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Abstract 

Surface ocean plastic and microplastic concentration have intensified in the past decade, bringing multiple potential 
adverse effects to ecosystems. This increased presence and related persistence of plastics in the marine environment 
pose questions about their interaction with sea-surface organisms, which are usually impacted by hazardous chemi-
cal leachates. Coastal regions, as entry pathways of most plastic litter through mismanaged plastic waste on land 
and river runoff, are zones of high plastic accumulation. The interactions of free-floating marine organisms and buoy-
ant plastic debris (BPD) are identified as one of the issues of concern that would potentially harm future global biodi-
versity, needing immediate public attention and action. This article addresses emerging and underexplored ecological 
impacts of the plastic problem by focusing on the interaction of the sea surface layer pelagic community with BPD. 
The plastic litter and their macro and micro variants harbor organisms of diverse lineage, and this nursing stimulates 
direct behavioral and physiological changes that are able to alter the structure and the composition of a commu-
nity. Such BPD-induced alteration impairs elementary traits of the most diverse group of bio-indicator and keystone 
organisms, such as buoyancy mechanisms and bio-physical coupling behaviors. Subsequently, such crucial impacts 
on remarkable eco-indicator organisms can potentially generate novel marine environmental challenges. Policy inter-
ventions on such ubiquitous nexus of BPD and sea-surface dwelling organisms that potentially disrupt crucial ecologi-
cal indicators are necessary to tackle the associated social, environmental, and economic impacts.
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1  Introduction
Plastic materials are pervasive in every environmental 
compartment and matrices (Zalasiewicz et al. 2016). The 
anthropogenic production, usage, and mismanagement 
of plastic materials since 1950 have led to their leakage 
and accumulation in the Earth system in various forms 
and eventually manifested into a wicked environmental 

problem. Coastal regions are the gateways of plastic 
input into the marine environment. The plastic pollut-
ants and their root causes are difficult to tackle due to 
their intrinsic interactions with the prevailing socio-
economic systems. Plastic is known to peril marine and 
freshwater ecosystems and is often identified as a plan-
etary boundary threat (Villarrubia-Gómez et  al. 2018; 
Borrelle et al. 2020). Buoyant plastic debris (BPD) is float-
ing plastic materials that account for a significant por-
tion of plastic pollution in aquatic environments (Sebille 
et al. 2015), and it is emerging as a tragedy of commons 
(Vince and Hardesty 2018). BPD is responsible for vari-
ous ecological and biogeochemical implications ranging 
from species invasion to climate change (VishnuRadhan 
et al. 2019; Haram et al. 2023). Along with other organic 
drifting material, BPD is known to support a range of 
diverse taxa, such as barnacles, mollusks, decapods, 
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and bryozoans, and they are often regarded as “floating 
islands” that can travel substantial distances (Jokiel 1990; 
Kiessling et al. 2015; Póvoa et al. 2021) and can support 
significant ecological shifts in the marine environment 
(Haram et al. 2021). Furthermore, among the wide range 
of organisms that harbor on these buoyant substrates, a 
considerable proportion of organisms are non-native and 
often increase the dominance of invasive species (Rech 
et al. 2018; García-Gómez et al. 2021; Chong et al. 2023), 
leading to colonization of organisms beyond their normal 
geographical limits (Zong 2021).

Currently, our understanding of BPD and its inter-
action with the marine ecological realm is uncharted 
beyond species invasion and substrate colonization of 
exotic species. BPD is not distributed equally through-
out the oceans, and they tend to gather in specific regions 
known as "garbage patches" or "plastic gyres” which are 
areas of high surface accumulation of plastic and other 
marine debris (Ryan 2015; Lebreton 2022). Radical meas-
ures to tackle BPD, such as cleaning the ocean garbage 
patches, have led to ongoing controversies about altering 
the ambient ecosystem processes in the near-surface oce-
anic layers (Spencer et al. 2023). Marine debris is already 
known to alter the upper ocean physical processes (Vish-
nuRadhan et al. 2019) and a recent study showed its effect 
on primary productivity and carbon chemistry (Kumar 
et  al. 2024). Marine plastic litter substantially impacts 
biodiversity by inducing physical harm to larger organ-
isms and enhancing the spread of non-native species and 
pathogens (Lincoln et al. 2022). Plastic waste and related 
chemicals have an impact on the marine food web, even 
though the effects of plastic trophic transfers are not fully 
known (Tuuri and Leterme 2023). Some recent investi-
gations have highlighted the impacts of BPD on surface 
dwelling organism ecology (Egger et  al. 2022; Lacerda 
et al. 2022), but to the best of our knowledge, there are 
no studies that have discussed the possible influence on 
adaptive traits of surface-dwelling organisms that use 
BPD as substrates during their life cycle.

In 2023, according to the consortium of “global biologi-
cal conservation horizon scan of issues” the interactions 
of floating species and BPD are identified as one of the 
15 concerns that need the immediate attention of soci-
eties worldwide to address (Sutherland et  al. 2023). The 
vast amount of BPD currently in the ocean leads to its 
frequent interaction with sea surface layer communi-
ties, and there are substantial impacts and feedback due 
to this unexplored interaction. This article suggests that 
marine debris, particularly in dense concentrations like 
those of garbage patches, may alter the physical envi-
ronment, posing considerable biological implications for 
communities that inhabit them through bio-physical cou-
pling. This includes the gradual deterioration of adaptive 

traits, which aid surface layer organisms in surviving the 
dynamic and changing ocean conditions, which have not 
yet been explored. Hence, this article aims to summarize 
the notions on the ecological and evolutionary implica-
tions of the interaction of living communities of the sea 
surface layer and BPD to generate stimulating discussions 
and research on the emerging BPD-organism nexus in 
the sea surface layer.

2 � Persistence of BPD in the marine environment
The production of plastic began at the beginning of the 
1900 s and was popularized after World War II as a glob-
ally widely used material in all society compartments, 
reaching an increased number of households. However, 
this large-scale production in the current scenario has 
become a threat to the ecosystems (Worm et  al. 2017). 
Plastic materials have permeated the natural environ-
ment and pose serious ecological concerns (Li et  al. 
2021). Data suggest that the Great Pacific Garbage Patch 
(GPGP) alone is spread to an area of ~ 1.6 million km2 of 
which plastics are the major marine litter covering a pro-
portion of 99.9% of GPGP (Lebreton et al. 2018, 2024).

As shown in Fig.  1, the global plastic production 
(Fig.  1a) till 2015 was 8300 million metric tonnes (Mt), 
which is estimated to grow up to 12,000 (Mt) by 2050 
(Geyer et al. 2017), of which 60% of all plastic produced is 
less dense than seawater (Lebreton et al. 2018). By 2015, 
a total of 6300 Mt of plastic waste was generated, with 
2000 Mt still in use (Fig. 1b) (Geyer et al. 2017). From this 
6300 Mt, 9% were recycled, 12% were incinerated, and 
79% were discarded in the natural environment (Fig. 1c) 
(Geyer et al. 2017). Eight million tons of this 79% plastic 
litter end up in the ocean each year (Zong 2021), which 
leads to a 2.5% annual growth rate of garbage patches 
(Fig. 1d) (Leal Filho et al. 2021). Hence, from the previous 
reports, it is evident that plastic alone accounts for 60 to 
80 percent of all marine litter (Zong 2021). All the cumu-
lative factors lead to the total mass of BPD on the ocean 
surface being 2,33,400 tons, ~ two hundred times more 
than what is suspended in the water column (Harris et al. 
2023). The specific surface degradation rates (Fig. 1e) for 
commonly used polymers like polypropylene (PP), low-
density polyethylene (LDPE), and high-density polyeth-
ylene (HDPE) under normal conditions are 7.5, 15, and 
4.3 µm/year, which is far less compared to the mass input 
rate (Chamas et al. 2020).

Plastic can persist in the environment as long as it does 
not degrade. The major ocean plastic degradation mecha-
nism is photooxidative degradation (Gewert et al. 2015). 
The degradation rates in marine environments are low 
because of lower ambient temperatures. It is estimated 
that HDPE bottles in the marine environment take 116 
years to degrade (Chamas et  al. 2020). The majority of 
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marine plastics are composed of polyethylene (PE) and 
PP (Egger et  al. 2021), which have a degradation rate 
between 10 to 100 µm/year (Chamas et al. 2020). How-
ever, plastic degradation rates might be inaccurate as they 
have only been comprehensively studied in laboratories 
under high temperatures, conditions that are far from 
natural and ambient temperature profiles. The polymer 
degradation by ultraviolet rays depends on short wave-
lengths with strong oxidizing conditions, which is rarely 
achieved in ambient conditions. This makes the actual 
degradation rates in the marine environment much lower 
than the experimentally determined ones (Gewert et  al. 
2015). Hence, plastic is persistent in the marine environ-
ment (Worm et  al. 2017), given the current increasing 
inputs that show a positive relation with abundance of 
ocean surface-dwelling invertebrates (Chong et al. 2023; 
Kiessling et al. 2015). This denotes the increasing amount 
of floating anthropogenic litter that is a habitat for a wide 
range of surface-dwelling organisms, mostly inverte-
brates (Kiessling et  al. 2015). It highlights the potential 
of garbage patches to support floating organisms, such as 
neustons (Chong et al. 2023), microorganisms, seaweeds, 

and invertebrates, further drawing attention to marine 
rafting dispersal (Kiessling et al. 2015).

3 � BPD‑ Sea Surface layer organism nexus
BPD has many well-known impacts on marine organ-
isms, ranging from ghost fishing to blocking sunlight on 
the sea surface (Royer et al. 2023; Jambeck and Walker-
Franklin 2023). The top few millimetres of the ocean sur-
face, where properties are most altered relative to deeper 
water, are often referred to as the sea surface microlayer, 
and marine neuston inhabits the sea surface microlayer 
(Soloviev and Lukas 2013). Persistence, buoyancy, and 
variety in terms of the chemical composition of BPD 
facilitate their colonization by macro and microorgan-
isms potentially invasive, thus acting as a vector for their 
transport across different marine areas (García-Gómez 
et  al. 2021). The impact of BPD on the surface layers 
of the ocean has gained recent attention (VishnuRad-
han et  al. 2019; Galgani and Loiselle 2019; George and 
Fabre 2021). Such an interaction with surface-associated 
pelagic communities is an emerging topic, and the influ-
ence of BPD on the structure and dynamics of these 

Fig. 1  A comprehensive diagram of the persistence of buoyant plastics in the marine environment. a, b and c (Geyer et al. 2017) put forth 
the global plastic production, its usage, and the percentage entering the natural environment. d shows the current annual growth rate of garbage 
patches due to mass plastic input (Leal Filho et al. 2021), and (e) shows the rate of degradation of plastic, which is far lower than the input rate 
(Chamas et al. 2020)
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communities is not well understood. Many organisms 
inhabit the ocean surface layer, such as barnacles, cnidar-
ians, snails, nudibranchs, and their larval stages (Banse 
1975). Many organisms living on the sea surface layer use 
natural buoyancy mechanisms to stay afloat on the ocean 
surface, though the mechanisms differ across species. A 
significant proportion of recorded rafters are facultative 
rafters, while confined to a floating object, these organ-
isms become dispersed from their usual habitats. How-
ever, some organisms are obligate rafters, spending their 
whole life cycle on a raft (Thiel and Gutow 2005). Many 
floating animals use gas-trapping mechanisms to remain 
at the surface (Anthony et  al. 2024). They also harness 
opportunistic floating substrates to support and com-
plete their life cycle. Historically, they depend on floating 
organic substrates of terrestrial origin or marine mac-
roalgae such as seaweed (Kiessling et al. 2015).

In recent decades, the amount of sturdy and persistent 
BPD has exponentially increased and is further expected 
to rise (Geyer et al. 2017), leading to a vast availability of 
colony-supporting substrates for floating species in the 
marine ecosystem. The availability of durable substrates 
enables marine hitchhiking and rafting, transporting 
species across boundaries (García-Gómez et  al. 2021). 
Since plastic substrates are durable, there is no need for 
the colonizing organisms to switch and occasionally find 
new substrates. This can stimulate a thriving sea surface 
community that depends exclusively on BPD substrates. 
However, there is a contrasting side to this process. The 
sea-surface microlayer also has a high concentration of 
other pollutants (Wurl and Obbard 2004; Liss and Duce 
2009) that, together with BPD and BPD-derived leachates 
or BPD-adsorbed chemicals, can be harmful to inver-
tebrates and their larvae, while it may instead stimulate 
other communities of organisms, such as the metabolism 
of heterotrophic bacterial communities (Romera-Cas-
tillo et al. 2018; Sheridan et al. 2022). However, no veri-
fied comprehensive studies currently address the issue 
regarding such BPD-invertebrate interactions, although 
these processes can drive ecological and evolutionary 
changes in the sea surface layer ecosystem.

Phenotypic or adaptive plasticity among organisms 
is an evolutionary adaptation to unique environmental 
variations leading to diverse ecological implications. A 
wide range of behavioural, morphological, physiologi-
cal, biochemical, chemical, or life history traits of marine 
organisms has been shown to be phenotypically plastic 
resulting from responses to the environment during the 
organism’s lifetime or across generations ((Padilla and 
Savedo 2013). The processes that underline phenotypic 
plasticity frequently entail modifications in gene expres-
sion brought on by external stimuli. These modifica-
tions may impact several biological processes, resulting 

in distinct phenotypic manifestations (Wray 2013). The 
plasticity is evolutionarily significant as it facilitates the 
evolution of new traits by providing a buffer against envi-
ronmental variability (Longa 2021). Phenotypic plasticity 
is abundant in nature and plays a major role in marine 
biological invasions (Smith 2009). Morphological plastic-
ity, which is a subset of phenotypic plasticity (West-Eber-
hard 1989), is most common in marine invertebrates, 
and they are one of the most comprehensive examples of 
organisms exhibiting phenotypic plasticity among other 
organisms, which goes through a succession of devel-
opmental and ontogenetic stages during their lifetimes. 
(Padilla and Savedo 2013). For example, the cosmopoli-
tan marine free-living ciliates Glauconema spp., undergo 
significant phenotypic changes in terms of body shape in 
response to food shortages (Pan et al. 2024), and colonial 
invertebrates such as corals exhibit morphological plas-
ticity (Sánchez et al. 2007; Million et al. 2022). There are 
other types of plasticity, such as tubificid oligochaetes in 
the Foundry Cove, New York. These invertebrates devel-
oped cadmium resistance because of a battery factory 
dumping 50 tonnes of cadmium and nickel hydride into 
the waters. This resistance was lost by 2002, after the 
clean-up (Levinton et  al. 2003). There is evidence that 
natural populations often experience the weakening or 
removal of a source of selection, which is critical in main-
taining one or more traits, known as “relaxed selections” 
(Lahti et  al. 2009). Cave-dwelling fish exhibit relaxed 
selection on vision-related traits (Wilkens 2020), similar 
to deep-sea organisms (Poulson 2001). The natural buoy-
ancy mechanism is an adaptive trait (Dobzhansky 1956) 
essential for the survival of the floating marine species, 
where they have various strategies, such as maintaining 
low-density substances and body fluids, gas chambers, 
and hydrodynamic shapes that allow them to stay sus-
pended in the water column for longer time (Molloy and 
Cowling 1999). These adaptive traits help them main-
tain low energy expenditure and increased survival, and 
they can occur under the above-discussed plasticity and 
relaxed selection mechanisms.

There is a possibility that the buoyancy mechanism 
of floating organisms can dwindle with time due to the 
increased reliance on BPD. In addition, bio-physical cou-
pling, induced by turbulence, can influence the recruit-
ment of early life stages of floating invertebrates that 
utilize BPD as a substrate. The role of evolution in eco-
logical processes is expected to be significant for traits 
that change rapidly, which strongly influences ecologi-
cal interactions (Carroll et  al. 2007). Ecologically sig-
nificant evolutionary change increasingly occurs over 
short timescales of tens of generations or fewer (Alex-
ander et  al. 2017). This phenomenon and the short life 
span of floating species can prompt a higher probability 
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of rapidly altering their buoyancy-related traits. Any 
changes in the ecological characteristics of these organ-
isms, for example, the natural buoyancy mechanism and 
the associated bio-physical coupling, presumably can 
have far-reaching consequences for marine ecosystems 
and trophic structures. Recent studies show that float-
ing animal species evolved from epibiotic and rafting 
ancestors (Anthony et al. 2024). Given their known inter-
actions with marine organisms, BPD can be a potential 
driver of evolutionary changes that can lead to changes 
in the marine ecosystem, inducing altered ecosystem 
services that can pose a wide range of impacts on the 
marine environment and human societies. The evolu-
tionary changes in plastisphere communities can be stud-
ied and documented with metagenomics approaches or 
eDNA. Besides all these, marine invertebrate species also 
function as bioindicators for various anthropogenic and 
natural pollutants. This scenario is not ideal, as the bioin-
dicator invertebrate, in the prolonged presence of BPD, 
can alter its eco-indicative traits, creating ambiguity in 
monitoring and assessing the environmental impacts and 
developing management strategies when confronted with 
environmental pollutants. Table 1 lists various organisms 
belonging to different phyla that live on marine surface 
waters and interact with BPD, based on the available but 
limited literature on the subject. For example, the cnidar-
ian Nanomia bijuga, which is bio-invasive in South Bra-
zil, the arthropods Idotea metallica, which fouls the BPD 

surface in the Mediterranean, organisms showing rafting 
behaviors like Hydroides elegans, an annelid found in the 
surface waters of New Zealand. Thiel and Gutow (2005) 
was followed to deduce the list of marine organisms that 
are rafters. Invertebrates from most marine phyla are 
rafting organisms, and bryozoans, crustaceans, and gas-
tropods were the most common taxa observed in raft-
ing  (Subías-Baratau et al. 2022). The dominant ones are 
grazing/boring and suspension-feeding organisms, which 
occurred on all floating substrata, and the selected refer-
ences represent these classes of organisms.

4 � Marine invertebrates as bioindicators: 
the repercussions of BPD‑organism nexus

Marine surface layer communities play a vital role in 
open ocean epipelagic food webs and represent a sig-
nificant food source for varied marine organisms. They 
are also an essential source of biomass in pelagic ecosys-
tems, and their interactions with BPD are still not known 
(Maximenko et al. 2021). Many invertebrate species such 
as macro crustaceans (Das et al. 2020) and crabs, (Cap-
parelli et al. 2022), decapods (Das et al. 2023), cladocer-
ans (Lee et  al. 2021), mollusks (Chang and Wang 2024) 
and as well as polychaetas (Malzahn et  al. 2024) are 
bioindicator that bioaccumulate toxicants from a diverse 
range of marine pollutants such as trace metals, organic 
pollutants, microplastics,  petroleum hydrocarbons and 
endocrine disruptors (Bryan and Darracott 1979; Mason 

Table 1  Organism Interactions with BPD on the ocean’s surface across the globe

Sl. no Phylum Species BPD-Organisms interaction Region Reference

1 Bryozoa Microporella Long-distance transport, inva-
sive potential

Sicily (Rosso et al. 2025)

2 Chordata Didemnum vexillum Rafting Europe (González-Ortegón et al. 2024)

3 Chordata Abudefduf vaigiensis, Histrio 
histrio, Oplegnathus punctatus, 
and Petroscirtes spp.

Long-distance species 
dispersal

Western and Eastern Pacific 
Ocean

(Benadon et al. 2024)

4 Cnidaria Tubastraea spp. Dispersal South America and Caribbean 
coasts

(Soares et al. 2023)

5 Arthropoda Semibalanus balanoides Rafting Long Island Sound, USA (Brandler and Carlton 2023)

6 Mollusca Umbonium vestiarium Fouling, Colonization, Trans-
portation

Tamil Nadu Coast, India (Kannan et al. 2023)

7 Cnidaria Nanomia Bijuga Bio-invasion, Species Introduc-
tion, Ingestion

South Brazil (Lacerda et al. 2022)

8 Cnidaria Porpita Transportation, Rafting North Atlantic (Chong et al. 2023)

9 Arthropoda Halobates spp. Substrate Eastern North Pacific Ocean (Egger et al. 2021)

10 Mollusca Saccostrea cucullata Rafting Persian Gulf (Shabani et al. 2019)

11 Chordata Ciona intestinalis Substrate Bahía La Herradura, Chile (Bravo et al. 2011)

12 Annelida Hydroides elegans Rafting New Zealand (Thiel and Gutow 2005)

13 Arthropoda Idotea metallica Fouling Ligurian Sea, Western Mediter-
ranean

(Aliani and Molcard 2003)

14 Annelida Spirorbis corrugatus Fouling Western Atlantic 
and the Southern Pacific

(Winston et al. 1997)
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2001; Lourenco et al. 2019; Parolini et al. 2023) manifest-
ing their traits (Cima et al. 1998; Botté et al. 2022). Recent 
studies show that in marine ecosystems, the ecological 
niche factor has greater relevance in bioaccumulation 
than the habitat (dos Santos Lima et  al. 2023). Further-
more, ecological niche factors include the life history, 
trophic position, various abiotic factors, and geographic 
range of the organism (Das et al. 2022). The BPD-organ-
ism nexus can create varying changes in the ecological 
niche factor, potentially affecting the bioaccumulating 
capacity. Currently, there are no notions on the directions 
of these impacts, and feedback will either be beneficial or 
harmful. Further, many invertebrate species are indica-
tors of marine plastic pollution (Bonanno and Orlando-
Bonaca 2018). The adaptation and evolutionary changes 
of sea surface-dwelling species are also relevant concern-
ing the competitive exclusion principle (den Boer 1986), 
stating that two species competing for the same limited 
resource cannot coexist at constant population values. 
This is a highly relevant dimension considering the fact 
that many sea-surface-dwelling organisms are essential 
components of marine trophic structure (Helm 2021). 
BPD also harbors various chemical compounds and toxic 
additives, which are persistent, mobile, highly polar, envi-
ronmentally stable sub-groups with various uses in plas-
tic products (Fries and Sühring 2023). Research regarding 
plastic leachate impacts on marine organisms is still at 
its very early beginning and is suffering from both rela-
tively severe conceptual and methodological gaps, which 
are likely to hamper our ability to understand the actual 
ecological effect of this new type of pollution (Delaeter 
et al. 2022). In addition to the direct impacts of leachates 
on invertebrate communities, the BPD-associated plas-
tisphere microbiome also interacts with the hazardous 
plastic leachates (Li et  al. 2024), and the effects on sea-
surface layer marine invertebrates are not well known. 
The interaction with BPD can alter the capacity of inver-
tebrate species to bioaccumulate toxic chemicals, and 
evolutionary changes in the organisms can bring forth 
changes in the assimilating capacity of toxic compounds. 
Hence, The BPD-organism nexus creates unforeseen 
challenges in the current marine environmental impact 
assessment arena, transforming the issue into a complex 
ecological problem that calls for further studies.

5 � BPD in the marine environment: Progression 
of a complex problem

Marine plastic pollution is a complex issue, and BPD 
processes in the marine system are complex, with vari-
ous closed circles of causal relationships within a sys-
tem or feedback mechanisms. We depict these evolving 
BPD-marine ecosystem nexuses with a causal loop 
diagram (CLD) (Fig.  2). CLDs visually represent key 

components and their interactions that can help deci-
pher complex systems and their dynamics (Richardson 
1986). A closed loop of causal relationships between vari-
ables defines a feedback mechanism. There are balancing 
loops that dampen or stabilize behavior and reinforcing 
loops that amplify or intensify it. Changes within a sys-
tem are amplified or reinforced by reinforcing feedback 
mechanisms.

In contrast to balancing feedback, reinforcing feed-
back mechanisms cause exponential growth or decline 
by pushing the system farther from its starting point. 
The purpose of balancing feedback mechanisms is to 
keep a system stable or in equilibrium. Balanced feed-
back mechanisms counteract deviations or changes in 
any part of the system and return it to its initial state. 
Figure  2 shows that plastic pollution issues are mostly 
comprised of reinforcing loops, manifesting the whole 
issue into a wicked environmental problem with no sin-
gle, standard solution. A significant contributor is ineffi-
cient waste management systems across the globe, which 
is a causative factor for the leakage of plastic pollutants 
into the environmental compartments. This results in 
various reinforcing feedback mechanisms, some emerg-
ing and underexplored, pushing the system to a destabi-
lizing state. The CLD shows that the BPD can instigate 
far-reaching marine ecosystem implications through 
emerging evolutionary pathways. Comprehending these 
feedback mechanisms facilitates the identification of pos-
sible intervention strategies and aids in understanding 
the evolution of complex systems over time. Balancing 
and reinforcing loops can create robust structures within 
the system, which may have unexpected consequences 
when policies and interventions are implemented. The 
undesirable consequences can be tackled by evidence-
based policy instruments, legally binding agreements, 
and international cooperation. Besides, socio-economic 
factors are deeply intertwined with issues of plastic pol-
lution. Comprehensively, addressing one loop at a time 
utilizing holistic approaches involving three pillars of sus-
tainability, social-economic-environmental, can ensure a 
stable planetary health scenario in the future.

6 � The need for BPD‑specific policy interventions
Considering the production and consumption of plas-
tic in recent decades (Walker and Fequet 2023) and the 
influx of plastic waste into the global ocean (Zhang et al. 
2023), BPD has fairly reached a crucial stage in which 
organisms are so adapted to having these substrates that 
they would not do otherwise and are evolving. There can 
be a couple of exemplary effects that may significantly 
alter marine food webs. At the same time, we more or 
less know the approximate number of plastics that float 
(Eriksen et al. 2014, Oberbeckmann et al., 2020; Eriksen 
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et al. 2023). An estimate of the numerical budget for the 
percentage of organisms that rely on these substrates 
and inhabit the sea-surface microlayer could be one way 
to quantify the emerging effects of BPD. Further, vari-
ous ongoing ocean clean-up ventures should be carried 
out cautiously, given the diversity of sea-surface dwelling 
organisms. International partnerships and legally binding 
agreements that address the entire life cycle of plastics, 
from the extraction of raw materials to legacy plastic pol-
lution, are necessary to tackle its social, environmental, 
and economic impacts pragmatically (Simon et al. 2021) 
and should consider the BPD-organism interactions and 
their associated bio-physical coupling.

Regional, local, and national initiatives are required to 
curb the problems associated with BPD (Rahman et  al. 
2023). BPD can be reduced by preventing plastic from 
entering the oceans through the transformation of the 
ways plastics are used and recycled. Once in the ocean, 
BPD should be tackled via clean-ups or monitoring sys-
tems (Beukering 2018). Individuals can avoid daily single-
use plastic items like disposable water bottles, cutleries, 
bags, and wrappings, which are less buoyant than sea 
water, contributing a major portion of BPD  (Rahman 
et al. 2023). Community education, providing households 
with recycling bins, and targeting specific waste streams 
can reduce the plastic landing on the shores of the ocean 

Fig. 2  CLD showing various processes in the plastic-marine environmental system. Blue arrows connect the relations and known feedback 
mechanisms, and red dashed arrows connect the less-known components of BPD-marine ecosystem interactions. Black color and arrows depict 
the policy component in the system. Green color depicts the three necessary conditions (social, economic, environmental) for sustainability, 
and the overall outcomes of policy interventions B and R represent the balancing and reinforcing loops, respectively
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(Willis et  al. 2022). There are currently fewer studies 
focused on reducing the marine floating litter and their 
emerging impacts, which paves the way for future studies 
targeted toward BPD abatement.

A combination of regulations, incentives, and initia-
tives for reducing plastic waste production, promoting 
recycling and circular economy, technologically medi-
ated land-based waste management systems, using 
bio-sourced and eco-friendly materials, and increasing 
awareness among citizens regarding plastic use and its 
responsible disposal are just a few of the concrete efforts 
that must be made to address the BPD scenario in the 
marine environment including the associated emerg-
ing marine ecological and evolutionary issues. There 
is an immense gap regarding our understanding of the 
BPD-marine ecosystem nexus, and it warrants holistic 
approaches and evidence-based actions. BPD-specific 
partnership, cooperation, and funding for innovation and 
research projects to create plastic-like materials, advance 
recycling techniques, and find solutions to address 
marine plastic pollution are needs of the hour. These will 
enhance the success rates of our shared goals dedicated 
to tackling various emerging planetary boundary bottle-
necks, attaining sustainability, and fulfilling one health 
initiative.

7 � Conclusion
The surface layer pelagic communities face various 
issues, from habitat destruction due to fishing activities 
to marine pollution. The surge in BPD in the ocean is a 
lifeline for these pelagic communities, which can aid in 
their adaptive evolution. Our evolutionary history shows 
that species often evolve and adapt to the most available 
resources, and the fittest ones continue to thrive and 
extend their geographical limits. This can bring unfore-
seen consequences to the ambient marine ecosystem 
processes.

Having discussed the impact of BPD on floating organ-
isms and its possible evolutionary implication, it should 
be noted that BPD undergoes biofouling. Biofouling is 
the undesirable adhesion and collection of organisms on 
the surface of BPD (Hussein 2023). The organisms like 
algae, bacteria, barnacles, mollusca, and polychaetes, 
make up the biofouling community in the ocean, with 
major substrates being polystyrene (PS) and polypropyl-
ene (PP) (Subías-Baratau et al. 2022). Our current under-
standing indicates that biofouling increases the specific 
density of BPD, allowing it to sink (Kaiser et al. 2017). But 
this can be the other way around, depending on the type 
of plastic. The deterioration of the structural stability of 
BPD may pave the way for the trapping of air molecules, 
rendering it more buoyant. This dimension has not been 
explored yet. A recent study showed plastic litter sunk by 

biofouling recovers buoyancy due to benthic predation 
(Pinochet et al. 2024). The ecosystem implications of this 
newly proposed process are yet to be understood. The 
current understanding of sea-surface dwelling organisms 
and their bio-physical coupling is limited, which warrants 
holistic approaches to understanding these significant 
members of the marine food web. Further, the BPD-sur-
face layer organism nexus has the potential to postulate 
many emerging challenges in the near future, in addition 
to the existing wicked problems related to marine plastic 
pollution.
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