
1. Introduction
As one of the most important blue carbon ecosystems (Nellemann & Corcoran,  2009), tidal mangroves 
contain rich carbon storage and sequestrate atmospheric carbon dioxide (CO2) at much larger rates per unit 
area than inland forests (Alongi, 2014; Mcleod et al., 2011). With high carbon sink potential, mangroves 
have been increasingly recognized as an effective long-term carbon sink option in climate change mitiga-
tion (Howard et al., 2017). To conduct a scientific assessment of mitigation potential, detailed character-
ization of mangrove carbon fluxes and accurate quantification of mangrove carbon budgets are needed. 
However, the knowledge of temporal and spatial variations in mangrove carbon fluxes and their responses 
to environmental factors are very limited (Alongi, 2012). On the one hand, located in the margin between 
land and sea, mangrove carbon fluxes are subject to many other environmental stresses except for those 
typically with inland forests, such as tidal inundation (Crase et al., 2015), high salinity (Song et al., 2011) 
and wastewater pollution (Jiang et al.,  2018). On the other hand, it is challenging to manually monitor 
mangrove carbon fluxes on a regular basis due to notoriously difficult field conditions and inaccessibility 
to mangrove forests.

The magnitude of mangrove carbon fluxes can be estimated indirectly by stock-difference methods and 
directly by flux methods (Howard et al., 2014). The stock-difference methods calculate the change in carbon 
stock between two points in time and use the change as a proxy of carbon fluxes, while flux methods direct-
ly measure gaseous carbon fluxes using gas flux techniques including static chamber and eddy covariance 
(EC). Static chamber method is the most common gas flux technique to calculate gaseous carbon fluxes, but 
this method suffers from several issues, such as chamber-induced change in temperature/light during the 
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measurements and spatial/temporal misrepresentation of measured fluxes. To overcome these issues, the 
nondestructive EC technique (Baldocchi et al., 2001) has been used to provide a long-term, continuous, and 
near-direct measurements of net ecosystem CO2 exchange (NEE) between ecosystem and the atmosphere, 
despite of the fact that the reliability of EC-based NEE suffers from suboptimal terrain/instrument setups 
and insufficient turbulent mixing. With continuous EC measurements, the temporal variations in NEE and 
its response to various environmental factors can be better characterized. Although EC measurements have 
been made over 900 sites (registered as FLUXNET sites) across a variety of ecosystems over the past two dec-
ades (Chu et al., 2017), the EC applications in tidal mangrove ecosystems are limited to only a few sites (Barr 
et al., 2010; Cui et al., 2018; Leopold et al., 2016; Liu & Lai, 2019). These EC studies have greatly improved 
our understanding of mangrove carbon cycles, but there is still a paucity of mangrove EC measurements 
given that mangrove NEE is temporally varying and spatially heterogeneous across complex and diversified 
intertidal habitats (Alongi, 2012; 2014).

Mangrove NEE is the net balance of CO2 influx via gross primary productivity (GPP), CO2 efflux via ecosys-
tem respiration (Re) and lateral export of inorganic and organic carbon via tidal activity, and thus the mag-
nitude of mangrove NEE is affected by environmental factors that regulate these processes. As with inland 
forests, mangrove GPP and Re processes are controlled by meteorological factors such as temperature, pho-
tosynthetically active radiation (PAR), and vapor pressure deficit (VPD). Temperature is the dominant fac-
tor of determining spatial distribution and growth of mangroves at global scale (Friess et al., 2019; Osland 
et  al.,  2017), and cold stresses are often reported to constrain mangrove growth and its photosynthetic 
capacity (Chen et al., 2017; Malone et al., 2016). Different from inland forests where soil respiration is gen-
erally co-limited by temperature and moisture (Hursh et al., 2017), mangrove soil respiration is presumably 
more affected by temperature since soil tends to be consistently wet. PAR exerts more significant effects on 
GPP in mangroves than inland forests (Barr, Engel, et al., 2013; Cui et al., 2018; Liu & Lai, 2019), because 
coastal mangroves usually experience more variable light intensity with frequent cloud/rain formations. 
The down-regulation of high VPD on GPP is widely observed due to reduced stomatal conductance under 
strong atmospheric vapor stress in many ecosystems (Novick et al., 2016) including mangroves (Leopold 
et al., 2016; Liu & Lai, 2019).

In addition to meteorological factors, coastal mangrove forests also experience unique land-sea interaction 
including periodic tidal activity and wind regimes, which could make the magnitude, temporal variation 
and its controls of mangrove NEE rather different from inland forests (Figure 1). Tides directly and indi-
rectly affect mangrove NEE via different ways. Here, direct effects of tidal activities on mangrove NEE refer 
to anoxia effect from tidal inundation and export effect from tidal currents, while indirect effects of tidal 
activities refer to cooling/warming effect due to thermal contrasts between tidal waters and air/soils. For 
one thing (in terms of direct effects), mangrove soils become more saturated with tidal inundation, and thus 
less CO2 is produced through ecosystem respiration under anoxia conditions (Alongi, 2009) (anoxia effect). 
With tidal inundation acting a barrier of gas transport, a portion of produced CO2 has been exported hori-
zontally via tidal activity in the form of dissolved inorganic carbon (Alongi, 2014) (export effect). Anoxia 
and export effects of tidal cycles suppress the strength of Re and subsequent CO2 efflux, respectively. For 
another (in terms of indirect effects), with temperature gradients between tidal floodwaters and underlying 
soils and overlying atmosphere, tidal inundation indirectly affect ecosystem respiration and photosynthesis 
since tidal floodwaters function as a heat capacitor to adjust air/soil temperature (Barr, Fuentes, et al., 2013; 
Moffett et al., 2010): tidal floodwaters serve as a sink of energy at afternoon with positive air-water tem-
perature gradients (cooling effect), but could shift to a net source of energy at nighttime/morning with 
opposite gradients (warming effect). Previous studies have examined tidal impacts on mangrove NEE (Barr 
et al., 2010; Q. Li et al., 2014; Liu & Lai, 2019), but they mostly focused on direct effects with indirect effects 
being less studied.

In comparison with tidal effects, the influence of wind regimes on carbon cycle in coastal ecosystems re-
ceived even less attention (Huang et al., 2019). Due to the differences in surface air pressure created by con-
trasting radiation heating between land and sea, a sea breeze or onshore wind usually develops in coastal 
region at daytime especially in the afternoon. By contrast, a land breeze or offshore wind usually develops 
at nighttime or early morning due to the reverse effect. Daytime coastal meteorological conditions are fre-
quently modified by sea breeze that brings in cooler and wetter air from the sea than that in the land (Miller 
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et al., 2003). Therefore, in addition to potential direct effects due to the change in wind speed (e.g., affect 
flux footprint of the EC system), the magnitude and timing of sea breeze could also affect mangrove NEE in-
directly by adjusting air temperature (cooling effect) and VPD (wetting effect), which are key environmental 
controls in regulating GPP or Re (Figure 1). Cooling and wetting effects of sea breeze relieve atmospheric 
stresses of high temperature and high VPD, respectively, which in turn reduces Re and promotes GPP. In 
addition, the formation and development of sea breeze are also affected by tidal activity via two processes 
(Fischereit et al., 2016): (1) the dynamic influence of tidal currents on surface wind speed and (2) the ther-
mal influence of flooding and drying of intertidal mudflats. Furthermore, the timing of tidal activity and 
sea breeze are out of sync since they follow the lunar cycle and the solar cycle, respectively. This makes it 
more complicated to examine potential contributions of tidal activity, sea breeze and their interaction to 
mangrove NEE.

As far as we know, there is no such a study focusing on assessing direct and indirect impacts of tidal and 
sea breeze activity on carbon fluxes in mangrove ecosystems. A thorough analysis using continuous EC 
measurements could help close this knowledge gap. In this study, we focused on examining the effects of 
environmental controls on mangrove NEE with an emphasis on tidal and sea breeze activity, based on a 
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Figure 1. Conceptual diagrams illustrating the effects of land-sea interaction of tidal and sea breeze activity on mangrove carbon fluxes at nighttime (upper 
panel) and daytime (lower panel) under exposed (left panel) and inundated (right panel) conditions. GPP: gross primary productivity; Re: ecosystem respiration. 
Negative and positive signs in brackets denote corresponding effects of tidal or sea breeze activity on GPP and Re. See main text for more details.
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3-year data set of EC and ancillary measurements in a subtropical estuarine mangrove wetland. The effects 
of land breeze on the mangrove NEE are not explicitly examined since the magnitude of land breeze is 
much smaller than sea breeze for this mangrove wetland. The specific objectives of this study are (1) to ex-
amine temporal variations in mangrove NEE across diurnal, daily, and seasonal time scales; (2) to quantify 
the relative importance of environmental factors in determining mangrove NEE; and (3) to identify the role 
of land-sea interaction of tidal and sea breeze activity in affecting mangrove NEE.

2. Materials and Methods
2.1. Field Site Description

In-situ time series measurements of EC, meteorological, and tidal data were conducted at a mangrove flux 
tower (23.9240°N, 117.4147°E; Yunxiao mangrove site of ChinaFLUX) in a subtropical estuarine wetland of 
southeastern China, which is located inside a river/wind mouth with the open ocean ∼30 km to the south-
east (Figure 2a). The mangrove forests (mainly comprised of Kandelia obovata, Avicennia marina, and Aegi-
ceras corniculatum) in this wetland are near the northern limit of their habitats in China, having a relatively 
short and dense canopy structure (varying canopy heights of 3–6 m around the tower averaged at ∼4 m, 
mean tree density of 1.0 individual m−2, and mean leaf area index of 1.7 m2 m−2) (Zhu, Hou, et al., 2019). 
The wetland experiences a monsoon climate (most rainfall in spring and summer) and a semidiurnal tidal 
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Figure 2. (a) Field site landscape, (b) mangrove flux tower footprint climatology, and (c) and (d) wind rose plots for morning (sunrise-noon) and afternoon 
(noon-sunset) hours over a 3-year period from July 2016 to June 2019.
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cycle (usually inundated twice a day with a mean tidal range of 2.3 m) (Lin, 2001). More detailed informa-
tion on this field site can be found in Lin (2001) and Zhu, Hou, et al. (2019).

2.2. Eddy Covariance, Meteorological and Tidal Measurements

A variety of in-situ instruments were deployed at the mangrove flux tower to collect time series measure-
ments of EC, meteorological and tidal variables. A 3-year data set of concurrent time series measurements 
of these variables, from July 2016 to June 2019, were analyzed in this study. An EC system, consisted of a 
three-axis sonic anemometer (CSAT-3; Campbell Scientific, Inc) and an open path infrared gas analyzer 
(LI-7500; Li-COR Inc), was mounted on the flux tower (∼2 m above the canopy around the tower) to contin-
uously measure NEE between mangrove and the atmosphere. Raw EC data were recorded by a CR3000 data 
logger (Campbell Scientific, Inc.) at 10 Hz. A typical EC pre-processing procedure, including flux calcula-
tions, corrections and quality controls (see Zhu, Song, et al. (2019) for details), was implemented in the Ed-
dyPro6.1 software (Li-COR Inc.) to produce half-hourly time series of NEE. Co-spectral analysis confirmed 
that the EC system was able to capture eddy fluxes of CO2 across the whole range of frequencies (Figure S1).

Meteorological measurements included wind speed, wind direction, air temperature, VPD, PAR, and rain. 
Wind speed and direction data were measured using a 010C Wind Speed Sensor (Met One Instruments, Inc) 
and a 020C Wind Direction Sensor (Met One Instruments, Inc.), respectively. Air temperature and relative 
humidity were measured using a HMP155A sensor (Vaisala, Helsinki, Finland), and then VPD was derived 
from air temperature and relative humidity (Murray, 1966). PAR was measured using a PQS1 PAR Quantum 
sensor (Kipp & Zonen, Delft, Netherlands), and rainfall was measured using a TE525MM Rain Gage (Camp-
bell Scientific, Inc.). Raw 10-minute meteorological measurements, made above the mangrove canopy, were 
recorded by a CR1000 data logger (Campbell Scientific, Inc.) and processed to half-hourly time series.

Tidal surface water level and salinity were also continuously measured at the flux tower. Tidal surface water 
level was calculated based on pressure difference from a pair of pressure sensors: one (HOBO U20L-04 Wa-
ter Level Logger; Onset) was deployed just above sediment surface at the flux tower to measure varying pres-
sures with tidal cycles, and the other (CS106 barometer; Vaisala) was deployed on the flux tower to monitor 
air pressure. Tidal surface water salinity was estimated from conductivity and temperature measurements 
using HOBO U24-002-C Conductivity Logger (Onset) deployed just above sediment surface near the flux 
tower. The salinity was calculated using the Practical Salinity Scale 1978 equations (Lewis & Perkin, 1981) 
implemented within HOBO Conductivity Assistant Version 2.1 (Onset). The sensor was maintained at each 
deployment roughly every month during our site visit, including cleaning surface fouling and checking sen-
sor drift with known standard (10 PSU). Raw 10-minute tidal data were consistently converted to half-hour-
ly time series for data analysis.

2.3. Gap Filling of NEE and Other Calculations

The percentage of valid NEE data after the typical EC processing procedure was 47.1% over the 3-year pe-
riod. For quantifying daily, monthly, and annual carbon exchanges, the missing NEE data were gap-filled 
based on either look-up table or mean diurnal variation method, following the gap filling algorithm as 
described in Reichstein et al. (2005). Note that any days or months with valid half-hourly or daily records 
less than one-third were excluded in the temporal aggregation from half-hourly to daily (23.3% of days were 
excluded) or from daily to monthly (3 out of 36 months were excluded), and mean values of remaining valid 
data were used in calculating carbon exchanges at different time scales. To determine the spatial domain 
of EC signals or the footprint area, the footprint climatology over the 3-year period was calculated from 
EC instrument setup information and contemporary meteorological measurements, based on the footprint 
algorithm of Kormann and Meixner (2001). To examine daily sea breeze, half-hourly wind speed/direction 
data were divided into morning (sunrise-noon) and afternoon (noon-sunset) groups, and afternoon wind 
speed/direction data were used to represent the status of daily sea breeze (most sea breeze occurs in the 
afternoon; Figures 2c and 2d). The timing of sunrise and sunset for each day was determined using a PAR 
threshold of 10 µmol m−2 s−1. For a better interpretation, raw wind direction data (0–360° clockwise from 
the north) was represented by one of the eight directions: north (N), northeast (NE), east (E), southeast 
(SE), south (S), southwest (SW), west (W), and northwest (NW). The most frequent wind directions in the 
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morning and afternoon were used for prevailing morning and afternoon wind directions, respectively. To 
examine the effects of tidal inundation on NEE and other environmental conditions at daily time scale, tidal 
inundation fraction (0–1) was calculated as temporal fraction of tidal inundated period individually for the 
whole day, nighttime, and daytime. NEE values were indicated using the meteorological sign convention 
where downward and upward flux is negative and positive, respectively.

2.4. Statistical Analysis

Spring, summer, autumn, and winter used in the analyses were defined as March–May, June–Au-
gust, September–November, and December–February, respectively. Rainy days were defined with 
daily rainfall amount >0  mm over a 24-h period. To examine the impacts of various environmental 
conditions on the response of daytime half-hourly NEE to PAR, saturating CO2 assimilation capac-
ity ( maxP ) was used by fitting the Michaelis-Menten rectangular hyperbolic light response equation: 

          NEE /max max max max ecoPAR P PAR P R , where max and ecoR  denote maximum light use 
efficiency and ecosystem respiration, respectively.

To examine the interaction of various environmental conditions and their direct, indirect, and total effects 
on NEE, path analysis (or structural equation modeling) was selected to assess the relationships among 
these different variables at daily time scale (note that, in path analysis, total effect is the sum of direct effect 
and indirect effect). Exploratory path analysis, one type of multiple regression statistical analysis, is valuable 
in helping answer many ecological problems emphasizing on understanding the causal relationships with 
prior knowledge among variables and examining their relative influences and responses (Shipley, 1997; Liu 
et al., 2019). Six environmental variables were considered in path analyses including PAR, tidal inundation 
fraction, tidal surface water salinity, sea breeze, air temperature, and VPD. Path analyses were conduct-
ed individually for daily, nighttime, and daytime NEE and their concurrent environmental measurements 
(Figure 3). The logic of structural model of each path analysis was based on prior causal knowledge among 
NEE and environmental variables. For nighttime NEE, the structural model was established by assuming 
(Figure  3b): (1) NEE was directly affected by tidal inundation fraction, tidal surface water salinity, and 
air temperature; (2) tidal inundation fraction directly affected air temperature and then indirectly affected 
NEE. For daytime and daily NEE, the structural models were established by assuming (Figures 3a and 3c): 
(1) NEE was directly or indirectly affected by all six environmental variables; (2) PAR directly affected sea 
breeze and air temperature; (3) tidal inundation fraction directly affected sea breeze, air temperature and 
VPD; (4) sea breeze directly affected air temperature and VPD; and (5) air temperature directly affected 
VPD. To ensure a large sample size (N ≥  200) required by path analyses (Boomsma & Hoogland,  2001; 
Kline, 2005), all daily values of the 3-year EC measurements were used in the analyses irrespective of sea-
son, since the sample size of any season was insufficient due to data gaps in various variables. In this study, 
path analysis was implemented by performing a structural equation model with partial least squares using 
the PLS-SEM Toolbox (Aria, 2019) within MATLAB software (The MathWorks, Inc.).

3. Results
3.1. Temporal Variations in Environmental Conditions and Mangrove NEE

Three-year in-situ wind measurements showed that the coastal wetland had obviously different wind re-
gime between morning and afternoon (Figures 2c–2d and 4a–4b). Northwest or north wind prevailed in the 
morning (land breeze; accounting for 63.2% of mornings over the 3-year period) with smaller wind speed 
(mean ± standard deviation: 1.13 ± 0.36 m/s), while southeast or south wind prevailed in the afternoon 
(sea breeze; accounting for 66.1% of afternoons) with larger wind speed (1.95 ± 0.61 m/s). This contrasting 
morning/afternoon wind speed and direction (i.e., land/sea breeze switch) was consistent across seasons 
(Figure S2).

Time series of daily PAR showed strong temporal variations both at short-term (days; regulated by frequent 
cloudy conditions in coastal area) and long-term (seasons; regulated by varying incoming solar radiation 
with the Earth's revolution) time scales (Figure 4c). Although the seasonality of daily PAR generally indi-
cated higher (39.6 ± 5.4 mol m−2 day−1) and lower (21.9 ± 3.6 mol m−2 day−1) values in summer and winter, 
respectively, daily PAR values of some cloudy summer days were still lower than those of many clear winter 
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days. Similar to PAR, time series of daily VPD and air temperature had obvious long-term seasonal trends, 
but short-term variations of VPD and air temperature were stronger and weaker, respectively, in comparison 
with PAR (Figures 4c and 4d). Daily VPD varied from 0 to 1.47 kPa and daily air temperature varied from 
8.0°C to 32.0°C. The seasonal difference in daily rainfall was also obvious with most (73.3%) of rainfall oc-
curring in spring and summer and the remaining (26.7%) rainfall in autumn and winter (Figure 4d). Rainy 
days (daily rainfall > 0 mm) accounted for 31.7% over the 3-year period. The temporal change in daily tidal 
inundation fraction, ranging from 0 (exposed all the time over the day) to 0.27 (inundated 27% of the time) 
with an average of 0.05, showed a biweekly cycle reflecting the periodic Earth-Moon gravitational interac-
tion. On average, the wetland had larger inundation fraction in autumn (8.9 ± 2.9%) and winter (5.0 ± 1.5%) 
and smaller inundation fraction in spring (2.8 ± 1.3%) and summer (3.6 ± 1.1%). Daily tidal surface water 
salinity varied a lot from 0.2 to 18.7 PSU in response to rainfall events and river water inputs (e.g., salinity 
steeply decreased after rainfall) and seasonally mean value of daily salinity was the lowest (7.60 PSU) and 
highest (12.17 PSU) in summer and winter, respectively.

Footprint climatology over the 3-year period indicated that 90% of the flux came from an oval-shaped foot-
print area with a major semi-axis (NW-SE trending) of ∼100 m away from the tower, which was fully cov-
ered by mangroves (Figure 2b). Time series of daily NEE fluctuated a lot but showed no obvious seasonal 
pattern (Figure 4f). During the 3-year period, daily NEE ranged from −7.21 to 1.12 g C m−2 day−1 (aver-
aged at −3.40 g C m−2 day−1) with almost all of them negative (i.e., net ecosystem carbon uptake by the 
wetland). With temporal aggregation, monthly NEE were estimated to −122.6 to −82.2 g C m−2 month−1 
with relatively stronger and weaker carbon sink in spring (−114.7 ± 6.4 g C m−2 month−1) and autumn 
(−88.5 ± 5.0 g C m−2 month−1), respectively. Annual NEE for the full year 2017 and 2018 were estimated to 
−1255 and −1211 g C m−2 year−1, respectively.
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Figure 3. Path diagrams illustrating direct and indirect effects of environmental factors on net ecosystem exchange 
(NEE) using the 3-year EC measurements. Path analyses were conducted individually for (a) daily, (b) nighttime, and 
(c) daytime NEE and their concurrent environmental measurements. The magnitude of path coefficient or direct effect 
along the arrow was proportional to the width of the arrow, and solid and dashed arrows denoted positive and negative 
direct effects, respectively. The value in parentheses next to each factor is total effect of each factor on NEE, and indirect 
effect can be calculated as total effect minus direct effect. PAR: cumulative photosynthetically active radiation; INU: 
tidal inundation fraction; Salinity: mean tidal surface water salinity; Breeze: mean afternoon (noon-sunset) sea breeze; 
Tair: mean air temperature; VPD: mean vapor pressure deficit.
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3.2. Impacts of Sea Breeze on Diurnal Variations in Atmospheric Conditions and Mangrove NEE

Daily mean sea breeze speed was found to be significantly (p < 0.05) positively related with daily cumu-
lative PAR for each season (Figures 5a–5d). The varying ranges of sea breeze speed among seasons were 
similar (0.31–3.57 m s−1), but the slopes of PAR-sea breeze linear relationships were larger in spring (0.0336) 
and winter (0.0337) in comparison with summer (0.0230) and autumn (0.0194). In general, daily mean air 
temperature was significantly positively related with daily cumulative PAR, and tended to be lower with 
stronger (higher than the average for the season) sea breeze (Figures 5e–5h). Among seasons, PAR-air tem-
perature relationships were more affected by the magnitude of sea breeze in spring and winter. Similar to 
PAR-air temperature relationships, daily cumulative PAR and daily mean VPD were positively correlated 
having lower VPD at stronger sea breeze (Figures 5i–5l).
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Figure 4. Temporal variations in (a) daily mean morning (sunrise-noon) and afternoon (noon-sunset) wind speed, (b) daily prevailing morning and afternoon 
wind direction, (c) daily cumulative photosynthetically active radiation (PAR) and daily mean vapor pressure deficit (VPD), (d) daily mean air temperature and 
daily cumulative rain, (e) daily mean tidal salinity and daily inundation fraction, (f) daily and monthly cumulative gap-filled net ecosystem exchange (NEE). 
Eight directions were considered for daily prevailing wind directions, and tidal inundation fraction denoted temporal fraction of inundated period. Missing 
data in daily and monthly (September and October in 2016 and June in 2019) NEE resulted from insufficient valid data in the temporal aggregation. For better 
reference, seasonal statistical values of each variable are also given in Table S1.
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Mean diurnal variation in half-hourly atmospheric measurements indicated that on average PAR, air tem-
perature/VPD, and sea breeze peaked at noon, ∼2 p.m., and ∼4 p.m., respectively (Figures  6a–6p). Sea 
breeze shared a similar diurnal pattern among seasons but the magnitude of peak sea breeze differed among 
seasons with the strongest (weakest) peak sea breeze in spring (autumn). In line with the positive correla-
tions between daily PAR and sea breeze (Figures 5a–5d), daytime half-hourly PAR with stronger sea breeze 
was obviously higher than that with weaker sea breeze (Figures 6e–6h). Daytime half-hourly air tempera-
ture and VPD were statistically significantly (p < 0.05) higher with stronger sea breeze for all seasons except 
winter, although the difference was relatively smaller in comparison with that in PAR. For each season, 
daytime half-hourly mangrove NEE was statistically significantly (p < 0.05) more negative (i.e., higher car-
bon sink) with stronger sea breeze (more obvious around noon with the difference up to 3.3 µmol m−2 s−1) 
(Figures 6q–6t).

3.3. Direct and Indirect Effects of Environmental Conditions on Mangrove NEE

Four environmental factors including air temperature, tidal inundation, tidal salinity, and rain were consid-
ered in this study to examine the impacts of environmental conditions on half-hourly nighttime mangrove 
NEE (Figure 7). Half-hourly nighttime NEE was positively related with half-hourly air temperature across 
seasons. Tidal inundation exerted a negative effect on nighttime CO2 efflux most of time, and the reduc-
tion in mean half-hourly nighttime CO2 efflux was larger in summer (−0.54 µmol m−2 s−1) and autumn 
(−0.61 µmol m−2 s−1) than spring (−0.31 µmol m−2 s−1) and winter (−0.43 µmol m−2 s−1) (Figures 7a–7d). 
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Figure 5. Relationships between daily photosynthetically active radiation (PAR) and (a–d) sea breeze, (e–h) air temperature, and (i–l) vapor pressure deficit 
(VPD) across seasons, in which PAR-temperature and PAR-VPD scatter plots were grouped by weaker (black) and stronger (red) sea breezes. Mean afternoon 
(noon-sunset) wind speed within each season (1.85, 1.83, 1.69, and 1.80 m s−1 for spring, summer, autumn, and winter, respectively) was used for differentiating 
days with weaker and stronger sea breezes for that season. A linear regression with R2 value was shown for each scatter plot (black/red numbers corresponded 
to weaker/stronger sea breezes) with solid and dashed lines representing statistically significant (p < 0.05) and insignificant fitting, respectively.
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The strength of temperature-efflux correlation under inundated condition (correlation coefficient, r, varied 
from 0.35 to 0.87 over seasons; mean r = 0.64) was also found to be weaker than that under exposed condition 
(r: 0.62–0.99; mean r = 0.88). The effect of tidal surface water salinity on nighttime NEE was slightly posi-
tive for spring (0.08 µmol m−2 s−1) but negative for other seasons with stronger suppression effects in sum-
mer (−0.27 µmol m−2 s−1) and autumn (−0.36 µmol m−2 s−1) (Figures 7e–7h). In comparison with no rain 
days, half-hourly nighttime CO2 efflux was overall slightly suppressed in rainy days (−0.13 µmol m−2 s−1, 
averaged over seasons) with stronger suppression effects in summer (−0.36  µmol  m−2  s−1) and autumn 
(−0.18 µmol m−2  s−1) (Figures 7i-7l; note that only valid half-hourly NEE data without concurrent rain 
within that half hour were used here).

In addition to the four environmental controls used for analyzing nighttime mangrove NEE, two more, 
that is, PAR and VPD, were also considered in examining the response of half-hourly daytime mangrove 
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Figure 6. Mean diurnal variations in half-hourly measurements, grouped by weaker and stronger sea breeze across seasons, of (a–d) wind speed, (e–h) 
photosynthetically active radiation (PAR), (i–l) air temperature, (m–p) vapor pressure deficit (VPD), and (q–t) net ecosystem exchange (NEE). Mean afternoon 
(noon-sunset) wind speed within each season (1.85, 1.83, 1.69, and 1.80 m s−1 for spring, summer, autumn, and winter, respectively) was used for differentiating 
days with weaker and stronger sea breezes for that season.
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NEE to varying environmental conditions (Figure 8). The variation of half-hourly daytime NEE with PAR 
followed typical light-response curves for all seasons, where CO2 assimilation rate increased nonlinearly 
with PAR and saturated at ∼15 µmol m−2 s−1 with PAR >∼1000 µmol m−2 s−1. The impacts of tidal inun-
dation and salinity on the light-response curve were not obvious (Figures  8a–8h), while the impacts of 
rain, air temperature, and VPD on the light-response curves can be identified (Figure 8i–8t). In comparison 
with no rain days, saturating CO2 assimilation capacity ( maxP ; positive value) fitted from the light-response 
curve was consistently stronger at rainy days across seasons (the change in maxP : 1.07–2.90 µmol m−2 s−1). 
For air temperature, maxP  at higher temperature was stronger in spring (1.48  µmol  m−2  s−1) and winter 
(2.74 µmol m−2 s−1) but weaker in summer (−7.08 µmol m−2 s−1) and autumn (−5.94 µmol m−2 s−1). For 
VPD, maxP  was consistently weaker at higher VPD across seasons (−2.27 to −6.34 µmol m−2 s−1).

At daily time scale, the mangrove NEE was directly and indirectly affected by a variety of environmental 
variables. The importance of direct, indirect, and total effects of each environmental variable on nighttime, 
daytime, and daily NEE were quantified based on path analyses using EC measurements over the 3-year 
period (Figure 3). Nighttime NEE was dominantly affected by air temperature with a strong positive di-
rect effect of 0.67, while tidal salinity had a negative direct effect (−0.13) on nighttime NEE (Figure 3b). 
Tidal inundation exerted a negative direct effect (−0.09) on nighttime NEE but a positive indirect effect 
(0.15; total effect minus direct effect) on nighttime NEE via adjusting air/soil temperature, resulting in 
a positive total effect of 0.06. For daytime NEE, the importance of total effect generally decreased in the 
order of PAR (−0.79), air temperature (0.32), VPD (0.29), tidal salinity (0.13), tidal inundation (0.07) and 
sea breeze (−0.06) (Figure 3c). Both of direct (−0.99) and indirect effects (0.20) of PAR on NEE were the 
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Figure 7. Influences of (a–d) tidal inundation (exposed and inundated), (e–h) tidal salinity (lower and higher salinity), and (i–l) rain conditions (no rain and 
rainy) on the responses of half-hourly nighttime net ecosystem exchange (NEE) to air temperature across seasons. The NEE data were bin averaged into 20 
groups by air temperature, and error bar denoted standard deviation of NEE for each bin. Mean salinity within each season (9.78, 7.60, 8.69, and 12.17 PSU for 
spring, summer, autumn, and winter, respectively) was used for differentiating days with lower and higher salinity for that season.
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strongest among these variables. Air temperature had moderate direct (0.17) and indirect (0.15) effects on 
NEE. VPD (0.29) and tidal salinity (0.13) had only direct effect on NEE, while sea breeze had only indirect 
effect (−0.06) on NEE. Tidal inundation exerted both direct (0.01) and indirect (0.06) effects on NEE, but the 
importance of them were weak. When both nighttime and daytime NEE was combined into daily (night-
time + daytime) NEE, the order of the importance of total effect did not differ from that of daytime NEE, 
although the relative magnitude of direct/indirect effect changed (e.g., stronger direct effect of air tempera-
ture on daily NEE than daytime NEE) (Figure 3a).
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Figure 8. Influences of (a–d) tidal inundation (exposed and inundated), (e–h) tidal salinity (lower and higher), (i–l) 
rain conditions (no rain and rainy), (m–p) air temperature (lower and higher) and (q–t) vapor pressure deficit (VPD, 
lower and higher) on the responses of half-hourly daytime net ecosystem exchange (NEE) to photosynthetically active 
radiation (PAR) across seasons. The NEE data were bin averaged into 20 groups by PAR, and error bar denoted standard 
deviation of NEE for each bin. Mean salinity/temperature/VPD within each season (salinity: 9.78, 7.60, 8.69, and 12.17 
PSU; temperature: 22.06°C, 28°C.65°C, 24.85°C, and 16.41°C; mean VPD: 0.25, 0.43, 0.37, and 0.16 kPa; in the order of 
spring, summer, autumn, and winter) was used for differentiating days with lower and higher values for that season.
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At monthly time scale, correlation analyses were further conducted to examine potential relationship be-
tween mangrove NEE and various environmental variables (PAR, air temperature, tidal inundation frac-
tion, tidal salinity, VPD, sea breeze, and rain). Among these environmental variables, only tidal inundation 
fraction and rain were statistically correlated (p < 0.05) with NEE (Figure 9). Monthly tidal inundation 
fraction was statistically positively correlated with monthly NEE showing less negative NEE at larger in-
undation fraction. Monthly rain was statistically negatively correlated with monthly NEE showing more 
negative NEE at more rainfall.

4. Discussion
4.1. Relief of Sea Breeze to Meteorological Stresses on Mangrove NEE

In addition to the difference in PAR among seasons, the seasonal contrast in the strength of sea breeze and 
its cooling and wetting effects on coastal meteorological conditions might also be attributed to the differ-
ence in tidal inundation among seasons (Figure 4e), since strong tidal activity might strengthen sea breeze 
through the dynamic effect of tidal currents and through the thermal effect of flooding/drying mudflats 
(Fischereit et al., 2016): tides influenced sea breeze by changing surface friction, roughness length, and area 
fraction of flooding/drying mudflats over the intertidal area, as well as the extent of in-land penetration of 
sea breeze front and its distance from the EC flux tower. Although sea breeze and PAR were significantly 
positively correlated (Figures 5a–5d), the relative magnitude of sea breeze was not consistent with that of 
PAR across seasons (Figures 6a–6h). For instance, the season with the strongest sea breeze (spring) did not 
correspond to that with the largest PAR (summer), and the season with the weakest sea breeze (autumn) did 
not correspond to that with the smallest PAR (winter). This inconsistency suggested that factors other than 
PAR (possibly tidal activity) could affect the strength of sea breeze.

The fact that air temperature and VPD were generally higher under stronger sea breeze condition (Fig-
ures 6i–6p) was not in conflict with previously confirmed negative effect of sea breeze on air temperature 
and VPD. In fact, diurnal variations in air temperature and VPD were overwhelmingly dominated by diur-
nal variation in PAR with down-regulation by sea breeze. Although higher carbon sink (i.e., more negative 
NEE) was apparently associated with stronger sea breeze across seasons (Figures 6q–6t), this apparent effect 
cannot simply be considered as the contribution from sea breeze since many other environmental factors 
were also involved in affecting mangrove NEE. Diurnal variation in half-hourly measurements did not syn-
chronize each other with PAR and NEE peaking around noon, followed by air temperature/VPD and sea 
breeze peaking about two and four hours later, respectively. Therefore, the interaction among these asyn-
chronous meteorological factors and their influences on half-hourly NEE could change over the course of 
the day. For example, diurnal course of half-hourly VPD was asymmetric with faster decline in VPD beyond 
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Figure 9. Monthly accumulated net ecosystem exchange (NEE) as a function of (a) monthly mean tidal inundation 
fraction and (b) monthly accumulated rain. Linear regressions fitted for the two relationships were both statistically 
significant (p < 0.05).
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the time of peaking value, due to the wetting effect of sea breeze peaking late in the afternoon (Figures 6a–
6d vs. Figures 6m–6p). Given that the significant suppression effect of increasing VPD on surface conduct-
ance has been well recognized across ecosystems (Novick et al., 2016; Oren et al., 1999), sea breeze-induced 
lower VPD can relieve atmospheric stresses on mangrove photosynthesis leading to an enhanced carbon 
uptake. Also, midday depression of plant photosynthesis usually occurred due to stomatal closure at high 
VPD (Xu & Shen, 1996), and it might be more severe for mangrove forests since they experienced additional 
tidal stresses (inundation and salinity) in addition to atmospheric stresses (Alongi, 2009). Regular arrivals 
of sea breeze in the afternoon can lead to weaker midday depression of photosynthesis in mangrove forests.

4.2. Environmental Controls on Half-Hourly Mangrove NEE

The magnitude of nighttime NEE (mostly ranging from 1 to 5 µmol m−2 s−1) in this mangrove wetland 
was comparable with the measurements in previous mangrove EC studies (Barr et  al.,  2010; Leopold 
et al., 2016). Consistent with these studies, nighttime CO2 efflux was found to be much lower than daytime 
CO2 assimilation. The dominant positive effect of air temperature on nighttime NEE was confirmed at 
half-hourly time scale (Figure 7), since both autotrophic and heterotrophic respiration are highly temper-
ature-dependent. With low nighttime NEE, the relationship between half-hourly nighttime NEE and air 
temperature appeared to be linear instead of exponential as commonly thought, which was consistent with 
other studies having similar magnitude of nighttime NEE (Barr et al., 2010) but different from those having 
larger nighttime CO2 efflux (Liu & Lai, 2019). The lower half-hourly nighttime NEE with tidal inundation in 
this mangrove wetland confirmed the suppression effect of tidal inundation on CO2 efflux at sub-daily time 
scale, which was relatively well understood by the community (Barr et al., 2010; Leopold et al., 2016; Q. Li 
et al., 2014; Liu & Lai, 2019). The weaker temperature-efflux correlations with tidal inundation across sea-
sons reflected the tidal disturbances on CO2 efflux, presumably due to the combination of anoxia-induced 
reduction in ecosystem respiration and physical barrier of gas diffusion (Barr et al., 2010; Q. Li et al., 2014). 
Although high salinity can influence both autotropic and heterotrophic respiration in mangrove wetlands 
(Robertson & Alongi, 2016; Takemura et al., 2000), inhibitory effects of salinity might not be observed at a 
moderate level of <20 PSU (N. Li et al., 2008; Ye et al., 2010). Tidal salinity in this mangrove wetland fluctu-
ated with time within 0–20 PSU (Figure 4e), which could explain why there was no strong positive or nega-
tive effect of tidal salinity on nighttime NEE (Figures 7e–7h and S3). In comparison with tidal inundation, 
rain exerted a similar but weaker suppression effect on nighttime NEE (Figures 7i–7l vs. Figures 7a–7d). It 
is possible that heavy rainfall resulted in surface inundation but the extent was much less than tidal inun-
dation. When tidal inundation, salinity, and rainy conditions were taken together, the response of nighttime 
NEE to air temperature at half-hourly time scale were always more down-regulated by these three factors 
in summer and autumn in comparison with spring and winter, which implied that NEE in hot seasons was 
less temperature-dominated with larger impacts from other factors.

Although the light-response curves showed consistently stronger saturating CO2 assimilation capacity ( maxP
) at rainy days, a higher maxP  in a rainy day did not necessarily lead to a larger daytime carbon assimilation 
since rainy days usually came with much lower PAR (Figures 8i–8l). The contrasting impacts of lower/
higher temperature on the light-response curves between hot and cold seasons suggested that both high 
temperature in hot seasons and low temperature in cold seasons could limit mangrove carbon assimilation. 
The effect of VPD on the light response curve was more obvious and consistent across seasons in compari-
son with other factors (as indicated by the largest difference in maxP  between lower and higher VPD), which 
highlighted the important role of VPD in affecting daytime carbon uptake. The stronger suppression effects 
of high temperature and VPD in summer and autumn implied that the sensitivity of light-response curves 
to temperature and VPD varied across seasons.

4.3. Environmental Controls on Daily Mangrove NEE

The dominant role of air temperature on nighttime NEE at daily time scale was further confirmed by path 
analysis (Figure 3b). In contrast with the negative effect of tidal inundation at half-hourly time scale, tidal 
inundation exerted a positive total effect on nighttime NEE at daily time scale with negative direct effect 
overweighed by positive indirect effect. This finding suggested that, at daily time scale, the positive effect 
of tidal inundation on nighttime NEE due to enhanced air temperature (Figure S4) was more important 
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than the negative effect due to oxygen/diffusion limitation. The “heat capacitor” role of tidal floodwaters 
found in this mangrove ecosystem was consistent with previous energy budget measurements in coastal 
ecosystems (McGowan et al., 2010; Moffett et al., 2010). This indirect positive effect of tidal inundation also 
applied to half-hourly nighttime NEE, but it might not be immediately observed due to the time-lag in heat 
transfer from warmer tidal floodwaters at nighttime (Barr, Fuentes, et al., 2013). For daytime NEE, it was 
not intuitive to interpret indirect effects of environmental factors since they formed a complex interactive 
network (Figure 3c), but it can be concluded that indirect effects were not negligible with the magnitude 
comparable to or even larger than direct effects in some cases. For example, direct effect of PAR on daytime 
NEE was partially (20%) offset by its indirect effect via five paths (PAR → Tair → NEE, PAR → Tair → VPD 
→ NEE, PAR → breeze → VPD → NEE, PAR → breeze → Tair → NEE, PAR → breeze → Tair → VPD → 
NEE), indicating that increasing PAR also had adverse effects on mangrove carbon uptake. For another 
example, the indirect effect of air temperature on daytime NEE via VPD roughly equaled to its direct effect, 
suggesting that both indirect and direct effects of air temperature played equally important roles in sup-
pressing mangrove carbon uptake.

4.4. Environmental Controls on Monthly Mangrove NEE

The seasonal variation in monthly NEE in this wetland was weak but with stronger carbon sink capacity in 
spring (Figure 4f), which was consistent with many previous studies (Barr et al., 2010; Leopold et al., 2016; 
Liu & Lai,  2019). Correlation analyses highlighted the important roles of tidal inundation fraction and 
rain in affecting mangrove NEE at monthly time scale (Figure 9). The strong positive correlation between 
monthly NEE and tidal inundation fraction suggested that tidal inundation fraction could suppress man-
grove carbon sink (less negative NEE) at monthly time scale (Figure 9a). The difference in the impacts of 
tidal inundation fraction on mangrove NEE among half-hourly (negative; Figures 7a–7d), daily (positive; 
Figure 3), and monthly (positive; Figure 9a) time scales suggested that the influence of tidal inundation 
fraction on NEE shifted from a negative effect at shorter time scale (half-hourly) to a positive effect at longer 
time scales (daily and monthly). This finding seemed counterintuitive, but it could result from the change in 
relative contribution of direct and indirect effects of tidal activity across time scales. The negative correlation 
between NEE and rain (Figure 9b) was relatively weaker but still statistically significant (p < 0.05), which 
implied that in this wetland more rainfall could stimulate mangrove carbon uptake (more negative NEE) 
to a certain extent. This finding was consistent with previous reports showing positive link between annual 
rain and mangrove carbon stocks or sinks (Leopold et al., 2016; Sanders et al., 2016; Simard et al., 2019), but 
different from (Liu & Lai, 2019) showing a negative impact of monthly rain on carbon sink in another sub-
tropical mangrove wetland. In fact, across mangrove sites with different rainfall gradients, both of positive 
and negative impacts are possible since rain can exert both direct and indirect effects. Moderate amount of 
rain could relieve the salinity stress of mangrove forests (tidal salinity was statistically negatively correlated 
with rain at monthly time scale in this wetland; Figure S5), but too much rain usually accompanies with 
a large reduction in PAR leading to a lowered carbon uptake. The annual rain in this mangrove wetland 
(averaged at ∼1200 mm for year 2017 and 2018) is much lower than that (∼1750 mm) of (Liu & Lai, 2019), 
which could explain the contrasting results on the impact of rain on monthly mangrove carbon uptake.

4.5. Limitations and Uncertainties

The analyses of mangrove NEE and its environmental controls in this study suffered from several limita-
tions and uncertainties. First, tide-related horizontal export of DIC from soil respiration (Alongi,  2014) 
could not be captured by EC measurements and thus EC-induced carbon uptake might be overestimated 
without considering this export effect. Second, due to much shorter inundation (∼5% of the time) versus 
exposed (∼95%) period, there could be a larger uncertainty in assessing the impacts of tidal inundation 
on mangrove NEE with smaller sample size. Further assessment with longer-term measurements in the 
future are needed to reduce this uncertainty. Third, surface water salinity is not necessarily equivalent to 
subsurface porewater salinity, which is usually higher and presumably exerts a stronger effect on mangrove 
productivity than surface water salinity. Thus, further analyses on the salinity effect on mangrove NEE 
should be conducted in future when long-term continuous measurement of subsurface porewater salinity 
is available. Fourthly, the spatial heterogeneity of the three mangrove species within the EC footprint also 
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affected mangrove NEE and subsequent analyses since the change in wind speed/direction directly influ-
enced the EC flux footprint (Figure S6), but unfortunately this cannot be explicitly assessed in this study due 
to the lack of species-dependent information on carbon exchange. Despite of varying footprint area and the 
spatial heterogeneity within the footprint, our previous airborne-LiDAR field campaign confirmed that this 
mangrove forest was relatively homogeneous in terms of canopy structure and understory topography with-
in the EC footprint (Zhu, Hou, et al., 2019), and thus this footprint issue could exert a relatively small effect 
on mangrove NEE. Fifthly, although path analyses used in this study helped quantify the relative strength 
of correlations between mangrove NEE and various environmental factors, it should keep in mind that cor-
relation should never be confused with causation and that path coefficients could vary with different com-
bination/hypothesis of input variables. Considering the potential of temporal autocorrelation that could 
produce spurious statistical significance (Dodds et al., 2013), the results of path analyses should be also 
taken with caution. Further investigations on the uncertainty in path analyses and more prior knowledge 
are needed to confirm the causation. Sixthly, although sea breeze-induced relief to atmospheric demand has 
been confirmed in this study to explain enhanced carbon uptake with strong sea breeze in the afternoon, 
future studies with direct evidence on the change in stomatal conductance are needed to acquire deeper 
mechanistic understanding on how sea breeze explicitly affect stomatal conductance and subsequent car-
bon fluxes. Lastly, the interactive effects of environmental factors were not fully considered in this study. 
For example, we individually analyzed the effect of tidal inundation, surface water salinity, and rainfall, but 
in fact these factors were closely correlated: for no rain days the variations in tidal inundation and surface 
water salinity were mainly determined by tidal seawater and river freshwater inputs, while for rainy days 
the variations were obviously affected by the amount of rainfall, in particular for surface water salinity. This 
limitation should be also kept in mind and require further investigation.

5. Conclusions
In summary, continuous EC and auxiliary measurements from July 2016 to June 2019 were explored to 
characterize temporal variations in NEE and environmental controls in a subtropical mangrove of south-
eastern China. Over the three-year period, this mangrove acted a consistent carbon sink and showed weak 
seasonality in NEE with a stronger sink in spring. Environmental controls on mangrove NEE varied across 
half-hourly, daily, and monthly time scales. Indirect effects of some environmental factors on NEE might 
play as important roles as direct effects: (1) periodic tidal inundation exerted both direct and indirect effects, 
but their relative importance changed across time scales; (2) cooling and wetting effects from regular sea 
breeze relieved atmospheric temperature/moisture stresses at afternoon, acting as an important indirect 
impact of sea breeze to promote carbon uptake. This study confirms the importance of previously neglected 
indirect effects of land-sea interaction of tidal and sea breeze activity on mangrove NEE. Given that tide 
and sea breeze is regular phenomenon throughout the year in tropical and subtropical coastal regions, 
their impacts on carbon cycling of mangrove ecosystem (or other coastal ecosystems) should be common 
worldwide. Due to the strong negative link between mangrove NEE and air temperature/tidal inundation, 
mangrove wetlands could become a weaker blue carbon sink in response to global warming and sea level 
rise in the future. Future changes in the amount or pattern of rainfall could also influence mangrove carbon 
exchange. Both direct and indirect effects of environmental factors including tidal and sea breeze activity 
should be explicitly considered in future studies in examining temporal variations in mangrove carbon ex-
change and their environmental controls across time scales.

Data Availability Statement
The data necessary to reproduce key findings in this paper can be accessed at http://doi.org/10.5281/
zenodo.4382202.
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