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Abstract: Photosynthesis and its sensitivity to the changing environment in alpine regions are of great
significance to the understanding of vegetation—-environment interactions and other global ecological
processes in the context of global change, while their variations along the elevation gradient remain
unclear. Using solar-induced chlorophyll fluorescence (SIF) derived from satellite observations,
we discovered an increase in solar-induced fluorescence yield (SIF;,4) with rising elevation in
Tibetan meadows in the summer, related to the altitudinal variation in temperature sensitivity at both
seasonal and interannual scales. Results of the altitudinal patterns of SIF,;,;; demonstrated higher
temperature sensitivity at high altitudes, and the sensitivity at the interannual scale even exceeds
that at seasonal scale when the elevation reaches above 4700 m. This high-temperature sensitivity of
SIFye14 at high altitudes implies potential adaptation of alpine plants and also indicates that changes
in photosynthesis-related physiological functions at high altitudes should receive more attention in
climate change research. The altitudinal SIF,;.4 patterns revealed in this study also highlight that
variations in temperature sensitivity should be considered in models, otherwise the increasing trend
of SI Fyie14 observations can never be discovered in empirical simulations.
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1. Introduction

The photosynthesis activity of alpine vegetation and its response to the changing
environment has been an attractive topic for centuries [1,2] due to its unparalleled scientific
and social significance. In alpine regions, plants along the altitudinal gradient usually
habituate themselves well to local environmental conditions, thus their physiological
traits vary over relatively short horizontal distances [1,3]. Due to the unique combination
of extreme environmental stresses along the altitude gradient, such as low temperature
and high light intensity, large amounts of special materials for evolutionary studies on
adaptation strategies can be found in alpine regions, which appeals to numerous ecologists
and evolutionists [1,3-6]. The special combination of environmental stresses also makes the
alpine area a natural laboratory for vegetation—climate interaction research. Environmental
variables that often appear with collinearity decouple along the elevation gradient, which
can be of benefit in clarifying the response of photosynthesis to the environment under
wild conditions [1]. Considering the specificity of this habitat, the findings and mechanisms
of adaptation in high-altitude regions can be different from those in other regions, such as
high-latitude regions [7], therefore, research on the alpine vegetation—climate interaction
is invaluable. Understanding the altitudinal variations in unique traits of alpine plants
and their environmental sensitivity will help in revealing their adaptation mechanism in
mountain areas, describing the impact of climate change on vegetation, and predicting the
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degree of biological negative feedback to the changing climate. However, the altitudinal
patterns of vegetation changes are still under discussion.

Altitudinal factors can affect vegetation in diverse aspects. Studies have demonstrated
that the phenological behavior of vegetation in alpine regions varies significantly with
altitude. Liu et al. discovered higher phenological sensitivity to temperature in spring in
regions with higher altitudes, which highlights the vulnerability of alpine vegetation in the
context of global warming [8]. This study also found a reduced number of accumulated
growing degree days before the growing season at high altitudes, which was consistent
with the growth efficiency hypothesis suggesting that less heat is required for the green-up
date in colder habitats. Apart from phenological properties, studies have also demonstrated
that vegetation structure and some physiological traits change along with altitude [9,10].
Alpine plants were found to adjust their individual plant biomass allocation in the Tibetan
Plateau [11,12]. According to that research, as altitude increases, plants increase their
biomass proportion to below-ground storage organs in order to resist environmental stress.
Ground research on variations in 13 traits of grassland and forest in the European Alps also
demonstrated variations of plants along the elevation gradient, showing that stress factors
such as cold and a short growing season can impact the growth and reproduction of alpine
plants and constrain them to a limited number of strategies [13]. Based on published data on
210 species at 25 sites, a re-analysis study successfully modeled increasing photosynthetic
capacity and decreasing primary production along the Amazon-Andes, and managed to
test the emerging theory that photosynthetic traits and primary production depend on
optimal acclimation and adaptation to the environment [14]. These results suggest that
plants” adaptation to their unique local circumstances can play an important role in the
formation of altitudinal trait differences. Variations in phenotypes across altitudes generally
reflects the long-term effects of harsh environmental conditions and short growing seasons
on vegetation in higher regions [15].

However, it is still unclear whether and how these altitudinal factors influence
photosynthesis-related traits and the sensitivity of these traits to environmental changes,
and different results may be obtained in different regions [2]. While previous studies based
on field investigations discovered altitudinal variations in the photoprotection strategies,
photosynthetic parameters, and biochemical composition of the photosynthetic appara-
tus [13,16,17], the insufficient representativeness of field investigation limits the applicable
range of these conclusions. Models do contribute to explaining photosynthetic changes
along the altitude [2,14], but their oversimplified process and the complexity of the real
world make it hard for them to show the diverse altitudinal patterns in the real world.
Therefore, further studies are required to give an overall view of photosynthesis and its
sensitivity to environmental changes at the ecosystem scale. Gross primary production
(GPP) estimation products provide an opportunity to study photosynthesis productivity
directly, but they are still insufficient to capture the spatial distribution of photosynthesis
in some places. For instance, the data-driven FLUXCOM GPP products, derived from
observations of the global micrometeorological flux site network (FLUXNET), is considered
to be biased when applied to alpine regions, because the network’s EC towers are generally
located in the temperate zone of the northern hemisphere below 1000 m [18].

As a special photosynthesis-related physiological trait detectable from remote dis-
tances, solar-induced chlorophyll fluorescence (SIF) has paved the way for research on
altitudinal variations in the physiological status of alpine vegetation at large scale. Linked
with light reaction in the photosynthetic process, SIF is emitted by light-inspired chloro-
phyll molecules and contains photosynthesis-related physiological information in addition
to absorbed light information. Thus, it is able to reflect photosynthetic-related physiological
responses of alpine vegetation to the environment. Numerous satellite-based SIF products
have been developed [19-24] since the first satellite-based SIF retrieval in 2007 [25], which
is valuable in places that lack ground observations, such as alpine regions. SIF contains
information on both incident light intensity and plant properties, whereas SIF,;4, derived
from SIF normalized by absorbed photosynthetically active radiation (APAR), can be used
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to reflect photosynthetic traits of plants [26] as well as their responses to environmental
stress [27,28]

Previous studies have observed the effect of altitude on photosynthesis in various
regions by various methods, and their results involved different latent factors and revealed
different mechanisms [1]. Here, based on the Global Ozone Monitoring Experiment 2
(GOME-2) satellite-based SIF dataset on the Tibetan Plateau meadow, we aim to (1) investi-
gate and compare the relationship between altitude and SIF ;.4 from different perspectives,
which may involve the influence of vegetation adaptation, seasonal changing factors, and
interannual environmental changes; (2) find whether there is variation in the temperature
sensitivity of SIF,;,; along the altitude gradient; and (3) find the spatial distribution of
temperature sensitivity in the study area and compare the temperature sensitivity of SIFy ;s
to seasonal changes and to interannual changes, which may help us find areas that need
extra attention in the context of global change.

2. Materials and Methods
2.1. Study Region

The Tibetan Plateau is a particularly special alpine area and has aroused much interest.
As a result of the unique unstable environmental conditions caused by the thin atmosphere
and the extreme stress combination of low air pressure, strong winds, high ultraviolet
light, high rates of warming, and large daily temperature amplitude, plants in such high-
altitude regions face even tougher living conditions than those in boreal areas [29-31]. For
example, alpine plants have to cope with stress imposed by low temperature and high light
intensity, otherwise they would suffer from oxidative damage triggered by an imbalance
between energy absorption and energy use [32-35]. In a subtropical high-altitude region,
this imbalance problem is reinforced, therefore, the vegetation may exhibit more interesting
traits, as well as unusual photosynthesis behaviors [31].

The Tibetan Plateau has attracted much attention, not only because of its extremely high
altitude and unique environment, but also for its high sensitivity to climate change [30,36,37]
and its great significance to human lives. Recognized as one of the most sensitive areas
to climate warming, this region has aroused much attention, and studies have shown an
accelerated, higher rate of warming in the Tibetan Plateau than the global average [38,39].
As the “third pole” of the earth, the Tibetan Plateau influences the atmospheric circulation
and participates in the formation and modulation of the Asian monsoon climate [40-43]. In
addition, it can also regulate the quantity and quality of water in many important rivers in
the world [44], which shows the essential role it plays in human life. The ecosystem of the
plateau plays an important environmental role throughout Asia [45]. If the ecosystem col-
lapses due to drastic environmental change, it may even cause air pollution in the lowland
area, because it has all the factors and conditions to generate dust storms in the Tibetan
Plateau [46]. Since photosynthesis makes a significant contribution to ecosystem develop-
ment, the study of alpine photosynthesis traits and response to changing environmental
conditions may help us foresee the fate of alpine ecosystems.

2.2. Satellite-Based SIF Dataset

SIF retrievals during 2007-2018 were utilized in this study. The SIF data came from
an 8-day spatially downscaled gridded GOME-2 SIF dataset with resolution of 0.05° [47].
It is based on robust and cloud-insensitive GOME-2 SIF retrieval at 740 nm wavelength
proposed by Kohler et al. (2015) and shows high agreement with the observations of
TROPOMI after bias correction. As the original retrieved SIF represents the instantaneous
value at its observation time, daily correction was performed to convert the instantaneous
SIF to the daily average SIF. The SIF values in Duveiller’s dataset were converted to daily
average via the method proposed by Kohler et al. [23], and are therefore comparable with
daily gross primary production (GPP). In addition, rigorous quality control was performed
on this dataset, and the impacts of bidirectional reflectance and weather conditions were
minimized. However, it should be noted that since day correction was performed using
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the cosine of the solar zenith angle (SZA), variations in weather during the day are not
taken into account in this dataset. Therefore, the so-called daily correction is actually a
correction for the difference in solar zenith angle and day length caused by latitudes, and
all of the SIF data used in this research can be seen as clear sky observations. In this study,
instantaneous SIF at 09:30 was obtained by conducting the inverse operation of previous
steps for the calculation of instantaneous SIF ;4.

Although GOME-2 provides global satellite-based SIF data covering a long period
of time, the radiometric degradation of the instrument is problematic and may lead to
inconsistency in interannual analysis [48,49]. In order to address that, a pseudo-invariant
method was employed to correct for this degradation in a dataset shared in ZENODO
repository [50].

2.3. Datasets of Environment Variables

The variables used to represent ambient thermal conditions in this study were acquired
from the China Meteorological Forcing Dataset (1979-2018) [51,52] and ERA5-Land hourly
data from 1981 to the present [53]. The China Meteorological Forcing Dataset (CMFD)
was developed specifically for studies in China and combines remote sensing products,
reanalysis datasets, and in situ observations with a temporal resolution of 3 h [51]. Here
we selected the daily 2 m air temperature CMFD product from 2007-2018 with a spatial
resolution of 0.1° as the temperature variable.

We also applied the temperature variables from the ERA5-Land dataset to examine the
robustness of the results in this research [52]. ERA5-Land is a reanalysis dataset with inputs
used to control the uncertainty of simulations, and its hourly data provide estimations of
numerous environmental variables with a spatial resolution of 0.1°. The 2 m temperature
(unit: K) and skin temperature (unit: K) were selected to describe the overall thermal
condition in the study area.

Photosynthetically active radiation (PAR) was obtained from the surface solar radia-
tion downward product in the ERA5-Land hourly dataset by multiplying by a coefficient of
0.46. As the raw data provided by ERA5-Land represent accumulated values and the unit is
] m~2, a conversion process was conducted and the unit was converted to W m 2. PAR at
09:30 (approximately the overpass time of GOME-2) was calculated in this research. Since
the reanalyzed dataset gives the data at a certain universal time, data values in different
pixels actually represent PAR values at different local times, which is different from satellite
data. Therefore, time zone conversion was required here. The study area spans three time
zones, so it was necessary to calculate the difference of accumulated PAR between the
local 09:00 and 10:00 to obtain values at 09:00-10:00 for each time zone. The result can be
approximately considered as instantaneous PAR at 09:30. Since directly mosaicked images
have more obvious seams, corrections based on the sun zenith angle were performed
within the time zone according to the central meridian and latitude differences.

2.4. DEM Data

For elevation data, we employed processed Shuttle Radar Topography Mission (STRM)
data version 4.1 downloaded from International Center for Tropical Agriculture Consor-
tium for Spatial Information SRTM (CIAT-CSI SRTM) [53]. The original dataset was derived
from the United States Geological Survey (USGS)/NASA SRTM, and its no-data regions
have been filled using interpolation methods described by Reuter et al. [54]. CIAT provides
seamless, continuous topography surfaces at 250 m spatial resolution, and we resampled it
to 0.05° to match the spatial resolution of SIF datasets. Considering the natural distribution
of meadows in the Tibetan Plateau and possible misclassified regions in the vegetation
map, regions above 5500 m and below 3200 m were discarded in the subsequent analysis.
DEM values were binned at 100 m intervals.
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2.5. Other Auxiliary Datasets

Besides the most important SIF data, environmental variables, and elevation data,
some other datasets were also used as auxiliaries. The shapefile of the study region
was acquired from the Datasets of the Boundary and Area of the Tibetan Plateau by
Zhang [55,56]. It was employed as a mask layer and applied to every raster file in this
study. According to this shapefile, the study area ranges from 25°59'37"/N to 39°49'33"'N,
73°29'56""E to 104°40'20"'E, and spans three time zones, which indicates a need for time
zone correction during the instantaneous PAR calculation process mentioned in Section 2.3.

The absorbed photosynthetically active radiation (APAR) represents the amount of
photosynthetically active radiation absorbed by plants. In order to eliminate the impact
of this total energy on SIF, APAR is required in this study. APAR can be calculated by
multiplying the fraction of absorbed photosynthetic active radiation (fPAR) and PAR. Here
in this study, we employed GLASS fraction of absorbed photosynthetic active radiation
(fPAR) data [56,57]. The files in this dataset are organized in Geotiff format with 0.05°
resolution, and the APAR data can be easily obtained by multiplying fPAR and spatially
downscaled 0.05° PAR. Instantaneous APAR at 09:30 (approximately the overpass time of
GOME-2) are generated in this research.

To extract the meadow region in the study area, we employed a vegetation map
provided by the Institute of Botany, Chinese Academy of Sciences [58]. This thematic map
is based on field investigations and shows the distribution and geographical patterns of
vegetation in China, including horizontal and vertical distribution, in detail.

2.6. Statistical Analysis

According to previous studies, SIF can be expressed as the product of APAR and
SIFie14 [26,59]. Therefore, SIF, ;4 is represented by the following formulation:

SIF SIF

IE g = =
SThyied = 3527 PAR x fPAR

)

SIFieq can be treated as normalized SIF, getting rid of the impact of incident light
intensity. Thus, it can indicate the SIF emission capacity of plants. Instantaneous SIF, (at
about 09:30) was analyzed in this study to discuss the uncertainty caused by varying light
conditions. Calculating instantaneous SIF,;y requires converting daily SIF data, provided
by Duveiller, to instantaneous SIF at about 09:30. The conversion method is based on the
cosine of SZA and is similar to the instantaneous PAR conversion inside the time zone, as
mentioned above.

In our analysis, SIF,;,; observations from 2007-2018 were aggregated to a temporal
interval of 8 days or 1 month, in order to support the investigation of SIF ;.1 changes along
the elevation gradient. According to the time resolution of the SIF observations, a total
of 46 altitudinal SIF;,, variations for 8-day SIF and 12 for monthly SIF were obtained.
Altitudinal variations in SIF,;,; were observed first, then the seasonal and interannual
changes of the variation patterns were analyzed. Seasonal changes of SIF,;,; were investi-
gated based on the multi-year average, and the relationship between SIF, ;s and ambient
temperature was explored. Considering the possible altitude-specific patterns, we also
employed the observations at different altitudes to find out whether there were differences
in the SIF,;;y—temperature relationships. For analysis at the interannual scale, relationships
between SIF ;s and ambient temperature or PAR were investigated at different days of the
year (DOYs), and the results obtained during the peak growth period are discussed.

We also analyzed the altitudinal variations in SIF,;e14 temperature sensitivity at sea-
sonal and interannual scales. Sensitivity of SIF, 1y to ambient temperature changes is
defined as the slope of the linear model between SIF ;.4 and temperature in this study
(the relationship can be expressed as a linear function only when the temperature reaches
275 K, a relatively mild temperature condition for alpine vegetation), thus it is also the
indicator of the relationship between SIF,;,; and temperature. Linear regressions on the
relationship between SIF;,; and temperature were employed for the calculation of tem-
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perature sensitivity at both seasonal and interannual scales; in addition, the relationship
between the altitudes and temperature sensitivity (the slopes of these linear regressions
above) is also investigated by regression analysis. To identify areas sensitive to climate
change, we took the seasonal temperature sensitivity at each altitude as the reference and
then compared the interannual results with it. In order to visualize the spatial distribution
of temperature sensitivity, linear regression analysis was conducted pixel by pixel, and the
statistical significance of regression was also investigated here.

As a nonparametric test without requiring normal distribution [60], the Mann-Kendall
trend test was employed to judge the monotonic trend of SIF ;s and temperature sensitiv-
ity series and indicate whether they were significant by inspecting the value of tau statistics.
In addition, the Mann-Kendall test can also tell us whether there is an abrupt change in
data series [61]. By observing the intersection point of the UF and UB statistics, we can
locate the abruption. If there is only one intersection point and it falls into the confidence
interval (usually defined as between +1.96 and —1.96), it indicates that there is an abrupt
change in the series and it is significant at the given level. In this study, this method was
employed to find the turning temperature threshold in seasonal SIF,,;; changes along
the elevation gradient. Additionally, the Wilcoxon rank sum test, another nonparametric
test, was employed to determine whether there was a significant difference in temperature
sensitivity of SIF, ;s between low and high altitude.

3. Results
3.1. Altitudinal Patterns of SIF 1y Changes

3.1.1. Altitudinal Variation in SIF,e4

The SIF,;4 changes along the elevation gradient shows an increase in values at higher
elevation on summer days in the Tibetan Plateau. From DOY 173 (21 or 22 June) to DOY 245
(1 or 2 September), 8 out of 10 records (with 8-day intervals) support the increase in SI Fyield
at high altitudes in summer, and the increase trend is particularly apparent on DOYs
197, 205, 213, and 221. On DOY 197 (14 or 15 July, in summer), SIF;,; increases along
the altitude gradient, while the ambient temperature decreases simultaneously, as shown
in Figure 1la. The coefficient of determination of the linear regression between SIF,;4
and altitude is fairly high (R? = 0.91) on DOY 197 for the 12-year averaged observations
(Figure 1a). This high R? value demonstrates that the elevation itself can explain nearly 91%
of variations in SIF .4 in general, while the much weaker correlation (Figure 1b) shows
that the discrepancy of SIF,.4 in different years still exists, probably due to the impacts
of other factors. The increased SIF, .1y (Figure 1a) passed the Mann-Kendall trend test
with p < 0.05, which confirms the significance of the trend. The trends of SIF, ;.14 generally
increase in high-altitude regions each year, as shown in Figure 1b. Both results displayed
in Figure la,b confirm an increasing trend of SIF;,; along the elevation gradient, but the
coefficient of determination of the linear regression in Figure 1b is much lower than that in
Figure 1a. This might be explained by the stochastic field theory. If the distribution of SIF
yield is considered as a stochastic field, the values of SIF yield taken at different elevations
will be stochastic variables taken with a certain probability, thus the averaging process can
bring down the uncertainties as listed in Figure 1a. Although SIF,,; varies in different
years, there are apparent increasing trends of SIF,;,;; along the elevation gradient for most
of the years (9 out of 12 in Figure 1b). This phenomenon suggests that the average pattern
of higher SIF,;,; along the altitude in summer (Figure 1a) is not the result of high-value
anomalies in particular years (such as relatively high SIF,,; at high altitudes in 2018,
Figure 1b).
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Figure 1. Variations in SIF ;.4 along altitudinal gradient. (a) Altitudinal SIF;,; variation on day of year (DOY) 197 (July,
the peak of summer growth period); (b) SIF,;e;y changes along altitude in 12 years on DOY 197 (July, the peak of summer
growth period). Graph (a) is derived from the average of 12-year observations, while (b) shows altitudinal effects on SIF;,4
and SIF in each year from 2007-2018. Colors in (a) represent the temperature of ambient environment, and colors in (b)
represent year; shaded areas represent the 95% confidence interval Error bars in (a) represent the standard error of SIF ;.4
at different altitudes.

Figure 2 shows observations from 12 years and compares the altitudinal SIF;.4
changes in each year on DOY 197 and 149, and the results confirm that there are indeed
occasions when SIF,; increases as the elevation goes up, but it is not always correct. In
Figure 2a, 10 out of 12 years (except 2009, 2012) follow the rule demonstrated in Figure 1a
(DOY 197, in summer), while only 2 year (2010, 2015) in Figure 2b (DOY 149) obey the
rule. Despite large interannual variations in SIF,;,;y (and there also seems to be atypical
values associated with 2018 compared to other years), an increasing trend of SIF,e14 along
the altitude gradient can still be found for each year in summer (Figure 2a). Therefore, it
seems that the interannual variation in SIF,;,;; mainly causes the systematic differences in
absolute SIF,1 values among years, but it does not change the relative relationship among
SIFe14 at different altitudes in each year. Interestingly, although the SIF, 4 is usually
larger at higher elevation in summer, there are still exceptional cases (for example, 2009 in
Figure 2a, when SIF ;.4 at high altitudes is lower than in low altitudes). This phenomenon
may be caused by phenological changes in different years, but other possibilities cannot be
excluded based on the limited knowledge in this research.
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(a)
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Figure 2. SIF, ;14 changes from 2007-2018 at different elevations. Results are derived from SIF observations on (a) DOY 197
(July, the peak of summer growth period) and (b) DOY 149 (May, regreening period at late spring). 3.1.2. Altitude-Dependent

SIFyie1a Changes at Seasonal Scale.
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Figure 3 illustrates seasonal changes of SIF and SIF;,4, as well as potentially related
ambient environment variables (PAR and air temperature). As shown in Figure 3a, altitudi-
nal variation in SIF seasonal changes is especially apparent. However, getting rid of the
influence of APAR (which contains the impact of structure and incident light), SIF;¢4 still
exhibits altitudinal differences, particularly in summer (although not as significant as SIF).
This result may indicate the existence of altitudinal variation in physiological properties.
SIF is lower at higher altitudes according to Figure 3a, whereas the altitudinal trend of
SIF;e14 is the inverse in the middle of the growing season (from approximately DOY 181
to 245), as shown in Figure 3b.
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Figure 3. Seasonal variations in (a) SIF, (b) SI Fyield, (c) photosynthetically active radiation (PAR), and (d) temperature at
different elevations. Lines in each subgraph indicate DOY when variables reach their peaks, and gray rectangles indicate

SIFye14 peak time for comparison.

Different positions of peaks among these four variables are also found in Figure 3.
The peak time of PAR is the earliest, and the others are far behind. Whereas the SIF peak
time is slightly earlier and closer to the PAR peak, the peaks of SIF,,;; and temperature are
extremely close and become the latest ones. The synchronicity of SIF,;y and temperature
dynamics indicates that SIF,;,;; may be relevant to ambient temperature on the seasonal
scale. However, from about DOY 120-200, PAR starts to decrease, but the value of SIF,;4
continues to increase at this time, indicating that the change of SIF, ;s cannot be explained
well by PAR. In contrast, due to the temperature lapse along the altitude gradient, the
thermal condition in alpine regions is not ideal, thus when it gets warmer, physiological
activities (reflected by SIF,;4) are prone to increase sharply.
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The SIF and SIF;, peaks are both delayed at high elevations (Figure 3), but the
altitudinal effects on their seasonal changes are not always the same. For SIF, it starts
to increase earlier and grow faster at lower altitudes in spring; however, for SIF,,4, the
growth rate shows no significant differences at different altitudes. In addition, SIF in low
altitude regions also declines later than in higher places, as shown in Figure 3a, but SIF, ;.4
declines earlier in low land regions.

As temperature can influence SIF and SIF 4 significantly, their responses to the
temperature along the altitude gradient were also investigated (Figure 4). Contrary to
the result in Figure 3b showing similar SIF ;. increasing rates with DOY at different
altitudes in spring, the increasing rates of SIF;,;; with temperature vary along the altitude
(Figure 4b). Although both SIF and SIF,;.4 in Figure 4 show a positive correlation with
temperature in the range of 260-280 K, the altitudinal differences in temperature response
of SIF, ;.4 are much larger than those of SIF. This indicates that the response of SIF ;.4 to
temperature at the seasonal scale should not be expressed as a single linear function, but a
set of functions that account for the differences in altitude. For SIF, however, the SIF,;4
variations may be covered by APAR variations along the altitudinal gradient, and a linear
regression can be applied to generalize the response of SIF at different altitudes, as shown
in Figure 4a.
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Figure 4. Temperature responses of (a) SIF and (b) SIEF ;4 at different altitudes at seasonal scales. Observations from DOY
93 (April, early regreening period at late spring), 133 (May, early regreening period at late spring), 205 (July, the peak of
summer growth period), and 213 (August, the late summer growth period) are marked.

Despite the lower SIF at higher altitudes (Figure 4a), the vegetation there appears to
have relatively high SIF,;,; for a given temperature. For SIF ;.4 changes at the seasonal
scale, there is also altitudinal variation in the slopes of the SIF,.;;—temperature relation-
ship (Figure 4b). As the temperature goes higher, SIF s increases faster, especially in
high-altitude regions. However, when the temperature reaches about 275 K, the increase
rate becomes stable and the relationship between SIF,;,; and temperature can finally be
described by linear regression. In general, the increasing trend of SIF;.4 is reinforced
significantly when the temperature is higher than 275 K.

3.1.2. Altitude-Dependent SIF ;.3 Changes at Interannual Scale

Since the growing stage of plants, the latitude of the subsolar point, and other climatic
conditions at a specific site are usually similar on the same DOY in different years, the
analysis of SIF;,4 variation at interannual scale is less disturbed by these latent vari-
ables. Whereas seasonal changes in environmental conditions, differences in the vegetation
growth stage, and altitudinal variations in the species composition of the ecosystem usu-
ally confound the altitudinal variation results derived from other perspectives, they are
no longer the dominant factors for altitudinal SIF,;.4 variation at the interannual scale.
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Therefore, the variation pattern investigated from this aspect can be quite different from
the patterns described above.

Figure 5a shows the changing relationships between SIF ;s and environment vari-
ables (PAR and air temperature) from DOY 133-277. As the figure depicts, the R? of the
SIFie1a~PAR relationship is high and stable throughout the period, while the R? of the
SIF,;1;—temperature relationship is small and changeable, especially during the middle
of the growing season. Since R? shows the ability of independent variables to explain the
variation in SIF .4, the smaller R? of temperature in summer indicates that the thermal
condition can no longer explain the SIF;,; variation well, probably because it is good
enough at that time. However, for PAR, R? stays relatively high. It explains the SI Fyiel
well, which is not surprising, as excessive light is a common stress in alpine regions. In
addition to the changing R?, the direction of the SI Fyie1i—temperature correlation is also
unstable (Figure 5a), whereas the correlation between SIF,;,;; and PAR remains negative
during the study period.
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Figure 5. (a) Variations in R? between SIFyje1g and environmental variables (PAR and temperature). Observations from DOY

133-277 are used. Color of bars indicates direction of correlation (red indicates positive and blue indicates negative); deeper
color indicates higher R2. (b) Relationship between SIF ;e and PAR at different elevations on DOY 205 (July, the peak of

summer growth period).

Based on the 12-year observations, Figure 5b shows the relationship between SIF,.
and PAR at different altitudes on DOY 205. As shown in Figure 5b, the responses of SIF,;4
to the same environmental variable, PAR, are different in different habitats. Generally, it
seems that SIF,;y at high altitude is still higher and is more sensitive to changes in PAR.
Results obtained this way may be comparable to some experimental results obtained in
the laboratory, as they are concentrated on the temporal changes of the same vegetation,
and the change of vegetation itself is almost negligible. Nevertheless, differences may still
exist, as the former results are more “authentic”. Because the observations come from
complicated natural conditions, these results are difficult to simulate in the laboratory.

3.2. Altitudinal Patterns of Changes in SIF ;.14 Temperature Sensitivity
3.2.1. Seasonal and Interannual Temperature Sensitivity of SIF, 4

In addition to the altitudinal variation in SIF, ¢4 itself, its temperature sensitivity also
varies along the altitudinal gradient. The altitudinal variation in seasonal temperature sen-
sitivity is shown in Figure 6a. In spite of increased uncertainty, the temperature sensitivity
rises along the altitudinal gradient. When the altitude rises above 5000 m, temperature
sensitivity begins to decrease, probably because the plants there are already subnival plants,
and the extreme environment there make them different from other alpine plants. Taking
the difference between temperature sensitivity at 4900-5000 m and 3200-3300 m as an
example, the Wilcoxon rank sum test was conducted to examine the altitudinal differences.
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According to Figure 6b, there is indeed a significant difference between the averages of
temperature sensitivity at high and low altitudes (p < 0.001). The figure also shows a flatter
shape of the temperature sensitivity distribution at 4900-5000 m than that at 3200-3300 m,
which results from a larger standard deviation (for 3200-3300 m, stdev = 0.001028; for
4900-5000 m, stdev = 0.000278) at higher altitudes.
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Figure 6. (a) Seasonal temperature sensitivity along altitudinal gradient, derived from annual cycle. (b) Distribution of

temperature sensitivity at 4900-5000 m (in blue) and 3200-3300 m (in gray), showing significant differences between them.

(c) Interannual temperature sensitivity along altitudinal gradient; different from results in Figure 5a, temperature sensitivity

calculated here does not distinguish differences in DOYs, and shows a generally positive relationship between SIF,;,; and

temperature (positive temperature sensitivity) at interannual scale in most regions. (d) Altitudinal variation in temperature

sensitivity in different years. Shaded areas represent the 95% confidence interval and the unit of temperature sensitivity is

nm~ s 1K1

With regard to interannual variance, the coefficient of determination between tem-
perature sensitivity and altitude is not so large (R®> = 0.41) (Figure 6a), but that of the
relationship between multi-year average temperature sensitivity and elevation is fairly
high (R? = 0.93). These results show that elevation itself is enough to explain the altitudinal
variation in temperature sensitivity, although there are still latent variables driving the
multi-year changes of variation.

When we look into the altitudinal variation in temperature sensitivity in different years
(Figure 6d), it can be discovered easily that the interannual differences are significantly
enhanced for places above 4200 m. Except for 2018, it seems that years with large seasonal
temperature sensitivity in high altitude regions, for example 2008, 2011, and 2013, usually
had relatively high SIF ;. 4, and years with small seasonal temperature sensitivity, such as
2015, had low SIFyield-



Remote Sens. 2021, 13, 1400

12 of 18

Besides the seasonal scale, temperature sensitivity calculated at the interannual scale
also increases as the elevation rises (Figure 6¢). Although the coefficient of determination of
interannual temperature sensitivity is smaller than that of seasonal temperature sensitivity,
its slope is much greater (seasonal: slope = 0.000188 nm~! sr~! K~! m~!; interannual:
slope = 0.000096 nm ! sr—! K= m~1).

Temperature sensitivity at seasonal and interannual scales was further compared,
as shown in Figure 7a. In low-altitude regions, interannual temperature sensitivity is
lower than seasonal, and when the altitude reaches 4700-4800 m, interannual temperature
sensitivity surpasses seasonal. Both seasonal and interannual temperature sensitivity pass
the Mann—Kendall test and show a significant increasing trend along the altitude gradient,
but an abrupt point is not detected in either of them.
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Figure 7. (a) Altitudinal variation in temperature sensitivity at seasonal and interannual scale. (b) Mann—Kendall test result

of interannual temperature sensitivity along altitude gradient; no abrupt point was detected. Red dots indicate abrupt
points of temperature sensitivity; blue dots indicate altitude threshold of significant increase in temperature sensitivity. Unit
of temperature sensitivity is nm ! sr~1 K~1.

3.2.2. Spatial Distribution of Temperature Sensitivity of SIF e

The spatial distribution of temperature sensitivity of SIF,;., is displayed in Figure 8a,
and the spatial distribution of the tau statistic in the Mann-Kendall test is shown in
Figure 8b. Figure 8c shows the elevation map of study region, and Figure 8d shows that the
alpine kobresia weedy grass meadow is generally the main type of vegetation in Tibetan
meadows. The results in Figure 8a,c and d show that regions with high temperature
sensitivity are generally at high altitude, even if the vegetations there belong to the same
vegetation subtype, which is consistent with the results in Section 3.2.1. Most of the regions
have positive tau and small p-value (p-value < 0.1) (Figure 8b), which demonstrates the
significant increasing trend of SIF .z as the temperature rises above 275 K.

40°N

o
38°N: 3 L
36°N :
34°N %
32°N
30°N
28°N

26°N mor High : 0.153818

24°N] ™ Low : -0.131109

i W s

L

40°N-
38°N-

,,1/ //J/"\r/\/_/ I

36°N

34°N-
32°N
30°N:

789
28N p High: 1

26°N

S Low: -1

Km
1,230 1,640

0 205 410

Km
1,640 820

0 205 410

820 1,230 24°N

72°E 76°E  80°E

84°E

96°E  100°E 104°E

92°F

88°E 72°E 76°E  S0°E  S4°E  SS°E

(@)

92°E 96°E  100°E 104°E

(b)

Figure 8. Cont.



Remote Sens. 2021, 13, 1400 13 of 18

40°N

38°N

36°N

34°N

32°N

30°N

28°N
26°N Temperate grasses,sedges and weeds swamped meadows
Temperate grasses and weeds in saline meadow

R
I Temperate grasses and weeds meadow:

26N pr High : 6019

7 Ki
24°N B ow : 1604 0 205 410 820 1,230 1‘5531 24°N Alpine Kobresia, Weedy Grass Meadow 0 205 410 820 1,230 1.64(’1‘n
72°E 76°E 80°E  S4°E  $8°E  92°E  96°E  100°E 104°E 72°E 76°E 80°E  84°E  88°E  92°E 96°E  100°E 104°E
(©) (d)

Figure 8. (a) Spatial distribution of seasonal temperature sensitivity of SIF;,4; (b) spatial distribution of tau statistic
in Mann—Kendall test. Dots indicate significance of regression or Mann—-Kendall test (p-value < 0.05). (c) Elevations of
study region (data source: STRM-DEM); (d) spatial distribution of vegetation subtypes of Tibetan meadows (data source:
vegetation map provided by the Institute of Botany, Chinese Academy of Sciences). Only regions recognized as meadows
are displayed in these maps.

4. Discussion
4.1. Possible Altitudinal Increase in SIF ;.9 Observed in Summer

The increasing trend of SIF ;.14 along the elevation on summer days can be explained
by the altitude-dependent relationship between SIF ;.4 and environmental variables such
as temperature. In addition to the different relationships between SIF ;.4 and air tempera-
ture at different altitudes, Figure 4b also shows the altitudinal variation in SIF,;,;; on DOY
205 and 213. From the seasonal results, we can infer that the higher temperature sensitivity
at high altitudes makes the altitudinal increase in SIF,;y possible on DOY 205 and 213. If
the temperature sensitivity at different altitudes stays the same, only the result that SIF, ;4
decreases with altitude (increases with ambient temperature) can be obtained.

The schematic diagrams in Figure 9 show that the difference in sensitivity at different
altitudes makes the high SIF,;,;; phenomenon possible at high altitudes. If the altitudinal
variation in temperature sensitivity of SIF,,; (or its sensitivity to other environmental
elements) is not taken into account, as shown in Figure 9a, then it is only possible to
conclude that SIF;,4 is lower at high altitudes, and we cannot obtain results consistent
with satellite observations. Therefore, even if SIF, .y is found to be higher at higher
elevation, it does not necessarily mean that the correlation between temperature and
SIFyje14 is negative for given site observations (Figure 9b).

The varied vegetation along the altitude gradient may also play an important role
in the formation of altitudinal SIF,;.;; patterns. Numerous studies report special physi-
ological responses and photosynthetic behaviors of alpine plants, especially in tropical
and subtropical regions [17,62]. Previous studies also reported relatively high activity of
photosynthesis and its related traits at high altitudes. Ground observation in the eastern
Qinghai-Tibetan Plateau found an increase in the maximum carboxylation rate (Vcmax)
and maximal electron transport rate (Jmax) along the elevation gradient, indicating higher
levels of carbon assimilation and function to cope with the harsh conditions and a shorter
growing season for plants at higher elevations [15]. Actually, the increase in Vcmax and
drawdown of carbon dioxide (CO2) with increased altitude have been consistently ob-
served for many years and proved by numerous studies [2,4,5,14,63-67]. In addition, equal
or even higher photosynthetic rates were also measured [68], and various hypotheses have
been proposed to explain this puzzling phenomenon, mainly including theories focusing
on low temperatures [5,66,69] and low pressure [70,71]. Optimality principles such as the
least-cost hypothesis and coordination hypothesis were also employed in a theoretical
model in 2017 [2]. This model successfully simulated increasing Vcmax and decreasing
ambient CO2 partial pressure with rising altitude from 0-3000 m. Although a consensus on
the mechanism of this phenomenon has not been reached, all of the above findings confirm
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that there are changes in the properties of the plants themselves along the altitude. These
results also demonstrate that there are occasions when photosynthetic capacity increases at
higher altitudes, implying there may also be enhancement of other photosynthesis-related
traits, such as SIF,;4, along the altitude gradient.

middle altitude
relationship

universal
relationship

SIFyield

high altitude
relationship

low altitude
relationghip

SIFyield

temperature temperature

(a) (b)

Figure 9. Schematic diagrams showing that temperature sensitivity makes high SIF, ;4 at high altitudes possible. (a) Altitu-
dinal patterns of SIF ;s when there is no altitudinal variation of temperature sensitivity. (b) Possible altitudinal patterns of
SIF,je1s when accounting for altitudinal variation of temperature sensitivity. A, B, and C represent regions from high to low
altitude, corresponding to temperature variation from low to high.

In addition, plants in high-altitude places usually suffer from severe excess light
stress [16,31], as the light reaction and carbon reaction are prone to be out of sync under
conditions of low temperature and high light intensity. As a pathway of energy dissi-
pation [72], fluorescence emission may also be enhanced to dissipate excess light energy.
According to studies mentioned above, the differences in the characteristics of vegetation
along the altitude gradient, especially traits related to photosynthesis, have shown rela-
tively obvious responses to the environmental conditions in their habitats along the altitude.
Therefore, it is possible that SIF,;; will rise along the altitude gradient as a strategy to
adapt to the environment.

4.2. Interpretation of Patterns Observed at Different Scales

As highlighted by Korner [1], although they are under the umbrella of altitude gra-
dient, vertical variation patterns of vegetation described from different perspectives and
in different regions are usually controlled by diverse drivers. Altitude-dependent SIF, ;4
patterns observed at different scales in this study also reflect different issues and involve
various latent factors. Therefore, discrepancies in these SIF, .y variation patterns do not
necessarily represent a contradiction.

SIF,;eq patterns discovered on the interannual scale are probably close to analysis
results based on controlled experiments. Due to the similarity of seasonal cycle phases
on the same DOY across years, the influence of growth stages, incident solar energy, and
other corresponding environmental variables driven by seasonal cycles is diminished on
the interannual scale. In this case, the contribution of environmental changes (temperature
and PAR) to SIF;,4 variation is enhanced and accentuated, and the results obtained from
this perspective are relatively independent of some common factors in seasonal cycles.
Therefore, interannual patterns of SIF,,; might reflect the response of photosynthesis-
related physiological activity of plants in a given place. The stable negative correlation
between SIF;,;; and PAR on different DOYs discovered on the interannual scale (Figure 5a)
is consistent with previous ground observations showing a negative impact of PAR on
SIEyje1q [73]-
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In comparison with the pattern above, SIF ;.4 variation on the seasonal scale reflects
the mixed effects of seasonal variables on photosynthesis-related vegetation activity. The
formation of this phenomenon involves entangled covariations of different variables. Thus,
it is reasonable that they would be different from interannual results. Peaks of SIF ;.4 at
different altitudes occur in summer, which is also the peak time of vegetation activity. The
SIF 14 at all altitudes increases with rising temperature at this scale, which is consistent
with the increased fluorescence yield and non-photosynthetic quenching (NPQ) discovered
at a high-elevation evergreen forest in summer [74].

To summarize, patterns in this study actually indicate the different responses of veg-
etation to environmental changes along the altitude at seasonal and interannual scales.
The altitudinal variation in SIF, e,y may result from natural selection at the ecosystem
scale. It involves the adaptation of plants to long-lasting environmental stresses in their
habitats and actually reflects the long-term response of plants to environmental changes [1].
Actually, photosynthetic capacity is considered to be one of the ways the adaptation mech-
anism and survival strategies work for alpine plants on the Tibetan Plateau [75]. Change
on the seasonal scale may be the result of long-term cyclically changing environmental
conditions involving the influence of seasonal cycles. The variation in seasonal patterns at
different altitudes may be related to phenological issues, indicating the adaptation of plants
to the harsh environmental condition and the short growing season at high altitudes [15].
In contrast, the patterns on the interannual scale reflect the shortest-term response of
SIF,;e14 to environmental changes in the absence of plant adaptation, which is similar to
the condition of global changes when there is not enough time for plants to develop and
adjust to the changing climate. In other words, the interannual pattern is the response of
plants to the environment without considering their adaptation, while their adaptation
possibly interferes with seasonal patterns and altitudinal variations. Therefore, all of the
patterns are, in a broad sense, the response of vegetation to environmental changes, but the
mechanisms behind them are actually different.

5. Conclusions

Based on GOME-2 SIF observations, we inspected variations in SIF ;.4 and its tem-
perature sensitivity along the altitude gradient in Tibetan meadows. First, accompanied
by lower air temperature and higher light intensity, SIF, ;s was found to increase with
altitude on summer days, and increased SIF,;; during seasonal cycles usually coincides
with higher air temperatures. Second, no significant altitudinal differences were found
in seasonal SIF ;.4 variations with DOY, whereas the increasing trend of its temperature
sensitivity along the elevation gradient was fairly noticeable. Third, a relatively stable
and highly negative correlation between SIF, .y and PAR was found at the interannual
scale, which is consistent with intensified light stress reported in previous studies. Fi-
nally, both interannual and seasonal temperature sensitivity increased at high altitudes,
the former faster than the latter along the altitude gradient, which even exceeded the
seasonal temperature sensitivity above 4700 m. The sensitive response to the changing
environment in high-altitude regions implies an urgent need to pay greater attention to
alpine vegetation—climate interactions, and the patterns shown in this study may help to
advance the understanding of photosynthesis-related physiological activities there.
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