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	 Mangrove ecosystems are critical to coastal protection, nutrient cycling, and carbon 
sequestration, playing an essential role in environmental stability and biodiversity. Their 
occurrence under challenging conditions, including high salinity, waterlogging, and low oxygen 
availability, is supported by diverse physiological and ecological mechanisms that regulate 
nutrient acquisition, storage, and utilization. This review synthesizes published literature 
on macro and micronutrients in mangrove ecosystems, focusing on nutrient cycling, plant 
physiological responses, and ecosystem functioning. Relevant literature was reviewed using 
major scientific databases, including Web of Science, Scopus, and Google Scholar, with emphasis 
on studies addressing nutrient dynamics, plant–nutrient interactions, and ecosystem processes. 
Nutrient availability varies substantially among mangrove ecosystems and is influenced 
by sediment characteristics, tidal and riverine inflows, organic matter accumulation, and 
anthropogenic nutrient enrichment. The synthesis indicates that nitrogen and phosphorus are 
frequently limiting nutrients, while nutrient availability strongly influences species-specific 
nutrient acquisition, translocation, storage, productivity, and ecosystem processes. Various 
mangrove species exhibit specialized nutrient strategies, such as nutrient retranslocation and 
storage in leaves and roots, which allow them to thrive in nutrient-poor environments. These 
species-specific strategies influence plant productivity, litter production, nutrient cycling, and 
carbon storage, thereby contributing to broader ecosystem processes and trophic interactions. 
The reviewed evidence also indicates that changes in nutrient inputs can modify biogeochemical 
processes and ecosystem functioning, highlighting the importance of understanding nutrient–
plant interactions in mangrove conservation and restoration. This paper provides an integrated 
understanding of nutrient dynamics and species-specific physiological responses, which is 
essential for assessing mangrove ecosystem functioning and developing effective management 
strategies.

Keywords: Ecophysiology, Ecosystem functioning, Macronutrients, Mangrove ecosystems, 
Micronutrients, Nutrient cycling.

	 Mangrove ecosystems are among the 
most productive and ecologically important 
coastal habitats, occurring where land meets the 
sea. Bunting et al.,1 reported that, these distinctive 
intertidal woodlands are essential buffers between 
marine and terrestrial environments, offering 
a wide range of ecological functions such as 

shoreline stabilization, nursery habitats for fish and 
crustaceans, carbon sequestration, and biodiversity 
conservation. The total global coverage of 
mangroves is estimated to be approximately 
137,600 square kilometers (13.76 million hectares) 
as reported by Bunting et al.1 Their growth and 
productivity depend on their ability to acquire and 
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use nutrients because of their special adaptations, 
which enable them to tolerate high salinity, 
waterlogged soils, and low oxygen levels. 
	 One of the most important complex 
processes governing the health and functioning 
of mangrove ecosystems is nutrient cycling.2 
Nutrients such as nitrogen, phosphorus, potassium, 
calcium, magnesium, and sulfur are essential 
elements required for plant growth and ecosystem 
productivity, whereas biogeochemical cycling 
refers to the processes through which these 
elements are transformed, transported, retained, and 
recycled within mangrove ecosystems.2 Liu et al.,3 
reported that in coastal systems, nutrient dynamics 
are influenced by factors such as tidal inundation, 
sediment composition, salinity, and anthropogenic 
inputs. Mangroves, with their dense root systems 
and unique physiology, are crucial in capturing, 
converting, and recycling these nutrients, making 
them key regulators of biogeochemical processes 
in tropical and subtropical coastlines. Mangroves 
contribute significantly to the cycling of nutrients 
by effectively absorbing and utilizing essential 
macro and micronutrients.4-6

	  The present  review provides  a 
comprehensive overview of nutrient dynamics 
in mangrove ecosystems, with a focus on key 
nutrient cycles, their sources, transformations, 
and functional roles in ecosystem processes. 
The review also aims to highlight the role of 
mangroves in cycling and retention of nutrients, the 
impact of anthropogenic disturbances, emerging 
research needs and potential directions for future 
research and conservation strategies. Although 
nutrient dynamics in mangroves have been widely 
investigated, knowledge remains fragmented 
across studies addressing nutrient cycling, 
plant physiological responses, productivity, and 
ecosystem functioning. In particular, the linkages 
between nutrient availability and plant-level 
responses and their consequences for broader 
ecosystem processes have not been sufficiently 
integrated. The present review identifies and 
synthesizes these interconnected aspects to 
provide an integrated understanding of how 
nutrient dynamics influence plant processes and 
ecosystem functioning. It further examines the role 
of mangroves in nutrient cycling and retention, 
the effects of anthropogenic disturbances, and 
emerging research needs, with implications 

for mangrove conservation, restoration, and 
management. 
Literature Search Strategy
	 This paper presents a narrative critical 
review of nutrient dynamics in mangrove 
ecosystems and evaluates their functional 
characteristics in relation to nutrient availability.  
The review examines nutrient sources, cycling 
and transformations, plant nutrient utilization, 
productivity, biodiversity, nutrient losses, and the 
effects of environmental and anthropogenic factors, 
including climate change. Relevant literature was 
identified through searches of Web of Science, 
Scopus, and Google Scholar, supplemented by 
relevant books and peer-reviewed publications. The 
literature search covered publications from 1940 
to 2025, was conducted from April to September 
2025, and was updated in April 2026. The search 
was conducted using combinations of following 
keywords including: “nutrient cycling” AND 
“mangrove ecosystem”; “nutrient dynamics” AND 
mangrove; “nutrient availability” AND mangrove; 
“mangrove” AND “plant–nutrient interactions”; 
“mangrove” AND “carbon sequestration”; and 
“mangrove” AND “biodiversity”. Additional 
combinations involving nutrient cycling, plant 
physiology, ecosystem functioning, productivity, 
and food-chain interactions were used to identify 
relevant studies.
	 Following the initial search, records were 
screened based on their title, abstract, and relevance 
to the objectives of the review. Studies focusing on 
mangrove nutrient dynamics, plant physiological 
responses, nutrient transformations, productivity, 
and related ecosystem processes were considered for 
detailed examination. Studies unrelated to mangrove 
nutrient processes or ecosystem functioning, as 
well as publications without sufficient relevance 
to the review objectives, were excluded. Relevant 
full-text studies were subsequently examined and 
synthesized thematically to identify major patterns, 
relationships, research gaps, and emerging research 
needs concerning nutrient dynamics and their links 
with plant processes and ecosystem functioning. 
As this study is a narrative critical review rather 
than a systematic review, the literature was 
synthesized thematically rather than through a 
formal systematic-review protocol or quantitative 
meta-analysis.



1093Haripriya & Sreeja, Biosci., Biotech. Res. Asia,  Vol. 23(3), 1091-1105 (2026)

RESULTS AND DISCUSSION

	 The results were discussed under two 
major thematic areas nutrient dynamics and 
their ecophysiological implications, followed by 
temporal distribution of research on mangrove 
nutrient dynamics.
Nutrient dynamics
	 Mangroves are important coastal 
ecosystems that are significant for protecting the 
coast and cycling of nutrients. Their occurrence 
under challenging environmental conditions, 
including high salinity, waterlogging, and 
low oxygen availability, requires specialized 
mechanisms for nutrient acquisition and utilization. 
Mangroves nutritional dynamics are influenced 
by the uptake and use of essential macronutrients 
including nitrogen, phosphorus, and potassium 
and also micronutrients like iron, manganese, zinc, 
copper, and boron.7 According to Huxham et al.,8 
these nutrients are supplied through sedimentary 
and tidal inputs and are influenced by organic 
matter and detritus deposition. 
	 Sahoo & Dhal9 reported that mangrove 
habitats support diverse microbial communities 
that play central roles in nutrient transformations. 
Microbial decomposition of mangrove litter and 
other organic matter releases mineral nutrients 
into sediments and porewater, while subsequent 
microbial processes can transform these nutrients 
into forms available for plant uptake. Bacteria 
may also utilize plant-derived root exudates as 
carbon substrates, thereby contributing to nutrient 
transformation processes. Alongi et al.,10 reported 
that mangrove soils are characterized by low 
pH, high salinity, variable redox conditions, and 
relatively low nutrient availability, although these 
characteristics differ among sites. Mangrove 
species have developed mechanisms for efficient 
nutrient uptake and utilization under nutrient-
limited conditions as demonstrated by Reef et al.11 
Nutrient resorption from senescent leaves is an 
important mechanism for nutrient conservation.12

	 Mangroves have evolved specialized 
adaptations that facilitate survival and nutrient 
acquisition under waterlogged and saline conditions. 
Specialized root structures, including prop roots 
and pneumatophores, primarily facilitate aeration 
and gas exchange and modify oxygen availability 
and redox conditions within the rhizosphere. These 

localized redox gradients can influence microbial 
activity and nutrient transformations in adjacent 
sediment microsites.13 Furthermore, Holguin et 
al.,14 reported that, in nutrient-poor soils, several 
mangrove species have symbiotic interactions 
with bacteria that fix nitrogen, which improves the 
mangrove’s ability to acquire nitrogen. In addition, 
leaf-level adaptations such as salt excretion, water 
storage, and osmotic regulation contribute to the 
maintenance of physiological function under saline 
conditions.15

	 The distribution of specific mangrove 
species and the functional characteristics of 
mangrove ecosystems are strongly influenced by 
the availability of essential nutrients in combination 
with other environmental factors such as salinity, 
hydrology, sediment characteristics, and redox 
conditions.  The availability of nutrients and the 
water body’s productivity are strongly correlated, 
discussed by Rahaman et al.16 Primary productivity, 
biomass buildup, and the general health of 
mangrove forests are all directly impacted by 
nutrient availability, especially that of nitrogen 
and phosphorus as previously reported by Feller 
and Mckee.17 However, the degree of nutrient 
limitation varies among sites and depends on 
environmental conditions and nutrient inputs. 
For example, Lovelock et al.,18 reported distinct 
zonation patterns and distributions of Rhizophora 
and Avicennia, reflecting differences in their 
physiological traits and responses to environmental 
gradients, including nutrient availability.
Mangrove Ecosystems and their Role in 
Nutrient Cycling
	 Nutrient cycling in mangroves is 
characterized by dynamic exchanges among 
vegetation, sediments, porewater, and adjacent 
coastal waters, reported by Kristensen et al.19 It’s 
the initial entire ecological unit, which serves as 
a metaphor for the forest trees. These exchanges 
regulate the availability and transformation of 
carbon, nitrogen, phosphorus, sulfur, and other 
mineral elements and contribute to ecosystem 
functioning. From this angle, the mangrove 
ecosystems’ carbon balance and the Nitrogen 
cycling and mineral element growth in connection 
to ecosystem development are revealed, along with 
that how the fragile human disruption changes 
maintain the balance of these cycles.20

	 Mangrove sediments are essential to the 
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nutrient biogeochemical cycles because they act as 
both a source and sink for nutrients, as previously 
reported by Prasad and Ramanathan.21 As the 
foundation of benthic food webs, sedimentary 
bacteria are well acknowledged as a necessary 
food source for protists and invertebrates.22 The 
cycling of macronutrients and micronutrients 
is interconnected through microbial activity, 
mineralization, redox reactions, plant uptake, and 
sediment–water exchange. Gerona et al.,23 reported 
that mangrove ecosystems experiences site-specific 
limitations of nutrients such as N, P, Fe, and Cu-
limited; while the availability of trace elements 
such as Zn and Mo can influence plant growth 
within suitable concentration ranges.
	 Mangrove ecosystems have a complex 
nitrogen cycle involving nitrogen fixation, 
mineralization, nitrification, denitrification, 
and other microbial transformations. Dissolved 
inorganic nitrogen can undergo rapid turnover, 
whereas particulate and sediment-associated 
nitrogen may have longer residence times. 
Mangrove sediments can therefore function as 
important reservoirs for nitrogen, while tidal 
exchange, organic matter decomposition, microbial 
activity, and plant uptake regulate its availability. 
In addition to nitrification and denitrification, 
dissimilatory nitrate reduction to ammonium 
(DNRA) and anaerobic ammonium oxidation 
(anammox) represent important pathways in 
coastal nitrogen cycling. DNRA converts nitrate 
to ammonium, thereby retaining nitrogen in a 
biologically available form, whereas anammox 
couples ammonium oxidation with nitrite reduction 
to produce dinitrogen gas and contributes to 
nitrogen removal. The relative contribution of these 
pathways varies with environmental conditions 
such as organic carbon availability, redox status, 
nitrate availability, and sediment characteristics.24 
Due to a number of secondary effects, including 
pH and salinity, sulfur cycling in mangrove 
sediments can have a substantial impact on the 
benthic population.25 Lovelock et al.,18 reported 
that Potassium and Magnesium are essential 
macronutrients; both are critical for enzyme 
activation and chlorophyll synthesis.
	 Numerous factors, including as primary 
productivity, nutrient-use efficiency, nutrient 
resorption, sclerophylly, decomposition, nutritional 
quality of plant tissue, and allocation to defense, 

affect within-stand nutrient cycling. Feller et 
al.,26 discussed that, the effectiveness of these 
plant-mediated mechanisms depends on both 
environmental nutrient availability and species-
specific functional traits.
Productivity
	 Mangrove productivity depends on 
efficient nutrient cycling, particularly soil processes 
like ammonification and nitrification that provide 
available nitrogen. These ecosystems are often 
nutrient-limited, with photosynthesis closely linked 
to nutrient availability. However, the degree and 
type of nutrient limitation vary among mangrove 
ecosystems according to nutrient inputs, sediment 
characteristics, salinity, hydrology, and other 
environmental conditions. Photosynthetic activity 
and primary production may therefore respond 
differently to nutrient availability across sites.27

	 Precipitation has a positive correlation 
with both gross (GPP) and aboveground forest net 
primary production (ANPP). Additionally, ANPP 
and porewater salinity have an inverse correlation. 
Porewater salinity, rainfall, tidal inundation 
frequency, light intensity, humidity, species age 
and composition, temperature, nutrient availability, 
disturbance history, and geomorphological context 
are the principal factors influencing forest primary 
production.28

Trophic Linkages and Nutrient Transfer in 
Mangrove Habitats
Mangrove Biodiversity and Trophic Structure
	 Mangrove environments are home to a 
diverse array of species, such as fungi, bacteria, 
crustaceans, mollusks, fish, birds, and mammals. 
These organisms occupy different trophic levels 
and form intricate food chains and food webs. 
Nagelkerken and Van der29 reported that detritivores 
like crabs and polychaetes feed on decaying plant 
material, while higher trophic levels include fish 
and birds that consume invertebrates and smaller 
fish. Through these interactions, nutrients released 
during decomposition are transferred across trophic 
levels and contribute to nutrient recycling within 
mangrove-associated food webs.
Primary Producers and Microbial Communities
	 Mangrove vegetation, particularly species 
like Rhizophora, Avicennia, and Sonneratia, are 
key primary producers that fix carbon through 
photosynthesis and contribute large amounts 
of organic matter to the system. This organic 
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matter supports diverse microbial communities—
bacteria, fungi, and archaea—that drive nutrient 
transformations such as nitrogen fixation, 
nitrification, and denitrification.30 
	 Autochthonous sources are the main 
source of detritus in mangrove sediments. The main 
sources of the benthic detritus pool are mangrove 
tree leaves, branches, and wood that fall onto the 
substrate.31 Benthic microalgae on the sediment 
surface, epiphytes on branches, lower trunks, and 
prop roots, as well as deposited phytoplankton and 
seagrass transported from adjacent coastal areas, 
may also contribute to the organic matter pool and 
influence nutrient availability.
Mangrove-Associated Organisms in the Food 
Chain
	 Numerous species rely directly or 
indirectly on mangrove-derived nutrients. For 
example, fiddler crabs feed on surface detritus, 
while mudskippers consume both algae and detritus. 
Mumby et al.,32 reported that juvenile stages of 
commercially important piscine species find food 
and shelter in mangrove creeks. Leaf litter and other 
plant parts that fall into the water are broken down 
by microbes and detritivores. This detritus-based 
food chain is central to mangrove ecosystems. 
Robertson et al.,33 discussed that bacteria and 
fungi decompose the organic material, facilitating 
the transfer of nutrients to primary consumers like 
crabs, amphipods, and juvenile fish.
Food web
	 Mangroves contributed to food webs, but 
species in the inner bay region also relied heavily 
on a combination of macroalgae and plankton as 
a source of carbon reported by Thimdee et al.34 
However, in the inner bay regions, the dominant 
carbon sources sustaining aquatic food webs were 
not mangrove-derived but rather originated from 
macroalgae and planktonic production. This finding 
demonstrates spatial variation in organic matter 
sources and indicates that nutrient and energy 
flows within coastal food webs depend on multiple 
primary producers. Mangrove-derived detritus may 
be particularly important near the mangrove fringe, 
whereas algal and planktonic inputs may become 
more influential in adjacent waters. 
Nutrient Cycling and Energy Flow
	 Mangrove ecosystems function as 
biogeochemical hotspots that actively mediate 
nutrient cycling and energy transfer across 

terrestrial and marine interfaces. Through microbial 
mineralization, sediment–water interactions, 
and tidal flushing, mangroves efficiently recycle 
nutrients and maintaining their internal productivity 
while supporting adjacent ecosystems.20 The 
decomposition of leaf litter and root exudates 
provides organic substrates that support microbial 
and detritivore activity, resulting in the release and 
transformation of nutrients within sediments and 
waters.
	 Bouillon et al.,35 reported that these 
recycled nutrients are exported to adjacent 
seagrass meadows and coral reefs, stimulating 
primary productivity and enhancing coastal 
food web connectivity. The energy flow within 
mangroves begins with detritus and microbial 
biomass, which form the base of the food web. 
This energy is transferred sequentially to deposit-
feeding invertebrates, meiofauna, crustaceans, and 
fish, ultimately sustaining higher trophic levels, 
including migratory and commercial fish species 
Robertson et al.33 
	 Moreover, tidal hydrodynamics play 
a key role in nutrient transport—enhancing 
sediment oxygenation and nutrient exchange 
between mangrove sediments and coastal waters. 
The balance between nutrient retention and 
export varies with hydrology, nutrient loading, 
sediment characteristics, and biological activity. 
In nutrient-rich systems, mangroves act as 
nutrient transformers and buffers, reducing 
eutrophication by trapping excess inputs and 
promoting denitrification.30

	 Recent studies also emphasize the 
coupling of carbon and nutrient cycles, where 
microbial processes regulate both organic matter 
decomposition and carbon sequestration efficiency 
in sediments, explained by Hu et al.36 Thus, nutrient 
and energy flows link mangrove vegetation, 
sediments, microbial communities, and adjacent 
coastal ecosystems.
Microbial Regulation of Nutrient Cycling in 
Mangrove Sediments
	 Microbial communities are central to 
nutrient cycling in mangrove sediments because 
they regulate the transformation of organic and 
inorganic forms of carbon, nitrogen, sulfur, and 
phosphorus. Organic matter decomposition and 
mineralization release nutrients from mangrove 
litter and other organic substrates, while microbial 
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oxidation–reduction processes determine the 
chemical forms and availability of these nutrients. 
Nitrifying microorganisms oxidize ammonium 
under relatively oxygenated conditions, whereas 
denitrifying microorganisms reduce nitrate under 
low-oxygen conditions and can contribute to 
nitrogen removal.22

	 Mangrove roots can generate steep 
spatial gradients in oxygen availability and redox 
potential within otherwise reducing sediments. 
Consequently, aerobic and anaerobic microbial 
processes may occur in closely adjacent sediment 
microsites rather than being uniformly distributed 
throughout the sediment.22 Nitrification occurs 
primarily under oxygenated conditions, whereas 
denitrification, dissimilatory nitrate reduction 
to ammonium (DNRA), anammox, and sulfate 
reduction are generally favoured under low-
oxygen or anaerobic conditions, depending on 
substrate availability and redox status. Thus, the 
influence of mangrove roots on nutrient cycling is 
mediated largely through changes in rhizosphere 
oxygenation, organic-carbon availability, and 
redox conditions rather than through direct nutrient 
uptake by aerial roots.23 DNRA converts nitrate to 
ammonium and can conserve bioavailable nitrogen 
within sediments, whereas anammox converts 
ammonium and nitrite to dinitrogen gas. Gerona et 
al.,23 specifically examined the relative contribution 
of these pathways depends on factors such as redox 
conditions, organic carbon availability, nitrate and 
ammonium concentrations, salinity, and sediment 
characteristics.
Mangrove-Specific Adaptations
	 Mangroves  possess  spec ia l i zed 
physiological and structural adaptations that 
influence nutrient acquisition, conservation, and 
utilization under saline and waterlogged conditions. 
For example, Reef et al.,11 detailed about Avicennia 
marina, which can absorb nutrients directly 
from the sediment through pneumatophores, 
enhancing nutrient turnover in anaerobic mud. 
Aerial roots, including pneumatophores and 
prop roots, primarily facilitate gas exchange and 
modify rhizosphere oxygen and redox conditions 
rather than functioning as specialized structures 
for direct nutrient uptake.11  These adaptations 
make mangroves efficient in nutrient retention and 
recycling, even under harsh conditions like salinity, 
low oxygen, and tidal inundation.

	 Mangroves also possess diverse salt-
regulation mechanisms. Species such as Avicennia 
marina use salt-excreting glands, whereas 
Rhizophora and Bruguiera restrict salt entry at the 
root level. The accumulation of compatible solutes 
and osmolytes, including proline, glycine betaine, 
and mannitol, further contributes to osmotic 
adjustment under salinity stress.15 The reproductive 
strategy known as vivipary, where seeds germinate 
while still attached to the parent tree and ensures 
rapid establishment of seedlings in unstable and 
saline sediments.13 Leaf traits such as thick cuticles, 
sunken stomata, and succulent tissues help reduce 
water loss and maintain physiological activity 
under salt and heat stress.13

	 At the physiological and biochemical 
level, mangroves display antioxidant enzyme 
systems (e.g., peroxidase, catalase, superoxide 
dismutase) that mitigate oxidative stress under 
salinity and flooding. These mechanisms, together 
with nutrient resorption and storage, contribute to 
the maintenance of physiological function under 
variable nutrient and environmental conditions.7,11

Nutrients in Restoration
	 He et al.,37 reported that the restoration 
of mangroves resulted in a significant increase in 
microbial diversity and a change in the makeup of 
the microbial community, which raised the relative 
abundance of dominating phyla like Fusobacteria, 
Deferribacteres, and Nitrospirae. Such microbial 
changes may influence nutrient transformation 
and biogeochemical functioning during ecosystem 
recovery.
	 Mckee and Faulkner38 reported that 
structural development and biogeochemical 
functioning of restored mangrove forests, but 
site-specific, regional, or local variations in 
hydrology and related factors like salinity and 
soil waterlogging. The efficacy of restoration can 
be evaluated using soil organic carbon (SOC), 
total nitrogen (TN), and total phosphorus (TP). 
However, Jiang et al.,39 discussed that, the relative 
effectiveness of passive and active restoration in 
recovering soil nutrient pools may vary according 
to site conditions and restoration history. 
	 Dharmayasa et al.,40 reported that 
changes in biogeochemical cycles and nutrient 
availability indicate that rehabilitated mangrove 
ecosystems have not yet attained the same stability 
as natural ecosystems, as indicated by changes in 
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organic matter content and C:N ratios. Long-term 
monitoring of nutrient pools, microbial processes, 
and sediment characteristics is therefore important 
for evaluating the recovery of biogeochemical 
functioning. These results emphasize the necessity 
of focused interventions in mangrove rehabilitation 
efforts to guaranty long-term restoration of 
nutrient balance, which is crucial for maximizing 
carbon storage and climate change resilience in 
tropical coastal ecosystems. An essential step in 
maintaining soil fertility and regenerating nutrients 
is the breakdown of organic waste discussed by 
Twilley et al.41 Frank et al.,42 studies have observed 
hourly variations in suspended particulate matter 
(SPM) in tidal streams, reflecting nutrient fluxes 
during tidal exchange. Da Silva et al.,43 reported 
that mangrove replanting and restoration efforts 
also affect soil nutrient dynamics, especially 
phosphorus accumulation, and providing indicators 
of ecosystem recovery.
Nutrient Cycling and Greenhouse Gas Emissions
	 Nutrient cycling in mangrove sediments 
is also linked to greenhouse-gas production and 
consumption. In addition to carbon storage and 
carbon dioxide (CO‚ ) dynamics, mangrove 
sediments can act as sources or sinks of methane 
(CH„ ) and nitrous oxide (N‚ O), depending on 
hydrology, salinity, organic matter availability, 
redox conditions, and microbial activity, reported 
by Prasad and Ramanathan.21 Robertson et al.,33 
reported that nitrogen transformations such as 
nitrification and denitrification can influence N‚ 
O production, while anaerobic decomposition 
and methanogenic processes contribute to CH„  
production.33 Therefore, assessment of mangrove 
biogeochemical functioning should consider both 
carbon storage and greenhouse-gas fluxes when 
evaluating ecosystem responses to environmental 
change.
Eco - Physiological Implications
	 M a n g r o v e s  e x h i b i t  a  r a n g e  o f 
ecophysiological responses to nutrient dynamics, 
which govern their growth, distribution, 
interspecific interactions, and overall ecosystem 
functioning in saline, waterlogged habitat. 
Nutrient availability can significantly influence the 
functional characteristics of mangrove ecosystems, 
including their carbon storage, faunal diversity, 
and coastal protection roles. High nutrient inputs 
from tidal waters, rivers, and runoff may enhance 

litter production and support detritus-based food 
webs.20 Dittmar et al.,44 reported that nutrient 
availability can influence biomass production 
and associated ecosystem processes, although 
responses vary with environmental conditions 
and nutrient status. Experimental evidence from 
Lovelock et al.,18 indicates that nitrogen and 
phosphorus inputs disrupt mangrove growth 
dynamics, nutrient cycling with differing impacts 
depending on the nutrient type. Twilley et al.,45 

reported that Mangrove wetlands also contribute to 
carbon sequestration through biomass production 
and soil carbon accumulation, linking net primary 
productivity with carbon storage potential.
Physiological Responses to Nutrient Availability
	 Mangrove productivity is influenced by 
efficient nutrient uptake, retention, and recycling 
mechanisms.4 Where nutrient availability is 
limited, mangroves can maintain physiological 
function through mechanisms such as nutrient 
retranslocation, nutrient storage, long-lived leaves, 
and efficient internal nutrient cycling. Feller and 
McKee17 and Holguin et al.,14 highlighted the 
importance of these mechanisms in mangrove 
nutrient utilization.
	 Recent studies by Mack et al.,46 emphasized 
that micronutrient and macronutrient cycles are 
interconnected, with geochemical transformations 
and microbial activity contributing to nutrient 
mineralization and influencing nutrient availability 
to plants. These processes may contribute to 
the ability of mangroves to respond to spatial 
and temporal variation in nutrient availability. 
However, the magnitude of these responses varies 
among sites depending on salinity, hydrology, 
sediment characteristics, and the availability of 
individual nutrients.
Species-Specific Nutrient Strategies
	 Nutrient dynamics can influence 
interspecific interactions and forest structure, 
but species responses to nutrient availability are 
influenced by multiple interacting factors, including 
salinity, hydrology, sediment characteristics, and 
species-specific physiological traits. Avicennia 
species may exhibit high nutrient uptake capacity 
under certain environmental conditions, whereas 
Rhizophora species possess mechanisms such 
as nutrient storage and retranslocation that can 
contribute to nutrient conservation, reported by 
Feller et al.47 These differences indicate species-
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specific strategies for nutrient acquisition and 
conservation rather than a universal separation 
of Avicennia into nutrient-rich habitats and 
Rhizophora into nutrient-poor habitats. Thus, 
species distribution and zonation should be 
interpreted as outcomes of interacting physiological 
and environmental gradients rather than nutrient 
availability alone. Such physiological differences 
may contribute to variation in species composition 
and zonation along environmental gradients, as 
reported by previous studies of  Simpson et al.,49 
Cannicci et al.,50 Zhu et al.,51 and others.48

Role in sediment accretion and habitat formation
	 According to Thorn,52 mangroves act as 
land builders, contributing to sediment trapping 
and stabilization. Root systems reduce sediment 
resuspension and promote the retention of organic 
and inorganic particles, thereby influencing 
sediment development and nutrient accumulation. 
This process can contribute to gradual elevation 
gain and changes in coastal habitat structure.53 
The extent of sediment trapping and nutrient 
accumulation, however, depends on hydrodynamic 
conditions, sediment supply, root structure, and 
rates of organic-matter deposition. The trapping 
of both organic and inorganic particles therefore 
reinforces the role of mangroves in shaping 
coastal geomorphology and influencing sediment 
biogeochemical processes.
Trophic Linkages and Biotic Interactions
	 Mangroves support complex trophic 
interactions, serving as nursery habitats for fish 
and supporting diverse benthic and planktonic 
communities as reported by Kathiresan & 
Bingham.54 Spatio-temporal changes in community 
structure may reflect changes in multiple 
environmental variables, including nutrient 
fluxes, as discussed by Bhutia et al.55 Through 
decomposition and consumption of mangrove-
derived organic matter, these biotic interactions 
contribute to the transfer and recycling of nutrients 
across trophic levels.
	 Lit ter decomposition contributes 
significantly to the carbon budget and microbial 
food chain, with the relative contribution of 
microbial and particulate food pathways varying 
among mangrove systems, as reported by Wafer 
et al.56 Microbial decomposition of mangrove 
litter releases nutrients that can subsequently be 
incorporated into microbial biomass and transferred 

to detritivores and higher trophic levels. Iara et 
al.,57 examined metal contamination and trophic 
transfer across six trophic levels, demonstrating the 
interaction between biogeochemical processes and 
contaminant transfer within mangrove-associated 
food webs.
Interplay of Biotic and Abiotic Drivers
	 A complex interaction of biotic (plants, 
microbes, fauna) and abiotic (salinity, sediment 
type, hydrology) factors controls the nutrient 
regime of mangrove ecosystems. These interactions 
influence individual plant physiology as well as 
broader ecosystem processes.
	 Abiotic factors like salinity gradients and 
sediment redox conditions regulate the chemical 
speciation and mobility of nutrients such as 
nitrogen, phosphorus, and sulfur. Holguin et al.,14 
discussed that high salinity and anaerobic sediment 
conditions can constrain nitrification and favour 
alternative anaerobic nitrogen transformation 
pathways, thereby altering nitrogen fluxes. 
Similarly, Lovelock et al.,18 examined how 
sediment texture and organic matter content 
influence the retention and release of macro- and 
micronutrients, affecting plant nutrient acquisition. 
Mangrove roots create localized oxygenated 
zones that facilitate microbial processes such 
as nitrification, while adjacent low-oxygen or 
anaerobic microsites support processes such as 
denitrification and sulfate reduction.4 The microbial 
community structure, in turn, responds dynamically 
to environmental drivers and organic matter input, 
reinforcing feedbacks in nutrient turnover reported 
by previous studies of researchers.19,58

	 Furthermore, the interplay between plant 
physiological traits and abiotic stresses determines 
the adaptive nutrient utilization strategies of 
different mangrove species. Species-specific 
variations in root morphology, aerenchyma 
formation, and ion exclusion mechanisms contribute 
to their capacity to thrive under fluctuating nutrient 
and salinity regimes reported by Feller et al.47 

These coordinated plant–environment interactions 
can influence nutrient acquisition, nutrient 
conservation, and physiological performance under 
changing environmental conditions, although the 
relative importance of individual mechanisms 
varies among species and habitats.
Year wise details of mangrove research findings
	 Table 1 summarizes the chronological 
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evolution of mangrove nutrient- and ecosystem-
related research from 1940 to 2025. The research 
trajectory can be broadly divided into three periods: 
the Foundational Research Period (1940–2000), 
the Modern Research Period (2001–2015), and 
the Contemporary Research Period (2016–2025). 
Early studies primarily focused on ecosystem 
ecology, mangrove anatomy and ecophysiology, 
nutrient cycling, sediment ecology, and microbial 
processes. During the modern period, research 
expanded toward nutrient dynamics, biochemistry, 
nutrient limitation, anthropogenic impacts, and 
blue-carbon processes. More recent studies have 
increasingly integrated nutrient cycling with 
carbon sequestration, climate change, restoration, 
contaminant interactions, and ecosystem-scale 
biogeochemical processes. In addition, this 
illustrates a progressive shift from descriptive 
and process-oriented studies toward integrated, 
multidisciplinary investigations of mangrove 

nutrient dynamics, carbon storage, anthropogenic 
pressures, restoration, and climate change.
Literature Search and Temporal Distribution 
Analysis
	 A total of 150 publications related 
to mangrove nutrient research were initially 
identified. Following screening for relevance to 
the central theme of the review, 80 publications 
were selected for detailed analysis. The selected 
publications were grouped according to their year 
of publication into five periods: 1940–1960, 1961–
1980, 1981–2000, 2001–2020, and 2021–2025. 
The proportion of publications in each period was 
calculated as a percentage of the total number 
of selected publications (n = 80). The temporal 
distribution of the selected literature is presented 
in Fig. 1.
	 Figure 1 illustrates the temporal 
distribution of publications on mangrove nutrient 
research from 1940 to 2025. The proportion of 

Table 1. Year wise details of mangrove research findings, focus area and its references

Period	 Year	 Research focus	 Major findings with references

Foundational 	 1940–1985	 Ecosystem ecology	 Early understanding of mangrove ecology, 
Research 			   geomorphology and sediment trapping.52,53

	 1986–1990	 Anatomy & 	 Structural adaptations, salt regulation and 
		  ecophysiology	 nutrient cycling.13, 31

	 1991–1995	 Nutrient-microbe 	 Carbon sequestration, litter decomposition, 
		  ecology	 nutrient responses reported by Twilley et al.,41 

			   and others.23,48

	 1996–2000	 Nutrient cycling & 	 Nutrient fluxes, detrital production, P dynamics 
		  sediment ecology	 reported by McKinnon and Klumpp59 Chen and 
			   Twilley,60 Fabre et al.,61 and others.62

Modern 	 2001–2005	 Nutrient dynamics 	 Microbial processes, trophic structure, 
Research		  & physiology	 and nutrient-use efficiency reported by Alonso 
			   and Paez.63 

	 2006–2010	 Biochemistry & 	 DOC dynamics, nutrient limitation, microbial controls 
		  nutrient limitation	 and productivity reported by Imai et al.,64 Lin et al., 67 
			   Polidoro et al.65

	 2011–2015	 Nutrient & anthro 	 Nutrient loading, heavy metals and blue-carbon 
		  pogenic impacts	 dynamics reported by Fry & Cormier,66 
			   Behera et al.68

Contemporary 	 2016–2020	 Nutrient cycling, 	 Links succession, sediment microbes, carbon storage 
Research		  carbon & global 	 and global change reported by Chen et al.,69 
		  change	 Rovai et al.,70  Fries et al.71

	 2021–2025	 Nutrient cycling, 	 Macro/micronutrient cycling, nutrient–contaminant 
		  restoration & climate 	 interactions, restoration and anthropogenic pressures 
		  change	 reported by Singh et al.,72 De Lacerda and Ferreira.,73 
			   Akbar et al.,75 Gautami and Patil,77 Ariyanto et al.,78 
			   Ishfaq et al.,80 Rachman et al.,76 and others.74,79
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publications increased progressively across the 
study periods, with the highest proportion recorded 
during 2000–2020 (40%), followed by 2020–2025 
(25%). Earlier periods accounted for 11%, 9%, 
and 15% of publications during 1940–1960, 
1960–1980, and 1980–2000, respectively. This 
temporal pattern reflects the increasing research 
attention toward mangrove nutrient dynamics and 
associated ecological processes.
Future Directions
	 Future research should adopt an integrated, 
technology-enabled framework that links nutrient 
dynamics with broader ecological and climatic 
processes. The use of remote sensing and AI 
tools can provide real-time mapping of nutrient 
fluxes and sediment interactions, while microbial 
genomics and isotopic tracing will help reveal the 
hidden biochemical pathways that regulate nitrogen 
and phosphorus cycling. Restoration ecology 
should focus on comparing active versus passive 
rehabilitation strategies to understand their long-
term nutrient recovery efficiencies. Incorporating 
bioindicators such as mangrove-associated algae, 
fungi, and microbial assemblages can improve 
monitoring accuracy. Moreover, coupling nutrient 

studies with blue-carbon assessments will allow 
better quantification of carbon sequestration 
potential in restored and degraded mangroves. 
Collectively, these approaches will strengthen 
predictive ecosystem models, improve adaptive 
management, and enhance mangrove resilience 
under global climate-change scenarios.

CONCLUSION

	 The reviewed literature demonstrates 
that nutrient dynamics in mangroves, shaped by 
nutrient availability, recycling, and transformation 
processes, influence productivity, biodiversity, and 
ecosystem functioning. These dynamics are driven 
by complex interactions between the mangroves’ 
biological processes, the physical environment, 
and microbial transformations. However, the 
magnitude and direction of these effects vary 
among sites and depend on factors such as salinity, 
hydrology, sediment characteristics, nutrient 
inputs, and species composition.
	 Modern research emphasizes the 
vulnerability of mangrove nutrient dynamics 
to human activities, including deforestation, 

Fig. 1. Year wise distribution of mangrove nutrient research
(Temporal distribution of selected publications on mangrove nutrient research during 1940–2025. Percentages represent the 
proportion of publications in each period among the 80 publications selected for analysis.)
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aquaculture, and agricultural runoff, which can 
alter nutrient loading and sedimentation patterns. 
Furthermore, mangroves contribute to carbon 
storage by accumulating organic matter in above- 
and belowground biomass and sediments. Nutrient 
cycling supports detrital food-web processes, 
including litter production, decomposition, nutrient 
exchange, and trophic transfer, although the relative 
importance of these processes varies among 
mangrove ecosystems. Advances in molecular and 
isotopic techniques have provided greater insights 
into microbial activity in mangrove sediments and 
their roles in processes such as denitrification and 
nitrogen fixation, thereby improving understanding 
of nutrient transformations within mangrove 
ecosystems.
	 Future studies should focus on the effects 
of restoration on nutrient dynamics, long-term 
responses to climate change, and the development 
of comprehensive models linking nutrient dynamics 
with ecosystem processes and services. These 
approaches may contribute to improved restoration 
and management strategies. Technological 
approaches such as remote sensing and artificial 
intelligence (AI) also have potential for assessing 
and monitoring ecosystem conditions and nutrient-
related patterns across different regions; however, 
their application to mangrove nutrient assessment 
requires further validation and integration with 
field-based measurements. Mangroves may serve 
as indicators of environmental change because 
their nutrient dynamics respond to interacting 
environmental and anthropogenic drivers, although 
their effectiveness as indicators depends on site-
specific conditions and appropriate monitoring 
frameworks. Maintaining their ecological integrity 
requires continued investigation of nutrient 
dynamics and their responses to environmental 
change. Adaptive, site specific and multidisciplinary 
approaches are crucial for bridging knowledge 
gaps and ensuring the protection of these vital 
ecosystems for future generations.
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