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Abstract: With the development of spectrum observation technology, solar-induced chlorophyll
fluorescence (SIF)—an effective substitute for photosynthesis—has been widely used to monitor crop
stress, vegetation phenology and ecosystem productivity. The relationship between fluorescence and
photosynthesis is complicated because they are sensitive to environmental changes. Understanding
the response of SIF to environmental factors is of great significance for clarifying the variation
dynamic and relationship between SIF and photosynthesis under different conditions. In this study,
the canopy SIF and the environmental factors of a Quercus variabilis Bl. plantation were observed
simultaneously, and the response of SIF to environmental factors at a daily scale and at a half-hour
scale was analyzed. The results showed that SIF had obvious seasonal and diurnal dynamics and was
mainly driven by photosynthetically active radiation (PAR). The influence of PAR, air temperature
(Ta), vapor pressure deficit (VPD), soil moisture (SM) and wind speed (Ws) on SIF varied with the
lapse of the growing season. After eliminating the covariant effect of PAR on the Ta and VPD during
the whole growing season, the relationship between VPD and SIF was found to be negative, and the
effect of Ta on SIF disappeared. This study enriched the ground observation dataset and provided
support for understanding the variations in the relationship between SIF and photosynthesis under
different conditions.

Keywords: SIF; temporal dynamic; tower-based observation; Quercus variabilis BI. plantation;

environmental factors

1. Introduction

As the most widely distributed producer in terrestrial ecosystems, plants participate
in the carbon cycle by converting light energy into chemical energy through photosynthesis.
In the context of global climate change, extreme climate events occur frequently [1], which
may lead to the degradation of ecosystems and the loss of service functions [2]. Vegetation
gross primary productivity (GPP) plays an important role in the global ecosystem’s carbon
cycle and can judge the production capacity of vegetation. GPP is affected by climate
change and vegetation activity has feedback on the climate [3-5]. The main remote sensing
models currently used to achieve estimations of the GPP at regional and global levels
include the light use efficiency model [6], the photosynthetic mechanism process model [7]
and the vegetation index model [8,9]. Among them, the vegetation index model has been
widely used and developed because of its few input parameters and simple structure.
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With the development of spectral observation techniques, researchers have found that
solar-induced chlorophyll fluorescence (SIF) can capture the photosynthetic physiological
information of plants quickly and non-destructively [10]. Compared with the conventional
vegetation indices, which are based on canopy structure or vegetation greenness—such as
the normalized difference vegetation index (NDVI), the enhanced vegetation index (EVI)
and the leaf area index (LAI)—SIF, as a by-product of light reaction in plant photosynthesis,
is more sensitive to physiological changes in the vegetation canopy [11]; therefore, it has
been widely used in stress monitoring, phenology change and GPP estimations [12-15].

In recent years, SIF data have mainly come from satellite remote sensing [16,17], in situ
observation [18,19] and unmanned aerial vehicle (UAV) systems [20,21]. The instantaneous
value collected by the satellite or UAV lacks the ability to analyze the temporal dynamics
of SIF. The pixels identified by satellite sensors usually cover a large area, and the data are
usually mixed with information from multiple species, which will lead to divergence of
SIF and GPP [22]. The accumulation of data under different spatio-temporal resolutions
can clarify the characteristics of SIF, which is crucial in improving data availability. The
tower-based fluorescence observation system usually has a high spectral resolution and
signal-to-noise ratio, and can realize the continuous observation of the red and near-infrared
wavelengths of canopy scale SIF, which is the main data source for current research studies
on ground SIF [23-25]. Ground-based data provide important validation data for the
development of optical fluorescence models and the validation of satellite products. Liu
et al. established a GPP estimation mechanism model, driven by 760 nm canopy SIF, air
temperature (Ta), photosynthetically active radiation (PAR) and other parameters [26]. The
estimation results of this model showed higher accuracy compared with the observed GPP
of winter wheat. Qiu et al. used ground SIF data to verify the improved model, BEPS-
SIF, which was based on the boreal ecosystem productivity simulator. They applied the
model to simulate and analyze SIF on a global scale [27]. Continuous canopy observations
can clarify the change dynamics of SIF at different temporal scales and can have a better
spatio-temporal identity with the ground data at ecosystem scales (such as the GPP and
meteorological variables). This can provide a detailed and profound analysis of the coupling
mechanism between fluorescence and photosynthesis [28].

The light energy absorbed by plant chlorophyll is released through a photochemical
reaction, heat dissipation and fluorescence, which are all closely related to each other [29].
Environmental conditions will affect the proportion of the three pathways of energy dissi-
pation after light absorption, which may change the emission of SIF [10]. According to the
analysis of environmental factors and SIF in the Greater Khingan Mountains, the satellite
SIF of 16 and 8 days was only correlated with the air temperature [30]. The tower-based
SIF of evergreen forests was mainly affected by the half-hour PAR and soil moisture, while,
at the daily scale, SIF was mainly regulated by air temperature [31]. Leaf fluorescence and
non-photochemical quenching (NPQ) in maize and Miscanthus were correlated with both
PAR and the leaf temperature [32]. SIF at different temporal and spatial scales has different
responses to environmental factors. Environmental factors not only affect the fluorescent
light energy utilization, but they also indirectly affect SIF by affecting stomatal conductance.
Stomata are gas exchange channels between plants and the atmosphere, and the water
status will affect the opening and closing of stomata. Stomatal conductance can determine
the rate of gas exchange [33] and can influence radiation-use efficiency [34], which, in turn,
affects photosynthesis and fluorescence light-use efficiency. Liu et al. found that soil mois-
ture deficiency and a high vapor pressure deficit (VPD) changed the dynamics and intensity
of SIF, and even changed the relationship between SIF and photosynthetic physiology [35].
Therefore, understanding the dynamics of SIF in different weather conditions and different
temporal scales, and analyzing the response of SIF to environmental factors, are of great
significance in accounting for the relationship between photosynthesis and fluorescence.

The dynamic change in SIF contains photosynthetic information, which is influenced
by biological factors, abiotic factors, the canopy structure, the physiological state and
other factors [36]. Due to differences in the fluorescence emission capacity and the canopy



Remote Sens. 2023, 15, 3568

30f19

structure, different types of vegetation usually have different dynamics and intensities [37].
Rossini et al. found that the fluorescence emission was the highest in farmland, followed
by broadleaf forests, and was the lowest in coniferous forests [38]. The leaf fluorescence
yield was found to be determined by genotype and to be affected by shading [39] and
nitrogen availability [40]. The differences among species in terms of their carbon fixation
pathways were more significant [22]. It was found that a canopy with a similar fraction of
PAR could emit SIF in different intensities [41]. Due to the differences in the phenological
characteristics and the photosynthetic physiology, the seasonal and diurnal dynamics of SIF
were different among the species [42—44]. Moreover, the fluorescence was collected at the
top of the canopy after it was emitted from the leaves and then absorbed and reabsorbed
through the canopy [45,46]. For example, cropland ecosystems usually have a special row
structure, and the observation angle will cause a variation in SIF [47]. Due to the special
cluster structure of the leaves of coniferous forests, the light absorption capacity of the
canopies in coniferous forests is higher than that in broadleaf forests [48]. Canopy structures,
such as LAl and the leaf angle, not only determine the multiple scattering and absorption of
radiation and fluorescence, they also affect the zenith and the azimuth angle [49]. According
to previous studies on ecosystem water and the carbon flux constraints based on SIF, the
simpler the canopy structure of vegetation, the higher the accuracy of the simulated
value [50,51]. The canopies with complex structures are more likely to be affected by the
sunlight observation geometry [52]. Although the application of SIF on a global scale has
been recognized [14], the variability of SIF among species remains unsolved [53]. To date,
there have been many species-specific SIF observations and studies on croplands; however,
there have been few studies on forests, especially for deciduous broad-leaved forests, with
obvious canopy structures and physiological variations.

In this study, the canopy SIF and the ecosystem’s environmental factors in a Quercus
variabilis Bl. (Chinese cork oak) plantation at the southern foot of Taihang Mountain were
observed simultaneously. The response of the canopy SIF to the environmental factors
was analyzed. This study was conducted to solve the following problems: (1) the dynamic
characteristics of canopy SIF at different time scales; (2) the relationships between environ-
mental factors and canopy SIF in different seasons and the response mechanism of SIF to
environmental factors.

2. Materials and Methods
2.1. Study Site

We analyzed the 2020 warm-temperate, mixed forest ecosystem data from the national
positioning observation and research station at the Henan Xiaolangdi Earth Critical Zone
National Research Station on the Middle Yellow River (35°01’45"N, 112°28'08"E). The site
is composed of Chinese cork oak, arborvitae (Platycladus orientalis L.) and locust (Robinia
pseudoacacia L.), with Chinese cork oak accounting for more than 80%. The forest’s age at
the time the data were collected was 47 years, the average plant height was 8 m and the
stand density was 998 trees/hm?. Understory shrubs were dominated by Grewia biloba
G. and Vitex negundo L., with thick litter layer and less herbs. The soil composition was
mainly brown soil and limestone-weathered parent-material-leaching brown soil. The soil
structure was poor: soil gravel content was high and the average soil depth was 50 cm.
The station is located in Jiyuan City, Henan Province, in the Taihang Mountains, in the
middle reaches of the Yellow River Basin, at an altitude of 410 m. It has a typical temperate
monsoon climate, with a hot and rainy period. The average precipitation between June
and September is 438.0 mm, accounting for 68.3% of the annual precipitation. The average
annual temperature is 12.4 °C, the annual sunshine duration is 2367.7 h, the average annual
precipitation is 641.7 mm, the annual evaporation is 1400 mm and the frost-free period is
220-230 days.
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2.2. Data Acquisition
2.2.1. Observation of Environmental Factors

An automatic microclimate observation system was set up near the experimental site
to continuously observe common parameters. Ta and relative humidity (RH) were recorded
using temperature/humidity probes (HMP155, Vaisala Inc., Vantaa, Finland). The total
radiation referred to the downward short-wave radiation was measured using a radiation
transducer (CNR-4, Kipp & Zonen Inc., Delft, The Netherlands). PAR was recorded using
photosynthetic photon sensor (LI-190SB, LI-COR Inc., Lincoln, NE, USA). Wind speed (Ws)
was measured using an ultrasonic anemometer (Gill Windsonic, Gill Inc., Hampshire, UK).
Soil moisture (SM) was measured using time-domain reflectometry (CS650, Campbell Scien-
tific Inc., Logan, UT, USA). Precipitation was measured using a rainfall recorder (TE525MM,
TEXAS ELECTRONICS Inc., Dallas, TX, USA). All environmental data were collected every
minute and the 10 min average was recorded in the datalogger (CR1000, Campbell Scientific
Inc., Logan, UT, USA). VPD refers to the difference between the saturated vapor pressure
and the actual vapor pressure in the air at a certain temperature [54]. Daily environmental
factors values were calculated as the mean of the observations between 6:00 and 19:30. The
VPD was calculated as follows:

VPD = (1 — RH) x 0.611 x e 2515 )

2.2.2. Observation of Tower-Based Solar-Induced Chlorophyll Fluorescence

The automatic spectral observation system AUTOSIF-1 (Bergsun Inc., Beijing, China)
was set up on the base platform, 10 m above the canopy of the closed forest, and the
optical fibers were 5-6 m away from the tower. The observation system uses a QE65Pro
spectrometer, with a spectral resolution of 0.31 nm, a sampling interval of 0.155 nm and a
spectral range of 650-850 nm. The system is equipped with two optical fibers, in which
the vertically up-facing fiber, with CC-3 cosine corrector (Ocean Optics Inc., Dunedin, FL,
USA), was used to capture the downward solar irradiance, and the vertically down-facing
bare fiber (field of view, 25°) was used to measure the upward radiance reflected from
the canopy. The spectral automatic observation system measured the spectral data of
descending irradiance and ascending radiance for approximately 3 min. The time interval
between the measurement of irradiance spectrum and radiance spectrum was less than
10 s. The spectral fitting method (SFM) algorithm was built into the system to calculate
the SIF value [55], and the reflectance of the canopy was continuously monitored during
the growing season of Chinese cork oak—between March and November. Daily SIF were
calculated as the mean of the observations between 6:00 and 19:30. The instrument was
calibrated regularly and the original data were radiometrically calibrated before analysis.
Due to the transmission path of radiation in the atmosphere in this study is short, we only
carried out radiometric calibration and did not consider atmospheric correction [56].

2.3. Data Collation and Analysis

Vegetation indices can be used to reflect canopy structure, pigment and physiological
changes, and can be retrieved by vegetation reflectance at specific wavelengths [57]. To
confirm the research time range, we selected NDVI as a reference to judge the start and end
time of the growing season of Chinese cork oak in 2020. Pigment affects the photosynthetic
activity of vegetation, and the MERIS terrestrial chlorophyll index (MTCI) can reflect the
canopy chlorophyll content. The calculation equation of NDVI [58] and MTCI [59,60] is
as follows:

RNIR — Rred
NDVIl = —————— 2
RNIR + Rred ( )
RNIR — Rrededge

MTCI =
Rrededge — Reed

®)
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where Ryjr is the near-infrared reflectance range from 770 to 780 nm; Ryq is the red
reflectance range from 650 to 660 nm; and Ryeqedge is the red edge reflectance range from
700 to 710 nm. We determined the time of reaching the extremum of the first derivative of
NDVI as the beginning and end of the growing season.

SIF is emitted by leaves after plants absorb light energy; it goes through the process of
reabsorption in the canopy and then is finally observed at the top of canopy. Therefore, SIF
is determined by absorbed photosynthetic active radiation (APAR), the SIF emission yield
from all leaves in the canopy (¢F) and fluorescence escape ratio (fesc), as follows:

SIF = APAR X ¢F X fesc @)

APAR is determined by the fraction of photosynthetically active radiation (fPAR),
which is regulated by canopy structure and physiology. Since the red edge normalized
difference vegetation index (NDVl egeqge) can characterize canopy structure and pigment
changes [61], it has also been applied to the retrieval of fPAR. The calculation equation of
APAR is as follows [62,63]:

APAR = PAR x fPAR (5)

fPAR = 1.37 x NDVI,egedge — 0.17 (6)

RNIR — Rrededge
RNIR + Rrededge

NDVIrededge = )

According to the recent research, fesc can be represented by near-infrared reflectance
of vegetation (NIRy) and fPAR [41,64], as follows:

NIR
fesc ~ PAR AI\{/ (8)
NIRV = NDVI x RNIR (9)

According to the above equations, it follows that ¢F can be expressed as follows:

SIF

PF~ PAR x NIRy (10)

Weather had an impact on the analysis. We chose the clearness index (CI) [65,66]
to represent the weather conditions (sunny or cloudy), and the calculation method was
as follows:

cr— R 11
=% a1
2 DOY
Rp = Sg x [1 + 0.033 x cos<ﬂ>;650)} X cos 0 (12)

where Rg is the total solar radiation; Ry is the extraterrestrial radiation at the top of the
atmosphere; S is the solar constant, denoted as 1367 W-m~2; and 0 is the solar zenith angle.
In previous research, 0.5 was usually chosen as the critical value to divide sunny (daily
CI > 0.5) and cloudy (daily CI < 0.5) days [67]. The daily values of the parameters in this
section were calculated as the mean of the observations between 6:00 and 19:30.

3. Results
3.1. Dynamics of Environmental Factors during Growing Season
To analyze the seasonal dynamics of SIF and the environmental factors of Chinese

cork oak during the growing season, the NDVI was selected as a basis for identifying the
growing season. The NDVI has an obvious seasonal variation in deciduous forests, which
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can suggest the vegetation canopy greenness and growth. To discern the growing season
of the forest, we chose the extreme value of the slope of the NDVI as the start (DOY = 81)
and end time (DOY = 312) of the growing season. The seasonal dynamics of the NDVI in
2020 (Figure 1) revealed that the NDVI would increase first and then decrease, and the hill
value was 0.93 (DOY = 126). The NDVI rose sharply, and the greenness increased during
the sprouting and leaf unfolding in the spring. At the canopy closure, the NDVI reached its
peak and remained in a relatively stable state. The NDVI decreased slowly at the end of the
growth period and then rapidly during the defoliation period. It reached stability after defo-
liation. However, the decrease rate of the NDVI in the autumn was lower than the increase
rate in the early growth stage. The MTCI and NDVI have similar seasonal trends. The differ-
ence was that the chlorophyll content increased sharply after the canopy leaf expansion and
the NDVI increased sharply, reaching its maximum value of 8.78 (DOY = 142) in the spring.
The MTCI decreased earlier than the NDV], that is, the physiological senescence and the
chlorophyll content decreased despite there being no significant change in the vegetation
greenness. Overall, PAR and Ta showed a trend of first increasing and then decreasing,
in the range 5.78-1367.85 pmol-m~2-s~! and —7.6-32.3 °C, respectively. SM showed no
obvious daily variation trend within the season, only increasing in different degrees after
the occurrence of precipitation events, ranging from 10.6-20.6%. The dynamic of VPD in
the growing season had no significant regularity, which was determined by the seasonal
Ta and the unseasonal RH. Less precipitation in the spring and autumn can lead to a high
VPD, which can easily cause meteorological drought events. However, more precipitation
in the summer can lead to a smaller VPD. Overall, the seasonal mean value of the VPD in
the growing season was spring (1.55 kPa) > autumn (1.21 kPa) > summer (1.14 kPa).
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Figure 1. Seasonal dynamics of normalized difference vegetation index (NDVI); MERIS terrestrial
chlorophyll index (MTCI); and environmental variables (photosynthetically active radiation—PAR; air
temperature—Ta; vapor pressure deficit—VPD; soil moisture—SM; and precipitation) of Chinese cork
oak plantation in 2020 ((a): NDVI and MTCI; (b): PAR; (c): Ta and VPD; (d): SM and precipitation).
The points are the daily mean of the observations between 6:00 and 19:30. The shadows on either
side of the point are the range of the standard deviations of the value. The shaded areas on both sides
of the axis show the non-growing season.
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3.2. Seasonal and Diurnal Dynamics of SIF

Just as the vegetation index represented the greenness and chlorophyll content, SIF
showed an overall trend of first increasing and then decreasing in the growing season, with
a range of 0.0225-0.8715 mW-m~2-sr~!.nm~!. Moreover, the maximum value appeared at
DOY = 115, which was earlier than the NDVI and MTCI (Figure 2). The seasonal dynamic
of SIF showed acute fluctuations, with unapparent daily variation characteristics, which
are easily affected by environmental factors, especially PAR. As a part of the SIF retrieval,
the seasonal dynamics of APAR and SIF were consistent. fPAR determined APAR, and its
trend was similar to the NDVI and MTC]J, i.e., a combination of the two features. In other
words, it was affected by the canopy structure and the chlorophyll content (Figure 1). The
seasonal dynamics of the fosc were opposite to those of the NDVI and MTCL
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Figure 2. Seasonal dynamics of solar-induced chlorophyll fluorescence (SIF) and intermediate
variables (absorbed photosynthetic active radiation, APAR; the fraction of emitted SIF that escapes
from the canopy, fesc; the fraction of photosynthetically active radiation, fPAR; fluorescence emission
yield, ¢F) ((a): SIF and ¢F; (b): APAR, fesc and fPAR). The shadows on either side of the point
are the range of standard deviations of the value. The shaded area on both sides of the axis is the
non-growing season.

SIF is the energy released by vegetation after absorbing photosynthetically active radi-
ation; therefore, it is affected by canopy structure, the vegetation’s physiological situation
and the environmental conditions. Environmental factors, especially PAR, affected SIF,
which showed a violent fluctuation in 2020, without an obvious day-by-day pattern. To
reveal the diurnal dynamics of SIF in different seasons under different weather conditions,
we selected 3 contemporaneous days in each season, which were sunny, cloudy and rainy
days, respectively. The results showed that SIF and PAR had relatively consistent diurnal
variation under different weather conditions and seasons (Figure 3). SIF showed a single-
peak curve on the sunny days; however, the SIF value fluctuated greatly on cloudy and
rainy days, and its trend was basically consistent with PAR. The extent of the SIF value was
driven by PAR, and its dynamic was earlier than PAR. In general, the SIF in the autumn
was lower than that in the spring and summer, under all weather conditions. Under sunny
conditions, the peak value of SIF appeared at 13:00 (spring), 12:30 (summer) and 11:30
(autumn), while the peak value of PAR in different seasons appeared at 13:00. With the
progress of the growing season, the peak value of SIF gradually advanced. On cloudy
days and rainy days, the time difference in the peak SIF and PAR was the same (both half
an hour), and there was no change during the different seasons. To further analyze the
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reasons for the difference of SIF during the different seasons and weather conditions, we
analyzed the diurnal variation characteristics of APAR, ¢F and the fesc in our calculation of
SIE. F was generally high in the morning, followed by a gradual decline with significant
fluctuations (Figure 4). On sunny days, the diurnal dynamics of the fosc were more severe,
and, generally, in the afternoon, they were higher than in the morning. The fluctuation
range of the intra-day fesc in the spring was greater than that in the summer and autumn.
The APAR diurnal dynamics were the same as SIF, but the rate of decline was higher in the
afternoon, which may have been related to the higher fe.
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Figure 3. Diurnal dynamics of SIF (yellow line) and PAR (blue line) in spring (sunny (a), cloudy (d)
and rainy (g)); summer (sunny (b), cloudy (e) and rainy (h)); and autumn (sunny (c), cloudy (f) and

rainy (i)).
3.3. Correlation Analysis between SIF and Environmental Factors in Growing Season

Environmental factors can affect SIF by affecting the amount of light energy absorbed
by leaves or the allocation of the light energy by the chlorophyll molecules. To clarify the
similarities and differences in the SIF responses to the environmental factors in the different
seasons, five factors were selected to calculate the correlation coefficients between SIF and
the environmental factors at both daily and half-hour scales (Figure 5). The results of a
Pearson correlation analysis of the whole growing season showed that the PAR, Ta, Ws,
SM and VPD had extremely significant relationships with SIF in the half-hour scale; the
sequence of the correlation coefficient was PAR > VPD > Ta > Ws > SM. Except for the SM,
all of the factors were also significantly correlated with SIF on the daily scale, and the order
of the correlation coefficients was the same as on the half-hour scale. Unlike SIF, the SM
had no diurnal variation. Although there was a significant correlation between SM and
SIF on the half-hour scale, the correlation disappeared when the temporal aggregated to
the daily scale. All the factors significantly affected the daily and half-hour scale of SIF in
the spring; however, the effects of SM and Ws on SIF disappeared in the summer. SM was
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correlated with the half-hour scale of SIF in the autumn, but this relationship was covered
up at the daily scale.
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cloudy (f) and rainy (i)). Each subgraph was dated in the upper right corner.
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Figure 5. Pearson correlation coefficients between SIF and different environmental factors, in different
seasons (whole, spring, summer and autumn). Environmental variations included PAR, Ta, wind
speed (Ws), SM and VPD at daily scale (the lower part of each figure) and half-hour scale (the upper
part of each figure). Blue means positive correlation; red means negative correlation; and the flatter
the ellipse, the stronger the correlation. Note: *—significant correlation at p < 0.05 and **—significant
correlation at p < 0.01.
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PAR was a necessary condition for the emission of SIF, which was significantly corre-
lated with SIF and APAR on both the daily and half-hour scales. It should be noted that the
Ta and VPD were also significantly correlated with PAR at different temporal scales, and
the correlation coefficients were larger than those between these environmental factors with
SIF and APAR. In other words, the Ta, VPD, SIF and APAR had a covariant relationship
with PAR, which would affect the relationship between the environmental factors and the
fluorescence parameters. To eliminate this effect, we chose a partial correlation analysis
to analyze the links between the fluorescence parameters with the Ta and VPD, and we
took PAR as the control variable (Figure 6). After removing the effect of PAR, the VPD still
significantly affected SIF, but the effect changed from positive to negative. The effect of Ta
on SIF in the total growing season disappeared, indicating that the effect of Ta on SIF was
derived from the effect of PAR on SIF. The influence of Ta on the half-hour scale of SIF in the
spring and summer changed direction, and Ta only had a significant negative effect on SIF
in the summer at the daily scale. That is to say, the effect of the VPD on SIF in the summer
mainly comes from Ta, and the effect of the VPD on SIF in the spring and autumn mainly
comes from RH. From the perspective of the total growing season, a partial correlation
analysis showed that, after removing the influence of PAR, the significant positive effect of
Ta on SIF disappeared and the positive effect of the VPD on SIF became negative.

0 T2 [ vPD

1.0

Correlation coefficient

(a) day (b) half-hour
SIF [APAR] SIF [APAR| SIF [APAR| SIF [APAR| [ SIF [APAR| SIF [APAR| SIF [APAR[ SIF [APAR

whole spring summer autumn whole spring summer autumn

Figure 6. The partial correlation coefficient between different seasonal fluorescence parameters and
environmental factors, including Ta (purple bar) and VPD (green bar) in different seasons at the
daily (a) and half-hour (b) scales, with PAR as the control variable. Note: *—significant correlation at
p < 0.05 and **—significant correlation at p < 0.01.

3.4. How Do Environmental Factors Affect SIF?

To clarify the influence mechanism of the environment on SIF, we established a reliable
structural equation model based on the half-hour and daily scale of the growing season.
The goodness-of-fit index (GFI), the comparative fit index (CFI) and the incremental fit
index (IFI) of the obtained models were all closer to or above 0.9, and the root mean square
error of approximation (RMSEA) was less than 0.2. This means that the models have high
reliability. Figure 7 shows the influence of the environmental factors on the APAR, ¢F
and fesc. At the daily scale, the PAR, SM and Ws were not the main reasons for the fPAR
variation; the VPD had no significant effect on ¢F; and the Ws and SM had no significant
effect on the fesc. At the half-hour scale, all five of the environmental factors had significant
effects. In other words, the half-hour scale SIF was more susceptible to environmental
factors. According to the influence coefficients in Tables 1 and 2, the direct influence of the
environment on APAR mainly came from PAR, especially at the half-hour scale (0.938). At
the same time, the environmental factors also affected APAR by changing fPAR. Ta and
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the VPD drove the fPAR variation. The PAR and Ta affected ¢pF. The SM affected the daily
scale ¢F, while the VPD affected the half-hour scale of ¢F. It is worth noting that PAR had
opposite effects on the two-time scales of F. The total influence coefficients of Ta on the
fesc were —0.673 and —0.187 at the daily and half-hour scales, respectively, and Ta was the
dominant factor of the fesc. In addition, PAR and the VPD affected the fes. at the daily scale,
and the VPD and SM affected the fesc at the half-hour scale.
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Figure 7. Structural equation model (SEM) path diagram of APAR, ¢F, fesc and environmental factors
in daily (a—c) and half-hour (d—f) scales. The thickness of the line represents the value of the path
coefficient. All the relationships shown in the figure are significant (p < 0.05). The dashed line
means the relationship is not significant and the solid line means the relationship is significant. Note:
*—significant correlation at p < 0.05 and **—significant correlation at p < 0.01.
Table 1. The relationships between the effects of fluorescence variables and environmental variables
at daily scale in the SEM.
Effect Variable PAR Ta VPD SM Ws fPAR
Coefficient
VPD 0.591
. fPAR 0.138 0.818 —0.303 0.107 0.06
Standardized APAR 0.843 0.303
Direct Effects OF 0.344 ~0.333 0.068 0.253 0.25
fesc 0.208 —0.549 —0.209 0.021 —0.099
VPD
Standardized fPAR —-0.179
Indirect APAR 0.042 0.194 —0.092 0.033 0.018
Effects ¢F 0.04
fesc —0.124
VPD 0.591
fPAR 0.138 0.639 —0.303 0.107 0.06
Total Effects APAR 0.884 0.194 —0.092 0.033 0.018 0.303
¢F 0.344 —-0.293 0.068 0.253 0.25
fesc 0.208 —0.673 —0.209 0.021 —0.099
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Table 2. The relationships between the effects of fluorescence variables and environmental variables
at half-hour scale in the SEM.

Effect

. . Variable PAR Ta VPD SM Ws fPAR
Coefficient
VPD 0.685
. fPAR ~0.128 0.813 ~0.225 0.134 0.071
St.zmdardlzed APAR 0.938 0.205
Direct Effects OF ~0232 ~0.198 0.083 0.044 0.033
fosc 0.068 0301 0.166 0.151 0.031
VPD
Standardized fPAR —0.154
Indirect APAR ~0.026 0.135 ~0.046 0.027 0.014
Effects ¢F 0.057
fesc 0.114
VPD 0.685
fPAR ~0.128 0.659 0225 0.134 0.071
Total Effects APAR 0912 0.135 —0.046 0.027 0.014 0.205
OF 0232 ~0.142 0.083 0.044 0.033
fosc 0.068 ~0.187 0.166 0.151 0.031

4. Discussion

As a reliable substitute for photosynthesis rate, SIF has been used in several research
studies, with various spatio-temporal scales and ecosystems. Due to the low temporal
resolution, most of the results of the current analyses of the relationships between SIF data
based on satellite remote sensing and the environmental factors are not desired. Although
the research that has been conducted into the leaf scale can explain some issues from a
mechanistic perspective, it is doubtful whether the interpretation of individual leaves can
represent the whole canopy. To clarify the influence process of the environmental factors
on the canopy SIF of forest ecosystems, in this study, data on the SIF of a Chinese cork oak
plantation during 2020 were continuously collected by a tower-based fluorescence auto-
matic observation system. We analyzed these data collectively, using five environmental
factors. The results showed that SIF was not only affected by PAR, but also by the VPD,
SM, and other factors. This finding is crucial in properly understanding the relationship of
SIF to other physiological processes, under different conditions.

4.1. The Temporal Variation Characteristic of SIF

After vegetation absorbs PAR, fluorescence is emitted from the leaves, which is fi-
nally observed at the top of the canopy through scattering and reabsorption within the
canopy [68]. These processes are mainly affected by the canopy structure, the chlorophyll
content and the environmental conditions [69]. The influence of the canopy structure on
SIF is mainly reflected in two processes: radiation absorption (fPAR) and scattering and re-
absorption (fesc) [70]. In this study, the canopy SIF in a Chinese cork oak plantation showed
an obvious seasonal dynamic and showed a general trend of first increasing and then
decreasing in the growing season (Figure 1). Similar trends have been observed in studies
on farmlands and temperate mixed forests [18,19]. As a deciduous forest, the Chinese cork
oak plantation showed dramatic changes in its canopy structure, especially during the
periods of leaf expansion and defoliation. The fPAR and the fes. of the Chinese cork oak
had obvious seasonal characteristics. The fesc was mainly affected by the canopy structure
and was weakly affected by the chlorophyll content. The seasonal trend and the variation
amplitude of the fPAR were between the MTCI and NDV], indicating that the fPAR was
affected by a combination of the canopy structure and the chlorophyll content. The SIF in
mixed forests and farmlands have been seen to decrease with the plants” senescence [12].
Vegetation usually enters the senescence stage before the deciduous stage begins. At this
stage, the photosynthetic activity of the leaves decreases, accompanied by chlorophyll
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decomposition to protect the photosynthetic structure from the destruction of excess light
energy [71]. Chlorophyll also affects the canopy fesc and the fPAR. Overall, the chlorophyll
content affects every stage, from radiation absorption to fluorescence signal acquisition.
The increase in the chlorophyll content promotes photosynthesis and fluorescence emission,
leading to an increase in the SIF and maximum carboxylation rate [72]. The fluorescence
yield of wheat leaves has shown a stable trend seasonally, but has also shown a decrease
consistent with the chlorophyll content in the late senescence [73]. The secretion of abscisic
acid, which can induce stomatal closure, is a self-protection strategy in senescence-period
plants, which is often accompanied by chlorophyll decomposition. During this period, the
SIF and photochemical reactions decrease and NPQ increases [74]. The influence of the
canopy structure on the seasonal dynamics of SIF has been seen to be greater than that of
the chlorophyll content. However, other research studies have found that there are similar
trends in coniferous forests, with little seasonal variation in canopy structures. The canopy
structures of coniferous forests have been seen to be basically stable throughout the year,
and the chlorophyll content and temperature were seen to be the main causes of seasonal
changes [75]. The decrease in SIF in the winter has been observed as due to the seasonal
physiological changes mediated by photochemical quenching and non-photochemical
quenching [3].

Under sunny conditions, the diurnal variation of the SIF has shown a “unimodal”
pattern, which was similar to the diurnal dynamics of PAR [76,77]. As we know, plant
photosynthesis is prone to midday inhibition during sunny days. In fact, due to the
pressure of high Ta or high VPD, chlorophyll fluorescence at the leaf-scale has occurred as a
phenomenon similar to photosynthetic midday depression. In their research on temperate
forests, Lu et al. found that there was midday inhibition of fluorescence after they ignored
the canopy scattering and reabsorption processes [19]. In this study, top-canopy leaves may
have occurred midday inhibition under direct sunlight and high VPD conditions, while
inner-canopy leaves were not stressed due to the canopy shading or microclimate. The
tower-based system collected fluorescence throughout the canopy, so the leaves inside
the canopy were full of this inhibition, which may have been one reason for the absence
of midday inhibition. Another possibility is that Chinese cork oak is a drought-resistant
species and, thus, the environmental conditions did not reach the threshold for inhibition
during the observation period. By observing the diurnal variation trend, we found that
the SIF changed asymmetrically in the morning and afternoon, even under the condition
of symmetrical PAR. Other research studies on crops have concluded that the asymmetry
was caused by the obvious row structure of farmland, and further research has found
that the diurnal variation of maize-canopy SIF was caused by the variation of incident
solar radiation and solar observation geometry [78] The zenith angle can change the ratio
of sun and shade leaves, thus changing the observed canopy structure [79]. The fesc is
affected by the LAI and the leaf inclination angle distribution, and the growth differences,
water stress and wind direction lead to uneven distribution and variation in the canopy
geometry [19]. Therefore, in this study, the fesc in the afternoon was higher than that in the
morning (Figure 4), which may have been caused by changes in the canopy structure, zenial
angle and leaf movement, and the asymmetry of APAR also confirmed this possibility. The
diurnal inflection points of SIF on the sunny days gradually advanced with the advance in
growth; however, this was not found on cloudy and rainy days. Clouds will reduce the
total solar radiation and increase the diffuse reflection, possibly greatly reducing the effect
of the zenith angle on the fesc. The fesc changed slightly on cloudy and rainy days, which
may be the reason why the relationship between SIF and GPP on cloudy days was closer
than it was on sunny days.

4.2. Regulation of SIF by Environmental Factors

In the daily scale, SIF was not only affected by the canopy structure and pigment
content, but also fluctuated according to the environmental factors. This was especially true
when the canopy structure was stable, as environmental factors dominated the dynamics of
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SIE. SIF contains information about APAR and the environmental stresses (e.g., temperature
and water stress) related to photosynthetic light energy utilization [14,80]. Compared
with the vegetation index, SIF had more obvious daily dynamics and was more sensitive
to the variations in PAR, Ta, VPD and SM [69,81]. To clarify the influence path of the
environmental factors on SIF, we analyzed the responses of the APAR, ¢F and the fes to
the PAR, Ta, VPD, SM and Ws. The results showed that PAR was the most closely related
factor to the SIF in the Chinese cork oak canopy, which significantly affected the three
components in most cases, indicating that the SIF was driven by incident solar radiation.
The ability of PAR to drive SIF has been recognized in many studies [82-85]. However,
there is another explanation for what drives the diurnal dynamic of SIF: the genes that
encode the chlorophyll binding proteins may be up-regulated at dawn and down-regulated
before sunset [86]. This suggests that the circadian rhythm may be another factor in
determining the dynamics and in changing the relationship between fluorescence and
photosynthesis. The opposite effect of PAR on ¢F at two time-scales may be related to the
diurnal dynamics of PAR. When PAR exceeds the electron transport chain capacity, plants
will protect their leaf structure through NPQ [87], which will reduce their fluorescence
yield [88,89]. The analysis of the relationship between the environmental factors (e.g., PAR,
Ta and precipitation) and the forest SIF, which was based on remote sensing data, found
that the 16-day and day-scale SIF in the Greater Khingan Mountains were only related to
the Ta [30]. The satellite data were instantaneous, taken from one moment in time, and thus,
they did not include the diurnal dynamics of PAR. In this condition, there was no significant
relationship between SIF and PAR, suggesting that the circadian rhythm could affect this
relationship. On a regional scale, the Ta regulated SIF by influencing photosynthesis.

We found that the Ta had a consistent and significant effect on SIF. It had a positive
effect on APAR and a negative effect on the ¢F and fes, yet the contribution of APAR to
SIF was higher than that of ¢F and the fes; therefore, the Ta had a positive effect on SIF.
After eliminating the covariant of Ta and PAR, the effect of the Ta on the daily SIF was
weakened or had disappeared. In the spring and summer, the Ta was higher than the
optimum photosynthetic temperature, and it had a negative effect on SIFE. High tempera-
tures reduce the photosynthetic rate, and radiation promotes the temperature; therefore,
the compensation of PAR to SIF covered the inhibition effect of the high temperatures on
SIF. While the temperature in autumn was low, Ta became a photosynthetic limiting factor
and influenced the rhythm of the vegetation [75]. The soil moisture of this study site was
insufficient and the change of intra-day Ta impacted on leaf morphology (high temperature
will make the leaf curl), which may be the reason why Ta significantly affected fesc at the
half-hour scale [90]. The reasons for the significant influence of Ta on fes. at a daily scale
can be explained from two aspects. On the one hand, Ta was related to the canopy structure
through synergistic changes with the phenological pattern in deciduous broadleaf forest.
On the other hand, continuous high Ta along with less precipitation in May—June (late
spring and early summer) regulated canopy structure. In addition, the decline rate of
MTCI in September-October was higher than that in NDVI (Figure 1), indicating that the
decrease of Ta in autumn led to the decomposition of leaf chlorophyll [91], which could
be another reason why Ta affected fesc. The environment not only affected SIF directly by
changing the allocation of the light energy, but also indirectly by regulating stomatal behav-
ior. Plant stomata are accesses that regulate and control photosynthesis and transpiration.
Some physiological processes also require stomata for gas exchange. Stomata are closed at
night, even when the temperature and water are optimal for plants; light is the necessary
condition for the stomata to open. Circadian rhythm can affect the relationship between
photosynthesis and fluorescence efficiency by controlling stomatal conductance [92]. The
VPD is an indicator of meteorological drought, and leaf curl/stretch can change canopy
structures (fesc) to affect SIF. Moreover, the VPD can affect stomatal opening and closing;
however, this effect was mainly reflected in the half-hour scale. Previous research has
shown that the influence of the VPD on SIF had a critical value; thus, a high VPD will have
a negative effect on SIF [93]. Our results showed that the VPD had a positive effect on SIF
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(Figure 5). However, after removing the covariant effect of the VPD and PAR, VPD had a
negative effect on SIF (Figure 6). PAR mutated the effect of the VPD on SIF, and the asyn-
chronous response of SIF and the GPP to the VPD may be one of the reasons for decoupling
in drought events. Ws affected SIF in physical and physiological directions. First, wind
affected the canopy structure by moving or rolling the blades, causing changes in APAR
(half-hour). Second, the wind affected stomatal conductance by changing transpiration
pull, causing changes in light utilization.

5. Conclusions

In this study, continuous and synchronous observations of canopy SIF and environ-
mental factors were made in Chinese cork oak, in 2020. We found that canopy SIF had
distinct seasonal and diurnal dynamics, which were mainly driven by PAR. The obvious
variation in the feg. in the intra-day may be the main reason for the asymmetry of the
diurnal variation of SIF on sunny days. PAR, Ta, VPD and Ws significantly affected the
daily and half-hour scale SIF during the growing season. The correlation between SM and
SIF was robust during the spring and autumn, when the precipitation was low, but not
significant in the summer. After eliminating the covariant effect of PAR with Ta and the
VPD, the relationship between Ta and SIF in the total growing season disappeared due
to the different effects of Ta on SIF in the different seasons. The effect of the VPD on SIF
was negative. This study showed that the influence of environmental factors related to
water and heat on SIF varied with the seasons. In relatively dry seasons, the SM and VPD
have more significant effects on SIF through the canopy structure and fluorescence yield.
In the autumn, when the leaves were aging and the temperature was low, Ta became a
photosynthetic-limiting factor and promoted SIF by affecting the fluorescence yield. This
study further clarified the response mechanism of SIF to environmental factors, providing a
basis for analyzing the differences between SIF and photosynthesis in the coping strategies
necessary for climate change. It would be helpful for subsequent research to investigate
or predict the relationship between SIF and the GPP under different conditions and to
understand the possible causes of this.
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