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Mangrove forests are one of the most effective carbon assimilation and storage
ecosystems, providing crucial ecosystem services in coastal regions. However,
they face potential threats from climate change, human activities, as well as their
interactive effects, which have not yet been well investigated. In this study, we
investigated net ecosystem production (NEP) of a temperate mangrove forest
next to salt-production ponds in South Australia. The hypersaline salt ponds next
to the land side of the mangrove forest create a salinity gradient in the forest. The
study was based on eddy covariance measurement of carbon flux from November
2017 to December 2019, along with a salinity stress index (SSI), a new sea/land
breeze index (W,), and flooded fraction (F). The result shows significant difference
in mangrove NEP between seaside and landside sources, which can be attributed
to salinity difference and tidal inundation. The negative impact of salinity stress
on mangrove NEP can be mitigated by tidal flooding but the tidal flushing effect
is limited toward the landside end. Additionally, an optimal temperature range
(16—-24 °C) is identified, above and below which the NEP rate reduces, and this
range is lower than that reported for mangroves in tropical and subtropical areas.
The negative impact of high temperature on NEP can be slightly relieved by sea
breezes. At this particular mangrove site, sea level rise may enhance salt flushing
and thus the carbon sink. The carbon flux data measured in this study provide a
baseline before a dieback event in 2020, aiding in assessing losses and informing
temperate mangrove management in salinity-affected areas.

KEYWORDS

ecosystem CO, exchange, heat stress, salinity stress, sea breezes, temperate
mangrove, tidal flooding

1 Introduction

Mangrove forests, known for their high carbon densities (Richards et al., 2020; Li et al.,
2024), possess the highest capacity among blue carbon ecosystems for capturing and storing
carbon (Song et al., 2023; Gu et al., 2022). They contribute to improving coastal water quality
and essential ecosystem services (Montgomery et al., 2019; Narayan et al., 2019; Zhang et al.,
2024). However, they are threatened by anthropogenic activities (Cahyaningsih et al., 2022;
Sanders et al., 2014; Farzanmanesh et al., 2024) and climate change impacts (Gilman et al.,
2008; Jimenez et al., 1985; Sippo et al., 2018), including land use conversion, hydrological
alteration, pollution, storms and hurricanes, droughts and heatwaves, and sea level rise (Duke
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et al, 2017; Krauss et al, 2014; Maiti and Chowdhury, 2013;
Radabaugh et al., 2021; Richards et al., 2020; Smith et al., 2009).

Generally, mangroves are adapted to grow in coastal areas, with a
unique ability to tolerate high salinity (Parida and Jha, 2010), which
distinguishes mangroves from terrestrial forests. However, increasing
salinity levels can diminish forest structure, functions, and
productivity (Ahmed et al., 2022; Perri et al., 2023; Castaneda-Moya
etal., 2006), potentially leading to canopy loss or mortality in extreme
cases, as evidenced by studies documenting mangrove dieback
worldwide (Dittmann et al., 2022; Jaramillo et al., 2018; Lovelock et
al., 2017; Senger et al., 2021). For example, a dieback event of
temperate mangroves (Avicennia marina) occurred in South Australia
in 2020 (Dittmann et al., 2022), resulting in the loss of approximately
9 hectares of the mangrove forest (Water, 2021). Porewater salinity
(>100 ppt) measured during this dieback event was one of the most
extreme hypersalinity cases known in mangroves (Dittmann et al.,
2022), exceeding the threshold of 68.5 ppt reported for widespread
canopy loss in Avicennia marina (Lovelock et al., 2017). The dieback
was attributed to decommissioned salt production ponds adjacent to
the northeast side of the mangrove forest. In fact, the impact of
hypersalinity on this mangrove forest occurred before the dieback
incident.

Direct monitoring of plant responses to salinity in the field is
labor-intensive and time-consuming due to high spatial variability
requiring many samples within a small area (Dittmann et al., 2022;
Ahmed et al., 2022; Rhoades, 1990; Rhoades et al., 1992). To
overcome these difficulties, spectral data have increasingly been used
to assess plant biochemical responses to salinity. For example, Stong
(2008) proposed an approach using a spectroradiometer to measure
field salinity and plant responses. The rapid advancement of remote
sensing technology, such as Sentinel data, has enhanced land surface
monitoring by providing high-resolution and accurate observations
(Jones et al., 2011; Torres et al., 2012). The technology development
has provided an opportunity to extend Stong’s work to landscapes
with larger spatial variability (seaside and landside areas). With the
advantage of Sentinel-2 data, it is possible to efficiently map large-
scale distributed plant salinity gradients.

Except for hypersaline conditions, another notable difference that
marks this mangrove site from other ecotypes is the influence of tidal
flooding. Coastal wetlands are highly vulnerable to sea level rise,
causing frequent tidal inundation and saltwater intrusion (Dai et al.,
2024; Lovelock et al., 2015; Lovelock et al., 2017; Krauss et al., 2008; Li
et al., 2020). Tides affect mangrove carbon uptake through several
mechanisms (Zhu et al., 2021): prolonged inundation can cause oxygen
deficiency in soils (Li et al., 2020; Pezeshki, 2001); thermal contrasts
between tidal water and soil can alter physiological conditions; and
tidal currents may export nutrients, sediments, and salts, affecting
ecosystem balance (Zhu et al., 2021). In most cases, tidal activities
increase salinity, which can slow down mangrove growth when
seawater is more saline than soil porewater (Ahmed et al., 2022; Gou
etal., 2023; Heinsch, 2004). In contrast, the mangrove site in this study
has a reversed salinity gradient (50 ppt on the landside and 36 ppt on
the seaside observed in October 2018), indicating inland hypersaline
conditions (Dittmann et al., 2022). This unusual salinity pattern makes
it especially interesting to investigate how tides influence mangrove
carbon uptake under contrasting salinity conditions.

In addition to local anthropogenic disturbances, global climate
change also affects mangrove ecosystems. Temperature is identified
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as a critical factor in mangrove carbon sequestration (Goldstein and
Santiago, 2016). Low temperature can reduce metabolic rates, alter
membrane permeability, and cause tissue freezing (Duke et al., 1998;
Krauss et al., 2008; Ross et al., 2009), while high temperature can lead
to enzyme denaturation, membrane damage, and tissue death (Krauss
et al.,, 2008; Lovelock et al., 2016). An optimal temperature range
(T,,p0) of 22 °C-30 °C for most mangrove species has been reported
based on leaf-level photosynthetic gas exchange measurements.
Mangrove productivity is maximized within this range and decreases
outside of it (Duffy et al., 2021; Moore et al., 1973; Noor et al., 2015;
Paramita Nandy et al., 2007; Reef et al., 2016). Knowledge of different
responses of mangrove carbon sequestration to low- and high-
temperatures at the ecosystem scale is necessary for predicting how
mangrove forests would perform in the context of global warming.

Coastal mangrove forests experience unique land-sea
interactions (Zhu et al., 2021). As the land heats up more rapidly
than water, sea breezes or onshore winds in coastal regions tend
to form during the daytime. Conversely, land breezes or offshore
winds typically develop at night or early morning because land
cools down more rapidly than water (Miller et al., 2003). Sea
breezes bring cool and moist air from the sea (Zhou et al., 2021),
indirectly affecting mangrove carbon flux by adjusting the air
temperature (cooling effect) and vapor pressure deficit
(moistening effect). These cooling and moistening effects would
alleviate the stress caused by high temperature, which was usually
overlooked in previous studies (Zhu et al., 2021).

The global area of mangrove forests is 145,068 km? in 2020, with
approximately 96% located in tropical regions (Jia et al., 2023).
Climate change is likely to increase risks to mangrove health in
tropical areas (Chung et al., 2023). In contrast, mangrove growth in
temperate regions is promoted due to rising temperatures (Morrisey
etal, 2010; Saintilan et al., 2014). According to Morrisey et al. (2010),
only 1.4% of the global mangrove area is located at latitudes greater
than 30°, with 48-55% of these found in southern Australia. However,
these temperate mangroves have not been extensively studied.
Despite eddy covariance (EC) systems providing continuous
monitoring of carbon exchange, EC measurements from temperate
mangrove ecosystems are still rare compared to other ecosystems
(Alvarado-Barrientos et al., 2021; Gou et al., 2023), partly due to the
difficulty in flux tower construction in harsh coastal conditions (e.g.,
salinity, tides, and a lack of solid foundation).

In summary, EC monitoring sites for temperate mangroves are
very rare globally. Although some studies (Supplementary Table S1;
Figure 1) have compared forest features in mangrove fringes,
interiors, or along transects from the seaward to landward side,
ecosystem CO, exchange has not been investigated.

Thus, by using eddy covariance measurements the temperate
mangrove site in South Australia, we aim to: (1) compare the carbon
fluxes between landside and seaside mangroves; (2) assess the effects
of salinity stress, tidal flooding, and other meteorological factors on
carbon fluxes; (3) evaluate the impact of high temperature stress and
sea breezes on mangrove carbon fluxes.

This particular mangrove site faces hypersaline conditions and
high temperature risks. As a result, the interactive effects of salinity
combined with tidal flooding and high temperature modulated by sea
breezes on carbon uptake in temperate mangroves are still poorly
understood. The carbon fluxes measured in this study can serve as a
baseline to quantify the impact of environmental changes on
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FIGURE 1

The relative landside over seaside values of selected mangrove features (detailed in Supplementary Table S1). Landside values are normalized relative to
seaside values; Y-axis < 1 indicates landside values are smaller than seaside values, while Y-axis > 1 indicate that landside values are larger.
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mangrove carbon assimilation, e.g., the aforementioned dieback
event. The influencing factors investigated here will be useful for
predicting the effects of future environmental change on mangrove
ecosystem service.

2 Materials and methods

2.1 Study site

The study area is located in a section of gray mangrove forest
(Avicennia marina) from Barker Inlet to Tourville Bay in Adelaide,
South Australia. The forest is bordered by salt marsh, immediately
adjacent to hypersaline ponds that were once part of a sea salt
production plant. A dieback event, starting in September 2020,
caused an approximately 9-hectare loss of the mangrove forest
(Water, 2021). This incident is believed to have resulted from
hypersaline porewater in the mangrove root zone (Dittmann et al.,
2022). The ponds were refilled to operational levels with hypersaline
water in December 2019. Before the dieback event, mangrove root
zone porewater salinity was 35 ppt at the seaside and 50 ppt at the
landside (October 2018). During the dieback event, porewater
salinity up to 42 ppt at the seaside and over 100 ppt at the landside
(October 2020) was observed (Dittmann et al., 2022).

The forest covers an area of 42 ha, extending a few hundred
meters inland from the coastline (Figure 2a). The average
vegetation height is 3.7 m, with intermittent inundation
depending on tidal flows. The average annual rainfall is 474 mm
(1956-2023), mostly in winter (June-August), measured at the
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nearby Adelaide Airport, approximately 20 km to the south of the
mangrove site. The annual mean air temperature is 16.6 °C
(1955-2025). Due to this salinity gradient and tidal inundation,
mangrove trees grow to over 5 m at the eastern end and decrease
to below 2 m at the western end.

2.2 Workflow and data collection

The research workflow is shown in Figure 3. First, we collected
data, including eddy covariance measurements, meteorological, tidal,
and satellite data, and we processed data to obtain daytime daily
carbon fluxes. Second, key condition indexes, including flooded
fraction (F), sea/land breezes index (W), and salinity stress index
(SSI), were calculated using hydrometeorological, topographic and
remote sensing data. Third, daytime daily carbon flux was separated
into landside and seaside groups. Statistical analyses were then
conducted to quantify the response of carbon flux to salinity, wind,
and tidal flooding conditions under high and low temperature
condition.

2.2.1 Eddy covariance measurement

An eddy covariance (EC) tower was set up above the canopy on
the St Kilda Mangrove Trail (34°44'47.07744"S, 138°32’15.90072"E),
as shown in Figure 2b, to measure the net ecosystem CO, exchange
(NEE) and meteorological variables, including wind speed and
direction (W), air temperature (T,), and relative humidity (RH).
Vapor pressure deficit (VPD) was calculated from T, and RH. The
EC system comprised the analyser interface unit, the gas analyser,
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FIGURE 2

Site location (a), observation equipment (b), and flux footprint climatology (c) for the mangrove forest. The red star in (a) marks the location of the flux
tower shown in (b). The white area on the top-right of (a) is hypersaline ponds, which is the source of hypersaline porewater of nearby mangrove root
zone (landside). The red circles in (c) show the percentage of measured flux originating from the area within each circle.
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FIGURE 3
Workflow diagram for (a) data collection; (b) key indexes; and (c) statistical analysis.

and the sonic anemometer. Data collection lasted from November ~ (Wutzler et al., 2018)." Due to the principle of EC measurements,

8, 2017 to December 8, 2019. The sensors and field settings are
summarized in Supplementary Table SI.

The flux data was processed using EddyPro software (v 6.2.0,
LI-COR, Lincoln, NE, United States) (Abiodun, 2019), including
spike removal (Mauder et al.,, 2013), time lag corrections,
coordinate rotation (Wilczak et al., 2001), and Webb-Pearman-
1980). Gaps in the
output data due to quality control and equipment malfunctions

Leuning density corrections (Webb et al.,

were filled using the REddyProc online processing tool using
look-up table (LUT) and mean diurnal course (MDC) methods

Frontiers in Climate 04

the sensor fails to detect carbon flux from the landside when the
wind blows from the seaside. This typically occurs between
11 a.m. and 4 p.m. local standard time when the NEP is large. In
contrast, landside flux is usually detected at night and in the
early morning when NEP is small. As a result, daytime landside

carbon flux is missing from the measurement, making

1 https://www.bgc-jena.mpg.de/REddyProc/ui/REddyProc.php
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FIGURE 4

Strategy of dividing flux into seaside and landside based on the wind rose plot. Landside: 315°-360° and 0—-135°; Seaside: 135°-315°.
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comparisons between seaside and landside flux unfair. Therefore,
we use the averaged NEP value for each hour, month, and side
(seaside and landside) to fill the missing data when the wind is
from the opposite direction, ensuring that the impact of salinity
on flux is not overestimated. For example, if there is a missing
value at 13:00 on 01/01/2019 from the landside, we calculate the
average NEP for all 13:00 readings from the landside throughout
January to fill the missing value.

Ecosystem gross primary production (GPP) flux was
partitioned from NEE and respiration (Reco) flux (GPP = Reco —
NEE) using the REddyProc tool. Reco was estimated by the
nighttime partitioning method (Reichstein et al., 2005). In this
study, we reported net ecosystem production (NEP, defined as
NEP = -NEE) instead of NEE for the net carbon uptake of the
mangrove ecosystem. All variables were aggregated from hourly to
daily scale, and data for days with more than 30% missing hourly
values were excluded.

After gap filling, the flux footprint figure (Figure 2c) was
generated using the Flux Footprint Prediction (FFP) online tool
(Kljun et al., 2015),> based on the crosswind distribution of the flux
footprint and the backward Lagrangian stochastic particle dispersion
model (LPDM-B) used in the footprint parameterization. About 90%
of the flux originated from a circle of 200 m radius around the tower
(Figure 2c¢).

2.2.2 Other data

The tide level data was obtained from Flinders Ports Pty Ltd.
It was measured using an air bubbler (Model 2100P, ES&S,
Australia) at Port Adelaide (Outer Harbor), approximately 7 km
west of the mangrove site (Flinders Ports Pty Ltd, 2024). To
represent elevation, the 5-meter Australian Digital Elevation
Model (DEM) derived from a LiDAR model was obtained from

2 https://geography.swansea.ac.uk/nkljun/ffp/www/
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Google Earth Engine (Geoscience Australia, 2015). Sentinel-2
(Copernicus Sentinel Data, 2024) band-11 and band-4 data from
2018 to 2019 from Google Earth Engine were used to calculate
salinity stress (see section 2.3.2). Minutely solar radiation
data (R, W m? was obtained from the Bureau of
Meteorology recorded at the Adelaide airport (Australian
Government, 2024).

2.3 Methods

2.3.1 Comparison strategy between seaside and
landside sections

The eddy covariance station measured carbon flux from varying
source areas depending on wind direction and speed. This situation
provides an opportunity to compare the NEP of different source areas
of the mangrove ecosystem.

To account for salinity differences, sea/land breezes, and tidal
flooding effects, the carbon flux data were separated into two source
sections using a line drawn at 135° and 315° on either side of the
station (Figure 4). Mangroves on the landside (315° ~360° and
0 ~ 135°) are expected to experience higher salinity stress and less
frequent tidal inundation than those on the seaside (135° ~ 315°). This
situation makes it possible to investigate the salinity and tidal flooding
effect on mangrove carbon flux. Meanwhile, the carbon flux from the
landside source section tends to be under drier air from land breezes,
and those from the seaside source section tend to be under moister air
from sea breezes. Thus, the effects of sea/land breezes on mangrove
carbon flux can be considered as well.

2.3.2 Salinity stress

Following Stong (2008), the salinity stress index (SSI) was
calculated using Sentinel-2 band-11 (covering the wavelength range
of 1,564-1,655 nm) and band-4 (covering the wavelength range of
650-680 nm) collected from 2018 to 2019, showing in Equation (1).
The wavelengths for SSI are 1,680, 1,460, and 660 nm, which
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correspond to band 11 and band 4 of the Sentinel-2 satellite. These
wavelengths are highly sensitive to plant biochemical responses to soil
salinity (Stong, 2008).

ss1 =211 1)
P4

where p is the reflectance of the corresponding band (subscript
number) in Sentinel-2, with central wavelengths of 1,610 nm and
665 nm for band-11 and band-4, respectively. To illustrate the salinity
gradient from each direction, SSI was averaged over five-degree
intervals on the 90% flux footprint circle. It was then normalized to a
range of 0-1 by its maximum and minimum values. The distribution
of SSI can be found in section 3.3.

2.3.3 Sea/land breeze effects

To consider the impact of sea/land breezes, we proposed a
dimensionless sea breeze index (W) using a trigonometric function
based on wind direction, shown in Equation (2). The W, was
calculated as follows:

Wy, = sin(Wr —%T) (2)

where W, (radian) is the wind direction (0 - 2p). W, ranges from
—1 to 1 with W, = 0 on the dividing line (straight from 135° to 315°,
Figure 4). The distribution of W, can be found in section 3.4.

2.3.4 Tidal flooding influence

Flooded fraction (F), or hydroperiod, is approximated as a linear
function of relative elevation (Z) normalized between mean high
water (MHW) and mean low water (MLW) following Jafari et al.
(2024) and Morris et al. (2002), shown in Equation (3).

_ MHW -Z 3)
MHW - MLW

where MHW and MLW are the arithmetic means of the high and
low water heights observed each tidal day over the study period (Liu
et al,, 2014). F represents the fraction of time when a location is
inundated, ranging from 0 (never flooded) to 1 (always flooded).

In this study, W, and F are aggregated from hourly to daily scale
during daytime (when R, > 10 W m™?) for analysing the response of daily
daytime carbon flux to salinity, wind, and tidal flooding conditions.

2.3.5 Temperature stress

Optimal temperature (T;,,) was defined as the threshold where the
slope of NEP-T, (GPP-T,) curve changes sign from positive to negative
(Alvarado-Barrientos et al., 2021). Due to the possible non-monotonic
relationship between T, on carbon sequestration, the data are divided
into low- and high-temperature groups based on the T,,,. The purpose
is to characterize the response of carbon sequestration to environmental
variables (R,, VPD, W, and SSI) under different T, conditions.

2.3.6 Statistical analysis

One-way ANOVA tests (Dunn and Clark, 1986) were conducted
to detect the differences in flux between the landside and seaside.
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Pearson’s correlations were then utilized to assess the relationships
between carbon flux and environmental variables (R, T;, VPD, W,,
SSIL and F). T, of carbon flux was identified using piecewise linear
regressions with the lowest residual error (Okazak, 2024).

Path analysis (Land, 1969) was employed to quantify the response
of carbon flux to meteorological and salinity factors for low- and high-
temperature groups. The standardized path coefficient () in the path
diagram was used to compare the direct and indirect effects of one
variable on another (Finney, 1972; Hu and Lei, 2021). Path analysis
models were constructed based on presumed causal relationships
between flux and environmental drivers using the structural equation
model (SEM) program in R Studio (Gana and Broc, 2019). These
models were adjusted according to the modification indexes (MI) to
show the change of model fit when a particular path was added or
removed (Whittaker, 2012). The models were evaluated using the
goodness-of-fit indexes, including comparative fit index (CFI) and
standardized root mean square residual (SRMR). CFI characterizes
the model’s goodness of fit compared to an alternative model in
reproducing the observed covariance matrix (Chen, 2007). SRMR
represents the average standardized residuals between the observed
and model-implied covariance matrices (Chen, 2007). Models
meeting the criteria of CFI = 1 and SRMR < 0.08 were considered
acceptable (Hopper et al., 2008; Schreiber et al., 2010). The analyses
were restricted to daytime periods (R, > 10 W m™) to ensure that the
fluxes were physiologically meaningful (Hu and Lei, 2021).

We hypothesize that R,, T,, VPD, SSI, and F have direct impacts
on carbon flux, while W}, and R, have indirect impacts by changing
both T, and VPD. T, also indirectly affects carbon flux through
VPD. Meanwhile, F has an indirect effect through SSI.

3 Results
3.1 Carbon sequestration rates

The diurnal, daily, and monthly NEP, Reco, and GPP exhibit
evident seasonal cycles throughout the study period (Figure 5;
Supplementary Figure S1). Daily NEP, Reco, and GPP are —3.3 to 5.0,
0.6 to 7.6, and 0.2 to 8.3 g C m™* day~', respectively (Figure 5). The
highest monthly NEP (107.4+158g C m™ mon™'), Reco
(1444 +£6.6 gCm > mon™'), and GPP (204.3+ 6.1 g C m™> mon™")
occur in December or January (summer in the southern hemisphere),
indicating higher carbon assimilation rates in summer (December,
January, and February) and lower rates in winter (June, July, and
August). Furthermore, the annual mean NEP, 645.8 g C m~ yr.”}, is
close to the global mean of intertidal forested wetlands (~650 g C
m~yr.”") (Luetal., 2017). The annual mean Reco and GPP are 1106.7
and 1752.5 g C m™? yr.”', respectively.

3.2 Directional differences in carbon flux

Daily NEP and GPP are consistently significantly higher on the
seaside than on the landside (p < 0.01, Figures 6a,c). For NEP, peak
values were approximately 5.5 g C m~> day~" on the seaside and 4.7 g C
m~* day™' on the landside. A peak GPP of 9.2 g C m™ day™' on the
seaside and of 7.0 g C m~? day™’ on the landside indicate higher CO,
assimilation by the seaside mangroves. In contrast, the difference in
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FIGURE 5
Daily and monthly variations of carbon flux. (a) Net ecosystem production (NEP), (b) ecosystem respiration (Reco), and (c) gross primary production
(GPP) during the observation period.

daily Reco between the two sections is not significant (p > 0.01,
Figure 6b). These differences in NEP and GPP between the two
sections are arguably attributed to the effects of salinity and sea/land
breezes.

3.3 Salinity stress index

The SSI map was divided into landside and seaside by the 135°-
315° line through the station (white dashed line in Figure 7a). The SSI
in Figure 6b shows that mangroves on the landside experiences
significantly higher salinity stress than those on the seaside. Figure 7b
shows significant difference in SSI between the two regions (p < 0.05).

3.4 Sea/land breeze index (W,)

Figure 8 shows the distribution of W, with W, = 0 on the dividing
line (green line from 135° to 315°) and reaching its extremes
perpendicular to it (—1 at 45° and 1 at 225°). W, increases toward the
southwest and decreases toward the northeast from the division line.
A positive (negative) W, indicates winds from the seaside (landside)
(Figure 8).

3.5 Flooded fraction (F)

Figure 9 shows the comparison of flooded fraction (F) between
the landside and seaside. The seaside is subject to more frequent tidal
inundations compared to those on the landside. Statistical analysis
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confirms significant difference in F between the two sections
(p<0.05), suggesting hydrological variation likely influences
ecosystem carbon exchange across the site.

3.6 The responses of carbon flux to air
temperature, salinity and tidal flooding

Nonlinear NEP-T, and GPP-T, response curves, negative NEP-SSI
and GPP-SSI, and positive NEP-F and GPP-F relationships are
obtained based on the correlation matrix (Supplementary Figure S2).
As shown in Figures 10a,b, T, determined by piecewise linear
regression equation is 20.4 °C for NEP. NEP increases with T, until
T,p» above which NEP drops sharply. Although the GPP- T,
relationship also exhibits nonlinear behavior, with GPP increasing
with T, and continuing to rise at a reduced rate beyond the 21.3 °C
breakpoint. However, this breakpoint does not align with the
definition of an optimal temperature in this study, which requires a
shift from positive to negative slope. The slight increase in GPP is
likely driven by rising Reco rates at higher temperatures. Therefore,
Figures 10b,c suggests no clear T, for GPP and Reco in this study.

The negative relationships of SSI with NEP and GPP persist through
most of the seasons (Figures 10d,e), with more pronounced negative
effects of SSI on NEP and GPP during summer (green dots in
Figures 10d,e), suggesting that salinity stress limited landside mangrove
carbon uptake. For the tidal flooding influence, the positive relationship
of F with NEP and GPP are stronger in the summer (green dots in
Figure 10g,h), indicating that tidal inundation likely enhanced carbon
sequestration in the seaside mangrove ecosystem but reduced it in the
landside. Reco shows no significant response to SSI or F (Figures 10£;i).
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3.7 Environmental controls on NEP

Path diagrams in Figure 11 show the direct and indirect effects of
each environmental variable on daily daytime NEP at low- and high-
temperature. The total effects are calculated in Supplementary Table S2.

At low temperatures, NEP is directly enhanced by R, (Figure 11a),
with strengths of 0.33 (p=0.33), and indirectly enhanced by F
(B =0.15), but directly decreased by SSI (f = —0.21). Meanwhile, T,

Frontiers in Climate

VPD, and W, impacts are not significant for NEP at low temperatures
(Figure 11a). Under high temperatures (Figure 11b), NEP is reduced by
high T,, high VPD, and SSL, but enhanced by W, and F. T, is the
dominant negative regulator of NEP with a total effect of —0.59,
including an indirect effect through VPD. W, alleviates the stress of
high T, and VPD on NEP with a strength of 0.23. Additionally, F
mitigates the salinity stress on NEP with a strength of 0.14
(Supplementary Table S2).
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In summary, R, and SSI are the dominant positive and negative
drivers at low temperature, increasing NEP by 48% and decreasing it by
30%, respectively. F increases NEP by 20%. Conversely, W, and T, are the
dominant positive and negative drivers at high temperature, increasing
NEP by 16% and decreasing it by 40%, respectively. SSI decreases NEP by
13%, and F increases NEP by 10%.

4 Discussion

4.1 Effects of salinity gradient and tidal
inundation on NEP

Higher salinity occurs on the landside at the study site due to the
adjacent salt evaporation ponds and the absence of freshwater runoff
into the ecosystem. This situation is very different from the other
studies, where higher salinity is typically on the seaside given

Frontiers in Climate

freshwater discharges to the sea through the ecosystem (Ahmed et al.,
2022; Gou et al., 2023; Heinsch, 2004). Due to local land use involving
salt evaporation ponds, a reverse salinity gradient occurred (Figure 2).
The ponds could potentially be one reason for the serious dieback
event in 2020 (Water, 2021).

Our analysis shows that salinity stress can be mitigated by tidal
inundation at the site scale (Figure 11), but likely due to frequent
inundation on the seaside. As shown in Figure 12, NEP tends to be
higher when tidal flooding is more frequent (F > 0.7), and salinity
stress is low (SSI < 0.3). The landside experiences both higher salinity
stress and lower tidal inundation, resulting in a combined negative
impact on carbon assimilation in landside mangroves. Tidal flooding
may mitigate salinity stress in landside mangroves by flushing salt out,
but is limited by the higher elevation (Figure 9). Therefore, the
differential extent of tidal inundation amplifies salinity contrast
between seaside and landside areas, thereby influencing the
corresponding carbon uptake rates.
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Dependence of daily daytime (a) NEP, (b) GPP, and (c) Reco on daytime T, along the VPD gradient, and relationships of daytime (d,g) NEP, (e,h) GPP,

and (f,i) Reco with SSI and F. SSI and F were averaged for five-degree intervals on the 90% flux footprint. Black lines in (a,b) represent piecewise linear
regressions with two connected segments. Red circles and numbers in (a) indicate the optimal temperature (T, °C) for NEP. Black solid lines in (c—i)
show linear regressions for all observed data.
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Some research shows that sea level rise tends to reduce carbon
uptake in subtropical coastal marshes by limiting root-zone oxygen,
restricting CO, diffusion, and increasing ionic and osmotic stress in
plants and soil (Li et al., 2020; Pezeshki, 2001). The response of deltaic
mangrove ecosystems to sea level rise depends on the vertical
accretion of seaward expansion keeping pace with the rising sea level
(Dai et al., 2024; Lovelock et al., 2015; Xiong et al., 2024). In contrast
to subtropical or deltaic areas, our site exhibits a different response.
More frequent tidal inundation sea level rise resulting from enhance
may NEP by reducing salinity stress on landside mangroves.

4.2 Effects of temperature stress and sea
breezes on NEP under global warming

High temperature decreases mangrove photosynthesis by
reducing stomatal conductance (Krauss et al., 2008; Lovelock et al.,
2016). An optimal temperature range for NEP (T, , 16-24 °C) is
observed along the T, gradient when SSI < 0.3 (Figure 13a). NEP
declines beyond this range. The T, , at this study site is lower than
that (22-30 °C) reported for leaf-level photosynthesis maximization
(Duffy et al., 2021; Moore et al., 1973; Noor et al., 2015; Paramita
Nandy et al., 2007; Reef et al., 2016), and lower than that (27 °C) of a
tropical mangrove ecosystem reported in Alvarado-Barrientos et al.
(2021); 29.8 °C of a subtropical riverine mangrove (Barr, 2005); and
26.8 °C of a semi-arid basin mangrove (Leopold et al., 2016). This
difference can be explained by the fact that the mangrove species in
this study is a temperate mangrove, growing under temperatures
lower than those in subtropical or tropical areas.

Under high-temperature conditions, NEP is significantly
enhanced by sea breezes, which act as a dominant positive driver
(Figure 11). Sea breezes reduce air temperature and atmospheric
moisture stress, alleviating heat and vapor pressure deficit constraints
on stomatal conductance, thereby increasing carbon uptake. In
contrast, sea breezes had no significant effect on NEP under
low-temperature conditions (Figure 11), suggesting that its role is
most critical during periods of heat stress. These findings align with
Zhu et al. (2021) that regular afternoon sea breezes cool and moisten
the atmosphere, indirectly promoting carbon assimilation in a
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subtropical mangrove ecosystem. In this study area, significant sea
breeze cooling mostly occurs on hot summer days, when sea breezes
are most frequent (Masouleh, 2015), and their cooling effect is
particularly important during heatwave conditions (Zhou et al,,
2021; Guan et al., 2016). In contrast, during cooler seasons (early
spring, late autumn, and winter), sea breezes are weaker and less
developed. In this period, mangrove benefits from warmer
temperatures. Thus, sea breezes have little effect on NEP. Our
analysis highlights the important but often overlooked role of sea
breezes in regulating mangrove carbon dynamics under climate
warming scenarios.

Global warming causes shifts in temperature patterns, leading to
more frequent and severe heatwaves (Perkins-Kirkpatrick and Lewis,
2020). According to long-term T, records from the Adelaide airport,
the frequency of T, within the T, , (16-24 °C) increased from 36.9
to 41.2% (Figure 13b; Supplementary Table S4), and T, above 24 °C
(high T) increased from 7.9 to 10.2%, and T, below 16 °C (low T,)
decreased from 55.4 to 48.6% during 19561980 and 2001-2023. Due
to the cooling effect of sea breezes (Papanastasiou et al., 2010; Zhou
et al., 2021), extreme high T, increased slightly (2.3%) compared to
the optimal temperature range (4.3%, Supplementary Table S4). The
decrease in NEP due to high T, for temperate mangroves could be
offset by the increase in NEP within T, , (Supplementary Table S4),
assuming other conditions remain unchanged, resulting in a net
increase of 0.034g C m™ day™ (124g C m™ yr.”') in NEP
(Supplementary Table S4).

Global warming is generally expected to decrease terrestrial
carbon sequestration (Duffy et al., 2021). Zhu et al. (2021) pointed
out that mangrove wetlands could become a weaker blue carbon sink
in response to global warming and sea level rise due to the strong
negative impacts of rising air temperature and tidal inundation.
However, our analysis suggests that NEP could increase in the future
for the studied temperate mangrove forest as sea level rise may lead
to more extended tidal inundation to alleviate salinity stress, and
warming can lead to more frequent optimal temperature days for
carbon uptake. The difference between this study and Zhu et al.
(2021) may be attributed to different climatic and environmental
conditions: Zhu et al’s study was conducted in a subtropical region,
while our study site is in a temperate climate zone. Moreover, our site
lacks freshwater input, and the salinity gradient is strongly influenced
by human activities (salt ponds). These local conditions may shape
the main environmental factors affecting carbon dynamics, which
could explain why ecosystems respond differently to warming and
sea level rise.

4.3 Uncertainties

This study has limitations. Separating the NEE data into the
landside and seaside sources leads to gaps in each time series. The
missing half-an-hourly data points were replaced by the
corresponding averages of available data in the same month across
years. Jammet et al. (2017) tested artificial neural network (ANN)
models to gap-fill methane (CH,4) emissions and CO, exchange from
a fen and a lake at the hourly scale, but found this approach unreliable
for lake CO, exchange. They therefore used mean values for seasonal
comparisons to avoid large uncertainties. We followed a similar
approach, as our dataset covers only 2 years, and more advanced
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methods such as machine learning often require large sample sizes
and may introduce additional uncertainty. At the study site, 10-fold
cross-validation (k = 10) showed that the average root mean square
error (RMSE) for the two sides was 2.63 pmol m= s™* (5.89% of the
half-hourly NEE range) with R* = 0.76, and about 35% of the gaps
were filled.

The study partitioned Reco from NEP based on the Reco-
temperature relationship derived from nighttime measurement.
However, inundation may also affect Reco, which is not considered in
the partitioning method. Nonetheless, these sources of uncertainty do
not affect the main results as the focus of this study is on net CO,
exchange rather than GPP.

Another limitation is that lateral advection was not explicitly
accounted for. The EC measurements are most accurate over
extended homogeneous surfaces under steady environmental
conditions (Baldocchi, 2003). Yet such ideal conditions do not exist
in practice. Characterizing advection in heterogeneous environments
remains challenging in micrometeorology (Levy et al., 2020). Given
the contrast between the landside and seaside within the footprint of
the EC measurements has the length scale (~ kilometers) is much
greater than the length scale of vertical gradients of gas concentrations
(~ 10 meters), the effect of lateral advection on the observed fluxes
was arguably negligible hence not considered in this study.

5 Conclusions

In this study, we investigated the responses of carbon flux to
salinity, air temperature, sea/land breezes, and tidal water table in a
temperate mangrove forest in South Australia using an eddy
covariance system.

Significant differences in carbon flux along a transect of over
300 m were revealed between the seaside and landside sections
of the mangrove forest. The negative effects of salinity on carbon
flux persist through most of the seasons. The positive relationship
between F and NEP suggests tidal inundation enhancing carbon
sequestration in the seaside mangrove ecosystem. An optimal
daily temperature range of 16-24 °C was found with the peak at
20.4 °C for NEP. At low temperatures, R, and SSI were dominant
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positive and negative drivers of NEP, increasing NEP by 48% and
decreasing it by 30%, respectively. F increases NEP by 20%. At
high temperatures, T, was the dominant negative drivers for NEP,
decreasing it by 40%. Sea breeze cooling was a positive dominant
driver by reducing the high T, and VPD stress on NEP, increasing
NEP by 16%. SSI decreases NEP by 13%, and F increases NEP by
10%. In addition, NEP at this particular site was enhanced by an
increasing frequency in the optimal temperature range, but
reduced by more frequent high T,, resulting in a net increase of
12.4 g Cm™yr.”" in NEP from 1956-1980 to 2001-2023.

These results provide a baseline for predicting the response of
temperate mangroves to future warming and sea level rise. The
carbon flux data obtained in this study provide a reference for
analysing the impacts of global and local environmental changes on
temperate mangrove ecosystems, and support the effective
management of mangrove forests under temperature and
salinity stress.
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