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A B S T R A C T

Atmospheric drought stress limits mangrove photosynthetic activity, and this constraint can be further amplified 
by high salinity, yet their combined global effects remain poorly understood. Here, we integrated multi-source 
Earth observation and geoinformation datasets, including Sentinel-2 red-edge position (a proxy for canopy 
photosynthetic activity), vapor pressure deficit from TerraClimate, seawater salinity from Copernicus reanalysis, 
to investigate how salinity regulates the sensitivity of mangrove photosynthesis to atmospheric drought stress 
during 2019–2023. Datasets were harmonized and analyzed through reproducible geoinformation workflows at 
10 m–0.5◦ resolutions, enabling large-scale coupling analyses between remote sensing proxies and climate 
drivers. We found that drought stress constrained mangrove photosynthetic activity worldwide, with stronger 
limitations in tropical savannahs than in tropical rainforests. Marine mangroves exposed to persistent high 
salinity were more sensitive than estuarine mangroves influenced by freshwater inflow. These results reveal a 
global pattern in which salinity amplifies atmospheric water constraints on mangrove photosynthesis. Mangroves 
in dry climates and high-salinity habitats are therefore most vulnerable to future warming and drying. Our 
findings confirm that integrating multi-source satellite observations with geoinformation analysis provides an 
effective, large-scale approach for assessing vegetation vulnerability and identifying conservation priorities in 
climate-sensitive mangrove ecosystems.

1. Introduction

Global warming caused by human activities has resulted in signifi
cant changes in temperature, rainfall, wind direction, and sea level over 
the past century (Stocker, 2014). As one of the coastal blue carbon 
ecosystems, mangroves are among the natural ecosystems with the 
strongest carbon sequestration capacity (Friess et al., 2019; Rovai et al., 
2018; Su, Friess, & Gasparatos, 2021). Although mangroves only 

account for 0.5% of the global coastal area, their contribution to blue 
carbon sequestration makes them one of the preferred natural-based 
solutions for mitigating climate change (Duarte et al., 2013; Lovelock 
et al., 2024; Rosentreter et al., 2023). However, mangroves also face 
severe challenges brought by climate change, and the harsh habitats at 
their land-sea interface make them more vulnerable to the impacts of 
climate change (Sharma et al., 2020; Zhang et al., 2024). The photo
synthetic activity of mangroves is sensitive to various environmental 
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stresses, such as high temperature (Chung et al., 2023), sea-level rise 
(Lovelock et al., 2015), atmospheric drought (Gou et al., 2024), and high 
salinity (Cui et al., 2018). In the future, climate change will make 
drought stress more frequent and severe. Therefore, studying atmo
spheric water constraints on mangrove photosynthetic activity can help 
understand the response and adaptation of mangroves to climate 
change.

Vapor pressure deficit (VPD), a common metric reflecting atmo
spheric water demand or the degree of atmospheric drought stress, is 
expected to increase continuously with global warming (Shekhar et al., 
2023). Elevated VPD affects mangrove photosynthesis through several 
physiological mechanisms (Reef & Lovelock, 2015). When there is suf
ficient water in the atmosphere, mangroves allocate more resources to 
leaf development and hydraulic structure, which is more conducive to 
photosynthesis and canopy growth (Granados-Martínez et al., 2021; Li 
et al., 2025). Extreme VPD is found to have a significant impact on the 
stomatal opening of plants (López, Way, & Sadok, 2021). Under high 
VPD conditions, plants tend to reduce stomatal opening to minimize 
water loss (Grossiord et al., 2020), while the decrease in stomatal 
opening can also hinder the uptake of carbon dioxide (CO2), thereby 
limiting photosynthesis and plant growth (Sulman et al., 2016; Wang 
et al., 2025). Meanwhile, when stomata close, transpiration decreases, 
leading to increased leaf temperatures (Gahir, Bharath, & Raghavendra, 
2021). This temperature rise can enhance photorespiration, thereby 
reducing photosynthetic efficiency. Previous studies have reported the 
inhibition effect on mangrove photosynthesis induced by high VPD 
(Gnanamoorthy et al., 2020; Gou et al., 2024; Granados-Martínez et al., 
2021). It has also been reported that increasing VPD will lead to a 
decrease in canopy light use efficiency in mangrove forests (Liu & Zhu, 
2024; Rodda et al., 2022; Zhu & Zhu, 2025). Meanwhile, some studies 
suggest that the correlation between mangrove carbon uptake and VPD 
may be regulated by other environmental factors (Xu et al., 2025). Gou 
et al. (2024) found that high temperature and radiation can exacerbate 
the atmospheric drought stress caused by the increase in VPD. However, 
these studies focus on observation data from single or multiple sites, 
making it difficult to compare the atmospheric water constraints on 

mangrove photosynthetic activity across different habitats at a regional 
or global scale.

High salinity, despite mangroves being halophytic, remains one of 
the major abiotic stresses influencing their physiology (Perri et al., 2019; 
Rovai et al., 2021). The physiological response of mangroves to high 
salinity is like that of terrestrial vegetation experiencing extremely low 
soil moisture, as the low osmotic potential in high-salinity soil limits the 
water supply for mangroves (Alongi, 2009). In comparison with man
groves grown in low salt environments, mangroves in high salt envi
ronments often have lower stomatal conductance, transpiration, and 
internal CO2 concentration, resulting in lower overall photosynthetic 
rates (Krauss & Ball, 2013; Nguyen et al., 2015). However, there are 
significant regional differences in the sensitivity of mangrove photo
synthesis to high salinity and atmospheric drought stress, mainly related 
to climate zones and hydrological environments (Alvarado-Barrientos 
et al., 2021; Liu and Lai, 2019). Ward et al. (2016) highlighted that the 
impact of climate change factors on mangrove ecosystems varied 
significantly in different regions and pointed out that mangroves 
exhibited different ecological characteristics and responses to environ
mental stresses under different geographical locations and climatic 
conditions. The differences in estuarine and coastal environments, 
especially hydrological differences, result in varying carbon fluxes of 
mangroves growing in these two types of environments, with salinity 
being considered the main cause (Cotovicz et al., 2024; Donato et al., 
2011; Liu et al., 2025). Mangroves grown in marine environments, such 
as arid coastlines and hypersaline lagoons, are exposed to higher and 
more constant salinity levels due to limited freshwater inflow (Fig. 1a). 
Higher salinity intensifies root-level water stress, reduces stomatal 
conductance, and amplifies the effects of atmospheric water constraints 
on mangrove carbon assimilation (Reef & Lovelock, 2015). In contrast, 
mangroves grown in estuarine environments typically benefit from 
lower and more variable salinity due to the mixing of freshwater from 
rivers with tidal seawater (Fig. 1b). Lower salinity reduces osmotic stress 
on mangrove roots, enhancing their capacity to take up water, maintain 
open stomata (Krauss et al., 2008), and support higher photosynthetic 
rates under atmospheric water constraints.

Fig. 1. Differential atmospheric water constraints on mangrove photosynthetic activity between marine (a) and estuarine (b) habitats. A stronger blue shift in the 
red-edge position (REP) of canopy reflectance spectra with increasing vapor pressure deficit (VPD) occurs in marine mangroves experiencing higher salinity. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In terms of using remote sensing spectral indices to characterize 
vegetation photosynthetic activity, the red-edge band has been consid
ered an excellent proxy for monitoring seasonal changes in vegetation 
chlorophyll content and photosynthetic capacity due to its sensitivity to 
leaf and canopy chlorophyll content (Croft et al., 2017; Luo et al., 2019). 
The efficiency of photosynthesis is closely related to the amount of 
chlorophyll, and this affects the red-edge region of the reflectance 
spectrum. Higher chlorophyll content typically results in a red-edge shift 
towards longer wavelengths, indicating an enhanced photosynthetic 
capacity (Ustin & Jacquemoud, 2020; Yang et al., 2024). For instance, 
Zhou et al. (2021) found that the position of the red-edge in citrus can 
indicate the changes in photosynthetic capacity caused by water stress. 
Yi et al. (2017) assessed the ability of spectral reflectance in indicating 
leaf photosynthetic efficiency and showed the advantages of red-edge 
bands. Liu & Zhu (2024) also found that the red-edge band of 
mangrove forests underwent a “red-edge blue shift” phenomenon in 
high VPD environments, indicating that the movement of the red-edge 
position (REP) can reflect the changes in mangrove photosynthetic 
activity.

To fill the knowledge gap on the global pattern of atmospheric water 
constraints on mangrove photosynthetic activity, this study used 
Sentinel-2 remote sensing data and other spatiotemporal data from the 
past 5 years (2019–2023) to firstly analyze the monthly coupling (rep
resented by Pearson correlation analysis) between global 10-m 
mangrove pixel photosynthetic activity (indicated by REP) and atmo
spheric drought stress (indicated by VPD), distinguish between estuarine 
and marine mangroves, and aggregate them into half-degree cells to 
construct two coupling metrics. Subsequently, climate zone types, 
salinity, and rainfall data were introduced to further investigate the 
regional differences in coupling among different climate zones, as well 
as the impact of salinity and hydrological environment on the coupling. 
We hypothesize that (1) a significant coupling exists between mangrove 
photosynthetic activity and atmospheric drought stress, and (2) this 
coupling is stronger in marine mangroves experiencing a higher salinity 
stress than in estuarine mangroves experiencing a lower salinity stress. 
We aim to answer the following scientific questions: (1) How is the 
coupling between mangrove photosynthetic activity and atmospheric 
drought stress? (2) What are the spatial differences in the coupling 
regarding various climate zones and mangrove habitats (i.e., marine vs. 
estuarine)?

2. Data and methods

The technical roadmap of this study is shown in Fig. 2.

2.1. Mangrove distributions and environmental data

This study used a grid cell with a spatial resolution of 0.5◦ in the data 
analyses. Firstly, seamless global grid cells with a resolution of 0.5◦

(approximately 50 km at the equator) were established. Secondly, the 
global spatial distribution of mangroves with a resolution of 10 m from 
the HGMF_2020 dataset (Jia et al., 2023) was used to identify the 
presence of mangroves, forming 3033 grid cells with a resolution of 0.5◦. 
These cells were distributed between 39◦S and 30◦N, covering all lon
gitudinal bands. Thirdly, since marine and estuarine mangroves have 
distinct habitats and face different threats (Kimirei et al., 2016), we 
classified estuarine and marine mangroves within each grid cell. Some 
cells have both marine mangroves and estuarine mangroves, while 
others only have one type of mangrove. The global estuary distribution 
mask developed by the “Sea Around Us” project (Alder, 2003) was 
applied to the mangrove distribution dataset to distinguish between 
marine and estuarine mangroves. To avoid missing mangroves around 
estuarine areas, a 5-km buffer zone was established for the estuarine 
mask. Among all grid cells, marine mangroves exist in 2879 cells, and 
estuarine mangroves exist in 766 cells. For subsequent analyses, each 
grid cell was assigned two types of attributes: mangrove attributes and 
environmental attributes. Cell-level mangrove attributes were calcu
lated from all mangrove pixels within the grid cell, while cell-level 
environmental attributes, including climatic zone, seawater salinity, 
and annual rainfall, were calculated from all pixels within the grid cell.

Temperature has already been considered the main limiting factor 
for the geographical distribution of mangrove forests (Saintilan et al., 
2014). Mangrove forests are extremely sensitive to temperature 
changes, and extreme high and low temperatures can affect their growth 
(Duke et al., 2017; Giri et al., 2011). Therefore, the photosynthetic ac
tivity of mangroves in different latitudinal zones and climate zones is 
expected to respond differently to drought stress. The global map of the 
Köppen-Geiger climate classification for the period 1991–2020 with a 
resolution of 0.5◦ was available from GloH2O (Beck et al., 2023). Ac
cording to the Köppen-Geiger classification criteria (Yoo & Rohli, 2016), 
the land climate in the distribution area of mangrove forests consisted of 

Fig. 2. Workflow of analysis of spatial differences in the coupling between mangrove photosynthetic activity and atmospheric drought stress.
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three main types, with tropical regions being larger and further sub
divided into three subtypes. All grid cells had a total of 5 climate types, 
including tropical rainforest climate (Af), tropical monsoon climate 
(Am), tropical savanna climate (Aw), desert and semi-arid climate (B), 
and temperate climate (C) (Fig. A1a).

High salinity is a major limiting factor for mangrove growth and 
photosynthesis, which is expected to weaken the adaptability of man
groves to drought stress. However, the salt mass balance of mangrove 
systems is influenced by various factors, such as large-scale ocean cir
culation, river water input, and precipitation (Gomez et al., 2019; Lane 
et al., 2007). Given the complexity and difficulty of measuring actual 
porewater salinity, seawater salinity is used as a reasonable proxy in this 
study, like previous studies (Kirwan et al., 2009; McKee, 2011; Simard 
et al., 2019). The monthly seawater salinity was sourced from the 
GLORYS12V1 product provided by the Copernicus Ocean Service 
(Lellouche et al., 2021), with a spatial resolution of 0.083◦. The average 
monthly seawater salinity during the research period was used for 
subsequent analyses (Fig. A1b). Adequate rainfall is crucial for diluting 
porewater salinity and maintaining a healthy mangrove ecosystem. The 
increase in rainfall can also lead to a decrease in porewater salinity and 
sulfate concentration, thereby enhancing the photosynthetic activity of 
mangroves (Ward et al., 2016; Zhu, Sun, & Qin, 2021). The GPM_3I
MERGM product with a spatial resolution of 0.1◦ from the NASA Global 
Precipitation Measurement Mission (Huffman et al., 2023) provided the 
monthly rainfall data to calculate the mean annual rainfall (Fig. A1c).

2.2. Mangrove REP and its coupling with VPD

The coupling analyses based on long-term spatiotemporal data were 
implemented with the Google Earth Engine (GEE) platform. As the 
“COPERNICUS/S2_SR_HARMONIZED” dataset for the Sentinel-2 Level 
2A product has only provided complete global coverage data since 2019, 
the time range of this study was from 2019 to 2023. VPD is widely 
recognized as a proxy for atmospheric drought stress due to its direct 
influence on plant physiological processes (Zhang et al., 2024). We used 
the TerraClimate dataset to obtain global VPD data, a high-resolution 
(~4-km, 1/24◦) global monthly climate dataset (Abatzoglou et al., 
2018). Among the variables provided by TerraClimate, we directly 
extracted monthly VPD values.

The REP, used for representing mangrove photosynthetic activity, 
was calculated from Sentinel-2 surface reflectance data (Level 2A 
products). To improve data quality, we used the Cloud Score Plus (CSP) 
cloud detection algorithm to estimate the cloud probability of each pixel 
(Pasquarella et al., 2023). On the GEE platform, the “Cloud Score + S2- 
HRMONIZE V1″ dataset provides a standard for the CSP algorithm, 
where the ”CS“ band represents cloud probability and the ”CS_CDF“ 
band represents the CS band's cumulative distribution function (CDF). 
This study used the ”CS_CDF“ band to identify pixels blocked by clouds 
and used 0.6 as a threshold to remove pixels larger than the threshold 
(Hang et al., 2024). Due to the discontinuity of spectral reflectance in 
satellite data, the four-point linear interpolation method was used to 
estimate REP (Clevers et al., 2002). This method assumes that the 
reflectance curve of the red-edge band can be approximated as a straight 
line with REP as the midpoint between the near-infrared band (780 nm) 
and the red band (670 nm) (Gholizadeh et al., 2016): 

REP = 700 + 40 × (

R670+R780
2 − R700

R740 − R700

⎞

⎟
⎠ (1) 

According to the center wavelength of the relevant band of Sentinel- 
2, it can be rewritten as: 

REP = 704 + 36 × (

R665+R780
2 − R704

R740 − R704

⎞

⎟
⎠ (2) 

where R665, R704, R740, R780 are the reflectance values at 665, 704, 
740 and 780 nm, respectively.

To avoid outlier interference, the monthly REP was calculated as the 
median of all available images for that month. For each 10-m mangrove 
pixel, the Pearson correlation coefficient and significance test were 
performed on the monthly REP and VPD time series to determine the 
coupling between the two variables. Each pixel has a correlation coef
ficient and a p-value. However, for the half-degree grid cells, two 
coupling metrics were defined as follows: (1) PCP: the proportion of 
coupling 10-m mangrove pixels with statistically significant REP-VPD 
correlations (p < 0.05) in the total number of mangrove pixels within 
the half-degree cell; (2) CCP: the median correlation coefficient of 
coupling 10-m mangrove pixels with statistically significant REP-VPD 
correlations within the half-degree cell.

2.3. Data analyses

We analyzed the correlation between the coupling metrics and their 
spatial location characteristics (e.g., geographical location and envi
ronmental conditions). To better explore the regular changes in the 
distribution of mangrove forests from the southern edge to the northern 
edge, all half-degree grid cells were grouped equally at an interval of 1◦

according to latitude (Perri et al., 2023), resulting in 70 sets of mangrove 
attributes for examining the relationship between coupling and lat
itudinal zones. Regression analyses were conducted between the 
coupling of half-degree grid cells and environmental factors. We 
selected two environmental factors (i.e., seawater salinity and annual 
rainfall), with the PCP representing the coupling for analysis. During the 
fitting process, all half-degree grid cells were divided into 10 groups 
proportionally based on environmental factors, and the average values 
were used for regression analyses. Both linear and exponential 
responding functions were tested in the regression analyses, but only 
one type of the function with better performance was applied in the 
further analyses to describe the impacts of changing seawater salinity 
and annual rainfall on the PCP.

In addition, the quality and quantity of river inputs and large-scale 
ocean circulation can affect the salt balance of mangrove ecosystems, 
so mangroves in marine and estuarine habitats were classified (Gomez 
et al., 2019; Lane et al., 2007). Thus, for all half-degree grid cells, we 
calculated three types of coupling indicators, namely marine mangrove 
coupling, estuarine mangrove coupling, and total mangrove coupling, 
and then compared the impact of differences in marine and estuarine 
habitats on coupling under the same spatial location conditions. The 
Mann-Whitney U test (Vierra et al., 2023) was used to detect the 
coupling differences between marine and estuarine mangroves. Each 
half-degree grid cell was directly assigned to one of the five climate 
zones. We compared the coupling of these five groups of half-degree grid 
cells to examine the impact of climate zones. We also analyzed differ
ential responses of the coupling to increasing seawater salinity and 
annual rainfall for five climatic zones between marine and estuarine 
mangrove habitats.

3. Results

3.1. Coupling between mangrove REP and VPD

From 2019 to 2023, the coupling between mangrove photosynthetic 
activity and atmospheric drought stress was generally good on a global 
scale. In terms of PCP, the median value of all half-degree grid cells was 
0.41 (mean: 0.38), and there were 1376 cells (out of 3033 cells) with a 
PCP > 0.5. Geographically, the PCP in the Caribbean region of Central 
America, the Malay Archipelago region, the coast of Australia, and the 
eastern side of the Mozambique Channel could reach 0.8 or above 
(Fig. 3a). The PCP distribution exhibited substantial spatial variability. 
For all half-degree grid cells, 83% of them had negative correlation 
coefficients, illustrating that mangrove photosynthetic activity generally 
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Fig. 3. Global mappings (a and b) and corresponding statistical distributions (c and d) of the coupling metrics, PCP (proportion of coupling 10-m mangrove pixels) 
and CCP (median correlation coefficient of coupling 10-m mangrove pixels), for all half-degree grid cells covering 10-m mangrove pixels. Subfigures ① to ⑩ 
(seawater salinity from low to high) represent the correlation significance of 10-m mangrove pixels within a grid cell. The positions of these grid cells are marked.

Fig. 4. Latitudinal distribution of mean seawater salinity and rainfall (a) and the mean coupling metrics (b), PCP (proportion of coupling 10-m mangrove pixels) and 
CCP (median correlation coefficient of coupling 10-m mangrove pixels), within the mangrove distribution range from 39◦S to 30◦N.
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decreased with increasing atmospheric drought stress. The global me
dian CCP was − 0.29 (mean: − 0.36), and more than half of the grid cells 
varied between − 0.3 and − 0.5, with no significant spatial difference 
compared to PCP (Fig. 3b). When the data were analyzed separately for 
marine and estuarine mangroves, we found that marine mangroves had 
larger PCP (mean: 0.42 vs. 0.34; median: 0.40 vs. 0.26) and stronger CCP 
(mean: − 0.30 vs. − 0.23; median: − 0.36 vs. − 0.34) than estuarine 
mangroves (Fig. A2-3). When 10 cells with different salinity levels were 
selected from all global grid cells, it was evident that as salinity 
increased, the value of PCP also increased. Within each cell, there were 
significantly more pixels with a significant negative correlation between 
REP and VPD near the coast (Fig. 3).

3.2. Spatial differences in coupling between REP and VPD

From the southern to the northern edge of the geographical distri
bution range of mangrove forests, the seawater salinity first decreased 
and then increased, reaching its minimum value near the equator 
(Fig. 4). Rainfall had an opposite latitudinal trend, reaching a maximum 
annual rainfall of 3321 mm in the 3◦N zone. PCP and CCP had opposite 
latitudinal trends, indicating that the higher the PCP, the stronger the 
negative correlation between photosynthetic activity and atmospheric 
drought stress (i.e., the stronger the coupling). Overall, the latitudinal 
variation patterns of these coupling metrics and salinity/rainfall were 
consistent. Taking the 5◦S-5◦N zone for example, low salinity (or high 
rainfall) well corresponded to weak coupling (i.e., low PCP and weak 
CCP). Over the whole latitudinal zone, the weakest coupling occurred in 
the 4◦N zone (mean PCP = 0.18), while the strongest coupling occurred 
in the 21◦S zone (mean PCP = 0.67).

For the differences between marine and estuarine mangrove forests, 
both PCP and CCP passed the Mann-Whitney U test, indicating a 

statistically significant difference in the coupling between marine and 
estuarine habitats (Fig. 5). For the differences among climate zones, the 
highest median PCP (0.43) occurred in the tropical savanna climate 
zone, while the lowest median PCP (0.32) occurred in the temperate 
climate zone. The strongest value of the median CCP was − 0.37 in the 
tropical savanna climate zone, while the weakest value was − 0.34 in the 
tropical rainforest climate zone.

3.3. The effect of hydrological environment on the coupling

To further analyze regional differences, the coupling metric of PCP 
was used for analyses of the effects of environmental factors. For marine 
habitats (Fig. 6a-f), as the salinity of the sea surface increased, the 
coupling rapidly increased, and the growth rate increased faster with the 
increase of salinity, following the expression of an exponential function 
(y = a× ebx/10). In all climate zones where mangroves grow, the 
coupling increased exponentially with salinity, and the determination 
coefficients of the fitted equations were all greater than 0.5. Comparing 
the parameter b in the equation expression, the maximum value was 
3.09 for climate zone C, while the minimum value was 0.80 for climate 
zone Am. For estuarine habitats (Fig. 6g-l), similar responding patterns 
were found. The parameter b showed a maximum value of 2.52 in 
climate zone C and a minimum value of 1.89 in climate zone Am. 
However, in estuarine habitats, we also observed a low determination 
coefficient of 0.16 in climate zone B, with a relatively narrow range of 
salinity variation (Fig. 6j).

As annual rainfall increased, the coupling tended to decrease uni
formly following the expression of a linear function (y = ax + b) 
(Fig. 7). For marine habitats (Fig. 7a-f), except for the Aw climate zone, 
the determination coefficients of the fitted equations were greater than 
0.5. Among the five climate zones, climate zone B had the highest slope 

Fig. 5. Comparisons of the coupling metrics, PCP (proportion of coupling 10-m mangrove pixels) and CCP (median correlation coefficient of coupling 10-m 
mangrove pixels), between marine and estuarine mangroves (a and b) (“*” represents a statistically significance of p < 0.05) and among five climate zones (c 
and d) including tropical rainforest climate (Af), tropical monsoon climate (Am), tropical savanna climate (Aw), desert and semi-arid climate (B), and temperate 
climate (C).
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of − 0.50, while climate zone Am had the lowest slope of − 0.10. For 
estuarine habitats (Fig. 7g-l), this linear relationship was not as pro
nounced as in marine habitats. This relationship was not statistically 
significant in two climate zones (Aw and C), and the coefficient of 
determination was generally weaker than that in marine habitats. The 
differences between climate zones were similar when the analyses were 
conducted based on all mangrove forests from marine and estuarine 
habitats (Fig. A4-5).

4. Discussion

4.1. Atmospheric water constraints on mangrove photosynthetic activity

On a monthly scale, the coupling between atmospheric drought 
stress and photosynthetic activity reflects the atmospheric water con
straints on mangrove photosynthetic activity. Consistent with terrestrial 
forests, the intensification of atmospheric drought stress, characterized 

Fig. 6. Differential response of the coupling metric of PCP (proportion of coupling 10-m mangrove pixels) to increasing seawater salinity for global and five different 
climatic zones between marine (upper panel) and estuarine (lower panel) mangrove habitats. Climatic zones include tropical rainforest climate (Af), tropical 
monsoon climate (Am), tropical savanna climate (Aw), desert and semi-arid climate (B), and temperate climate (C). Data from all half-degree grid cells were equally 
divided into ten groups (percentile-based), and then the median values of each group were used for exponential regressions. Solid and dashed fitting curves indicate 
statistically (p < 0.05) significant and non-significant.
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by increases in VPD, has been widely reported as an important abiotic 
environmental factor that reduces the photosynthetic capacity of man
groves (Alvarado-Barrientos et al., 2021; Gnanamoorthy et al., 2020; 
Leopold et al., 2016; Zhao et al., 2022). In response to increasing at
mospheric dryness, mangroves decrease stomatal conductance to reduce 
water loss, thereby affecting CO2 uptake through photosynthesis (Jiang 
et al., 2017; Keith et al., 2012). Existing site observations have found 
that mangroves located in diverse climatic regions exhibit a decrease in 
photosynthetic activity during periods of high temperature and high 
VPD (Gnanamoorthy et al., 2020; Rodda et al., 2022). Our findings 
provide strong empirical evidence that atmospheric water constraints on 

mangrove photosynthetic activity represent a globally pervasive phe
nomenon, rather than a regionally confined or species-specific anomaly 
(Figs. 3a and A2-3). Across a wide range of climate zones and latitudinal 
gradients, mangroves consistently exhibit the blue-shift phenomenon of 
REP during high-VPD seasons. These responses have been documented 
in tropical, subtropical, and even marginal poleward populations, sug
gesting that atmospheric dryness is a universal stressor shaping 
mangrove photosynthesis at the global scale (Bardou et al., 2024; 
Lovelock et al., 2016; Yuan et al., 2019). Thus, atmospheric water 
constraints on mangrove photosynthesis should be viewed as a core and 
globally relevant physiological limitation, embedded within a broader 

Fig. 7. Differential response of the coupling metric of PCP (proportion of coupling 10-m mangrove pixels) to increasing annual rainfall for global and five different 
climatic zones between marine (upper panel) and estuarine (lower panel) mangrove habitats. Climatic zones include tropical rainforest climate (Af), tropical 
monsoon climate (Am), tropical savanna climate (Aw), desert and semi-arid climate (B), and temperate climate (C). Data from all half-degree grid cells were equally 
divided into ten groups (percentile-based), and then the median values of each group were used for linear regressions. Solid and dashed fitting curves indicate 
statistically (p < 0.05) significant and non-significant.
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framework of hydroclimatic sensitivity.
Although atmospheric drought stress commonly inhibits mangrove 

photosynthetic activity worldwide, spatial heterogeneity in environ
mental conditions results in a wide spectrum of physiological adapta
tions and responses across regions. While mangroves generally 
demonstrate greater tolerance to elevated VPD compared to many 
terrestrial ecosystems due to their conservative water-use strategies (Li 
et al., 2025), our results highlight substantial intra-biome variability. In 
tropical rainforest climate zones near the equator, high annual rainfall 
and persistent humidity keep atmospheric water demand low, leading to 
minimal VPD-induced stress responses (Fig. 4b and 5c-d). Under humid 
conditions, water availability rarely limits gas exchange, allowing 
mangrove canopies to maintain high stomatal conductance and photo
synthetic activity throughout the year (Dali, 2023). Equatorial man
groves benefit from abundant rainfall that promotes sustained growth 
and carbon uptake, with atmospheric water constraints playing a rela
tively minor role compared to light or nutrient limitations (Krauss et al., 
2022). This favorable moisture regime means that photosynthetic per
formance in equatorial mangrove forests is primarily constrained by 
factors such as light and nutrients rather than atmospheric dryness 
(Mwangi et al., 2001). In contrast, mangroves in tropical savanna 
climate zones experience pronounced rainfall seasonality, which in
tensifies atmospheric water limitations during dry periods. High tem
peratures and clear skies during the dry season drive up VPD (Cai et al., 
2023), and these seasonal droughts force mangroves to adopt conser
vative water-use strategies. To cope, subtropical mangroves enhance 
water-use efficiency through osmotic adjustment, reduced canopy 
conductance, and tighter stomatal control strategies that allow limited 
photosynthetic activity under stress (Li et al., 2025). As a result, a strong 
seasonal coupling emerges between VPD fluctuations and photosyn
thetic performance in these regions, as reflected in our spatial analyses 
(Fig. 4b and 5c-d). Our analyses showed that mangroves in temperate 
climate zones (i.e., subtropical areas) did not exhibit a strong seasonal 
negative correlation between photosynthetic activity and atmospheric 
dryness. This does not mean that atmospheric water stress is no longer 
the primary source of growth pressure for mangrove forests at the 
northern and southern distributional edges. In subtropical regions, the 
interplay between VPD and photosynthesis is modulated by factors such 
as soil salinity, light intensity, temperature, and nutrient availability 
(Yoshikai et al., 2022; Zheng & Takeuchi, 2022). These factors can 
attenuate the negative correlation between VPD and photosynthetic 
activity.

4.2. Salinity-induced global pattern of atmospheric water constraints

Mangrove photosynthesis is shaped not only by atmospheric water 
demand but also by salinity stress, which serves as a critical regulator of 
plant water uptake across diverse climatic and hydrological settings. 
Elevated salinity increases the osmotic potential of soil water, making it 
more difficult for mangrove roots to extract water, thereby effectively 
intensifying physiological drought even when atmospheric humidity 
remains moderate (Kimera et al., 2024; Parida & Jha, 2010). This os
motic stress leads to partial or complete stomatal closure to reduce water 
loss, thereby lowering internal CO2 concentrations and constraining 
photosynthetic carbon assimilation (Li et al., 2022). Additionally, en
ergy allocated to ion exclusion, compartmentalization, or the synthesis 
of compatible solutes such as proline or glycine betaine under saline 
conditions further reduces photosynthetic efficiency by diverting re
sources away from carbon fixation pathways (Chakraborty et al., 2018). 
The limiting effect of salinity on PCP follows an exponential relation
ship, and during the initial stages of salinity increase, no significant 
difference is observed in atmospheric water constraints on mangrove 
photosynthetic activity (Fig. 6). As halophytic species, mangroves 
require a certain salinity range for optimal physiological functioning, 
and moderate salinity levels can even enhance photosynthetic activity 
(Roose et al., 2016). For example, Gnanamoorthy et al. (2020) reported 

that salinity conditions of 3–25 PSU promote mangrove productivity in 
the Indian tropical mangrove forest of Pichavaram. Rainfall is widely 
employed as a proxy indicator of salinity regimes in mangrove ecosys
tems because freshwater inputs from rainfall and river discharge directly 
regulate porewater salinity (Alongi, 2015; Wahid et al., 2025). In re
gions characterized by frequent or abundant rainfall, dilution of 
seawater by freshwater inputs alleviates salinity stress and permits 
higher stomatal conductance, thereby buffering mangroves against at
mospheric drought stress (Fig. 7).

In tropical monsoon climate zones, where rainfall exhibits pro
nounced seasonality, mangrove species are commonly adapted to 
alternating wet and dry phases with corresponding salinity variability, 
which does not necessarily intensify atmospheric drought stress effects 
unless freshwater limitation persists over extended periods (Figs. 6b and 
7b). During the wet season, salinity is generally diluted, alleviating os
motic stress and enhancing gas exchange capacity even when VPD in
creases in response to higher temperatures (Friess et al., 2022). During 
the dry season, while both VPD and salinity rise, mangroves in monsoon 
regions often exhibit acclimation strategies such as enhanced water-use 
efficiency and reduced leaf area to mitigate stress (Cheeseman, 2015; 
Krauss et al., 2008). Consequently, atmospheric water constraints may 
respond less strongly to increasing salinity in these zones because of 
species-specific physiological plasticity and seasonally mediated buff
ering effects.

4.3. Limitations and uncertainties

There are certain limitations and uncertainties in our analyses of the 
minimum cell based on Sentinel-2 data and other open-source spatio
temporal data sets at a resolution of 0.5◦. Firstly, the datasets we use 
have a certain degree of uncertainty. Due to the discontinuity of satellite 
bands, we can only use adjacent bands to calculate REP, ignoring the 
nonlinear characteristics that exist in the red-edge band (Li et al., 2024). 
When calculating the monthly REP, directly deleting pixels blocked by 
clouds may result in the loss of some information (Arp et al., 2024), but 
for the original Sentinel-2 imagery, we only removed those images that 
were obscured by clouds and did not restore a continuous spatiotem
poral sequence. However, many mangrove forests are distributed in 
cloudy areas throughout the year, and we may have lost some infor
mation. The spatial resolution of the TerraClimate dataset is 4 km; 
therefore, it cannot record finer spatial variations in VPD. Seawater 
salinity is considered a proxy for porewater salinity, but due to the 
complexity of the environment, its value is often lower than the true 
porewater salinity, so this proxy is relatively conservative. Secondly, our 
analysis process has limitations. A 0.5◦ grid cell might cause us to lose 
more detailed information, especially when it comes to environmental 
factors, as we overlook their rapid spatial variability (Habib et al., 
2008). When discussing the coupling between photosynthetic activity 
and atmospheric drought stress, we did not take the possible hysteresis 
response between the two into account. In the future, more statistical 
methods need to be applied to quantify potential asynchrony between 
the two (Knox et al., 2021). Finally, the impact of species diversity and 
interspecific differences had not been discussed, and the richness of 
mangrove ecosystems is likely to also affect the sensitivity of photo
synthetic activity to stress (Gatti et al., 2017). In addition, when sum
marizing regional differences, we lack consideration for other 
environmental driving forces, such as sea level rise and regional dif
ferences in tropical cyclones (Krauss et al., 2008), which also have 
important impacts on the photosynthetic activity of mangrove 
ecosystems.

5. Conclusion

Based on Sentinel-2 satellite data from 2019 to 2023 and open-source 
meteorological environment spatiotemporal data, we studied the 
coupling between global mangrove red-edge position and VPD on a 
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seasonal scale to explore atmospheric water constraints on mangrove 
photosynthetic activity. Our results demonstrate a consistent global 
decrease in photosynthetic activity under increasing atmospheric 
drought. When the atmosphere becomes drier, the photosynthesis of 
mangroves is weaker, but their sensitivity to drought stress exhibits 
significant spatial variations. From the perspective of climate zones, 
tropical rainforest regions have not yet experienced significant drought 
stress, but the photosynthesis of mangrove forests in tropical savanna 
climate regions is significantly weakened under drought stress. From the 
perspective of the hydrological environment, salinity stress intensifies 
the sensitivity of photosynthetic activity to atmospheric drought stress, 
and mangrove forests in marine habitats are more sensitive to drought 
stress due to long-term exposure to high salt environments. Mangrove 
forests in tropical savanna climates and high-salinity habitats should 
therefore be prioritized for conservation due to their heightened 
vulnerability.
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