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Abstract: Seagrass ecosystems support complex biological interactions that shape marine
community structure and ecosystem functioning. Thanks to their structural complexity,
they support heterogeneous communities and interact with associated benthic invertebrates
and fish populations, establishing complex relationships that influence the performance
and fitness of the involved organisms. This study, through a systematic review, investigated
the existing potential biotic interactions between seagrasses and epibionts—epiphytes on
a global scale. We created a complex search string and ran it in the online databases
Scopus and Web of Science, yielding a total of 62 final outcomes spanning from 1984 to
2024. Our results revealed both positive and negative effects of different biotic interactions
among these habitat formers and their associated symbionts. The review showed that
the most studied interactions referred to Posidonia oceanica (Delile, 1813) L. and Zostera
marina (Linnaeus, 1753), which provide refuge and habitat to different epiphytes and
epibionts. The reviewed studies highlighted the importance of epiphytes, their potential
role in seagrass growth, nutrient dynamics, and their implications for light absorption,
while epibionts enhance canopy structure and can protect seagrasses from predation, but
potential drawbacks remain poorly understood. Understanding and preserving these
intricate biotic interactions is critical to ensuring the long-term functionality and resilience
of seagrass ecosystems in a continuously changing environment.

Keywords: biotic interaction; seagrasses; symbionts; epiphytes; epibionts; functioning;
systematic review

1. Introduction

Biotic interactions are one of the main factors influencing the distribution and abun-
dance of species worldwide [1,2]. Among these, the interaction between habitat-forming
species and their associated biodiversity plays a fundamental role in ecosystem function-
ing [2,3]. The performance, abundance, and distribution of these structuring species may
affect the dynamics of biotic interactions such as predation and competition, and may influ-
ence the effect of abiotic stress (such as thermal stress) in the associated community [4-7].
As such, widely distributed habitat formers like trees, corals, and canopy macroalgae
sustain extremely rich and varied communities [8,9]. Particularly, seagrasses are marine
flowering plants that provide important shallow-water ecosystems all around the world. A
wide variety of organisms, including fish and invertebrates with significant commercial
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value, find food and refuge under their massive canopies and the organic matter that they
deposit in sediments [10].

Seagrasses are highly productive, habitat-forming species found worldwide, creating
densely populated meadows that offer a variety of important ecosystem services. These
services vary significantly among seagrass species, including (i) raising the pH and O,
levels in the surrounding water column during the day, which benefits calcifying organisms
such as corals [11-13]; (ii) protecting the coast from erosion through wave attenuation [13];
(iii) providing a range of feeding and nursery grounds, particularly for juvenile fish and ma-
rine invertebrates [13]; (iv) absorbing nutrients such as nitrogen and phosphorus, thereby
improving water quality [13]; and (v) efficiently sequestrating and fixing carbon into the
sediment, making them important blue carbon ecosystems and thus mitigating climate
change [13-15]. Their ecosystem services are considered highly valuable, with some es-
timations suggesting their contribution to ecosystems may rival those of coral reefs and
tropical forests in certain contexts, in terms of carbon sequestration and coastal protec-
tion [16]. Healthy and productive seagrass meadows are thus important for ensuring a
good environmental state of marine waters, especially in coastal regions [13]. In shallow
waters, seagrasses grow in a range of sediment types and often offer the only solid sub-
strate that macroalgae may attach to. According to Kitada et al. [17], their presence can
increase the surface area of the bottom suitable for colonization by epiphytic or epibenthic
diatoms by a factor of 5 to nearly 19. The overall primary production of the seagrass ecosys-
tem is substantially increased by offering additional suitable substrate to photosynthetic
organisms [18].

Different studies examining interactions between seagrasses, epiphytes, epibionts,
and grazers date back to the early 1990s [19-21]. At that time, these relationships were
considered complex and poorly understood. Since then, our understanding has improved.
One of the key aspects of these interactions is the colonization of leaves by epiphytes and
epibionts. Seagrasses are now recognized as providing substrate for different epibionts and
epiphytes, with which they can have both positive and negative interactions. Seagrasses
and the epiphytic algae that develop on their leaves are closely linked, as are the inverte-
brate herbivores that feed on these epiphytes [20,22,23]. The leaves of seagrasses facilitate
mesograzers [20,22,23]. Their biotic interactions with epiphytes, epibionts, and mesograz-
ers influence biodiversity, primary productivity, and ecosystem functionality [20]. The
diversity of seagrass-associated communities varies along natural environmental gradients,
such as light availability, nutrient levels, temperature, and hydrodynamics, significantly
affecting the growth and survival of host plants. Also, the composition and productivity of
communities that live in interaction with seagrasses leaves vary with abiotic and biotic fac-
tors [20]; for example, variations in nutrient and light availability, mechanical disturbance,
such as turbulence and currents, that can lead to leaf abrasion and damage, salinity, and
seagrass desiccation, or biotic factors, such as the presence of grazer, that remove large por-
tions of seagrass leaves with attached algal epiphytes or periphyton grazers, remove only
loosely adhering diatoms, and possibly algal sporelings, but leave the leaves intact [20], or
they influence the growth rate, age, and morphology of seagrass leaves, chemical exchanges
(nutrient, DOC), and competition for space with other algae or sessile fauna [20].

Seagrass communities worldwide are threatened by the combined effects of local
anthropogenic stressors and global climate change [23-25], facing both top-down effects
that alter grazer population and behaviour and bottom-up effects that directly impact
seagrass performance and, consequently, their associated communities and consumers. As
recently reported by Chen et al. [26], different drivers of climate change, such as marine
heatwaves or high-intensity cyclones, can negatively impact on seagrass health and their
associated epifauna. This impact has been shown in terms of reducing canopy growth
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rates and increasing detachment processes, provoking spatial meadow fragmentation and
finally causing seagrass and associated biodiversity loss. In addition, physical disturbance,
herbivory, and light and nutrient availability are all factors influencing seagrass func-
tioning [25,27,28]. Eutrophication can promote excessive epiphyte proliferation, reducing
seagrass growth and modifying the structure of associated communities [24]. For this
reason, it is essential to study the key biotic interactions between seagrasses and their
associated communities, as well as their roles in habitat functioning and the ecosystem
services they provide.

The purpose of this systematic review was to compile and analyze existing research
on biotic interactions between seagrasses and their symbionts across different geographical
regions. This review aimed to provide an overview of the biotic interactions between
these habitat-forming species and their associated epibionts and epiphytes, highlighting
the benefits and drawbacks of different types of interactions. Understanding the various
types of biotic interactions and studying how they can influence the performance of the
species involved is crucial in the current and future context of climate change, and may
help to assess how these relationships influence ecosystem functioning and resilience under
stressful conditions.

2. Materials and Methods

This systematic review was performed by applying the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines proposed by Liberati et al. [29-31].

2.1. Search Strategy

The PRISMA method was applied to explore one main research question: (1) what are
the biotic interactions between seagrasses or phanerogams and their epibionts—epiphytes?
And a secondary question, what are the advantages and disadvantages of different types of
biotic interactions (symbiosis, mutualism, and commensalism) between these organisms?
To answer these questions, a literature search was conducted using the PICO (Popula-
tion, Intervention, Comparison, and Outcomes) approach to define our keywords. The
PICO elements were as follows: population of interest (P)—biotic (species) components;
intervention (I)—all different types of biotic interactions between epibionts, epiphytes,
and habitat-forming organisms, such as seagrasses and phanerogams; comparator (C)—
different responses of communities to different types of biotic interaction; and outcomes
(O)—species” complex interactions, and the advantages and disadvantages of the biotic
interactions between seagrasses and epiphytes—epibionts. Based on these PICO elements,
the following research string was developed: (biotic interaction OR commensalism OR
mutualism OR symbiosis) AND (epiphyt* OR epibiont* OR symbiont*) AND (seagrass* OR
phanerogam*). The initial search was carried out on 18 December 2023, and was repeated
on 26 June 2024 on Elsevier’s Scopus (www.scopus.com) and Clarivate Web of Science
(www.webofknowledge.com) databases.

2.2. Study Selection

The results were reported according to the PRISMA guidelines, following four steps:
(1) identification, (2) screening, (3) eligibility, and (4) inclusion. The identification step
involved identifying records through database searching and removing duplicates. The
screening step consisted in reviewing papers by title and abstract, and based on the inclu-
sion/exclusion criteria, determining whether they would proceed to the next screening
phase. The eligibility and inclusion steps were guided by a set of selection criteria, involv-
ing a more detailed assessment at the full-text level. The inclusion criteria encompassed
studies focusing on the following:
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(1) The biotic interactions between seagrasses and epibionts, mobile fauna, and epiphytes;
(2) The effects of these biotic interactions on the host.
The exclusion criteria included the following;:
(1) Off-topic studies;
(2) Non-English-language publications;
(3) Incomplete book chapters.

Data were extracted from the selected records using a structured matrix. This matrix in-
cluded information such as publication date, habitat details (location, country, latitude and
longitude), species characteristics (taxonomic order and species), specific details of biotic
interactions, types of biotic interactions (mutualism, commensalism, symbiosis), seagrass
role, advantages and disadvantages of the biotic interactions, and additional comments.

2.3. Data Extraction

The initial search identified 378 records (scientific papers), with 147 records from Web
of Science and 231 from Scopus. After removing 145 duplicates, 233 records remained
for further screening. The screening process was conducted in three stages. In the first
two stages, the title and abstract were reviewed, resulting in the exclusion of 143 records,
leaving 90 records for full-text evaluation. In the third stage, full-text screening resulted in
the exclusion of 11 additional records, while 79 were assessed for exclusion based on specific
reasons. Ultimately, 62 records were included in the systematic review. The identification
and selection process is illustrated in Figure 1.

- Records removed before
= Records identified from: screening:
[
k- Scopus (n =231) Duplicate records removed
ﬁ Web of Science (n=147) (n = 145)
—
Records excluded from title
Records screened (n=100)
_ » Records excluded from abstract
(n=233)
(n=36)
o Full text not available
§ (n=24)
g
o)
Records excluded (from full text
Reports assessed for assessment)
—
eligibility (n=73) Off topic (n=10)
Not English languages (n= 1)
—
S
v
= Studies included in
E review (n = 62)
—

Figure 1. PRISMA 2020 flow diagram illustrating the systematic review process for literature selection.
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3. Results

The selected records spanned from 1984 to 2024, with the highest number of studies
occurring between 1999 and 2006, averaging 4 records per year during this period (Figure 2).
From the 62 peer-reviewed papers analyzed, 106 interactions between seagrasses and their
symbionts were identified and examined.
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Figure 2. Temporal trend of scientific published articles on the existing interactions among seagrasses
and their epiphytes and epibionts at a global scale included in the systematic review.

The analyzed studies focused on seagrasses or vegetal foundation species of the order
Alismatales, such as Posidonia oceanica, P. australis (Hook, 1858), P. sinuosa (Cambridge &
J.Kuo), Cymodocea nodosa ((Ucria) Ascherson, 1870), C. rotundata (Ascherson & Schweinfurth,
1870), Zostera marina, Z. capricorni (Aschers, 1876), and Z. caespitosa (Miki, 1932) species.
These species cover a worldwide distribution, with 55% of the studied cases concentrating
on the Mediterranea Sea (Figure 3). Most studies examined biotic interactions among
epibionts—epiphytes—seagrass or grazers—epiphytes—seagrass, focusing on the roles of
epiphytes, epibionts, and grazers in their interactions with seagrasses and considering both
the advantages and disadvantages of these interactions.

Regarding the impact of seagrass on epiphytes, the studies reported varied and
sometimes contained conflicting information. Some papers indicated that seagrasses may
negatively affect epiphytes by inhibiting their growth through the release of chemical
compounds such as phenolics [22,32]. Others suggested that seagrasses are not simply
inert substrates for microalgal attachment, but rather they influence community compo-
sition by altering competitive interactions between different microalgal groups [32,33].
Additionally, some papers highlighted the role of seagrasses as refuges from preda-
tors [22,34].
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Figure 3. Case studies (n = 106) geographic location and main seagrass species involved in the biotic interactions. Each marker shape represents a different seagrass

species identified in the review, while different colours group species by genus.
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3.1. Seagrasses and Epiphytes—Epibionts Communities

All seagrasses presented different epiphytic species on their leaves (Figure 4). Studies
reported that Z. marina mainly presented green and brown algae, filamentous and en-
crusting diatoms (mainly Cocconeis scutellum (Ehrenberg, 1838)), and filamentous algae
(mainly Delesseria sanguinea). In contrast, Posidonia oceanica supports a broader range of
epiphyte species, including epiphytic diatoms (Amphiprora constricta (Ehrenberg, 1843),
Climacosphenia moniligera (Ehrenberg, 1943), Asteromphalus flabellatus (Brebisson) Greville,
1859), and cyanobacteria (Oscillatoria sp., Anabaena sp., and Pseudanabaena sp.)) [35]. Tha-
lassia testudinum hosts periphyton, epiphytic cyanobacteria, and diatoms, with the genus
Cocconeis being particularly dominant [36]. In Halophila stipulacea, interactions with differ-
ent filamentous red algae species have been identified (e.g., Pseudoceramium tenerrimum
((Martens) Barros-Barreto & Maggs, 2023), Dasya corymbifera (Agardh, 1841), Polysiphonia
tenerrima (Kutzing, 1843), Spyridia filamentosa (Wulfen) Harvey, 1833), and Wrangelia penicil-
lata (Agardh, 1828)), as well as coarsely branched species like Chondria pygmaea (Garbary &
Vandermeulen, 1990) and Laurencia sp. [37].

Amphibolis griffithii

Epiphytic cyanobacteria
Cymodocea nodosa

Halodule wrightii

Halophila stipulacea

Posidonia australis

Posidonia oceanica

Ruppia marittima ©
Spartina alterniflora © / '

Syringodium isoetifolium [1 Epiphytic diatoms

Filamentous algae
Thalassia testudinum I Periphyton
Filamentous and

Thalassia h ichii © ing di
alassia hemprichii encrusting diatoms

Zostera caespitosa

Zostera I 15€s

Zostera marina

Figure 4. Interactions between seagrass species and their relative epiphytes reported in the analyzed
case studies. The fluxes in the width of the bars are representative of the number of studies. Seagrass
colours identify species belonging to the same genus.

Regarding epibiont interactions with seagrasses (Figure 5), amphipods and poly-
chaetes were the most reported taxa. The most studied seagrasses were Zostera marina,
Posidonia oceanica, and Thalassia testudinum (Banks ex Konig, 1805). Among them, studies on
Z. marina focused on its interaction with different epibionts, including molluscs (Rissoa sp.,
Rissoa membranacea (Adams, 1800), Littorina littorea (Linnaeus, 1758), Theodoxus fluviatilis
(Linnaeus, 1758), and Radix baltica (Linnaeus, 1758)), crustaceans (mainly Gammarus locusta
(Linnaeus, 1758), Gammarus oceanicus (Segerstrale, 1947), and Idotea balthica (Pallas, 1772)),
amphipods (Microdeutopus gryllotalpa (Costa, 1853)), and different species of decapods,
nudibranchs, polychaetes, isopods, turbellarians, and sea anemones. Reported epibionts
for Posidonia oceanica, however, included different species of amphipods (Apherusa chieregh-
ini (Giordani Soika, 1950), Dexamine spiniventris (Costa, 1853), Gammarus spp.)), molluscs
(Jujubinus striatus (Linnaeus, 1758), Bittium reticulatum (Costa, 1778)), sea anemones, de-
capods, and different species of other marine invertebrates. Meanwhile, Thalassia testudinum
hosted amphipods, crustaceans (Tozeuma carolinense (Kingsley, J.S. 1878)), gastropods (Turbo
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castanea (Gmelin, 1971)), decapods (Pagurus maclaughlinae (Garcia-Gomez, 1982), Thor man-
ningi (Chace, 1972)), bivalves (Modiolus americanus (Leach, 1815)), and protozoan ciliates
(e.g., Lagotia expansa (Levinson, 1893), Metafolliculina andrewsi (Hadzi, 1938), Parafolliculina
tristanensis (Dons, 1948), Acineta tuberosa (Pallas, 1766)).

Halodule wrightii

Polychaetes

Posidonia australis
Limpets

Posidonia oceanica Nematodes

Posidonia sinuosa Copepods
Ruppia marittima s
Spartina alterniflora
Syringodium filiforme ©
Syringodium isoetifolium 0

Crustaceans

Thalassia testudinum Amphipods

Decapods
Zostera caespitosa
Zostera caulescenses " S . e NInvertebrates
Zostera japonica p—
P = ————
= T/ = Molluscs

e
—

-

—
—
\ Gastropods

Zostera marina = Arthropods
Anemones
= Gammarid
= Ascidian
Protozoan ciliates
Bivalves
Zostera sp. — — Tubellarians
Ciliates
Isopods

Nudibranchs
Lamellibrancs

Figure 5. Interactions between seagrass species and their relative epibionts reported in the analyzed
case studies. The fluxes in the width of the bars are representative of the number of studies. Seagrass
colours identify species belonging to the same genus. Labels for high taxonomic groups, such as
phyla, reflect studies where a lower taxonomic level was not specified.

Studies focused on macrofauna associated with seagrasses (Figure 6) showed that Z.
marina was mainly associated with crabs (Carcinus maenas (Linnaeus, 1758)), brittles stars,
fish (Nerophis ophidion (Linnaeus, 1758), Syngnathus typhle, Micrometrus minimus (Gibbons,
1854), and Paralabrax clathratus (Girard, 1854)), and pen clam (Atrina rigida, (Lightfoot,
1786)). Posidonia oceanica leaves interacted with and hosted fish (Sarpa salpa (Linnaeus,
1758)), different mollusc species, and sea urchins (Paracentrotus lividus (Lamarck, 1816)),
while, among T. testudinum leaves, sea urchins (Lytechinus variegatus (Lamarck, 1816), fish
(Lagodon rhomboides (Linnaeus, 1766)), crustaceans, turtles, waterflow, and dugongs were
the main taxa reported.

3.2. Detected Interactions

Studies highlighted both the benefits and drawbacks of biotic interactions between
seagrasses and symbionts (Figure 7). The majority of case studies (70.8%) reported positive
interactions among seagrasses and their symbionts, and just one reported a negative effect
of epibionts on their host. For example, most of the studies focused on the positive role of
epiphytes growing on seagrasses as a food source for epifauna and herbivores [22,37-40].
Epiphytes also improve the primary production of the system, protect seagrasses from
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Cymodocea nodosa

Halodule wrightii

Posidonia australis

Posidonia oceanica

Posidonia sinuosa

Ruppia marittima

Syringodium isoetifolium

Thalassia testudinum

Zostera marina

desiccation caused by tidal and wind action, and, finally, improve biodiversity, supporting
epifauna community (Figure 7a) [32,38,39]. Among them, diatoms and microalgae not
only represent a source of food, but also improve the system’s primary production and
biodiversity [32,33,41], while cyanobacteria mainly provide food for epifauna [42]. Despite
the many positive roles of epiphytes for their hosts and the associated macrofauna, they
also can negatively affect their surrounding environment (Figure 7b). They can limit light,
significantly reducing seagrass growth and photosynthesis, but also reducing nutrient
exchange between phanerogams and the water column [32].

Epibionts living on seagrasses are organisms playing significant roles (Figure 8),
increasing the physical complexity of the canopy, protecting seagrass from predation,
and finally providing a very important trophic link between seagrasses and secondary
consumers, such as fish and decapod crustaceans [43]. Thus, epibionts such as invertebrates
and crustaceans, act as trophic mediators: they transform organic matter of plant origins
into edible matter for higher trophic level organisms, facilitating the transfer of energy
and nutrients from the vegetative environment to marine trophic networks [32]. Moreover,
invertebrates and suspension-feeding bivalves contribute to increasing the complexity of
seagrass canopies [44] through a combination of factors, including sediment enrichment,
enhanced water quality, and trophic interactions that promote biodiversity [44—47]. Despite
their importance, only 17.7% of 62 published articles focus on the role of epibionts in
seagrass functioning, while the majority (82.3%) emphasize epiphytes. This imbalance
highlights the need for more research into the ecological contributions of epibionts.

Sea urchin

Scallops

Crabs

Brittle star

Molluscs
Shrimps
Sea hare
Crustaceans

Turtles
Waterfowl

Dugongs

Pen clam

Figure 6. Interactions between seagrass and macrofauna reported in the analyzed case studies. The
fluxes in the width of the bars are representative of the number of studies. Seagrass colours identify
species belonging to the same genus.
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Brown erected algae
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Figure 7. Positive (a) and negative (b) roles of epiphytes interacting with seagrasses. The fluxes in
the width of the bars are representative of the number of studies.
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Molluscs
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OYESERE Ent structural lexity
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Figure 8. Positive roles of epibionts interacting with seagrasses. The fluxes in the width of the bars
are representative of the number of studies.
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4. Discussion

Our systematic review revealed complex interactions between seagrasses and their
symbionts (epibionts—epiphytes), emphasizing both the benefits and drawbacks for habitat-
forming species, as well as the indirect contribution of these biotic interactions to the
community structure and functioning.

4.1. Seagrass-Epiphytes Interactions

Seagrasses offer numerous advantages to symbionts, including serving as refuges,
providing a substrate for epiphytes and epibionts, and offering a strategic position for
acquiring food and light. However, seagrasses can also inhibit the growth of epiphytes
by releasing chemical compounds such as phenolics, which have an inhibitory effect on
microalgae and bacteria [48]. These dual interactions highlight the complexity of seagrass—
epiphyte relationships.

Spatial and temporal variability in epiphyte communities in host organisms has been
widely studied [49-51]. Seagrass leaves serve as a dynamic substratum for both sessile
epifauna and epiphytes [32], and their morphological traits can influence symbiont position
and types of interaction. Variations in epiphyte diversity may be influenced by the seagrass
species, leaf length, growth rate or turnover, surrounding environment, and availability and
spatio-temporal distribution of epiphyte propagules. In addition, epiphyte colonization
and community structure have been found to be influenced by local light and temperature
conditions [52], grazing pressure, and /or nutrient concentration [53,54]. Moreover, water
motion and the variety of algal propagules influence epiphyte growth, and colonization
processes in general [55,56].

The impact of epiphytes on seagrasses is one of the most extensively studied topics
in the scientific literature [22,32,36,57,58]. Among their many roles, epiphytes contribute
significantly to these interactions by shielding seagrass leaves from predators. Seagrass
leaves and stems provide substrate where grazer—epiphyte interactions take place, hosting
a wide diversity of grazers, including fish, molluscs, and crustaceans. While gastropods are
particularly effective at controlling epiphyte biomass, filter-feeding molluscs are considered
important herbivores in filtering phytoplankton [59]. Filer-feeders transform suspended
material by changing particle size distributions in the water column and by converting
particulate material into dissolved constituents or biomass via metabolism processes [32].
Peterson and Heck [45] proposed that bivalves could establish positive feedback loops in
aquatic ecosystems. Suspension-feeding bivalves consume phytoplankton, assimilating or-
ganic matter while simultaneously excreting ammonium as a metabolic byproduct through
excretion and diffusion across gill membranes. This released ammonium serves as a read-
ily available nitrogen source for primary producers, such as seagrasses and macroalgae,
enhancing their growth and photosynthetic efficiency. The increased plant biomass, in turn,
can support further phytoplankton production by stabilizing sediments and enhancing
nutrient retention, thereby reinforcing the feedback cycle. Although their role in grazing
the propagules of epiphytes is little known, it is insignificant compared to the grazing
activity of gastropods [32].

Grazing is a crucial process in seagrass ecosystems for three main reasons: it influences
the productivity of the seagrass communities [10]; it may affect the species composition
of seagrass epiphytes [60]; and it provides a major trophic link for the cycling of nutri-
ents [10,38]. Grazers can help control epiphytic biomass and productivity, thus reducing the
potential negative effects of these on host organisms. This regulation can occur through dif-
ferent trophic levels, impacting seagrass ecosystems. The assemblage of small invertebrates
living in seagrass beds can provide top-down control of epiphytes by directly grazing on
epiphytic algae, while nutrient concentration, a bottom-up factor, can affect epiphytes and
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seagrasses differently [61]. The addition of nutrients can lead to either higher or lower sea-
grass productivity, with significant decreases often attributed to human-induced nutrient
enrichment in coastal water. Excess nutrients can lead to an increase in phytoplankton
biomass and the growth of epiphytes on seagrass leaves, consequently reducing light
penetration in the water column and limiting light availability at the leaf surface. Both
effects can negatively impact seagrass performance and growth [62]. Excess nutrients can
lead to an increase in phytoplankton biomass and the growth of epiphytes on seagrass
leaves, consequently reducing light penetration in the water column and limiting light
availability at the leaf surface. Both effects can negatively impact seagrass performance
and growth.

According to Richardson (1980) and Penhale and Smith (1977) [63,64], one of the key
protective roles of epiphytes is the reduction in possible macrophyte desiccation during low
water levels via the entrapment and retention of moisture by diverse epiphytic algae species.
It was shown by Trocine et al. (1981) [65] that epiphytes also protect Halophila engelmannii,
Syringodium filiforme, and Halodule wrightii from UV radiation damage. While H. wrightii
and S. filiforme showed varying tolerances and photo-repair mechanisms, H. engelmannii
was intolerant of ultraviolet radiation [20]. The pattern that epiphytes often follow when
colonizing seagrass blades may have additional positive effects on the host plant. The distal
parts of blades are the oldest and typically the most densely epiphytes due to seagrasses’
basal leaf development. Both sea urchins (Ott and Maurer 1977) and parrotfish (Lobel
and Ogden 1981) like to eat these tips. It is believed that removing senescent and heavy
epiphyte leaf tips selectively will improve light penetration through the seagrass canopy
and inflict no harm on the seagrass (Ott and Mauer 1977; Lobel and Ogden 1981). As a result,
epiphytes may cause direct grazing to shift to senescent leaf tissue from the seagrasses’
primary photosynthetic (i.e., more basal) tissue [20].

A key element of seagrass—epiphyte interactions is related to the nutrient exchange
between them (microalgae and seagrasses) [22]. Indeed, the population of bacteria on
Zostera marina may be supported almost entirely by carbon obtained directly from seagrass
photosynthesis [66]. Seagrasses swing in response to wave action and currents, which
may play a significant role in producing steep chemical diffusion gradients, eliminating
potential growth-inhibiting substances, and clearing accumulated sediments [25]. This
movement improves the nutrient exchange and growth of epiphytes [13]. Importantly,
epiphytes form a boundary layer around seagrass leaves, as documented by Orth and
van Montfrans (1984) [22], which can influence oxygen and nutrient diffusion. While this
microenvironment can enhance localized exchanges, it can also act as a barrier, reducing
the availability of nutrients and oxygen from bulk water to the seagrass tissues. This effect
may impact the photosynthetic efficiency and overall health of seagrasses, especially in
environments where water movement is limited. The competition for light and nutrients
between epiphytes and seagrasses has been well documented (Cebridn et al., 1999) [57],
and its implications vary with leaf age and environmental conditions. Cebrian et al. (1999)
observed that epiphyte biomass follows a sigmoidal accrual pattern along the lifespan
of Posidonia oceanica leaves, with older leaves supporting significantly higher loads. The
increased epiphytic load can exacerbate shading effects, leading to a reduction in seagrass
productivity. Moreover, epiphytes can absorb up to 30% of incident light on older leaves,
potentially decreasing photosynthetic efficiency. Given that older P. oceanica leaves already
experience reduced productivity, this additional light attenuation may further constrain
their metabolic performance.

Despite all these positive effects, the presence of epiphytes on seagrass leaves may
also entail negative effects, such as limiting light absorption, leading to decreased growth
of seagrasses [32,57,67] and reducing photosynthetic rates [36,58,68]. They can compete for
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nutrients in the water column, and may also increase the susceptibility of seagrasses to leaf
loss when subjected to physical forces such as wave action [54]. Additionally, the diffusion
barrier created by epiphytes may reduce metabolic efficiency by limiting the exchange
of dissolved gases and nutrients between seagrasses and their surrounding environment,
further impacting seagrass performance [69].

The results showed that epiphytes represent overall a source of food for epifaunal
organisms and play an important role in the trophodynamics of seagrass communities.
They can enhance primary production thanks to periphyton, contributing significantly to
the overall productivity of seagrass meadows [52,70]. Moreover, they can reduce water
movement and protect littoral seagrasses in the low tide from desiccation and insolation [71],
contributing to the biodiversity of these systems, and helping to determine the composition
of mobile assemblages. The total primary production of the systems is increased by
photosynthetic epiphytes [72], and this productivity can equal or surpass that of farmed
terrestrial ecosystems [73].

4.2. Seagrass—Epibionts Interactions

Marine epibionts are organisms living on the leaves of seagrasses, contributing to pri-
mary production, increasing canopy physical complexity, and facilitating nutrient cycling.
Despite their importance, only 17.7% of 62 published articles focus on the role of epibionts
in seagrass functioning, while the majority (82.3%) focus on epiphytes.

Epibionts contribute significantly to seagrass communities by providing a food source
for heterotrophic fauna [32,62,74]. Meiofauna associated with seagrasses often exploit
epiphytic algae on seagrass blades, as suggested by Lewis and Hollingworth [75]. These
interactions can enhance nutrient regeneration and support higher trophic levels. Coull and
Bell [76] suggested that these epibionts may play an integral role as nutrient regenerators
and food for higher trophic levels in shallow waters. Epibionts can also increase the physical
complexity and tridimensionality of seagrass canopy habitats [43]. By adding structural
layers to seagrass leaves, epibionts can modify water flow, enhance habitat heterogeneity,
and create microhabitats for various organisms. However, their impact depends on the
type and abundance of epibionts, as excessive growth may compete with seagrasses for
light and nutrients, potentially leading to negative effects [75,76].

The most commonly reported epibionts interacting with seagrasses included sea
anemones, hydroids, bryozoans, and polychaetas [77]. Some species of sea anemones, for
instance, can form dense aggregations and patterns of high local abundance, with area
dimensions ranging from less than 1 mm to more than 1 m [44,78,79]. They may therefore
be an important driver of the complexity of the habitat, providing shelter and resources
for many associated organisms, including fish and decapod crustaceans. Despite their
toxic nematocysts, which can impair prey performance, sea anemones play an essential
role in the ecological dynamics of seagrass habitats [79-82]. Suspension-feeding bivalves
in coastal systems play a crucial role in nutrient cycling. They exhibit robust interactions
with the water column above them through filtering particles and excreting phosphate
and ammonium (NHy4 ") [45], facilitating nutrient remineralization, which supports plant
growth. According to Dame et al. [83], bivalve aggregates may create a positive feedback
loop where suspension-feeding bivalves consume particulate nitrogen (as phytoplankton)
and rapidly remineralize it into ammonium. This, in turn, enhances nutrient availability
and promotes seagrass productivity. Furthermore, organic deposits linked to bivalves can
further enhance phosphorus release in anaerobic conditions, underscoring their importance
in nutrient dynamics. The composition of epibiont communities may act as a predictor of
environmental conditions and water quality [84]. Any disruption of these species, caused
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by the presence and accumulation of potentially harmful compounds in the water, could
impact these communities and, in turn, higher trophic levels.

Overall, epiphytes and epibionts are considered sensitive indicators of “natural” and
long-term environmental variation as their biomass corresponds to changes in nutrient
conditions [26,85]. They may respond to environmental changes more quickly than the
seagrasses themselves [85].

5. Gaps in Knowledge and Study Limitations

Despite significant progress, research remains skewed toward epiphytes over
epibionts, leaving the functional roles of organisms such as bivalves and sea anemones
underexplored. Inconsistencies persist regarding epiphyte impacts on seagrass: while some
findings highlight chemical defences and potential benefits (e.g., increased biodiversity,
food for grazers), others emphasize harmful competition for light and nutrients. The
threshold at which epiphytes shift from beneficial to detrimental is still unclear, especially
under stressors like marine heatwaves and eutrophication. Moreover, the dynamics of epi-
phyte colonization and community composition remain poorly understood across spatial
and temporal scales, particularly in the face of climate-driven stressors. Additionally, the
cumulative effects of multiple anthropogenic pressures on seagrass-symbiont interactions
remain insufficiently quantified.

Our work has highlighted important insights into seagrass—symbiont interactions and
their responses to environmental changes. However, these insights do not consider studies
published in languages other than English, nor those found in non-indexed (grey) studies,
from which further details might be gleaned. Additionally, the prevalence of qualitative
studies has precluded the inclusion of quantitative data on the effects of interactions
between species. Given that our study aimed to provide a comprehensive overview of
these interactions, we had to take into account the limitations imposed by this approach.

6. Conclusions

Although some gaps remain, our systematic review underscores the multifaceted roles
that epiphytes and epibionts play in seagrass ecosystems. The literature analysis demon-
strates the predominantly beneficial roles of these symbionts, with around 70% of studies
reporting positive effects. Beyond boosting overall biodiversity and primary production,
these symbionts contribute to nutrient recycling, provide additional habitat complexity,
and can serve as sensitive indicators of water quality and environmental change. While
epiphytes offer crucial feeding opportunities for diverse grazers, they may also intensify
competition for light and nutrients, highlighting the nuanced balance within seagrass
meadows. Epibionts, similarly, enhance canopy structure and can protect seagrasses from
predation, but potential drawbacks remain poorly understood. Ultimately, these interac-
tions have direct implications for ecosystem services such as carbon sequestration, habitat
provisioning, and fishery productivity. Understanding and preserving these intricate
relationships is critical to ensure the long-term functionality and resilience of seagrass
ecosystems in a changing world.

7. Future Directions

Further research on seagrass—symbiont interactions is crucial for understanding how
changes in the strength of these interactions can impact the ecological functions of seagrass
meadows, and how these effects may evolve under changing environmental conditions,
such as those driven by climate change. Biotic interactions between seagrasses and their
symbionts can play a dual role, either enhancing seagrass resilience or exacerbating envi-
ronmental stressors, thereby affecting the stability of ecosystem services such as carbon
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sequestration, habitat provision, and nutrient cycling. To fully grasp these dynamics,

long-term studies are needed to assess the spatial and temporal variability of epiphyte

and epibiont communities, particularly in response to climate-driven stressors. A key

research priority is to determine the threshold at which epiphyte accumulation begins to

negatively impact seagrass photosynthesis and productivity, providing critical insights for

conservation and management efforts. Additionally, investigating the combined effects of

multiple stressors—such as eutrophication, rising temperatures, and habitat fragmentation—
through multifactorial experiments and predictive modelling will be crucial in forecasting

the future of seagrass ecosystems under increasing anthropogenic pressures. Advance-
ments in monitoring technologies, including high-resolution imaging, acoustic sensors,

and artificial intelligence-based tools, offer promising opportunities to track epiphyte and

epibiont dynamics with unprecedented accuracy. In summary, understanding these inter-
actions is critical for guiding biodiversity conservation efforts and ensuring the long-term

sustainability of these ecologically and economically valuable marine ecosystems.
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