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Article Info ABSTRACT

Article type Marine ecosystems, due to their pivotal role in global climate regulation,
biodiversity conservation, and sustaining the livelihoods of billions of
people, require precise, continuous, and large-scale monitoring. In the last
decade, emerging technologies such as the Internet of Underwater Things

Research Article

Article history (IoUT), Cognitive Ocean Networks (CONet), and Artificial Intelligence
Received: 17 March 2025 (Al) algorithms have fundamentally transformed the processes of
Revised: 19 April 2025 collecting, processing, and interpreting complex marine environmental

data. Employing a systematic review methodology, this article examines
research published between 2015 and 2024 on the application of smart
technologies for monitoring and managing marine ecosystems. Findings
indicate that the integration of Al withedge computing and fog
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Keywords computing architectures has significantly enhanced the accuracy
Artificial Intelligence of automated aquatic species identification, coral reef health assessment,
Cognitive Ocean Network and prediction of water-quality changes. However, challenges such

as inherent energy limitations, communication barriers in underwater
environments, and the need for robust computational infrastructure remain
Environmental Monitoring major obstacles to the widespread development and deployment of these
Internet of Underwater Things ~ Systems. Ultimately, forward-looking strategies are proposed, including
the  development  of self-powered  systems, the  application
of reinforcement  learning for  autonomous  decision-making, and
the integration of multi-source data to guide future research.
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1, Perception and Sensing Layer
2, Fog Processing Layer

3, Cloud Processing Layer

4. Application and Service Layer
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6. Distributed Intelligence
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1, Multi-modal Data Fusion

2, Descattering

3, Recurrent Neural Network
4. Multi-source Data Fusion

5. Digital Twin

A¥



el 5 050, [ o sn ian 5 Lal C5 il las sl 5,8

Akyildiz et ) 1S oo p 5 dxtygcand g plp 3 Spdical g YU 13T (ol 3L Sl b ol (StwssT bl
codlads ol coo cada bl wms e o)) VL sl iy 4,81 (UOWC) * i )8 olbbls)l (al., 2004
slaodls pudse o> (Kaushal and Kaddoum, 2016) siws culiol ais 3 slad pyl8 (cly 9 35l )15 alolé g O
ST e g ad 3 iy p (e ladely sl )iy (Bluyj Gl S damed ohagh g baySus bawg sadiy
slog)lr 398 oees Ml de Sl GlPEICSw 5 GlBley laphb dejls g bl wiies 5
MudholKar et al., 2025; ) xS o 55 1y ooy p (ditie Co e i o sl Llg5 o Slbls)) o JWSIL e

.(Bokhari et al., 2022

owisT Iitpi>

03558 ol 395 sbaailols gl dgn ol (sopdin Jb > Lol dges dw 50 oai] lisios a5 aas o Lt eVlie s
(it 5 2 9 ol oAl ol oo 55) by bme Sl g3l ity 2 ol 505 & At (55
5ol j s (RL) T st (68l siive i (sbodSid pgd dges ol e MolS (cloaSd sloxy) (4l
G5 po B 4 5l el Lol )0 (0305 (Sl puwe 5 (655 B yae Cu o JSlo) digs (1o 5 1S paoua jolaiods b gd5
Flwes pledl ol an &S ol oldec NS slaJie b Gres (Slode)lSs p (iae 35 pow e 9o odlitul
(o sloony g ptesssS] (lxo Sl o b S0 sl (ool 5 oldl st sl ae b 10UT (slaosls
ol Jb g todon by piaswsS] gauds Sl Jeiie sbadibols 5 IS I Sl b, ol a5 dalss

i Ol s 4 gl 0 8005 Mol Glolidl plodl s g i (S0 4 B aST b eiiwsS]

S A%

swsild] aSis By iyl o gyl plenl a5 ol LS zadgds e ddlllas cudn Jdow b (6950 ddlllae oy
S Slups Contn 5 il panlis > by J55 Sl o 5 (msinn s slagysS 65 S 5 25l
S g SNy gt Godilols S 1) e cogian Ghom g ad 3 iy ol sl S Bl sl o)
Sdyslisd cunl adls lgen Sin 5 jeiue Slojjorh Cebl Gl wiadsr Jliomdy (lapiugwsS] gowa

1wl yj e dy dddllas ol ) 0 plwlid (gallS

i pobas 1y ol a8 slulis cd3 YOLO 9 CNN sile diadgn pguas (553, sla sy, @

YL laeb] el doUT atwgy slaosls oo b LSTM il Sloj (gpw 0diS S i oo @
ool L 395 5l Jgle 5uST 5 (gy9u od Wile ol S byl s i o

S8 aole 1y Sl ye dbb&mj S Mt 0y plEindg; asls Sl (g yaal g (5 S claodly plesl @
D9y o 4 olus (clagiumwgS] ol 5l &l St cblis > e b 48 ol 03,5 walyd 3T 484

!, Underwater Optical Wireless Communication
2, Reinforcement Learning

Ad



VEF Sl o) opled ) oys3 /g sl 5 03

P &5 e G5 codgime .l g g oo )L sl il b tadisn (gladilobs 0325 il 5 dawg @

el do Sy (slma il ¢ o JS5g, o e SutuogST @lols,) JU B (6, lubb ¢l Sue (sloailobe

s gl £ cpl ol ly | o]y o itan Lol wlge alenjl spmle catel (sl lasMo g oy ol

555 s 9935nn (Slas gl 4 Sy 5 4 oS ldae jac < slige (slasy ) 6ot 55 S
ol i3 9 lgubd Yoy (g0leatBl g (18 5Ll s slas] 5 ol dacme 5)L5 5 (6,MeSS eppeni g

@b Lo 3 plinios 55l wlie 1 el g Jas (gl 59y 32 Ll dxog g Limgh 5y Syei @
5 dum ol ol 3l (s 5] 9 Sl gl (ol Sl @yl g5yl wibe)
ool Il g )listedgs Mols” (6 S (claSis sl ¢ 65k Cudgamme 5l s,

ol Eob gam P e S g dlad Bily laaibels o (RL) (g 6050k glapiysSl 55,5 @

LS gl aSid elainly 395 )3 ledsd 5 e (658 e ol cli)) el yal ol anlmaibol

slolygy 4 SN iiSly Sl g Sy o Bl ]y S50 b asiay bl 4 (Sl &5 cal oud
S (o ol B 1) Jae

4 u.;l .\;9..» )s)M ko N> LSLQN:D‘) Sros ‘nl:‘.al d]).g wﬁn dbu?)ls- d.:u.o}» S99y 2 ..\.:b o.\.ui LSLQ’L)""“’ﬁ)-’ [ ]
—eod8l i sl (595 s ye0l ionis (gloylgale polai b IOUT (slaooly wadigr cuS 5 (glixo

S pdie Slyse ol cblis (ly @950 S aSh s CBl S Wadbgn sl pogldl pac (gqwis S @

iy Slags)gld alfaw ol Sen alo 3 L jluleda cpl 380wl ol Clus Pl p» Sk

5 olwdine by Glocunidss] Gl b Gree )Sen 5 Sl 5 ol balS il

s 15 o eyl alBlen ol e dlss (Sae IS Canliws 5 leMbl g5l 5 gl pole fatetsls

oel3l Sy plyy ) (6pgleoli Sl g s g5 5 Jlub cbli> (> qllo Sadbgn Sy ppto (gl pSxis
)90 walyd |y o

&bo

Akyildiz, 1. F., Pompili, D., & Melodia, T. (2004). Challenges for efficient communication in
underwater acoustic sensor networks. ACM Sigbed Review, 1(2), 3-8.

Alharbi, H. A., & Aldossary, M. (2021). Energy-efficient edge-fog-cloud architecture for loT-based
smart agriculture environment. leee Access, 9, 110480-110492.

Amoli, P. V. (2016). An overview on current researches on underwater sensor networks: Applications,
challenges and future trends. International Journal of Electrical and Computer Engineering, 6(3),
955.

Ananthi, M., Lakshmana Kumar, R., Muthu, B., & Punitha, P. (2025). Adaptive marine intelligence
and sensing architecture for autonomous underwater ecosystem monitoring using Al and loT
integration. Intelligent Data Analysis, 1088467X251339271.

Awalludin, E. A., Yussof, W. N. J. H. W., Bachok, Z., Aminudin, M. A. F., Din, M. S. C., & Hitam,
M. S. (2024). Monitoring climate change effects on coral reefs using edge-based image
segmentation. International Journal of Electrical and Computer Engineering, 14, 398-408.

Barua, A., & Rasel, M. S. (2024). Advances and challenges in ocean wave energy
harvesting. Sustainable Energy Technologies and Assessments, 61, 103599.

Bokhari, S., Hamrioui, S., & Aider, M. (2022). Cybersecurity strategy under uncertainties for an loE
environment. Journal of Network and Computer Applications, 205, 103426.

AF



el 5 050, [ o sn ian 5 Lal C5 il las sl 5,8

Boonnam, N., Udomchaipitak, T., Puttinaovarat, S., Chaichana, T., Boonjing, V., & Muangprathub, J.
(2022). Coral reef bleaching under climate change: prediction modeling and machine
learning. Sustainability, 14(10), 6161.

Cai, S., Zhu, Y., Wang, T., Xu, G,, Liu, A., & Liu, X. (2019). Data collection in underwater sensor
networks based on mobile edge computing. IEEE Access, 7, 65357-65367.

Chowdhury, A., Jahan, M., Kaisar, S., Khoda, M. E., Rajin, S. A. K., & Naha, R. (2024). Coral reef
surveillance  with  machine learning: A review of datasets, techniques, and
challenges. Electronics, 13(24), 5027.

Dar, F., Liyanage, M., Radeta, M., Yin, Z., Zuniga, A., Kosta, S., ... & Flores, H. (2023). Upscaling
fog computing in oceans for underwater pervasive data science using low-cost micro-clouds. ACM
Transactions on Internet of Things, 4(2), 1-29.

Dastjerdi, A. V., Gupta, H., Calheiros, R. N., Ghosh, S. K., & Buyya, R. (2016). Fog computing:
Principles, architectures, and applications. In Internet of things (pp. 61-75). Morgan Kaufmann.
Doney, S. C., Fabry, V. J., Feely, R. A., & Kleypas, J. A. (2009). Ocean acidification: the other CO2

problem. Annual Review of Marine Science, 1(1), 169-192.

Durden, J. M. (2025). Environmental management using a digital twin. Environmental Science &
Policy, 164, 104018.

Edeh, M. O., Dalal, S., Alhussein, M., Aurangzeb, K., Seth, B., & Kumar, K. (2024). A novel deep
learning model for predicting marine pollution for sustainable ocean management. PeerJ Computer
Science, 10, e2482.

Elo, S., Kééaridinen, M., Kanste, O., Polkki, T., Utriainen, K., & Kyngas, H. (2014). Qualitative
content analysis: A focus on trustworthiness. SAGE open, 4(1), 2158244014522633.

Halpern, B. S., Longo, C., Lowndes, J. S. S., Best, B. D., Frazier, M., Katona, S. K., ... & Selig, E. R.
(2015). Patterns and emerging trends in global ocean health. PloS one, 10(3), e0117863.

Hughes, T. P., Anderson, K. D., Connolly, S. R., Heron, S. F., Kerry, J. T., Lough, J. M., ... & Wilson,
S. K. (2018). Spatial and temporal patterns of mass bleaching of corals in the
Anthropocene. Science, 359(6371), 80-83.

IPBES, B. E. (2019). Global assessment report on biodiversity and ecosystem services of the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. IPBES
Secretariat, 1148.

Kaushal, H., & Kaddoum, G. (2016). Underwater optical wireless communication. IEEE Access, 4,
1518-1547.

Krishnan, S., & Prabu, M. (2024, December). Predicting Coral Bleaching: Forecasting Degree Heating
Weeks using Sea Surface Temperature. In 2024 IEEE 8th International Conference on Information
and Communication Technology (CICT) (pp. 1-6). IEEE.

Li, Y., Takahashi, S., & Serikawa, S. (2022). Cognitive ocean of things: a comprehensive review and
future trends. Wireless Networks, 28(2), 917-926.

Lu, H., Wang, D., Li, Y., Li, J., Li, X., Kim, H., ... & Humar, I. (2019). CONet: A cognitive ocean
network. IEEE Wireless Communications, 26(3), 90-96.

Lv, Z., Chen, D., Feng, H., Wei, W., & Lv, H. (2022). Artificial intelligence in underwater digital
twins sensor networks. ACM Transactions on Sensor Networks (TOSN), 18(3), 1-27.

Manderson, T., Li, J., Dudek, N., Meger, D., & Dudek, G. (2017). Robotic coral reef health
assessment using automated image analysis. Journal of Field Robotics, 34(1), 170-187.

McLaren, K., Mcintyre, K., & Prospere, K. (2019). Using the random forest algorithm to integrate
hydroacoustic data with satellite images to improve the mapping of shallow nearshore benthic
features in a marine protected area in Jamaica. GlScience & Remote Sensing, 56(7), 1065-1092.

Mell, P., & Grance, T. (2011). The NIST definition of cloud computing. Special Publication 800-
145. National Institute of Standards and Technology. https://doi.org/10.6028/NIST.SP.800-145

Menon, V. G., Midhunchakkaravarthy, D., Sujith, A., John, S., Li, X., & Khosravi, M. R. (2022).
Towards energy-efficient and delay-optimized opportunistic routing in underwater acoustic sensor
networks for 1oUT platforms: An overview and new suggestions. Computational Intelligence and
Neuroscience, 2022(1), 7061617.

Metheniti, V., Parasyris, A., Pereira, R. S., & Kazanjian, G. (2025). Recent Advancements and
Challenges in Artificial Intelligence for Digital Twins of the Ocean. Climate, 14(1), 3.

AY



VEF Sl o) opled ) oys3 /g sl 5 03

Mohsan, S. A. H., Li, Y., Sadig, M., Liang, J., & Khan, M. A. (2023). Recent advances, future trends,
applications and challenges of internet of underwater things (iout): A comprehensive
review. Journal of Marine Science and Engineering, 11(1), 124.

Mudholkar, P., Mudholkar, M., Jijaba, K. J., & Kalita, J. P. (2025). Smart Aquaculture: 10T, Cloud
Computing, and Al for Sustainable Fisheries. Vascular and Endovascular Review, 8(17s), 383-391.

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D., ... &
Moher, D. (2021). The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. BMJ, 372. https://doi.org/10.1136/bmj.n71

Palaniswami, M., Rao, A. S., & Bainbridge, S. (2017). Real-time monitoring of the great barrier reef
using internet of things with big data analytics. ITU J. ICT Discov, 1(1).

Periola, A. A., Alonge, A. A., & Ogudo, K. A. (2022). Edge computing for big data processing in
underwater applications. Wireless Networks, 28(5), 2255-2271.

Prabu, M., Krishnan, S., & Umamageswaran, J. (2025, May). Leveraging Satellite Imagery for
Predicting Thermal Heat Stress and Degree Heating Weeks in Coral Reefs using Convolutional
LSTM. In 2025 International Conference on Computational Robotics, Testing and Engineering
Evaluation (ICCRTEE) (pp. 1-7). IEEE.

Purkis, S., & Chirayath, V. (2022). Remote sensing the ocean biosphere. Annual Review of
Environment and Resources, 47(1), 823-847.

Singh, S., Tran, T. A., & Shaheen, M. (2024). A Comprehensive study of Al (XAl) for ocean health
monitoring. In Artificial Intelligence and Edge Computing for Sustainable Ocean Health (pp. 213-
240). Cham: Springer Nature Switzerland.

Sharan, S., Kininmonth, S., & Mehta, U. V. (2021). Automated CNN based coral reef classification
using image augmentation and deep learning. International Journal of Engineering Intelligent
Systems, 29(4), 253-261.

Sharma, R., Sungheetha, A., & Reddy, A. (2025). DeepMarineNet: Deep Learning-Enhanced
Underwater 10T Framework for Real-Time Marine Ecosystem Monitoring with Spatio-Temporal
Analysis, M (At, x-1). In 2025 2nd International Conference on New Frontiers in Communication,
Automation, Management and Security (ICCAMS) (pp. 1-6). IEEE.

Sully, S., Burkepile, D. E., Donovan, M. K., Hodgson, G., & Van Woesik, R. (2019). A global
analysis of coral bleaching over the past two decades. Nature Communications, 10(1), 1264.

Tao, J., Tian, H., Huang, S., Ye, Y., Xiong, Y., Huang, S., ... & Wu, J. (2025). Coral-YOLO: an
intelligent optical vision sensing framework for high-fidelity marine habitat monitoring and
forecasting. Sensors, 25(23), 7284.

Winkler, J., Badri-Hoeher, S., & Barkouch, F. (2023). Activity segmentation and fish tracking from
sonar videos by combining artifacts filtering and a Kalman approach. IEEE Access, 11, 96522-
96529.

Xu, H., Lv, B,, Chen, J., Kou, L., Liu, H., & Liu, M. (2023). Research on a prediction model of water
quality parameters in a marine ranch based on LSTM-BP. Water, 15(15), 2760.

Yussof, F. N., Maan, N., & Md Reba, M. N. (2021). LSTM networks to improve the prediction of
harmful algal blooms in the west coast of Sabah. International Journal of Environmental Research
and Public Health, 18(14), 7650.

Zhao, J. (2022). Multi-sensor deep learning for autonomous population monitoring of marine species.
University of Delaware.

AA


https://doi.org/10.1136/bmj.n71

