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Abstract
Key message Plant–soil feedbacks in mangrove ecosystems are important for ecosystem resilience and can be inves-
tigated by establishing links between empirical and modelling studies.
Abstract Plant–soil feedbacks are important as they provide valuable insights into ecosystem dynamics and ecosystems 
stability and resilience against multiple stressors and disturbances, including global climate change. In mangroves, plant–soil 
feedbacks are important for ecosystem resilience in the face of sea level rise, carbon sequestration, and to support success-
ful ecosystem restoration. Despite the recognition of the importance of plant–soil feedbacks in mangroves, there is limited 
empirical data available. We reviewed empirical studies from mangrove ecosystems and evaluate numerical models address-
ing plant–soil feedbacks. The empirical evidence suggests that plant–soil feedbacks strongly influence ecological processes 
(e.g. seedling recruitment and soil elevation change) and forest structure in mangrove ecosystems. Numerical models, which 
successfully describe plant–soil feedbacks in mangrove and other ecosystems, can be used in future empirical studies to test 
mechanistic understanding and project outcomes of environmental change. Moreover, the combination of both, modelling 
and empirical approaches, can improve mechanistic understanding of plant–soil feedbacks and thereby ecosystem dynamics 
in mangrove ecosystems. This combination will help to support sustainable coastal management and conservation.

Keywords Ecosystem stability · Ecosystem resilience · Ecosystem response · Climate change · Coastal forests · Wetland 
dynamics

Introduction

Mangroves are trees and scrubs that form extensive eco-
systems that fringe sheltered coastlines, including shallow 
lagoons, river deltas and estuaries, in the tropics and sub-
tropics. They cover a global area of approximately 137,000 

 km2 (Spalding et al. 2010) and provide a wide range of eco-
system services (Walters et al. 2008; Barbier et al. 2013). In 
addition to supporting biodiversity, fisheries and providing 
other resources for coastal communities, they contribute to 
regulating water quality, provide coastal protection by reduc-
ing erosion and wave energy (Walters et al. 2008; Sánchez-
Núñez et al. 2019), and are important for global carbon 
sequestration (Donato et al. 2011). Moreover, mangroves 
help in the maintenance of shorelines during sea level rise 
through vertical accretion of sediments (Krauss et al. 2014). 
However, mangrove forests vary in the range and level of 
ecosystem services that they provide due to variation in 
their position in the landscape, their species composition 
and structure (Gleason et al. 2003; Feller et al. 2010), which 
interacts with both human uses and physical environmental 
variables.

Despite the importance of mangroves to coastal commu-
nities, they are threatened by land-use change and global 
climate change (Gilman et al. 2008; Alongi 2018). This 
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includes anthropogenic interventions, such as the conversion 
to alternative land-uses (agriculture and aquaculture), over-
exploitation for timber, and pollution, for example, due to oil 
spills, sewerage and pesticides (Valiela et al. 1992; Ellison 
and Farnsworth 1996; Alongi 2018). Threats due to climate 
change include those associated with extreme drought (Duke 
et al. 2017), sea level fluctuations (Lovelock et al. 2017), 
increased frequency of intense storms (Krauss et al. 2009), 
and sea level rise (Lovelock et al. 2015). To maintain and 
restore mangroves in the face of this wide range of threats, 
conservation and restoration strategies could be supported 
by a profound understanding of mangrove ecosystem devel-
opment (Lee et al. 2019). Yet, understanding of the mecha-
nisms giving rise to long-term ecosystem development in 
mangroves is limited (Lugo 1980; Chen et al. 2015).

An emerging paradigm is that mangroves have the capac-
ity to modify their environment through vertical accretion, 
which has been stimulated by the need to understand the 
impacts of rising sea levels and other disturbances, (Cahoon 
and Lynch 1997; Krauss et al. 2014). Additionally, there 
are observations that mangrove trees can alter the soil pore 
water salinity through their influence on water uptake and 
the interplay of salt excretion, salt exclusion and transpira-
tion (Passioura et al. 1992; Lovelock and Feller 2003). How-
ever, there are very few research approaches that explicitly 
address such dynamics (Bathmann et al. 2020; Peters et al. 
2020), yet these examples illustrate that mangrove habitat 
stability and habitat quality are influenced through plant–soil 
feedbacks, i.e. the interaction between the plant and its sur-
rounding soil, which may be widespread (McKee et al. 
2012). An enhanced understanding of mangrove plant–soil 
feedbacks in the context of ecosystem response to changing 
environmental conditions is important because plant–soil 
feedbacks may influence their role in climate change mitiga-
tion and adaptation (Mcleod et al. 2011) and the success of 
restoration and rehabilitation of degraded mangroves eco-
systems to regain their ecosystem services (Lewis 2005).

Here, we describe and explore the nature of the plant–soil 
feedback mechanisms that have been proposed to occur in 
mangrove ecosystems. In doing so, we aim to gain insights 
into ecosystem responses to changing environmental condi-
tions, including the potential for rehabilitating habitat degra-
dation and loss as well as enhancing stability and expansion. 
Additionally, given that the potential to investigate ecosys-
tem development and its responses to disturbances through 
empirical approaches are limited (e.g. by the time scales of 
measurements and spatial constraints on laboratory experi-
ments), we assess how numerical modelling has been used 
as a tool to understand how mangrove ecosystems respond 
to changing environmental conditions. Specifically, we pro-
vide an overview of the theoretical background of feedback 
mechanisms and ecosystem stability, examine theoretical 
studies of positive and negative feedback mechanisms, 

and elaborate on empirical studies that provide evidence 
of plant–soil feedbacks in mangrove ecosystems. Finally, 
we list numerical approaches that are applicable to further 
investigate plant–soil feedbacks, highlighting shortcomings 
in the current simulation approaches and suggesting poten-
tial solutions.

For this literature review, we reviewed the available lit-
erature until June 2020 in the data bases ‘Web of Science’, 
‘Scopus’ and ‘Google Scholar’, enabling the total timespan 
(i.e. 1900—present). First, we searched for empirical stud-
ies on plant–soil feedbacks in mangrove ecosystems (key-
words listed in SI Table S1). As this search revealed a lack 
of studies, we additionally searched for specific plant–soil 
feedback mechanisms based on the feedback components 
listed by Ehrenfeld et al. (2005). Studies were retained if 
they describe a plant–soil feedback or a mechanism where 
either plants alter soil properties or vice versa. Second, we 
refined the search for models covering the found plant–soil 
feedbacks in mangroves. For model selection, we focussed 
on mangrove ecosystems. If no or too few models were 
found, we stepwise widened the search to coastal wetlands 
and later terrestrial forests. All models covering the feedback 
between mangroves and the surrounding soil were selected 
to be presented here. Non-mangrove models have been clas-
sified on their functionality and their popularity (i.e. high 
citations). Additionally, we aimed to select modelling stud-
ies with adaptability to mangrove ecosystems. An overview 
categorizing all selected studies by their plant–soil feedback 
is provided in Table 1. As we are interested in providing 
examples on empirical and numerical plant–soil feedbacks 
in mangroves, the presented selection provides an overview 
without the aspiration to be exhaustive.

Feedbacks as drivers for ecosystem 
dynamics

The interplay of positive and negative feedbacks is important 
for characterizing the dynamics of ecosystems and defin-
ing the response of ecosystems to changing environmental 
conditions, including those associated with global climate 
change (Chapin et al. 2009). Moreover, the effects of chang-
ing climate may influence the direction and intensity of 
plant–soil feedbacks which influences ecosystem behavior 
and development (Pugnaire et al. 2019).

Feedbacks are defined as the "[…] modification or con-
trol of a process or system by its results or effects […]" 
(Oxford University Press 2020). For example, in the con-
text of plant–soil interactions, a change in plant community 
composition may lead to changes in soil conditions, which 
in turn affects the plant community, and vice versa.
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Most feedbacks are directional. Their sign, i.e. direc-
tion is defined by the nature of the feedback mechanism 
itself, which is either self-decreasing (negative feedback, 
Fig. 1a) or self-amplifying (positive feedback, Fig.  1b) 
(Ramaprasad 1983). Since negative feedbacks tend to 

counteract perturbations, their presence in loop processes is 
required to stabilize an ecosystem in the presence of envi-
ronmental noise (Zeng and Wang 2012). In contrast, posi-
tive feedbacks amplify or enhance changes that might move 
away a system from its dynamic equilibrium, destabilizing 

Table 1  Overview of numerical and empirical studies on plant–soil feedbacks categorized by the soil component the plant interacts with

The numerical studies are additionally classified by the ecosystem type (terrestrial, coastal wetland or mangrove)

Plant interacts with Numerical applications Empirical evidence in man-
grove ecosystem

Terrestrial forests Coastal wetlands Mangrove forests Mangrove forests

…Soil elevation – Fagherazzi et al. (2012)
Kirwan and Murray (2007)
Kirwan et al. (2008, 2010, 

2016)
Lago et al. (2010)
Morris et al. (2002)
Mudd et al. (2009)
Rybczyk et al. (1998)
Swanson et al. (2014)

Cahoon et al. (2002, 2003)
Morris et al. (2019)

Brunier et al. (2019)
Cahoon et al. (2003)
Hurst et al. (2015)
Huxham et al. (2010)
Lang’at et al. (2014)
Lovelock et al. (2017)
Mazda et al. (2002)
McKee (2011)
McKee et al. (2007)
Rogers et al. (2019)

… Porewater salinity Chen et al. (2004)
Janssen et al. (2008)
Rietkerk & Koppel (1997)

Liu et al. (2019)
Teh et al. (2015)
Wang et al. (2007)
Zhang et al. (2018)

Bathmann et al. (2020)
Peters et al. (2014)
Sternberg et al. (2007)
Teh et al. (2008, 2013)

Ball (1988)
Ball & Pidsley (1995)
Cintron et al. (1978)
Clough (1984)
Hao et al. (2009)
Lin et al. (1992)
Naidoo (2006)
Sherman et al. (2003)

… Chemical and 
biochemical soil 
components

Bever et al. (1997)
Gbondo-Tugbawa et al. 

(2001)
Herbert et al. (1999)
Miki and Kondoh (2002)
Miki et al. (2010)
Rietkerk and Koppel (1997)
Xiao et al. (2019)

Swanson et al. (2014) Akamatsu and Ikeda (2016)
Chen & Twilley (1999)
Grueters et al. (2014, 2019)

Feller (1995)
Feller et al. (2003, 2009)
Liu et al. (2014)
Lovelock and Feller (2003)
Lovelock et al. (2004, 2009)
McKee (1993)
Naidoo (2006)
Nickerson and Thibodeau 

(1985)
Sherman et al. (1998)

Soil
component

Plant
component

Soil
component

Plant
component

a b

Fig. 1  Illustration for feedback types: a Increase in one plant compo-
nent leads to increase in a soil component, which in turn decreases 
the plant component. This decreased plant component, in turn, leads 
to a reduction in the soil component (e.g. Fig.  3b–d). Thus, the 
negative feedback loop is stabilizing the system parameters. b In a 

dynamic ecosystem state, an increase of a plant component increases 
the corresponding soil component, which facilitates further increase 
of the plant component. This positive feedback eventually leads to 
ecosystem state change (e.g. Fig. 3a)
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it which eventually may lead to state shifts (Suding et al. 
2004). However, as multiple feedback processes can coexist, 
not only the presence of feedbacks but also their respective 
dominance are decisive for the direction. Overall, feedback 
strength specifies the importance of a feedback relative to 
other dynamic factors in the ecosystem (Ehrenfeld et al. 
2005).

The processes behind plant–soil feedbacks take place on 
various temporal and spatial scales (e.g. for mangrove see 
Feller et al. 2010), which can be categorized as short (hours-
days, individual plant), intermediate (years to decades, plant 
population), or long (centuries to millennia, landscape). The 
number of components and interactions involved define the 
complexity of a particular feedback (Ehrenfeld et al. 2005).

As negative feedbacks tend to stabilize and positive feed-
backs tend to destabilize ecosystem states, their interplay 
defines the ecosystem dynamics. The existence and implica-
tions of alternative quasi-steady states due to positive feed-
backs in ecosystems have been well studied in the past (May 

1977; Noy-Meir 1975). An ecosystem state is classified as 
either (i) a dynamic, rapidly changing state, where the indi-
vidual components or the distribution of components of a 
system may change, or (ii) a quasi-steady state, where the 
average properties of components or the distribution of com-
ponents remain relatively constant over time (Fig. 2). Addi-
tionally, various theoretical studies on the transition between 
alternative quasi-steady states show that state changes are 
a consequence of positive feedbacks (Scheffer et al. 2001; 
Scheffer and Carpenter 2003; Rietkerk et al. 2004). Assum-
ing the maintenance of ecosystems in quasi-steady states are 
dominated by negative feedbacks, then after a disturbance, 
the system should return to a quasi-steady state configura-
tion, which may be similar to or different from the configura-
tion before the disturbance, depending on the direction and 
intensity of the feedbacks. Additionally, before reaching the 
quasi-steady state, the system’s properties may be highly 
dynamic (Scheffer et al. 2009). In the quasi-steady state, the 
system or its components are providing sufficient levels of 

Fig. 2  Illustration of the role of positive and negative feedbacks for 
ecosystem stability: for each set of soil- and vegetation parameters, 
the ecosystem stability can be estimated. Negative feedbacks tend to 
change the parameter set until the system reaches a more stable state, 
whereas positive feedbacks do the opposite. The valleys in the poten-

tial landscape (blue areas) correspond to steady ecosystem configu-
rations. The photographs illustrate mangrove ecosystems in different 
states, i.e. closed canopy, transitioning and salt flat (left to right), in 
arid zone mangroves of Northwest Australia
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buffering or are able to adapt to perturbations rapidly enough 
to maintain system properties. The dynamic state, on the 
other hand, is the result of the intensity of all positive feed-
backs and environmental noises overcoming the stabilizing 
effects of apparent negative feedbacks. Consequently, there 
is a direct link between the direction and intensity of feed-
backs and the transitions between ecosystem states.

Scheffer and Carpenter (2003) highlighted that positive 
feedbacks are responsible for regime shifts in ecosystems. 
Over long temporal scales, where the intensity of all feed-
back effects is destabilizing, the system should eventually 
merge into a new quasi-steady state (Scheffer et al. 2009). 
The process is illustrated in Fig. 2: System instability defines 
a hyperplane within the parameter space, which can be inter-
preted as a potential landscape. Overall, positive feedbacks 
can drive the system out of one potential “well” (ecosys-
tem state) into another. For example, extreme drought and 
altered inundation regimes can result in death of mangroves 
(Fig. 2). Within the new potential “well”, the intensity of all 
feedback effects becomes stabilizing, e.g. seedling recruit-
ment is inhibited by high levels of evaporation, highly saline 
conditions and lack of shade. The resulting changes in the 
environment can be less favourable for individuals of par-
ticular species (e.g. mangrove trees compared to cyanobac-
teria), but may stabilize the ecosystem in another configura-
tion than before the transition (reduced mangrove cover and 
conditions on salt flats inhibit mangrove recruitment). At 
this point, negative feedbacks can prevent particular species 
from outcompeting all others, ultimately avoiding another 
system change. This in turn increases resilience for the 
whole ecosystem and provides stability against the effects of 
external perturbations and stressors (e.g. cyclones, flooding). 
However, the result of external perturbations and changes in 
environmental conditions (e.g. climate change effects) may 
not necessarily lead to a full transition, but might result in 
changes in habitat characteristics (e.g. scrub mangrove com-
pared to taller mangroves).

An understanding of the nature of feedbacks is therefore 
crucial to predict the development of ecosystems in the face 
of climate change. In the past, analyses of feedbacks have 
identified early warning signals for regime shifts in other 
ecosystems. Identified early warning signals are, for exam-
ple, changes in the variability, autocorrelation and recovery 
times in the response of ecosystems to small perturbations 
(Rietkerk and van de Koppel 2008; Scheffer et al. 2009; 
Carpenter et al. 2011). Scheffer et al. (2009) developed a 
theoretical framework to identify the nature of changes in 
feedbacks as they approached tipping points. These tipping 
points are critical turning points, where ecosystems change 
their states abruptly from one state (e.g. mangrove trees) to 
another (e.g. salt flat). This theoretical framework was cor-
roborated by Carpenter et al. (2011) with empirical evidence 
obtained from experimental manipulation of an aquatic food 

web, which was destabilized by the addition of top predators 
to a lake over a 3-year period. The warning signals included 
nonlinear dynamics of zooplankton biomass. For mangrove 
ecosystems, such an empirical validation of the connection 
between feedbacks and regime shifts has not yet emerged, 
but the identification of feedback mechanisms and their 
understanding is a first step to predicting potential ecosystem 
state changes. Mangrove state changes of interest include 
those from mangroves to open water or tidal flats (Asbridge 
et al. 2019), or from saltmarsh or mud flats to mangrove (e.g. 
Whitt et al. 2020), or from high diversity mangrove to low 
diversity ecosystems (Polidoro et al. 2010).

The identification of plant–soil feedbacks in mangrove 
ecosystems is challenging. Past research on plant–soil inter-
actions was conducted in artificial environments focussed on 
terrestrial forest species (Putten et al. 2016; De Long et al. 
2019). In these studies, the performance of plants growing in 
their own soil is compared to growth in foreign soil, where 
their own and foreign soils are defined as soils cultured by 
the target species or another species, respectively (Pernilla 
Brinkman et al. 2010). During these experiments, abiotic 
drivers (De Long et al. 2019) and ecological factors (Ehren-
feld et al. 2005) are removed (or controlled), such that the 
transfer of findings to the field is challenging. Furthermore, 
different experimental designs and their statistical analysis to 
determine the direction and the strength of plant–soil feed-
backs differ widely, leading to different interpretations of 
feedbacks and that studies are essentially not comparable 
(Pernilla Brinkman et al. 2010). Additionally, feedbacks may 
act over large spatial and temporal scales (Ehrenfeld et al. 
2005), exceeding experimental capacities as well as usual 
project funding.

In general, it has been suggested that stressful environ-
ments have more facilitative interactions among components 
of ecosystems than competitive ones (Ehrenfeld et al. 2005; 
Halpern et al. 2007) and that these may underpin a range 
of stabilizing plant–soil feedbacks. The observation that 
particular species or groups of species can shape wetland 
topography to maintain favourable environments for them-
selves (Silvestri et al. 2005; D’Alpaos et al. 2012; Jiang and 
DeAngelis 2013) provides evidence that stabilizing feed-
backs are important in maintaining coastal wetland com-
munities. In mangrove and other wetland ecosystems, there 
are high levels of interest in increasing the effectiveness of 
restoration, for example with the use of facultative “founda-
tion plants” (Yando et al. 2019; Renzi et al. 2019) and thus 
the exploration of plant–soil feedbacks is both theoretically 
interesting and of practical importance.

We conclude that the understanding of plant–soil feed-
backs provides insights into ecosystem response to their 
environment. Below we consider plant–soil feedbacks in 
mangrove ecosystems. We explore how analysis of feed-
backs in mangroves can be used to predict ecosystem 
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responses to different disturbances and aid in developing 
strategies to manage the effects of disturbances and global 
climate change.

Plant–soil feedbacks in mangroves 
and applications of numerical modelling

We categorized plant–soil feedbacks in mangroves that are 
described in the literature as feedbacks between mangrove 
vegetation and (i) soil elevation, (ii) porewater salinity, or 
(iii) chemical and biochemical components of the soil. Many 
of the studies we examined included added complexities 
due to a wide range of interacting factors (e.g. bioturba-
tion by burrowing animals). However, we focus on examples 
of feedbacks involving one soil compartment or property 
(e.g. porewater salinity), rather than a combination of mul-
tiple factors (Fig. 3). Where possible, we link the described 
plant–soil feedback to modelling approaches that have been 
applied to mangrove ecosystems, or link to appropriate 
approaches applied to other coastal wetlands or terrestrial 
habitats. An overview of the studies that have considered 
plant–soil feedbacks in mangroves, either empirical or mod-
elling studies can be found in Table 1.

Mangrove vegetation and soil elevation

Empirical evidence

Changes in soil surface elevation have been investigated 
widely in mangroves (e.g. Sasmito et al. 2016 and refer-
ences within). At the surface of the soil, accretion due to 
sedimentation and accumulation of organic matter are often 
the main drivers for elevation change, whereas root growth 
and decomposition make important contributions to subsur-
face changes in soil elevation (Fig. 3a; Cahoon et al. 2006; 

McKee 2011). Variation in soil surface elevation relative to 
sea level alters the frequency, depth and duration of inun-
dation which influences nutrient and oxygen availability 
and other soil biogeochemical processes and therefore the 
growth and composition of the plant community (Twilley 
et al. 2019).

This process of surface elevation gain in mangroves can 
stabilize the mangrove ecosystem (negative feedback) as 
exemplified in Belize and in southwest Florida, where ver-
tical accretion, mainly by root and leaf litter inputs, resulted 
in less frequently inundated soils (McKee 2011). Growth 
reduction and partial tree mortality, in turn, reduced surface 
elevation through decomposition of dead roots and sediment 
compaction (Lang’at et al. 2014). As a result, the frequency 
and duration of flooding can increase again which favour 
tree growth, thereby maintaining a stabilizing feedback loop 
(Woodroffe et al. 2016).

Mass mangrove tree mortality occurred in Honduras after 
Hurricane Mitch (Cahoon et al. 2003). In this case, positive 
feedback loops were observed where the loss in soil eleva-
tion due to peat collapse prevented the re-establishment of 
the same species and favoured the recruitment and growth 
of other mangrove species (Cahoon et al. 2003). The overall 
loss of mangrove cover can also lead to transitions to alterna-
tive ecosystem states, possibly through reducing suitability 
for recruitment (Balke et al. 2014; Hurst et al. 2015). Addi-
tionally, loss of mangrove cover enhances erosion, which can 
lead to a further decline in soil elevation (Mazda et al. 2002) 
and shoreline retreat (Brunier et al. 2019) where mangroves 
are replaced by mud flats.

Plant–soil feedbacks are also apparent over long time 
scales (centuries to thousands of years). Correlations of 
mangrove accretion rates with local mean sea-level rise sug-
gest that mangroves kept pace with sea level rise for periods 
of the Holocene (Alongi 2008, 2015), which led to the devel-
opment of large deposits of sediment carbon from mangrove 

Fig. 3  Schematic representation of a mangrove transect with emerg-
ing zonation patterns parallel to the shoreline. Different colours repre-
sent different species. The transition between clusters of similar trees 
provides evidence for underlying plant–soil feedback. Position of the 

feedbacks in the intertidal cross section of the diagram does not imply 
that a particular plant–soil feedback is restricted to that position in the 
intertidal zone. Red and blue colours in the respective plant or soil 
component represent negative and positive increments, respectively
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production (Rogers et al. 2019). However, sediment cores 
also revealed a decline in mangrove forests with sea level 
rise that exceeds 6–7  mm/year (Saintilan et  al. 2020), 
unless they can migrate unimpeded onto coastal floodplains 
(Schuerch et al. 2018), suggesting positive feedbacks occur. 
The stability of feedback mechanisms, and thus the ability 
of mangroves to withstand sea level rise, also depends on 
site-specific conditions that contribute to soil surface eleva-
tion change. Sites factors that can influence the intensity and 
direction of plant–soil feedbacks include flooding intensity 
(influenced by subsidence associated with geological iso-
static adjustments and extraction of oil, gas and water on 
coastal floodplains), geomorphology, storm frequency, sedi-
ment supply, groundwater and nutrients inputs and species 
composition (Gilman et al. 2008; Krauss et al. 2014; Love-
lock et al. 2015; Sasmito et al. 2016). At Twin Cays (Belize), 
for example, root production is a major factor contributing 
to elevation change where interior flooded zones with scrub 
trees have five times lower accretion rates than fringe zones 
and are therefore more vulnerable to sea level rise (McKee 
et al. 2007). Both positive and negative plant–soil feedbacks 
are likely to contribute to the response of mangrove veg-
etation to climate change, although the relative importance 
of plant–soil feedbacks and their interactions with climate 
change factors and human modification of the coastal zone 
to the overall outcome is yet to be assessed.

Modelling approaches

The models reviewed here have not focussed on plant–soil 
interactions but have mainly been developed to investigate 
two objectives: (i) the ecosystem response of coastal wetland 
vegetation to rising sea levels (e.g. Rybczyk et al. 1998; 
Morris et al. 2002), and (ii) the spatiotemporal evolution 
of vegetation and surface topography patterns (e.g. Kirwan 
and Murray 2007). Predictive models of how coastal wet-
land ecosystems respond to sea level rise usually include 
the definition of drivers that describe changes in the mod-
elled system components. Drivers for relative soil elevation 
changes are often categorized as either from abiotic- and 
biotic contributions (Fig. 4a). Examples of abiotic contribu-
tions are sediment erosion and deposition, whereas biologi-
cal processes are exemplified by the production of organic 
matter by roots or the decomposition of leaf litter or peat.

For example, the influence of organic decomposition on 
relative elevation changes has been conceptualized using the 
coastal-wetland model of Rybczyk et al. (1998). The model 
was successfully applied in mangrove ecosystems, estab-
lishing the connection between peat collapse and mass tree 
mortality after Hurricane Mitch on the islands of Guanaja 
and Roatan, Honduras (Cahoon et al. 2002, 2003).

In 2007, a model to study the spatiotemporal develop-
ment of tidal marsh platforms and the interwoven channel 

networks was introduced Kirwan and Murray (2007). The 
processes of sediment transport and the deposition and 
erosion of sediments were described in detail, which indi-
cated there were threshold levels of sediment supply that 
supported the maintenance of marshes with sea level rise. 
This model considers the contribution of sediment trapping 
induced by the vegetation but omitted the contribution of 
other biomass-related processes (e.g. decomposition) to soil 
surface elevation change which was added later to the model 
as described below.

Models that considered both the abiotic and the biotic 
contributions to surface elevation dynamics in coastal wet-
lands have been developed. In 2002, a conceptual model 
of marsh elevation change (Marsh Equilibrium Model, 
MEM) was introduced and validated with field data from 
Goat Island (USA) (Morris et al. 2002) and which has sub-
sequently been modified for mangroves (Morris et al. 2019). 
Further modelling work studied marsh stratigraphic response 
to sediment supply and the rate of sea-level rise (Mudd 
et al. 2009), the development of wetland topography (Lago 
et al. 2010), wetland ecosystem resilience to sea level rise 
(Swanson et al. 2014), and the development of marsh size in 
response to rising sea level (Kirwan et al. 2016).

Although these models partly rely on empirical relation-
ships (Kirwan et al. 2010), they were able to show that the 
models qualitatively aligned in predicting the necessary 
conditions for marsh ecosystems to survive predicted rates 
of sea level rise. Most of the models above have not been 
explicitly applied to mangrove ecosystems. However, since 
the vegetation’s response to variations in mean water depth 
is modelled as empirical relationships (Fig. 4a), a parametri-
zation of the models for different mangrove ecosystems is 
possible (e.g. Morris et al. 2019).

Mangrove vegetation and porewater salinity

Empirical evidence

Observed patterns in species distribution and structure along 
salinity gradients provide evidence for feedbacks between 
porewater salinity and mangrove trees (Fig. 3d). Mangroves 
must exclude most of the salt in the porewater of the root 
zone from their transpiration stream to avoid the toxic effects 
of NaCl on metabolic components (Ball 1988). By excluding 
salt during their water uptake, mangroves salinize the sur-
rounding soil (Passioura et al. 1992). With increasing soil 
salinity, photosynthetic rates and thus growth rates decline 
(Ball 1988). Prediction suggests that by salinizing the soil, 
trees may eventually limit water uptake and so soil salinity 
stabilize (Bathmann et al. 2020).

Mangroves in their scrub form are adapted to high salin-
ities and they have higher root to shoot ratios than taller 
trees (Ball 1988; Hao et al. 2009). The water use efficiency 
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of scrub trees is higher than in taller mangroves (Lin et al. 
1992), and their impact on porewater salinity is also smaller 
due to their lower water uptake. Therefore, the persistence of 
scrub (or dwarf) forms observed on the landward fringe of 
mangrove forests where hypersalinity (> 35 ppt) occurs due 
to limited tidal inundation and evapotranspiration, could be 
partially explained by a negative feedback between porewa-
ter salinity and tree growth (Fig. 3d, Naidoo (2006)).

However, from the perspective of inter-specific compe-
tition, the plant-porewater salinity feedback can be posi-
tive. Although mangroves tend to grow rapidly at about 
25% seawater (Clough 1984), species vary in their range of 

salt tolerance (Ball and Pidsley 1995). Hence, a more salt-
tolerant species can outcompete a less tolerant species by 
driving porewater salinity higher (withdrawing more water) 
and thereby its growth can be maintained at the expense of 
less salt-tolerant neighbouring species, although effects of 
canopy shading may also influence biomass and competi-
tive outcomes (Kirui et al. 2012). If the soil salinity exceeds 
the maximum for mangrove growth high in the intertidal 
zone, halophytic herbaceous species or cyanobacterial mats 
eventually replace mangroves (Cintron et al. 1978; Duke 
et al. 1998).

Water
Level

Vegetation
State

Soil Elevation Changes

Abiotic 
Processes

Biotic
ProcessesBiomass Productivity

Plant Growth

Soil Nutrient
Balance

Nutrient Availability Nutrient Consumption

Plant Growth

Soil Nutrient
Balance

Plant Growth

Soil Nutrient
Balance

Water Scarcity Freshwater Uptake

Plant Growth

Porewater
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b

c

Fig. 4  A simplified schematic representation of modelled feedbacks 
between a vegetation and tidal water levels, b plant growth and soil 
water salinity, and c) plant growth and soil nutrient balance. The cou-
pling of biomass production and soil parameters are often described 

with state variables that characterise the condition of the respective 
compartments. The direction of the arrows indicates which process 
(or status) influences which status (or process)
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Modelling approaches

Numerical models that investigate feedback mechanisms 
between vegetation and porewater salinity in mangrove eco-
systems can be categorized by the spatial scale of the model 
and the level of detail incorporated within the models. There 
are regional models (Zhang et al. 2018; Liu et al. 2019), 
site-specific models (Sternberg et al. 2007; Teh et al. 2008, 
2013, 2015) and models which describe the interactions 
on the scale of individual plants (Bathmann et al. 2020). 
Different scales of the models tend to incorporate different 
levels of detail. For example, at large scales, course-grained 
hydrological model tend to have no plant-specific details, 
mesoscale models often incorporate coarse-grained plant 
responses, while at small spatial scales high levels of detail 
can be included. For example, the fine-scale model of Bath-
mann et al. (2020) focusses on the plant’s freshwater uptake, 
while the models of Liu et al. (2019) and Teh et al. (2015) 
focus on water scarcity in the soil (Fig. 4b).

The regional models of vegetation-porewater salinity 
feedbacks do not explicitly explore plant water use, but 
are used to predict the dynamics of porewater salinities on 
regional scales. This can help to understand the impacts of 
regional changes in water availability, which are predicted 
to vary as a consequence of climate change on ecosystem 
processes. For example, Zhang et al. (2018) used a detailed 
hydrological model to connect hydrological processes on 
the surface and the subsurface to inform how hydrological 
regimes in coastal wetlands influence the energy budgets 
and evapotranspiration of vegetated patches. The model 
developed by Liu et al. (2019) extended this idea through 
the incorporation of abiotic transport and accumulation 
processes to understand the dynamics of porewater salinity 
within the soil of coastal wetlands.

Site-specific models investigate the response of ecosys-
tems within sites to changing environmental conditions. The 
Variable Water Table Salinity (VWTS) model coupled the 
transpiration rates of mangroves to variation in porewater 
salinity (Sternberg et al. 2007). Starting from a simplified 
model for both vegetation and soil water dynamics, the 
VWTS model has been extended to include horizontal dif-
fusion of porewater (Teh et al. 2008). This idea was further 
developed by replacing this continuous vegetation model 
with an individual-based plant model, which was coupled 
with the United States Geological Survey groundwater 
model SUTRA (saturated–unsaturated transport), which 
describes the porewater salinity dynamics in a mechanistic 
manner (Teh et al. 2013). The resultant mangrove transport 
model (MANTRA) has been successfully applied to predict 
patterns of coastal vegetation zonation (patches of fresh-
water hammocks and mangrove trees) in the Everglades 
(Florida) caused by variation in porewater salinity resulting 
from sea level rise and storm surges (Teh et al. 2015).

Further improvements in the explicit incorporation of 
mangrove-porewater salinity feedbacks have been made 
through the introduction of a mechanistic feedback model 
(MANGA, Bathmann et al. 2020). MANGA coupled a pro-
cess-based flow and transport groundwater model, which 
described porewater salinity changes (OpenGeoSys Ver-
sion 6, www. openg eosys. org) to an individual-based man-
grove model (BETTINA, Peters et al. 2014)) that incorpo-
rates plant water use. This coupled model suggested that 
plant–soil feedbacks contribute to maintaining mangrove 
tree forms (scrub vs. taller) and species zonation patterns 
(Bathmann et al. 2020, 2021).

Mangrove vegetation and the biogeochemistry 
of soils

Empirical evidence

There is evidence that altered nutrient levels and forms of 
nutrients can cause both negative and positive feedbacks on 
mangrove vegetation, as has been widely observed in ter-
restrial forests (Tilman 1987; Vitousek et al. 1997). Fertili-
zation of mangroves with nutrients can have strong positive 
effects on their growth (Fig. 3c; Lovelock et al. 2004; Feller 
et al. 2009). In Belize, a gradient in nutrient availability from 
the seaward edge to inland parts of a mangrove island were 
observed, where nitrogen (N) limitations on growth tended 
to occur near the shoreline while in scrub mangroves in the 
landward position phosphorus (P) limited tree growth (Feller 
et al. 2003). In this case, a negative feedback loop maintains 
the small (< 2 m tall) scrub form of these trees as available 
P is taken up and used for growth by fringing trees, which 
reduces P availability in soils which further feedbacks on 
growth (Feller 1995). Similar patterns of nutrient-limited 
scrub forests have been widely observed (Naidoo 2006; 
Feller et al. 2009; Lovelock et al. 2009) as well as differ-
ential sensitivity of mangrove species to nutrient availabil-
ity (Lovelock and Feller 2003), which suggests widespread 
negative feedbacks that may influence the structure of 
mangroves and species composition. The addition of nutri-
ents, either through human influences (Valiela et al. 1992; 
Valiela and Cole 2002), deposition during storms (Smoak 
et al. 2013) or through species-specific litter production and 
composition rates (Sherman et al. 1998; Liu et al. 2014) can 
alter the strength or direction of these feedbacks.

Microbial processes in soils can also contribute to 
plant–soil feedbacks. A “semi-cyclic succession” of Rhiz-
ophora mangle and Avicennia germinans has been hypoth-
esized due to differences in species tolerance to hydrogen 
sulphide  (H2S), a natural phytotoxin that is produced by 
bacteria under anoxic soil conditions (Fig. 3b; Nickerson 
and Thibodeau 1985; McKee 1993). Although sulphide 
concentrations measured within the root systems of both 

http://www.opengeosys.org
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species were low, the concentration of  H2S in the surround-
ing unvegetated soil was approximately five times higher 
for A. germinans than in R. mangle, and thus Nickerson and 
Thibodeau (1985) hypothesized that A. germinans releases 
oxygen from its roots which oxidizes the surrounding soil, 
thereby removing  H2S. As a result of this feedback, A. ger-
minans can grow in areas with higher  H2S gas concentration 
but in doing so, they lower the concentration of  H2S in the 
soil. Consequently, as trees of A. germinans are established, 
the environmental conditions become more suitable for the 
establishment and growth of R. mangle.

Modelling approaches

Despite the empirical evidence of mangrove-soil biogeo-
chemical feedbacks, the available models for vegetation-
nutrient dynamics in mangrove ecosystems are limited. We 
therefore first discuss models that describe nutrient dynam-
ics within mangrove soils (Fig. 4c, “Nutrient Consump-
tion”). Secondly, models describing the effect of nutrient 
availability on mangrove plant growth are presented (Fig. 4c, 
“Nutrient Availability”). Finally, we discuss modelling 
approaches from the terrestrial ecosystem, where full feed-
back loops have been described (Fig. 4c).

In the late 1990s, Chen and Twilley (1999) developed the 
NUMAN (Nutrient in Mangroves) model which describes 
the nitrogen and phosphorus balance in a 60-cm-deep soil 
profile of mangrove ecosystems, but which does not include 
the effect of changing nutrient availability on plant growth. 
This model was used to describe the mechanisms that 
resulted in the observed accumulation of carbon and nutrient 
in mangrove soils along gradients of mangrove productivity. 
Recently, more detailed nutrient dynamic models have been 
developed that incorporated the coupling of groundwater 
flow and nutrient cycling (movement) in mangroves (Aka-
matsu and Ikeda 2016). While these models described the 
apparent development of nutrient and carbon concentrations 
within the soil, the explicit description of a feedback mecha-
nism affecting mangrove growth was not included.

The individual-based mangrove forest model, mesoFON, 
considered the implications of nutrient availability within 
soils on mangrove growth dynamics (Grueters et al. 2014). 
In 2019, this model was calibrated and successfully para-
metrized for Rhizophora apiculata in Malaysia (Grueters 
et al. 2019). Although an effect of the available nutrients on 
tree growth was described within mesoFON, the description 
of the potential feedback of the plants’ nutrient use on the 
soil nutrient balance was not included. However, the authors 
emphasized the importance of explicitly considering the 
interplay (i.e. feedbacks) between mangrove growth mod-
els and other biochemical processes within the ecosystem.

Some models of plant–soil feedbacks in terrestrial eco-
systems are particularly relevant for application to modelling 

plant–soil feedbacks in mangrove ecosystems. The multi-
element limitation model (MEL) couples biomass produc-
tion rates to nitrogen availability in forests (Herbert et al. 
1999) and could be adapted for use in mangrove ecosystems. 
A model that included the effects of the different microbial 
communities on the decomposition of leaf litter, nutrient 
availability and its subsequent effects on plant growth and 
plant community composition was developed by Miki and 
Kondoh (2002). Differences in communities of microbial 
decomposers and their effects on rates of plant litter decom-
position have been added to this model further enhancing 
the detailed mechanisms by which microbial communities 
influence nutrient availability (Miki et al. 2010). Using this 
model, the authors were able to show the importance of 
microbial communities on plant–soil nutrient feedbacks. 
Another approach, which includes different vegetation types 
as well as microbial communities, suggested a mathemati-
cal framework to connect plant–soil nutrient feedbacks to 
competition among plant species (Bever et al. 1997). Bever 
et al.’s model has been further extended by a factor that 
describes interspecific plant–soil nutrient feedbacks (Xiao 
et al. 2019). Through the development of this detailed model, 
these authors were able to show the emergence of communi-
ties of different plant species compositions, which depended 
on the soil microbial communities. These terrestrial models 
for plant–soil feedbacks only account for a small amount of 
the studies available in the literature, but they provide an 
indication of the wide range of different plant–soil feedback 
models and their usability for further investigating plant–soil 
feedbacks in mangrove ecosystems in response to changing 
environmental conditions.

Implications for ecosystem resilience

Mangroves are threatened by a range of climate change 
effects and anthropogenic interventions (Friess et al. 2019) 
and therefore require management, including those focussed 
on conservation and restoration (Lewis et al. 2016). As these 
changes affect both, the composition of plant and soil com-
munities (Pugnaire et al. 2019), the study of plant–soil feed-
back mechanisms and their relation to ecosystem stability 
may provide the means to explore tipping points in state 
transitions of mangroves and other coastal wetlands, even if 
empirical detection of tipping points is unlikely (Hillebrand 
et al. 2020).

There is evidence that plant–soil feedbacks shape man-
grove ecosystems in both empirical and numerical studies. 
Knowledge of feedbacks is particularly developed and use-
ful for understanding mangrove resilience in the face of 
sea level rise, which is of major global concern. Detailed 
descriptions of surface and subsurface processes involved in 
surface elevation changes are available for a wide range of 
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sites (Lovelock et al. 2015), and theoretical outlines of the 
mechanisms involved in the feedback process of soil eleva-
tion changes in mangroves as a response to changing sea 
level are also available (McIvor et al. 2013). The develop-
ment of models based on those for saltmarshes (e.g. Morris 
et al. 2002) that explicitly incorporate plant–soil feedbacks 
could be used to explore changes in variability, levels of 
autocorrelation among parameters and recovery times from 
small-scale disturbances with increasing rates of sea level 
rise, as they approach the proposed ~ 7 mm/year threshold 
(Saintilan et al. 2020). Assessing indicators of ecosystem 
transitions with sea level rise could help to build understand-
ings of the processes operating prior to mangrove loss.

Incorporating plant–soil feedbacks associated with nutri-
ent and carbon cycling within mangrove models could result 
in increases in understanding mangroves’ role in carbon 
sequestration (blue carbon) and nutrient retention as well as 
the consequences of anthropogenic changes. Despite early 
progress in this field (Chen and Twilley 1999) and grow-
ing empirical data, models that incorporate plant–soil bio-
geochemical feedbacks are limited in their development and 
application, which given the growing knowledge of the role 
of mangroves to climate change mitigation (Mcleod et al. 
2011) is a clear knowledge gap.

The proposed plant–soil porewater salinity and biogeo-
chemistry feedbacks that we have examined (above) may 
interact with other environmental factors that could limit the 
strength of the feedbacks, which could be further explored 
using models. For example, hydrological processes may 
superimpose or reinforce single feedbacks in mangrove eco-
systems. The strength of the interaction between porewa-
ter salinity and plant growth, for example, may be strongly 
influenced by the hydrological regime as nutrient delivery 
is altered or salt is diluted and leached (Hayes et al. 2019). 
The interplay of hydroperiod regime, salinity and vegeta-
tion has been observed in Colombia where the construction 
of a road led to the disturbance of the natural hydrologi-
cal system (Röderstein et al. 2014): the reduced freshwater 
inflow led to a higher salinity and thus to a decline in man-
grove cover. However, after the hydrological connection was 
restored, mangrove vegetation recovered. A process-based 
model built from such a priori knowledge (e.g. from exist-
ing empirical observations) would allow to test a variety of 
hypotheses with simulation experiments and to incorporate 
the findings in the experimental design. Subsequently, the 
model could be modified, such that the underlying mecha-
nisms are disabled to investigate their impact (Bathmann 
et al. 2020, 2021). We hypothesize, that this approach would 
reveal the regimes, where specific feedbacks contribute to 
emerging ecosystem properties such as mangrove zonation. 
Additionally, ecosystem response to changing environmen-
tal conditions such as increased precipitation or periods of 
drought could be analysed by variation of the model setup 

according to predicted changes in environmental condi-
tions. This includes, but is not limited to, cascading effects 
of single actions such as the installation of impoundments 
or the cutting of trees. This approach might even reveal yet 
unknown early warning signals for drastic ecosystem state 
changes (Scheffer et al. 2009) in mangroves such as mass 
tree mortality which has been observed in northern Australia 
(Duke et al. 2017; Lovelock et al. 2017).

Additionally, models can accommodate the investigation 
of complex interactions to focus on the implications of spe-
cific plant–soil feedbacks. Examples for a plant litter decom-
position-nutrient availability feedback (Grueters et al. 2019) 
or a mechanistic plant water use-porewater salinity feedback 
(Bathmann et al. 2020) model are already available in the 
literature. Consequently, hypotheses on the mechanisms 
driving feedbacks derived from empirical findings could be 
tested using these numerical models. The combination of 
models and experiments allows assessment of the relative 
strength of different feedbacks, when multiple feedbacks are 
apparent in a system (Bathmann et al. 2020, 2021), which 
could further add to the knowledge of mangrove resilience 
in the face of environmental change.

Conclusions

The extent of the resilience of mangroves to climate change 
and other disturbances is important for the maintenance 
of ecosystem services that communities derive from man-
groves. There is both empirical and theoretical evidence that 
plant–soil feedbacks play a crucial role in maintaining man-
grove ecosystem stability. An enhanced understanding of the 
plant–soil feedbacks that underlie the stability of mangroves, 
as well as the characteristics that may indicate impending 
state transitions for mangroves will allow better prediction 
of the fate of mangroves in response to climate change and 
thus enhance the capacity to manage mangrove ecosystem 
dynamics in the future. Exploration of models that describe 
feedbacks between plants and soil elevation, porewater salin-
ity and nutrient biogeochemistry will provide novel insights 
into mangrove ecosystem stability in the future.
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