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ABSTRACT

The Photochemical Reflectance Index (PRI) and solar induced fluorescence (SIF) provide information on plant
photosynthetic activity. PRI and SIF are both strongly influenced by irradiance, but uncertainties related to the
interpretation of these light responses at large spatial scales remain, partly due to a shortage of suitable data from
aircraft or satellite platforms. The goal of this study was to explore interpretations of the PRI- and SIF-light
responses of trees owing to species, functional types (evergreen and deciduous) and season. Using airborne
hyperspectral and ultraspectral imagery in a North American urban forest, we derived PRI, SIF, and albedo (an
indicator of illumination) at the 1-m pixel level. We then quantified crown-level PRI and SIF light responses of
ten different tree species at three time points from late-summer to autumnal senescence using hierarchical
models. Our results confirmed that both PRI and SIF were strongly influenced by illumination with PRI
decreasing and SIF increasing with illumination. Both slope and intercept of the PRI-albedo relationship changed
with season, but the pattern varied among species and functional types. SIF values decreased during autumnal
senescence for all species, but evergreen species exhibited less seasonal decline in the slope of SIF-albedo rela-
tionship compared to deciduous species. The PRI and SIF light responses derived from the airborne imagery offer
complementary information on dynamic photosynthesis responses presumably due to varying canopy structure,
pigmentation and photoprotection among species and functional types. From airborne platforms, PRI- and SIF-
light responses can be used to explore the contrasting physiological responses of individual tree crowns,
providing a spatially and temporally explicit view of dynamic plant traits related to photoregulation and a novel
view of functional diversity for entire landscapes.

1. Introduction

(Gamon et al., 1995; Zeng et al., 2022). Along with irradiance (expressed
as photosynthetic photon flux density, PPFD), these indices can be used

Remote sensing has long been used to estimate the photosynthetic
activity of terrestrial ecosystems. According to the light use efficiency
model (LUE; Monteith, 1972, 1977), photosynthetic activity is directly
related to the amount of absorbed photosynthetically active radiation
(APAR) and the photosynthetic efficiency of the vegetation (¢). Vege-
tation indices, such as the normalized difference vegetation index
(NDVI), the enhanced vegetation index (EVI; Huete et al., 2002), and the
near-infrared reflectance of vegetation (NIRv; Badgley et al., 2017) that
utilize the red and near infrared bands are able to track slow changes in
canopy greenness related to the fraction of PAR absorbed by vegetation
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to determine absorbed photosynthetically active radiation (APAR)
(Wong et al., 2020), and thus estimate potential gross primary produc-
tivity (GPP) over seasonal time scales. The general light use efficiency
model form is:

GPP — /(APAR xe)dt o)
The direct estimation of €, which determines how much of the po-

tential GPP is realized under a given set of conditions, remains chal-
lenging because ¢ varies significantly between individuals, species,
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environmental conditions, and ecosystems (Garbulsky et al., 2010).
Some LUE models use combinations of lookup tables or meteorological
inputs to characterize the dynamic € term (Running et al., 2004; Yuan
et al., 2007). More recent LUE models often attempt to characterize € by
using optical signals (reflectance or fluorescence) of the vegetation to
directly indicate real-time adjustment in & by detecting regulatory
changes in energy distribution within the photosynthetic system. Two
potential indicators of & include the Photochemical Reflectance Index
(PRI; Garbulsky et al., 2011) and Solar Induced Fluorescence (SIF;
Wieneke et al., 2018; Mohammed et al., 2019), because both metrics are
sensitive to changes in € (Wieneke et al., 2018).

Over short time periods, PRI is primarily sensitive to illumination
and the epoxidation state of the xanthophyll cycle pigments — viola-
xanthin, antheraxanthin, and zeaxanthin that regulate heat dissipation
of excess light energy, and the quenching of fluorescence via non-
photochemical quenching (NPQ), thereby protecting the photosyn-
thetic apparatus (Demmig-Adams et al., 1996; Niyogi et al., 1997; Jahns
and Holzwarth, 2012). Under conditions unfavorable for photosyn-
thesis, such as persistent drought or nutrient deficiency or, for ever-
greens, prolonged winter cold, some plants undergo a sustained
downregulation associated with high levels of zeaxanthin (Verhoeven,
2014; Bowling et al., 2018) and altered pool sizes of carotenoid and
chlorophyll pigments (Gamon et al., 2016). Zeaxanthin and other
carotenoid levels remain high in overwintering evergreen plants during
the cold period, presumably maximizing dissipation of light energy to
protect leaves during winter (Adams III et al., 2002; Oquist and Huner,
2003). Similarly, pigment pools can vary within canopies according to
radiation gradients (Gamon and Berry, 2012; Woodgate et al., 2019). In
such cases, PRI variation over long time periods is also influenced by the
change in leaf pigment pool sizes (Gamon and Berry, 2012; Garbulsky
et al., 2011; Hmimina et al., 2014; Wong and Gamon, 2015; Woodgate
et al., 2019). PRI variability caused by short-term (“facultative”) and
long-term (“constitutive;” Gamon and Berry, 2012) effects has been
studied with experiments that measure the change in PRI with
increasing illumination (APRI) and the PRI of dark-adapted leaves (PRIp)
(Gamon and Surfus, 1999; Hmimina et al., 2014). To separate the
facultative from the constitutive PRI component, a number of variations
on the PRI index have been proposed. One of these, the tri-PRI was
shown to correct for shifting pigment pool sizes in Eucalyptus sp. forests,
yielding an index that evaluates the xanthophyll cycle activity (epoxi-
dation state) across canopy position or season (Woodgate et al., 2019).
However, to our knowledge, tri-PRI has not yet been evaluated across
species at the crown scale with airborne imaging spectrometry. Trans-
lating these proximally measured relationships into an image-based
remote sensing context has been challenging due to the dearth of
scale-appropriate hyperspectral data but has recently been implemented
using airborne imaging spectrometry at high spatial resolution (Gamon
et al., 2023). In these hyperspectral airborne observations at sub-canopy
spatial scales (pixel size ~1m), light intensity and PRI can be estimated
at the pixel level, enabling models of the PRI-light responses to be fit for
individual tree canopies of different species and different positions in
forested landscapes (Gamon et al., 2023). In this method, the intercept
and slope estimated from the PRI-light response model have been pro-
posed to correspond to the PRIy and APRI from ground studies and
reveal substantial variation among individuals, species and locations in
their constitutive and facultative PRI responses (Gamon et al., 2023).
However, seasonal variation in the PRI-light relationship has not yet
been quantified using this light response approach.

Solar induced fluorescence (SIF) has also been used to estimate
photosynthesis and detect conditions of stress using remote sensing
based on the direct connection between fluorescence signal and photo-
synthesis (Porcar-Castell et al., 2014). Presumably, the SIF signal is
influenced both by APAR and ¢, allowing it to faithfully track seasonal
changes in photosynthetic activity. However, the degree to which SIF is
influenced by APAR vs. ¢ is not always well understood and may vary
with spatial and temporal sampling scales (Damm et al., 2022).
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Furthermore, as with PRI, environmental conditions and vegetation type
may also influence SIF responses (Shekhar et al., 2022; Smith et al.,
2018; Wieneke et al., 2018). SIF products retrieved from atmospheric
chemistry satellites have provided good matches to vegetation photo-
synthesis integrated over large spatial and temporal scales (Mohammed
et al.,, 2019) and often suggest that APAR is the dominant influence on
the SIF signal at these scales (Magney et al., 2019, 2020). Under
favorable environmental conditions (suitable temperature, moisture,
and nutrient levels), SIF is largely driven by APAR, with an increased ¢
influence on SIF evident during periods of stress, altering the slope of the
APAR-SIF relationship (Zhang et al., 2023). Ground-based SIF mea-
surements (Chang et al., 2020) have been used to try to understand
responses of SIF to environmental conditions (Verma et al., 2017; Paul-
Limoges et al., 2018), structure and radiation absorption, and photo-
synthetic downregulation (Zeng et al., 2019; Dechant et al., 2020) to
improve its physiological interpretation. These studies show that, as
with PRI, SIF is influenced by small-scale variation in illumination and
canopy properties, affecting both APAR and & (Marrs et al.,, 2020),
leading to complex SIF light responses affected by the variation in the
within-canopy distribution of PAR (Sun et al., 2023a). Presumably, these
effects vary between plant functional types (evergreen versus decidu-
ous), species, and individuals in different conditions, which are largely
invisible in satellite-derived SIF measurements due to their coarse
spatial and temporal resolutions. If these differences in PRI and SIF light
responses can be detected with remote sensing at the sub-canopy level,
they can provide a method of detecting differences in species and indi-
vidual photosynthetic and photoprotective responses, providing a novel
view of functional diversity and physiological stress response. Species
and functional type differences in PRI and chlorophyll fluorescence have
previously been shown in common garden experiments of potted plants
(Gamon et al., 1997). Similarly, tree species differences in SIF have been
observed from airborne imaging spectrometry (Tagliabue et al., 2019).
However, to our knowledge, the relationships between concurrent PRI
and SIF-light responses across species have not previously been evalu-
ated using airborne spectrometry.

In this study, we collected simultaneous airborne measurements of
PRI and SIF at the ~1-m pixel level for different tree species in an urban
temperate forest setting on three dates spanning the transition from the
late growing season to early autumnal senescence using the Nebraska
Earth Observatory (NEO), an airborne platform outfitted with imaging
spectrometer and imaging fluorometer (Wang et al., 2022). By consid-
ering spatial patterns of illumination in a single airborne image, our goal
was to test the hypothesis that PRI and SIF, particularly when expressed
in response to light intensity, can provide complementary information
about variation in photosynthetic activity among tree species and
functional types through this seasonal transition. Using multitemporal
airborne data from two instruments, we predicted that (1) PRI and SIF
would exhibit opposite responses to light intensity on each sampling
date, with PRI decreasing with irradiance due to increasing energy
dissipation and SIF increasing with irradiance due to increasing APAR in
the absence of significant stress. (2) PRI and SIF light responses would
vary in particular ways (further explained in Fig. 2 in Methods) among
the three sampling dates as autumn senescence progressed; and (3)
different species and functional types (evergreen vs. deciduous) would
exhibit contrasting PRI and SIF light responses due to their different
seasonal photosynthetic responses. We aim to provide an initial evalu-
ation of how PRI- and SIF-light responses might enable detection of
functional differences in dynamic optical traits related to photosynthesis
as represented in the LUE model among species, functional types, and
seasons. This approach also provided a preliminary test of the idea that
combined reflectance and fluorescence analyses can provide comple-
mentary information on photosynthetic function, which is a central
theme of the planned Fluorescence Explorer (FLEX) mission (Drusch
et al., 2017).
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2. Methods
2.1. Airborne data collection and processing

Airborne data for our urban forest study site in the East Campus area
at the University of Nebraska-Lincoln (Latitude: 40.83° N, Longitude:
96.67° W; Fig. 1) were collected near solar noon on three days spanning
late summer to early fall in 2018 (at 1:16 pm on August 02, 11:18 am on
September 17 and 12:52 pm on October 16) using the Nebraska Earth
Observatory (NEO). All the images were collected under clear sky to
minimize cloud effects. NEO includes an imaging fluorometer (AISA
Ibis, Specim, Oulu, Finland) and an imaging spectrometer (AISA Kestrel,
Specim, Oulu, Finland) mounted on a fixed-wing piloted plane (Sar-
atoga, Piper Aircraft, Florida, USA). The Ibis imaging fluorometer covers
670 — 780 nm with 0.245 nm spectral resolution (full width at half
maximum, FWHM) and the Kestrel imaging spectrometer collects data
with 2.4 nm spectral resolution (FWHM) from 400 to 1000 nm. Images
were collected from an altitude of 1750 m above the ground level and
the instantaneous field of view (IFOV) describing the ground pixels at
approximately 1 m. Airborne imagery collected by both sensors were
calibrated using lab-measured calibration coefficients to convert to at-
sensor radiance (Wm'zsr'lnm'l).

To obtain surface reflectance (Kestrel) and radiance (Ibis) from the
airborne data, we applied atmospheric correction using the MODTRAN
5 radiative transfer model (Berk et al., 2008). We used the ‘mid-latitude
summer’ atmospheric profile and ‘urban’ aerosol extinction model to
drive the MODTRAN model. The aerosol optical thickness (AOT) at 550
nm was estimated using a modified dense dark vegetation method
(Kaufman et al., 1997; Liu et al., 2019). The columnar water vapor
(CWV) was retrieved using the 940 nm water absorption band (Carrere
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and Conel, 1993). The surface reflectance and radiance were then
calculated based on the four-stream radiative transfer theory (Verhoef
and Bach, 2003). The 0.1 c¢m ! band model was used in MODTRAN 5
outputs and were further resampled to the Kestrel and Ibis spectral
resolution at each band based on Gaussian response functions. Further
details of the NEO airborne data processing procedures have been pre-
viously documented (Wang et al., 2021, 2022).

The spectral fitting method (SFM; Cogliati et al., 2015) was applied
to the atmospherically corrected Ibis data to calculate airborne SIF at the
0O2A band (760 nm), considering the higher SIF retrieval accuracy
derived from this airborne platform at the O5A band than the O»B band
(Wang et al., 2022). We calculated PRI using the surface reflectance data
collected by the Kestrel imaging spectrometer as

PRI — Ps31 — Ps70 @
Ps31 + Pszo

where ps3; and psyo indicate the surface reflectance values at 531 nm
and 570 nm, respectively.

To help evaluate our interpretation of the PRI light response (details
below), we also calculated tri-PRI (TVI; Woodgate et al., 2019), which is
intended to isolate the xanthophyll cycle response (facultative PRI
response) from the pigment pool size effects (constitutive response). The
details and results of this tri-PRI analysis are presented in the Supple-
mental section.

2.2. Extraction of tree crowns

We used a ground inventory provided by the University of Nebraska-
Lincoln Landscape Services to identify 966 trees belonging to 10 species
(5 evergreen and 5 deciduous species; Table 1 and Fig. 1) from the
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Fig. 1. True color composite (a), PAR albedo (b), PRI (c), and SIF (d) images of the University of Nebraska-Lincoln East Campus area. In panel a, a high resolution
(pixel size = 0.6 m) true color aerial image (USDA, 2018) was used to show the locations of trees used in this study (Table 1). In panels b-d, impervious surfaces were
shown in grey. NEO images (b,c,d) were collected on August 2, 2018. Tree species data (indicated by colored dots in panel a) were provided by the University of
Nebraska-Lincoln Landscape Services.
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Table 1
Sampled tree species, functional type, and number of tree crowns of each species
Functional Common Scientific name (family) No. tree
Type Name crowns
Deciduous Eastern Cercis canadensis L. (Fabaceae) 86
redbud
Deciduous Green ash Fraxinus pennsylvanica Marsh. 103
(Oleaceae)
Deciduous White oak Quercus bicolor Willd. (Fagaceae) 97
Deciduous Bur oak Quercus macrocarpa Michx. 95
(Fagaceae)
Deciduous Red oak Quercus rubra L. (Fagaceae) 101
Evergreen Norway Picea abies (L.) Karst. (Pinaceae) 83
spruce
Evergreen Blue spruce Picea pungens Engelm (Pinaceae) 87
Evergreen Black pine Pinus nigra Arnold (Pinaceae) 115
Evergreen Ponderosa Pinus ponderosa Lawson & C. 93
pine Lawson (Pinaceae)
Evergreen Scotch pine Pinus sylvestris L. (Pinaceae) 106

airborne imagery. Tree crowns were manually identified using GIS
software (ArcGIS 10.8, ESRI) and then were used to extract data from
each image (6 datasets in total, 3 from Kestrel and 3 from Ibis). The
georeferencing error of airborne images was within 2 pixels. To avoid
possible edge effects, we removed small tree crowns (number of pixels <
10) from the analysis.

2.3. Hierarchical modeling of the PRI- and SIF- albedo relationship

In order to account for the inherent lack of independence and nesting
of pixels within tree crowns, we applied a hierarchical modeling
approach to analyze the relationship between airborne products (SIF
and PRI) and albedo, following methods decribed by Gamon et al.
(2023). We calculated the albedo of tree canopies using data collected
by both the imaging spectrometer (Kestrel) and imaging fluorometer
(Ibis) to estimate irradiance at pixel level (Gamon et al., 2023). As the
sensors had slightly different ground resolutions (IFOV) and pixel lo-
cations, we did not match the images on a per-pixel basis, which would
have required spatial interpolation and modification of the spectral re-
sponses. For the Kestrel data, Photosynthetically Active Radiation (PAR)
albedo was calculated as the ratio between reflected energy and total
incoming radiation at the 400 — 700 nm spectral range. For the Ibis data,
due to the much more limited spectral range of this instrument relative
to the Kestrel, we used the albedo at the red bands (670 — 690 nm),
which was linearly correlated (R2 = 0.93) to PAR albedo (Figure S1 in
the supplemental materials).

We fit hierarchical models to the PRI- and SIF-albedo relationships
by setting species as the fixed effect and tree crown as the random effect:

PRI or SIF; = B, + f; x albedo; + ¢;
Bo =Yoo +701 X Species; + g

B1 = 10 + 111 X Species;; + py;

2
(ﬁ‘op ﬂlj) ~ N(0, foo pTOZTu
PTooT11 ™

Sij ~ 1\’(07 0'2) (3)

where PRIj; or SIF;j indicates the PRI or SIF value of the ith pixel in the
jth tree canopy. This model assumed fixed effect variation (ygg, 701, and
710, v11) of the intercept (5,) and slope (f;) by species, as well as random

effect variation (u,; and /,{1]-> of the intercept and slope among tree can-

opies within species.
We used pseudo-R? statistics to compare the amount of variation due
to species (fixed effects) versus individual tree canopies (random
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effects). The marginal pseudo-R? (R?M) represents the proportion of
variance in the response variable (PRI or SIF) explained by the fixed
effect model alone, and the conditional pseudo-R2 (R?0) represents the
proportion explained by both the fixed and random effects models
(Nakagawa and Schielzeth, 2013). The multilevel model was imple-
mented using the Imer function in the LME4 package (Bates et al., 2015)
and the pseudo-R? statistics were calculated using the MuMIn package
(Barton, 2009) in R statistical software (R Core Development Team,
2019). Fitted relationships with 95% confidence intervals were plotted
using the GGEFFECTS R package (Liidecke, 2018). To test if the slope
and intercept of the PRI- or SIF- albedo relationships differed between
pairs of species, we used pair-wise comparisons and adjusted P-values
for the number of comparisons performed based on the false discovery
rate (FDR) using the Benjamini-Hochberg procedure (Benjamini and
Hochberg, 1995). Statistical significance was assessed at a = 0.05.

Physiological interpretation of the parameters of the PRI- and SIF-albedo
relationship

We hypothesized that the PRI and SIF would show coherent light
responses derived from airborne data corresponding to the contrasting
photosynthetic and photoprotective responses due to pigment dynamics
expected for different species over the summer-fall period (Fig. 2). In
this physiological interpretation, the intercept in the PRI light response
(PRI-albedo relationship) indicates the constitutive PRI response, cor-
responding to the relative changes in the chlorophyll:carotenoid pool
sizes, which generally declines with senescence of deciduous foliage
(Wong et al., 2020, 2022) or with late season transitions to winter
downregulation in evergreen trees (Wong and Gamon, 2015; Gamon
et al.,, 2016). The slope in the PRI-albedo relationship indicates the
facultative response of PRI, corresponding to changes in the xanthophyll
cycle pigments to illumination. A more detailed explanation of this ex-
pected PRI light response using airborne imaging spectrometry has been
described in (Gamon et al., 2023) and is derived from a history of leaf-
level and canopy-level experimental observations of PRI light responses
(Gamon and Surfus, 1999; Gamon and Berry, 2012; Hmimina et al.,
2014; Magney et al., 2016). In this study, we used a space-for-time
substitution and assumed that the slope of the PRI light response ob-
tained from images of whole-canopies would be analogous to the slope
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Fig. 2. Hypothetical PRI and SIF light responses between functional types and
at different seasons (decreasing photosynthesis, decreasing SIF, and decreasing
xanthophyll cycle activity during senescence). In this study, irradiance was
estimated using albedo for each pixel derived directly from the
airborne imagery.
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of the PRI light response reported at the leaf level. This assumption is
supported by additional studies (Gamon and Qiu, 1999; Gamon et al.,
2005) that have indicated that PRI responds similarly to illumination at
leaf and canopy scales for closed canopies, as would be the case in
airborne analyses of dense individual crowns. The slope of the SIF light
response curve (SIF-albedo relationship) indicates the light use effi-
ciency (Zhang et al., 2023), whereas the intercept in the SIF-albedo
relationship should always be close to zero, because SIF is driven by
absorbed radiation and thus should equal zero under dark conditions. In
summary, PRI is expected to track light use efficiency due to both
constitutive and facultative responses, which represent slightly different
mechanisms occurring on different time scales. By contrast, SIF is ex-
pected to respond both to APAR and efficiency (higher APAR leads to
larger SIF values, and higher efficiency leads to a steeper slope in the
SIF-light response).

Under conditions favorable for photosynthesis, we expect PRI to
decline and SIF to increase with irradiance (Fig. 2 a&b). On each
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sampling date, differences in the PRI and SIF light response curves be-
tween species and functional types presumably reveal variation in the
underlying leaf photosynthetic and photoprotective responses. During
autumn senescence of the deciduous species, we expected that the PRI
light response slope would become shallower with loss of xanthophyll
cycle pigment function (affecting the slope), and with the more rapid
decline of chlorophyll pigments relative to carotenoid pigments
(affecting the intercept; Fig. 2c). We expected that the slope of the SIF
light response would become shallow (less responsive to irradiance),
typically indicating a decline in light use efficiency during senescence.
Since we did not directly measure APAR, the decline in the slope of the
SIF light response could also be confounded by chlorophyll losses in the
fall. These canopy-scale hypotheses, illustrated in Fig. 2, were tested
using the light-response approach applied to airborne data as described
above. In addition to these canopy-level tests, we independently tested
these variations of PRI and SIF light responses in a small sample of in-
dividual leaves collected in late fall and exhibiting different stages of
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Fig. 3. Canopy average PRI and SIF values of different species collected on the three sampling dates. The line in the middle of each box indicates the median value.
The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles) and data beyond 1.5 times the distance between the first and
third quartiles from the lower and upper hinges are plotted as individual points. The medians are roughly significantly different at a 95% confidence level, if the
notches do not overlap (McGill et al., 1978). A red dashed line separates the deciduous and evergreen species.
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senescence to confirm the general pattern of leaf-level light responses
(Figure S2 in the supplemental materials). The resulting leaf-level pat-
terns qualitatively agreed with the responses predicted for tree canopies
(Fig. 2). To illustrate the additional information provided in the light
response approach, we also calculated canopy average PRI and SIF
values for each individual tree, representing the values that would be
obtained with sensors having coarser spatial resolution.

3. Results

When expressed as average canopy responses, canopy reflectance
spectra exhibited a steady increase in the visible region and a decline in
the near-infrared region towards fall, indicative of pigment loss and leaf
senescence over the study period (Figure S3 in the supplemental mate-
rials). Canopy average PRI changed little from August to September,
then dropped between September and October (Fig. 3a), and this drop
was most noticeable in the deciduous species that were undergoing leaf
senescence. By contrast, canopy average SIF values decreased steadily
from August to October for all species, likely indicating a decline in
photosynthetic rate from summer to fall (Fig. 3b). For PRI, the largest
change was from September to October, whereas for SIF the largest
change was from August to September, suggesting that SIF and PRI
provide slightly different information regarding seasonally changing
photosynthetic activity. The patterns of seasonal change in PRI and SIF
varied between evergreen and deciduous species (Fig. 3). Evergreen
species tended to have slightly larger average PRI values than deciduous
species on all three sampling dates, and this pattern was most obvious in
the October data (Fig. 3a), when leaves of deciduous species had begun
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senescence. Evergreen species also tended to show smaller SIF values
than deciduous species in August and September, but these differences
in SIF between evergreen and deciduous species diminished by October
(Fig. 3b). Overall, deciduous species exhibited higher average SIF, but
smaller average PRI values than evergreen species, and the differences in
SIF values between these two functional types decreased, while differ-
ences in PRI values increased during autumnal senescence. These can-
opy average PRI and SIF values, contrasted with the metrics based on
light responses, illustrating additional information in the light response
approach.

When expressed as a light response by plotting PRI and SIF as a
function of albedo instead of as canopy average values, a more nuanced
picture emerged (Fig. 4). As expected, across all tree canopy pixels, PRI
declined and SIF increased with albedo (Fig. 4), a measure of relative
canopy illumination. Variations in PRI and SIF were primarily explained
by albedo, indicating a strong light response in both cases, but these
light responses also differed with species, expressed as improved hier-
archical model fits when adding the interaction term between albedo
and species (Table 2 and Fig. 5). Besides the species differences in the
PRI or SIF - albedo relationships (RZM), substantial within-species and
among-individual variation occurred (RZC, Table 2), indicating that
species and individual canopy variation added to the overall variation in
PRI and SIF light responses, and demonstrating an ability of these light
responses to detect functional differences between individual tree
crowns and species.

Examination of the intercepts and slopes from the PRI-albedo rela-
tionship allowed us to explore the constitutive versus facultative effects
(sensu. Gamon and Berry, 2012) on the PRI-albedo relationships among
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Table 2

Hierarchical model analysis of the relationships between the photochemical
reflectance index (PRI) or solar induced fluorescence (SIF) and albedo, species
identity, and individual tree crowns. P-value < 0.001 for all three terms (albedo,
species, and interaction) in an ANOVA test of each model. The numbers in pa-
rentheses indicate the sampling date (MM/DD). The marginal pseudo—R2 R%m)
represents the proportion of the variance explained by the fixed effects model
alone, and the conditional pseudo-R? (R?c) represents the proportion explained
by the fixed and random effects models together.

Variable (Date, MM/DD) F-value Rm  R%
albedo species  species x albedo
PRI (08/02) 1266.76  8.39 6.25 0.34 0.89
PRI (09/17) 1833.8 5.17 2.99 0.43  0.82
PRI (10/16) 1044.46  22.22 12.48 0.28 0.89
SIF (08/02) 830.06 5.66 8.87 0.36 0.9
SIF (09/17) 1367.1 2.96 6.4 0.48  0.92
SIF (10/16) 1623.28 5.89 12.91 0.4 0.93

species and over time (Fig. 5). Intercepts in the PRI-albedo relationships
(indicative of chlorophyll:carotenoid pool sizes) increased slightly from
August to September then decreased from September to October. Slopes
in the PRI-albedo relationships (indicative of xanthophyll cycle re-
sponses to irradiance) decreased markedly from August to September
then increased slightly from September to October. These responses
suggest separate effects on pigment pool sizes (constitutive effects
affecting intercepts) and xanthophyll cycle activity (facultative effects
affecting slopes). Evergreen species showed higher intercepts in the PRI-
albedo relationship than deciduous species, whereas deciduous species
had overall steeper slopes in the PRI-albedo relationship than evergreen
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species (Fig. 5a), suggesting a different partitioning of facultative and
constitutive effects between vegetation types.

Deciduous species exhibited larger variations in the slopes of SIF-
albedo relationships than evergreen species in August and September
(Figs. 5d and S4 in the supplemental materials). In October, evergreen
species had larger slopes in the SIF-albedo relationship than deciduous
species. In August, larger variation occurred in slopes of the SIF re-
sponses than those of PRI, but less variation was found in slopes of the
SIF light responses than those of PRI in October. Presumably, the slopes
from the SIF-albedo relationship provided information about how the
photosynthetic light use efficiency varied among species and over time
but could also be further influenced by the loss of pigments or altered
canopy structure with the onset of leaf senescence.

Pairwise comparisons of differences in the intercept and slope be-
tween species enabled us to explore contrasts in species and functional
type PRI and SIF light responses at different times during the transition
from summer to autumn. Several pairs of species differed in slopes, in-
tercepts, or both (p < 0.05; orange squares in Fig. 6), suggesting inter-
specific variation in photoprotection. For the PRI-albedo relationship,
greater among-species differences occurred in October than August and
September, especially between deciduous and evergreen functional
groups. For the SIF-albedo relationship, as expected, among-species
difference occurred mainly in the slopes but not intercepts, except for
Picea abies in August and Picea abies and Pinus ponderosa in October. The
light responses of Fraxinus pennsylvanica (green ash) stood out from the
rest of the species, and this was clear across the PRI and SIF light re-
sponses. This species showed particularly abrupt changes in the slopes of
PRI and SIF between September and October (Fig. 5), reflecting a more
rapid fall senescence relative to the other deciduous species. We also
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noted a marked change in the PRI intercept, and a parallel increase in
the visible reflectance for this species (Fig. 5 & Fig. S3) between
September and October, consistent with advanced leaf senescence.

Direct comparison between Fraxinus pennsylvanica (a deciduous
species that showed earlier senescence than the rest of the species) and
Picea abies (an evergreen species that retained its foliage) illustrated the
differences in PRI and SIF light responses between the two extreme cases
representing two functional types (Fig. 7). Small changes in intercepts in
PRI light responses from August to September and large changes in in-
tercepts in PRI light responses from September to October were found
for both species. Slopes in SIF light responses decreased over the season
for both species, but Fraxinus pennsylvanica had a larger change from
September to October, while Picea abies had a larger change from August
to September. Particularly noticeable was the large change in both PRI
and SIF light responses with the beginning of fall senescence in October.
Fraxinus pennsylvanica (green ash) exhibited much shallower slopes in
October than in August and September due to early leaf pigment loss
during fall senescence. On the other hand, Picea abies (Norway spruce)
showed a steeper PRI light response and shallower SIF light response,
suggesting greater photosynthetic downregulation (lower €), in October
than in August and September, consistent with a fall decline in photo-
synthesis as colder temperatures emerge.

4. Discussion

The ability to predict changes in photosynthetic activity of in-
dividuals and species over large extents and through time is important
for quantifying vegetation responses to environmental stressors,
including extremes in temperature, nutrients, water status, pests, and
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disease. PRI and SIF are two metrics often used for this purpose, but their
strong light-dependence complicates interpretations with respect to
stress-related changes in photosynthetic activity and efficiency. The
tendency for PRI and SIF to be affected by both physiological and
structural factors further complicates the mechanistic interpretation of
these signals. Here, we demonstrate that accounting for illumination
(using albedo as an irradiance proxy) revealed key differences in PRI and
SIF light responses among tree crowns, species and functional types
during the summer-fall transition. Modeling and analyzing the fitted
parameters (slope and intercept) of the PRI and SIF light response re-
lationships provided additional insights into the functional differences
in the PRI and SIF responses that were not readily apparent in canopy
average values, and demonstrate the utility of airborne imagery for
resolving contrasting variable light responses of individual tree
canopies.

4.1. PRI and SIF light responses over the season

The PRI light response enabled us to distinguish the constitutive
(intercept in the PRI-albedo relationship) and facultative (slope in the
PRI-albedo relationship) effects at the canopy level, which have been
previously studied with proximal spectroscopy at the leaf scale (e.g.,
Gamon and Berry, 2012) and have recently been demonstrated at the
canopy scale (Gamon et al., 2023). Different intercepts suggest variation
in the composition of photosynthetic chlorophyll and carotenoid pig-
ments in leaves among species or at different seasons, while different
slopes in PRI-albedo relationships suggest variation in the strength of the
xanthophyll cycle response to variation in irradiance with more negative
slopes indicating stronger xanthophyll cycle response (Gamon et al.,
2023). These interpretations are consistent with the leaf-level results
from this study, which showed that senescing leaves exhibited lower
intercepts and shallower slopes of PRI light responses compared to green
leaves (Figure S2). The decreasing intercepts in the PRI-albedo re-
lationships of deciduous species from September to October (Figs. 4 & 5)
indicate decreased chlorophyll:carotenoid pigment ratios with senes-
cence, because deciduous species maintain their carotenoids longer as
chlorophyll diminishes towards the end of the growing season (Figure S4
in the supplemental materials). This was particularly evident for the
Fraxinus sp. that experienced an earlier leaf senescence than the other
deciduous trees studied here. Changes in the slopes and intercepts in the
PRI-albedo relationship from August to September likely resulted from a
combination of changing pigment pool size change (more negative
intercept in September than August) and changing activity of the
xanthophyll cycle pigments (altered slopes). We note that these in-
terpretations are largely based on analogous light responses between
leaf- and canopy-scale, and additional work would be needed to fully
confirm these interpretations, as further discussed below.

Unlike deciduous species that began leaf senescence by October,
evergreen species exhibited less change in the intercepts in PRI-albedo
relationships from September to October (Figs. 4 & 5), which is pre-
sumably due to the smaller adjustments in pigment concentrations
occurring in evergreen foliage during this period (Magney et al., 2016;
Wong et al., 2020), especially from September to October at this location
(average monthly temperature is 19 °C and 12 °C in September and
October, respectively). Such subtle pigment changes can be tied to
important seasonal photoprotective responses as evergreen plants
transition from higher photosynthetic activity during the summer
growing season, to lower photosynthetic activity as colder fall temper-
atures emerge (Gamon et al., 2016; Wong and Gamon, 2015), and this
interpretation is consistent with the general fall declines in SIF slopes in
the evergreens.

Although direct assessment of photosynthetic responses was beyond
the scope of this study, the changes in PRI and SIF have implications for
evaluating photosynthesis in terms of the light use efficiency model. The
variation in slope in the SIF-albedo relationship likely indicates a change
in light use efficiency, and is particularly evident in October when fall
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Fig. 7. PRI and SIF light responses reveal difference in photosynthetic phenology between deciduous (Fraxinus pennsylvanica) and evergreen species (Picea abies).
Gray dots represent individual pixels and lines indicate the best fit lines at each sampling date. 95% confidence ribbons were estimated based on the fixed effects only

(excluding tree crown-level variation within species).

senescence had begun (Figs. 4 & 5). During autumn leaf senescence, the
decrease in the maximum quantum yield of photochemistry can be
caused by apparent photoinhibition, which can actually be due to
photoprotective responses, particularly when strong light is combined
with low temperature (Porcar-Castell et al., 2014). Our results showed
that while SIF values decreased from August to September (Fig. 3), the
slopes in the SIF-albedo relationship did not change much for most
species (Fig. 5), suggesting little change in light use efficiency from
August to September.

It is worth noting that the decline in the slope of the SIF light
response could also be confounded by chlorophyll losses and other
pigment changes (e.g., increased anthocyanin concentration for some
species) in the fall. Because of such pigment changes during the onset of
leaf senescence, the PAR albedo used in the light response model may
not be a fully consistent or accurate estimate of absorbed PAR (APAR),
and this may complicate our interpretation of the seasonal changes in
SIF light responses. These pigment changes are evident in the reflectance
spectra (Figure S3) and chlorophyll index (Figure S4) and are particu-
larly pronounced for Fraxinus sp. (ash). Thus, the decreasing slope in
SIF-albedo between September and October for deciduous species pre-
sumably indicated a combination of decreasing chlorophyll pigments
(Figure S4 in the supplemental materials) and decreasing light use ef-
ficiency due to autumn leaf senescence that is sensitive to temperature in
low altitude areas (Gill et al., 2015), because the first freeze date
occurred on October 14 (data obtained from the National Weather
Service for Lincoln, Nebraska). Gradual declines in SIF slopes and PRI
slopes for most evergreen species (Fig. 5) are likely due to the gradual
transition to a sustained winter photoprotective state of evergreen
plants, which also involves gradual pigment pool size changes (Springer
et al., 2017, Yang et al., 2022).

Unlike PRI, we did not expect large changes in the intercept of the SIF
light response, which by definition should be close to zero. The slightly
non-zero intercept in SIF-albedo may be due to the fact that albedo never
reached zero in the data, leading to errors in the intercepts when

applying a linear extrapolation. It may also indicate slight artifacts in SIF
calculation or the hierarchical modeling or could indicate additional SIF
signal present in radiation contributed from surrounding pixels in these
uneven tree canopies. SIF values are very sensitive to the instrument and
retrieval method used, and accurate SIF readings are generally difficult
to obtain (Sun et al., 2023b; Wang et al., 2022). Although the quantum
yield of photochemistry cannot be directly resolved from SIF (Porcar-
Castell et al., 2014), the slope in the SIF-albedo relationship can provide
a way to estimate relative LUE at the canopy scale, and clear declines
were seen in LUE for deciduous species, particularly for Fraxinus sp.
which underwent early senescence.

4.2. PRI and SIF light responses among species and functional types

The photosynthetic and photoprotective responses of plants to light
differ among species and environmental conditions (Bjorkman and
Demmig-Adams, 1994; Demmig-Adams and Adams, 2006; Demmig-
Adams et al., 2008). In our results, both PRI and SIF clearly responded to
light intensity, but these light responses varied among species and
functional types during the fall senescence (Figs. 4-6 and Table 2). The
PRI light responses are similar to those recently reported for a deciduous
forest, where differences in the PRI light responses were evident among
species and for trees of different topographic positions (Gamon et al.,
2023).

Evergreen and deciduous species have different photosynthetic
properties associated with leaf longevity. Longer-lived evergreen leaves
generally have lower photosynthetic rates but a longer period of
photosynthesis and higher levels of photoprotection than shorter-lived
leaves of deciduous species (Gamon et al., 1997; Wright et al., 2004;
Zarter et al., 2006; Wyka et al., 2012). In August and September, de-
ciduous species exhibited larger SIF values and steeper slopes in SIF-
albedo relationships than evergreen species (Figs. 3 & 5), suggesting
higher photosynthesis rate and light use efficiency for deciduous species
leaves (Demmig-Adams et al., 2008; Wyka et al., 2012). In October, the



R. Wang et al.

larger SIF values and steeper slope in SIF-albedo in evergreen species
than deciduous species (Fig. 5) presumably reflected the maintenance of
photosynthetic rate and light use efficiency longer into the fall for ev-
ergreens because evergreen leaves potentially have mechanisms that
allow their leaves to conduct photosynthesis over a longer period than
deciduous leaves (Demmig-Adams et al., 2008). These mechanisms
include seasonal adjustment of pigment pool sizes (Demmig-Adams and
Adams, 1996; Verhoeven, 2014; Bowling et al., 2018) allowing leaves to
enter a protracted photoprotective state while maintaining leaf pig-
ments instead of undergoing leaf senescence. Relative to deciduous
trees, evergreen species also exhibited relatively small seasonal changes
in slope and intercept in the PRI-albedo relationship (Figs. 2, 4 & 7). This
suggests a more stable seasonal pattern of photosynthesis as is expected
from evergreen leaves having a longer leaf life-span associated with
lower responsiveness of leaf traits to changes in environmental factors
(Wyka et al., 2012).

A within-canopy heterogeneous light environment, caused by self-
shading or shading by neighboring trees, can affect leaf structural and
physiological traits in both deciduous and evergreen species (Bjorkman
and Demmig-Adams, 1994; Yoshimura, 2010). The strength of structural
and functional plasticity of leaves in response to the crown light gradient
is presumably species specific and varies over time. In this study, the
interspecific PRI and SIF light responses were larger in October than in
August and September (Figs. 5-7), revealing enhanced functional dif-
ferences during fall senescence. It is interesting that minimal interspe-
cific differences in PRI and SIF light responses emerged in the September
data (Fig. 6), which also had minimal among-species spectral variation
and lowest species classification accuracy from imaging spectrometry
(data not shown). These contrasting seasonal responses suggest seasonal
patterns of SIF and PRI could enhance our ability to detect functional
differences between species and vegetation types, which may be
enhanced during periods or conditions of senescence.

Fraxinus pennsylvanica exhibited clearly different slope and intercept
in PRI response and slope in SIF response from other species in
September (Figs. 6 & 7), which is likely due to an early senescence of this
species whose leaf color change can begin in the first week of September.
This early senescence was easily recognizable from the PRI and SIF light
responses, but not from canopy average PRI and SIF values (c.f. Figs. 3 &
5), demonstrating a clear benefit of analyzing PRI and SIF as light re-
sponses to reveal species’ functional differences in seasonal patterns of
photoregulation and photoprotection. In Nebraska, this species has been
in decline due to the spread of the emerald ash borer (Agrilus plani-
pennis), an introduced species, and it is likely that these measurements
detected this decline as a rapid fall senescence. These trees were sub-
sequently removed by campus grounds crew between 2021 and 2023.
This intriguing pattern for ash indicates that PRI and SIF light responses
might serve as early indicators of tree decline. Similar work has shown
that fluorescence and PRI can contribute to early detection of olive tree
decline prior to detection by visible or molecular methods (Zarco-Tejada
et al., 2018) and reflectance indices can detect early symptoms of oak
decline (Sapes et al., 2022).

4.3. Caveats and future directions

In this study, we introduce a light response framework for analyzing
airborne PRI and SIF values by accounting for illumination as albedo,
directly derived from imagery. This approach successfully differentiated
photosynthetic properties among tree crowns, species, and functional
types across seasons. However, we note that more work is needed to test
this light response framework to further validate our interpretations and
provide a more complete understanding of the mechanisms involved.

At the canopy level, both PRI and SIF (e.g., Barton and North, 2001;
Biriukova et al., 2020; Chang et al., 2021) can be confounded by the sun-
view geometry varying at both diurnal and seasonal temporal scales. In
this work, we limited this angular effect by collecting data close to solar
noon and using lens with relatively narrow field of view (the FOV of
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Kestrel and Ibis are 40° and 32.3°, respectively). Due to practical reasons
(e.g., cost, weather suitability and personnel availability), acquiring
intensive flight lines with multiple sun-view angles is challenging. A
more careful multi-angular study using ground-based observations (e.g.,
Biriukova et al., 2020; Bai et al., 2023) could be used to characterize the
angular effects on the parameters (e.g., slope and intercept) of the PRI-
and SIF-light responses. In addition, our results were obtained between
mid-season and autumn senescence. A more completed seasonal data,
including green-up and senescence, could give us the full picture of the
PRI- and SIF-light responses through the season.

A large number of alternative expressions have been proposed to
delineate the physiological and structure effects on SIF (e.g., Yang et al.,
2020; Zeng et al., 2021 and PRI (e.g., Van Wittenberghe et al., 2021;
Woodgate et al., 2019). Many of these indices have been developed for
relatively homogeneous fields (e.g., crops) or targeted at certain species
using leaf level measurements, so may not be applicable in this complex
urban forest setting. The escape probability correction has been pro-
posed to account for the structural influence of canopies on the
measured SIF. Theoretically, SIF escape from the canopy can be esti-
mated with SIF radiative transfer models depicting specified 3D struc-
ture of plant canopy. However, this correction is often hampered by the
high computation demand and various assumptions and limitation in the
SIF escape rate formulations (Sun et al., 2023a, 2023b), which become
particularly challenging in structurally complex forests so was not
attempted in our study. The light response approach proposed here re-
lies on a per-pixel based calculation rather than temporally or spatially
averaged values, making the SIF escape rate correction (e.g., using FCVI
or NIRv) a challenge due to the difficulties in deriving the accurate
pixelwise “true” reflectance within tree crown.

Modified PRI indices have been developed to delineate the short
term (“facultative”) and long-term (“constitutive”) effects. For example,
by accounting for the constitutive effects, triPRI (Woodgate et al., 2019)
was designed to be sensitive to facultative effects when developed using
leaf level measurements from mature eucalyptus forests. Our results are
generally consistent with these conclusions, and suggest that canopy
light responses from airborne imaging spectrometry work in a similar
way to leaf responses when applied to multiple species’ crowns across
seasons (Figures S5 and S6 in the supplemental materials). The triPRI
reduced the intercept differences and reversed the slope patterns seen in
the PRI light response (Figs. 5 and S6 in the supplemental materials),
indicating a more positive slope with xanthophyll cycle de-epoxidation
(Woodgate et al., 2019), a pattern consistent with the results shown
here. Despite these encouraging results, an explicit test of the various
different versions of PRI and SIF reported in the literature was beyond
the scope of this study, which focused on using airborne imaging spec-
trometry to detect functional differences in photosynthetic and photo-
protective properties between species and functional groups across
seasons. By using the ‘raw’ PRI, SIF, and albedo values directly derived
from the airborne data to capture variation in structure and physiology,
we demonstrate the potential of this light response approach with the
caveat that further work would be needed to further validate and opti-
mize these methods.

While PRI and SIF are known to be physiologically related, definitive
interpretations of their light-dependent variation are still uncertain.
Here, we took the first steps towards defining these interpretations by
documenting patterns of interspecific, intraspecific, and seasonal vari-
ation. However, much remains to be learned in terms of mooring these
remote sensing derived parameters to clear physiological meanings. Due
to the non-homogenous forest structure (Fig. 1) and lack of explicit 3-D
structural data, a full exploration of the physiological and structural
differences among leaves within tree crown would likely not be tractable
in this setting, but would be a valuable future direction. We would
expect that combining a set of explicit leaf level measurements, likely
including sampling of pigments, irradiance, and photosynthesis as well
as leaf optical properties, fine scale structure information derived from
LiDAR or structure from motion (SfM) data, specified taxonomic,
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functional, and physiological information collected on the ground using
tree inventory plots (e.g., Regaieg et al., 2021; Gamon et al., 2023) and
modeling approaches (e.g., the Discrete Anisotropic Radiative Transfer
(DART) model; Gastellu-Etchegorry et al., 2004) to describe the detailed
within canopy light environment could be further used to evaluate PRI
and SIF (along with other indices) in this light response framework.

5. Conclusions

Unlike commonly measured plant traits like leaf mass per area, the
photosynthetic and photoprotective behavior revealed through optical
properties related to the functioning of pigments is dynamic in space and
time and critical to understanding plant responses to variable environ-
mental conditions. This dynamism is captured by parameters quanti-
fying variation in PRI and SIF with respect to light intensity, revealing
additional information beyond PRI and SIF canopy-average values,
which often obscure the light-dependent responses of individuals and
species. Similar to plant trait analysis, the synergistic analysis of PRI and
SIF with illumination provides key information about the functional
differences among individual trees, species, functional types and reveals
seasonal effects on these differences. Our novel approach to treating PRI
and SIF light response parameters as dynamic functional traits has broad
implications for detecting forest photosynthetic activity and monitoring
forest stress in variable environments and assessing functional diversity
across species and individuals using airborne remote sensing.
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