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Abstract Photochemical reflectance index (PRI) has been found to be closely related with vegetation
photosynthetic phenology in many ecosystems including boreal evergreen, but its ability to track carbon
dynamics in low-latitude evergreen mangrove ecosystems has rarely been assessed. To fill up this gap, this
paper explored potential mangrove PRI-carbon links and their environmental controls across temporal
scales (diurnal and seasonal), based on 1-year continuous high-resolution (half-hourly) time series
measurements of spectral signals, eddy covariance carbon fluxes, and multiple environmental factors at a
subtropical mangrove wetland of southeastern China. The diurnal variation of half-hourly mangrove PRI, a
U-shaped changing pattern, was consistent with previous PRI studies on boreal evergreen, while the
seasonal variation of daily mangrove PRI did not experience a hump-shaped changing pattern as in boreal
evergreen. Diurnal and seasonal mangrove PRI variations were significantly correlated with meteorological
(radiation and vapor pressure deficit) and carbon-related parameters (gross primary productivity, net
ecosystem exchange, and light use efficiency), and the strength of diurnal PRI-carbon correlations varied
with meteorological factors with stronger correlations at enhanced radiation and vapor pressure deficit. Our
results further indicated that physiology-related PRI performed better than conventional structure-related
normalized difference vegetation index in tracking mangrove photosynthetic parameters. To the best of our
knowledge, this is the first study to explore the link between high-frequency PRI and carbon dynamics
across temporal scales in natural mangrove ecosystems. The PRI-carbon linkage confirmed by this study will
improve our understanding of temporal variations in photosynthetic carbon dynamics in

mangrove ecosystems.

1. Introduction

Mangrove is one of the most important coastal blue carbon ecosystems with strong carbon sequestration
potential (Nellemann & Corcoran, 2009) to mitigate climate change dominated by anthropogenic activities,
such as industrial carbon emissions and land cover/use changes (Le Quéré et al., 2009). Mangrove is
characteristic of high and effective carbon sink due to slower sediment decomposition and higher carbon
accumulation under anoxic environment over the intertidal zone (Atwood et al., 2017; Howard et al.,
2017), but the temporal variation and spatial heterogeneity of mangrove carbon fluxes are extremely high
(Alongi, 2012, 2014). Surface-atmospheric carbon fluxes have been quantified using a number of measuring
and modeling techniques, among which eddy covariance (EC; Baldocchi et al., 2001) has been increasingly
used as a primary tool to provide near-direct assessment of in situ carbon fluxes for different ecosystems
including mangrove wetlands (Barr et al., 2010; Cui et al., 2018). EC provides an excellent means of sampling
surface-atmospheric carbon exchanges at fine temporal scale (usually half-hourly), but limited spatial
coverage and high instrument/infrastructure costs make it challenged for more spatially extensive
applications. Instead, satellite and aerial remote sensing, as complementary observation techniques to EC,
provides an ideal opportunity to spatially upscale carbon flux measurements from sampling footprint extents
(usually <1 km?) to regional and global scales.
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Historically, vegetation remote sensing has been more focused on mapping and monitoring spatial and tem-
poral patterns of vegetation types and their biophysical parameters (e.g., leaf area index, Tian et al., 2002;
greenness-based phenology, Tucker et al., 1985), but recent development of vegetation remote sensing has
moved beyond these structure-related parameters to more function-related ones (e.g., gross primary produc-
tivity [GPP], Frankenberg et al., 2011; light use efficiency [LUE], Zhang et al., 2017; water use efficiency,
Wagle et al., 2016; and leaf nitrogen concentration, Zhang et al., 2013), providing a better understanding
of underlying ecosystem physiological responses. Among these remote sensing applications, vegetation pro-
duction estimation based on LUE models has become one of the most widely reported applications
(Garbulsky et al., 2008; Gitelson & Gamon, 2015; Xiao et al., 2004; Yuan et al., 2007). Basically, LUE-based
vegetation production models state that GPP is a product of incident photosynthetically active radiation
(PAR), fraction of absorbed PAR (fapar; proportional to green leaf area), and LUE (Monteith & Moss,
1977; Ruimy et al., 1994). PAR is typically obtained from meteorological data, and the latter two are often
linked to remote sensing spectral indices. For deciduous or annual vegetation, the seasonality of photosyn-
thetic activity, or photosynthetic phenology (Gamon et al., 2016), is coupled with the seasonality of green leaf
area and fypar. Thus, vegetation indices (e.g., normalized difference vegetation index [NDVI], Myneni &
Williams, 1994; and enhanced vegetation index, Huete et al., 2002), responsive to changes in green leaf area,
can be used to capture the seasonal dynamics of vegetation production (Running et al., 2004). But, for ever-
green vegetation (e.g., mangrove), relatively stable greenness over the year is decoupled with photosynthetic
phenology (Barr et al., 2013), which is more governed by LUE varying in time and space with environmental
stresses (Garbulsky et al., 2010; Garbulsky et al., 2011). Therefore, it is appealing to assess LUE and photo-
synthetic phenology directly from remote sensing to track the seasonality of vegetation production especially
for evergreen vegetation.

To better characterize vegetation photosynthetic phenology, many satellite and proximal remote sensing
approaches have been recently developed from a variety of sensors. A recent emerging approach is based
on the link between GPP and Sun-induced chlorophyll fluorescence (SIF), which is derived from
atmospheric oxygen absorption bands where small fluorescence signals can be detected from large
background solar radiation (Porcar-Castell et al., 2014). Although strong SIF-GPP linkage has been
demonstrated from spaceborne remote sensing at coarse temporal and spatial scales (Frankenberg
et al., 2011; Joiner et al., 2014; Walther et al., 2016), this SIF-GPP hypothesis has not been well con-
firmed for proximal SIF applications across vegetation types, mainly due to the difficulty in detecting
and interpreting weak SIF signals (Gamon, 2015; Porcar-Castell et al., 2014; Shrestha et al., 2012;
Yang et al., 2018). Another promising approach to remotely assess photosynthetic phenology is based
on photochemical reflectance index (PRI), which is sensitive to diurnal and seasonal changes in vegeta-
tion pigment contents (Gamon et al., 1992). Different from SIF that is essentially of continuous signal
over the spectrum, PRI is a simple two-band index to describe relative magnitude of the reflectance of
two narrow bands in sensitive (usually centered on 531 nm; ps3;) and referenced (usually centered on
570 nm; ps;) spectral region. The close relationship between PRI and photosynthetic phenology has
been widely documented with different vegetation types from both proximal and satellite applications
(Garbulsky et al., 2011).

The temporal variation in PRI time series is thought to reflect the combined changes in pigment composition
(xanthophyll cycle) and its pool size (chlorophyll and carotenoid contents), which dominate alternatively at
various temporal scales (Gamon, 2015). At diurnal scale with constant pigment pool size, PRI tends to show
a U-shaped diurnal pattern governed by nonradiative energy dissipation via xanthophyll cycle (Demmig
et al., 1987; Gamon et al., 1992), in which excessive absorbed PAR causes the de-epoxidation of violaxanthin
to zeaxanthin, leading to lower ps3; but unaffected ps;o (thus lower PRI). In contrast, at seasonal scale, PRI
tends to show a hump-shaped seasonal pattern, since PRI also serves a relative chlorophyll-carotenoid index
comparing the reflectance in the blue (chlorophyll and carotenoid absorption) and red (chlorophyll absorp-
tion only) spectral region. Long-term seasonal PRI variations in many ecosystems might be more influenced
by the changes in pigment pool size (e.g., higher chlorophyll-carotenoid ratio in growing seasons) than the
diurnal adjustment by xanthophyll cycle (Filella et al., 2009; Gamon et al., 2016). Although it is still challen-
ging to differentiate these short-term and long-term effects on the PRI signal, the responses of PRI to the
changes in both facultative xanthophyll cycle and constitutive pigment pool size ensure that PRI may serve
an effective spectral index to track photosynthetic phenology especially for evergreen vegetation where
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conventional structure-dependent vegetation indices (e.g., NDVI) are temporally decoupled with
photosynthetic phenology.

Mangrove is typically evergreen vegetation in tropical and subtropical coastal wetlands that experiences a
number of environmental stresses, including periodical tidal inundation (Crase et al., 2013), high soil sali-
nity (Song et al., 2011), low temperature (Chen et al., 2017), excess light absorption (Ball, 1996), and waste-
water pollution (Jiang et al., 2018). It is difficult to accurately assess mangrove carbon fluxes that vary a lot
both in time and space, partially because all of the environmental stresses are temporally varying and/or spa-
tially heterogeneous (Alongi, 2014). In addition, it is impractical to manually monitor mangrove forests on a
regular basis since the accessibility to and field survey of mangrove forests are notoriously difficult due to
flooded and soft sediment surfaces usually full of stems and prop roots. Given these challenges, remote sen-
sing provides an operational alternative to monitor mangrove carbon dynamics (Giri, 2016; Simard et al.,
2019). Although PRI has been confirmed to have the ability of capturing photosynthetic capacity at leaf,
canopy, and ecosystem scales for many vegetation types (Garbulsky et al., 2011), the linkage between PRI
and carbon dynamics in natural mangrove ecosystems has rarely been reported. Nichol et al. (2006) explored
the diurnal relationships between PRI and several photosynthetic measurements and confirmed PRI was an
effective indicator of mangrove photosynthetic activity, but their continuous spectral measurements were
too short to reveal any seasonal pattern. Also, the study was conducted on experimental mangrove canopy
in the laboratory without suffering periodical tidal activities, and thus their findings might not accurately
reflect the pattern in the field. Song et al. (2011) identified a strong link between PRI and salinity gradient
in natural mangrove ecosystems, but their study lacked long-term continuous PRI measurements and did
not directly examine the link between PRI and photosynthetic activities. S. Yang et al. (2018) also found a
strong correlation between PRI and LUE in a natural mangrove forest based on 2-month in situ measure-
ments, but they were unable to assess the correlation at seasonal scale. To date, the ability of PRI to track
photosynthetic phenology across temporal scales in natural mangrove ecosystems has yet to be
fully assessed.

Although the linkage between PRI and carbon dynamics of evergreen vegetation has already been confirmed
by many studies (Garbulsky et al., 2011), most of them focus on evergreen vegetation experiencing boreal
climate (e.g., evergreen conifers). It is unclear whether the diurnal and seasonal PRI-carbon relationships
in boreal evergreen are applicable to subtropical/tropical evergreen like mangrove. First, in comparison with
boreal climate, stronger atmospheric interference including cloudiness and aerosols usually leads to poorer
PRI-carbon relationships in subtropical/tropical areas (Garbulsky et al., 2011). Second, with low stomatal
conductance and intercellular CO, levels (Alongi, 2009), mangroves tend to have saturated photosynthetic
rates at comparatively low light levels (Ball, 1996), which might obscure mangrove PRI-carbon relationships
at diurnal scale. Third, with habitats at low latitudes and proximal to the sea, mangroves are experiencing
much smaller annual temperature ranges than boreal evergreen, and thus the effects of constitutive pigment
pool size on PRI variations might not be obvious at seasonal scale. In this study, based on continuous high-
frequency measurements of PRI and EC at a mangrove flux tower at a subtropical mangrove wetland of
southeastern China, we explored the relationship between in situ PRI and mangrove photosynthetic phenol-
ogy, aiming to answer the following science questions: (1) How do in situ PRI measurements respond to
environmental conditions at both diurnal and seasonal scales? (2) Can in situ PRI measurements capture
diurnal and seasonal variations in mangrove carbon dynamics? And (3) how do environmental controls
affect PRI-carbon relationships?

2. Materials and Methods
2.1. Study Site

The in situ measurements of this study were conducted at a mangrove flux station (Figure 1) located in a sub-
tropical estuarine wetland of southeastern China, administrated by Zhangjiang Estuary Mangrove National
Nature Reserve, Fujian, China. Based on historical climate data over 1960-1999, the mangrove wetland has a
monsoon climate with annual mean rainfall of 1,714.5 mm mostly occurring from April to September and
has an annual mean air temperature of 21.2 °C and annual mean relative humidity of 79% (Lin, 2001).
The mangrove forests (Figure 1) have close canopy structure (Li et al., 2014) with average height of 3.1 m,
average leaf area index of 1.7 m?/m?, and species composition (Zhu et al., 2019) of Kandelia obovate
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Figure 1. Experimental setup of in situ measurements in a subtropical estuarine mangrove wetland of southeastern
China: (a) aerial view of mangrove forests near flux tower overlaid with approximate footprint (dashed ellipsoid) of
spectral reflectance sensors deployed on the top of flux tower (b), and (c) flux and meteorological instruments deployed on
the flux tower.

(67.5% in areal proportion), Avicennia marina (12.1%), and Aegiceras corniculatum (20.4%). The mangrove
wetland experiences an irregular semidiurnal tide with an annual mean tide range of 2.32 m and is
usually inundated twice per day. High tides can reach up to ~1 m above sediment surface at the flux
tower, and the sediment surface is also exposed for days during the annual minima. Controlled by the
mixing of downstream tidal water, upstream river water and rainfall, the salinity of surface water within
the mangrove wetland ranges from 0 to 15 ppt. All necessary permits on in situ research activities in this
study were acquired from the Zhangjiang Estuary Mangrove National Nature Reserve Administration,
and more details on biotic and abiotic resources of the reserve can be found in Lin (2001).

2.2. Spectral Measurements and Calculations

Canopy spectral measurements for calculating canopy PRI and NDVI were collected using Spectral
Reflectance Sensors (SRS; Decagon Devices, Pullman, WA, USA) mounted in fixed locations on the top of
the flux tower (Figure 1b). For the calculation of canopy PRI (equation (1); Gamon et al., 1992), a pair of
upward and downward facing SRS sensors were used to respectively measure incoming (I, W-m~>nm™")
and reflected (I, W-m™2sr™ "-nm ™) radiation flux density at two narrow (full width half maximum = 10
nm) bands centered at 531 and 570 nm. Similarly, for canopy NDVI (equation (2)), another pair of upward
and downward facing SRS sensors were used centered at 650 and 810 nm (full width half maximum = 10
nm). The downward facing SRS sensors had a field of view of 36° measuring canopy reflected radiation,
and the upward facing SRS sensors built with Teflon cosine-corrected diffusers had a hemispherical field
of view measuring incident radiation. Both sets of SRS sensors were affixed at ~9 m above the top of the man-
grove with mean canopy height of ~6 m, and downward facing sensors were mounted facing north with 45°
view zenith angle. Spectral measurements (I;, and Ir) were recorded on a CR3000 data logger (Campbell
Scientific, Inc., Logan, UT, USA) and calculated as half-hourly averages. Canopy reflectance in the specific
wavelength (o) was calculated as 7 X Ir/I}.

PRI = (0s531—Ps70)/ (Ps31 + Ps70) @
NDVI = (0g10—P6s0)/ (Ps10 + Peso) @)
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2.3. Meteorological and Tidal Measurements

Meteorological measurements involved in this study, from multiple instruments on the flux tower
(Figure 1c), include incoming shortwave radiation (SWj,), outgoing shortwave radiation (SWo,), PAR, air
temperature, relative humidity, rain, wind speed, and soil temperature. SW;, and SW,,,; were measured
using CNR4 Net Radiometer (Kipp & Zonen, Delft, Netherlands) at a height of ~12 m above the ground,
and PAR were measured using PQS1 PAR Quantum sensors (Kipp & Zonen, Delft, Netherlands) at the same
height. SW;,, was used to calculate clearness index, which is the ratio of daily SW;, and daily extraterrestrial
radiation (Zhu et al., 2010). Air temperature and relative humidity were measured at a height of ~9 m using a
HMP155A sensor (Vaisala, Helsinki, Finland). Air temperature and relative humidity were combined to cal-
culate vapor pressure deficit (VPD; Murray, 1966). Rain and wind speed (at ~9 m) were recorded using
TE525MM Rain Gage (Campbell Scientific, Inc., Logan, UT, USA) and 010C Wind Speed Sensor (Met
One Instruments, Inc., OR, USA), respectively. Soil temperature at the depth of 0.20 m was measured using
soil thermocouple probe (model 109, Campbell Scientific, Inc., Logan, UT, USA). All meteorological mea-
surements were recorded on a CR1000 data logger (Campbell Scientific, Inc., Logan, UT, USA). Tidal surface
water level and salinity were, respectively, estimated from measurements using HOBO U20L-04 Water Level
Logger and U24-002-C Conductivity Logger (Onset, Bourne, MA, USA) deployed just above ground surface
near the flux tower. All meteorological and tidal measurements were consistently converted to half-hourly
data for further analysis.

2.4. Carbon Flux Measurements and Data Processing

Carbon fluxes between the atmosphere and mangrove canopy were measured by the EC method with a
three-axis sonic anemometer (CSAT-3, Campbell Scientific, Inc., Logan, UT, USA) and an open path infra-
red gas analyzer (LI-7500, Li-COR Inc., Lincoln, NE, USA), which were mounted at a height of ~1 m above
the canopy (Figure 1c). Raw EC data at 10 Hz were recorded on a CR3000 data logger (Campbell Scientific,
Inc., Logan, UT, USA) and stored on a built-in flash card for further data processing.

The procedure of EC data processing and calculations contained several steps pertinent to flux calculation
and correction, data quality control, and flux partition. First, raw EC data at 10 Hz were processed and cor-
rected to derive half-hourly net ecosystem exchange (NEE; 74.5% data availability) in EddyPro6.1 (Li-COR
Inc., Lincoln, NE, USA), a data processing software for eddy flux calculation and correction, including axis
rotation, ultrasonic correction, and frequency response correction. Second, multiple flux quality control pro-
cedures (including steady state test, turbulent conditions test, statistical tests, absolute limits test, and rain
test) were applied in EddyPro6.1 to remove NEE data with poor quality (44.2% data availability). Third, a
threshold of friction velocity of 0.1 m/s, calculated as in Reichstein et al. (2005), was used to filter out night-
time (incoming shortwave radiation <20 W/ m?) flux measurements under insufficient turbulence (42.8%
data availability). Fourth, nighttime NEE (or nighttime ecosystem respiration, R...(t)) and soil temperature
(T(t)) were used to estimate temperature sensitivity (Ey) and time-dependent reference respiration (Ry£t)) in
the exponential regression model (equation (3); Lloyd & Taylor, 1994), using the short-term temperature
sensitivity algorithm with the reference respiration (Tyer) and the regression parameter (Ty) set to 10 °C
and — 46.02 °C, respectively (see Reichstein et al., 2005, for details on the algorithm). Fifth, the fitted
temperature-respiration exponential regression model was extrapolated to derive daytime Re.o(t) from day-
time T(t), and then GPP was estimated from daytime NEE (equation (4)). Sixth, the LUE (equation (5)) was
calculated as the ratio of GPP and absorbed PAR (APAR,; the product of PAR and fapar; equation (6)), where
fapar Was derived from SWj, and SW,,,; (equation (7); Nichol et al., 2019). The sign convention used in
meteorology (i.e., the downward flux is negative and the upward one is positive) was used for indicating
carbon fluxes.

Reco(t) = Re(£)e /(T =10) 1/ 10710) 3)

GPP(t) = NEE(t)—Reco(t) 4

LUE(t) = |GPP(t)| /APAR(t) (5)

APAR(t) = PAR(£)X f spar (t) (6)

Farar(t) = 1=SWou(£) /SWin 1) )
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Figure 2. Diurnal and seasonal variations in half-hourly measurements of spectral (a, b: photochemical reflectance index and normalized difference vegetation
index), meteorological (c-g: photosynthetically active radiation, air temperature, vapor pressure deficit, rain, and wind speed), tidal (h, i: surface water level and
salinity), and carbon (j-1: gross primary production, net ecosystem exchange, and light use efficiency) variables from August 2016 to August 2017. Note the natural
logarithm of rain was shown for better visibility. PRI = photochemical reflectance index; NDVI = normalized difference vegetation index; PAR = photosyntheti-
cally active radiation; VPD = vapor pressure deficit; GPP = gross primary production; NEE = net ecosystem exchange; LUE = light use efficiency.

2.5. Statistical Analysis

To exclude potential abnormal spectral signals at dawn or dusk (Soudani et al., 2014), only half-hourly spec-
tral data of PRI and NDVI with instantaneous solar elevation >15° (Zhang et al., 2017) were used for further
analysis at the diurnal scale. This criterion was also applied to the estimation of half-hourly LUE to avoid
data with bad quality at low light conditions. For the analysis at seasonal scale, only half-hourly data (spec-
tral, meteorological, tidal, and carbon flux measurements) acquired from 10:00 to 15:30 were used to calcu-
late daily values to avoid abnormal values around early morning and late afternoon (Zhang et al., 2017). In
addition, measurements on rainy days were excluded in data analysis due to inaccuracy of both spectral and
flux measurements under rainy conditions. All data analyses were performed using MATLAB software (The
MathWorks, Inc., MA, USA).

3. Results

3.1. Temporal Variations of In Situ PRI Measurements

The half-hourly PRI showed significant temporal variations, at both diurnal and seasonal scales, during the
1-year period from August 2016 to August 2017 (Figure 2a). The magnitude of half-hourly PRI typically
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Figure 3. Diurnal variations in half-hourly PRI and environmental variables (surface water table, photosynthetically active radiation, air temperature, and vapor
pressure deficit) over three consecutive days in each season. (a) Autumn, (b) winter, (c) spring, and (d) summer. PRI = photochemical reflectance index; PAR =
photosynthetically active radiation; VPD = vapor pressure deficit.

varied from 0.01 to 0.40 with the average of 0.16. At diurnal scale, the half-hourly PRI tended to be lower
during the hours around the noon; and at seasonal scale, the half-hourly PRI had higher values during
spring (0.19 + 0.08; mean + standard deviation) and summer (0.18 + 0.08) months, but lower values
during the winter (0.12 + 0.08). To better illustrate typical diurnal patterns of in situ PRI measurements,
three consecutive days were selected for each season to demonstrate typical diurnal responses of PRI
(Figure 3). A visual examination of the PRI responses within four seasons indicated that PRI experienced
a U-shaped diurnal pattern with low values around noon and high values in early morning and late
afternoon. This U-shaped diurnal pattern persisted across the consecutive days and across seasons. The
PRI values in the three consecutive days during the winter (< 0.05 around the noon) were obviously
lower than those days during other seasons (> 0.1 around the noon). The daily PRI (average of half-
hourly PRI), ranging from 0.05 to 0.48, also had a strong variation over the course of the year with
statistically (p < 0.01) higher and lower mean daily values in spring (0.22) and winter (0.17),
respectively (Figure 4a).

3.2. Response of In Situ PRI Measurements to Environmental Factors

Concurrent half-hourly time series of meteorological and tidal measurements (Figures 2c-2i) were used to
examine how PRI signals responded to changing environmental conditions. The measurements of
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Figure 4. Seasonal variations in daily spectral (a: photochemical reflectance index and normalized difference vegetation
index) and environmental variables (b: air temperature and vapor pressure deficit; c: photosynthetically active
radiation, clearness index, and rain; d: maximum surface water level and mean surface water salinity) from August 2016 to
August 2017. Lines indicate 15-day moving average of daily values. PRI = photochemical reflectance index; NDVI =
normalized difference vegetation index; VPD = vapor pressure deficit; PAR = photosynthetically active radiation.

meteorological variables (PAR, air temperature, and VPD) had significant temporal variations. Half-hourly
signals showed hump-shaped patterns at diurnal scale (Figure 3), while daily signals showed seasonal
dynamics with higher (lower) values in summer (winter; Figures 4b and 4c). The temporal dynamics of
half-hourly tidal surface water level reflected the Earth-Moon rhythm at diurnal scale (Figure 2h), and
daily maximum surface water level was relatively higher in autumn and winter at seasonal scale
(Figure 4d). Daily variation in surface water salinity was governed by daily precipitation, with higher
values in spring months (Figures 4c and 4d). At diurnal scale, opposite changing patterns between PRI
(U-shaped) and meteorological (hump-shaped) variables can be visually identified from half-hourly time
series (Figure 3). Pearson correlation analysis indicated that half-hourly PRI was better correlated with
PAR compared to air temperature and VPD (Figures 5a-5c). Pearson correlation coefficients (r) between
half-hourly PRI and PAR calculated for each individual day were statistically significant (p < 0.05; same
hereinafter) among 53.1% of valid days (excluding days with rain or missing data) over the study period,
and this proportion reduced to 15.7% and 21.5% for air temperature and VPD, respectively (Table 1).
Among the four seasons, spring and summer had larger proportion of valid days with inverse correlation
between PRI and meteorological factors. At seasonal scale, the variation in daily PRI was found to be
better explained by clearness index (y = 0.40 — 0.44x/(x+0.50), R*> = 0.58), PAR (y = 0.48 — 0.40x/(x
+0.36), R* = 0.50), and VPD (y = 0.45 — 0.33x/(x+0.27), R*> = 0.29) than air temperature and tidal
factors (Figure 6).
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Figure 5. Person correlation coefficients between half-hourly PRI and meteorological and carbon variables for each individual nonrainy day. Bars with different
colors denote different significance levels, and missing values result from insufficient measurements or rainy conditions. (a) PRI versus PAR, (b) PRI versus air
temperature, (c) PRI versus VPD, (d) PRI versus GPP, (¢) PRI versus NEE, and (f) PRI versus LUE. PRI = photochemical reflectance index; PAR = photosynthe-
tically active radiation; VPD = vapor pressure deficit; GPP = gross primary production; NEE = net ecosystem exchange; LUE = light use efficiency.

Table 1
Percentage of Valid Days (Excluding Days With Rain or Missing Data) When Half-Hourly PRI and Meteorological/Carbon-Related Factors Were Significantly
Correlated (p < 0.05)

Study period Autumn (2016/9/1 Winter (2016/12/1 Spring (2017/3/1 Summer (2017/6/1
Variables (2016/8/12 to 2017/8/22) to 2016/11/30) to 2017/2/28) to 2017/5/31) to 2017/8/22)
PAR 53.1 44.6 44.2 62.8 60.2
Temperature 15.7 9.6 7.0 21.8 23.3
VPD 21.5 16.9 19.8 30.7 19.2
GPP 48.0 40.0 41.9 55.7 51.2
NEE 48.1 40.0 453 56.2 47.3
LUE 28.6 229 151 35.7 38.8

Note. Data are summarized for the whole study period and four seasons, and the largest percentage among seasons are highlighted in bold. PAR = photosynthe-
tically active radiation; VPD = vapor pressure deficit; GPP = gross primary productivity; NEE = net ecosystem exchange; LUE = light use efficiency. Dates are
formatted as year/month/day.
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Figure 6. Scatter plots between daily PRI and environmental variables, including (a) daily PAR, (b) air temperature, (c) VPD, (d) clearness index, (e) surface water

level, and (f) salinity. PRI =

photochemical reflectance index; PAR = photosynthetically active radiation; VPD = vapor pressure deficit.

3.3. Correlations Between In Situ PRI Measurements and Mangrove Carbon Dynamics

Consistent with the environmental factors, half-hourly time series of GPP, NEE, and LUE (Figures 2j-21)
showed obvious temporal variations. All of these three variables showed U-shaped diurnal patterns
(Figure 7). It is noted that negative values were used for daytime downward fluxes of GPP and NEE. Daily
GPP and NEE shared similar seasonal variations with stronger carbon fluxes in spring and summer and
weaker fluxes in autumn and winter, while daily LUE tended to be higher in winter and spring
(Figure 8). PRI was found to covary well with the temporal dynamics of GPP, NEE, and LUE at both diurnal
(Figure 7) and seasonal scales (Figure 8). Pearson correlation analysis based on half-hourly time series indi-
cated that, at diurnal scale, the proportion of valid days when significantly positive correlation occurred is
48.0%, 48.1%, and 28.6% for GPP, NEE, and LUE, respectively (Figures 5d-5f and Table 1). Among four sea-
sons, spring and summer had larger proportion of valid days with inverse PRI-carbon correlation (Table 1).
At seasonal scale, daily PRI was also found to be positively related with GPP (y = — 19.3+29.4x, R* = 0.32),
NEE (y = — 23.5431.6x, R* = 0.30), and LUE (y = 0.00724+0.069x, R*> = 0.35; Figure 9). Further analysis of
environmental influences on PRI-carbon correlations indicated that the correlation coefficients between
half-hourly PRI and carbon variables tended to be higher under enhanced PAR, VPD, and clearness
index (Figure 10).

4. Discussion

The U-shaped diurnal pattern of half-hourly PRI identified from our high-frequency in situ spectral mea-
surements in mangrove (Figures 3 and 5) conform to general understanding that short-term PRI-radiation
relationship is physiologically controlled by plant photoprotective mechanism via xanthophyll pigment
interconversion. This significant inverse PRI-PAR relationship at diurnal scale is consistent with previous
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Figure 7. Diurnal variations in half-hourly PRI and carbon-related variables (light use efficiency, gross primary production, and net ecosystem exchange) over
three consecutive days in each season. (a) Autumn, (b) winter, (c) spring, and (d) summer. PRI = photochemical reflectance index; LUE = light use efficiency;
GPP = gross primary production; NEE = net ecosystem exchange.

empirical PRI studies in mangrove (Nichol et al., 2006) and many other vegetation types (Garbulsky et al.,
2011). In addition to PAR, PRI variation was also found inversely related to the diurnal changes in VPD
and air temperature (Figures 3 and 5), which is similar to the findings by Magney et al. (2016) that
showed the diurnal magnitude of PRI increased with VPD and air temperature. Although it is hard to
isolate individual effects from these meteorological factors with simultaneous diurnal changes, our
correlation analysis suggests that PRI variation was more likely radiation-dominated with additional
effects from atmospheric vapor and temperature conditions. This observation appears reasonable given
that the presence of any environmental stresses including meteorological ones explored here can amplify
radiation-induced down-regulation of PRI at short-term time scale (Hartel et al., 1996; Magney et al.,
2016; Peguero-Pina et al., 2013). The stronger inverse correlation between PRI and PAR in spring and
summer implies that the diurnal xanthophyll cycle might be more active in warmer seasons, which is
consistent with several previous findings in boreal evergreen forests (Demmig-Adams et al., 2012;
Verhoeven, 2014; Wong & Gamon, 2015). However, our results do not show much difference in PRI-PAR
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Figure 8. Seasonal variations in daily spectral and carbon-related variables (a: photochemical reflectance index and light
use efficiency; b: gross primary production and net ecosystem exchange) from August 2016 to August 2017. Lines indicate
15-day moving average of daily values. PRI = photochemical reflectance index; LUE = light use efficiency; GPP = gross
primary production; NEE = net ecosystem exchange.

correlations among seasons (in fact, >44% of valid days had significantly inverse PRI-PAR correlations for all
seasons), due likely to the fact that subtropical mangrove experienced much smaller seasonal difference in
temperature (~10 °C in our case) compared to evergreen forests in boreal climate (usually >20 °C).

The seasonality of daily PRI in mangrove ecosystems reveals that the varying range of daily PRI was small
with spring (winter) having relatively higher (lower) values. It is likely that the difference in daily PRI among
seasons was partially caused by the seasonal changes in pigment pool size as frequently stated by previous
studies (Gamon et al., 2016), but this long-term pigment regulatory mechanism may play a minor role in
determining the seasonality of PRI in subtropical mangrove ecosystems. The weak seasonal PRI difference
in mangrove forests is not in agreement with the hump-shaped seasonal patterns from previous studies in
boreal evergreens (Soudani et al., 2014; Wong & Gamon, 2015), but it is comparable to other subtropical for-
est types (Zhang et al., 2015; Zhang et al., 2017). These contrasting findings are reasonable given that there
was much smaller seasonal temperature difference in subtropical evergreens compared to boreal evergreens.
In fact, the varying ranges of daily PRI over weeks in our mangrove ecosystem were several times larger than
the difference in seasonally mean daily PRI (Figure 4a), and daily PRI variations were tightly linked to daily
PAR variations with PRI peaks (troughs) corresponding to PAR troughs (peaks; Figures 4a, 4c, and 6a). Daily
PRI was also strongly correlated to clearness index, which is consistent with the findings by Zhang et al.
(2017) focusing on evergreen forests in subtropical climate (Figure 6d). Based on these findings, we conclude
that, same as the diurnal variation in half-hourly PRI, the seasonal variations in daily PRI were also domi-
nated by change in daily radiation regime. Therefore, the plant photoprotective mechanism via xanthophyll
pigment interconversion might play a more important role than pigment pool size changes in determining
PRI variations in mangrove ecosystems at both diurnal and seasonal scales.

Similar to the PRI-PAR correlation, PRI shows strong correlation with GPP and NEE at both diurnal
(Figures 5d and 5e) and seasonal (Figures 9a and 9c) scales. This finding supports the evidence that PRI is
a good indicator of photosynthetic capacity across time scales. The diurnal PRI-carbon correlation in man-
grove was essentially consistent with previous studies on other vegetation types, while seasonal PRI-carbon
correlations were relatively weaker (Garbulsky et al., 2011). Similar to previous studies (Zhang et al., 2017),
our observations in mangrove also showed a strong link between PRI and LUE. The PRI-LUE correlation
was slightly weaker (stronger) at diurnal (seasonal) scale, compared to the PRI-carbon correlation. Similar
to Garbulsky et al. (2011) and S. Yang et al. (2018), there was also a PRI saturating phenomenon in our study,
that is, daily PRI in mangrove tended to saturate at increasing LUE (Figure 9e) and decreasing photosyn-
thetic capacity (Figures 9a and 9c). Further analysis reveals that the strength of the PRI-carbon and PRI-
LUE correlations at diurnal scale varied with meteorological factors; that is, correlation coefficients
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Figure 9. Scatter plots between daily spectral and carbon-related variables (a, b: net ecosystem exchange; c, d: gross
primary production; and e. f: light use efficiency). (left column) Daily PRI and (right column) NDVI. NEE = net
ecosystem exchange; GPP = gross primary production; LUE = light use efficiency; PRI = photochemical reflectance index;
NDVI = normalized difference vegetation index.

tended to increase with under enhanced PAR, VPD, and clearness index, which is also reported by many
previous studies (Magney et al., 2016; Soudani et al., 2014; Zhang et al., 2017). For example, Soudani et al.
(2014) concluded that the highest PRI-LUE correlations occurred in clear or slightly cloudy conditions,
showing a high sensitivity of diurnal PRI-LUE correlation to clearness index. Zhang et al. (2017) reported
that the diurnal PRI-LUE correlation was sensitive to both clearness index and atmospheric water stress.
The control of radiation regime and VPD (which, in fact, almost synchronously changed with radiation;
Figures 4b and 4c) on diurnal PRI-LUE correlations can be explained by the fact that clear sky (high
clearness index) generally had greater diurnal magnitudes of PRI, GPP, and PAR. This is also the reason
why the diurnal PRI-carbon and PRI-LUE correlations were stronger in summer and spring (Table 1)
when PAR, clearness index, and VPD were on average higher than other seasons (Figures 4b and 4c).

Different from physiology-related PRI, structure-related NDVI did not show any obvious correlation with
photosynthetic capacity and efficiency (Figure 9), since the seasonality of NDVI was weak (0.75-0.85) in
the evergreen mangrove over the study period (Figure 4a). The insensitivity of NDVI to photosynthetic para-
meters is consistent with the findings in previous studies on evergreen vegetation including subtropical
mangrove (Nichol et al., 2006) and boreal evergreen conifers (Gamon et al., 2016). The contrasting optical
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pressure deficit.

properties reflected in PRI and NDVI support the view that evergreen vegetation with little canopy structural
changes should show a weak relationship between NDVI and photosynthetic capacity but would show a
strong PRI-carbon correlation (Gamon, 2015; Garbulsky et al., 2011). The contrast between relatively
stable daily NDVI (Figures 4a) and strong variation in daily carbon fluxes (Figure 8b) suggests that NDVI
was less useful to track mangrove photosynthetic capacity which might be mainly governed by
physiological stresses rather than structural controls. Without concurrent photochemical and biochemical
measurements, it is hard to reveal these physiological stresses and underlying mechanisms, but obvious
correlations between PRI and photosynthetic parameters confirm that PRI can serve as a good indicator
of mangrove photosynthetic capacity and efficiency.

Our data analyses of potential links between PRI and mangrove photosynthetic capacity and efficiency suffer
from several uncertainties. First, although abnormal spectral signals with low illumination at dusk and
dawn hours were excluded in both diurnal and seasonal analyses, we cannot rule out potential uncertainties
from Sun-target-view geometry because both PRI and LUE were sensitive to radiation regime such as
direct/diffuse radiation ratio and their relationship was strongly affected by canopy shading due to changing
solar angle (Hall et al., 2011; Hilker et al., 2009). Future application of in situ multiangle spectral observa-
tions (Hilker et al., 2011; Zhang et al., 2017) could relieve this issue. Second, although the pigment pool size
of evergreen mangrove canopy might be on average relatively stable across seasons, strong variation of daily
PRI at short time scale (weeks) implies that canopy pigment contents may vary much in response to short-
term environmental stresses. Concurrent measurements of PRI and relevant pigment pools are needed to
confirm this deduction. Third, our analyses are only based on a 1-year period of in situ measurements which
are not long enough to well characterize the high temporal variability of multiple measurements. Multiyear
continuous in situ measurements are needed to better assess the ability of PRI to track mangrove photosyn-
thetic phenology across multiple temporal scales.
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5. Conclusions

Qualitative and quantitative analyses are conducted in this study to explore the potential links between PRI
and mangrove photosynthetic phenology in a subtropical coastal wetland of southeastern China, based on
continuous high-resolution time series measurements of spectral signals, carbon fluxes, and environmental
factors. Both diurnal and seasonal variations of PRI, as well as their correlations with concurrent carbon and
environmental measurements, were examined to assess the capability of PRI for tracking mangrove photo-
synthetic phenology. The main findings are summarized as follows. (1) Short-term PRI measurements of
mangrove canopy experienced significant diurnal variation showing a U-shaped pattern with low values
around noon and high values in early morning and late afternoon. (2) Long-term variation of mangrove
PRI further showed strong variations during the course of a year with higher and lower values in spring
and winter, respectively. (3) Diurnal and seasonal mangrove PRI variations were found significantly nega-
tively correlated with radiation and VPD and significantly positively correlated with carbon-related para-
meters (GPP, NEE, and LUE). (4) The strength of mangrove PRI-carbon correlations at the diurnal scale
was affected by meteorological factors with stronger correlations at enhanced radiation and VPD. (5) PRI
served as a reliable indicator of mangrove carbon dynamics, including photosynthetic capacity and effi-
ciency, while NDVI was less useful in tracking the photosynthetic phenology. (6) The radiation-induced
change of pigment composition via xanthophyll photoprotective mechanism can play a more important role
than the change of pigment pool size in determining mangrove PRI variations at both diurnal and
seasonal scales.

To the best of our knowledge, this is the first study to explore the linkage between PRI and carbon dynamics
across temporal scales in natural mangrove ecosystems using high-resolution concurrent measurements of
near-surface spectral signals and EC carbon fluxes. This study demonstrated that physiology-related PRI per-
formed better than conventional structure-related NDVI in tracking temporal dynamics of photosynthetic
parameters in evergreen mangrove canopy at both diurnal and seasonal scales. Strong correlations between
PRI and photosynthetic parameters ensure the potential application of PRI in characterizing mangrove car-
bon dynamics. Future multisite studies using more diverse spectral measurements (e.g., hyperspectral and
SIF data) are needed to further assess the effectiveness of PRI as an indicator of mangrove carbon dynamics
across different temporal and spatial scales.
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