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A B S T R A C T

Midday depression of photosynthesis (MD) refers to the phenomenon that vegetation’s photosynthetic rate de
creases at midday experiencing environmental stresses. Mangrove MD and its responses to heat and drought 
stresses offer valuable insights into understanding the impact of climate change on mangrove blue carbon. 
However, the temporal variability of mangrove MD and its interactions with these stresses across short time 
scales remain less investigated. Here, we quantified mangrove MD using two diurnal metrics, relative midday 
depression (RMD) and diurnal centroid shift (DCS), and examined its responses to heat (air temperature) and 
drought (vapor pressure deficit (VPD) and rain) stresses in a subtropical estuarine wetland of Southeast China, 
based on six-year eddy covariance measurements from 2017 to 2022. The results indicate: (1) mangrove MD 
occurred at air temperature or VPD above a certain threshold but became severe when the stresses co-existed; (2) 
RMD performed better than DCS in measuring mangrove MD; (3) monthly RMD had a clear seasonal pattern 
peaking in summer (up to 26.1 %), while annual RMD (5.0 ~ 10.2 %) changed with gross primary productivity 
(GPP) in the opposite direction; (4) RMD increased with both air temperature (1.01 ~ 1.35 %/ ◦C) and VPD (8.41 
~ 13.79 %/kPa) for each year but with different sensitivities; (5) larger annual sensitivities of RMD to both air 
temperature and VPD tended to occur in drier years with less rain. This study highlights the importance of heat 
and drought stresses in affecting mangrove MD and GPP, implying that future warmer and drier climates are 
likely to weaken mangrove carbon uptake. Future empirical and model studies on mangrove blue carbon should 
explicitly consider sub-daily interactions between mangrove MD and environmental stresses to reduce the un
certainty in assessing mangrove carbon budget in the context of climate change.

1. Introduction

Mangroves are one of the coastal blue carbon ecosystems providing 
numerous important ecosystem services, such as carbon sequestration, 
coastal stabilization, and biodiversity maintenance (Alongi, 2014; 
Macreadie et al., 2021; Nellemann and Corcoran, 2009). Mangroves are 
highly productive and sequestrate 10 ~ 15 % of global coastal sediment 
carbon with only 0.5 % of the coastal area (Alongi, 2014). However, 
located in harsh habitats across the land-ocean interface, mangroves are 
more vulnerable to climate change and its consequences than terrestrial 
ecosystems (Alongi and Mukhopadhyay, 2015; Gou et al., 2023; Sharma 
et al., 2020). Notably, mangrove photosynthetic uptake rates of carbon 

dioxide (CO2) are highly sensitive to various environmental stresses (Xia 
et al., 2015), such as high temperature (Chung et al., 2023), atmospheric 
drought (Sobrado, 1999), and high salinity (Lovelock et al., 2016). 
These heat and drought stresses and their impacts on mangrove photo
synthesis are likely further amplified by future climate changes with 
increased temperature, enhanced vapor pressure deficit (VPD), and 
changing rainfall patterns (Myhre et al., 2019; Yuan et al., 2019). Thus, 
investigating the impact of heat and drought stresses on mangrove 
photosynthesis can help better understand the resilience and vulnera
bility of mangroves to climate change.

The temporal variability of vegetation photosynthesis across time 
scales offers valuable insights into the impacts of environmental stresses 
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on gross primary productivity (GPP) (Li et al., 2023). The variability of 
GPP at longer time scales (e.g., seasonal and annual) is more regulated 
by phenology, climate, and disturbances, while the variability at shorter 
scales (e.g., diurnal) is mainly affected by meteorological factors such as 
light, temperature, and VPD. Diurnal variability of GPP can better reflect 
direct interactions between photosynthesis and environmental factors 
since these instantaneous interactions are likely obscured when inter
preting the seasonal or annual variability of GPP using aggregating daily 
or multi-day observations (Xiao et al., 2021; Zhang et al., 2018). Midday 
depression of photosynthesis (MD) refers to the phenomenon that veg
etation’s photosynthetic rate decreases at midday when experiencing 
environmental stresses (Pons and Welschen, 2003; Xu and Shen, 1996). 
Given that heat and drought stresses, under which MD is usually 
observed, are also key characteristics of climate change, the interactions 
between MD and these stresses could serve as a proxy to assess the im
pacts of future climate change on vegetation photosynthesis (Li et al., 
2023; Xiao et al., 2021).

The impacts of heat and drought stress on mangroves have been 
widely reported by previous studies covering growth dynamics (Duke 
et al., 2017; Prihantono et al., 2022; Zani et al., 2020) and carbon fluxes 
(Rodda et al., 2022; Sobrado, 1999; Tüffers et al., 1999; Zhu et al., 
2021b). For example, both increasing temperature and VPD were found 
to suppress mangrove carbon uptake (Rodda et al., 2022; Zhu et al., 
2021b). Rain was found to exert a delayed effect on mangrove green
ness, peaking three months after high rainfall (Prihantono et al., 2022). 
Sobrado (1999) examined the drought effects on mangrove photosyn
thesis and observed a strong MD under contrasting salinities during both 
wet and dry seasons. Tüffers et al. (1999) also found significant MD in 
photosynthetic electron transport rates for sun-exposed leaves of two 
mangrove species. Although the key environmental controls have been 
identified by previous studies, we still have a limited understanding of 
how these environmental stresses affect mangrove MD quantitatively 
across time scales. The lack of high-frequency and long-term measure
ments of mangrove carbon fluxes is one of the major obstacles to prevent 
us from closing these knowledge gaps.

On the one hand, due to the limited availability of high-frequency 
carbon flux measurements in mangroves, few studies are exploring 
how mangrove MD respond to heat and drought stresses at a short 
diurnal scale. Wilson et al. (2003) proposed a ‘diurnal centroid’ method 
to discern whether the diurnal peak of carbon fluxes is weighted more 
towards the morning or afternoon, based on eddy covariance (EC) 
high-frequency flux measurements. Nelson et al. (2018) also applied the 
diurnal centroid approach to examine the drought response of the 
diurnal pattern of EC carbon fluxes. These studies on the diurnal pattern 
of carbon fluxes yielded much insight into MD, but their analyses mainly 
covered various types of terrestrial ecosystems. On the other hand, due 
to the lack of long-term carbon flux measurements, we also know little 
about the inter-annual variability of the responding sensitivity of 
mangrove MD to environmental stresses. Given that mangrove canopy 
height is highly dependent on salinity-related factors (Perri et al., 2023; 
Simard et al., 2019), the inter-annual variability of rain could also play 
an important role in regulating the response of mangrove MD to envi
ronmental stresses.

The application of the EC approach makes it possible to quantify net 
CO2 exchange between ecosystem and the atmosphere (NEE) in a quasi- 
continuous manner (Baldocchi et al., 2001). Long-term and 
high-frequency flux time series serve as an ideal data source for exam
ining the interactions between flux and environmental stresses across 
various time scales. Although the EC approach has been often applied in 
mangroves (Barr et al., 2010; Chen et al., 2023; Lu and Zhu, 2021; Rodda 
et al., 2022; Wang et al., 2023), we are not aware of any study to 
quantitatively assess mangrove MD using multi-year EC data. Our pre
vious study has identified the occurrence of mangrove MD (Zhu et al., 
2021a), but it is based on one-year EC data without explicitly quanti
tative assessment of mangrove MD and its responses to environmental 
stresses across time scales. In this study, we aim to conduct a thorough 

analysis of mangrove MD using six-year EC measurements from 2017 to 
2022 in a subtropical estuarine wetland of Southeast China. The specific 
objectives are (1) to quantify temporal variations in mangrove MD 
across time scales, (2) to examine the response of mangrove MD to heat 
and drought stresses, and (3) to explore the inter-annual variation in the 
sensitivity of mangrove MD to environmental stresses. We hypothesize 
that (1) mangrove MD enhances with increasing heat and drought 
stresses, and (2) the sensitivity of mangrove MD to heat and drought 
stresses reduces with more rain.

2. Materials and methods

2.1. Study area

The study area is located in the Zhangjiang estuarine wetland of 
Southeast China, with a mangrove flux tower (23.92◦ N, 117.41◦E) 
established as part of ChinaFLUX and USCCC networks (Fig. 1). 
Mangrove forests around the tower are mainly comprised of three 
mangrove species dominated by Kandelia obovate. These mangroves are 
inundated twice a day with a mean tidal range of 2.1 m and surface 
water salinity of 12.6 PSU and experience a monsoon climate with a 
mean air temperature of 21.1 ◦C and mean annual rain of 1165.5 mm (Lu 
and Zhu, 2021; Zhu et al., 2021b). The rain is seasonally uneven with the 
majority in spring and summer. All the field permits were acquired from 
Zhangjiang Estuary Mangrove National Nature Reserve, China. More 
details on the study area can be found in our previous studies (Lu and 
Zhu, 2021; 2021a; Zhu et al., 2019).

2.2. Eddy covariance and auxiliary measurements

Six-year continuous flux measurements from 2017 to 2022 were 
acquired using an EC system, comprised of a three-axis sonic anemom
eter (CSAT-3, Campbell Scientific, Inc., Logan, UT, USA) and an open 
path infrared gas analyzer (LI-7500, Li-COR Inc., Lincoln, NE, USA). 
Raw EC data were first recorded at 10 Hz and then processed into a 30- 
min time series of NEE after a series of flux calculations, corrections, and 
quality controls (Zhu et al., 2021b, 2021d), implemented in EddyPro6.1 
software (Li-COR Inc., Lincoln, NE, USA). Auxiliary meteorological and 
tidal data used in this study include photosynthetically active radiation 
(PAR), air temperature (Tair), VPD, rain, and tidal inundation. PAR was 
measured by the PQS1 PAR Quantum sensor (Kipp & Zonen, Delft, The 
Netherlands) above the canopy. Tair and VPD were derived from the 
measurements by the HMP155A sensor (Vaisala, Helsinki, Finland) 
above the canopy. Rain was measured by the TE525 MM Rain Gage 
(Campbell Scientific, Inc., Logan, UT, USA) on the top of the flux tower. 
Tidal surface water level was derived from the measurements by HOBO 
U20L-04 Water Level Logger (Onset, Bourne, MA, USA) deployed above 
the sediment surface near the flux tower. Meteorological and tidal data 
were recorded at finer temporal resolutions but converted into a 30-min
ute time series for better comparisons with the flux data. In this study, 
30-min mangrove GPP was calculated as the difference between esti
mated ecosystem respiration (Re) and observed NEE during the daytime, 
where a positive value indicated a downward atmosphere-mangrove 
CO2 flux. Here, 30-min daytime Re was estimated from daytime air 
temperature using the temperature-respiration exponential equation 
fitted from 30-min nighttime measurements of air temperature and NEE 
without experiencing tidal inundation (Barr et al., 2013; Zhu et al., 
2021d).

2.3. Relative midday depression and diurnal centroid shift

Similar to Xu and Shen (1996), the diurnal variations of mangrove 
GPP under various stress conditions can be divided into three typical 
patterns. The first is one-peaked experiencing no MD (represented by 
curve 1 in Fig. 1c), where GPP increases gradually in the morning, 
reaches its maximum around noon, and then decreases gradually in the 
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afternoon. The second is also one-peaked experiencing moderate MD, 
with the peak shifting towards morning (curve 2). The third is 
two-peaked experiencing serious MD, with one peak in the morning and 
another in the afternoon (curve 3). To explore the MD quantitatively, for 
every single day, we fitted an ‘ideal’ parabola using 30-min GPP during 
daytime (7am ~ 5pm) excluding noon hours (10am ~ 2pm), and then 
calculated the MD of the day as the integrated difference in GPP between 
the fitted parabola (GPPi) and actual diurnal course (GPPa) over the 
noon hours. Given that GPP is time-dependent on light intensity or plant 
phenology, in this study we used the relative midday depression to 
noon-hour GPPa (RMD, %) as a metric to quantify the severity of 
mangrove MD. 

GPPi(t) = a × ( t − b)2
+ c (1) 

where a, b, and c are fitting parameters with b indicating the time (t) of 
peak GPP. 

RMD =

∑tn e
tn s

(GPPi(t) − GPPa(t))
∑tn e

tn s
GPPa(t)

× 100 (2) 

where tn s and tn e denote the start and end of noon hours (i.e., 10am and 
2pm), respectively.

As the diurnal centroid method was often used in previous studies 

examining the response of carbon fluxes to heat or drought stress (Li 
et al., 2023; Nelson et al., 2018; Wilson et al., 2003), we also applied this 
metric to mangrove GPP in our analyses. Specifically, the diurnal 
centroid shift (DCS) between mangrove GPP and PAR was calculated as 
the difference in weighted mean hours of their diurnal courses (Wilson 
et al., 2003). 

DCS = CGPP − CPAR =

∑td e
td s

(GPPa(t) × t)
∑td e

td s
GPPa(t)

−

∑td e
td s

(PAR(t) × t)
∑td e

td s
PAR(t)

(3) 

where td s and td e denote the start and end of daytime hours (i.e., 7 am 
and 5 pm), respectively; CGPP and CPAR denote the diurnal centroid of 
GPP and PAR, respectively. For example, if the diurnal course of GPP is 
perfectly symmetrical about noon, CGPP would be 12 h. If GPP is greater 
in the morning, CGPP would be <12 h. Here, the confounding effect due 
to the astronomical seasonal shift in PAR around local noon can be 
removed by the use of CPAR as a reference. Thus, a negative DCS indi
cated a morning shift in the diurnal course of mangrove GPP, while a 
positive value indicated an afternoon shift.

2.4. Statistical analyses

In this study, missing gaps in 30-min time series were not gap-filled 

Fig. 1. Location of the study area (a) and mangrove eddy covariance (EC) flux tower (b) with three representative diurnal variation curves of gross primary pro
ductivity (GPP) (c). Each curve is fitted from the mean diurnal variation of 30-min EC-based GPP for the days within one joint tenth group (d), where curves 1, 2, and 
3 correspond to the 2nd, 5th, and 8th joint tenth group, respectively. Each joint tenth group contains the days only when midday mean air temperature and VPD 
belong to the same tenth group.
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to avoid assuming a priori relationships between carbon flux and envi
ronmental variables (Wilson et al., 2003). Any days with valid 30-min 
daytime data of less than half were excluded in the calculations of two 
diurnal metrics (i.e., RMD and DCS). To reduce the potential effect of 
cloud-induced low light conditions, we calculated the daily clearness 
index (Gu et al., 1999) and then excluded those cloudy days with a 
clearness index <0.3 (Zhang et al., 2011). Daily data of midday (10am ~ 
2pm) mean GPP and diurnal metrics were averaged to monthly data, but 
any months with valid days of <10 were excluded. Monthly data were 
further averaged to produce annual data for each of the six years. The 
same temporal averaging scheme was applied to derive monthly and 
annual meteorological data using midday mean values, except rain using 
daily cumulative values. Pearson’s correlation analyses were used to 
explore potential links among GPP, diurnal metrics, and meteorological 
variables.

To examine the response of GPP and diurnal metrics to the combi
nation of heat and drought stresses, all valid days over the six-year study 
period were divided into 10 × 10 groups according to the percentiles of 
both Tair and VPD and then the mean value of those days within each 
group was calculated. The responses of RMD to heat or drought stress 
individually were further analyzed, where linear regressions were 
applied to the data of all years to quantify the overall sensitivity of daily 
and monthly RMD to each stress, i.e., the slope of the fitted line. Linear 
regressions between daily RMD and both stresses were also conducted 
for each single year, and then the response of these sensitivities to 
annual rain was further examined to reveal the long-term impact of rain 
on RMD.

3. Results

3.1. Temporal variations in GPP, diurnal metrics, and meteorological 
factors

The time series of monthly meteorological factors, GPP, and diurnal 
metrics, had strong seasonal variations over the six-year study period 
(Fig. 2a). Monthly midday Tair showed a clear seasonal pattern with 
higher (32.3 ± 0.4 ◦C; mean ± std.) and lower (19.4 ± 1.0 ◦C) values in 
summer and winter, respectively. The seasonal pattern of monthly 
midday VPD was similar to middy Tair with its seasonal peak in summer 
(1.34 ± 0.41 kPa). Rain most occurred in spring and summer with 

monthly rain up to 392.4 mm. Monthly midday GPP was higher in spring 
(18.2 ± 0.9 μmol m-2 s-1) than other seasons (17.5 ± 1.3 μmol m-2 s-1). 
Monthly RMD (− 7.2 % ~ 26.1 %) varied seasonally with higher (16.1 ±
4.8 %) and lower (− 2.7 ± 2.9 %) values in summer and winter, 
respectively, while no obvious seasonality of monthly DCS (− 0.15 ±
0.07 h) was observed over the years.

Annual midday Tair increased from 26.7 ◦C in 2017 to 27.0 ◦C in 
2018 and then decreased to 26.8 ◦C in 2021 and 2022 (Fig. 2b). Annual 
midday VPD had a linear increasing trend varying from 0.68 kPa in 2017 
to 1.48 kPa in 2022. Annual rain varied from 1006.5 mm in 2020 to 
1519.8 mm in 2022. Annual midday GPP changed over the years with 
the highest (18.9 μmol m-2 s-1) and lowest (16.5 μmol m-2 s-1) values in 
2017 and 2021, respectively. Annual RMD changed from 5.0 % in 2017 
to 10.2 % in 2020 with an inter-annual variation opposite to that of 
annual midday GPP (statistically significant at p < 0.05; Fig. 3b). Annual 
DCS was relatively stable varying from − 0.17 h in 2018 to − 0.12 h in 
2022.

3.2. Environmental controls on GPP and diurnal metrics

Among the three investigated meteorological factors, monthly 
midday GPP was statistically significant correlated with VPD (correla
tion coefficient: − 0.26), while its correlations with Tair (0.18) and rain 
(0.13) were not statistically significant (Fig. 3a). Monthly RMD was 
statistically significantly correlated with all the meteorological factors, 
with a stronger correlation with Tair (0.89) than VPD (0.67) and rain 
(0.46). The correlations between monthly DCS and meteorological fac
tors were not statistically significant. At the annual scale, there was no 
statistically significant correlation between GPP, RMD, DCS, and the 
meteorological factors (Fig. 3b).

To better examine environmental controls on GPP and diurnal met
rics, we analyzed the responses of midday GPP, frequency of the 
occurrence of midday depression (FMD), RMD, and DCS to gradient 
increases in midday Tair and VPD (Fig. 4). The responding patterns of 
GPP, FMD, and RMD were overall clearer than those of DCS. GPP 
increased with Tair but decreased with VPD, tending to have larger 
values when Tair and VPD were higher and lower than their medians, 
respectively. The magnitude of GPP increased from 14.5 μmol m-2 s-1 at 
low Tair and high VPD to 20.4 μmol m-2 s-1 at high Tair and low VPD. 
RMD increased with both Tair and VPD showing a tipping point around 

Fig. 2. Temporal variations of monthly (a) and annual (b) midday mean gross primary productivity (GPP), relative midday depression (RMD), diurnal centroid shift 
(DCS), as well as environmental factors, including midday mean air temperature (Tair), midday mean vapor pressure deficit (VPD), and rain, from January 2017 to 
December 2022. Data gaps in monthly variables denote the months with the number of valid days <10.
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the median, beyond which the combination of high Tair and VPD led to 
stronger RMD up to 22.2 %. FMD also increased with both Tair and VPD 
with most of the values over 60 %. DCS was always negative (i.e., a 
morning shift relative to the centroid of diurnal PAR) varying from 
− 0.28 h to − 0.01 h.

Given that RMD can serve a direct metric to measure the down- 

regulation effect of MD on GPP, we further examined the quantitative 
response of RMD to individual heat or drought stress based on daily 
(binned) and monthly data over the six-year study period (Fig. 5). Both 
daily (binned) and monthly RMD were positively correlated to Tair with 
a larger fitted slope for monthly data (daily/binned: y = 1.03x − 20.00, 
R2 = 0.92, p < 0.05; monthly: y = 1.39x − 29.37, R2 = 0.79, p < 0.05). 

Fig. 3. Paired Pearson’s correlation coefficients between (a) monthly and (b) annual midday mean gross primary productivity (GPP), relative midday depression 
(RMD), diurnal centroid shift (DCS), as well as environmental factors, including midday mean air temperature (Tair), midday mean vapor pressure deficit (VPD), and 
rain. Note that each statistically significant (p < 0.05) coefficient is marked with an asterisk.

Fig. 4. Responses of midday mean gross primary productivity (GPP) (a), midday mean relative midday depression (RMD) (b), frequency of the occurrence of midday 
depression (FMD) (c), and diurnal centroid shift between GPP and photosynthetically active radiation (DCS) (d) to gradient increases in midday mean air temperature 
(Tair) and vapor pressure deficit (VPD). All days with valid data availability over the six-year study period are first divided into 10 × 10 groups (or grids) according to 
the percentiles of both Tair and VPD (see Tables S1-S3 for quantitative information on actual data) and then the mean/frequency values of those days within each 
group are shown for each grid. Any group with valid days not >5 days is excluded from the analyses (i.e., white grids). FMD is calculated as the percentage of positive 
RMD over all RMD within each group.
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Similar relationships were found between RMD and VPD (daily/binned: 
y = 9.25x − 2.58, R2 = 0.96, p < 0.05; monthly: y = 11.46x − 4.26, R2 

= 0.45, p < 0.05). According to the linear regressions, the fitted daily 
and monthly RMD changed from negative to positive values at a tem
perature threshold of 19.4 ◦C and 21.1 ◦C, respectively, while the fitted 
daily and monthly RMD were positive over a VPD threshold of 0.3 kPa 
and 0.4 kPa, respectively.

3.3. Annual change in the response of RMD to heat and drought stresses

Although positive correlations between RMD and Tair and between 
RMD and VPD were observed for each year from 2017 to 2022 (statis
tically significant at p < 0.05), their sensitivities (i.e., the fitted linear 
slopes) differed among the years for both Tair and VPD (Fig. 6). The 
highest sensitivities of RMD to Tair (ST =1.35 %/ ◦C) and VPD (SVPD =

13.79 %/kPa) occurred in the same year of 2020, while the lowest ST 
(1.01 %/ ◦C) and SVPD (8.41 %/kPa) occurred in 2017 and 2022, 
respectively. Correlation analyses between these two sensitivities and 
annual meteorological factors indicated that annual rain could explain 
65 % and 74 % of the inter-annual variability of ST and SVPD, respec
tively (Fig. 7). Both annual ST (y = − 0.73x+ 2.06, R2 = 0.65, p < 0.05) 
and SVPD (y = − 9.84x+ 24.46, R2 = 0.74, p < 0.05) were negatively 
correlated with annual rain. According to the regressions, ST and SVPD 
would decrease from 1.33 %/ ◦C to 0.97 %/ ◦C and from 14.62 %/kPa to 
9.70 %/kPa, respectively, when annual rain increased from 1000 mm to 
1500 mm.

4. Discussion

The analyses of six-year EC and environmental measurements 
confirm the importance of heat and drought stresses, including Tair, 
VPD, and rain, in regulating the temporal variability of mangrove GPP 
and MD. Higher Tair and VPD and less rain, occurring in summer and 

early autumn, exert heat and drought stresses on this mangrove and 
result in lower GPP and higher RMD (Fig. 2a). This inhibitory effect on 
mangrove photosynthesis is also reported by previous studies, which 
mainly attribute the inhibition to enhanced VPD and reduced stomatal 
conductance (Leopold et al., 2016; Liu and Lai, 2019; Pathre et al., 
1998). Our analyses support that mangrove MD is a common phenom
enon occurring on sunny days in hot and dry months. Similar to Tüffers 
et al. (1999) reporting higher mangrove RMD in July than in November, 
monthly RMD in this mangrove is also higher in hotter and drier months 
for each year (Fig. 2a). The extent of daily RMD under hotter and drier 
conditions over the six years (Figs. 5a-b) is also within the varying range 
of previous studies (10 ~ 40 %) (Sobrado, 1999; Tüffers et al., 1999).

The correlation analyses confirm the links between RMD and the 
three meteorological factors at a monthly scale, with RMD being most 
coupled with Tair (Fig. 3a). This suggests that MD in this mangrove is 
strongly sensitive to heat and drought stresses. The weak coupling be
tween DCS and meteorological factors (Figs. 3 and 4d) implies that DCS 
cannot serve as a good diurnal metric to quantify mangrove MD. The 
regression analyses suggest that daily/monthly RMD are positively 
correlated with both Tair and VPD (Fig. 5), which supports our first 
hypothesis that mangrove MD enhances with increasing heat and 
drought stresses. This is consistent with many previous studies reporting 
a downregulation of mangrove CO2 uptake when experiencing high 
temperature and VPD (Alvarado-Barrientos et al., 2021; Liu and Lai, 
2019; Rodda et al., 2022). The strengthened RMD at high Tair and VPD 
(Fig. 4b) suggests the combination of heat and drought stresses can exert 
a superposition effect on the downregulation of mangrove photosyn
thesis. This is in line with the finding that mangroves can even experi
ence a mass dieback event when heat and drought stresses occur 
simultaneously (Duke et al., 2021). Rain poses a negative effect on RMD 
at an annual scale (Fig. 7b), while it is positively correlated with RMD at 
a monthly scale (Fig. 7a). This positive rain-RMD correlation is not 
abnormal because monthly rain covaries with Tair and VPD (Fig. 2a), 

Fig. 5. Responses of daily (a and b) and monthly (c and d) relative midday depression (RMD) to midday mean air temperature (Tair) and vapor pressure deficit (VPD) 
as well as their linear regressions, based on the data over the six-year study period. For daily RMD, Tair or VPD is equally divided into ten groups, and then the mean 
RMD of each group is used for the linear regressions.
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which dominate the seasonality of monthly RMD.
The regression analyses also indicate larger fitting slopes (after 

normalization by the range of independent variables) in the Tair-RMD 
regression than those in the VPD-RMD regression (Fig. 5), which further 
confirms that mangrove MD is more driven by heat stress. The existence 
of Tair and VPD thresholds suggests that mangrove MD does not always 

occur until the stresses increase beyond the thresholds. Although RMD 
always enhances with increasing heat and drought stresses in each of the 
six years, annual responding sensitivity varies across years with stronger 
ST and SVPD corresponding to lower rain (Fig. 7). This finding supports 
our second hypothesis that the annual responding sensitivity of 
mangrove MD to heat and drought stresses reduces with more rain. In 

Fig. 6. Responses of daily relative midday depression (RMD) to midday mean air temperature (Tair) and vapor pressure deficit (VPD) as well as their linear re
gressions, based on the data in each year. Tair or VPD is grouped in equal differences based on the full data range of all years, and then the mean RMD of each group 
are used for the linear regressions.

Fig. 7. Changes in the sensitivities (i.e., the slopes of fitted lines in Fig. 6) of relative midday depression to midday mean daytime air temperature (ST; a) and vapor 
pressure deficit (SVPD; b) as a function of annual rain over the six-year study period. Linear regressions are shown for the relationships.
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other words, mangrove MD would be more sensitive to heat and drought 
stress if they experience less rain than usual. This rain-induced relief on 
mangrove MD coincides with our previous finding that drought-induced 
salinity enhancement weakens annual CO2 uptake by this mangrove 
(Zhu et al., 2021c).

Our EC-based data analyses of mangrove MD suffer from several 
limitations and uncertainties. First, since GPP time series are derived 
from raw 10-Hz EC measurements, and thus the uncertainties in GPP and 
MD come from EC data processing procedures including flux correc
tions, quality controls, and flux partitioning (Reichstein et al., 2005). In 
particular, errors in GPP and MD could arise from flux partitioning from 
NEE into GPP and Re since increasing midday Tair leads to higher Re and 
lower NEE, which is not actually related to MD. As shown by the mean 
diurnal variations in 30-min NEE, GPP, Re, and their responses to 
environmental controls (Fig. S1), mangrove GPP does experience 
depression during midday hours after excluding the confounding effect 
of Re, which confirms the occurrence of mangrove MD with heat and 
drought stress. As shown by the diurnal variations in actual and fitted 
GPP under stress-free conditions (Fig. S2), we also confirm that the fit
tings of Eq. (2) well track the daytime course of GPP and thus RMD 
serves a good metric to quantify the severity of mangrove MD. Second, 
since the EC data represents spatially integrated signals over the foot
print, the temporal variations of GPP across various time scales are also 
regulated by the time-varying footprint. Thus, our analyses only repre
sent ecosystem-level MD rather than leaf- or plot-level MD targeted for 
specific mangrove species. Third, given that the dominant mangrove 
species within the EC footprint, Kandelia obovata and Avicennia marina, 
are more heat-sensitive (Li et al., 2022), the interactions between 
mangrove MD and environmental stresses revealed by this study might 
be species-dependent and thus any extrapolation to other species or 
climate region should be taken with cautions. Lastly, linear and syn
chronous processes are implicitly assumed in this study to explore the 
responses of mangrove MD to environmental stresses, however, carbon 
fluxes in wetland ecosystems often involve nonlinear and asynchronous 
processes across time scales (Sturtevant et al., 2016). Future studies 
using advanced statistical techniques combined with more available 
measurements are needed to assess this uncertainty (Knox et al., 2021).

5. Conclusion

Temporal variations in mangrove GPP and MD as well as their re
sponses to heat (air temperature) and drought (VPD and rain) stresses 
across time scales are investigated in a subtropical estuarine wetland of 
Southeast China, based on six-year simultaneous measurements of EC 
and meteorological data from 2017 to 2022. We find that RMD serves a 
good metric to quantify the extent of mangrove MD that occurs with air 
temperature or VPD above a certain threshold and becomes severe when 
the stresses co-exist. Monthly RMD has a clear seasonal pattern peaking 
in summer, reflecting its seasonal controls of heat and drought stresses. 
Annual RMD changes in the opposite direction with GPP, indicating the 
contribution of MD to the reduction in GPP. The sensitivity of RMD to 
heat and drought stresses varies across years with stronger ones occur
ring in drier years with less rain. This study highlights the importance of 
heat and drought stresses in affecting mangrove MD and GPP, implying 
that future warmer and drier climates are likely to weaken mangrove 
carbon uptake. The findings on the interactions between mangrove MD 
and environmental stresses across time scales provide direct empirical 
evidence for a better understanding of the response of mangrove blue 
carbon to climate change. To reduce the uncertainty in assessing 
mangrove carbon budget in the context of climate change, future 
empirical and model studies on mangrove blue carbon should explicitly 
consider the sub-daily interactions that are likely obscured when inter
preting the seasonal or annual variability using aggregating daily or 
multi-day observations.
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