, is utilized
220 by the plant by weighting PAR with the fraction of absorbed photosynthetically active radiation
221  (fPAR) estimated at each wavelength by interpolating action spectrum data from Table V and Table
222 1II, respectively, in McCree [34] as outlined in Equation (3). The action spectrum of McCree [34] is
223 reproduced in Figure 3.

fPAR vs. Wavelength

10 IIIYIII[IIII\IIIY'II[YIII[\'IIY\I TTTTTTTTTT
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224

225 Figure 3. The fraction of photosynthetically active radiation values at each wavelength
226  plotted as an "Action Spectrum"[34]. The values are interpolated from data over the range of PAR,
227  0.344-0.757um. These data, this particular interpretation of the PAR range and the name "Action
228  Spectrum" are derived from McCree [34] and Inada [33].

229

230 If the incoming irradiance, Ei(A) from 0.344 to 0.757 pm [33] in units of Wm2um is considered
231  the input to the photosynthetic machinery, or PAR, and fPAR is the fraction of absorbed
232 photosynthetically active radiation from Figure 3 [33, 34], then the Absorbed Photosynthetic Active
233 Radiation using this technique (APARa) is

APAR, = [ E,(A) fPAR(A)d A

234 3)
235  inWm?2.

236

237 In the second approach, the difference in incoming and reflected spectra was tested as the basis

238  for APAR, which we term APARs. If the coverage of the plant canopy is sufficiently thick to not
239  allow exposure of the soil in the background, we can assume APAR can be estimated in Wm-=2um-!
240  based on the difference in incident and reflected plant target radiance in the Photosynthetically
241  Active Radiation (PAR) range of 0.400 to 0.700um as

242
0.700
APAR; = [ [E(A)- 7L, (A)]dA
243 0.400 4)
244

245 where Ei(A) is the incident irradiance and Lrar(A) is the reflected radiance. This approach is based on
246  Damm, Elbers [6] and Li and Moreau [37]. This allows us to calculate normalized fluorescence, Fyield,

247 as
nF
F;zield = o h
248 APAR (5)
249
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250  and calculate normalized solar-induced chlorophyll fluorescence, SIFyie4, [38-40] using

)51 wSIF

= ©
" APAR

252

253 having units of um-sr . Equations (5) and (6) can be applied either to APAR« or APAR5, so that the

254  impact of different calculations of APAR can be compared.

255 2.5. Uncertainty estimates

256 The chlorophyll fluorescence (CF) signal is small compared to the overall reflected spectra from
257  plants, whether it is observed in the lab or under sunlight. Here we discuss briefly, how uncertainty
258  estimates for SIF and F are calculated.

259 The manufacturer supplied the signal-to-noise ratio (SNR) for the HH2 unit used in this study
260  (Unit#1944). These SNR data were supplied by the manufacturer as a spectrum of SNR values for
261  each wavelength. The average of the manufacturer’s SNR spectrum for the HH2 is 6659.1, which
262  corresponds to a relative error of 0.02% for measurements. As the SNR for an instrument varies by
263 the power of the light source, and the CF signal from plants is small and dependent on incoming
264  irradiance, and since our focus is on two extreme lighting conditions, the specific SNR for the
265  HH2-LED experimental setup (SNRiep) and the HH2-sunlight experimental setup (SNRsux) were
266  estimated in this study.

267 SNR was calculated by dividing the mean by the standard deviation of a signal recorded by the
268  instrument. To calculate SNRiep, the HH2 and Spectralon™ white reference panel were set up in the
269  dark room with the LED and a series of 442 measurements were made at one-second intervals.
270  Similarly, SNRsun was calculated from 600 HH2 observations of the Spectralon™ white reference
271  panel taken in sunlight on a clear day. In each case, the mean and standard deviation of the recorded
272  signals at each wavelength were calculated and the SNR at that wavelength was obtained by
273  dividing the mean by the standard deviation. SNRiep and SNRsun are the averages of the SNR at
274  each wavelength for each illumination over the full range of measurements (0.325-1.075 um). These
275  two values were then utilized in estimating the uncertainty of F, SIF, Fyielq, and SIFyieid values from
276  the HH2 instrument, as outlined in the following paragraph.

277 F for each plant is taken from the spectrum of the plant under the LED, thus the uncertainty is
278  attributable to the SNR of the instrument. We calculate it for each plant measurement using the
279  following equation:

F
0p,=—"
280 SNR @)
281  where or is the uncertainty of F, F is fluorescence, and SNR is the signal-to-noise ratio.
282 Gaussian error propagation on equation (2) is used to characterize the uncertainty in SIF. First,

283 the values needed to calculate SIF, Eof, Eon, Lott, and Lon, values “on” and “off” the absorption band
284  taken from the incoming irradiance spectrum and plant spectrum, respectively, are divided by
285  SNRsun in order to estimate the instrument uncertainty. Then, by applying a Gaussian error
286  propagation utilizing the uncertainties from the above equations and Eofi, Eon, Lof, and Lon, and
287  simplifying, we get

o> on“on +0° off Hoff \2_'_0_2 ( E, \2+62 ( Eoff \2
288 For L (Eo[f - Eon )ZJ o k(onf - Eon )ZJ for LEoff - Eon) b LEoff - Eon) ) (8)

289 Since an additional calculation is required for the calculations of Fyilda and SIFyield, we account for the
290  uncertainty propagating through the division by APAR as follows:

Ogr =


http://dx.doi.org/10.20944/preprints201710.0156.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2017

291
292

293

294
295
296
297
298
299
300

301
302

303
304
305
306
307
308
309
310
311
312
313

2 2
o
0. =F ( )+[ )
B y’e"”\/ F APAR

2
SIF APAR
O-SIFyield teld\/ S]F APAR)

)
3. Results

3.1. Fluorescence

Under laboratory conditions, two different LEDs were employed to provide illumination in the
PAR range. While these LEDs provide ample radiation in the PAR range, a potential concern is their
emission in or near the Oxygen-A band, where we wished to make direct measurements of F as
described above. Figure 4 shows the spectra of the two LEDs, 2.2 and 7 W, illuminating the
Spectralon white reference panel. As seen in the inset of Figure 4, the fluorescence range (0.680-0.78
pm) is relatively unpolluted by the 2.2 W LED, but 0.680-0.720 um in the PSII range and near the O2B
band, contains some emission from the 7 W LED.

LED Irradiance

700 =
600 i— 2.2 W MiracleLED™
— = 1.0 7W TOMTOP™ LED
T =
% 500 =
g =
€ E_
= 400 =
s E
g 300 £
C —
0 =
8 200 g— _ A M
= ; .0.68 0.70 0.72 0.74 0.76 0.78
100 E-
0 g I | J/\, I n | I L o | |

0.4 0.6 0.8 1.0
Wavelength, (um)

Figure 4. Plot of 2.2 W and 7 W LED grow lamps. Inset: zoom in to the fluorescence range from
0.680-0.780um.

Under the 2.2 W LED, (Figure 5, left panel) both the PSI and PSII peaks are exposed for ivy and
fern, showing the full spectrum of F. The emission of lilyturf in the PSII region is low and
indistinguishable from the noise, but emission in the PSI peak is distinguishable. The ivy, lilyturf,
fern and white reference spectra under the 7 W LED illumination are shown in the right panel of
Figure 5 and all three plants have clear emission peaks in the PSI range, where the O2A band is
marked. However, the PSII region and corresponding O:B band are polluted by the incoming
illumination. The pollution of the PSII region, which contains the O:2B band, along with the results of
previous studies with instruments of similar spectral resolution [11, 20, 21], justifies limiting our
analyses to the O2A band (F at 0.761 um) for this study.
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314

315  Figure 5. Plot of white reference (incoming irradiance (Ei) spectra of LEDs and a sample of
316  plant spectra under LED illumination in the fluorescence range (0.680-0.780 pm). The Oxygen-A
317 (024, 0.761 um) and Oxygen-B (O:B, 0.687 um) bands are marked. Not marked are the peaks
318  associated with PSI (near O:2A band) and PSII (near O:2B band). Left: Plants and white reference
319  under the 2.2W LED. Right: Plants and white reference under the 7 W LED.

320  3.2. Solar induced fluorescence

321 Unlike the laboratory measurements, SIF must be retrieved from within the narrow
322 atmospheric windows where sunlight is absorbed by atmospheric oxygen. A plot of the reference
323 panel spectrum and three vegetation target spectra with the O2A and O:B bands marked are shown
324  in Figure 6, and Figure 7 shows the O2A band more closely. The narrower O:B band is relatively
325  shallow, indicating the HH2 resolves the wider O2A band more clearly, as mentioned previously.
326  This result provides additional justification to focus on the O2A band (0.761 um) as estimates of F
327  and SIF for testing our methods.
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329  Figure 6. Spectrum of sample plants and white reference measured with ASD HH2 in sunlight.
330  The O:A and O:B bands are marked.

331

332 In order to estimate SIF within the O2A band, the FLD retrieval method relates the incoming
333 irradiance to the plant target radiance both within the oxygen absorption band and on the shoulder
334 of this spectral feature. Figure 7 shows the O2A region of a white reference measurement and plant
335  targets with the Aot -Aon marked for the FLD method. Also illustrated in Figure 7, 0.756 um was
336  chosen as Aot due to its position on the shoulder and 0.761 um was chosen as the Aon band based on
337  its position in the trough. The assumptions made when using the FLD method include assuming a
338  constant reflectance across the shoulders of the band and neglecting variations in fluorescence. This
339  introduces some error because these two quantities vary across the SIF region.

340
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342  Figure 7. Plot of radiance vs. wavelength near absorption bands with the radiances and
343  wavelengths indicated for FLD method to estimate SIF.
344

345 3.3. APAR estimates

346 As outlined in section 2.4, APAR« and APARs were calculated for each plant target. To compare
347  the estimates of APAR calculated with the two methods, a separate plot of APAR« vs. APARs under
348  LED and under sun for each observation was generated. The results are shown in Figure 8. As seen
349  in the top panel of Figure 8, the LED based observations show that the values fall just below the 1:1
350  line and are in good agreement of one another (r=0.99). Average APARs values were about 12%
351  larger than APARa. The relationship between APAR« and APARs for solar insolation observations
352 falls just below the 1:1 line similar to the LED illuminated measurements and the APARs method
353  resulted in the average of the values about 22% larger than the APAR« method under the sun.
354  However, APAR values under the LED maintain a relationship closer to 1:1 than do those in
355  sunlight. In both lighting conditions, LED and sun, the effects of using constant fPAR and one white
356  reference measurement for a set of plant observations to calculate APAR« result in groups of plant
357  targets having the same value for APAR«. In contrast, the APARs values vary, even where the same
358  white reference measurement was used for a set of plant targets. We argue that the APARs method
359  better captures the variation in APAR than when fPAR is treated as a constant as in the APAR«
360  method. What cannot be separated in the APAR» method is the potential loss of incoming irradiance
361  to the background of the plant and reflected radiance from the plant that misses the detector. We
362  assume that we capture all incoming irradiance, Ei, and the plants absorb a portion and reflect the
363  remainder to the detector. It is reasonable to say that there is radiation that would escape to the
364 background and radiance escaping past the detector to the atmosphere would have us
365  underestimate Lrar and overestimate APAR». We think the magnitude of this radiation not captured
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366  in the measurement is small compared to the magnitude of the measured radiation, thus would have
367  aminimal effect.

368
369
o )
L B O [ O O L B B A O
= 1:1 =
= te 3
; o R * ;
§ n= 54 é
= r=0.990689 =
= b= -0.288931 3
= m= 0893351 e
E o E N T T T T T N T N N M A RS N B S A R
5
« d
F T T T T T | T -
= 1.1 =
I = * -
. E E
= r= 0991183 3
- b= 4.98863 —
= [ Ll | m=, O0y6sf7o, 3
3. 5

371  Figure 8. Plot of APAR« vs APARs calculated for all plant targets in the study. Top panel: Plant
372  measurements under solar illumination. Bottom panel: measurements under LED.’n’: Number of
373  data points. ‘r’: Correlation coefficient. ‘b’: bias, ‘m’ : slope of the linear regression line.

374

375 In Figure 9 we plot F (top panel) and SIF (bottom panel) against APAR« (red triangles) and
376  APARs (blue dots). We see the expected correlation between F (or SIF) and APAR due to the fact that
377  these quantities are heavily influenced by incoming irradiance. Figure 9 shows there is a correlation
378  between F and APAR as well as SIF and APAR, using both the APAR« and APAR» methods. In both
379  panels of Figure 9, The APAR« values, indicated by red triangles, are grouped together due to the
380  use of one white reference measurement used for a set of plant targets and the assumption that fPAR
381  is constant. In contrast, APARs (blue circles) values vary along the APAR axis despite also utilizing
382  the same white reference measurements for sets of plant target, confirming our expectation that
383  fPAR varies for different plants. Utilizing this result, we concluded that APAR»> would be used in
384  subsequent portions of the study. Figure 10 (top panel) also shows clustering indicative of the
385  difference in power between the two LEDs along the x-axis and much lower F values for the lower
386  Power LED, which illustrates that the power of the illumination, and thus APAR value, strongly
387  influences F values. Figure 9 (bottom) shows SIF and APAR are also positively correlated, indicating
388  that SIF is driven higher when APAR increases. These results would be consistent with a plant
389  increasing fluorescence if the incoming radiation increases. These results again support the
390  expectation that APAR is heavily influential on F and SIF, as expected from the literature, but
391  additionally show we can estimate F and SIF passively with sufficient accuracy to capture this
392  relationship. Although the correlation is weaker for SIF than F when plotted against APARs, both
393 correlations are important in this study to provide a basis for showing we can account for the
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394  influence of APAR on F and SIF when calculating Fyieta and SIFyieia. Of further significance in Figure 9
395  is the difference in the range of F and SIF values which are around one order of magnitude, again
396  demonstrating the heavy influence of APAR on F and SIF.

397
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400  Figure 9. Fluorescence and solar induced fluorescence for plants in the study. APARs values are
401  represented by blue circles and APAR« represented by red triangles. Top: F for all plants in the
402  study versus APAR estimates from both techniques. Bottom: SIF for all plant targets in the study
403  versus APAR for both techniques used.

404  3.4.Fluorescence yield and solar induced fluorescence yield estimates

405 The resulting estimates of Fyield are plotted against APARs are shownin Figure 10 (top). When
406  compared to the correlation between F and APARs shown in Figure 9 (top), the relationship
407  disappears entirely for Fyiela and APARs (Figure 10, top panel). Similarly, the values obtained for
408  SIFyiewu are plotted against APARs in Figure 10 (bottom). Although the correlation between SIF and
409  APARs (Figure 9, bottom panel) was weaker than for F, the relationship that did exist was removed
410 Dby the normalization calculation. In fact, if it were not for the effect of a suspected outlier, the small
411  relationship appearing in Figure 10 would have disappeared entirely. Since we were utilizing a
412 relatively small dataset (n=54) to test these methods, it was decided not to exclude this suspected
413 outlier at this time.

414
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416  Figure 10. Fluorescence yield (Fyie) and solar induced fluorescence yield (SIFyieid) values versus
417  absorbed photosynthetically active radiation. Both methods of estimating APAR, APARs and
418  APAR., blue and red respectively, are included. Top: Fyila versus APAR. Bottom: SIFyieia versus
419 APAR.

420

421  3.5. Fluorescence uncertainty

422 Spectral SNR under the LED (see Section 2.5) for this experiment shown in Figure 11 illustrates
423 the overall pattern of SNR for the wavelength range in the LED environment. When the average of
424 these spectral SNR data are taken, the resulting SNRwep is 18.6, which corresponds to a relative error
425 of 5.4% for measurements of F. This value differs from the manufacturer’s SNR of 6659.1 (0.02%
426  relative error) due to the difference in the illumination in the two conditions. The large difference in
427  these two values supports the need for examination instrument and other contributing uncertainty
428  for the two illumination sources. Using the manufacturer’s reported SNR data would have
429  underestimated the uncertainty in the estimates of F in this study. It was expected that uncertainty
430  estimated from LED observations would be larger compared to the calibrated light source, due to
431  the LED not being calibrated, the relatively low power of the LED, and the limited number of
432 wavelengths emitting radiation. The value obtained for SNRLep was utilized in Equation 7 to get the
433 uncertainty of estimates of F. The variation in the data observed from these experiments is much larger
434 than the instrument error. This suggests that variations in illumination or other environmental variables are
435  the main source of error at least when compared to instrumental error.

436 Arguably, from Figure 5, measurements of fluorescence will yield a slightly better SNR than the
437  white reference illuminated with the LED because fluorescence emission is about a factor of four to
438  five higher than the remaining contamination by the LED emission. Therefore, a value of around 20
439  for the SNR also appears to be justified in the fluorescence range. This value would also be visually
440  comparable to the spectral noise visible in the three plant spectra shown in Figure 5, right panel.
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441
442  Figure 11. Plot of spectral SNR for the LED and Spectralon® white reference panel (n=442).

443 3.6. Solar induced fluorescence uncertainty

444 Using the methods described in Section 2.5 we calculate SNRsun of the instrument as 158.9,
445  which is a relative error of 0.63% for 600 observations made in sunlight using the HH2. The average
446  solar spectral SNR plot is shown in Figure 12. When compared to the manufacturer’s estimate of
447  SNR for the HH2 of 6659.1 (0.02% relative error), the relative error is higher under sunlight . This is
448  likely due largely to the difference in illumination sources between the calibrated source used by
449  ASD and sunlight. While every effort was made to control the environment during the SNR
450  experiments, the data collected were affected by variations in detected illumination from the sun
451  and atmosphere. Additionally, the difference in the power of the sources affects the outcome. It was
452  anticipated that the relative error would be greater in the case of the solar experiment due to
453 conditions being less controlled. Because our study involves a comparison of extreme lighting
454  conditions in experiments that differ from calibration conditions, these results support the need for
455  this independent assessment of SNR as well as the propagation of uncertainty through the next steps
456  of the study (Section 2.5).

Spectral SNR, Sun
500 | T T T ‘

400

300

R (no units)

% 200

100

| | \ |
0.4 0.6 0.8 1.0
Wavelength (um)

457
458  Figure 12. Plot of solar spectral SNR using the Spectralon white reference panel (n=600).


http://dx.doi.org/10.20944/preprints201710.0156.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2017

459

460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476

477
478
479
480
481
482
483
484

485

486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

3.7. Comparing CF metrics

Employing the uncertainty associated with each fluorescence metric, we calculated the averages
and propagated uncertainties of F, SIF, Fyicid, and SIFyiela. Average values for F and SIF for all plants
in the experiment are shown in the top row Table 1. F and SIF are different by a factor of
approximately 24, clearly outside the margin of error of one another. This result was expected due to
the vastly different lighting environments constructed for the study. We also expected to sufficiently
account for the influence of incoming irradiance and APAR when calculating Fyiela and SIFyiela such
that we would be able to generate comparable values Fyietdand SIFyiela. The bottom row of Table 1
contains the normalized fluorescence estimates, Fyia and SIFyies, which are within the margin of
error of one another. This result is consistent with the hypothesis that the plant fluorescence yield is
linearly related to APAR. The values we obtained with these methods for all of the CF metrics
calculated are comparable to the literature (e.g. [18, 41-45]). It further demonstrates the suitability of
our methods of estimating the fluorescence metrics and accounting for APAR to a degree that can be
utilized in future studies of the response of plants to stress or comparisons of photosynthetic
differences due to physiological characteristics, for instance.

Table 1. Average fluorescence, fluorescence yield, solar-induced fluorescence, and solar-induced
fluorescence yield for plant target measurements. All plant targets are listed in Table A 1.

F SIF
n=54 n=54

Including APAR 0.110+0.006 | 2.60+1.87
(Wm2pm-sr1)

Yield 0.022+0.001 0.030+0.020
(no units)

The estimates of uncertainty shown in Table 1 are a result of the methods outlined in Section
2.5. These uncertainties result in relative error of 5.5% for F values and slightly better at 4.5% for Fyila
values. While these relative errors are larger than the relative error of approximately 0.05% reported
by the manufacturer, we accounted for the SNR of the instrument, variations in incoming radiation,
and other noise sources uniquely through the SNR experiments. The relative error of SIF and SIFyieid
were 72% and 67%, respectively. It was expected that these relative errors would be larger due to the
calculated SNR for the HH2 in sun, also a non-calibrated light source, being propagated through the
FLD retrieval.

4. Discussion

Employing LED’s in the dark tent allow us to see F over the majority of the chlorophyll
fluorescence (CF) range with little interference from incoming irradiance from the source. The 2.2 W
LED contributed less pollution to this range than the 7 W LED in the 0.680-0.720 um range, which
corresponds to the PSII portion of CF. This and the relatively shallow trough of the corresponding
atmospheric O2B band in this region led us to focus on the portion of the CF spectrum around the
O2A band, or the PSI peak. Furthermore, only one wavelength in the PSI region, 0.761 pm, was
selected for examination in this study. Thus, further studies utilizing or examining the information
that might be contained in the full spectrum are needed.

Results of SIF retrievals from the HH2 showed reliable estimates of this metric can be obtained
from a variety of plants utilizing the FLD method. We show SIF values comparable to the literature
(e.g. [18, 42]) can be obtained with the HH2, even when uncertainty estimates are maximized. While
spectrometers with higher resolution and smaller sampling interval improve SNR, we show
evidence that a more precise instrument may not improve F or SIF estimates. To address this
question, isolation and control for various sources of environmental variability is needed. With this
in mind, we propose that comparison studies of SIF and SIFyicia should be undertaken with passive

d0i:10.20944/preprints201710.0156.v1
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501  spectroscopy, even with the HH2, to better understand how SIF and SIFyied link to other parameters,
502  such as LUE and GPP. Additionally, time series analyses of SIF and/or SIFyield would potentially
503  reveal the response of plants to environmental changes or stresses. Additionally, we suggest further
504  investigations into improving upon these results. For instance, enhanced versions of the FLD
505  method, spectral fitting methods, or other approaches may improve the SIF retrievals [18, 22, 46-52]
506 by reducing relative error.

507 We tested two methods of estimating the absorbed photosynthetically active radiation (APAR)
508  from spectral measurements, APARx and APARs. We chose to utilize the APAR» technique to
509  calculate Fyiela and SIFyield because this accounted for unique fPAR for plant targets, while the APAR«
510 method does not. The APAR»s method does, however, neglect the small contribution of CF photons
511  to the PAR region approximately 0.680-0.700pum. Future studies using this technique may address
512 this issue by estimating the contribution or determining the uncertainty that neglecting CF photons
513 introduces. While the APAR» method accounts more uniquely for the use of incoming radiation by
514  plants than the APAR« method, the APARs method may not fully account for irradiance lost to the
515  background or reflected radiance amounts that do not reach the sensor. This lost energy is included
516  in the APAR: value, yet are not really absorbed by the plant. These two sources of uncertainty in
517  APARs may or may not be accounted for in the APAR« method. Despite our choice in the study to
518  focus on APARs, both methods of estimating APAR remain interesting and further study of their
519  differences and the factors affecting the values is warranted.

520 Average Fyiela and SlFyiela for this set of plant targets using these techniques were within the
521  margin of error of one another and are comparable to the literature (e.g. [41, 43, 53]. The
522 comparability of Fyield and SIFyied estimates in this study points to the usefulness of the observations
523  made with the HH2 to estimate fluorescence metrics and APAR. While a direct correlation between
524 estimates of F and SIF or between Fyied and SIFyiela for each individual plant could not be established
525  under the conditions of these experiments, our ability to account for incoming irradiance between
526  the two extreme illumination conditions is very promising. With more rigorous controls on
527  environmental conditions and a measurement protocol that could cut down the time between
528  observations, there is the potential to use these two experimental setups in tandem to search for
529  more quantitative links between full spectrum F and retrievals of SIF derived from passive
530  measurements. These links could then be exploited for upscaling to multi-plant, canopy, or regional
531  scales. We utilized a relatively limited dataset to test the techniques presented, but propose that
532 collecting data over a more continuous range of APAR either in the laboratory, in the field, or both,
533 could potentially reveal more detailed relationships regarding chlorophyll fluorescence.

534 5. Conclusions

535 This study describes the use of a passive spectroradiometer to estimate F and SIF and account
536  for APAR in radiance units and to sufficiently estimate Fyiea and SIFyiee. We provide a basis for
537  subsequent studies using both laboratory and outdoor experimental setups in conjunction or
538  separately to further explore fluorescence, photosynthesis, GPP, and other quantities. In particular,
539  we show that fluorescence yield can be estimated from concurrent APAR and plant spectral
540  measurements even under extreme lighting conditions. Currently, there are gaps in understanding
541  and scaling photosynthetic processes that active measurements cannot address. It is in this context
542  that passive spectroscopy can play a role. Additionally, the relationships of interest among
543 fluorescence metrics, photosynthesis, and GPP remain poorly explained, but desirable to examine
544  regional photosynthetic activity between plant communities. Employing methods Utilizing passive
545  observations of F and SIF to explore their specific relationships to gross primary production
546  parameters and underlying photosynthetic processes in future studies would open up opportunities
547  to upscale and compare measurements from different experiments.

548 Employing LEDs in the laboratory provide a low-cost opportunity to examine plant-scale
549  responses of fluorescence by lower-cost, passive means, thus a basis for exploring quantities of
550  interest in botany, ecology, agriculture, and remote sensing. The normalizing method applied to SIF
551  at these scales is a potential next step to relating SIF and gross primary production, possibly by
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552  disentangling light use efficiency of photosynthesis and fluorescence or getting at the
553  structure-related escape probability of fluorescence photons for increasingly complex vegetation [6,
554 17, 54, 55]. Quantities such as LUE and escape probability are often assumed to be constants in
555  current modeling studies and are found to be too complex to address in the field without further
556  study. Most studies have required additional measurements from additional instruments mounted
557  on flux towers or other platforms to compare fluorescence metrics and explore relationships to
558  APAR and environmental conditions [6, 56-59]. By contrast, our methods may prove translatable to
559  areas where flux towers and other instrumentation are not available, thus increasing the spatial
560  extent over which we can search for relationships among SIF, SIFyiela and GPP parameters, such as
561  LUE, as well as continue progress toward a better understanding of the SIF-GPP relationship.
562  Further application of this method in experimental, modeling, and remote sensing studies could
563  lead to improved estimates for different plant functional groups, i.e. different photosynthetic
564  pathways, as well as a determination of relative differences in photosynthetic activity by land-cover
565  type. The techniques presented here can be utilized as a basis for new protocols in field studies in
566  remote locations. Our SIF estimates made with an untethered passive instrument give researchers
567  the opportunity to add many CF datasets from an increased number of study areas to the current
568  body of values available.

569

570  Acknowledgments: This work was supported by a grant partnership between Vanderbilt University
571 and the Sdo Paulo Research Foundation (FAPESP), as well as a Vanderbilt College of Arts & Sciences
572 Research Grant. The authors thank Siobhan Fathel, Rodrigo Nunes, David Furbish, Kristy Barnes,
573  Marty Martinez, Dan Gorzinsky, Tyler Doane and Jennifer Bradham for their support, valuable

574 contributions, and discussions.

575

576  Author Contributions: T. Merrick designed and conducted the experiments with the assistance of
577  R.Bennartz, and developed the code with assistance from J. Rausch and R. Bennartz. G. Gualda and
578  R. Bennartz guided the error propagation. R. Bennartz oversaw the normalization development and
579  coding. M.L.S.P Jorge and Thiago S.F. Silva provided data analysis and statistics for the project as
580  well as guidance in the fields of biology and ecology. T. Merrick prepared the manuscript with
581  contributions from all authors.

582 Conflicts of Interest: The authors declare no conflict of interest.

583  Appendix A

584 Table A 1. A table of nomenclature for the study.

Nomenclature

APAR Absorbed Photosynthetically Active Radiation

APAR. Absorbed Photosynthetically Active Radiation using fPAR estimate from
literature

APARs Absorbed Photosynthetically Active Radiation using difference between
incoming/reflected spectra

E Spectral Irradiance [Wm2pm-]

Ei Incoming spectral Irradiance [Wm-2um-1]

Eott Spectral Irradiance off oxygen band; at shoulder [Wm2um-1]

Eon Spectral Irradiance on oxygen band; at the trough [Wm2um-1]

F Fluorescence under illumination other than sun; F under LED [Wm?2um-!sr]

FLD Fraunhofer Line Depth Method

fPAR Fraction Absorbed Photosynthetically Active Radiation

FWHM Full Width-Half Maximum

Fyield Fluorescence Yield; Fluorescence Quantum Yield [no units]

GPP Gross Primary Production
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585
586

HH2
L

LED
Lott
Lon
Lrar
LUE
O2A
O:2B
PAM
PAR
PSI
PSII

R

SIF
SIFoft
SIFon
SIFyield
SNR
SNRLED
SNRsun
A

(o2

ASD Handheld 2 Pro Spectroradiometer

Spectral Radiance [Wm?2um-' sr]

Light Emitting Diode

Spectral Radiance off oxygen band; at shoulder [Wm2um- sr-]
Spectral Radiance on oxygen band; at the trough [Wm?2um-sr]
Reflected Radiance from plant 0.400-0.700pum range [Wm2um-" sr]
Light Use Efficiency

Oxygen-A band; Center at 761nm in this study

Oxygen-B band; Center at 687nm in this study

Pulse Amplitude Modulation fluorimetry

Photosynthetically Active Radiation

Photosystem I

Photosystem II

Reflectance [no units]

Solar-induced Fluorescence [Wm2um- sr]

Solar-induced Fluorescence off oxygen band; at shoulder [Wm-2pm- sr-1]
Solar-induced Fluorescence on oxygen band; at the trough [Wm=2um-! sr-']
Solar-induced Fluorescence Yield [no units]

Signal-to-Noise Ratio

Signal-to-Noise Ratio calculated for LED

Signal-to-Noise Ratio calculated for sunlight

Wavelength of Radiation [um]

Standard Deviation

d0i:10.20944/preprints201710.0156.v1
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587
588 Table A 2. Plants used in the study and brief characteristics.
Plant Type Size .Sample . Dens
Location/Type ity
GRASS Natural clipped lawn dense
KENTUCKY COFFEE TREE Natural small fragment medium
AMERICAN CHESTNUT Natural medium fragment medium
SUGAR MAPLE Natural medium fragment medium
CEDAR Natural medium secondary growth ~ medium
CLOVER Natural tall trail edge medium
FESCUE Natural tall trail edge dense
PAMPAS GRASS Natural medium landscaping dense
SPRUCE Natural small landscaping healthy
vy Natural dense landscaping healthy
MAPLE Natural large landscaping healthy
DOGWOOD Natural large landscaping healthy
EVERGREEN Natural short landscaping dense
HOLLY Natural large landscaping dense
PINE Natural large landscaping medium
VARIEGATED LILY TURF Natural small landscaping dense
MAGNOLIA Natural large landscaping dense
PEPPER Potted small houseplant sparse
TOMATO Potted small houseplant sparse
SPRUCE Potted small houseplant sparse
PINE Potted small houseplant sparse
HEN & CHICKEN Potted small houseplant dense
IVY-1 Potted small houseplant sparse
GREEN LILY TURF Potted small houseplant medium
SMALL FERN Potted small houseplant sparse
ANTHURIUM Potted small houseplant sparse
RED AGLAONEMA Potted large houseplant dense
FOUNTAINGRASS Potted medium houseplant medium
vy Potted small houseplants sparse
VARIEGATED LILY TURF Potted medium houseplant dense
SWEDISH IVY Potted small houseplant medium
AEONIUM Potted small houseplant dense
POTHOS Potted medium houseplant dense
LARGE FERN Potted medium houseplant medium
JANET CRAIG Potted large houseplant dense
MOTHER IN LAWS TONGUE Potted large houseplant dense
SPIDER Potted medium houseplant dense
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