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Abstract

Mangroves are among the most carbon-dense ecosystems worldwide. Most of the
carbon in mangroves is found belowground, and root production might be an impor-
tant control of carbon accumulation, but has been rarely quantified and understood
at the global scale. Here, we determined the global mangrove root production rate
and its controls using a systematic review and a recently formalised, spatially explicit
mangrove typology framework based on geomorphological settings. We found that
global mangrove root production averaged ~770+202g of dry biomass m'2year‘1
globally, which is much higher than previously reported and close to the root pro-
duction of the most productive tropical forests. Geomorphological settings exerted
marked control over root production together with air temperature and precipitation
(r*=30%, p<.001). Our review shows that individual global changes (e.g. warming,
eutrophication, drought) have antagonist effects on root production, but they have
rarely been studied in combination. Based on this newly established root production
rate, root-derived carbon might account for most of the total carbon buried in man-
groves, and 19 TgC lost in mangroves each year (e.g. as CO,). Inclusion of root produc-
tion measurements in understudied geomorphological settings (i.e. deltas), regions
(Indonesia, South America and Africa) and soil depth (>40cm), as well as the creation
of a mangrove root trait database will push forward our understanding of the global
mangrove carbon cycle for now and the future. Overall, this review presents a com-
prehensive analysis of root production in mangroves, and highlights the central role of

root production in the global mangrove carbon budget.
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1 | INTRODUCTION

Mangroves represent some of the most carbon-dense and produc-
tive ecosystems in the world. They provide ecosystem services to
>200million people across 123 countries (Costanza et al., 2014;
Hutchison et al., 2014; Spalding, 2010). Mangrove functions and
services include carbon burial in mangrove soils and its storage for
centuries to millennia (Donato et al., 2011; McLeod et al., 2011).
Whether mangroves will continue to act as a carbon store and sink
in the future is still uncertain under multiple global changes (Arnaud
etal.,2020; Lovelock, 2020; Lovelock et al., 2015; Rogers et al., 2019;
Saintilan et al., 2020). An accurate forecast of the carbon dynam-
ics and resistance of mangroves to global changes would require a
mechanistic understanding of soil organic matter accumulation, no-
tably root dynamics and production (Arnaud, 2021; Cormier, 2021;
Kida & Fujitake, 2020).

Root dynamics are important for mangrove resistance to sea level
rise (Krauss et al., 2014). Mangroves might withstand sea level rise
either through net vertical accretion of soil or by retreating landward
within their available accommodation space (Krauss et al., 2014;
Middleton & McKee, 2001; Rogers et al., 2019; Saintilan et al., 2020).
Organic material dominated by root inputs (Ezcurra et al., 2016;
Middleton & McKee, 2001; Rogers, 2021) (i.e. balance between root
production and decomposition) has shown to be an important but un-
derappreciated control of soil surface elevation (Arnaud et al., 2020;
Cahoon et al., 2003; Ezcurra et al., 2016; Kirwan et al., 2013; Krauss
et al., 2014; McKee, 2011; McKee et al., 2007; Saintilan et al., 2020).
Carbonate mangrove soils (i.e. build on karstic environments and
Holocene reef tops) include a large portion of dead root materials;
therefore, an alteration of root production and decomposition will
disproportionally modify their soil surface elevations and resilience
to sea level rise (McKee et al., 2021). In mangrove geomorphological
settings with more mineral soils (e.g. terrigenous delta, estuaries),
the elevation change is dominated by sediment inputs, but a change
in soil surface elevation might occur if root production and decay
are altered (Lang'at et al., 2014; Rogers, 2021), notably under global
changes.

Root processes are also a key component of carbon flow and
dynamics in mangroves. The production of roots might represent
a third of the net primary production in mangroves (Alongi, 2020;
Bouillon et al., 2008). Compared to leaves, roots are not washed
away by tides and are likely to be chemically and physically protected
from degradation (e.g. via compounds inhibiting microbial decompo-
sition and organo-mineral association—the binding of organic matter
with minerals) (Kida & Fujitake, 2020; Middleton & McKee, 2001).
Therefore, roots are believed by some to form the main autochtho-
nous input for mangrove carbon burial (Bouillon et al., 2003; Kida &
Fujitake, 2020; Kristensen et al., 2008). Mangrove roots may also
accelerate the mineralisation of SOM through the release of (1) ox-
ygen (Pi et al., 2009), which changes the redox condition of the soil
(Inoue et al., 2011; Kristensen et al., 2008), and (2) exudates that may
remobilise old protected carbon as observed in forests (Keiluweit
et al., 2015; Phillips et al., 2011). Upscaling of those root processes

with their subsequent effects on carbon dynamics is currently lim-
ited due to the lack of an updated estimate of global root produc-
tion, as well as a lack of understanding of the controls and response
of root production to global changes (Arnaud et al., 2020; Coldren
etal., 2019).

Compared to the aboveground part of mangroves, root produc-
tion has been little studied (Alongi, 2020). The controls of root pro-
duction have never been reviewed at a global scale, and the root
contribution to carbon burial and losses has been rarely estimated
(Cormier, 2021; Ouyang et al., 2017). There is an emerging body
of literature on root production and its controls at the site level
(Cormier, 2021). Assessing this emerging literature represents an
opportunity to critically assess the role of mangrove root processes
and forecast the potential impacts of global changes upon them.
Such effort is constrained by the absence of a comprehensive and
up-to-date dataset based on a systematic review of recent mangrove
root production measurements. Systematic reviews are based on a
clearly formulated question and use systematic and explicit method
to identify, select, critically appraise and analyse relevant research
(Wright et al., 2007, see also Pullin & Stewart, 2006) in contrast to
general reviews that aims at presenting the state of scientific knowl-
edge not exhaustively (Pullin & Stewart, 2006). Recent estimates of
mangrove root production (Alongi, 2020; Twilley et al., 2017) have
contributed to increasing our general understanding of root pro-
duction, but did not follow the methodology of a systematic review
(Pullin & Stewart, 2006). The closest to a systematic review to date is
the review of Bouillon et al. (2008), but it included only the five stud-
ies available at the time (n=16 data points) (Bouillon et al., 2008).

Mangrove spatial heterogeneity (e.g. in terms of productivity, soil
carbon content and burial) is influenced by geomorphological settings
(Breithaupt & Steinmuller, 2022; Rovai et al., 2016, 2018; Twilley
et al., 2018). Geomorphological settings of mangroves have been de-
fined as deltas, estuaries, lagoons and open coasts (Table 1) depending
on sediment type (terrestrial vs. carbonated) and physical forces (e.g.
river, tides, wave) that determine mangrove environmental factors,
such as the hydrology (e.g. inundation duration and frequency), the
nutrient soil loads and limitations (e.g. nitrogen-to-phosphorus ratio),
as well as the soil biogeochemical properties (e.g. salinity, redox) (Rovai
et al., 2018; Twilley et al., 2018; Woodroffe et al., 2016). The geomor-
phological settings therefore control key environmental factors (e.g.
soil nutrients, salinity, inundation) that have been shown to regulate
mangrove net primary production, allocation of carbon between the
aboveground and the roots of mangroves, as well as the mangrove root
production in local-scale studies (Adame et al., 2014; Ball, 1988; Ball
& Pidsley, 1995; Burchett et al., 1989; Castafieda-Moya et al., 2013;
Hayes et al., 2017; McKee et al., 2007; Naidoo, 1987, 1990; Nguyen
et al., 2015; Ola et al., 2018; Twilley et al., 2018). Despite this ac-
knowledged spatial variability (Breithaupt & Steinmuller, 2022; Rovai
et al., 2018; Twilley et al., 2018), recent global mangrove root pro-
duction estimates have upscaled an average or median plot-scale
root production value (Alongi, 2014, 2020; Twilley et al., 2018). To
move beyond the generalised extrapolation of data, a mangrove ty-
pological framework based on mangrove geomorphological settings
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TABLE 1 Definition of mangrove

geomorphological settings from Geomorphological

Worthington et al. (2020) used in this L

study. Delta
Estuarine
Lagoon
Open coast

is recommended (Breithaupt & Steinmuller, 2022; Rovai et al., 2018;
Twilley et al., 2018; Worthington et al., 2020). Disregarding geomor-
phological settings have disproportionally limited the upscaling of
mangrove structural and functional patterns (Twilley et al., 2018). For
instance, geomorphological settings have explained most of the man-
grove soil organic carbon (SOC) variability (Rovai et al., 2018), and not
including it for SOC upscaling underestimated SOC by up to 50% in
carbonate mangroves and overestimated up to 86% in deltaic man-
groves (Rovai et al., 2018).

Here, we use an alternative approach based on geomorphological
settings to critically assess the role of mangrove root production that
has largely been overlooked in the literature compared to other as-
pects of mangrove research (Figure S1). Through the lens of geomor-
phological settings (Twilley et al., 2018; Worthington et al., 2020), we
quantify the global root production (<20 mm diameter) using a system-
atic review of root production. We identify environmental controls of
root production through a qualitative and quantitative review of the lit-
erature. We build on this synthesis to hypothesise the potential effect
of global changes on global mangrove root production, and the role of
root dynamics in the global mangrove carbon budget. We conclude by
outlining a vision of future research directions and actions to increase
our understanding of root processes, and ultimately our understanding

of the full mangrove carbon cycle now and into the future.

2 | BUILDING THE ROOT PRODUCTION
DATABASE

We collected published studies from the Web of Science and Scopus
bibliographic databases using search terms, such as ‘mangrove’ and ‘root
producti*’ (see Supplementary Material 1.1 and Table S1 for exhaustive
description). The search string resulted in 145 articles from Scopus and
131 from Web of Science (as of 23 March 2022). For inclusion in the
systematic review, the root production measurement had to be con-
ducted (1) in situ with direct measurement of mangrove belowground
root production (e.g. not through allometric equations) that could be
converted into mass, and at a depth >15cm; (2) in mangroves hav-
ing trees being at least 4years old; (3) in mangroves that did not have

Sedimentary
settings

Terrigenous

Terrigenous

Terrigenous

Carbonate
Terrigenous

Carbonate

Definition

Shoreline protuberance typified by a wide fan-shaped
alluvial plain derived from large volumes of river
transported sediment

Funnel-shaped main channel with bidirectional tidal
flows, characterised by large catchment area and high
precipitation input

Shallow coastal waterbody, intermittently separated from
ocean inputs. Usually formed parallel to the shore

See above
Sheltered embayments such as drowned bedrock valleys

Sheltered environments on oceanic islands behind coral

ST v

reefs and carbonate banks

experimental treatments or extreme events (e.g. hurricanes) having led
to high tree losses. In total, we had 90 valid root production measure-
ments extracted from 24 articles. We also collected a comprehensive
list of 18 factors associated with the root production measurements
including methodological, geographical, meteorological, ecological and
edaphic factors (Table S2) that have been shown to control mangrove
root production, or that were likely to influence it (Adame et al., 2014;
Castafieda-Moya et al., 2011; Coldren et al., 2019; Cormier et al., 2015;
Eugenia & Sanchez, 2005; Gleason & Ewel, 2002; Kihara et al., 2022;
Lang'at et al, 2013; McKee & Faulkner, 2000; Muhammad-Nor
et al., 2019; Rivera-Monroy et al., 2017). We retrieved the geographical
coordinates of each root production measurement using Google Maps
when they were not reported in the study. All geographical coordinates
provided in articles were confirmed using Google Maps (www.google.
fr/maps). We used these geographical coordinates to extract for each
root production measurement their bioregions from the map of Spalding
et al. (2007), their meteorological variables from the WorldClim high
spatial resolution climatic map (30s) (Fick & Hijmans, 2017) and their
tidal amplitude data from the map of Rovai et al. (2018). We defined the
geomorphological settings for each literature-derived root production
rate using the map of Worthington et al. (2020). The geomorphologi-
cal classification of Worthington et al. (2020) was made by combining
remote sensing data, machine learning and reviews of >500 geomor-
phological settings by mangrove experts. The reported accuracy was
~90% for geomorphological settings at the global scale. Despite the
embedded uncertainties in geomorphological maps of regional ecosys-
tems, which is the case with the Worthington et al. (2020) maps, this
novel, global-scale classification provides a very first opportunity to
advance the understanding of mangrove ecosystem dynamics, notably
root production. Yet, future refinements of the map of Worthington
et al. (2020) with more ground data should be a possibility for future
research. We also confirmed each geomorphological setting given in
the map of Worthington et al. (2020) using satellite images from Google
Maps (www.google.fr/maps) and the definition of geomorphological set-
tings in Table 1. When the geomorphological setting was not available
or incorrect (based on visual observation of the authors) in the map of
Worthington et al. (2020), we re-classified the geomorphological setting
strictly based on the definition given in Worthington et al. (2020) (see
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Table 1). To limit any subjectivity, we proofed the geomorphological set-
tings with the literature (Table S3) when available.

We manually extracted all the other factors from the stud-
ies themselves or associated PhD theses and articles. We used
Plotdigitizer (https://apps.automeris.io/wpd) to extract data from
the figures. A quality check was done for each environmental data
and root production measurement (e.g. Table S3). The root produc-
tion was measured with ingrowth core (83%) and sequential coring
(17%) at a depth often limited to 45 cm (90%) (Figure 1). When coring
or using ingrowth bags, large roots (>20mm) are not well sampled
(Adame et al., 2017). Therefore, our analysis does not include roots
>20mm diameter. The reported root production across studies is ac-
cessible in Arnaud et al. (2023), which is the database of this article
published in the Zenodo repository.

3 | MANGROVE ROOT PRODUCTION AT A
GLOBAL SCALE

The mangrove root production measurements spanned all continents
having mangroves and were found across all geomorphological set-
tings. Geomorphological settings have allowed a better understand-
ing and upscaling of mangrove structural and functional patterns
than latitude or bioregions alone (Rovai et al., 2016, 2018; Twilley

% 603N

30°N
U
"

W

Latitude
U
(\)

et al., 2018). Geomorphological settings determine mangrove envi-
ronmental factors, such as the hydrology (e.g. inundation duration
and frequency), the nutrient load and salinity of the mangrove soils
(Rovai et al., 2018; Twilley et al., 2018; Woodroffe et al., 2016) that
are regulating root production (Adame et al., 2014; Ball, 1988; Ball
& Pidsley, 1995; Burchett et al., 1989; Castafieda-Moya et al., 2013;
Hayes et al., 2017; McKee et al., 2007; Naidoo, 1987, 1990; Nguyen
et al., 2015; Ola et al., 2018; Twilley et al., 2018). Therefore, we
upscaled the local mangrove root production measurements using
the framework of the geomorphological setting proposed by
Twilley et al. (2018), in addition to the root production per depth
and the global mangrove area of 137,600km? (Bunting et al., 2018).
The full methodology for the computation of root production and
possible limitation of that methodology is described in detail in
Supplementary Material 1.2, and the data of root production re-
ported in each study are provided in Arnaud et al. (2023).

We found that the mangrove root production averaged
~770+202g of dry biomass m2year™ or 41+11TgCyear* (n1=90)
globally (Table 2, see Supplementary Material 1.2 for computational
method and uncertainties). The mean root production across geo-
morphological settings was the highest in deltas (808+311g of
dry biomass m2year™, n=2), followed by estuaries (640+131g
of dry biomass m™year™, n=21), lagoons (357+27g of dry bio-
mass m2year %, n=49) and open coasts (250+49g of dry biomass
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FIGURE 1 Mangrove root production measurements across the world. The countries in dark grey show the geographical distribution of
root production measurements across the globe. The circles highlight the number of measurements and the % of measurements above and
below 45cm depth. The methods and the dominant genus of the root production are also shown per country. Map lines do not necessarily

depict accepted national boundaries.
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m'zyear'l, n=18) (Figure 2, see Section 1 for method and uncertain-
ties). The variation of root production was the highest in estuaries.
The variation seems not to be related to the spatial distribution (lati-
tudinal or ecoregions) of the measurements or the method used, and
requires further investigations. The root production across depths
was very heterogeneous being almost two times more important in
the top soil (504 + 174 g of dry biomass m2year™?, depth=0-37cm,
n=90) than in the deep soil (266+28g of dry biomass m2year?,
depth=37-73cm, n=15) (Table 2, see Supplementary Material 1.2
for computational method and uncertainties). The estimation of
mangrove root production in deep soils is based on a very limited
amount of data available (n=15) with measurements having various
depths, therefore it holds large uncertainties (see Supplementary
Material 1.2 for computational method and uncertainties). Yet,
omitting root production at depth (37-73cm) would have resulted
in ignoring a third of the total estimated mangrove root production.

This study presents an important step forward to quantify root
production in mangroves. Yet, our root production estimate is still
uncertain due to measurement gaps in very productive mangrove re-
gions (e.g. in Indonesia) (Figure 1) and at depths below 45cm, as well
as two different methods of measurement used (Figure 1: ingrowth
core and sequential coring) (see Section 6). Our root production es-
timate is two and a half times higher than the previous estimate in
Twilley et al., 2017, and one and a half times higher than the one in
Alongi (2020) (extracted from Table 2), but ~25% lower than the one

TABLE 2 Average (g of dry biomass

ST v -

in Bouillon et al. (2008) after all value being normalised for mangrove
area. Those differences are mostly due to the inclusion of new ob-
servations having higher root production measurements (e.g. in the
Central Indo-Pacific) and upscaling methodology. Twilley et al. (2017)
estimate was based on three and a half times fewer observations with
only limited measurements from the Central Indo-Pacific, which is the
most productive bioregion in our dataset (Figure 3). In addition, Twilley
et al. (2017) upscaled local root production measurements by doing a
mean, not accounting for the impacts of geomorphological settings
on mangrove growth and soil properties and hence root produc-
tion, and therefore likely reducing global estimate of root production
(Twilley et al., 2018). Bouillon et al. (2008) estimate is based on very
few data points (n=16), and was upscaled using a root: aboveground
litter production ratio. Yet, biomass allocation between aboveground
and belowground responds to environmental stress (e.g. hydroperiod,
soil nutrients) and is therefore not constant across mangroves (Adame
et al., 2014; Castaneda-Moya et al., 2011, 2013). For instance, stunted
mangroves in arid areas might allocate a greater fraction of NPP be-
lowground than other mangroves (Adame et al., 2014; Ochoa-Gémez
et al., 2019). It is not possible to explain the differences in root pro-
duction with Alongi (2020), because the methodology was not fully
detailed to compute global root production. Compared to tropical for-
ests, our estimation of mangrove root production (~770g of dry bio-
mass m~2year™}) is in the higher middle range of tropical forest root

production measurements (i.e. 200-810g of dry biomass m ?year™?)

i 9 Root production 0-37cm 37-73cm 0-73cm
m “year *) of root production in . )
mangroves, as well as its error range and In blogass (—g1)0f dry biomass 504+174 266+28 770+202
proportion (%) across soil depths. m “year
In per cent (% of the total) 65 35 100
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FIGURE 2 Root production across geomorphological and sedimentary settings in g of dry biomass m’2year’1. Geomorphological settings
are defined by Worthington et al. (2020). Carbonate settings are karstic environments and Holocene reef tops. Terrigenous settings are
sediment-rich depositional environments as defined in Worthington et al. (2020). Red-filled dots show the sample mean. Bold, horizontal
lines show sample medians. The lower and upper hinges correspond to the first and third quartiles of the sample. The upper and lower
whisker extends from the hinges to the largest and smallest values, respectively, which is no further from the hinges than 1.5 times the
sample interquartile range. Open circles indicate individual measurements, with vertical jitter to reduce overwriting.
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A=Atlantic, Temp=Temperate, Av=Avicennia, Rh=Rhizophora, Ce = Ceriops. Red-filled dots show the sample mean. Bold, horizontal lines
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interquartile range. Open circles indicate individual measurements, with vertical jitter to reduce overwriting.

(Aragdo et al., 2009; Cordeiro et al., 2020; Malhi et al., 2011). This sug-
gests that our estimate might be still conservative because mangroves
have been shown to allocate disproportionately more carbon to roots
than other forests (Twilley et al., 2017).

4 | ENVIRONMENTAL CONTROLS ON
MANGROVE ROOT PRODUCTION

We investigated potential macroecological controls of root produc-
tion that have previously been shown to regulate structural and func-
tional patterns in mangroves (de Albuquerque Ribeiro et al., 2019;
Rivera-Monroy et al., 2017; Rovai et al., 2016, 2018), including geo-
morphological settings, air temperature, precipitation and tidal range.
We used linear models, the Akaike information criterion (AIC) and
ANOVA to evaluate which set of environmental variables best de-
scribed and have a significant effect on the variability of the global
root production (Supplementary Material 1.3, 2 and Table S4). In addi-
tion, we separately reviewed and tested individual factors suspected
to control root production using Kruskal-Wallis or Spearman's tests
(nonparametric equivalents of the one-way ANOVA and Pearson tests
respectively) (Supplementary materials 1.3, 2 and Table S5). These in-
dividual factors could not be included in the global model, because
it would have required that they were paired with each observation,
which was not the case (Arnaud et al., 2023). The full methodology
and associated R script are given with in Supplementary materials 1.3
and 2 respectively.

4.1 | Global factors explaining the root production

The root production was best explained with a linear model includ-
ing the geomorphological settings crossed with the maximum air

temperature of the warmest month and the minimum precipitation
of the driest month (Table S4). This combination explained ~30% of
the variability of root production from our dataset (r*=.28; p <.001,
n=90). The geomorphological settings crossed with the maximum air
temperature explained most of the root production variability (19%;
p<.001), followed by the precipitation of the driest month (4%,;
p <.05) and the geomorphological settings alone but with no signifi-
cant effect (5%; p=.2). No individual study has reported the effect
of geomorphological settings crossed with temperature on root pro-
duction. Yet, similarly to our findings geomorphological settings have
been reported to control mangrove SOC (Rovai et al., 2018; Twilley
et al., 2018), aboveground net primary production and biomass (de
Albuquerque Ribeiro et al., 2019; Rovai et al., 2016). Precipitation
has also been shown to control aboveground biomass and produc-
tion (de Albuquerque Ribeiro et al., 2019; Rovai et al., 2016), but was
not the main factor explaining SOC in mangroves (Rovai et al., 2018).
Combined with geomorphological settings, the air temperature was
an important predictor of mangrove root production, as has been
observed across terrestrial ecosystems for temperature, if soil mois-
ture and nutrient availability are not limiting tree growth (Pregitzer
et al., 2000). The increase in root production with temperature re-
sults from an overall increase in net primary production as observed
by Coldren et al., 2019. Therefore, it is also likely that root production
decreases when aboveground primary production decreases after
reaching the thermal photosynthetic optimum of mangroves (i.e. be-
tween 25 and 32°C: Alongi, 2009).

Previous local-scale studies have shown that precipitation was
related to mangrove root production as in our findings (Hayes
et al., 2019; Reef & Lovelock, 2015), but not all (Arnaud et al., 2021).
Two mechanisms explain the increase in mangrove root production
with precipitation at the local scale. Precipitation increases the fresh-
water availability in soil, and mangrove roots have been shown to

preferentially uptake freshwater rather than saline water to support
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growth for physiological and osmotic pressure reasons (Hayes
et al., 2019). Therefore, the input of freshwater might increase over-
all mangrove tree growth, including roots (Ball et al., 1988; Reef &
Lovelock, 2015; Simard et al., 2019). The root: shoot ratio (i.e. the
root production vs. the aboveground production) is, however, un-
likely to decrease with higher precipitation, because low precipita-
tion might rather lead to more allocation of carbon belowground
than aboveground (Adame et al., 2017). The tidal amplitude did not
improve the model to explain the variability of mangrove root pro-
duction in our dataset. The resolution of the tidal amplitude data
might be spatially too coarse, or might not reflect well enough the in-
undation conditions of mangroves, because several studies suggest
that mangrove root production and tidal inundation might be closely
related (Adame et al., 2014; Ezcurra et al., 2016; Rogers et al., 2019;
Saintilan et al., 2020). Therefore, it will be critical to report the fre-
quency and duration of daily inundation for future mangrove root
production studies.

4.2 | Bioregions, sedimentary settings,
ecological and soil factors

Mangroves from the Central Indo-Pacific bioregion had the high-
est root production (604 + 167 g of dry biomass m2year ™}, n=22,
Figure 3) as has been reported for the aboveground productivity
and soil carbon stock (Atwood et al., 2017; Sanderman et al., 2018;
Simard et al., 2019). Yet, the difference of root production across
bioregions was statistically weak (p=.09, H(3)= 9.3,n=90, Table S5)
likely because hot-spots of mangrove net primary production
have been little studied for root production (e.g. in Indonesia).
Mangroves can also be classified following their sedimentary set-
tings (Worthington et al., 2020). Mangroves in terrigenous settings
had a higher root production (469 + 66 g of dry biomass m2 year’l,
n=>59, Figure 2) than in carbonated settings (304 + 38 g of dry bio-
mass m2year?, n=31, Figure 2) as reported for the aboveground
net primary productivity in the neo-tropics (de Albuquerque
Ribeiro et al., 2019). In contrast to the aboveground productiv-
ity, the difference in root production between both sedimentary
settings was not statistically significant (p=.12, H(5)=8.7, n=90,
Table S5) (de Albuquerque Ribeiro et al., 2019). The difference in
productivity might be less striking for root production than above-
ground production, because the root production responds to over-
all tree growth, but also to carbon allocation that might be higher
towards roots in carbonate settings in response to their limited soil
phosphorous content (Twilley et al., 2018). Tree density is often
reported in local-scale studies as a potential factor influencing root
production in mangroves (Adame et al., 2014; Arnaud et al., 2021),
but we did not find a significant relationship between tree density
and basal area with root production (tree density: p=.45, r?=.12,
n=17; basal area: p=.80, r?=.07, n=15; Table S5). Many studies
have reported tree density along with root production (almost
40%), but the threshold of diameter at breast height (DBH) for
the inclusion of trees in census was very heterogeneous (from all

oo, MO

DBH to DBH>10cm) limiting comparisons to 15 measurements.
In contrast, the dominant genus of mangrove sites was often re-
ported (n=87). The root production was the highest in mangroves
dominated by Ceriops (1397 +850g of dry biomass m’zyear’i,
n=3, Figure 3). The root production of mangroves dominated by
Rhizophora and Avicennia was more than three times less important
than for Ceriops (Rhizophora: 410 +48g of dry biomass m2year ?,
n=40; Avicennia: 339 +46g of dry biomass m'zyear'i, n=230,
Figure 3, Table S5). Yet, only a few measurements have been con-
ducted in mangroves dominated by Ceriops.

Nutrients, salinity and bulk density have all been shown to
exert local control over mangrove root production or primary
production in mesocosm and field studies (Adame et al., 2014;
Castafneda-Moya et al., 2013; Hayes et al., 2017; Naidoo, 1987,
1990; Ola et al., 2018). There was a positive significant re-
lationship between total soil nitrogen and root production
(p<.01, r?=.73, n=15, Table S5), but not with total soil phos-
phorus (p=.33, r’=.26, n=12, Table S5), which is consistent
with mangrove field studies that have reported an increase, a
decrease or no change of root production (absolute and rela-
tive) with an increase in soil nutrients. An increase in soil nu-
trients is generally expected to decrease the root: shoot ratio
in forests (Nadelhoffer, 2000), meaning that the absolute root
production can increase with an increase in nutrients, but pro-
portionally less than the aboveground production (Sullivan
et al., 2007). This relative decrease in root production in re-
sponse to anincrease in nutrients does not occur systematically
in mangroves (Castafieda-Moya et al., 2011; Hayes et al., 2017).
The relative root production response to nutrient availability
is likely regulated by other environmental factors (e.g. inun-
dation frequency, salinity, anoxia). For instance, the increase
in root growth caused by nutrient enrichment appears only in
frequently inundated mangrove soils with high salinity (Adame
et al., 2014; Hayes et al.,, 2017; McKee et al., 2007). Mangrove
roots might take advantage of an increase in nutrients to in-
crease their growth to access more freshwater and alleviate en-
vironmental stress (Adame et al., 2014; Hayes et al., 2017). We
did not find any pattern between bulk density and root produc-
tion (p=.61, r2=.07, n=44, Table S5), despite local-scale ma-
nipulative studies showing that bulk density controlled the root
production of Avicennia marina and Rhizophora stylosa (higher
root production with artificially increased bulk density), but not
of Ceriops australis (Ola et al., 2018). Globally, there was no ef-
fect of pore water salinity on root production across mangrove
studies (p=.46, r?=.10, n=53, Table S5). The response of man-
grove root growth to salinity is species dependent, non-linear
and not monotonic (Ball, 1988; Ball & Pidsley, 1995; Burchett
et al.,, 1989; Downton, 1982; Naidoo, 1987, 1990; Nguyen
et al.,, 2015). More data and consistent methodology of salin-
ity measurements may be necessary to fully examine the effect
of salinity. Many other soil factors are likely to influence man-
grove root production, such as soil anoxic-oxic conditions, base
cations or the age of the mangrove forest (Arnaud et al., 2021;
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Cusack et al., 2018), but they have been rarely reported along-

side with root production studies.

5 | LIKELY TRENDS IN MANGROVE ROOT
PRODUCTION UNDER FUTURE CLIMATE
CONDITIONS

Mangrove root productionis likely to be affected by global changes
that include warming, changes in precipitation regimes, sea level
rise, atmospheric CO, rise and coastal nutrient enrichment.
Unfortunately, there are limited data available on the mangrove
root production responses to global changes. Thus, below we pro-
vide perspectives and focus on critical questions that should be
addressed about root responses to global changes, guided by our
data, previous studies and information from other ecosystems. An
increase in mangrove root accumulation with warming has been
shown in an outdoor mesocosm (Coldren et al., 2019). We also
found a statistically significant effect of air temperature crossed
with geomorphological settings on root production, which likely
indicates that mangrove root production will be sensitive to tem-
perature variations and extremes in the future. An increase in
mean annual air temperature might increase the root: shoot ratio
and a rise in root production by increasing the mangrove photo-
synthetic rate as observed in a mangrove (Coldren et al., 2019) and
forests (Norby & Jackson, 2000). Mangroves might grow until a
maximum air temperature threshold for photosynthesis (and res-
piration) as in forests (Norby & Jackson, 2000) assuming that nu-
trient supply and water are not limited. If resources are limited,
the root: shoot ratio might increase under higher temperatures,
because mangrove trees might allocate more carbon to roots to
explore the soil for nutrients and water uptake. In contrast, if
resources are not limited, the increase in temperature might not
increase the root: shoot ratio. This hypothesis is important to be
tested in mangroves, especially for mangroves close to mega-cities
that are prone to eutrophication (Mao et al., 2021).

A lack or a reduction of precipitation may reduce the growth of
mangrove trees (Alongi, 2009; Simard et al., 2019) and thus might
lead to a reduction of mangrove root production at least tempo-
rarily as observed in other ecosystems (Slette et al., 2022). Our
data supported this hypothesis with a significant positive effect of
precipitation on mangrove root production. For instance, the root
production was relatively low (56-79 g of dry biomass m 2year )
in very arid mangroves of Mexico (i.e. the site with the lowest pre-
cipitation in our dataset: Ochoa-Goémez et al., 2019), while the root
production was four times higher in very wet mangroves (Kihara
et al., 2022). Low precipitation might also increase the amount of
carbon allocated to mangrove roots to maintain water uptake as
observed in terrestrial forests (Brunner et al., 2015). There were
no aboveground production data collected, but the ratio of abo-
veground stock: root production was up to two times higher in
arid mangroves (Ochoa-Gémez et al., 2019) than in the wettest
mangroves (Kihara et al., 2022; Muhammad-Nor et al., 2019)

suggesting that mangrove trees under low precipitation allocate
relatively more carbon to root production as observed in terres-
trial forests (Brunner et al., 2015).

The effect of sea level rise on mangrove root production is likely
not linear and species dependent (Krauss et al., 2014). This might
explain why we did not find any pattern of root production and tidal
amplitude (a proxy for inundation: Rovai et al., 2018). Palaeorecords
have shown that mangrove peat accretion mostly composed of roots
at some sites (Ezcurra et al., 2016; Middleton & McKee, 2001) was
stimulated by sea level rise up to 6.1 millimetres per year (Saintilan
et al., 2020). Other studies have shown that an increase in inunda-
tion duration does not ultimately lead to a reduction in mangrove
root decay (Arnaud et al., 2020). Therefore, it is likely that the ac-
cumulation of roots with sea level rise results from an increase in
root production (Kirwan & Megonigal, 2013) or a change of root
traits (e.g. root turnover, root carbon-to-nitrogen ratio, specific root
length, root tissue density). There is a strong need for manipulative
studies that modify the inundation duration in mature mangroves
to better understand and forecast the response of root production
to sea level rise. Reporting the duration or frequency of inundation
with mangrove root production will help, because as shown above
tidal amplitude data only exist in coarse spatial resolution.

The effect of CO, enrichment has been tested only in experi-
ments with mangrove seedlings, which showed that CO, fertilisa-
tion does increase mangrove root production, but decreased root:
shoot ratio (except under low nutrient concentration) (Jacotot
et al., 2019; Reef et al., 2016). Similarly, free CO, air enrichment has
also increased root production in terrestrial mature forests and salt
marshes in outdoor experiments (Ilversen, 2010; Norby et al., 2004;
Norby & Jackson, 2000; Noyce et al., 2019). Finally, coastal nutri-
ent enrichment alone sometimes results in a decrease in mangrove
root production with an increase in carbon allocated to aboveground
organs (Hayes et al., 2017; McKee, 1996; Naidoo, 1987). However,
this was shown to be dependent on local conditions. In our data-
set, we found that root production was more important in sites with
higher nitrogen, likely reflecting an increase in overall plant growth.
Ongoing global environmental changes include the interactive ef-
fects of multiple drivers that might enhance or offset the effect
of individual factors (Jacotot et al., 2019; Reef et al., 2016; Twilley
et al., 2017). Yet, too few studies have investigated multiple factors
simultaneously preventing accurate forecasting of mangrove root
production under future environmental conditions.

6 | IMPORTANCE OF MANGROVE
ROOT PRODUCTION AND DYNAMICS
FOR CARBON BURIAL AND LOSSES IN
MANGROVES

The carbon burial rate can be estimated using the global root decay
rate and the root litter production per year (i.e. root necromass pro-
duction), which equals the mangrove root production multiplied by
the root mortality rate (Figure 4). Yet, the root mortality rate has
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FIGURE 4 Root organic matter burial computation in
mangroves. Annual root litter production is the root production
multiplied by the root mortality rate (a). Annual root litter loss is
the annual root litter production multiplied by the root decay rate
(b). The root organic matter burial is annual root litter production
subtracted from the annual loss of root litter (b).

been rarely studied in mangroves. A common approach to overcome
the lack of root mortality data is to assume that the root system is
in equilibrium and that root production equals root mortality (limita-
tions are given below). If we assume that mangrove root production
and mortality are in equilibrium, the global dead root production
per year equals ~770+202g of dry biomass m 2year™* in mangroves
(41+11TgCyear * for the whole mangrove area; Full methodology is
given in Supplementary Material 1.4). Ouyang et al. (2017) estimated
that the global root decomposition rate was 0.135% day™ ! (~49%
year) in mangroves based on a systematic literature review and
gave a range of litter decomposition per genus (Ouyang et al., 2017).
We applied the decomposition rate of the dominant mangrove tree
genus of each geomorphological setting to estimate that around
~352+94¢g of dry biomass m’zyear_1 of the global dead root pro-
duction (21+2TgCyear™) can be assumed to be lost through de-
composition, either as CO, and CH,, emissions or through lateral loss
of DOC and DIC after being consumed by microbes (Full detailed
methodology is given in Supplementary Material 1.4). The remaining
~417 +108g of dry biomass m'zyear'1 or 23¢5TgCyear'1 of root-
derived carbon is likely buried in mangrove soils, which corresponds
to >90% of carbon buried in mangroves based on the 24 TgCyear*
burial rate of Breithaupt and Steinmuller (2022) (Figure 5). Our root
carbon burial rate is around four times higher than the only one pre-
vious estimate (i.e. ~50gCm 2year ! equivalent to 100g dry biomass

Yin mangroves: Ouyang et al., 2017). However, in that study,

m'zyear_
the annual necromass production of mangroves was estimated by
multiplying root production (g of dry biomass m2 year™) by root turn-
over rate (defined as root production divided by biomass) rather than
by root mortality (Ouyang et al., 2017: table 3, see Supplementary
Material 1.4). Our estimate can still be improved by the inclusion of
more field data on mangrove root dynamics, especially for root mor-
tality and by root orders as well as root production at a depth greater
than 45cm. We also considered that our calculation assumes root

mortality equals root production for all mangrove roots irrespective
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FIGURE 5 Theimportance of roots for the budget of the major
carbon fluxes in the world's mangroves. All values are in TgCyear™
for a mangrove area of ~137,600 km?. Red question marks are
components that have not been quantified. Abbreviations: DIC,
dissolved inorganic carbon loss; DOC, dissolved organic carbon
loss; POC, particulate organic carbon loss from soil; CH,, loss from
soil and water. Data on root carbon production and root carbon
burial are from our estimates; carbon burial is from Breithaupt and
Steinmuller (2022); wood production, litter, soil respiration, CH,,
DIC, DOC and POC are from Alongi (2020: tables 2, 3 & 5); net
primary production is the total of wood, litter and root production.

of root orders and functional types, but for instance, fine absorptive
roots will likely have a higher rate of mortality than fine transportive
roots and coarse roots (Sun et al., 2016). There is no measurement
for mangroves, but transportive fine roots die every 5-10year, while
fine absorptive roots die likely every 0.5-2.0 year depending on spe-
cies and ecosystems (Clark et al., 2001; McCormack et al., 2015).
Nevertheless, our estimate strongly strengthens the previous esti-
mate of carbon burial from root-derived carbon (Ouyang et al., 2017)
with the inclusion of more data and by using a robust methodology
based on geomorphological settings.

Live roots also contribute to mangrove carbon burial and losses
through root respiration (i.e. CO, emission through autotrophic
respiration) and rhizodepositions (i.e. release of labile carbon by
roots). Autotrophic root respiration has rarely been quantified for
mangrove trees and is highly variable (Lovelock, 2008; Lovelock
et al., 2006; Ouyang et al., 2018). In Caribbean mangroves, root res-
piration accounted for a large portion of the CO, efflux from the soil
in fringe mangroves, and less than 20% of the CO, efflux from scrub
mangroves (Lovelock, 2008; Lovelock et al., 2006). Similarly, little
is known about mangrove rhizodepositions (Kristensen et al., 2008)
and their role in building and stabilising soil carbon stocks (Kida &
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Fujitake, 2020). Rhizodepositions include the transfer of carbon
from roots into the rhizosphere and the soil through root exudations
(including mucilage), root cell sloughing and root-associated symbi-
onts living in the soil (e.g. mycorrhizas) (Jones et al., 2009). No in-situ
quantifications of root exudations for mangrove trees exist, but root
exudations have been shown to represent between 1% and 20% of
the net primary production (NPP) in other temperate and tropical
forests (Aoki et al., 2012; Jones et al., 2004; Phillips et al., 2008; Yin
et al., 2014). The higher end of root exudation values was reported
for tropical forest soils (Aoki et al., 2012) that are nutrient-deficient
like mangroves (Reef et al., 2010). If mangrove root exudation would
be in the same range as in other forests, mangrove root exudation
might be between 1.5 and 28 TgCyear™ . While this range is highly
speculative and should not be taken as an accurate value, this range
shows that root exudates might be important to understand the
carbon dynamics in mangroves, notably mangrove carbon losses
(CO,, CH, or dissolved carbon exported to open water) (Abril &
Borges, 2019; Spivak et al., 2019) and likely the production of stable

carbon by microbes metabolising the exudates (Panchal et al., 2022).

7 | UNCERTAINTIES IN THE GLOBAL
ESTIMATE OF MANGROVE ROOT
PRODUCTION

The estimation of global root production in mangroves could be im-
proved by expanding the geographical distribution and the depth of
measurements. Entire continents have been under-represented in
previous research efforts, including mangrove ecosystems in South
America and Africa, while others are currently better represented,
notably North and Central America. Many of the countries holding
the most carbon-rich mangroves have no root production meas-
urements. For instance, no root production data are represented
in the literature for mangroves in Indonesia, Brazil, Papua-New
Guinea and Nigeria, despite those countries together holding over
30% of the world's mangrove area and soil carbon stock (Jardine &
Siikamaki, 2014; Sanderman et al., 2018). Some geomorphological
settings have also been understudied, like the Delta (n=2), while
they are likely the most productive in terms of net primary produc-
tion and root production (Figure 2).

In addition, most root production studies have limited their inves-
tigation to the top O to 45cm depths (90% of the compiled data), but
root production has been shown to occur well below this soil layer
(Arnaud et al., 2021; Castafeda-Moya et al., 2013; Cormier, 2021;
Xiong et al., 2013). Shallow measurements are often justified by the
assumption that root production is negligible at depth. This assump-
tion requires justification and nuance, because root production below
45cm depth accounted for up to 45% of the total root production in
some mangroves in the United States (Castafieda-Moya et al., 2011)
and up to 40% in some mangroves in China (Xiong et al., 2013), Vietnam
(Arnaud et al., 2021) and Malaysia (Muhammad-Nor et al., 2019). The
controls of mangrove root distribution at depth are not clear (Arnaud
et al., 2021), but are disproportionally important for carbon burial. This

is because root decay is likely to be slower at depth due to reduced
microbial biomass, stabilisation of SOM by minerals and reduced sup-
ply of root oxygen and exudates (i.e. labile carbon released by roots)
(Rasse et al., 2005; Spivak et al., 2019).

Finally, methods to measure root production can lead to strong
differencesin root production measurements (Hendricks et al., 2006;
Kihara et al., 2022) and could be improved. Sequential coring might
reflect spatial and temporal variability of root biomass rather than
root production (Hendricks et al., 2006; Singh et al., 1984). Ingrowth
cores have several limitations, such as between sampling intervals
the roots might die and be unaccounted for production, roots can
be lost during core washing (up to 30%) (Cahoon et al., 2003; Sierra
et al., 2003) or prune after being damaged during the ingrowth core
installation. Those limitations should be acknowledged, but can also
be overcome in several ways (Li et al., 2013). Minirhizotrons have
proved to be suitable in other ecosystems and recently in mangroves
(Arnaud, 2021; Arnaud et al., 2021), but this method needs fur-
ther developments to convert their result into biomass increment
(Arnaud et al., 2021).

8 | MOVING FORWARD: A ROADMAP
TOWARDS CLOSING EXISTING
KNOWLEDGE GAPS ON MANGROVE ROOT
PRODUCTION

(1) We advocate for the creation of a scientific network on mangrove
root traits, including root production. This MangRoot Network could
facilitate collaboration between scientists, increase capacity building
for the measurement of root production (e.g. through workshops) and
facilitate the creation and the maintaining of a root trait database for
mangroves (such as FRED: Iversen et al., 2017 or TropiRoot: https:/
tropiroottrait.github.io/TropiRootTrait/). Such a database, could aim to
assess the growing body of literature on mangrove root production and
more broadly on root traits (e.g. mortality, exudations) to understand
how mangrove root traits vary over time, space and in response to
global changes. The network could also trigger large and coordinated
in-situ root trait measurements paired with surface elevation tables (i.e.
measuring soil accretion rate) to provide a mechanistic understanding
of the role of root production in soil accretion across mangroves.

(2) Asignificant increase in global efforts to observe mangrove root
production is required, prioritising currently under-represented geo-
morphic settings (i.e. delta) and geographic areas, such as Indonesia,
South America or Africa. Specific focus is required on carbon-rich
mangroves, but also towards quantifying root production in deeper
soil layers (~1 m deep) than current practice. Root production studies
will also be more valuable to increase our mechanistic understanding if
they include multiple treatment effects (e.g. sea level rise crossed with
warming) and report several environmental factors (i.e. inundation fre-
quency and duration).

(3) Improved forecasting of mangrove root production is critical.
More in-situ research needs to be carried out on the belowground
carbon dynamics of mangroves under global change scenarios.
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Ecosystem-plot experiments using Free Air CO, Enrichment (FACE)
crossed with warming have indicated unexpected belowground
carbon dynamics, notably in salt marshes (Noyce et al., 2019). The
next step is to develop a multifactorial experiment involving manip-
ulated sea levels, warming and FACE that will not only cover root
production, but the overall mangrove ecosystem response to global
changes (Arnaud, 2020).

9 | CONCLUSIONS

e Global mangrove root production is ~770+202g of dry biomass
m'zyear'1 or 41+11 Tg(:year'1 over the entire area The main
controls of root production are the geomorphological settings of
mangroves in combination with air temperature and precipitation
(i.e. ~30% of variance explained; p <.001).

e Burial of root-derived carbon is 234_r5TgCyear'1 representing
>90% of the total carbon buried in world mangroves. Vertical
and lateral losses of carbon derived from mangrove roots were
19+ 5TgCyear ! revealing the importance of studying roots to
better understand global mangrove losses (e.g. DIC, DOC, CO,).

o Warming, changes in precipitation and eutrophication are likely to
alter mangrove root production. Yet, there are significant knowl-
edge gaps to predict the interactive effects of multiple environ-
mental changes. Creation and enrichment of a mangrove root
trait database with root production from understudied regions
coupled with large manipulative experiments are promising ap-
proaches to further foster our understanding of mangrove carbon
dynamics under global changes.

AUTHOR CONTRIBUTIONS

Marie Arnaud led the writing of the manuscript and performed the
literature review. Marie Arnaud, Sami Ullah, Stefan Krause, Dang
Thuong Huyen, Richard J. Norby designed the study, with critical
inputs of Nezha Acil, Nicholas Kettridge and Vincent Gauci. Marie
Arnaud analysed the data with the support of Sami Ullah, Stefan
Krause and Richard J. Norby. Sami Ullah, Stefan Krause, Richard
J. Norby, Dang Thuong Huyen, Nezha Acil, Nicholas Kettridge and

Vincent Gauci contributed to the manuscript writing and revisions.

ACKNOWLEDGEMENTS

Miss Chantal Jackson in the School of Geography, Earth and
Environmental Sciences, University of Birmingham made Figures 1
and 2 under the guidance of MA. This research was financially sup-
ported by a prime fund of the Institute of Global Innovation-Water

Theme of the University of Birmingham.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are openly available
in Zenodo at https://doi.org/10.5281/zenodo.7766370.

S ey L

https://orcid.org/0000-0003-4001-6499
https://orcid.org/0000-0003-2521-2248
https://orcid.org/0000-0002-0238-9828

ORCID

Marie Arnaud
Stefan Krause
Richard J. Norby

Nezha Acil "= https://orcid.org/0000-0002-4043-0414
Sami Ullah "= https://orcid.org/0000-0002-9153-8847
REFERENCES

Abril, G., & Borges, A. V. (2019). Ideas and perspectives: Carbon leaks
from flooded land: Do we need to replumb the inland water ac-
tive pipe? Biogeosciences, 16(3), 769-784. https://doi.org/10.5194/
bg-16-769-2019

Adame, M. F,, Cherian, S., Reef, R., & Stewart-Koster, B. (2017). Mangrove
root biomass and the uncertainty of belowground carbon estima-
tions. Forest Ecology and Management, 403, 52-60. https://doi.
org/10.1016/j.foreco.2017.08.016

Adame, M. F., Teutli, C., Santini, N. S., Caamal, J. P,, Zaldivar-Jiménez, A.,
Hernandez, R., & Herrera-Silveira, J. A. (2014). Root biomass and
production of mangroves surrounding a karstic oligotrophic coastal
lagoon. Wetlands, 34(3), 479-488. https://doi.org/10.1007/s1315
7-014-0514-5

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

Alongi, D. M. (2014). Carbon cycling and storage in mangrove for-
ests. Annual Review of Marine Science, 6(1), 195-219. https://doi.
org/10.1146/annurev-marine-010213-135020

Alongi, D. M. (2020). Carbon balance in salt marsh and mangrove ecosys-
tems: A global synthesis. Journal of Marine Science and Engineering,
8(10), 767. https://doi.org/10.3390/jmse8100767

Aoki, M., Fujii, K., & Kitayama, K. (2012). Environmental control of root
exudation of low-molecular weight organic acids in tropical rainfor-
ests. Ecosystems, 15(7), 1194-1203. https://doi.org/10.1007/s1002
1-012-9575-6

Aragdo, L. E. O. C., Malhi, Y., Metcalfe, D. B., Silva-Espejo, J. E., Jiménez,
E., Navarrete, D., Almeida, S., Costa, A. C. L., Salinas, N., Phillips,
O. L., Anderson, L. O., Alvarez, E., Baker, T. R., Goncalvez, P. H.,
Huaman-Ovalle, J., Mamani-Solérzano, M., Meir, P., Monteagudo,
A., Patifio, S., ... Vasquez, R. (2009). Above- and below-ground net
primary productivity across ten Amazonian forests on contrasting
soils. Biogeosciences, 6(12), 2759-2778. https://doi.org/10.5194/
bg-6-2759-2009

Arnaud, M. (2020). Belowground carbon and hydrological dynamics of man-
grove forests (Issue February). University of Leeds. http://etheses.
whiterose.ac.uk/27379/

Arnaud, M. (2021). Capturing coastal wetland root dynamics with under-
ground time-lapse. Nature Reviews Earth & Environment, 2(10), 663.
https://doi.org/10.1038/s43017-021-00217-0

Arnaud, M., Baird, A. J., Morris, P. J., Dang, T. H., & Nguyen, T. T. (2020).
Sensitivity of mangrove soil organic matter decay to warming and
sea level change. Global Change Biology, 26(3), 1899-1907. https://
doi.org/10.1111/gcb.14931

Arnaud, M., Krause, S., Norby, R. J., Dang, H., Acil, N., Kettridge, N.,
Gauci, V., & Ullah, S. (2023). Dataset: Global mangrove root produc-
tion and its controls [data set]. Zenodo, https://doi.org/10.5281/
zenodo.7766370

Arnaud, M., Morris, P. J., Baird, A. J., Dang, H., & Nguyen, T. T. (2021). Fine
root production in a chronosequence of mature reforested man-
groves. New Phytologist, 232, 1591-1602. https://doi.org/10.1111/
nph.17480

Atwood, T. B., Connolly, R. M., Almahasheer, H., Carnell, P. E., Duarte,
C. M., Ewers Lewis, C. J., Irigoien, X., Kelleway, J. J., Lavery, P. S,
Macreadie, P. I., Serrano, O., Sanders, C. J., Santos, |., Steven, A. D.
L., & Lovelock, C. E. (2017). Global patterns in mangrove soil carbon

85UB017 SUOLILLIOD AINRID 3ot [dde 8y} Aq peupAob 812 S9[o1Le YO 9SN J0 S9IN1 J0) Akeiq1 8UIIUO A8]IA UO (SUONIPUOD-PUE-SWLBILOS"AB | 1M Aleq 1 put|uo//:Sdny) SUONIPUOD pue Swie | 8Y) 89S *[£202/70/8T] U0 ARiq1T8ul|uO AB(IM 'Wee | SLBS puy seoinesai3 weybuiwig JO Aisieaun Ad 10297 GOB/TTTT OT/I0p/wW00 As 1M ARiq1jpuluo//sdny woly pepeojumoq ‘0 '98v2S9eT


https://doi.org/10.5281/zenodo.7766370
https://orcid.org/0000-0003-4001-6499
https://orcid.org/0000-0003-4001-6499
https://orcid.org/0000-0003-2521-2248
https://orcid.org/0000-0003-2521-2248
https://orcid.org/0000-0002-0238-9828
https://orcid.org/0000-0002-0238-9828
https://orcid.org/0000-0002-4043-0414
https://orcid.org/0000-0002-4043-0414
https://orcid.org/0000-0002-9153-8847
https://orcid.org/0000-0002-9153-8847
https://doi.org/10.5194/bg-16-769-2019
https://doi.org/10.5194/bg-16-769-2019
https://doi.org/10.1016/j.foreco.2017.08.016
https://doi.org/10.1016/j.foreco.2017.08.016
https://doi.org/10.1007/s13157-014-0514-5
https://doi.org/10.1007/s13157-014-0514-5
https://doi.org/10.1007/978-1-4020-4271-3
https://doi.org/10.1007/978-1-4020-4271-3
https://doi.org/10.1146/annurev-marine-010213-135020
https://doi.org/10.1146/annurev-marine-010213-135020
https://doi.org/10.3390/jmse8100767
https://doi.org/10.1007/s10021-012-9575-6
https://doi.org/10.1007/s10021-012-9575-6
https://doi.org/10.5194/bg-6-2759-2009
https://doi.org/10.5194/bg-6-2759-2009
http://etheses.whiterose.ac.uk/27379/
http://etheses.whiterose.ac.uk/27379/
https://doi.org/10.1038/s43017-021-00217-0
https://doi.org/10.1111/gcb.14931
https://doi.org/10.1111/gcb.14931
https://doi.org/10.5281/zenodo.7766370
https://doi.org/10.5281/zenodo.7766370
https://doi.org/10.1111/nph.17480
https://doi.org/10.1111/nph.17480

ARNAUD ET AL.

=Ly

stocks and losses. Nature Climate Change, 7(7), 523-528. https://
doi.org/10.1038/nclimate3326

Ball, M. C. (1988). Ecophysiology of mangroves. Trees, 2(3). https://doi.
org/10.1007/BF00196018

Ball, M. C., Cowan, |., & Farquhar, G. (1988). Maintenance of leaf tem-
perature and the optimisation of carbon gain in relation to water
loss in a tropical mangrove Forest. Functional Plant Biology, 15(2),
263. https://doi.org/10.1071/PP9880263

Ball, M. C., & Pidsley, S. M. (1995). Growth responses to salinity in rela-
tion to distribution of two mangrove species, Sonneratia alba and
S. lanceolata, in northern Australia. Functional Ecology, 9(1), 77.
https://doi.org/10.2307/2390093

Bouillon, S., Borges, A. V., Castafieda-Moya, E., Diele, K., Dittmar, T.,
Duke, N. C., Kristensen, E., Lee, S. Y., Marchand, C., Middelburg,
J. J., Rivera-Monroy, V. H., Smith, T. J., & Twilley, R. R. (2008).
Mangrove production and carbon sinks: A revision of global bud-
get estimates. Global Biogeochemical Cycles, 22(2), 1-12. https://doi.
org/10.1029/2007GB003052

Bouillon, S., Rao, A. V. V. S., Koedam, N., & Dehairs, F. (2003). Sources
of organic carbon in mangrove sediments: Variability and possi-
ble ecological implications. Hydrobiologia, 495, 33-39. https://doi.
org/10.1023/A:1025411506526

Breithaupt, J. L., & Steinmuller, H. E. (2022). Refining the global estimate
of mangrove carbon burial rates using sedimentary and geomorphic
settings. Geophysical Research Letters, 49, e2022GL100177. https://
doi.org/10.1029/2022GL100177

Brunner, |, Herzog, C., Dawes, M. A., Arend, M., & Sperisen, C. (2015).
How tree roots respond to drought. Frontiers in Plant Science, 6.
https://doi.org/10.3389/fpls.2015.00547

Bunting, P., Rosenqvist, A., Lucas, R., Rebelo, L.-M., Hilarides, L.,
Thomas, N., Hardy, A., Itoh, T., Shimada, M., & Finlayson, C.
(2018). The global mangrove watch—A new 2010 global baseline
of mangrove extent. Remote Sensing, 10(10), 1669. https://doi.
org/10.3390/rs10101669

Burchett, M. D., Clarke, C. J., Field, C. D., & Pulkownik, A. (1989). Growth
and respiration in two mangrove species at a range of salinities.
Physiologia Plantarum, 75(2), 299-303. https://doi.org/10.1111/
j.1399-3054.1989.tb06185.x

Cahoon, D.R.,Hensel, P.,Rybczyk, J., McKee, K. L., Proffitt, C. E., & Perez,
B. C.(2003). Mass tree mortality leads to mangrove peat collapse at
Bay Islands, Honduras after hurricane Mitch. Journal of Ecology, 91(6),
1093-1105. https://doi.org/10.1046/j.1365-2745.2003.00841.x

Castafieda-Moya, E., Twilley, R. R., & Rivera-Monroy, V. H. (2013).
Allocation of biomass and net primary productivity of mangrove
forests along environmental gradients in the Florida Coastal
Everglades, USA. Forest Ecology and Management, 307(September
2016), 226-241. https://doi.org/10.1016/j.foreco.2013.07.011

Castafieda-Moya, E., Twilley, R. R., Rivera-Monroy, V. H., Marx, B. D,
Coronado-Molina, C., & Ewe, S. M. L. (2011). Patterns of root dy-
namics in mangrove forests along environmental gradients in the
Florida Coastal Everglades, USA. Ecosystems, 14(7), 1178-1195.
https://doi.org/10.1007/s10021-011-9473-3

Clark, D. A, Brown, S., Kicklighter, D. W., Chambers, J. Q., Thomlinson,
J. R.,, & Ni, J. (2001). Measuring net primary production in forests:
Concepts and field methods. Ecological Applications, 11(2), 356-
370. https://doi.org/10.1890/1051-0761(2001)011[0356:MNPPI
F]2.0.CO;2

Coldren, G. A,, Langley, J. A,, Feller, I. C., & Chapman, S. K. (2019).
Warming accelerates mangrove expansion and surface elevation
gain in a subtropical wetland. Journal of Ecology, 107(1), 79-90.
https://doi.org/10.1111/1365-2745.13049

Cordeiro, A. L., Norby, R. J., Andersen, K. M., Valverde-Barrantes, O.,
Fuchslueger, L., Oblitas, E., Hartley, I. P., lversen, C. M., Gongalves,
N. B., Takeshi, B., Lapola, D. M., & Quesada, C. A. (2020). Fine-root
dynamics vary with soil depth and precipitation in a low-nutrient

tropical forest in the Central Amazonia. Plant-Environment
Interactions, 1(1), 3-16. https://doi.org/10.1002/pei3.10010

Cormier, N. (2021). Getting to the root of the problem: Improving mea-
surements of mangrove belowground production and carbon
sequestration. New Phytologist, 232(4), 1525-1527. https://doi.
org/10.1111/nph.17723

Cormier, N., Twilley, R. R., Ewel, K. C., & Krauss, K. W. (2015). Fine root
productivity varies along nitrogen and phosphorus gradients in
high-rainfall mangrove forests of Micronesia. Hydrobiologia, 750(1),
69-87. https://doi.org/10.1007/s10750-015-2178-4

Costanza, R., de Groot, R., Sutton, P., van der Ploeg, S., Anderson, S. J.,
Kubiszewski, 1., Farber, S., & Turner, R. K. (2014). Changes in the
global value of ecosystem services. Global Environmental Change,
26,152-158. https://doi.org/10.1016/j.gloenvcha.2014.04.002

Cusack, D. F., Markesteijn, L., Condit, R., Lewis, O. T., & Turner, B. L.
(2018). Soil carbon stocks across tropical forests of Panama regu-
lated by base cation effects on fine roots. Biogeochemistry, 137(1-
2), 253-266. https://doi.org/10.1007/s10533-017-0416-8

de Albuquerque Ribeiro, R., Rovai, A. S., Twilley, R. R., & Castafeda-
Moya, E. (2019). Spatial variability of mangrove primary produc-
tivity in the neotropics. Ecosphere, 10(8). https://doi.org/10.1002/
ecs2.2841

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. https://doi.
org/10.1038/ngeo01123

Downton, W. (1982). Growth and osmotic relations of the mangrove
Avicennia marina, as influenced by salinity. Functional Plant Biology,
9(5), 519. https://doi.org/10.1071/PP9820519

Eugenia, B., & Sanchez, G. (2005). Belowground productivity of mangrove
forests in southwest Florida. https://digitalcommons.Isu.edu/grads
chool_dissertations/1652

Ezcurra, P., Ezcurra, E., Garcillan, P. P., Costa, M. T., & Aburto-Oropeza,
0. (2016). Coastal landforms and accumulation of mangrove peat
increase carbon sequestration and storage. Proceedings of the
National Academy of Sciences of the United States of America, 113(16),
4404-4409. https://doi.org/10.1073/pnas.1519774113

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of
Climatology, 37(12), 4302-4315. https://doi.org/10.1002/joc.5086

Gleason, S. M., & Ewel, K. C. (2002). Organic matter dynamics on the
forest floor of a Micronesian mangrove forest: An investigation of
species composition shifts. Biotropica, 34(2), 190-198. https://doi.
org/10.1111/j.1744-7429.2002.tb00530.x

Hayes, M. A., Jesse, A., Tabet, B., Reef, R., Keuskamp, J. A., & Lovelock,
C. E. (2017). The contrasting effects of nutrient enrichment on
growth, biomass allocation and decomposition of plant tissue in
coastal wetlands. Plant and Soil, 416(1-2), 193-204. https://doi.
org/10.1007/s11104-017-3206-0

Hayes, M. A, Jesse, A., Welti, N., Tabet, B., Lockington, D., & Lovelock,
C. E. (2019). Groundwater enhances above-ground growth in
mangroves. Journal of Ecology, 107(3), 1120-1128. https://doi.
org/10.1111/1365-2745.13105

Hendricks, J. J., Hendrick, R. L., Wilson, C. A., Mitchell, R. J., Pecot, S. D., &
Guo, D.(2006). Assessing the patterns and controls of fine root dynam-
ics: An empirical test and methodological review. Journal of Ecology,
94(1), 40-57. https://doi.org/10.1111/j.1365-2745.2005.01067.x

Hutchison, A. J., Spalding, M., & Ermgassen, P. (2014). The role of man-
groves in fisheries enhancement. The Nature Conservancy and
Wetlands International, 240, 54-75. https://doi.org/10.1016/50022
-0981(99)00041-6

Inoue, T., Nohara, S., Matsumoto, K., & Anzai, Y. (2011). What hap-
pens to soil chemical properties after mangrove plants colonize?
Plant and Soil, 346(1-2), 259-273. https://doi.org/10.1007/s1110
4-011-0816-9

85UB017 SUOLILLIOD AINRID 3ot [dde 8y} Aq peupAob 812 S9[o1Le YO 9SN J0 S9IN1 J0) Akeiq1 8UIIUO A8]IA UO (SUONIPUOD-PUE-SWLBILOS"AB | 1M Aleq 1 put|uo//:Sdny) SUONIPUOD pue Swie | 8Y) 89S *[£202/70/8T] U0 ARiq1T8ul|uO AB(IM 'Wee | SLBS puy seoinesai3 weybuiwig JO Aisieaun Ad 10297 GOB/TTTT OT/I0p/wW00 As 1M ARiq1jpuluo//sdny woly pepeojumoq ‘0 '98v2S9eT


https://doi.org/10.1038/nclimate3326
https://doi.org/10.1038/nclimate3326
https://doi.org/10.1007/BF00196018
https://doi.org/10.1007/BF00196018
https://doi.org/10.1071/PP9880263
https://doi.org/10.2307/2390093
https://doi.org/10.1029/2007GB003052
https://doi.org/10.1029/2007GB003052
https://doi.org/10.1023/A:1025411506526
https://doi.org/10.1023/A:1025411506526
https://doi.org/10.1029/2022GL100177
https://doi.org/10.1029/2022GL100177
https://doi.org/10.3389/fpls.2015.00547
https://doi.org/10.3390/rs10101669
https://doi.org/10.3390/rs10101669
https://doi.org/10.1111/j.1399-3054.1989.tb06185.x
https://doi.org/10.1111/j.1399-3054.1989.tb06185.x
https://doi.org/10.1046/j.1365-2745.2003.00841.x
https://doi.org/10.1016/j.foreco.2013.07.011
https://doi.org/10.1007/s10021-011-9473-3
https://doi.org/10.1890/1051-0761(2001)011%5B0356:MNPPIF%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011%5B0356:MNPPIF%5D2.0.CO;2
https://doi.org/10.1111/1365-2745.13049
https://doi.org/10.1002/pei3.10010
https://doi.org/10.1111/nph.17723
https://doi.org/10.1111/nph.17723
https://doi.org/10.1007/s10750-015-2178-4
https://doi.org/10.1016/j.gloenvcha.2014.04.002
https://doi.org/10.1007/s10533-017-0416-8
https://doi.org/10.1002/ecs2.2841
https://doi.org/10.1002/ecs2.2841
https://doi.org/10.1038/ngeo1123
https://doi.org/10.1038/ngeo1123
https://doi.org/10.1071/PP9820519
https://digitalcommons.lsu.edu/gradschool_dissertations/1652
https://digitalcommons.lsu.edu/gradschool_dissertations/1652
https://doi.org/10.1073/pnas.1519774113
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/j.1744-7429.2002.tb00530.x
https://doi.org/10.1111/j.1744-7429.2002.tb00530.x
https://doi.org/10.1007/s11104-017-3206-0
https://doi.org/10.1007/s11104-017-3206-0
https://doi.org/10.1111/1365-2745.13105
https://doi.org/10.1111/1365-2745.13105
https://doi.org/10.1111/j.1365-2745.2005.01067.x
https://doi.org/10.1016/S0022-0981(99)00041-6
https://doi.org/10.1016/S0022-0981(99)00041-6
https://doi.org/10.1007/s11104-011-0816-9
https://doi.org/10.1007/s11104-011-0816-9

ARNAUD ET AL.

Iversen, C. M. (2010). Digging deeper: Fine-root responses to rising atmo-
spheric CO, concentration in forested ecosystems. New Phytologist,
186(2), 346-357. https://doi.org/10.1111/j.1469-8137.2009.03122.x

Iversen, C. M., McCormack, M. L., Powell, A. S., Blackwood, C. B.,
Freschet, G. T., Kattge, J., Roumet, C., Stover, D. B., Soudzilovskaia,
N. A., Valverde-Barrantes, O. J., Bodegom, P. M., & Violle, C. (2017).
A global fine-root ecology database to address below-ground chal-
lenges in plant ecology. New Phytologist, 215(1), 15-26. https://doi.
org/10.1111/nph.14486

Jacotot, A., Marchand, C., & Allenbach, M. (2019). Increase in growth
and alteration of C:N ratios of Avicennia marina and Rhizophora
stylosa subject to elevated CO, concentrations and longer tidal
flooding duration. Frontiers in Ecology and Evolution, 7. https://doi.
org/10.3389/fevo0.2019.00098

Jardine, S. L., & Siikamaki, J. V. (2014). A global predictive model of
carbon in mangrove soils. Environmental Research Letters, 9(10),
104013. https://doi.org/10.1088/1748-9326/9/10/104013

Jones, D. L., Hodge, A., & Kuzyakov, Y. (2004). Plant and mycorrhizal
regulation of rhizodeposition. New Phytologist, 163(3), 459-480.
https://doi.org/10.1111/j.1469-8137.2004.01130.x

Jones, D. L., Nguyen, C., & Finlay, R. D. (2009). Carbon flow in the rhi-
zosphere: Carbon trading at the soil-root interface. Plant and Soil,
321(1-2), 5-33. https://doi.org/10.1007/s11104-009-9925-0

Keiluweit, M., Bougoure, J. J,, Nico, P. S., Pett-Ridge, J., Weber, P. K., &
Kleber, M. (2015). Mineral protection of soil carbon counteracted
by root exudates. Nature Climate Change, 5(6), 588-595. https://doi.
org/10.1038/nclimate2580

Kida, M., & Fujitake, N. (2020). Organic carbon stabilization mecha-
nisms in mangrove soils: A review. Forests, 11(9), 981. https://doi.
org/10.3390/f11090981

Kihara, Y., Dannoura, M., & Ohashi, M. (2022). Estimation of fine root pro-
duction, mortality, and decomposition by using two core methods
and litterbag experiments in a mangrove forest. Ecological Research,
37(1), 53-66. https:/doi.org/10.1111/1440-1703.12275

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. https://doi.org/10.5194/bg-10-1869-2013

Kirwan, M. L., & Megonigal, J. P. (2013). Tidal wetland stability in the
face of human impacts and sea-level rise. Nature, 504(7478), 53-
60. https://doi.org/10.1038/nature12856

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. The New Phytologist, 202(1), 19-34. https://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. https://doi.org/10.1016/j.aquabot.2007.12.005

Lang'at, J. K. S., Kairo, J. G., Mencuccini, M., Bouillon, S., Skov, M. W.,
Waldron, S., & Huxham, M. (2014). Rapid losses of surface elevation
following tree girdling and cutting in tropical mangroves. PLoS ONE,
9(9), €107868. https://doi.org/10.1371/journal.pone.0107868

Lang'at, J. K. S., Kirui, B. K. Y., Skov, M. W., Kairo, J. G., Mencuccini, M., &
Huxham, M. (2013). Species mixing boosts root yield in mangrove
trees. Oecologia, 172(1), 271-278. https://doi.org/10.1007/s0044
2-012-2490-x

Li, X., Zhu, J., Lange, H., & Han, S. (2013). A modified ingrowth core
method for measuring fine root production, mortality and de-
composition in forests. Tree physiology, 33(1), 18-25. https://doi.
org/10.1093/treephys/tps124

Lovelock, C. E. (2008). Soil respiration and belowground carbon alloca-
tion in mangrove forests. Ecosystems, 11(2), 342-354.

Lovelock, C. E. (2020). Blue carbon from the past forecasts the future.
Science, 368(6495), 1050-1052. https://doi.org/10.1126/scien
ce.abc3735

] ey L

Lovelock, C. E., Cahoon, D. R., Friess, D. A., Guntenspergen, G. R,
Krauss, K. W., Reef, R., Rogers, K., Saunders, M. L., Sidik, F., Swales,
A., Saintilan, N., Thuyen, L. X., & Triet, T. (2015). The vulnerability of
indo-Pacific mangrove forests to sea-level rise. Nature, 526(7574),
559-563. https://doi.org/10.1038/nature15538

Lovelock, C. E., Ruess, R. W., & Feller, I. C. (2006). Fine root respiration
in the mangrove Rhizophora mangle over variation in forest stat-
ure and nutrient availability. Tree Physiology, 26(12), 1601-1606.
https://doi.org/10.1093/treephys/26.12.1601

Malhi, Y., Doughty, C., & Galbraith, D. (2011). The allocation of eco-
system net primary productivity in tropical forests. Philosophical
Transactions of the Royal Society, B: Biological Sciences, 366(1582),
3225-3245.

Mao, F., Ullah, S., Gorelick, S. M., Hannah, D. M., & Krause, S. (2021).
Increasing nutrient inputs risk a surge of nitrous oxide emissions
from global mangrove ecosystems. One Earth, 4(5), 742-748.
https://doi.org/10.1016/j.oneear.2021.04.007

McCormack, M. L., Dickie, I. A., Eissenstat, D. M., Fahey, T. J., Fernandez,
C.W,, Guo, D., Helmisaari, H., Hobbie, E. A, Iversen, C. M., Jackson,
R. B., Leppalammi-Kujansuu, J., Norby, R. J., Phillips, R. P., Pregitzer,
K.S., Pritchard, S. G., Rewald, B., & Zadworny, M. (2015). Redefining
fine roots improves understanding of below-ground contributions
to terrestrial biosphere processes. New Phytologist, 207(3), 505-
518. https://doi.org/10.1111/nph.13363

McKee, K. L. (1996). Growth and physiological responses of neotropical
mangrove seedlings to root zone hypoxia. Tree Physiology, 16(11-
12), 883-889. https://doi.org/10.1093/treephys/16.11-12.883

McKee, K. L. (2011). Biophysical controls on accretion and elevation change
in Caribbean mangrove ecosystems. Estuarine, Coastal and Shelf
Science, 91(4), 475-483. https://doi.org/10.1016/j.ecss.2010.05.001

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(5), 545-556. https://
doi.org/10.1111/j.1466-8238.2007.00317.x

McKee, K. L., & Faulkner, P. L. (2000). Restoration of biogeochemical
function in mangrove forests. Restoration Ecology, 8(3), 247-259.

McKee, K. L., Krauss, K. W., & Cahoon, D. R. (2021). Does geomor-
phology determine vulnerability of mangrove coasts to sea-level
rise? In Dynamic sedimentary environments of mangrove coasts (pp.
255-272). Elsevier. https://doi.org/10.1016/B978-0-12-816437-
2.00005-7

MclLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Bjérk, M., Duarte, C.
M., Lovelock, C. E., Schlesinger, W. H., & Silliman, B. R. (2011). A
blueprint for blue carbon: Toward an improved understanding
of the role of vegetated coastal habitats in sequestering CO,.
Frontiers in Ecology and the Environment, 9(10), 552-560. https://
doi.org/10.1890/110004

Middleton, B. A., & McKee, K. L. (2001). Degradation of mangrove tis-
sues and implications for peat formation in Belizean Island forests.
Journal of Ecology, 89(5), 818-828.

Muhammad-Nor, S. M., Huxham, M., Salmon, Y., Duddy, S. J., Mazars-
Simon, A., Mencuccini, M., Meir, P, & Jackson, G. (2019).
Exceptionally high mangrove root production rates in the Kelantan
Delta, Malaysia; An experimental and comparative study. Forest
Ecology and Management, 444, 214-224. https://doi.org/10.1016/j.
foreco.2019.04.026

Nadelhoffer, K. J. (2000). The potential effects of nitrogen deposition on
fine-root production in forest ecosystems. New Phytologist, 147(1),
131-139. https://doi.org/10.1046/j.1469-8137.2000.00677.x

Naidoo, G. (1987). Effects of salinity and nitrogen on growth and water rela-
tions in the mangrove, Avicennia marina (Forsk.) Vierh. New Phytologist,
107(2), 317-325. https:/doi.org/10.1111/j.1469-8137.1987.tb00183.x

Naidoo, G. (1990). Effects of nitrate, ammonium and salinity on growth of
the mangrove Bruguiera gymnorrhiza (L.) lam. Aquatic Botany, 38(2-
3), 209-219. https://doi.org/10.1016/0304-3770(90)90006-7

85UB017 SUOLILLIOD AINRID 3ot [dde 8y} Aq peupAob 812 S9[o1Le YO 9SN J0 S9IN1 J0) Akeiq1 8UIIUO A8]IA UO (SUONIPUOD-PUE-SWLBILOS"AB | 1M Aleq 1 put|uo//:Sdny) SUONIPUOD pue Swie | 8Y) 89S *[£202/70/8T] U0 ARiq1T8ul|uO AB(IM 'Wee | SLBS puy seoinesai3 weybuiwig JO Aisieaun Ad 10297 GOB/TTTT OT/I0p/wW00 As 1M ARiq1jpuluo//sdny woly pepeojumoq ‘0 '98v2S9eT


https://doi.org/10.1111/j.1469-8137.2009.03122.x
https://doi.org/10.1111/nph.14486
https://doi.org/10.1111/nph.14486
https://doi.org/10.3389/fevo.2019.00098
https://doi.org/10.3389/fevo.2019.00098
https://doi.org/10.1088/1748-9326/9/10/104013
https://doi.org/10.1111/j.1469-8137.2004.01130.x
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1038/nclimate2580
https://doi.org/10.1038/nclimate2580
https://doi.org/10.3390/f11090981
https://doi.org/10.3390/f11090981
https://doi.org/10.1111/1440-1703.12275
https://doi.org/10.5194/bg-10-1869-2013
https://doi.org/10.1038/nature12856
https://doi.org/10.1111/nph.12605
https://doi.org/10.1111/nph.12605
https://doi.org/10.1016/j.aquabot.2007.12.005
https://doi.org/10.1371/journal.pone.0107868
https://doi.org/10.1007/s00442-012-2490-x
https://doi.org/10.1007/s00442-012-2490-x
https://doi.org/10.1093/treephys/tps124
https://doi.org/10.1093/treephys/tps124
https://doi.org/10.1126/science.abc3735
https://doi.org/10.1126/science.abc3735
https://doi.org/10.1038/nature15538
https://doi.org/10.1093/treephys/26.12.1601
https://doi.org/10.1016/j.oneear.2021.04.007
https://doi.org/10.1111/nph.13363
https://doi.org/10.1093/treephys/16.11-12.883
https://doi.org/10.1016/j.ecss.2010.05.001
https://doi.org/10.1111/j.1466-8238.2007.00317.x
https://doi.org/10.1111/j.1466-8238.2007.00317.x
https://doi.org/10.1016/B978-0-12-816437-2.00005-7
https://doi.org/10.1016/B978-0-12-816437-2.00005-7
https://doi.org/10.1890/110004
https://doi.org/10.1890/110004
https://doi.org/10.1016/j.foreco.2019.04.026
https://doi.org/10.1016/j.foreco.2019.04.026
https://doi.org/10.1046/j.1469-8137.2000.00677.x
https://doi.org/10.1111/j.1469-8137.1987.tb00183.x
https://doi.org/10.1016/0304-3770(90)90006-7

ARNAUD ET AL.

v Y

Nguyen, H. T., Stanton, D. E., Schmitz, N., Farquhar, G. D., & Ball, M. C.
(2015). Growth responses of the mangrove Avicennia marina to
salinity: Development and function of shoot hydraulic systems re-
quire saline conditions. Annals of Botany, 115(3), 397-407. https://
doi.org/10.1093/aob/mcu257

Norby, R. J., & Jackson, R. B. (2000). Root dynamics and global change:
Seeking an ecosystem perspective. New Phytologist, 147(1), 3-12.
https://doi.org/10.1046/j.1469-8137.2000.00676.x

Norby, R. J., Ledford, J., Reilly, C. D., Miller, N. E., & O'Neill, E. G. (2004).
Fine-root production dominates response of a deciduous forest to
atmospheric CO, enrichment. Proceedings of the National Academy
of Sciences of the United States of America, 101(26), 9689-9693.
https://doi.org/10.1073/pnas.0403491101

Noyce, G. L., Kirwan, M. L., Rich, R. L., & Megonigal, J. P. (2019).
Asynchronous nitrogen supply and demand produce nonlinear plant
allocation responses to warming and elevated CO,. Proceedings of
the National Academy of Sciences of the United States of America,
116(43), 21623-21628. https://doi.org/10.1073/pnas.1904990116

Ochoa-Goémez, J. G., Lluch-Cota, S. E., Rivera-Monroy, V. H., Lluch-
Cota, D. B., Troyo-Diéguez, E., Oechel, W., & Serviere-Zaragoza,
E. (2019). Mangrove wetland productivity and carbon stocks in
an arid zone of the Gulf of California (La Paz Bay, Mexico). Forest
Ecology and Management, 442, 135-147. https://doi.org/10.1016/j.
foreco.2019.03.059

Ola, A., Schmidt, S., & Lovelock, C. E. (2018). The effect of heteroge-
neous soil bulk density on root growth of field-grown mangrove
species. Plant and Soil, 432(1-2), 91-105. https://doi.org/10.1007/
s11104-018-3784-5

Ouyang, X., Lee, S. Y., & Connolly, R. M. (2017). The role of root de-
composition in global mangrove and saltmarsh carbon budgets.
Earth-Science Reviews, 166, 53-63. https://doi.org/10.1016/j.earsc
irev.2017.01.004

Ouyang, X., Lee, S. Y., & Connolly, R. M. (2018). Using isotope labeling
to partition sources of CO, efflux in newly established mangrove
seedlings. Limnology and Oceanography, 63(2), 731-740. https://doi.
org/10.1002/1n0.10663

Panchal, P., Preece, C., Pefiuelas, J., & Giri, J. (2022). Soil carbon seques-
tration by root exudates. Trends in Plant Science, 27(8), 749-757.
https://doi.org/10.1016/j.tplants.2022.04.009

Phillips, R. P, Erlitz, Y., Bier, R., & Bernhardt, E. S. (2008). New approach
for capturing soluble root exudates in forest soils. Functional Ecology,
22(6), 990-999. https:/doi.org/10.1111/j.1365-2435.2008.01495.x

Phillips, R. P, Finzi, A. C., & Bernhardt, E. S. (2011). Enhanced root exuda-
tion induces microbial feedbacks to N cycling in a pine forest under
long-term CO, fumigation. Ecology Letters, 14(2), 187-194. https://
doi.org/10.1111/j.1461-0248.2010.01570.x

Pi, N., Tam, N. F. Y., Wu, Y., & Wong, M. H. (2009). Root anatomy and
spatial pattern of radial oxygen loss of eight true mangrove species.
Aquatic Botany, 90(3), 222-230. https://doi.org/10.1016/j.aquab
0t.2008.10.002

Pregitzer, K. S., King, J. S., & Burton, A. J. (2000). Responses of tree fine
roots to temperature. New Phytologist, 147(1), 105-115. https://doi.
org/10.1046/j.1469-8137.2000.00689.x

Pullin,A.S.,&Stewart,G.B.(2006). Guidelinesforsystematicreviewincon-
servation and environmental management. Conservation Biology, 20,
1647-1656. https://doi.org/10.1111/j.1523-1739.2006.00485.x

Rasse, D. P., Rumpel, C., & Dignac, M.-F. (2005). Is soil carbon mostly
root carbon? Mechanisms for a specific stabilisation. Plant and Soil,
269(1-2), 341-356. https://doi.org/10.1007/s11104-004-0907-y

Reef, R, Feller, I. C., & Lovelock, C. E. (2010). Nutrition of mangroves. Tree
Physiology, 30(9), 1148-1160. https://doi.org/10.1093/treephys/tpq048

Reef, R., & Lovelock, C. E. (2015). Regulation of water balance in man-
groves. Annals of Botany, 115(3), 385-395. https://doi.org/10.1093/
aob/mcul74

Reef, R., Slot, M., Motro, U., Motro, M., Motro, Y., Adame, M. F., Garcia, M.,
Aranda, J., Lovelock, C. E., & Winter, K. (2016). The effects of CO,

and nutrient fertilisation on the growth and temperature response
of the mangrove Avicennia germinans. Photosynthesis Research,
129(2), 159-170. https://doi.org/10.1007/s11120-016-0278-2

Rivera-Monroy, V. H., Osland, M. J., Day, J. W.,, Ray, S., Rovai, A., Day,
R. H., & Mukherjee, J. (2017). Advancing mangrove macroecol-
ogy. In Mangrove ecosystems: A global biogeographic perspective
(pp. 347-381). Springer International Publishing. https://doi.
org/10.1007/978-3-319-62206-4 _11

Rogers, K.(2021). Accommodation space as aframework for assessing the
response of mangroves to relative sea-level rise. Singapore Journal
of Tropical Geography, 42(2), 163-183. https://doi.org/10.1111/
sjtg.12357

Rogers, K., Kelleway, J. J., Saintilan, N., Megonigal, J. P., Adams, J. B.,
Holmquist, J. R., Lu, M., Schile-Beers, L., Zawadzki, A., Mazumder,
D., & Woodroffe, C. D. (2019). Wetland carbon storage controlled
by millennial-scale variation in relative sea-level rise. Nature,
567(7746), 91-95. https://doi.org/10.1038/s41586-019-0951-7

Rovai, A., Riul, P.,, Twilley, R. R., Castaneda-Moya, E., Rivera-Monroy,
V. H., Williams, A. A., Simard, M., Cifuentes-Jara, M., Lewis, R. R,,
Crooks, S., Horta, P. A., Schaeffer-Novelli, Y., Cintron, G., Pozo-
Cajas, M., & Pagliosa, P. R. (2016). Scaling mangrove aboveground
biomass from site-level to continental-scale. Global Ecology and
Biogeography, 25(3), 286-298. https://doi.org/10.1111/geb.12409

Rovai, A., Twilley, R. R., Castafeda-Moya, E., Riul, P., Cifuentes-Jara, M.,
Manrow-Villalobos, M., Horta, P. A., Simonassi, J. C., Fonseca, A.
L., & Pagliosa, P. R. (2018). Global controls on carbon storage in
mangrove soils. Nature Climate Change, 8(6), 534-538. https://doi.
org/10.1038/s41558-018-0162-5

Saintilan, N., Khan, N. S., Ashe, E., Kelleway, J. J., Rogers, K., Woodroffe,
C. D., & Horton, B. P. (2020). Thresholds of mangrove survival
under rapid sea level rise. Science, 368(6495), 1118-1121. https://
doi.org/10.1126/science.aba2656

Sanderman, J., Hengl, T., Fiske, G., Solvik, K., Adame, M. F,, Benson, L.,
Bukoski, J. J., Carnell, P., Cifuentes-Jara, M., Donato, D., Duncan,
C., Eid, E. M., Ermgassen, P. z., Lewis, C. J. E., Macreadie, P. I,
Glass, L., Gress, S., Jardine, S. L., Jones, T. G,, ... Landis, E. (2018).
A global map of mangrove forest soil carbon at 30m spatial res-
olution. Environmental Research Letters, 13(5), 055002. https://doi.
org/10.1088/1748-9326/aabelc

Sierra, C. A., Del Valle, J. I., & Orrego, S. A. (2003). Accounting for fine
root mass sample losses in the washing process: A case study from
a tropical montane forest of Colombia. Journal of Tropical Ecology,
19(5), 599-601. https://doi.org/10.1017/S026 6467403003663

Simard, M., Fatoyinbo, L., Smetanka, C., Rivera-Monroy, V. H., Castafieda-
Moya, E., Thomas, N., & Van der Stocken, T. (2019). Mangrove
canopy height globally related to precipitation, temperature and
cyclone frequency. Nature Geoscience, 12(1), 40-45. https://doi.
org/10.1038/s41561-018-0279-1

Singh, J. S., Lauenroth, W. K., Hunt, H. W., & Swift, D. M. (1984).
Bias and random errors in estimators of net root production:
A simulation approach. Ecology, 65(6), 1760-1764. https://doi.
org/10.2307/1937771

Slette, I. J., Hoover, D. L., Smith, M. D., & Knapp, A. K. (2022). Repeated
extreme droughts decrease root production, but not the potential
for post-drought recovery of root production, in a Mesic grassland.
Oikos, 2023, €08899. https://doi.org/10.1111/0ik.08899

Spalding, M. (2010). World atlas of mangroves. Routledge. https://doi.
org/10.4324/9781849776608

Spalding, M. D., Fox, H. E., Allen, G. R., Davidson, N., Ferdaia, Z. A.,
Finlayson, M., Halpern, B. S., Lombana, A, Lourie, S. A., Martin, K.
D., McManus, E., Molnar, J., Recchia, C. A., & Robertson, J. (2007).
Marine ecoregions of the world: A bioregionalization of coastal and
shelf areas. BioScience, 57(7), 573-583. https://doi.org/10.1641/
B570707

Spivak, A. C., Sanderman, J., Bowen, J. L., Canuel, E. A., & Hopkinson,
C. S. (2019). Global-change controls on soil-carbon accumulation

85UB017 SUOLILLIOD AINRID 3ot [dde 8y} Aq peupAob 812 S9[o1Le YO 9SN J0 S9IN1 J0) Akeiq1 8UIIUO A8]IA UO (SUONIPUOD-PUE-SWLBILOS"AB | 1M Aleq 1 put|uo//:Sdny) SUONIPUOD pue Swie | 8Y) 89S *[£202/70/8T] U0 ARiq1T8ul|uO AB(IM 'Wee | SLBS puy seoinesai3 weybuiwig JO Aisieaun Ad 10297 GOB/TTTT OT/I0p/wW00 As 1M ARiq1jpuluo//sdny woly pepeojumoq ‘0 '98v2S9eT


https://doi.org/10.1093/aob/mcu257
https://doi.org/10.1093/aob/mcu257
https://doi.org/10.1046/j.1469-8137.2000.00676.x
https://doi.org/10.1073/pnas.0403491101
https://doi.org/10.1073/pnas.1904990116
https://doi.org/10.1016/j.foreco.2019.03.059
https://doi.org/10.1016/j.foreco.2019.03.059
https://doi.org/10.1007/s11104-018-3784-5
https://doi.org/10.1007/s11104-018-3784-5
https://doi.org/10.1016/j.earscirev.2017.01.004
https://doi.org/10.1016/j.earscirev.2017.01.004
https://doi.org/10.1002/lno.10663
https://doi.org/10.1002/lno.10663
https://doi.org/10.1016/j.tplants.2022.04.009
https://doi.org/10.1111/j.1365-2435.2008.01495.x
https://doi.org/10.1111/j.1461-0248.2010.01570.x
https://doi.org/10.1111/j.1461-0248.2010.01570.x
https://doi.org/10.1016/j.aquabot.2008.10.002
https://doi.org/10.1016/j.aquabot.2008.10.002
https://doi.org/10.1046/j.1469-8137.2000.00689.x
https://doi.org/10.1046/j.1469-8137.2000.00689.x
https://doi.org/10.1111/j.1523-1739.2006.00485.x
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1093/treephys/tpq048
https://doi.org/10.1093/aob/mcu174
https://doi.org/10.1093/aob/mcu174
https://doi.org/10.1007/s11120-016-0278-2
https://doi.org/10.1007/978-3-319-62206-4_11
https://doi.org/10.1007/978-3-319-62206-4_11
https://doi.org/10.1111/sjtg.12357
https://doi.org/10.1111/sjtg.12357
https://doi.org/10.1038/s41586-019-0951-7
https://doi.org/10.1111/geb.12409
https://doi.org/10.1038/s41558-018-0162-5
https://doi.org/10.1038/s41558-018-0162-5
https://doi.org/10.1126/science.aba2656
https://doi.org/10.1126/science.aba2656
https://doi.org/10.1088/1748-9326/aabe1c
https://doi.org/10.1088/1748-9326/aabe1c
https://doi.org/10.1017/S0266467403003663
https://doi.org/10.1038/s41561-018-0279-1
https://doi.org/10.1038/s41561-018-0279-1
https://doi.org/10.2307/1937771
https://doi.org/10.2307/1937771
https://doi.org/10.1111/oik.08899
https://doi.org/10.4324/9781849776608
https://doi.org/10.4324/9781849776608
https://doi.org/10.1641/B570707
https://doi.org/10.1641/B570707

ARNAUD ET AL.

and loss in coastal vegetated ecosystems. Nature Geoscience, 12(9),
685-692. https://doi.org/10.1038/s41561-019-0435-2

Sullivan, P. F., Sommerkorn, M., Rueth, H. M., Nadelhoffer, K. J., Shaver,
G. R., & Welker, J. M. (2007). Climate and species affect fine root
production with long-term fertilization in acidic tussock tundra
near Toolik Lake, Alaska. Oecologia, 153(3), 643-652. https://doi.
org/10.1007/s00442-007-0753-8

Sun, T., Dong, L., Zhang, L., Wu, Z., Wang, Q., Li, Y., Zhang, H., & Wang,
Z. (2016). Early stage fine-root decomposition and its relationship
with root order and soil depth in a Larix gmelinii plantation. Forests,
7(12), 234. https://doi.org/10.3390/f7100234

Twilley, R. R., Castafieda-Moya, E., Rivera-Monroy, V. H., & Rovai,
A. (2017). Productivity and carbon dynamics in mangrove wet-
lands. In Mangrove ecosystems: A global biogeographic perspec-
tive (pp. 113-162). Springer International Publishing. https://doi.
org/10.1007/978-3-319-62206-4_5

Twilley, R. R., Rovai, A. S., & Riul, P. (2018). Coastal morphology ex-
plains global blue carbon distributions. Frontiers in Ecology and the
Environment, 16(9), 503-508. https://doi.org/10.1002/fee.1937

Woodroffe, C. D., Rogers, K., McKee, K. L., Lovelock, C. E., Mendelssohn,
I. A., & Saintilan, N. (2016). Mangrove sedimentation and response
to relative sea-level rise. Annual Review of Marine Science, 8(1), 243-
266. https://doi.org/10.1146/annurev-marine-122414-03402

Worthington, T. A., zu Ermgassen, P. S. E., Friess, D. A., Krauss, K. W.,
Lovelock, C. E., Thorley, J., Tingey, R., Woodroffe, C. D., Bunting,
P., Cormier, N., Lagomasino, D., Lucas, R., Murray, N. J., Sutherland,
W. J., & Spalding, M. (2020). A global biophysical typology of man-
groves and its relevance for ecosystem structure and deforestation.

Y e L

Scientific Reports, 10(1), 14652. https://doi.org/10.1038/s41598-
020-71194-5

Wright, R., Brand, R., Dunn, W., & Spindler, K. (2007). How to write a system-
atic review. Clinical Orthopaedics and Related Research, 455(23), 29.

Xiong, Y., Liu, X., Guan, W,, Liao, B., Chen, Y., Li, M., & Zhong, C. (2013).
Fine root functional group based estimates of fine root production
and turnover rate in natural mangrove forests. Plant and Soil, 413(1-
2), 83-95. https://doi.org/10.1007/s11104-016-3082-z

Yin, H., Wheeler, E., & Phillips, R. P. (2014). Root-induced changes in nutrient
cycling in forests depend on exudation rates. Soil Biology and Biochemistry,
78,213-221. https://doi.org/10.1016/j.s0ilbio.2014.07.022

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Arnaud, M., Krause, S., Norby, R. J.,
Dang, T. H., Acil, N., Kettridge, N., Gauci, V., & Ullah, S.
(2023). Global mangrove root production, its controls and
roles in the blue carbon budget of mangroves. Global Change
Biology, 00, 1-15. https://doi.org/10.1111/gcb.16701

85UB017 SUOLILLIOD AINRID 3ot [dde 8y} Aq peupAob 812 S9[o1Le YO 9SN J0 S9IN1 J0) Akeiq1 8UIIUO A8]IA UO (SUONIPUOD-PUE-SWLBILOS"AB | 1M Aleq 1 put|uo//:Sdny) SUONIPUOD pue Swie | 8Y) 89S *[£202/70/8T] U0 ARiq1T8ul|uO AB(IM 'Wee | SLBS puy seoinesai3 weybuiwig JO Aisieaun Ad 10297 GOB/TTTT OT/I0p/wW00 As 1M ARiq1jpuluo//sdny woly pepeojumoq ‘0 '98v2S9eT


https://doi.org/10.1038/s41561-019-0435-2
https://doi.org/10.1007/s00442-007-0753-8
https://doi.org/10.1007/s00442-007-0753-8
https://doi.org/10.3390/f7100234
https://doi.org/10.1007/978-3-319-62206-4_5
https://doi.org/10.1007/978-3-319-62206-4_5
https://doi.org/10.1002/fee.1937
https://doi.org/10.1146/annurev-marine-122414-03402
https://doi.org/10.1038/s41598-020-71194-5
https://doi.org/10.1038/s41598-020-71194-5
https://doi.org/10.1007/s11104-016-3082-z
https://doi.org/10.1016/j.soilbio.2014.07.022
https://doi.org/10.1111/gcb.16701

	Global mangrove root production, its controls and roles in the blue carbon budget of mangroves
	Abstract
	1|INTRODUCTION
	2|BUILDING THE ROOT PRODUCTION DATABASE
	3|MANGROVE ROOT PRODUCTION AT A GLOBAL SCALE
	4|ENVIRONMENTAL CONTROLS ON MANGROVE ROOT PRODUCTION
	4.1|Global factors explaining the root production
	4.2|Bioregions, sedimentary settings, ecological and soil factors

	5|LIKELY TRENDS IN MANGROVE ROOT PRODUCTION UNDER FUTURE CLIMATE CONDITIONS
	6|IMPORTANCE OF MANGROVE ROOT PRODUCTION AND DYNAMICS FOR CARBON BURIAL AND LOSSES IN MANGROVES
	7|UNCERTAINTIES IN THE GLOBAL ESTIMATE OF MANGROVE ROOT PRODUCTION
	8|MOVING FORWARD: A ROADMAP TOWARDS CLOSING EXISTING KNOWLEDGE GAPS ON MANGROVE ROOT PRODUCTION
	9|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


