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Abstract

Mangroves are among the world’s most carbon-dense ecosystems, but they are threatened by
rapid climate change and rising sea levels. The accumulation and decomposition of soil organic
matter (SOM) are closely tied to mangroves’ carbon sink functions and resistance to rising sea
levels. However, few studies have investigated the response of mangrove SOM dynamics to
likely future environmental conditions. We quantified how mangrove SOM decay is affected
by predicted global warming (+4°C), sea level changes (simulated by modification of the
inundation duration by zero, two and six hours per day), and their interaction. Whilst changes
in inundation duration between two and six hours per day did not affect SOM decay, the
treatment without inundation led to a 60% increase. A warming of 4°C caused SOM decay to
increase by 21%, but longer inundation moderated this temperature-driven increase. Our results
suggest that 1) sea level rise is unlikely to decrease the SOM decay rate, suggesting that
previous mangrove elevation gain, which has allowed mangroves to persist in areas of sea level
rise, might result from changes in root production and/or mineral sedimentation; ii) sea level
fall events, predicted to double in frequency and area, will cause periods of intensified SOM
decays; iii) changing tidal regimes in mangroves due to sea level rise might attenuate increases
in SOM decay caused by global warming. Our results have important implications for
forecasting mangrove carbon dynamics and the persistence of mangroves and other coastal

wetlands under future scenarios of climate change.
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Introduction

Mangroves are among the most carbon dense ecosystems in the world (Donato et al., 2011), and
provide ecosystem services worth US$194,000 per hectare per year (Costanza et al., 2014). The
conservation and restoration of mangroves are increasingly being promoted (Lee et al., 2019;
McLeod et al., 2011). Several countries have already committed to using coastal wetlands as part
of their mitigation and adaptation strategies for climate change (Herr et al., 2015) and re-
forestation and conservation projects are taking place widely (Lee et al., 2019). In Bangladesh and
Vietnam, for example, more than 200,000 ha of damaged or destroyed mangroves have been
replanted in the last 50 years. However, against a backdrop of changing future climates it is unclear
whether natural and restored mangroves will be resilient to sea level rise, and in particular whether

they will continue to sequester soil carbon (Gilman et al., 2008; Lovelock et al., 2015).

The accumulation of soil organic matter (SOM) controls both the carbon sink capacity of
mangroves and their resistance to sea level rise (Alongi, 2009; Rogers et al., 2019). In carbon-
dense mangroves such as our study site (see next section), SOM accumulation results primarily
from the balance between organic matter decay and root production (Alongi, 2009; Middleton and
McKee 2001; Bouillon et al. 2003). Since SOM represents up to 80% of the carbon stored in
mangroves (Alongi, 2009), the alteration of SOM decay by climate change is likely to affect their
carbon sink capacity in the future. Accumulation of SOM in mangroves causes the soil surface to
rise within the tidal prism. If the rate of soil accretion in mangroves equals or is faster than the
rate of sea level rise, mangroves can persist and avoid being submerged (Rogers et al., 2019). In
contrast, an increase of root decay might reduce or even reverse SOM accumulation, leading to
subsidence, thus causing relative sea levels to rise. Temperature and inundation regimes are major
factors controlling SOM decay in mangroves, and will be modified by climate and sea level

change (Alongi, 2009; Kristensen et al., 2008; Lovelock, 2008); Yet, compared to many others
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ecosystems, little is known about how mangrove SOM dynamics will respond to future

environmental conditions (Jennerjahn et al., 2017; Song et al., 2019; Twilley et al., 2017).

Global mean temperature is expected to rise between 1.0 and 4.8°C by 2100 under RCP2.6 and
RCP8.5, respectively, relative to the 1986-2005 baseline (IPCC, 2013). Rising temperatures have
been shown to increase rates of SOM decay in coastal wetlands (Kirwan et al., 2014; Morris &
Whiting, 1986), but only a few mangrove sites have been investigated. Field studies have used
latitudinal gradients to infer the thermal sensitivity of mangrove SOM decay, and therefore
incorporate site-specific confounding factors such as tidal inundation regime, root respiration,
biofilm development, and soil nutrient status (Lovelock, 2008; Jin et al., 2013; Lewis et al., 2014;
Poungparn et al., 2009). Since it is challenging to isolate the effect of temperature in the field, a

more controlled laboratory approach is necessary (Lovelock, 2008; Twilley et al., 2017).

Global sea level 1s projected to rise between 0.28 and 0.98 m by 2100 (RCP2.6 and RCP8.5,
respectively, relative to the 19862005 baseline, IPCC, 2013) and incidences of extreme sea levels
are expected to become more frequent (IPCC, 2013), yet the impacts of these changes upon SOM
decay in mangrove soils are understudied. As sea level rises, mangroves can migrate landward or
can accumulate organic matter and sediments. Through these mechanisms mangroves can occupy
landward and vertical 'accommodation space' (Rogers et al., 2019). In the past, some mangroves
have adjusted to sea level rise and avoided submergence by accreting soil, notably SOM (McKee
etal., 2007; Krauss et al. 2014). However, it is unclear whether the vertical accretion of mangrove
soil (where it occurs) is driven primarily by an increase of root production and sedimentation,
reduced SOM decay rates, or both. Landward accommodation space for mangroves is limited in
many countries due to coastal urbanisation; while vertical soil elevation may be limited by a lack
of riverine sediment inputs to the coast (Lovelock et al., 2015; Schuerch et al., 2018). Some
mangroves therefore seem likely to experience an increasing duration of tidal inundation, or will
become fully submerged with continued sea level rise (Lovelock et al., 2015; Ward et al., 2016).

4
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There is a dominant view that increased flooding is inversely related to decomposition rate in
coastal wetlands (Davidson & Janssens, 2006; Nyman & DeLaune, 1991; Reed, 1995; Miller et
al., 2001), but there is a surprising lack of empirical data that may be used to test such a hypothesis
(Mueller et al., 2016), particularly for mangroves. In some settings, mangroves will experience
prolonged and repeated sea-level drops, for up to a year (Widlansky et al., 2015). These incidences
of extreme sea levels, known as Taimasa, lower the sea level by as much as 0.30 m and reduce
the inundation of inter-tidal mangrove habitats (Widlansky et al., 2015). Taimasa events have
already been shown to contribute to drought conditions in mangroves, resulting in large areas of
mangrove dieback (Lovelock et al., 2017). Taimasa events are predicted to become more intense
and frequent with future climate change, even against a long-term backdrop of rising relative sea
level (Widlansky et al., 2015). However, the impacts of Taimasa events or other types of drought
(e.g., those caused by reductions in riverine flows into coastal water) on SOM decay in mangroves

remain unexplored (Chapman et al., 2019).

Here, we conducted a fully factorial mesocosm experiment to reveal the direction and magnitude
of change in mangrove SOM decay rate in response to important global environmental changes.

We posed the following research questions:

1)  How much will rates of SOM decay increase with global warming?

i1)  How will changes in inundation associated with Taimasa events and sea level rise affect

rates of SOM decay?

iii)  How will SOM decay rates respond to the combined impact of increases in temperature

and changes in inundation?
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Methodology

Experimental design and setup

We conducted an incubation experiment to simulate how warming and relative sea level change
might affect SOM decay rates in mangrove soil. We used CO; efflux from the mesocosms as
a proxy for rates of SOM decay. The mesocosm approach allowed us to limit confounding
factors, while revealing the independent effect sizes of temperature and inundation, as well as
their interaction. We incubated samples for 22 days at two temperatures (27°C and 31°C) and
under three inundation regimes (zero, two and six hours of inundation per day). Those factors
were combined factorially and resulted in six treatments in total. The 4°C difference between
our two temperature treatments is within the range of surface warming predicted for 2100 under
RCP8.5, both globally (RCP8.5- IPCC, 2013; Ward et al., 2016), and locally at our study site
in the Mekong Delta, Vietnam (MONROE, 2009; Katzfey et al., 2014) (see below). The six-
hour inundation treatment represents an increase of inundation duration due to sea level rise;
the two-hour treatment is the baseline condition; while the zero hour inundation treatment
represents a drought event, such as that caused by falling sea level during a Taimasa event.
Likely impacts of sea level change on the duration of inundation in mangroves have not yet
been established due to a lack of understanding of soil surface rise in response to SOM inputs
in these ecosystems, so we took a simplified approach. We chose two hours of inundation as
our baseline condition because the mangrove trees (from the genus Rhizophora) found at our
site are inundated for a minimum of two hours per day (van Loon et al., 2007). We chose the
six hour treatment to represent the longest duration of inundation that can be found for the

genus Rhizophora at our study site (van Loon et al., 2007), and because the difference in
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altitude between these durations of approximately 60 cm (van Loon et al., 2007) corresponds

to the projected sea level rise in the Mekong Delta region (MONROE, 2009).

For each of our six treatments, we had ten replicate mesocosms, each of which we sampled
five times during the course of the experiment, for a total of 300 CO; efflux measurements.
The mesocosms were constructed from PVC tubes 11 cm long and 6 cm in diameter, drilled at
their top to allow lateral exchange of water into and out of the mesocosm. Each mesocosm was
filled with 330 grams of wet soil to a height of 7 cm, and packed to match field bulk density as
closely as possible. We homogenised the soil and removed any large pieces of organic matter
(> 5 mm). At the bottom of each mesocosm, we installed a mesh screen to allow the vertical
exchange of water. We controlled temperature with two environmental chambers set to a
constant temperature of 27 and 31°C. The soil samples were placed in tanks in which the
inundation regimes were controlled in two ways. Flood tides were created by pumping water
gradually into the tanks using a peristaltic pump, and the ebb tide simulated by gradually
reducing the water level with a flush mechanism activated by an automatic arm. Both flood
and ebb were programmed using a Python script and a Raspberry Pi microcomputer. The soil
samples were placed at different levels in the tanks to give the different inundation treatments.
The two- and six-hour treatments were kept inundated for the whole two or six hours. The
inundation depth was two cm in the mesocosm inundated two hours, and ranged from two to
four centimetres for the mesocosm inundated for six hours (four hours at two centimetres and
two hours at four centimetres). We used artificial sea water, prepared by mixing Instant
Ocean® with distilled water to prevent any additional input of organic matter that could have
potentially been added by using in-situ sea water (Lewis et al., 2014). The salinity of the
artificial seawater was 30 ppt, which is within the range of the salinity in our field site (Dung
& Duc, 2016) and in mangrove tidal water more generally (Chen et al., 2014; Frusher et al.,

1994; Lara & Cohen, 2006; Marchand et al., 2004). The bases of the mesocosms in the zero-
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hour treatment (< 5 mm) were wetted daily for two hours to prevent any gas loss during flux
measurement (see below). We conducted the experiment in an environmental room with no

natural or artificial light to inhibit any photosynthetic activity.

Field study site description and sample collection

The soil for the experiment was collected in the mangroves of Can Gio, located in the north of
the Mekong Delta, Vietnam (10°30" N, 106°52" E). The tidal regime of Can Gio is semi-diurnal.
The frequency with which mangroves are inundated ranges from twice per month to twice per
day (van Loon et al. 2007). The mangroves of Can Gio occupy an area that extends from below
the mean sea level to more than two meters above it. Organic carbon content, sediment particle
size distribution and nutrient concentrations of the soil used in the experiments were
comparable to other carbon rich mangroves (Table 1). The organic matter content of the soil,
estimated by loss on ignition, was 10.5% of the bulk soil weight, which is similar to that found
in the most carbon-rich deltaic mangroves in the Indo-Pacific region (Donato et al., 2011).
Grain size distribution of our samples was dominated by clay and silt, which is also typical for
deltaic mangroves (Table 1). Soil nutrient content was 0.39% N and 0.03% P of bulk dry
weight. After forest destruction caused by the war between the USA and Vietnam, the area was
replanted in 1986 with Rhizophora apiculate Blume, a common species used in mangrove
rehabilitation projects in the Mekong Delta and elsewhere. Soil sampling from three sites took
place in February 2018. After removing the surface litter, we collected 14 kg of wet soil from
the top soil layer (0-15 cm) at each site. The wet samples were transported to the laboratory

and stored at 4°C to limit losses of SOM.
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Table 1: Soil characteristics

Grain size distribution (%) ! Nutrient and Carbon (%)?
Clay 67.01 Total nitrogen 0.39
Silt 32.97 Total phosphorus 0.04
Sand <0.02 Total organic carbon 10.19

! Grain size distribution was measured with a laser diffraction particle size analyser on wet samples treated with hydrogen peroxide.> TN and
TOC were analysed with an elemental combustion analyser (Vario Micro Cube) after removal of the inorganic carbon with hydrochloric acid,

and TN and TP were analysed with a continuous flow autoanalyser (Skalar SAN + + auto analyser). % of the bulk dry weight.

Gas fluxes measurement and calculation

SOM decay was estimated by measuring carbon gas (CO2 and CH4) fluxes from the mesocosms
using mini flux chambers. After an initial seven-day stabilisation period, we sampled on five
occasions: days 1, 2, 5,9 and 16. The CH4 fluxes during the experiment were negligible, so we
do not consider CHg4 further (Supporting Information 2, Table S1). The gas flux measurements
were taken under dark conditions when the soil was not inundated, one to three hours after ebb.
Gas concentrations in the mini chambers during flux tests were measured using off-axis
integrated cavity output spectroscopy (Los Gatos Research Ultra-portable GHG Analyzer,
model 915-0011, California). During the tests, ppmv gas concentrations in the mini flux
chambers were measured at 1 Hz. The chambers were sealed to the top of the mesocosm for a
total of 150 seconds. During the tests, the temperature and pressure of the environmental
chamber in which the mesocosms were housed were recorded (pressure accuracy of ~ + 0.5
hPa and precision of ~ 0.2 hPa; temperature accuracy of ~ + 0.5°C and precision of 0.2°C;
Commeter C4141 probe: Comet Systems, Roznov pod Radhostém, Czech Republic) to allow
calculation of gas fluxes. Before each test, the water-exchange ports (drilled holes) in the sides
of the mesocosms were blocked with gas-tight rubber bungs. We also wore a respirator (3 M
7501 Silicone half mask respirator) connected to the outside of the environmental chamber to

remove any exhaled COz. To calculate the gas fluxes we converted ppmv gas concentrations
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in the mini flux chambers into masses using the ideal gas equation. Ordinary least squares
regression was then used to estimate the rate of change in gas mass over time which could then
be converted into a mass flux when the volume of the mini chamber and area of the soil samples
were taken into account. Fluxes were calculated only if the slope of the linear regression was
i) significantly different from zero (p < 0.05), ii) the coefficient of determination (+?) was >
0.70, and ii1) the difference between the minimum and maximum gas concentration were above
the error range (7.15 ppmv) of the Los Gatos instrument. In instances where measured
concentrations did not satisfy criterion (iii), we recorded a zero flux. In total, 296 fluxes from

300 were valid and used in our statistical analysis.

CO: flux as an estimate of SOM decay

CO:; fluxes from soils are controlled by microbial decomposition of organic matter, autotrophic
root respiration, algae, chemolithotrophs and macrofauna (Kuzyakov, 2006; Lovelock, 2008).
The largest CO: flux is likely to be from microbial decomposition of organic matter, followed
by root respiration (Ouyang et al. 2018). Our measurements would have excluded autotrophic
root respiration because no living roots were present in them (and larger roots were, anyway,
removed — see above, Bloom & Caldwell, 1988). In some mangroves, biofilms have been
shown to contribute to soil CO; efflux (Jacotot et al., 2019; Lovelock, 2008), although they do
not exert any direct control over the decay of SOM itself. Visual checks were carried out before
each gas measurement, but no biofilm development was apparent. Macrofauna were excluded
when we extracted the soil in situ, and we did not notice any macrofauna when the soil was
mixed prior to being put in the mesocosms. Between measurements, the soil was kept in dark
conditions to limit any phototrophic respiration. Thus we are confident that our measured CO>

emissions represent SOM decay alone.
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Experimental limitations

Our use of homogenised mangrove soil has reduced the complexity of the soil to avoid
confounding factors (e.g., different initial SOM contents, root densities or faunal respiration).
For instance, faunal burrowing activities in natural soils might be expected to increase soil
aeration and so aerobic respiration; while live fine roots in natural soils might release root
exudates. Such factors are likely to exert some influence on SOM decay in coastal wetlands
(Kristensen et al. 2008, Mueller et al., 2016) and are also likely to respond to inundation
duration and temperature changes. These differences between our soils and natural mangrove

soils should be borne in mind when interpreting our results.

Statistical analysis

A linear mixed model was used to investigate how SOM is affected by temperature, inundation
and the interaction of temperature and inundation. The reason for using a mixed model is
because we took repeated measurements in each soil mesocosm, thereby raising the possibility
of a hierarchical structure in our data set. Initial visual inspection of the data clearly indicated
that measured rates of CO; efflux declined throughout the experiment, meaning that our data
exhibited obvious clustering by date of measurement (Supporting Information 1). Such a
situation violates the assumption of independence of measurements required by regression
analysis and ANOVA, but using a mixed model overcame this problem because it explicitly

models the non-independence of our data (Supporting Information 1).

To construct our linear mixed model, we began with a baseline model, and used a forward
addition method adding one predictor (fixed or random effects) at a time. Doing so allowed us
to assess the effect of each predictor on the overall performance of the model using the Akaike

information criterion (AICc) and the likelihood ratio (Zuur et al., 2007; p < 0.05 threshold).
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We set the day of measurement to be the subject variable, and experimented with a random
intercept and random slopes for the effects of temperature and inundation period, that were
allowed to vary between measurement days. Doing so accounted for the possibility that
measurements were more similar within days than they were between days (i.e., representing
any long-term drift in CO; efflux during the course of our experiment). All the CO: flux data

were transformed using a logjo function in order to ensure linear, heteroscedastic fits.

The baseline model consisted solely of a fixed-effect intercept, which is equivalent to the grand
mean of the entire dataset. Next we added a random intercept that varies by date of
measurement, in order to assess the effect of long-term drift; but no other predictors. The
random intercept model is equivalent to a one-way ANOV A that predicts the mean CO; efflux
across all treatments according to date of measurement. This random intercept led to a
significant improvement in model performance (-67 of the AICc, p < 0.001), reflecting the
important role of date of measurement. We then proceeded to experiment with adding fixed
slopes for temperature and inundation regimes, and their interaction; and then random slopes
for temperature, inundation and their interaction. Each time we re-specified the model, we re-
evaluated its performance compared to the previous iteration to ascertain whether the alteration
had significantly improved its fit according to AICc. All models that included random slopes
were numerically intractable, and either failed to converge or had singular fits (Supporting
Information 1). CO> efflux was best described by a model that has fixed effect slopes for
temperature, inundation, and their interaction; and the random intercept for date of
measurement. Visual inspection of residuals did not reveal any obvious deviations from
normality, homoscedasticity or linearity (Supporting Information 1). We used ANOVA to
investigate the effect of the main treatments and their interaction on SOM decay (Supporting
Information 1), and the least square means with a Tukey's adjustment of p-values as a post hoc

test to investigate differences between the levels of each factor (Lenth, 2016), including both

12
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main effects and interactions. All statistical analyses were performed using r (r core Team,
2013). We built the linear mixed model using the Imer function from the r package Ime4 (Bates
et al., 2015). AICc was computed using the function AICc from the r package MuMin (Barton,
2019), and least square means were computed with the function Ismeans from the r package
Ismeans (Lenth, 2016). Full details of the analysis, the r scripts and our data are provided as

Supporting Information 1 to ensure the full reproducibility of our analysis.

Results

The CO; efflux data are summarized in Fig. 1. Average CO> efflux varied by a factor of two
across our treatments, with the highest averages from samples exposed to high temperature and
zero hours inundation treatment; and the lowest CO; efflux from samples inundated for two

hours per day at 27°C (Fig. 1c¢).

A rise of temperature by 4°C increased mean soil CO; efflux by 21 % (p < 0.001, F1291) =
27.83). The inundation regime also affected the mean soil respiration (p < 0.001, F201) =
47.72). The zero hours inundation treatment emitted 66 % more CO> than the two-hour
inundation treatment (p < 0.001, least square means = 0.168, 296y = 8.774), and 60 % more
than the six-hour treatment (p < 0.001, least square means = 0.152, f296) = 7.931). In contrast,
the COz fluxes from the two-hour and six-hour treatments were not significantly different from
one another (p = 0.691, least square means = -0.016, f29) = -0.820). Temperature and
inundation interacted significantly to affect soil respiration (p < 0.001, F2291) = 16.41). In the
samples that were never inundated, the higher-temperature treatment increased CO> emissions
by 45 % (p < 0.001, least square means = 0.201, 796 = 7.440). For the two-hour inundation
treatment, the higher-temperature treatment increased soil respiration by 14 %, (p = 0.039, least

square means = 0.056, #296) = 2.070). For the six-hour inundation treatment there was no effect

13



298  of warming upon soil respiration (p = 0.666, least square means = -0.012, 7296y = -0.433). See

299  Fig. 1 and Table 2 and 3 for details.
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302  Fig. 1 The response of SOM decay of mangrove (CO; efflux) to (a) temperature, (b)

303 inundation regime, and (c) the interaction of temperature and inundation regime. Bold,

304  horizontal lines in (a) and (b) show sample medians. Note logarithmic vertical axis scales in
305 (a) and (b). Symbols in (c) show sample means; error bars show standard errors. For (a), (b)

306 and (c) n =296.
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Table 2: Effects of the inundation, temperature and their interaction on the SOM decay rate

(logio CO7 efflux) using ANOVA. Significant effects (p < 0.05 threshold) shown in bold. Dfn

and Dfd are degrees of freedom in numerator and denominator, respectively.

Treatments Dfn Dfd F-value p-value
Temperature 1 291 27.83 <0.001
Inundation 2 291 47.72 <0.001
Temp:Inundation 2 291 16.41 <0.001

Table 3: Effects of each inundation levels and the temperature treatments with each

inundation level on the SOM decay rate (logio CO- efflux) with the least square means as

post hoc test for the linear mixed model. Significant effects (p < 0.05 threshold) shown in

bold.
Treatments Estimated Df t-value p-value
marginal means
(logio mg CO, m™
dh
Oh-2hd! inundation 0.168 296 8.774 <0.001
Oh-6hd! inundation 0.152 296 7.931 <0.001
2 h -6 hd"'inundation -0.016 296 -0.820  0.691
31-27°C O0hd?! inundation 0.201 296 7.440 <0.001
2hd! inundation 0.056 296 2.070 0.039
6 h d! inundation -0.012 296 -0.433  0.666
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Discussion

We reveal the independent effect sizes of temperature and inundation, and their interaction,
upon SOM decay rates in mangroves, independently of confounding factors. Our results have
a direct relevance to: i) the prediction of soil carbon fate under future environmental conditions;
and ii) understanding the likely persistence of mangroves under sea level change and global

warming.

Thermal sensitivity of mangrove SOM decay

SOM decay was affected by warming, as has been observed in other coastal wetlands and in
some mangroves; however, the thermal sensitivity of the SOM decay determined here was in
the lower range of what has been described for mangroves. Other studies have reported an
increase in SOM decay ranging between 0 and 100 % with a temperature rise of ~5°C (from
25 to 30°C, Jin et al., 2013; Lewis et al., 2014; Lovelock et al., 2008; Poungparn et al., 2009;
Simpson et al., 2019). This large range of SOM thermal sensitivity reported for mangroves is
likely attributable to some combination of: 1) the inclusion of autotrophic respiration in addition
to heterotrophic respiration in field studies (Ouyang et al., 2018); and ii) the assumption that
temperature is the dominant control on SOM decay, which our results do not entirely support.
In our study, the interaction between temperature and inundation had a significant effect on
SOM decay, whereby increasing inundation duration reduced the thermal sensitivity of SOM
decay (Fig. 1). A potential explanation for the reduced thermal sensitivity of SOM decay with
longer inundation could be that the input of water during inundation reduced the soil
temperature in the mesocosms (Dalva & Moore, 1993), but the artificial seawater used to
inundate the soils in our experiment was kept at air temperature in each of the environmental

chambers; therefore, this is not a plausible explanation here. Rather, we might conjecture that
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the large effect of temperature in the mesocosms without inundation is likely due to increased
soil aeration and drying at 31°C compared to 27°C (based on visual observations). In contrast,
the inundated mesocosms (two and six hours per day) might have remained waterlogged
between the inundation events due to slow drainage from our fine-grained clay soils (Table 1,
Schwendenmann et al. 2006). The low to absent thermal sensitivity of SOM decay in
frequently-inundated soil suggests that: i) SOM of low inter-tidal mangroves might be less
sensitive to warming induced by climate change; and ii) more general sea level rise is likely to
counterbalance the impact of warmer temperatures on SOM decay, at least in part, and provide

some protection to mangrove soil carbon stocks under climate change.

Response of SOM decay to an inundation gradient

SOM decay did not decrease monotonically with an increased duration of inundation, as is
often assumed in coastal wetlands (Davidson & Janssens, 2006; Nyman & DeLaune, 1991;
Reed, 1995; Miller et al., 2001). The SOM decay showed rather a dichotomous response
between inundated (the two-hour and six-hour per day treatments) and not-inundated soil (zero-
hour per day inundation). The suppression of tidal inundation — a potential consequence of
Taimasa or other drought events — caused increases of 66% in CO2 emissions from the
mangrove soil. To our knowledge, no previous studies have looked at the effect of drought on
mangrove SOM decay, but studies on tropical forested peatlands have shown similar rises of
CO: fluxes when artificially drained (e.g., Hooijer et al., 2012). The lowering of the water table
in carbon-rich soils induces a shift from anaerobic to aerobic conditions resulting in faster SOM
decay (Chapman et al., 2019; Hooijer et al., 2012; Wolf et al., 2007). Taimasa events might
therefore represent a major threat to mangrove carbon stocks, since they are projected to double
in frequency, and nearly double in the area that they will affect, over the next 100 years

(Widlansky et al., 2015).
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Our representation of sea level rise, as an increase in inundation duration from two to six hours
per day, had no significant effect upon rates of SOM decay, a finding that contrasts with the
only two previously reported studies on mangroves, in both of which SOM decay was
suppressed by increasing inundation (Lewis et al., 2014; Chambers et al., 2014: see treatment
under ambient salinity). The mesocosms that were inundated for two and six hours per day
might have remained close to waterlogged between inundation events due to the slow drainage
of the fine-grained sediments, which might explain the similar response of soil CO2 efflux for
those two treatments (Schwendenmann et al. 2006). Our results are similar to those reported
in many studies on saltmarshes where increases in inundation duration had a limited effect on
SOM decay (Kirwan et al., 2013; Hackney, 1987; Blum, 1993; Blum &Christian, 2004). We
might conjecture that, like in saltmarshes, the input of saline water during our flooding
treatments promoted the decay of SOM through sulfate reduction, and this compensated for the
slower decomposition of SOM found normally under anaerobic conditions (Kirwan et al.,
2013; Weston et al., 2011). Similar results have been observed by Chambers et al. (2014) in an
outdoor mangrove mesocosm experiment that used similar levels of salinity — 15 ppt and 35
ppt — to us. Chambers et al. (2014) found that under low salinity the increased inundation
duration resulted in lowering of SOM decay, while under high salinity, the SOM decay was
not affected by the inundation duration increase. This suggests that increase of sulfate
concentration of the water inundating the soil explains the variability of the SOM decay. Other
factors are also likely to have contributed, because the increase of inundation with water of low
salinity (< 12 ppt) has previously been shown to have no impact on SOM decay in a saltmarsh
(Kirwan et al., 2013). Our results demonstrate that, like in saltmarshes, increased inundation in
mangroves does not necessarily lead to a decrease in SOM decay rate. This implies that the
persistence of mangroves to sea level rise, by vertical soil building and elevation in the tidal

frame, does not exclusively rely on a reduction of SOM decay. Root production or mineral
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sedimentation are also likely to play a major role and require further investigation. Human
impacts on those processes might represent additional threats to mangroves resilience to sea
level rise; for instance, multiple river dams trapping sediments and large-scale commercial
sand mining decreasing considerably the suspended sediments input to the coasts (Dai et al.,
2009; Anthony et al., 2015), are highly likely to compromise the capacity of some mangroves

to keep pace with relative sea level rise in the future.

Conclusions

By isolating the effects of temperature and inundation, and also considering them in

combination, we reveal that:

1) Rates of SOM decay do not decrease with simulated sea level rise in our experiments.
Previous reports of mangroves adapting to sea level rise through increased net SOM
accumulation (McKee et al., 2007; Krauss et al. 2014) therefore seem likely to have
been the result of an increase in root production rather than a reduction in SOM decay.

2) Drought conditions are likely to sharply raise SOM mineralisation of mangroves, and
global warming might exaggerate this effect.

3) Climatic warming is likely to increase SOM decay rates, but the impact of rising
temperatures may be lower than previously suspected, especially in mangrove soils that

become inundated by rising relative sea levels.

19



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

Acknowledgments: This research received funding from National Geographic, the Royal
Geographical Society with the Institute of British Geographers, the Estuarine & Coastal
Sciences Association (Charles Boyden Fund), and the University of Leeds (International
Mobility Grant, Climate Bursary Grant and Leeds University PhD Scholarship) — all awarded
to Arnaud. We thank David Ashley, David Wilson and Rachel Gasior, from the School of
Geography laboratories at the University of Leeds, for their help for setting up the experiment
and for their guidance and help with the laboratory analysis. We also thank the students and
staff of the Vietnamese National University of Ho Chi Minh City for their support, especially
Hanh Hong, Thoai Dinh, and Mr Dung. The management committee and staff of the Can-Gio
Park gave permission for access to, and use of, the field site and are thanked for their support
during the field work, especially Mr. Nghia, Mr. Sinh, Mr. Hung, Mr. Hoan, Mr. Sang, and Mr.

Kiet. Finally, we thanks Adriane Esquivel-Muelbert for her help with the statistical analysis.

References
Alongi, D. M. (2009). The energetics of mangrove forests. USA: Springer.
doi.org/10.1007/978-1-4020-4271-3

Anthony, E. J., Brunier, G., Besset, M., Goichot, M., Dussouillez, P., & Nguyen, V. L.
(2015). Linking rapid erosion of the Mekong River delta to human activities. Scientific

Reports, 5(14745), 1-12. doi.org/10.1038/srep 14745

Barton, K. (2011). MuMIn: multi-model inference. R package version 1.0.0. http://CRAN.R-

project.org/package=MuMIn.

Bates, D., Maechler, M. & Bolker, B. (2011). Ime4: linear mixed-effects models using S4

20



431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

classes. R Package Version 0.999375-39. http://CRAN.R-project.org/package=lme4.

Bloom, A. J., & Caldwell, R. M. (1988). Root excision decreases nutrient absorption and gas

fluxes. Plant Physiology, 87(4), 794-796. doi.org/10.1104/pp.87.4.794

Blum, L. K. (1993). Spartina alterniflora root dynamics in a Virginia marsh. Marine Ecology

Progress Series, 102(1-2), 169—178. doi.org/10.3354/meps102169

Blum, L. K., & Christian, R. R. (2004). Belowground production and decomposition along a
tidal gradient in a Virginia salt marsh.The ecogeomorphology of tidal marshes (pp. 47—

73). USA: American Geophysical Union. doi.org/10.1029/CE059p0047

Bouillon, S., Dahdouh-Guebas, F., Rao, A., Koedam, N. & Dehairs, F. (2003). Sources of
organic carbon in mangrove sediments: variability and possible implications for

ecosystem functioning. Hydrobiologia. 495, 33— 39. doi.org/10.1023/A:1025411506526

Chambers, L. G., Davis, S. E., Troxler, T., Boyer, J. N., Downey-Wall, A., & Scinto, L. J.
(2014). Biogeochemical effects of simulated sea level rise on carbon loss in an
Everglades mangrove peat soil. Hydrobiologia, 726(1), 195-211.

doi.org/10.1007/s10750-013-1764-6

Chapman, S. K., Hayes, M. A., Kelly, B., & Langley, J. A. (2019). Exploring the oxygen
sensitivity of wetland soil carbon mineralization. Biology Letters, 15(1), 20180407.

doi.org/10.1098/rsbl.2018.0407

Chen, G. C., Ulumuddin, Y. L., Pramudji, S., Chen, S. Y., Chen, B., Ye, Y., et al. (2014).
Rich soil carbon and nitrogen but low atmospheric greenhouse gas fluxes from North
Sulawesi mangrove swamps in Indonesia. Science of The Total Environment, 487, 91—

96. doi.org/10.1016/j.scitotenv.2014.03.140

21



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

Costanza, R., de Groot, R.,Sutton, P., van der Ploeg, S., Anderson, S. J., Kubiszewski,
L.,Farber, S. &Turner, R. K. (2014). Changes in the global value of ecosystem services.

Global Environmental Change, 26, 152—-158. doi.org/.1037//0033-2909.126.1.78

Dai, S. B., Yang, S. L., & Li, M. (2009). The sharp decrease in suspended sediment supply
from China’s rivers to the sea: Anthropogenic and natural causes. Hydrological Sciences

Journal, 54(1), 135-146. doi.org/10.1623/hysj.54.1.135

Dalva, M., & Moore, T. (1993). The influence of temperature and water table position on
carbon dioxide and methane emissions from laboratory columns of peatland soils.

Journal of Soil Science, 44, 651-664. doi/10.1111/j.1365-2389.1993.tb02330.x/abstract

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil carbon
decomposition and feedbacks to climate change. Nature, 440(7081), 165—-173.

doi.org/10.1038/nature04514

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham, M., & Kanninen, M.
(2011). Mangroves among the most carbon-rich forests in the tropics. Nature

Geoscience, 4(5), 293-297. doi.org/10.1038/ngeo1123

Dung, D. Q., & Duc, P. A. (2016). Influence of water temperature and salinity on ph during
dry season in lower Dong Nai River system, Vietnam. GeoScience Engineering, 61(4),

29-35. doi.org/10.1515/gse-2015-0028

Frusher, S. D., Giddins, R. L., & Smith, T. J. (1994). Distribution and abundance of grapsid
crabs (grapsidae) in a mangrove estuary: effects of sediment characteristics, salinity

tolerances, and osmoregulatory ability. Estuaries, 17(3), 647. doi.org/10.2307/1352412

Gilman, E. L., Ellison, J., Duke, N. C., & Field, C. (2008). Threats to mangroves from

climate change and adaptation options: A review. Aquatic Botany, 89(2), 237-250.

22



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

doi.org/10.1016/j.aquabot.2007.12.009

Hackney, C. T. (1987). Factors affecting accumulation or loss of macroorganic matter in salt

marsh sediments. Ecology, 68(4), 1109-1113.

Herr, D., Agardy, T., Benzaken, D., Hicks, F., Howard, J., Landis, E., & Soles, A. (2015).
Coastal Blue Carbon. A revised guide to supporting coastal wetland program and
projects usig climate finance and other financial mechanisms. (Vol. 36).

doi.org/http://dx.doi.org/10.2305/IUCN.CH.2015.10.en

Hooijer, A., Page, S., Jauhiainen, J., Lee, W. A., Lu, X. X., Idris, A., & Anshari, G. (2012).
Subsidence and carbon loss in drained tropical peatlands. Biogeosciences, 9(3), 1053—

1071. doi.org/10.5194/bg-9-1053-2012

IPCC (2013). Climate change 2013: the physical science basis. USA: Cambridge University

Press.

Jacotot, A., Marchand, C., & Allenbach, M. (2019). Biofilm and temperature controls on
greenhouse gas (CO2 and CH4) emissions from a rhizophora mangrove soil (New
Caledonia). Science of The Total Environment, 650, 1019-1028.

doi.org/10.1016/j.scitotenv.2018.09.093

Jennerjahn, T. C., Gilman, E., Krauss, K. W., Lacerda, L. D., Nordhaus, 1., & Wolanski, E.
(2017). Mangrove ecosystems under climate change. In Mangrove Ecosystems: A
Global Biogeographic Perspective (pp. 211-244). USA: Springer. doi.org/10.1007/978-

3-319-62206-4_7

Jin, L., Lu, C. Y., Ye, Y., & Ye, G. F. (2013). Soil Respiration in a subtropical mangrove
wetland in the Jiulong River estuary, China. Pedosphere, 23(5), 678—685.

doi.org/10.1016/S1002-0160(13)60060-0

23



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

Katzfey, J., McGregor, J. & Ramasamy, S. (2014). High-resolution Climate Projections for
Vietnam: Technical Report. https://hpc.csiro.au/users/72365/VN/report/13-

00212_OAF_VN_TechnicalReport_266pp_WEB.pdf

Kirwan, M. L., Langley, J. A., Guntenspergen, G. R., & Megonigal, J. P. (2013). The impact
of sea-level rise on organic matter decay rates in Chesapeake Bay brackish tidal

marshes. Biogeosciences, 10(3), 1869-1876. doi.org/10.5194/bg-10-1869-2013

Kirwan, M. L., Guntenspergen, G. R., & Langley, J. A. (2014). Temperature sensitivity of
organic-matter decay in tidal marshes. Biogeosciences, 11(17), 4801—4808.

doi.org/10.5194/bg-11-4801-2014

Krauss K.W., McKee K.L., Lovelock C.E., Cahoon D.R., Saintilan N., Reef R. & Chen L.
(2014). How mangrove forests adjust to rising sea level. New Phytologist. 202, 19-34.

doi.org/10.1111/nph.12605

Kristensen, E., Bouillon, S., Dittmar, T., & Marchand, C. (2008). Organic carbon dynamics
in mangrove ecosystems: A review. Aquatic Botany, 89(2), 201-219.

doi.org/10.1016/j.aquabot.2007.12.005

Kuzyakov, Y. (2006). Sources of CO2 efflux from soil and review of partitioning methods.

Soil Biology and Biochemistry, 38(3), 425-448. doi.org/10.1016/].s011bi0.2005.08.020

Lara, R. J., & Cohen, M. C. L. (2006). Sediment porewater salinity, inundation frequency and
mangrove vegetation height in Braganca, North Brazil: an ecohydrology-based empirical
model. Wetlands Ecology and Management, 14(4), 349-358. doi.org/10.1007/s11273-

005-4991-4

Lee, S. Y., Hamilton, S., Barbier, E. B., Primavera, J., & Lewis, R. R. (2019). Better

restoration policies are needed to conserve mangrove ecosystems. Nature Ecology &

24



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

Evolution, 3(6), 870-872. doi.org/10.1038/541559-019-0861-y

Lenth, R. V. (2016). Least-squares means: the R package {Ismeans}. Journal of Statistical

Software 69:1-33.

Lewis, D. B., Brown, J. A., & Jimenez, K. L. (2014). Effects of flooding and warming on soil
organic matter mineralization in Avicennia germinans mangrove forests and Juncus
roemerianus salt marshes. Estuarine, Coastal and Shelf Science, 139, 11-19.

doi.org/10.1016/j.ecss.2013.12.032

van Loon, A. F., Dijksma, R., & van Mensvoort, M. E. F. (2007). Hydrological classification
in mangrove areas: A case study in Can Gio, Vietnam. Aquatic Botany, 87(1), 80—82.

doi.org/10.1016/j.aquabot.2007.02.001

Lovelock, C. E. (2008). Soil respiration and belowground carbon allocation in mangrove

forests. Ecosystems, 11(2), 342-354.

Lovelock, C. E., Cahoon, D. R., Friess, D. A., Guntenspergen, G. R., Krauss, K. W., Reef, R.,
et al. (2015). The vulnerability of Indo-Pacific mangrove forests to sea-level rise.

Nature, 526(7574), 559-563. doi.org/10.1038/nature15538

Lovelock, C. E., Feller, 1. C., Reef, R., Hickey, S., & Ball, M. C. (2017). Mangrove dieback
during fluctuating sea levels. Scientific Reports, 7(1), 1-8. doi.org/10.1038/s41598-017-

01927-6

Marchand, C., Baltzer, F., Lallier-Verges, E., & Albéric, P. (2004). Pore-water chemistry in
mangrove sediments: relationship with species composition and developmental stages
(French Guiana). Marine Geology, 208(2—4), 361-381.

doi.org/10.1016/j.margeo.2004.04.015

25



544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

McLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Bjork, M., Duarte, C. M., et al. (2011). A
blueprint for blue carbon: Toward an improved understanding of the role of vegetated
coastal habitats in sequestering CO2. Frontiers in Ecology and the Environment, 9(10),

552-560. doi.org/10.1890/110004

McKee K.L., Cahoon D.R. & Feller I.C. (2007). Caribbean mangroves adjust to rising sea
level through biotic controls on change in soil elevation. Global Ecology and

Biogeography 16, 545— 556. doi.org/10.1111/j.1466-8238.2007.00317.x

Middleton B.A. & McKee K.L. (2001). Degradation of mangrove tissues and implications for

peat formation in Belizean island forests. Journal of Ecology 89, 818— 828.

doi.org/10.1046/5.0022-0477.2001.00602.x

Miller, W. D., Neubauer, S. C., & Anderson, I. C. (2001). Effects of sea level induced
disturbances on high salt marsh metabolism. Estuaries, 24(3), 357.

doi.org/10.2307/1353238

MONROE, (2009). Climate change, sea level rise scenarios for Vietnam.

http://www.preventionweb.net/files/11348_ClimateChangeSeal.evelScenariosforVi.pdf

Morris, James T.& Whiting, G. J. (1986). Emission of gaseous carbon dioxide from salt-

marsh sediments and its relation to other carbon losses. Estuaries, 9(1), 9—-19.

Mueller, P., Jensen, K., & Megonigal, J. P. (2016). Plants mediate soil organic matter
decomposition in response to sea level rise. Global Change Biology, 22(1), 404—414.

doi.org/10.1111/gcb.13082

Nyman, J. A., & DeLaune, R. D. (1991). CO2 emission and soil Eh responses to different
hydrological conditions in fresh, brackish, and saline marsh soils. Limnology and

Oceanography, 36(7), 1406—-1414. doi.org/10.4319/10.1991.36.7.1406

26



567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

Ouyang, X., Lee, S. Y., & Connolly, R. M. (2018). Using isotope labeling to partition sources
of CO2 efflux in newly established mangrove seedlings. Limnology and Oceanography,

63(2), 731-740. doi.org/10.1002/Ino.10663

Poungparn, S., Komiyama, A., Tanaka, A., Sangtiean, T., Maknual, C., Kato, S., et al. (2009).
Carbon dioxide emission through soil respiration in a secondary mangrove forest of
eastern Thailand. Journal of Tropical Ecology, 25(04), 393—400.

doi.org/10.1017/s0266467409006154

R Core Team (2013) R: A language and environment for statistical computing. R Foundation

for Statistical Computing, Vienna.

Reed, D. J. (1995). The response of coastal marshes to sea-level rise: Survival or
submergence? Earth Surface Processes and Landforms, 20(1), 39-48.

doi.org/10.1002/esp.3290200105

Rogers, K., Kelleway, J. J., Saintilan, N., Megonigal, J. P., Adams, J. B., Holmquist, J. R., et
al. (2019). Wetland carbon storage controlled by millennial-scale variation in relative

sea-level rise. Nature, 567(7746), 91-95. doi.org/10.1038/s41586-019-0951-7

Schuerch, M., Spencer, T., Temmerman, S., Kirwan, M. L., Wolff, C., Lincke, D., et al.
(2018). Future response of global coastal wetlands to sea-level rise. Nature, 561(7722),

231-234. doi.org/10.1038/s41586-018-0476-5

Schwendenmann L., Riecke R. & Lara R. L. (2006) Solute dynamics in a North Brazilian
mangrove: the influence of sediment permeability and freshwater input. Wetlands

Ecology and Management.14, 463—475. doi.org/10.1007/s11273-006-0008-1

Simpson, L. T., Osborne, T. Z., & Feller, 1. C. (2019). Wetland soil CO2 efflux along a

latitudinal gradient of spatial and temporal Complexity. Estuaries and Coasts, 42(1),

27



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

45-54. doi.org/10.1007/s12237-018-0442-3

Song, J., Wan, S., Piao, S., Knapp, A. K., Classen, A. T., Vicca, S., et al. (2019). A meta-
analysis of 1,119 manipulative experiments on terrestrial carbon-cycling responses to

global change. Nature Ecology & Evolution. doi.org/10.1038/s41559-019-0958-3

Twilley, R. R., Castafieda-Moya, E., Rivera-Monroy, V. H., & Rovai, A. (2017). Productivity
and carbon dynamics in mangrove wetlands. In Mangrove Ecosystems: A Global
Biogeographic Perspective (pp. 113—162). USA: Springer. doi.org/10.1007/978-3-319-

62206-4_5

Ward, R. D., Friess, D. A., Day, R. H., & Mackenzie, R. A. (2016). Impacts of climate
change on mangrove ecosystems: a region by region overview. Ecosystem Health and

Sustainability, 2(4), €01211. doi.org/10.1002/ehs2.1211

Weston, N. B., Vile, M. A., Neubauer, S. C., & Velinsky, D. J. (2011). Accelerated microbial
organic matter mineralization following salt-water intrusion into tidal freshwater marsh

soils. Biogeochemistry, 102(1), 135-151. doi.org/10.1007/s10533-010-9427-4

Widlansky, M. J., Timmermann, A., & Cai, W. (2015). Future extreme sea level seesaws in

the tropical Pacific. Science Advances, 1(8), €1500560. doi.org/10.1126/sciadv.1500560

Wolf, A. A., Drake, B. G., Erickson, J. E., & Megonigal, J. P. (2007). An oxygen-mediated
positive feedback between elevated carbon dioxide and soil organic matter
decomposition in a simulated anaerobic wetland. Global Change Biology, 13(9), 2036—

2044. doi.org/10.1111/.1365-2486.2007.01407.x

Zuur, A. F., Ieno, E. N., & Smith, G. M. (2007). Analysing Ecological Data. USA: Springer.

doi.org/10.1007/978-0-387-45972-1

28



