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Abstract

Globally, soils and sediments are affected by the bioturbation activities of
benthic species. The consequences of these activities are particularly im-
pactful in intertidal sediment, which is generally anoxic and nutrient-poor.
Mangrove intertidal sediments are of particular interest because, as the most
productive forests and one of the most important stores of blue carbon, they
provide global-scale ecosystem services. The mangrove sediment micro-
biome is fundamental for ecosystem functioning, influencing the efficiency
of nutrient cycling and the abundance and distribution of key biological ele-
ments. Redox reactions in bioturbated sediment can be extremely complex,
with one reaction creating a cascade effect on the succession of respiration
pathways. This facilitates the overlap of different respiratory metabolisms im-
portant in the element cycles of the mangrove sediment, including carbon,
nitrogen, sulphur and iron cycles, among others. Considering that all eco-
logical functions and services provided by mangrove environments involve
microorganisms, this work reviews the microbial roles in nutrient cycling in
relation to bioturbation by animals and plants, the main mangrove ecosystem
engineers. We highlight the diversity of bioturbating organisms and explore
the diversity, dynamics and functions of the sediment microbiome, consider-
ing both the impacts of bioturbation. Finally, we review the growing evidence
that bioturbation, through altering the sediment microbiome and environment,
determining a ‘halo effect’, can ameliorate conditions for plant growth, high-
lighting the potential of the mangrove microbiome as a nature-based solution
to sustain mangrove development and support the role of this ecosystem to
deliver essential ecological services.

BACKGROUND

Bioturbation is a process that affects soils and sediments
in marine and terrestrial environments across the world
through the creation of biogenic structures and redistri-
bution of soil or sediment particles and elemental compo-
nents (Meysman et al., 2006). Bioturbating organisms are
also known as ‘ecosystem engineers’ because they create

and maintain habitats (Jones et al., 1994), introduce bio-
geochemical heterogeneity (through modulation of car-
bon and nutrient availability) and alter oxygen availability,
redox potential, pH and temperature in sediment, thereby
affecting soil or sediment microbial communities (Booth,
Fusi, Marasco, Mbobo, et al., 2019; Fusi et al., 2022).

In intertidal ecosystems (e.g. salt marshes, man-
groves, mudflats), which are generally characterized
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by anoxic and nutrient-poor sediment, bioturbation in-
creases the oxygenation of the sediment, thus trigger-
ing cascades of biogeochemical reactions. Intertidal
systems harbour an abundant and diverse community
of bioturbating animals, feeding on or in the sediment,
reworking the substrate and constructing burrow net-
works. Of those systems that are vegetated in the inter-
tidal zone, mangrove forests are the most productive,
even rivalling tropical forests with a global gross pri-
mary production of approximately 4.6 x 10">mol C year™’
(Alongi, 2014; Donato et al., 2011), which is partly ex-
ported as organic matter to the open seas and partly
sunk as blue carbon (McLeod et al., 2011; Sawstrém
et al., 2016), defined here as the carbon stored within
the plants and in the sediments in aquatic ecosys-
tems such as mangroves (Lovelock & Duarte, 2019).
Thus, the importance of mangrove forests, despite
their relatively small global coverage of approximately
152,000km? (Giri et al., 2011), extends from the local
scale ecosystem services they provide (e.g. as nursery
grounds for fish and coastal marine animals or physi-
cal barriers protecting the coasts from erosion) to the
global scale mitigating the effects of climate change
(Barbier et al., 2011; Siikamaki et al., 2012).

The sediment microbiome is fundamental for
mangrove ecosystem functioning, influencing the
efficiency of nutrient cycling and the abundance
and distribution of key biological elements such as
carbon, oxygen, nitrogen, sulphur and phospho-
rus (Boto et al., 1989; Bouillon et al., 2008; Holguin
et al., 2001; Kristensen et al., 2008). Microorganisms
comprise around 30% of mangrove sediment carbon
(Alongi, 2005) and provide important ecosystem ser-
vices, including organic matter decomposition, which
occurs slowly due to its high tannin, polyphenol, cellu-
lose and lignin content (Lee, 1998), and modification
and removal of potentially toxic compounds (e.g. sul-
phide, ammonia; Palumbi et al., 2009). The synergis-
tic actions of a complex network of bacteria, archaea
and fungi have a dominant role in driving fluxes of
carbon (Booth, Fusi, Marasco, Mbobo, et al., 2019;
Booth, Fusi, Marasco, Michoud, et al., 2019; Boto
et al., 1989; Holguin et al., 2001) and conserving
nitrogen and phosphorous within intertidal systems
(Laverock et al., 2011). Fungi, in particular, are known
to have a highly plastic metabolism and are able to
dissolve and consume lignocellulose and other poly-
phenols, positively facilitating the bacterial/archaeal
community (De Boer et al., 2005; Newell, 1996; Sul
et al., 2013; Zhou & Chen, 2010). Methanogenic ar-
chaea and sulphate-reducing bacteria also coop-
erate in the degradation of organic matter (Plugge
et al., 2011), and bacteria and fungi have evolved a
mutual co-existence; for example, bacteria thriving
on fungal exudates and fungi using substrates ame-
liorated by bacteria cellulose production (De Boer
et al., 2005; Warmink et al., 2011).

In mangrove sediment, bioturbation is a source of
heterogeneity acting as a driving force of ‘microbial
engines’ (Falkowski et al., 2008), increasing microbial
metabolic plasticity, redundancy and vicariance under
changing environmental conditions (Konhauser, 2007).
Enhanced oxygen availability is the main selective
force driven by burrowing and sediment reworking
and this oxygen is rapidly consumed at oxic/anoxic
boundaries (Gundersen & Jorgensen, 1990; Michaels
& Zieman, 2013). Although oxygen penetrates only a
few millimetres, this is sufficient to induce changes in
sediment redox status at a depth of tens of centimetres,
determining a cascade of effects influencing overall
sediment biogeochemistry, microorganism abundance
and community composition (Bertics & Ziebis, 2009;
Dunn et al., 2012; Laverock et al., 2011). Ultimately,
by affecting oxygen, carbon and nutrient availability
(Bertics & Ziebis, 2009; Booth, Fusi, Marasco, Mbobo,
et al., 2019), bioturbation promotes the development of
new functional niches for microorganisms and organic
matter decomposition pathways. Since ecosystem re-
silience, the capacity to adapt under changing condi-
tions, relies on functional diversity, bioturbation can
boost resilience and have far-reaching effects on the
mangrove ecosystem.

There is also evidence that bioturbation can atten-
uate environmental stress for other biotic components
of ecosystems (Bertness & Callaway, 1993; Jones
et al., 1994), which may be more important in struc-
turing microbial communities in challenging physico-
chemical environments, such as those in the intertidal
zone (Passarelli et al., 2014). Habitat amelioration by
ecosystem engineers can also have notable effects on
the ability of plants to inhabit extreme mangrove en-
vironments exposed to severe environmental stresses
(Daleo et al., 2007; Fusi et al., 2022).

AIM OF THE REVIEW

All ecological functions and services provided by
mangrove environments involve, directly or indirectly,
microorganisms (Allard et al., 2020). The role of mi-
croorganisms in mangroves was comprehensively re-
viewed by Holguin et al. (2001). Since then, advances
in molecular techniques have allowed the further dis-
covery of the diversity and functions of the mangrove
sediment microbiome. New microorganisms (among
others, Sefrji et al.,, 2021, 2022) and microbial roles
in nutrient cycling have been recognized to determine
profound effects (Volland et al., 2022), which will be re-
viewed here, on sediment microbial communities and
overall ecosystem functioning. In this review, we first
introduce the main groups of bioturbating macrofaunal
species and their ecology and then, reviewing the more
recent literature, explore the diversity, dynamics and
function of the sediment microbiome considering the
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impact of animal bioturbation, particularly the ‘halo ef-
fect’, as well as the effect of other ecosystem engineers,
namely plant roots, on reconditioning of sediments. We
propose future directions for studies considering eco-
system engineers, plants and animals, and microbial
communities as integrated components that can shape
the resilience and functionality of mangrove forests and
explain their huge productivity.

BEHAVIOUR AND ECOLOGY OF
MACROBENTHIC BIOTURBATORS

The activities of benthic macrofauna that bioturbate the
sediment in intertidal ecosystems include burrowing,
sediment reworking and grazing (detritivorous organ-
isms), sediment transport and deposition of faecal ma-
terial (Allard et al., 2020; Lee, 2008). Consequently, the
effects of bioturbation occur over a range of horizon-
tal and vertical distances in accordance with the size
and ecology of the animal in question. We must also
consider that these species rarely exist alone, and any
given area may be subject to bioturbation by a range of
animals of different sizes and ecology, thus the over-
all impact can be large and complex. In mangroves,
bioturbation is performed by diverse animal groups, in-
cluding crabs, ants, shrimps, worms, bivalves, fishes,
mudskippers and gastropods (reviewed in Meysman
et al., 2006). This review focuses predominantly on
crustaceans (crabs and shrimps) and molluscs (gastro-
pods and bivalves), which are some of the best-studied
groups.

Burrowing and sediment reworking

The greatest influence of macrofauna on sediment
is undoubtedly burrow construction and irrigation, al-
lowing oxygen to be transported to anoxic sediment
and increasing solute transport for redox reactions
(Aller, 2001). Burrows are unique in intertidal environ-
ments; the three-dimensional structure extends oxic/
anoxic boundaries allowing enhanced oxygen diffu-
sion from air or water (Fenchel, 1996; Kristensen &
Kostka, 2005). Burrowing is one of the main driving
forces mediating the structure and activity of the inter-
tidal sediment microbiome because it affects sediment
hydrology and enhances biogeochemical processes
(Bertics & Ziebis, 2009; Dunn et al., 2012; Laverock
et al., 2011). Biogeochemical gradients in and around
macrofauna burrows are temporally and spatially de-
pendent on the ecology of the burrow system, such as
the burrow morphology and sediment characteristics
(Bertics & Ziebis, 2009; Kristensen & Kostka, 2005;
Nielsen et al., 2003). Diffusion of oxygen into sedi-
ment from air or water does not occur equally at the
sediment surface and along burrow walls due to the

curved shape of the burrow (Fenchel, 1996). Oxygen,
therefore, penetrates radially in addition to vertically,
as it does at the surface (Figure 1), affecting a larger
volume of sediment in a shorter diffusion distance
(Fenchel, 1996). While this oxic/anoxic boundary also
exists at the sediment surface, burrows are unique be-
cause their wall microbiome consumes oxygen rapidly,
resulting in a very thin oxic sediment layer (Michaels &
Zieman, 2013).

In intertidal sediments, at low tide, burrows enhance
the downward vertical transfer of gases and act to in-
crease the surface area for gaseous exchange and
redox reactions (Kristensen, 2008), whereas at high
tide, they provide sites with steep geochemical gradients
since they form boundaries between anoxic sediment
(rich in reduced chemical species and metabolites) and
water (enriched in oxygen) (Furukawa, 2005). Uptake
of dissolved oxygen by sediments via diffusion occurs
at these oxic/anoxic interfaces (Furukawa, 2005), and
burrows influence the rates and extent of organic mat-
ter mineralization in addition to fluxes in nutrient cycling
(Aller, 2001). They allow carbon substrates and oxygen
to be transported deeper into the sediment, while toxic
metabolites (e.g. gaseous sulphide) can be oxidized
aerobically by microbial metabolisms (Kristensen &
Kostka, 2005).

Due to their abundance, burrowing crabs belong-
ing to the families Ocypodidae, Sesarmidae and
Geocarcinidae are the major and most widely distrib-
uted macrofaunal bioturbators in mangrove forests
around the world (Cannicci et al., 2008; Kristensen
et al.,, 2008; Lee, 1998, 2008). In mangrove sedi-
ment, Stieglitz et al. (2000) estimated crustacean
burrows alone to increase the sediment surface area
by a factor of seven. Although the general function of
burrows is similar, acting as refuges from predators
(Wilson, 1989), breeding sites (Mautz et al., 2011) and
facilitating thermoregulation during low tide and shel-
ter during high tides (Crane, 1975), burrow construc-
tion and maintenance by different crabs are diverse.
Ocypodid crabs, a pantropical group, display little
inter-specific variation in burrow construction; burrows
can be cylindrical, L- or J-shaped, and penetrate up to
40cm deep (Kristensen, 2008; Nielsen et al., 2003).
Instead, those belonging to large members of the
families Sesarmidae, Geocarcinidae and Ucididae
are more complex and reach depths of 2m or more
(Berti et al., 2008). For instance, ocypodid crabs ac-
tively plug their burrows to trap oxygenated air inside
for air-breathing at high tide (Fusi et al., 2015), while
other mangrove crabs either remain in their flooded
burrows or shelter on mangrove roots or mangrove lit-
ter (Cannicci et al., 2008; Lee, 2008). Population densi-
ties of different crabs differ in mangroves, and ocypodid
crabs are usually much more abundant than sesar-
mid crabs (10-500 and 0.2-10m™2, respectively, e.g.
Andreetta et al.,, 2014). However, as sesarmid crabs
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FIGURE 1 The halo effect. Bioturbators, by reworking sediments, allow penetration of oxygen-rich air and water in waterlogged anoxic
soil. The change in redox and chemical conditions drives a change in microbiome assemblage and nutrient cycling, creating a halo effect
that amplifies the impact of the bioturbation. (a) The high density of burrowers (up to 80/100 per m?; see Video S1) determines a high
density of burrows, with a profound impact on sediment ecology. At such a density, almost 90% of mangrove sediment is reconditioned

by the bioturbators (bar=10cm). (B) Bioturbators (Neosarmatium africanum is shown) often graze leaves or other organic material and
store this in their burrows, where degradation occurs and organic matter in the burrow shaft is enriched, with consequences on oxygen,
redox and geochemical changes that drive specific microbial assemblages (bar=5cm). (C) Section of burrow shaft of Paraleptuca
chlorophthalmus (indicated by the yellow arrow) delimited by the yellow dashed line. Along the burrow shaft, there is a large presence of
mangrove root that further bioturbates the sediment (bar=2cm). (D) The ‘halo effect’: the effect that bioturbation creates around the burrow
in the deep anoxic sediment and the burrow opening on the surface. The grazed light sediment and the dark un-grazed sediment full of
cyanobacteria are shown. In the shaft, the sediment colour becomes darker (more anoxic) away from the burrow. The burrow shaft, instead,

is light brown that shows the presence of oxidized sediment.

act to increase the sediment and water/air interface by
150%—-380% compared to only 1% by ocypodid crabs,
due to their larger size and deeper burrow systems, the
overall effect of the two groups is thought to be similar
(Kristensen, 2008). Another large burrowing sesarmid
crab, Parasesarma bidens, was recently found to in-
crease the air-sediment surface below ground through
its burrowing activity by ~190% in Hong Kong man-
groves (Agusto et al., 2021).

Bivalves are another important group that dwells in
mangrove sediment; the lucinid family, in particular, has
closely evolved with mangroves over the last 400 mil-
lion years (Stanley, 2014). Although this group does not
create a true 3D burrow structure in the sediment, they
bury themselves at a depth of up to around 20cm and,
through a symbiotic association with sulphur-oxidizing
bacteria in the gills (van der Heide et al., 2012), they
can survive in anoxic and sulphur-rich environments.
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Animals rework sediment when they construct and
maintain their burrows, which causes the mixing of sed-
iment from the surface and deep layers (Booth, Fusi,
Marasco, Mbobo, et al., 2019). The animal movement
also reworks sediment. Molluscs are a well-represented
group in mangroves (Kathiresan & Bingham, 2001),
and the gastropod Terebralia palustris (mud whelk,
family Potamidae) has been extensively studied be-
cause it is a widespread and abundant species on the
Indo-Pacific coastline. This snail is large with a shell
diameter of up to 15cm and displaces sediment as it
travels, leaving a trail approximately 5mm deep (Carlen
& Olafsson, 2002; Penha-Lopes et al., 2010). Another
abundant gastropod, Cerethidea decollata, migrates
daily up and down mangrove trees to graze on sedi-
ment and then avoid being submerged by the tide, re-
working the sediment surface as they move (Vannini
et al., 2008).

Grazing and herbivory

Mangrove macrofaunal groups have a diverse diet
and can be detritivores, herbivores, predators or om-
nivores (Sousa & Dangremond, 2011), with different
consequential effects on the sediment environment.
Most macrofauna feed on mangrove litter (Lee, 1998)
colonized by a complex and diverse microbial commu-
nity (Behera et al., 2019). This feeding behaviour re-
duces organic carbon on the surface and deeper layers
into which this carbon would leach (Joly et al., 2020).
Feeding on microalgae and bacteria in surface sedi-
ment has a strong impact on the structure of the sur-
face microbial community; in addition to affecting the
abundance of certain groups, the complex interactions
of bacteria, archaea and fungi are also affected (Booth,
Fusi, Marasco, Michoud, et al., 2019). Ocypodid crabs
are detritivores that feed on surface sediment (Icely &
Jones, 1978), extracting bacteria, microalgae and mei-
ofauna from the top sediment layer and depositing pel-
lets, thus inducing biochemical changes and oxidation
in the upper 2cm of sediment (Botto & Iribarne, 2000;
Kristensen & Alongi, 2006). Like gastropods, their
bioturbation activities involve sediment grazing, litter
degradation and displacement of sediment as they
move across the mangrove floor. Sesarmid and grap-
sid crabs are predominantly leaf and litter consumers,
although they supplement their diets with nitrogen-
enriched components, such as mud and bacteria
(Kristensen, 2008; Skov & Hartnoll, 2002). These crabs
often store mangrove leaves and propagules in their
burrows (Andreetta et al., 2014; Smith et al., 1991). In
fact, via consumption or burial, sesarmid crabs are es-
timated to remove up to 79% of annual leaf-litter fall
(Robertson & Daniel, 1989), trapping organic carbon in-
side their burrows (Kristensen, 2008; Lee, 2008). They
increase the surface area for degradation by shredding

litter, and microbial communities proliferate on stored
litter in burrows, contributing to the heterogeneous mi-
crobial landscape in the deep mangrove sediment (Fusi
et al.,, 2022).

THE EFFECTS OF ANIMAL
BIOTURBATION ON MICROBIAL
ACTIVITY, ABUNDANCE, RICHNESS
AND DIVERSITY

Bioturbation is a strong force in structuring microbial
community characteristics. Early investigations of sedi-
ment around macrofauna burrows in intertidal zones
have revealed changes in composition and activity
(active bacterial biomass, measured as ATP or phos-
pholipid fatty acids) of microbial communities (Bird
et al.,, 2000; Hansen et al.,, 1996; Reichardt, 1988).
Sediment filter-feeding macrofauna that shows a high
burrow fidelity (such as ocypodid crabs) tend to de-
plete microbial abundance and activity around burrows
by selectively feeding on bacteria. Fiddler crabs have
been widely reported to reduce bacterial abundance,
richness and activity in surface sediment around their
burrows, varying significantly on a small spatial scale
(i.e. millimetres, Booth et al., 2019). In a mesocosm
study conducted in Mexico on the fiddler crab Minuca
thayeri, Cuellar-Gempeler and Munguia (2013) found
increased surface sediment bacterial richness and
abundance in the absence of crabs. The reduction of
microbial activity, abundance, richness and diversity on
surface sediment is largely due to grazing on the bac-
terial biomass thriving on the surface of the sediments,
mainly composed of cyanobacteria. Other macrofau-
nal species, such as gastropods, may also graze on
prokaryote biomass on the sediment surface and they
contribute to prevent the build-up of thick cyanobacterial
mats due to frequent bioturbation of the surface (Carlen
& Olafsson, 2002; Levinton et al., 1984). In Guianese
mangroves, Aschenbroich et al. (2016) estimated sedi-
mentary dynamics to be modified by crab reworking on
a scale of 11.7+9.7g of dw m™2day™" in pioneer and
6.8+3.0g of dw m2day ™" in young mangroves.
Bertics and Ziebis (2009) used geochemical analy-
ses and whole-microbial assemblage fingerprinting to
determine the effect of the bioturbation activity of the
ghost shrimp Neotrypaea californiensis and fiddler
crab Leptuca crenulata, with different burrow char-
acteristics, on microbial diversity along geochemical
gradients in coastal lagoon sediment microniches.
The authors found microbial communities in the sedi-
ment surface to be similar to those in burrow wall sed-
iment when geochemical parameters were similar,
identifying the availability of oxidants as a key deter-
mining factor in microbial presence, abundance and
community structure. Animals themselves are also
colonized by sediment microorganisms, for example
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the guts and carapaces of crabs are colonized by
sediment microorganisms from both the burrow and
the surface, and the burrow sediment was found to be
the main colonist pool for the carapace, but bacteria
can move between colonist pools (Cuellar-Gempeler
& Leibold, 2018).

ANIMAL BIOTURBATION MODIFIES
OXYGEN AND REDOX IN THE
MICROBIAL NICHE ENVIRONMENT:
THE HALO EFFECT

Oxygen is the most energetically favourable elec-
tron acceptor in the oxidation of carbon and is con-
sumed quickly in mangrove sediments (Gundersen
& Jorgensen, 1990). Early studies demonstrated that
redox potential is higher at burrow walls than sur-
rounding sediment due to the oxidizing effect of bur-
rowing (e.g. Ocypodid burrows, Howes et al., 1981;
Katz, 1980). Therefore, oxygen presence strongly af-
fects microbial communities, segregating aerobes and
anaerobes (Bertics & Ziebis, 2009). The penetration
of oxygen into sediment is affected by organic carbon
content, with sediments less enriched in organic carbon
displaying reduced oxygen consumption and greater
penetration depths of oxygen (Cai & Sayles, 1996). In
a saltmarsh, Dollhopf et al. (2005) examined the mi-
crobial communities in fiddler crab burrow walls using
quantitative 16S rRNA gene-based profiling, targeting
specific sulphate-reducing and iron-reducing anaero-
bic bacteria; they found those microorganisms to be
active within 1cm of the burrow wall, highlighting the
short penetration distance of oxygen. In another study
of salt marshes, Michaels and Zieman (2013) found ox-
ygen present until depths of only 1cm and oxic zones
to extend 0.5mm through fiddler crab burrow walls
(though this is expected to be greater in well-drained
sediment). Kristensen et al. (2000) also showed that
oxygen penetration depths in mangrove sediment
positively correlate with the bioturbation level, with
oxygen penetrating further in sediment heavily biotur-
bated by crabs. In a study in a Japanese mangrove,
Mchenga and Tsuchiya (2008) investigated the burrow-
ing crab Helice formosensis and found their presence
to significantly affect the redox potential of sediment in
the burrow opening shaft due to the increase in sedi-
ment oxygenation. Around Ucides cordatus burrows
in Brazil, Pilmanns et al. (2014) found sediment redox
potential to be higher around burrows, noting that this
likely increases aerobic decomposition processes.
Booth et al. (2019) also found mangrove sediment oxy-
gen content to drop to zero within the first 5mm of un-
bioturbated sediment and an mm scale penetration of
oxygen through fiddler crab burrow walls in bioturbated
areas despite the behaviour of fiddler crabs to plug
their burrows, trapping oxygenated air, during high tide.

Although sediment was anoxic around burrows, pulses
of oxygen were recorded that were likely due to infau-
nal burrowing, and this may contribute to an increase
in the level of redox potential as far as 5cm from the
burrow wall to depths of 5¢cm compared to the unbiotur-
bated sediment. This redox potential shift is significant
because it determines the microbial-driven biogeo-
chemical processes in bioturbated sediment. In a study
of sesarmid crab burrows, a large and predominantly
herbivorous group, Booth et al. (2019) showed that bur-
row walls were enriched in anaerobic taxa. While the
increased microbial activity found at the burrow walls
of fiddler crabs is likely due to increased oxygen, in
litter-trapping crab burrows it may be also due to the
enhanced organic matter in burrows and taxa involved
in organic matter decomposition.

The overall effect of sediment engineering by bio-
turbators has been defined as a ‘halo effect’ (Booth
et al., 2019). The burrow ‘halo effect’ can be extensive
in a mangrove forest and it has been estimated to af-
fect up to the 85% of the mangrove sediments, with im-
portant consequences on sediment biogeochemistry,
the hospitability for the mangrove plants and positively
increase their growth and biomass accumulation (Fusi
et al., 2022).

ANIMAL BIOTURBATION
DRIVES MANGROVE SEDIMENT
MICROBIOME NUTRIENT CYCLING

Initial studies of mangrove sediment microorgan-
isms were limited to estimates of broad taxonomic
group abundance, but advances in molecular meth-
ods have rapidly improved our understanding of the
mangrove sediment microbiome, highlighting their
functional diversity and importance in nutrient cy-
cling. Heterotrophic prokaryotes dominate mangrove
sediments (Alongi, 2005) and sulphate-reducing,
methanogenic, nitrogen-fixing, denitrifying and iron-
and manganese-reducing prokaryotes are ubiqui-
tous. Sediment redox status can range from more
than 300mV at the surface to —200mV at 1 m depth
(Alongi, 2005), providing a wide range of redox con-
ditions able to harbour different microbial functional
groups (Falkowski et al., 2008; Faulwetter et al., 2009;
Finlay et al., 1997). Bacteria show great metabolic
plasticity, switching terminal electron acceptors in re-
sponse to the availability of their preferred substrates
and environmental conditions; for example, several
nitrates- and sulphate-reducing bacteria can switch to
Fe(lll) reduction (Konhauser, 2007). Redox reactions
in burrow-surrounding sediment can be extremely
complex, with one reaction creating a cascade effect
on the succession of respiration pathways and micro-
niches, which likely facilitates the overlap of different
respiration pathways (Konhauser, 2007).
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BIOTURBATION FOR MANGROVE SUSTAINABILITY

Carbon

Mangrove forests globally boast organic carbon accumu-
lation levels of approximately 26.1 Tgyear ' (Breithaupt
et al., 2012). Organic matter deposited on the mangrove
floor is colonized by sediment fungi and bacteria capa-
ble of degrading lignocellulose (Boto et al., 1989; Holguin
et al., 2001). While mangroves are large exporters of
coastal carbon, accounting for an estimated 10% of dis-
solved organic carbon transported to oceans (Dittmar
et al., 2006), studies suggest that the sediment microbi-
ome consumes most of the carbon dissolved in interstitial
water in mangrove sediment (Holguin et al., 2001), sup-
porting high retention of this element within the system.

Many studies have investigated the role of microor-
ganisms in the degradation of above-ground organic
matter in mangroves (Alongi, 1998, 2012); however, their
role in sediment is less well known (Holguin et al., 2001).
Bioturbation has a spatially modifying effect on organic
matter accumulation and degradation. As mentioned,
many crab species actively remove litter from the man-
grove surface to store in their burrows. Two of the larg-
est species, Neosarmatium africanum in East African
mangrove systems and Ucides cordatus in Brazil, can
remove up to almost 80% of mangrove ground litter,
respectively (Nordhaus et al., 2006). Fungi proliferate
on this litter, increasing the palatability for the crabs
and, correspondingly, studies have found burrow walls
of these large herbivores to be enriched in POC and a
higher abundance of bacteria, archaea and fungi (Booth
et al., 2019). This enrichment of organic matter in bur-
row sediment extends no further than 1cm horizontally
(Gillis et al., 2019). In a study of N.africanum burrows,
Booth et al. (2019) found saprotrophic fungi to be the
key components of microbial networks throughout bur-
row sediment, likely enriched in sediment from leaf litter
in the burrow. Interestingly, the experimental design of
Gillis et al. (2019) included the study of artificial burrows
and the authors found that organic matter breakdown in
the sediment was unrelated to the presence of crabs or
leaves in burrows, indicating it is the burrow structure it-
self and increased oxygen penetration which is important
for promoting organic matter breakdown and altering mi-
crobial community function. Functional changes in man-
grove sediment microbial community structure have also
been shown to be related to the aerobic degradation of
complex carbohydrates (Palit et al., 2022).

Nitrogen

Mangrove sediments are a sink for nitrogen derived
from nitrogen fixation, litterfall and tidal input (Ray
et al., 2014) and microorganisms mediate its bioavail-
ability through several processes, such as nitrification
and denitrification (Holguin et al., 2001). High nitrogen
fixation rates have been associated with all components

of mangrove ecosystems, including pneumatophores,
decomposing litter and cyanobacterial mats that cover
the sediment surface and also within the sediment (see
refs in Holguin et al., 2001). Nitrogen-retaining microbial
processes were identified in early studies of mangrove
sediment, for example, the possible role of dissimila-
tory nitrate reduction in ammonium (Tiedje, 1988) and
anaerobic oxidation of ammonium (Jetten et al., 2005).

Bioturbated surface sediment, although typically
depleted in POC, is enriched in PON resulting from
the deposition of nitrogen-rich faecal pellets, and bur-
row walls are also hotspots of organic nitrogen (Booth
et al., 2019). Through their various bioturbation activ-
ities, macrofauna stimulate nitrification—denitrification
processes by extending oxic-anoxic surfaces and
increasing the passage of nutrients (Laverock
et al., 2011). Bioturbation has implications for nutrient
flux rates because the extension of the oxic sediment
surface has an immediate increasing effect on cou-
pled nitrification—denitrification reactions which occur
across the oxic/anoxic boundaries (Aller, 2001), re-
sulting in overall nitrogen loss from sediments (Gilbert
et al., 1995). Dissolved organic nitrogen flux across the
sediment/water interface can be 2.5-3.5 times higher
in bioturbated compared to unbioturbated mangrove
sediment (Kristensen, 2000).

A study of key genes involved in nitrogen cycling
demonstrated that microniches within burrow envi-
ronments indirectly affect fluxes in the nitrogen cycle
by modifying anaerobic respiration pathways within
the sediment, for example by inhibitory effects of in-
creased sulphate reduction on nitrification (Laverock
et al., 2011). The expansion of oxidized zones allows
aerobic taxa to proliferate in abundance and diversity.
In a study of the sesarmine crab Parasesarma bidens in
Hong Kong mangroves, Chen and Gu (2017) found NH,,
and ammonia-oxidizing archaeal diversity, richness
and abundance to be higher in bioturbated sediments.
Burrowing fauna typically enhance sediment nitrifica-
tion and denitrification rates due to the increased avail-
ability of nitrate (Bertics et al., 2010; Howe et al., 2004).
Laverock et al. (2014) highlighted the importance of
macrofaunal bioturbation in affecting the temporal vari-
ation in coastal sediment nitrogen cycling, finding mud
shrimp burrows to provide a unique environment, with
abundances of bacterial genes belonging to different
functional guilds involved in nitrogen cycling to differ
compared to surface sediment. Diazotrophs in bur-
row walls fix nitrogen and release ammonium from the
anoxic sediment into the burrow water to be removed
by tidal flow (Bertics et al., 2010). Mud crab (Helice
crassa) burrow walls are important niches for nitrogen-
cycling bacteria in New Zealand mangroves (Vopel &
Hancock, 2005). In Australian mangroves, bioturbation
by the marine yabby (Trypaea australiensis) stimulates
benthic metabolism and nitrification due to the removal
of anoxic sediment micro-patches (Jordan et al., 2009).
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T. australiensis excavates complex burrows up to 1m
deep and buries organic matter (in this case, Avicennia
marina leaves), and the authors of this study attributed
increased microbial metabolism, nitrification, total ni-
trate reduction and denitrification to the increase in oxic
sediment zones created by burrow walls.

In sesarmid crab burrows in South African man-
groves, Booth et al. (2019) found nitrate availability, a
significant driver of bacterial community composition,
to increase further from the burrow wall and, thus, it
is likely rapidly consumed in the burrow wall sediment
by microorganisms and/or flushed out at high tide.
Nutrient limitation in arid mangroves with minimal ex-
ternal inputs, such as those in the Red Sea, results
in stunted plant growth (Almahasheer et al., 2016).
In these systems, atmospheric nitrogen fixation can
be an important nitrogen input. Crab bioturbation,
measured as crab burrow density, has been found
to negatively impact N, fixation rates, possibly linked
to grazing by crabs on cyanobacteria (Qashqgari
et al., 2020).

Sulphur and iron

Sulphur is abundant in mangrove sediment and the
transformation of sulphur species is a highly active
process (Lyimo et al., 2009). In mangroves with highly
anaerobic sediment, sulphate-reduction is a major
respiration pathway accounting for almost 100% of
sediment CO, emissions (Kristensen et al., 1991). The
high abundance of organic matter and low availabil-
ity of oxygen favour the growth of sulphate-reducing
bacteria that play a significant role in the decomposi-
tion of organic matter through dissimilatory sulphate
reduction (Jergensen, 1982). In Brazilian mangrove
sediment, Betaproteobacteria (sulphur oxidizers),
Gammaproteobacteria  (sulphur  oxidizers) and
Deltaproteobacteria (sulphate reducers) are the most
abundant groups associated with sulphur cycling
(Andreote et al., 2012; Varon-lopez et al., 2013).

In mangroves rich in iron, iron respiration may be
equally if not more important than sulphur respiration
if processes which allow iron oxidation are present,
since Fe** is a more favourable electron acceptor
(Kristensen et al., 2000; Kristensen & Alongi, 2006).
This process generates pyrite (iron sulfide) due to the
reaction of sulfide with detrital iron-bearing miner-
als (Ferreira et al., 2007; Raiswell & Canfield, 1998).
Bioturbation introduces oxygen into sediments, al-
tering reactive sulphur and iron forms and affecting
which electron acceptors are used in carbon oxida-
tion (Kristensen & Kostka, 2005). The mediating effect
of bioturbation on sulphate and iron respiration rates
has been highlighted in various studies (reviewed in
Kristensen & Alongi, 2006). Iron-reducing bacteria
were found to be more abundant in sediment rich in

Fe(lll) and bioturbated by fiddler crabs than in unbiotur-
bated sediment (Dollhopf et al., 2005). By maintaining
suitable redox conditions for Fe** reduction, biotur-
bation reduces the accumulation of toxic sulphide by
suppressing sulphate reduction and reducing sulphide
precipitation as pyrite (Kristensen & Kostka, 2005). The
dominance of iron reduction as a respiration pathway
and the almost complete suppression of sulphate re-
duction due to bioturbation by Uca spp. has also been
observed in intertidal salt marshes, with the converse
pattern observed in adjacent unbioturbated sediment
(Gribsholt et al., 2003).

The unsteady-state redox of mangrove sediment
was highlighted in a recent study of mangrove sediment
cores, which revealed evidence of sudden oxygen input
causing sudden and significant reoxidation of reduced
sulphur (Ding etal., 2014). Nielsen et al. (2003) remarked
on the importance of fiddler crab burrows in effectively
preventing sulfide accumulation in mangrove sediment
due to sulfide reoxidation. Furthermore, in a study of
ocypodid crabs (Ucides cordatus and Uca maracoani)
in mangroves, Araudjo et al. (2011) noted the higher
redox potential and a higher degree of pyrite oxidation
associated with bioturbated sediment compared to
sediment unaffected by bioturbation. In this study, spe-
cies with larger and deeper burrows determined a more
pronounced oxidizing effect on iron sulphides (Araujo
et al., 2011). While ocypodid crabs generally forage in
the upper few millimetres of mangrove sediment, their
effective mixing depth extends much deeper than this.
Kristensen and Alongi (2006) found Gelasimus vocans
to affect the presence of forms of iron and sulphur to
depths of 2cm, observing a higher content of Fe(lll) (i.e.
oxidized forms) and lower content of Fe(ll) and Fe?*,
H,S, FeS, elemental sulphur and FeS, —pyrite (i.e. re-
duced forms), due to presumed oxidation of surface and
subsurface sediments through feeding activities and
burrow construction. Fiddler crabs have been shown to
stimulate the reoxidation of sulphide, reducing accumu-
lation in mangrove sediment. In a study of fiddler crabs,
Booth et al. (2019) found sulphate-reducing bacteria to
be more abundant and diverse away from crab burrows
in accordance with lower redox status. However, bur-
rows do not always have the same effect; in a study
of a large burrowing sesarmid (N. africanum), Booth
et al. (2019) found abundant sulphur-reducing bacteria
in burrow wall sediment. This species excavates in the
range of 80-210cm®m™2 day ™" (Kristensen, 2008), and
this is unidirectional from the deep to the surface, so
highly anoxic sediment from deep below the surface is
spread along the burrow walls.

In reducing intertidal sediments, obligate symbiotic
associations between bacteria and animals are com-
mon (Duperron et al., 2013; Hill et al., 2006; Laurent
et al., 2009). By hosting sulphide-oxidizing bacte-
ria, bivalves can have an important role in cycling
buried organic material and ecosystem productivity
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(Johnson et al., 2002). Chemosymbiotic relationships
between bacteria and bivalves of the families Lucinidae
and Solemyidae have been well studied in highly sul-
fidic anoxic shallow-water marine sediments, provid-
ing examples of most types of association (reviewed
in Roeselers & Newton, 2012). Bivalve symbionts are
typically associated with the gills, either intracellu-
larly within bacteriocytes or extracellularly within the
gill tissue, or epibiotically attaching to the gill surface
(Roeselers & Newton, 2012). However, symbionts are
also involved in processing metabolic waste and nutri-
ent acquisition and chemical defence (Lee et al., 2009),
such as the nitrogen-fixing bacteria Teredinibacter
turnerae living in symbiosis on the gills of the bivalve
Neoteredo reynei (Distel et al., 2002). Lucinid bivalves
have received attention due to their supposed obligate
symbiosis with sulphide-oxidizing bacteria in their gills
(Gros et al., 2003). These bivalves inhabit the bound-
aries of oxic/suboxic sediment of mangrove fringes
(Lebata, 2001); bioturbating the sediment and tunnelling
with the foot provides access to interstitial water which
passes into the mantel cavity (Dando et al., 1986).

Methane

Methane respiration is a major respiration pathway in
mangrove sediment (Mohanraju & Natarajan, 1992),
and its magnitude is related to freshwater input, sea level
and organic input (Call et al., 2015; Sea et al., 2019).
More recently, the importance of archaea in carbon
transformation, using methanol as a substrate, by the
process of methanogenesis has been observed (Lyimo
et al., 2009; Taketani et al., 2010), and the discovery of
highly diverse methanogenic archaea in mangroves in
Saudi Arabia, Brazil and India suggest that methane
metabolism is globally important (Imchen et al., 2017).
Cyanobacterial mats also significantly contribute to
methane production in mangroves (Bizi¢ et al., 2020).
The formation of methane by cyanobacteria contributes
to methane accumulation in oxygen-saturated marine
and limnic surface waters. In these environments, fre-
quent cyanobacterial blooms are predicted to increase
further because of global warming potentially hav-
ing direct positive feedback on climate change (Bizi¢
et al., 2020).

MANGROVE PLANT BIOTURBATION
AND ITS EFFECT ON THE
SEDIMENT MICROBIOME

As shown in several studies, plants have developed
a tight partnership with the edaphic microbial com-
munities, mainly bacteria, fungi and archaea, that to-
gether form the plant microbiome (Marasco, Ramond,
et al, 2023). These associated microorganisms

accomplish essential functions and ecological services
complementary to those encoded by the host plant, hav-
ing a crucial role in sustaining plant fithness and growth
(Bulgarelli et al., 2013; Trivedi et al., 2020). Some of
these microorganisms have been part of a co-evolutive
process with the plant hosts, developing strong asso-
ciations that vary from mutualism to commensalism
and parasitism (Berg et al., 2014; Sanchez-Cafizares
et al., 2017). Mangroves are not an exception and—Ilike
all plants—they cannot be understood as isolated enti-
ties but as an association between the host plant and
its associated microbiome (Allard et al., 2020; Soldan
et al., 2019). The microbial recruitment process medi-
ated by the mangrove root system starts in the sediment
(Alzubaidy et al., 2016; Andreote et al., 2012). Mangrove
plants are also important ecosystem engineers and
root growth deeply modifies sediment physical charac-
teristics, biochemistry, and microbial communities (Pii
et al., 2015; Zhalnina et al., 2018; Zhao et al., 2019).
Plants, as primary producers, develop the roots in the
soil to obtain water and nutrients. This belowground
portion of the plant represents between 20% and 85%
of a plant's biomass (Jackson et al., 1996). During the
growth of the root system, the plant roots passively
penetrate through multiple layers of soil/sediment/sub-
strate (i.e. pushing aside the soil rather than excavat-
ing it) with increasing pressure. Bioturbation by roots
has a profound impact on the soil by disturbing and/or
mixing events mainly driven by root growth and decay.
There is evidence that roots can penetrate deep into
the soil and initiate intrusion in rock/mineral substrates
through mineral weathering and dissolution (Stothoff
et al., 1999). The entire bioturbation process results in
a network of channels/macropores that promote water
infiltration, soil transport and gas exchange and stimu-
lates microbiological activity (Sarker et al., 2021). For
instance, in mangrove ecosystems, plant roots perturb
the sediment and the associated microbial communi-
ties by permeating the substrate with oxygen and a
vast array of compounds during growth and root exuda-
tion, respectively (Bashan & Holguin, 2002; Kuzyakov
& Domanski, 2000; Preece & Pefiuelas, 2020). In this
way, the sediment, which tends to be anoxic, is oxidized
and enriched in nutrients, such as sugars, amino acids,
organic acids, vitamins and sterols, forming the so-
called rhizosphere (Hartmann et al., 2009; Kristensen
et al., 2012). This portion of the soil, in contact with the
root and consistently enriched in nutrients, is a ‘hot
spot’ for microorganisms (in terms of abundance), their
activity and interactions (Preece & Pefuelas, 2020;
Trivedi et al., 2020). Regardless of their beneficial
or pathogenic nature, edaphic microorganisms liv-
ing in the sediment are highly prone to colonize such
nutrient-rich regions (Bulgarelli et al., 2013). However,
not all sediment microorganisms are able to form part
of the plant-associated microbiome, because a series
of plant-mediated processes drive the selection and
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L

recruitment of a limited pool of such microorganisms
(Van Der Heijden & Schlaeppi, 2015).

Studies conducted on mangroves have shown that
microorganisms can reach up to 1ogcellsg'1 (range,
106—109) in the rhizosphere compared with the lower
microbial cell abundance in the bulk soil (range,
10°-107) (Zuberer & Silver, 1978). Along with cell
abundance, mangrove roots also influence bacterial
composition in the rhizosphere (Gomes et al., 2010).
For example, a study conducted on Rhizophora
mangle in Brazil revealed that bacteria belonging to
Rhizobiales, Campylobacterales (mainly Sulfurovum),
Methylococcales (mainly aerobic methanotrophs of
Methylomonas genus) and Vibrionales (mainly Vibrio
and diazotrophic Listonella) tend to be more abundant
in the rhizosphere than in the bulk sediment (Gomes
et al., 2010). Diazotrophic bacteria capable of fixing
atmospheric nitrogen into an assimilable form (i.e.
ammonia) contribute to plant productivity by providing
organic nitrogen (Flores-Mireles et al., 2007). Also,
photosynthetic anoxygenic (mainly belonging to class
Alphaproteobacteria) and methanotrophic bacteria
can meliorate mangrove productivity through carbon
fixation and reduction of methane emissions, respec-
tively (Bashan & Holguin, 2002; Shiau et al., 2018).
Considering the fungal components of the mangrove
microbiome, Aspergillus and Schizosaccharomyces
are the most dominant fungal genera in the rhizosphere
(Simoes et al., 2015). Members of these groups are
important for mangrove ecosystems due to their ca-
pacity to induce Indole-3-acetic acid (IAA) synthesis,
thus leading to the regulation of plant growth and de-
velopment (Arfi et al., 2012; Simoes et al., 2015). The
information present in the literature clearly shows how
the microbial diversity and composition of the plant
microbiome influence plant growth and health (Trivedi
et al., 2020).

A further impact of plant roots is through oxygen dif-
fusion occurring within roots, which is termed radial ox-
ygen loss (Armstrong & Beckett, 1987; Xu et al., 2013).
The result is an aerobic microenvironment around
which there can be particular consequences for the for-
mation of NO," in the rhizosphere, as the microenviron-
ment promotes the growth of aerobic organisms such
as bacteria and archaea that oxidize ammonia (Cheng
et al., 2020; Li et al., 2008). This may have a signifi-
cant impact particularly anoxic waterlogged mangrove

sediment. Cheng et al. (2020) highlighted that their
finding of greater N acquisition by seaward pioneer
Avicennia marina trees compared to other more land-
ward mangrove species being strongly linked to radial
oxygen loss (ROL), and the associated regulation on
N transformation in the rhizosphere, may contribute to
our understanding of mangrove zonation.

BIOTURBATION AND THE
SEDIMENT MICROBIOME: A
MISSING LINK IN THE PLANT
PRODUCTIVITY PARADOX

Mangrove productivity rivals that of tropical rainfor-
ests (Donato et al., 2011). Yet, these ecosystems are
characterized by stresses such as sediment nutrient
deficiency, salinity, high levels of toxic compounds
and anoxic conditions. Mangrove plants are perfectly
adapted, both physically and physiologically, to cope
with these stresses (Cheng et al., 2015). However,
positive interactions between plants and animals may
also be of particular importance in harsh environments,
whereby one or both groups may buffer environmental
stresses, directly or indirectly, for the other (Bertness &
Callaway, 1993; Fusi et al., 2022). In mangroves, there is
evidence that suggests burrowing by macrofauna may
be an important factor affecting plant growth and sus-
taining mangrove productivity (Figure 2). The ecologi-
cal effects of ocypodid crabs on mangrove plants were
described by Smith et al. (2009), who investigated the
effect of burrowing on white mangrove (Laguncularia
racemosa) growth and productivity in a restored Florida
coastal area. The authors found that crab burrowing
had a positive impact on the growth of trees (height
and diameter) and leaf production compared to areas
with crab exclusion zones, with a positive relationship
between growth and productivity and burrow density.
The same study also found that sediment with crab ex-
clusion had reduced redox potential and higher intersti-
tial water salinity and that young mangrove growth was
higher in areas with reduced salinity. Salinity is an im-
portant stress factor for mangrove growth, and increas-
ing water flow through sediment burrowing can reduce
interstitial water salinity (Montague, 1982). An earlier
crab exclusion experiment by Smith et al. (1991) in
Australian mangroves also measured increased forest

FIGURE 2 Mangrove microbiome landscape. Bioturbation by animals and plants contributes to diversify and enrich the microbial
community in mangrove sediment. Burrowing and grazing species alter the physico-chemical properties of the sediment in different ways by
allowing oxygen to penetrate water-logged anoxic soil or by storing organic material along the burrow wall. Plant roots modify the condition
of the sediment by oxidizing the surrounding sediment and changing the environmental conditions, allowing beneficial microorganisms to
colonize the rhizosphere and the root, providing essential nutritional and protection support to the plant facing the stressful conditions of the
intertidal habitat. Sediment engineering by burrowers increases the redox potential of the sediments by determining a ‘burrow halo effect’
(Booth et al., 2019) that ameliorates sediment conditions for plant growth. As a result, the plant can increase its biomass and productivity
(Fusi et al., 2022). This indicates that manipulation of bioturbation may represent a Nature-Based Solution to sustain mangrove forests

under the challenging conditions of climate change.
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productivity (stipule fall) in control plots with mangrove positive impact of fiddler crabs (Gelasimus vocans)
crabs compared to exclusion plots. In a mesocosm ex- on the growth of Avicennia marina seedlings, in terms
periment, Kristensen and Alongi (2006) recorded the of leaf and pneumatophore growth. While mesocosm
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experiments have their merits and provide an ideal situ-
ation for experimental manipulation and testing broad-
scale mechanisms, studies of sediment biochemistry
and the sediment microbiome (essential components
to understand and incorporate in any study of plant
productivity) require minimal to no disturbance to
sediment structure. This can only be achieved under
natural conditions. Fusi et al. (2022) provided experi-
mental evidence that in a natural arid mangrove set-
ting bioturbation improves the performance of mature
mangrove plants, specifically in terms of tree height,
branch diameter and the number of pneumatophores.
The mechanism of this positive interaction suggests
that bioturbation boosts plant growth by reducing plant
stressors, such as salinity, and cycling important nutri-
ents. Hydrogen sulphide is known to inhibit plant growth
and nitrogen uptake by plants (Bradley & Morris, 1990).
Mangrove plants possess their own mechanisms to
cope with this stress, oxidizing the compound within
their rhizospheres (Smith et al., 2009), but macrofauna
burrows in proximity to roots can also facilitate the oxi-
dation of hydrogen sulfide by increasing oxygen availa-
bility in sediment. Zhao et al. (2014) reported increased
hydrogen sulphide emission in salt marshes with crab
burrows, thus reducing sediment hydrogen sulphide
levels and promoting its oxidation.

Furthermore, bioturbation may engineer an altered
sediment microbiome, mainly through the increased
availability of oxygen and consequent effects on bio-
chemistry, beneficial for plant growth (Fusi et al., 2022).
The role of arbuscular mycorrhizal fungi in providing
nutrition to plants (Bertness, 1985) is a well-known
symbiotic association that has evolved over the last
400 million years in terrestrial ecosystems (recently re-
viewed in Puginier et al., 2022). As fungi are obligate
aerobes, this relationship has largely been ignored
in waterlogged anoxic sediment where spores are
thought to be unable to develop (Carvalho et al., 2004).
However, recent findings show that plant growth in
‘anoxic’ wetlands is known to be ameliorated by crab
(Chasmagnathus granulatus) burrowing which allows
mycorrhizal fungi to colonize plant roots in salt marshes
(Daleo et al., 2007). In this example, crabs regulate abi-
otic factors, increasing oxygen availability and redox
potential of sediment, facilitating arbuscular mycorrhi-
zal growth (Daleo et al., 2007). The plugging behaviour
of fiddler crabs maintains aerobic conditions within the
burrow even during high tide (Fusi et al., 2015), which
could also facilitate the development of mychorrizae.
Furthermore, Booth et al. (2019) recently highlighted
the pivotal role of fungi in sediment microbial networks
in mangrove sediment both around macrofaunal bur-
rows and in unbioturbated sediment.

Mangrove environments can be particularly interest-
ing sites for investigations of fungi taxonomy (Bahram
& Netherway, 2022) because they are bridges between
the land and the sea and many colonization events

have occurred in the evolution of fungi from both
marine-to-terrestrial and terrestrial-to-marine environ-
ments. Mangrove fungi are the second largest compo-
nent of the marine fungal world, and yet they are still
poorly studied (as highlighted by Thatoi et al., 2013).
Fungi in mangrove ecosystems comprise marine and
terrestrial groups, referred to as manglicolous fungi,
and are highly biodiverse, encompassing saprophytic,
parasitic and symbiotic forms (Shearer et al., 2007).
Most mangrove fungi are saprophytic with an import-
ant intermediary role in nutrient cycling, being capable
of breaking down organic matter prior to colonization
and further decomposition by other microorganisms
(Holguin et al., 2001). Similar to other microorganisms,
fungal diversity is dependent on physico-chemical
characteristics of the environment, such as salinity,
tidal range and temperature (Jones, 2000).

Mangrove leaves are highly resistant to degrada-
tion by most microorganisms due to the high content
of lignocellulose, tannins and other recalcitrant com-
pounds (Robertson, 1988). Hyde et al. (1998) identi-
fied a number of phylogenetically diverse marine fungi
capable of degrading lignocellulose. Fungi can tolerate
low oxygen conditions, and thus mangroves are likely
one of the dominant degraders of lignocellulose and
other plant material. Although several systematic stud-
ies exist, the role of fungi in sediment, except for the
primary degradation of organic matter, is largely un-
known. As mentioned, arbuscular mycorrhizal fungi are
prevalent in mangroves (Sengupta & Chaudhuri, 2002;
Wang et al., 2010). In fact, Wang et al. (2011) reported
arbuscular mycorrhizal fungal diversity associated with
mangrove roots to be equal to that associated with ter-
restrial plant roots, although areas affected by inten-
sive flooding were associated with reduced diversity
and root colonization, likely inhibited by lack of oxygen
outside the rhizosphere. In a study of sesarmid crabs
in a South African mangrove, Booth et al. (2019) found
saprotrophic fungi to be a pivotal component of micro-
bial community networks when exploring interactions
between bacteria, archaea and fungi in burrow sedi-
ment and unbioturbated sediment. Fungi were the
major structuring component and keystone species of
microbial networks in all sediment niches examined.
The authors underlined the suggested importance of
the fungal microbiome in mangrove sediment, and that
studies of microbial networks should be a focus moving
forwards. In an intertidal marsh system in China, Wu
et al. (2021) found soil microbial community composi-
tion to be altered by crab bioturbation; for fungi, bio-
turbation was found to reduce the modularity of fungal
networks and fungal diversity was reduced in biotur-
bated sediment (the latter being consistent with Booth
et al., 2019, and possibly because crabs mechanically
break up hyphal networks).

Undoubtedly, bioturbating fauna increase habitat
heterogeneity through their various activities including
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burrowing, sediment mixing and trapping organic mat-
ter. This heterogeneity in the sediment environment
promotes functional redundancy in microbial commu-
nities, which can increase the ecological resilience
of the entire ecosystem. Studies of sediment and soil
microbial communities are increasingly addressing all
microbial components as a synergistic unit capable of
sustaining the persistence and resistance of mangrove
ecosystems to global change (Palit et al., 2022).

THE MANGROVE MICROBIOME
AS NATURAL CAPITAL TO BE
LEVERAGED BY MANIPULATIVE
SEDIMENT BIOTURBATION

Mangrove forests are under a series of threats affecting
their health and ecosystem functioning. This review has
highlighted the importance of the sediment microbiome
in the functioning of the mangrove ecosystem, and
thus studies of the processes affecting the sediment
microbiome and nutrient cycling are critical in assess-
ing their functioning and resilience to threats. Since we
know that many organisms responsible for bioturba-
tion are sensitive to environmental changes (Sunday
et al., 2019), such as temperature and pH, the effect
of ongoing ocean warming on bioturbating organisms
will undoubtedly have consequential effects on nutri-
ent cycling by sediment microorganisms. Mangroves
are no exception. As highlighted by Booth et al. (2019),
sesarmid crabs may be extremely important mediators
of the sediment microbiome due to their role in trapping
organic matter. Furthermore, bioturbation by the crab
Ucides cordatus in semiarid Brazilian mangroves has
been found to reduce nitrous oxide (N,O) emissions
from sediment, identifying an important ecological
service reducing emissions of greenhouse gas (Otero
et al.,, 2020). A warming climate affecting the geo-
graphic distribution of mangrove macrofauna will likely
have important consequential effects on the sediment
microbiome and thus on the overall functioning of man-
grove ecosystems.

Putting the mangrove sediment microbiome into
action to enhance the resilience of the system to
stress is becoming a concrete possibility in light of
improved understanding. The current literature re-
view has revealed that bioturbation favours the ox-
ygen balance in the first tens of centimetres of the
sediment (Figures 1 and 2). Such changes in the
redox conditions of sediment favour the nutrient turn-
over and detoxification of the mangrove ecosystem
from natural toxic compounds like sulphides and
wood-derived polyphenols. This, in turn, enhances
plant growth and wood accumulation with a poten-
tial benefit for carbon storage. Hence, the mangrove
sediment microbiomes can be seen as a natural
capital to reinforce the mangrove forests' resilience,

which in many countries represents an important and
growing economic asset. Different studies propose
components of the mangrove sediment microbiome
as probiotic tools for favouring mangrove growth and
resilience. For instance, Soldan and colleagues have
identified a bacterial mangrove endophyte isolated
from A. marina propagules from the Red Sea as ca-
pable of enhancing root development from the early
plantlets from propagules, concluding that such root
growth promotion may favour the establishment of
new mangrove plants challenging the dispersal effect
that currents and tides may have (Soldan et al., 2019).
If the current evidence is confirmed by further quanti-
tative studies, manipulating bioturbation may become
a concrete nature-based solution that can be lever-
aged to alleviate the increasing stresses that man-
grove forests are exposed to and improve their role
as efficient carbon sinks.

New technologies for studying the culturable and
the whole microbiome of mangrove sediment and
the other compartments of the ecosystem suggest
that many microorganisms are yet to be discovered
and may represent potentially invaluable resources
for the sustainability of tropical coastal ecosystems
(Allard et al., 2020; Demain & Vaishnav, 2011; Sefrji
et al., 2022). For example, three novel bacteria have
been isolated from bioturbated sediments from arid
mangroves of the central Red Sea: Kaustia man-
grove (Sefrji et al., 2021), Mangrovibacillus cuniculi
(Sefrji et al., 2022) and Mangrovivirga cuniculi (Sefrji
et al.,, 2022). The importance of these findings is
highlighted by the biotechnology potential of these
strains, which carry genes for salt resistance and nu-
trient recycling, for sulphur and nitrogen reuse, which
make them interesting in assisting mangrove plants in
thriving under stressful conditions (Fusi et al., 2022).
Other studies that describe the isolation of import-
ant enzymes for biotechnology have confirmed this
untapped microbial potential. For example, epoxide
hydrolases and haloalkane dehalogenases have
been found in microbial communities of mangroves
contaminated with crude oil (Jiménez et al., 2015),
showing the extreme plasticity of the microbial com-
munity in response to an environmental emergency.
Similarly, a recent paper describes a new bacterial
species isolated in contaminated areas of mangroves
along the Red Sea, which carries genes for hydro-
carbon degradation (Marasco, Michoud, et al., 2023).
Also, the mangrove fungal community have high
biotechnological potential. Antifungal, antibacterial,
cytotoxic and anticancer compounds, along with ace-
tylcholine esterase inhibitors, antioxidants, insecti-
cidal molecules and enzyme inhibitors, have all been
described in fungi isolated from mangrove sediments
(Thatoi et al., 2013). This reveals mangrove sediment
as a potentially valuable resource, especially when
impacted by bioturbators, to find molecules to tackle
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human challenges and contribute to enrich knowl-
edge on the natural capital of mangroves (Cziesielski
et al., 2021).

Bioturbation-controlled microbial functionality can
therefore also be considered in multidisciplinary
management approaches targeting the Sustainable
Development Goals (SDGs) foreseen by the Agenda
2021 of the United Nations to tackle the most import-
ant challenges of our time. By sustaining mangrove
microbiomes and, consequently, ecosystem func-
tionality, at least five SDGs are included. Functional
mangroves can help to fight poverty (SDG 1), pro-
vide food (SDG 2) (zu Ermgassen et al., 2020) and
provide clean water (SDG 6) due to the microbial
capacity to filter pollutants and contaminants (lturbe-
Espinoza et al., 2022). Microbial exploration in man-
groves can have a deep impact on biotechnological
innovation (SDG 9), for example the potential for
heavy metals cleanup (Mufioz-Garcia et al., 2022).
By promoting plant growth and productivity, microbial
communities shaped by bioturbation can have a fun-
damental role in climate action (SDG 13) by promot-
ing the accumulation of blue carbon in the sediment
(Hurtado-McCormick et al., 2022) and promoting the
biogeochemical conditions for life (Fusi et al., 2022) to
thrive in these intertidal ecosystems SDG 14 (Friess
et al., 2019).
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