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Mangrove restoration is no longer just about planting more trees; it is about creating the
right conditions for mangroves to grow, recover, and sustain themselves naturally. This
article highlights the importance of healthy tidal flow, suitable hydrology and sediments,
proper species selection, natural regeneration, biodiversity, and community involvement.
Mangroves also provide valuable benefits by storing blue carbon, protecting coastlines, and
supporting fisheries. New technologies such as GIS, remote sensing, drones, LiDAR, and Al
are helping researchers monitor restoration more effectively. However, poor site selection,
disrupted tidal flow, coastal development, and limited long-term monitoring can reduce
restoration success. In the long term, restoration efforts should focus on healthy ecosystems,
biodiversity, carbon sequestration, and lasting sustainability rather than simply counting
planted seedlings.
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“Mangrove restoration is not just about planting trees; it is about restoring nature’s
ability to protect coasts, support biodiversity and store carbon for generations.”

Introduction

Mangroves are special coastal ecosystems that play an important role in protecting shorelines,
supporting biodiversity and sustaining fisheries. They also store large amounts of carbon,
particularly in their sediments, making them important ecosystems for climate-change
mitigation. In addition, mangrove areas provide nursery and feeding grounds for many fish and
invertebrates and support the livelihoods and food security of coastal communities (Donato et
al., 2011). However, mangroves are facing increasing pressure from coastal development,
aquaculture, pollution and changes in natural water flow. In the past, restoration efforts mainly
focused on planting large numbers of seedlings. Although planting can help in suitable
locations, it may not succeed when tidal flow, elevation, sediment conditions or other
environmental factors are inappropriate. Monoculture plantations may also fail to reproduce
the diversity and resilience of natural mangrove forests (Lewis & Brown, 2014). For this
reason, mangrove restoration is gradually moving beyond simply planting trees. Modern
approaches focus on restoring the natural conditions that allow mangroves to regenerate and
grow on their own.

Mangrove Planting to Ecosystem Restoration

Mangrove restoration is no longer seen as simply planting as many seedlings as possible. The
main aim is to restore the natural conditions that help mangroves grow, spread, and regenerate
naturally (Lewis & Brown, 2014). Natural recovery depends on healthy tidal flow, suitable soil
elevation, salinity, and sediment conditions. Roads, embankments, and aquaculture activities
can disturb these processes. Restoring natural water movement can therefore help mangroves
recover more effectively (Beeston et al., 2023).
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The Science Behind Successful Mangrove Restoration

Mangrove restoration is not just about planting more trees along the coast. It means restoring
the natural conditions that help mangroves grow, regenerate, and survive in the long term.
Healthy tidal flow, suitable sediments, native mangrove species, natural regeneration,
biodiversity, and support from local communities are all important for successful restoration
(Su et al., 2021). Tides are especially important because they bring water, nutrients, and
sediments into mangrove habitats. When roads or other structures block these natural water
pathways, mangrove growth can be disturbed. Restoring tidal connections can therefore help
mangroves recover naturally (Lewis et al., 2018). Similarly, stable sediments and the use of
native species adapted to local salinity and flooding conditions can improve mangrove
establishment (Ray et al., 2024). When environmental conditions are suitable, allowing
mangroves to regenerate naturally may be more effective than planting many seedlings (Su et
al., 2021). The return of fish, crabs, birds, and other organisms can also show that the ecosystem
is recovering (Lovelock et al., 2025). Local communities can contribute valuable knowledge,
making natural ecosystem recovery more important than tree planting alone.

Mangroves and Blue Carbon: Beyond Tree Planting
Understanding Blue Carbon: Blue
carbon is the carbon captured and stored
by coastal ecosystems such as mangroves,
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Carbon Storage and Long-Term Burial: Carbon in mangrove ecosystems is stored in
aboveground vegetation, belowground roots, and coastal sediments. Among these pools, the
sediment is particularly important because regular tidal flooding keeps the soil wet and often
limits the availability of oxygen. This slows the decomposition of organic matter and allows
carbon from fallen leaves, roots, and other organic materials to accumulate in the soil. When
these sediments remain undisturbed, carbon can stay buried for long periods. However,
activities such as clearing, drainage, erosion, or other forms of disturbance can expose stored
carbon and increase greenhouse-gas emissions (Adame et al., 2021).

Restoration, Recovery and Carbon Sequestration: Restoring mangroves can help rebuild
carbon stocks, but restoration is not simply a matter of planting large numbers of seedlings. In
the early stages of recovery, carbon accumulation mainly occurs as vegetation and root systems
develop. As the mangrove grows, roots help stabilise sediments, and organic material gradually
builds up in the soil. Over time, these processes contribute to the development of a larger
belowground carbon pool. However, restored mangroves may need several decades to
approach the carbon stocks and ecological functions of mature mangrove forests (Su et al.,
2021). Therefore, restoration should focus on restoring suitable hydrology, encouraging natural
regeneration, selecting appropriate species, and matching restoration activities to local site
conditions.

Protection and Restoration: Protecting existing mangrove forests is just as important as
restoring degraded areas. Mature mangroves already contain substantial amounts of carbon
accumulated over many years. When these ecosystems are cleared or disturbed, both vegetation
and carbon-rich sediments can be lost, potentially releasing stored carbon back into the
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atmosphere. Restoration can help recover degraded ecosystems, but preventing the destruction
of healthy mangroves avoids the loss of carbon stocks that may take many years or decades to
rebuild (Macreadie et al., 2021).

Mangrove Carbon: Monitoring mangrove blue carbon requires a combination of field studies,
GIS, and remote-sensing tools. Soil samples can be used to estimate carbon stored in sediments,
while tree measurements help assess above-ground biomass. Technologies such as UAV
LiDAR, photogrammetry, Sentinel-2, and Landsat make it possible to study mangrove cover
and changes over larger areas (Su et al., 2021). Today, mangrove restoration is moving beyond
simply planting trees. The focus is on restoring natural conditions that help mangroves grow,
store carbon, support wildlife, and protect coastal areas. This approach can contribute to
healthier and more resilient coastal ecosystems.

Technology-Based Monitoring of Mangrove Restoration

Mangrove restoration is no longer judged only by the number of seedlings planted. A site may
have many surviving plants but still fail to develop into a healthy and self-sustaining ecosystem.
Modern restoration therefore focuses on long-term changes in vegetation, hydrology,
biodiversity, ecosystem structure, and carbon storage. Technologies such as GIS, satellite
remote sensing, drones, LiDAR, and artificial intelligence (AI) are making this monitoring
faster and more reliable (Yang et al., 2024).

GIS and Satellite Remote Sensing: GIS and satellite imagery allow large mangrove areas to
be monitored repeatedly over time. Landsat and Sentinel-2 images can show changes in
mangrove cover, vegetation condition, fragmentation, and recovery. Sentinel-1 radar data are
especially useful in cloudy coastal regions and can provide additional information on
vegetation structure and surface conditions. GIS can also combine elevation, tidal channels,
shoreline change, and land-use information to identify suitable restoration sites. This is
important because successful mangrove recovery depends strongly on appropriate tidal and
hydrological conditions, not simply on planting more trees (Yang et al., 2024).

Drone-Based Monitoring: Drones provide much finer information than satellites and are
useful for monitoring small restoration sites. High-resolution RGB, multispectral, and LIDAR
images can help measure seedling survival, canopy development, tree height, and gaps within
the vegetation. UAV-based LiDAR can also provide detailed information about vegetation
structure and help estimate aboveground biomass and carbon (Duan et al., 2025). Field
observations are still important, but drones can greatly reduce the time and effort required for
repeated surveys.

Vegetation and Habitat Mapping: Restoration success also depends on whether the restored
area develops a diverse and natural vegetation structure. Multispectral and hyperspectral
images can help distinguish mangroves from other vegetation and, in some cases, identify
different mangrove species. Vegetation indices such as NDVI and EVI can be used to monitor
changes in canopy condition and plant growth. Recent developments in remote sensing and
machine learning have improved the mapping of mangrove species and vegetation patterns
(Wu et al., 2025).

Al and Machine Learning: Large amounts of satellite and drone data can be difficult to
analyse manually. Machine-learning methods such as Random Forest, Support Vector
Machine, and deep-learning models can automatically classify mangroves, detect changes, and
estimate biomass. These approaches can also combine optical, radar, elevation, and LiDAR
data to provide a more detailed picture of ecosystem recovery (Wu et al., 2025). However, Al-
based results should always be checked with field observations to ensure reliable interpretation.
Biodiversity and Blue Carbon: Modern restoration monitoring is increasingly concerned with
ecosystem functions, not just plant survival. Changes in species diversity, natural regeneration,
habitat quality, and associated fish, birds, and invertebrates can indicate whether ecological
recovery is taking place. Blue carbon is another important indicator because mangroves store
carbon in vegetation, roots, and coastal sediments. Remote sensing and LiDAR can help
estimate aboveground biomass, while field and sediment measurements are needed to assess
belowground and soil carbon (Duan et al., 2025).
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Long-Term Monitoring and Adaptive Management: The real success of restoration can
only be understood through long-term monitoring. Repeated observations can show whether
mangroves are developing greater canopy cover, natural regeneration, structural complexity,
biodiversity, and carbon-storage capacity. They can also reveal problems such as erosion, poor
tidal connectivity, or vegetation decline at an early stage. This information allows managers to
modify restoration practices when necessary. Overall, the combination of field surveys, GIS,
satellite imagery, drones, LIDAR, and Al is helping move mangrove restoration beyond simple
tree planting. The goal is not only to increase mangrove cover, but to develop healthy, diverse,
functional, and carbon-rich ecosystems that can persist over the long term (Yang et al., 2024).

Challenges and Future Directions

Mangrove restoration can be difficult when the wrong species are selected, tidal flow is
disturbed, drainage is poor, or coastal habitats are lost to development (Su et al., 2021). Another
major issue is long-term monitoring. Simply checking how many planted seedlings survive is
not enough to understand whether the ecosystem is recovering. Changes in biodiversity, natural
regeneration, carbon storage, and habitat quality should also be followed over time (Sasmito et
al., 2023). In the future, restoration should focus less on the number of trees planted and more
on how well the ecosystem functions. Protecting biodiversity, storing carbon, stabilising
shorelines and sediments, and supporting fisheries can provide better measures of successful
restoration (Lovelock et al., 2025).

Conclusion

Mangrove restoration is not simply about planting more trees; it is about creating the right
conditions for mangroves to grow, regenerate, and function as healthy coastal ecosystems.
When natural tidal flow, suitable habitats, biodiversity, and sediment processes are restored,
mangroves can provide long-term benefits such as coastal protection, carbon storage, and
habitat for many species (Su et al., 2021). In the future, restoration should focus on healthy and
self-sustaining ecosystems rather than plantation numbers alone. Giving importance to natural
regeneration, biodiversity, carbon sequestration, community involvement, and long-term
monitoring can make restoration efforts more effective and lasting. In this way, mangrove
restoration can contribute not only to coastal conservation but also to the well-being and
resilience of coastal communities (Lovelock et al., 2025).

References

1. Adame, M. F.; Connolly, R. M., Turschwell, M. P., Lovelock, C. E., Fatoyinbo, T.,
Lagomasino, D., Goldberg, L. A., Holdorf, J., Friess, D. A., Sasmito, S. D., Sanderman, J.,
Sievers, M., Buelow, C., Simard, M., & Brown, C. J. (2021). Future carbon emissions from
global mangrove forest loss. Global Change Biology, 27(12), 2856-2866.
https://doi.org/10.1111/gcb.15571

2. Alongi, D. M. (2020). Global significance of mangrove blue carbon in climate change
mitigation. Scientific Reports, 10, 10057. https://doi.org/10.1038/s41598-020-71103-0

3. Beeston, M., Cameron, C., Hagger, V., Howard, J., Lovelock, C., Sippo, J., Tonneijck, F.,
van Bijsterveldt, C., & van Eijk, P. (Eds.). (2023). Best practice guidelines for mangrove
restoration. Global Mangrove Alliance. Official restoration guidelines

4. Budiarto, R., & Dewanto, B. G. (2025). Unmanned aerial vehicles for assessing biomass
and carbon stocks in mangrove forests: A systematic review. Sustainable Futures, 10,
101425. https://doi.org/10.1016/.sftr.2025.101425 ScienceDirect

5. Castillo, J. A. A, et al. (2022). A systematic review of mangrove restoration studies in
Southeast Asia: Challenges and opportunities for the United Nations Decade on Ecosystem
Restoration. Frontiers in Marine Science, 9, 987737. Frontiers

6. Charoenlerkthawin, W., Bidorn, K., Burnett, W. C., Sopon, A., Otarawanna, S., & Bidorn,
B. (2024). Evaluating the effectiveness of mangrove rehabilitation: A novel approach for
sustainable coastal management. Journal of Environmental Management, 365, 121673.
https://doi.org/10.1016/j.jenvman.2024.121673 PubMed

PRgri grticles ISSN: 2582-9882 Page 746

Ear e e de v e Ae de v e e Lo e O e Lo D v e Ao e O e e e O e Ae Ao v e e de v Ov e Le de e v e e Ae de e D 0 de Ao e e v O O


https://doi.org/10.1111/gcb.15571
https://doi.org/10.1038/s41598-020-71103-0
https://www.mangrovealliance.org/best-practice-guidelines-for-mangrove-restoration?utm_source=chatgpt.com
https://doi.org/10.1016/j.sftr.2025.101425
https://www.sciencedirect.com/science/article/pii/S2666188825009864?utm_source=chatgpt.com
https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2022.987737/full?utm_source=chatgpt.com
https://doi.org/10.1016/j.jenvman.2024.121673
https://pubmed.ncbi.nlm.nih.gov/38959765/?utm_source=chatgpt.com

Earde de de de de Ao de de Ao Ao e Ae Ae Ao Ae e e A A Ae A A e e e U O O Or Up Ov dv dv dv G de de de Ae 1e e e dr Ov G de de de Ae Ae e e Or

Chaudhari et al. (2026) Agri Articles, 06(05): 743-748 (SEP-OCT, 2026)

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham, M., & Kanninen,
M. (2011). Mangroves among the most carbon-rich forests in the tropics. Nature
Geoscience, 4(5), 293-297. https://doi.org/10.1038/ngeo1123

Duan, M., Sanchez-Azofeifa, A., Abdulmajeed, M., Turner, D. P., Buckingham, K., Odari,
A., Mtwana, J., Kipkoech, S., & Kasraee, N. (2025). Aboveground carbon estimation in a
mangrove ecosystem using UAV-based remote sensing and machine learning. Ecological
Indicators, 178, 113950. https://doi.org/10.1016/j.ecolind.2025.113950 ScienceDirect
Friess, D. A., Yando, E. S., Alemu I, J. B., Wong, L.-W., Bhatia, N., & Yaakub, S. M.
(2020). Mangrove rehabilitation and restoration as experimental adaptive management.
Frontiers in Marine Science, 7,327. Frontiers

Global Mangrove Alliance & Blue Carbon Initiative. (2023). Best practice guidelines for
mangrove restoration. Global Mangrove Alliance.

Lewis, R. R. (2005). Ecological engineering for successful management and restoration of
mangrove forests. Ecological Engineering, 24(4), 403-418.
https://doi.org/10.1016/j.ecoleng.2004.10.003 reefresilience.org

Lewis, R. R., Brown, B. M., & Flynn, L. L. (2018). Methods and criteria for successful
mangrove forest rehabilitation. In Coastal wetlands: An integrated ecosystem approach
(2nd ed.). Elsevier. SDG Resource Centre

Lewis, R. R., III, & Brown, B. (2014). Ecological mangrove rehabilitation: A field manual
for practitioners. Mangrove Action Project. FAO resource page

Lovelock, C. E., Hagger, V., Feller, 1. C., Amir, A. A., Anténio, V. M., Owuor, M. A., &
Friess, D. A. (2025). Mangrove biodiversity and ecosystem services. Nature Reviews
Biodiversity, 1, 772-787. https://doi.org/10.1038/s44358-025-00103-3

Macreadie, P. L., Costa, M. D. P., Atwood, T. B., Friess, D. A., Kelleway, J. J., Kennedy,
H., Lovelock, C. E., Serrano, O., & Duarte, C. M. (2021). Blue carbon as a natural climate
solution. Nature Reviews Earth & Environment, 2, 826—839.
https://doi.org/10.1038/s43017-021-00224-1

Nascimento Neres, J., Strenzel, G. M. R., Mielke, M. S., & Barros, F. (2024). Mangrove
forest health condition from space and the use of in situ data. Marine Environmental
Research, 201, 106704. https://doi.org/10.1016/j.marenvres.2024.106704 ScienceDirect
Pradisty, N. A., Schlund, M., Horstman, E. M., & Willemen, L. (2025). Estimating canopy
height and aboveground biomass in tropical mangrove restoration areas through
multisource remote sensing. Ecological Informatics, 92, 103522.
https://doi.org/10.1016/j.ecoinf.2025.103522 DOI

Ray, K., Basak, S. K., Giri, C. K., Kotal, H. N., Mandal, A., Chatterjee, K., Saha, S.,
Biswas, B., Mondal, S., Das, 1., Ghosh, A., Bhadury, P., & Joshi, R. (2024). Ecological
restoration at pilot-scale employing site-specific rationales for small-patch degraded
mangroves in  Indian  Sundarbans. Scientific ~ Reports, 14, 12952.
https://doi.org/10.1038/s41598-024-63281-8 Nature

Ray, K., et al. (2024). Ecological restoration at pilot-scale employing site-specific
rationales for small-patch degraded mangroves in Indian Sundarbans. Scientific Reports,
14, 12952 https://doi.org/10.1038/s41598-024-63281-8 Nature

Sasmito, S. D., Basyuni, M., Kridalaksana, A., Saragi-Sasmito, M. F., Lovelock, C. E., &
Murdiyarso, D. (2023). Challenges and opportunities for achieving Sustainable
Development Goals through restoration of Indonesia’s mangroves. Nature Ecology &
Evolution, 7, 62-70. Nature

Su, J., Friess, D. A., & Gasparatos, A. (2021). A meta-analysis of the ecological and
economic outcomes of mangrove restoration. Nature Communications, 12, 5050.
https://doi.org/10.1038/s41467-021-25349-1

Worthington, T. A., Andradi-Brown, D. A., Bhargava, R., Bunting, P., Duncan, C.,
Fatoyinbo, T., Lagomasino, D., Lovelock, C. E., Murray, N. J., Narayan, S., & Spalding,
M. (2020). Harnessing big data to support the conservation and rehabilitation of mangrove
forests globally. One Earth, 2(5), 429—443. https://doi.org/10.1016/j.oneear.2020.04.018

PRgri grticles ISSN: 2582-9882 Page 747

Ear e e de v e Ae de v e e Lo e O e Lo D v e Ao e O e e e O e Ae Ao v e e de v Ov e Le de e v e e Ae de e D 0 de Ao e e v O O


https://doi.org/10.1038/ngeo1123
https://doi.org/10.1016/j.ecolind.2025.113950
https://www.sciencedirect.com/science/article/pii/S1470160X25008805?utm_source=chatgpt.com
https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2020.00327/full?utm_source=chatgpt.com
https://doi.org/10.1016/j.ecoleng.2004.10.003
https://reefresilience.org/pdf/Lewis_2005.pdf?utm_source=chatgpt.com
https://sdgresources.relx.com/book-chapters/coastal-wetlands-second-edition-chapter-24-methods-and-criteria-successful-mangrove?utm_source=chatgpt.com
https://www.fao.org/sustainable-forest-management/toolbox/tools/tools-details/es/c/1335100/?utm_source=chatgpt.com
https://doi.org/10.1038/s44358-025-00103-3
https://doi.org/10.1038/s43017-021-00224-1
https://doi.org/10.1016/j.marenvres.2024.106704
https://www.sciencedirect.com/science/article/pii/S0141113624003659?utm_source=chatgpt.com
https://doi.org/10.1016/j.ecoinf.2025.103522?utm_source=chatgpt.com
https://doi.org/10.1016/j.ecoinf.2025.103522?utm_source=chatgpt.com
https://doi.org/10.1038/s41598-024-63281-8
https://www.nature.com/articles/s41598-024-63281-8
https://doi.org/10.1038/s41598-024-63281-8
https://www.nature.com/articles/s41598-024-63281-8?utm_source=chatgpt.com
https://www.nature.com/articles/s41559-022-01926-5?utm_source=chatgpt.com
https://doi.org/10.1038/s41467-021-25349-1
https://doi.org/10.1016/j.oneear.2020.04.018

Earde de de de de Ao de de Ao Ao e Ae Ae Ao Ae e e A A Ae A A e e e U O O Or Up Ov dv dv dv G de de de Ae 1e e e dr Ov G de de de Ae Ae e e Or

Chaudhari et al. (2026) Agri Articles, 06(05): 743-748 (SEP-OCT, 2026)

23. Wu, Y., Lu, C., Wu, K., Gao, W., Yang, N., & Lin, J. (2025). Advancements and trends in
mangrove species mapping based on remote sensing: A comprehensive review and
knowledge visualization. Global Ecology and Conservation, 57, ¢03408.
https://doi.org/10.1016/j.gecco.2025.e03408 ScienceDirect

24. Yang, X., Zhu, Z., Kroeger, K. D., Qiu, S., Covington, S., Conrad, J. R., & Zhu, Z. (2024).
Tracking mangrove condition changes using dense Landsat time series. Remote Sensing of
Environment, 315, 114461. https://doi.org/10.1016/j.rse.2024.114461

Agri Grticles ISSN: 2582-9882 Page 748

Ear e e de v e Ae de v e e Lo e O e Lo D v e Ao e O e e e O e Ae Ao v e e de v Ov e Le de e v e e Ae de e D 0 de Ao e e v O O


https://doi.org/10.1016/j.gecco.2025.e03408
https://www.sciencedirect.com/science/article/pii/S2351989425000095?utm_source=chatgpt.com
https://doi.org/10.1016/j.rse.2024.114461

