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Societal Impact Statement

Seagrass ecosystems are of fundamental importance to our planet and wellbeing.

Seagrasses are marine flowering plants, which engineer ecosystems that provide a

multitude of ecosystem services, for example, blue foods and carbon sequestration.

Seagrass ecosystems have largely been degraded across much of their global range.

There is now increasing interest in the conservation and restoration of these systems,

particularly in the context of the climate emergency and the biodiversity crisis. The

collation of 100 questions from experts across Europe could, if answered, improve

our ability to conserve and restore these systems by facilitating a fundamental shift

in the success of such work.

Summary

Seagrass meadows provide numerous ecosystem services including biodiversity,

coastal protection, and carbon sequestration. In Europe, seagrasses can be found in

shallow sheltered waters along coastlines, in estuaries & lagoons, and around islands,

but their distribution has declined. Factors such as poor water quality, coastal modifi-

cation, mechanical damage, overfishing, land-sea interactions, climate change and
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disease have reduced the coverage of Europe’s seagrasses necessitating their recov-

ery. Research, monitoring and conservation efforts on seagrass ecosystems in Europe

are mostly uncoordinated and biased towards certain species and regions, resulting in

inadequate delivery of critical information for their management. Here, we aim to

identify the 100 priority questions, that if addressed would strongly advance seagrass

monitoring, research and conservation in Europe. Using a Delphi method, researchers,

practitioners, and policymakers with seagrass experience from across Europe and

with diverse seagrass expertise participated in the process that involved the formula-

tion of research questions, a voting process and an online workshop to identify the

final list of the 100 questions. The final list of questions covers areas across nine

themes: Biodiversity & Ecology; Ecosystem services; Blue carbon; Fishery support;

Drivers, Threats, Resilience & Response; Monitoring & Assessment; Conservation &

Restoration; Governance, Policy & Management; and Communication. Answering

these questions will fill current knowledge gaps and place European seagrass onto a

positive trajectory of recovery.

K E YWORD S

aquatic environment, biodiversity, blue carbon, communication, Delphi method, ecosystem
services, eelgrass, monitoring

1 | INTRODUCTION

Seagrass occurs all around the globe, except Antarctica, forming

meadows that provide a broad range of ecosystem services such as

enhanced biodiversity, coastal protection, and carbon sequestration

(Campagne et al., 2015; Nordlund et al., 2016). They are marine flow-

ering plants that increase the habitat complexity of the seascape over

a variety of local and regional spatial scales and can be present as

fragmented patches or continuous extended meadows. In Europe,

seagrasses occupy a wide variety of environmental settings, from

deep clear water embayments in the West of Ireland to turbid

enclosed lagoons in the Mediterranean Sea, and are subject to

extremes of tidal range, temperature, light, and salinity (Green &

Short, 2003; McKenzie et al., 2020).

European seagrass distribution has been declining, with a net loss

of around 35,000 ha between 1869 and 2016, which is approximately

1/3 of the historically mapped area (de los Santos et al., 2019). This

decline is caused by the cumulative action of multiple factors, includ-

ing water quality degradation, disease, coastal modification, mechani-

cal damage, overfishing, land-sea interactions, and climate change

(de los Santos et al., 2019).

Seven marine seagrass species occur in Europe, namely Cymodo-

cea nodosa, Posidonia oceanica, Zostera marina, Z. noltei, Ruppia mari-

tima, Ruppia cirrhosa, Halophila decipiens, and H. stipulacea. The latter

species is considered non-indigenous of Indo-Pacific origin (Gerakaris

et al., 2020; Winters et al., 2020), and some taxonomists do not

consider the genus Ruppia to be seagrass because of differences in

morphological traits such as rhizomes and root system, and its pres-

ence in low-salinity waters (Green & Short, 2003). However, we have

included both in the present study as they are ecologically and func-

tionally similar to the other species, living in similar and often the

same environments.

Research efforts on seagrass ecosystems in Europe are biased

both with respect to particular species and their spatial extent/dis-

tribution. Only a few areas are well-mapped or with updated spatial

distribution data, while some areas have scattered data covering

mainly the Natura 2000 network (i.e.,(Huber et al., 2022;

Poursanidis et al., 2023) and others have been mapped but the data

are not open access or out of date (Dunic et al., 2021; McKenzie

et al., 2020), or exist only as web services (Web Map Services

[WMS]) in local languages without easy access. Because of this lack

of consistent spatiotemporal data and metrics, the gains and losses

of the seagrass meadows in Europe are currently not tracked accu-

rately enough.

Two of the seagrass species, Z. marina and P. oceanica, are more

widely studied than other species likely because of their dominant

character on the European coasts. Furthermore, there is traditionally

more research originating from the western coasts of Europe and the

Mediterranean Sea compared with more eastern-located seas such as

the Black Sea, which likely biases our knowledge about the geographi-

cal distribution of the different species, as well as their ecology

(Figure 1).

While our knowledge of the presence, ecology, and functions of

European seagrass species and their many and varied environmental

settings are growing, there is an increasing recognition that manage-

ment of these systems is urgent. However, at the same time, many

knowledge gaps still exist and limit our attempts to successfully

conserve and restore seagrass meadows (Unsworth, McKenzie,
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et al., 2019). In addition to political drivers, a growing interest in cli-

mate change mitigation and adaptation, fisheries and biodiversity has

resulted in an increasing focus on seagrass ecosystems (Unsworth

et al., 2022). Seagrass was, for a long time, considered the ‘ugly duck-

ling’ of conservation (Duarte et al., 2008), but improvements in nature

conservation policy have begun to take place across Europe, particu-

larly within the context of marine spatial planning (Qiu & Jones,

2013). In addition, there is increasing interest in utilizing seagrass as a

nature-based solution to climate change (Macreadie et al., 2021;

Unsworth et al., 2022) maximizing so-called “Blue Carbon” (Greiner

et al., 2013) and a push to include it in national/regional carbon bud-

gets (Jacquemont et al., 2022).

Seagrasses are identified as an Essential Ocean Variable (EOV)

because of their relevance, feasibility, and cost-effectiveness for mon-

itoring to support and develop our understanding of ocean health

(Miloslavich et al., 2018; Duffy et al., 2019). Each EOV is associated

with a series of recommendations on measurements, observational

options, and data management practices in order to coordinate moni-

toring and provide comparable data across the globe (Miloslavich

et al., 2018). Furthermore, European seagrass is considered a key Bio-

logical Quality Element (BQE) for coastal and transitional waters under

the European Union Water Framework Directive (WFD) (Foden &

Brazier, 2007) and is part of several environmental descriptors under

the Marine Strategy Framework Directive (MSFD). Monitoring of sea-

grass across the globe as well as in Europe is not sufficiently

coordinated nor interoperable, which results in inadequate delivery of

critical information and limits science-based decision-making

(Moersberger et al., 2022; Révelard et al., 2022). However, seagrass is

becoming more often included in management and conservation, and

several management actions such as improvement of water quality,

reduction of industrial sewage, and anchoring and trawling regulations

have been shown to support seagrass recovery (de los Santos

et al., 2019). Despite these efforts, seagrass is still in decline, and more

and stronger action is urgently needed (Cullen-Unsworth &

Unsworth, 2018).

To fast-track seagrass conservation, we recognize that there

exists a range of knowledge gaps that need to be filled to advance this

field (Unsworth, McKenzie, et al., 2019). With this present paper, we

aim to identify the necessary research to fill these gaps by using

expert opinion to priorities a list of the 100 most important questions

for seagrass conservation in Europe. If these questions were to be

addressed, it would strongly advance seagrass monitoring, research

and conservation in Europe towards rich and resilient seagrass eco-

systems that would benefit both people and the planet. Our goal is to

inspire research, policy and management, and contribute towards

more resilient seagrass ecosystems.

F IGURE 1 Seagrass distribution across continental Europe. The distribution data is from the UN environment Programme world conservation
monitoring Centre (UNEP-WCMC) and Helsinki commission (HELCOM).
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2 | METHODS

This list of 100 questions (Figure 2) was created using the Delphi

method, a technique developed by the United States Air Force and

the RAND Corporation in the 1950s as a military tool to engage with

the community (Dalkey & Helmer, 1963). Using a structured group

communication process, this qualitative approach is designed to get

the most reliable consensus from a group of experts on a particular

problem (Hasson et al., 2000). The Delphi method uses several rounds

or iterations between the facilitator(s) and the expert community to

review information (see also methods used in (Sutherland

et al., 2009)). This study was inspired by previous similar exercises to

identify priority questions related to conservation (Ockendon

et al., 2018; Sutherland et al., 2013). In our exercise, participants

signed up with their names, affiliations and email addresses during the

steps of sending in questions and voting. However, the participants

were not able to see the contributions from other authors, until the

voting round and votes were sent in individually (the participants did

not see any votes other than their own). The participants did engage

and discuss the proposed questions with each other during the

workshop stage. Further, all participants were invited to contribute to

the writing process and produced this paper collaboratively with

the facilitators.

2.1 | Participants

Researchers, practitioners, and policymakers with seagrass experience

over all of continental Europe were contacted via email in order to

introduce this study and ask for their voluntary participation in the

exercise. Participants were sought that covered the complete geo-

graphical spread of European countries with a coastline and from as

many areas of seagrass expertise as possible. Further, information

about this study was spread through social media (Facebook, Twitter

and LinkedIn).

The aim of the exercise was introduced to participants by asking

them to identify, formulate and compile priority questions for the con-

servation, monitoring and research of seagrass ecosystems in Europe.

F IGURE 2 Flowchart of the steps involved in the iterative collaborative process, which was used to produce the 100 priority questions for
advancing seagrass research, monitoring and conservation in Europe.
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It was considered that, if answered, the output would strongly

advance seagrass conservation in Europe towards rich and resilient

seagrass ecosystems that would benefit both people and the planet.

The four main steps of this common exercise were explained in the

initial email: i) the formulation of research questions; ii) a voting pro-

cess to identify the most important questions; iii) the online workshop

in order to identify the final list of the 100 most urgent questions; and

iv) the participation in the writing process of this paper.

2.2 | Formulation of research questions and voting

The participating experts were asked to submit one or more questions

that, if answered, would strongly advance seagrass conservation in

Europe. The participants were encouraged to consult with colleagues

and within their networks to identify such questions. Questions were

submitted within the following themes (but were not limited to them):

Biodiversity and Ecology; Ecosystem Services and Communication;

Blue Carbon; Fisheries support; Drivers and Threats; Monitoring and

Assessment; Conservation and Restoration; and Governance, Policy

and Management.

Instructions were provided that the questions should fulfill the

following criteria to: i) address important knowledge gaps; ii) be rele-

vant for continental Europe; iii) be answerable with a realistic research

design and funding; iv) not be too limited in their spatial and/or tem-

poral scope; and v) not be too general (each question should be possi-

ble to answer within an acceptable time frame).

Over a period of six weeks, 293 questions were submitted by

47 participants working in 18 European countries. Thereafter, clearly

identical questions were merged, questions were arranged into nine

sub-themes and an Excel document with the resulting 278 questions

(without author information) was created (see Table S1). The Excel

document was then redistributed to all participants for a subsequent

voting process, and the participants were also encouraged to add any

critical questions they considered missing from the list.

For the voting process, the participants were asked to read

through the questions and to add a vote from 0 to 4 (0 = this ques-

tion is not important, to 4 = this question is of highest importance) to

each individual question. The participants were not able to see the

votes of others. After all the individual votes were received, a list with

all questions and the votes' calculated means and medians was cre-

ated. In order to reduce the number of questions, the lowest ranked
1/3 of questions was calculated, resulting in a voting mean of 2.35, and

all questions below this threshold were removed prior to the digital

workshop. This resulted in a list of 186 questions across the nine

themes: Biodiversity & Ecology; Ecosystem services & Communica-

tion; Blue carbon; Fishery support; Drivers & Threats; Monitoring &

Assessment; Conservation & Restoration; Governance, Policy & Man-

agement; and Cross discipline. These questions were brought forward

to be considered and discussed during the online workshop.

In Table S1, the full list of originally suggested questions, sorted

after the original categories is presented.

2.3 | The workshop

A workshop was held online using Zoom for three days between

March 22nd and 24th 2022, with 35 expert participants (of 49 who

submitted questions) working in 18 countries. The workshop was the

final step in the Delphi process with the aim to collaboratively pro-

duce a list of the most important 100 questions from the list of

186 questions brought forward from initial voting. Participants were

divided into breakout groups that tackled the nine different themes.

Before the groups were formed, the Delphi method was presented to

the participants.

The questions were thoroughly discussed in the workshop by the

35 participants to ensure clarity. Some questions were combined with

others to ensure broader coverage, and some were moved to better-

fitting themes. Several questions were removed because they were

too similar to others or were deemed to be not within the top 100 pri-

ority questions. To further ensure that the expert community was

engaged and had active input in selecting all the priority questions,

working groups were mixed between the discussion sessions, and the

final session combined all participants into one common discussion.

3 | RESULTS

The 100 priority questions for seagrass conservation in Europe are

presented under nine themes:

3.1 | Biodiversity & ecology

Seagrasses are ecosystem engineers that enhance marine biodiversity

by providing food, shelter, and essential nursery areas for species,

with important implications for ecosystem stability and productivity

(Duffy et al., 2003; McHenry et al., 2021; van der Heide et al., 2012).

Extensive and varied research has been undertaken regarding the bio-

diversity of seagrass ecosystems in the last decades (Duffy

et al., 2005, 2022; York et al., 2018). This research has helped to

understand the role seagrasses play in determining the processes that

characterize biodiversity at every level, from individual genes to

higher taxa and ecological assemblages, and from functional groups

to communities and landscapes.

However, knowledge gaps exist both on a local and regional

scale, mainly due to the limited spatial and temporal extent of most

seagrass studies (Loh et al., 2019). Many aspects of the ecology of

seagrass species and the biodiversity of seagrass habitats on the

levels of genes, species, and ecosystems are still unknown. Further

research is needed to investigate how non-indigenous seagrass spe-

cies are expanding along European coasts (Wesselmann et al., 2021).

Gaining a better understanding of the patterns and relationships

between seagrass habitats, biodiversity, and environmental condi-

tions is vital in designing successful management and conservation

strategies.
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1. How does the seascape context affect biodiversity, ecosystem

functions and services provided by seagrass meadows?

2. What is the ecological contribution of seagrass detrital accumula-

tion to coastal ecosystems?

3. What are the genetic population structure and connectivity of

seagrass, especially in under-studied species and regions?

4. How do seagrasses and their associated food web interactions

contribute to ecosystem functions (e.g., nutrient and carbon

cycling, biodiversity, and ecosystem stability)?

5. How do intertidal and subtidal seagrass species respond to

anthropogenic and natural change, and should their responses be

considered separately?

6. How do non-indigenous seagrass species interact with native

seagrasses?

7. How do non-indigenous seagrass species expand and affect

native biodiversity and ecosystem functions and processes

(e.g., Halophila stipulacea in the Mediterranean Sea)?

8. How are seagrass communities affected by non-indigenous spe-

cies (e.g., wedge clam in the Baltic Sea)?

9. How can early signs of physiological and molecular stress and its

source in a seagrass meadow be used to predict degradation?

10. How do changes in environmental factors influence phenology

and reproduction in seagrass species?

11. What feedbacks and environmental and ecological factors facili-

tate the recovery of seagrass meadows from disturbances

(e.g., water quality, food web)?

12. What is the role of community-wide biodiversity and feedback

for the stability and resilience of seagrass meadows?

13. How do spatial distribution and connectivity of seagrass

meadows affect resilience on a local and regional scale?

14. How does functional diversity within seagrass meadows influ-

ence ecosystem processes (e.g., growth, nutrient cycling)?

15. What is the role of intra- and interspecific variability in seagrass

functional traits for seagrass resilience?

16. How do we quantify ecological feedbacks (e.g., sediment-light

interactions) in seagrass ecosystems to inform conservation?

17. How does herbivory, particularly by large herbivores, influence

seagrass community structure, functioning and resilience?

18. How does the presence of seagrass influence sediment?

19. How do wading birds and seabirds benefit from the biodiversity

associated with seagrass meadows?

20. How do macro- and microplastic accumulation in seagrass

meadows affect the associated fauna and ecosystem functioning?

3.2 | Ecosystem services

Seagrass ecosystems provide a wide array of services to humanity and

the planet. They have a pivotal role in providing food and habitat, sus-

taining biodiversity, and helping to establish and maintain complex food

webs (Heck et al., 2008). The abundance of different life forms associ-

ated with seagrass protects and provides food to many organisms at var-

ious life stages, including commercially exploited fish and invertebrates,

thus supporting small- and large-scale fisheries (Jackson et al., 2001;

Lilley & Unsworth, 2014; Nordlund et al., 2018; Unsworth et al., 2018).

Seagrass roots, rhizomes and canopy protect coastal sediments from ero-

sion (Infantes et al., 2022; Koch et al., 2009) and filter excess nutrients,

pollutants and sediment. In addition, the uptake of carbon contributes to

global biogeochemical cycles and the buffering of ocean acidification

(Barbier et al., 2011; Potouroglou et al., 2017; Unsworth et al., 2012;

Van Dam et al., 2021). Seagrass meadows also help control marine path-

ogens (Lamb et al., 2017; Reusch et al., 2021) and store carbon, both in

living biomass and in the underlying sediments, making them a critical

ecosystem for climate change mitigation and adaptation (Fourqurean

et al., 2012; Röhr et al., 2018). Seagrasses also provide cultural services

such as tourism and a sense of place (Nordlund et al., 2016).

Ecosystem services, direct and indirect contributions to human

wellbeing, are an efficient way to communicate the benefits of sea-

grass to policymakers, practitioners, and the general public. A better

understanding of seagrass services and their value provides a

better basis for seagrass conservation and management, including

economic incentives. Although our knowledge of seagrass ecosystem

service provisioning is growing, we still have significant gaps in our

understanding, especially among different seagrass species across lati-

tudinal ranges and in terms of their economic valuation. A better

understanding of these changing features of seagrass meadows and

the drivers of this variation is needed to provide a baseline for more

reliable estimates and targeted coastal management and conservation

(Nordlund et al., 2016, 2018). There are few comprehensive seagrass

valuation studies, most of them use indirect methods based on proxy

measures which often leads to an underestimation, and very few con-

sider seagrass non-use and existence value (Clifton et al., 2014;

Dewsbury et al., 2016). There is also a bias towards provisioning and

regulating services, while cultural services are understudied, as are the

economic and social aspects of seagrass service provision (Nordlund

et al., 2016; Ruiz-Frau et al., 2017).

21. What are the ecosystem services and their economic value pro-

vided by seagrass ecosystems?

22. What mechanisms are needed to implement a holistic approach

to evaluate the provisioning, regulating, supporting and cultural

ecosystem services of seagrass ecosystems?

23. To what extent do seagrass ecosystem services contribute to

nature-based solutions across Europe (e.g., coastal erosion pre-

vention, wastewater treatment, carbon sequestration)?

24. What is the role of seagrass cultural ecosystem services across

Europe (e.g., in history, folklore, traditions)?

25. How is the provision of ecosystem services influenced by intra-

and inter-specific variation, meadow traits, and environmental

conditions?

26. How do seascape configuration and connectivity influence sea-

grass ecosystem service provisioning?

27. How do anthropogenic pressure and climate change (e.g., temper-

ature increase, acidification) affect ecosystem services provision-

ing, nutrient cycling and sediment-water fluxes in seagrass

ecosystems?
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28. Which seagrass ecosystem services are at the highest risk of

being altered or disappearing because of climate change and

anthropogenic pressure, and what are the consequences?

29. How could we avoid or mitigate against the potential loss of eco-

system services provided by seagrass meadows in the future?

3.3 | Blue carbon

Blue Carbon is the carbon captured and stored by the world's oceans

and coastal ecosystems, including seagrass meadows (Pendleton

et al., 2012). Recognition and application of this concept within sea-

grass management offer a promising strategy to finance seagrass con-

servation and restoration projects while contributing to climate

change mitigation (Oreska et al., 2020; Pendleton et al., 2012) and the

array of other ecosystem services provided by seagrass. While global

agreements for climate change mitigation include seagrass meadows

alongside mangroves and tidal marshes (Macreadie et al., 2021) their

integration into this policy falls behind the other coastal vegetated

ecosystems (principally because of a lack of knowledge about their

location and changes in areal extent). However, it has been reported

that the protection of seagrass ecosystems could result in avoided

emissions and enhanced carbon sequestration, estimated at about

200 million tons per year worldwide (Macreadie et al., 2021). There

are also still important gaps in our understanding of the role of sea-

grasses as a carbon sink. The blue carbon sink capacity can be coun-

teracted by emissions of other potent greenhouse gases (GHG) such

as CH4 and N2O (Roth et al., 2023). In fact, high temporal and spatial

variability in GHG emissions from blue carbon ecosystems can make it

more difficult to produce reliable estimates of climate mitigation

when, for example, restoring blue carbon ecosystems (Rosentreter

et al., 2021; Schorn et al., 2022).

Science and policy barriers still preclude the uptake and scalability

of seagrass-based blue carbon initiatives. To maximize these opportu-

nities for seagrass-based climate mitigation, we need to more fully

understand the processes controlling carbon storage and the balance

of GHG emissions and removals. This improved understanding is not

just needed in a biological context but in a policy and socio-economic

context (Unsworth et al., 2022). Important knowledge gaps also exist

regarding temporal, spatial, anthropogenic and environmental factors

influencing this balance.

30. What are the net GHG emissions (sources) and removals (sinks)

across spatial and temporal scales?

31. What are the drivers of variation in carbon sequestration and

storage across the depth and biogeographic range of European

seagrass species?

32. How do disturbance, fragmentation, and loss of seagrass

meadows affect the burial and the fate of Blue Carbon?

33. What are the compounding effects of multiple threats on the car-

bon storage and GHG emissions and removals from seagrass

ecosystems?

34. What data do we need to model future GHG emissions and

removals from seagrass meadows based on the IPCC scenarios?

35. How does the balance between allochthonous and autochtho-

nous organic content in seagrass meadows vary with species and

environment?

36. What are the GHG emissions and removals in restored seagrass

meadows and how do they change with time?

37. What knowledge gaps persist in calculating GHG emissions and

removals in seagrass meadows and what are the consistent meth-

odologies to support it?

38. How can we convince policymakers to include seagrass in

national inventories to make the conservation and restoration of

seagrass meadows eligible for NDCs towards climate change

mitigation?

3.4 | Fisheries support

Seagrass meadows are used as key fishery grounds on a global scale,

for subsistence, recreational and commercial fisheries (Cullen-

Unsworth et al., 2014; Nordlund et al., 2018; Unsworth et al., 2018).

With their extremely high primary and secondary productivity, and

complex habitat structure, seagrass meadows support diverse fish

and invertebrate communities, and supply adjacent and even deep-

water habitats with plant and animal biomass, organic matter and

detritus (Gillanders, 2006; Heck et al., 2008; Lilley & Unsworth, 2014).

Many commercially important species use seagrass at different stages

of their life history, although few are strictly associated with seagrass

throughout their life cycle (Beck et al., 2001; Lefcheck et al., 2019).

Other species find refuge and foraging grounds in seagrass meadows

(Jackson et al., 2001).

Despite the often-cited role of seagrass meadows as nursery hab-

itats for commercial fisheries species, the extent of this function can

be species-specific, and should be evaluated on a case-by-case basis

(Beck et al., 2001; Lilley & Unsworth, 2014). There are clear knowl-

edge gaps in the understanding of the basic biology and ecological

interactions of many target fisheries species, especially invertebrates.

The links between seagrass meadows and other coastal and marine

habitats are also poorly known, for example, larval sources, transport

pathways, larval biology, ecology and behaviour, and contribution to

adult fish and invertebrate stocks.

From a policy perspective, the role of seagrass meadows as fish-

ing grounds is still insufficiently acknowledged in fisheries manage-

ment and seagrass conservation. Because of the lack of data, it is

difficult to assess the impact of seagrass fisheries on fish stocks, as

well as the indirect effect of fishing on seagrass communities. As a

result, many stakeholders that are directly or indirectly dependent on

these resources remain unaware of the role of seagrass meadows in

fisheries support.

39. Which fisheries species are associated with seagrass meadows,

during which life stages and to what extent?
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40. What is the potential for European seagrass meadows to support

commercially important fisheries stocks (e.g., fish, shellfish)?

41. How does habitat and nursery quality for fisheries species differ

between seagrass meadows and other coastal and marine vege-

tated areas?

42. How can we communicate the importance of seagrass meadows

for fisheries to stakeholders, policy makers and the general public

more effectively?

43. How can we develop new and modify existing fisheries technol-

ogy to be less damaging to seagrass ecosystems?

3.5 | Drivers, threats, resilience and response

There has been a global decline in the areal extent of seagrass

meadows since 1880. The underlying factors driving this trend are

manifold, locally diverse, and need to be better elucidated (Dunic

et al., 2021; Green et al., 2021; Waycott et al., 2009). In Europe, it

is estimated that about 1/3 of the seagrass area has been lost since

the 19th century because of water quality deterioration, coastal

development, eutrophication and wasting disease, with losses peak-

ing in the 1970s and 1980s (de los Santos et al., 2019). Threats to

seagrass meadows remain spatially extensive, cumulative, multiface-

ted and, in many cases, poorly understood (Turschwell et al., 2021).

There is also high inter- and intraspecific variability in response to

threats in different environments and with differing associated com-

munities (Brown et al., 2013; Chefaoui et al., 2016). For example,

projected climate warming may lead to significant loss of native sea-

grass in the Mediterranean Sea (Chefaoui et al., 2018), while it may

favor the expansion of non-native seagrass species (Beca-Carretero

et al., 2020).

How seagrass species respond to diverse and multiple climate

and anthropogenic cumulative threats strongly depends on a complex

interplay between ecological and physico-chemical factors that drive

feedbacks between seagrasses, the organisms they support, and the

environment (Maxwell et al., 2017). The resilience of the system and

its capacity to adapt and withstand shocks and disturbance is

important, and the system can buffer the effect of a disturbance until

the latter becomes too intense and the system collapses

(Montefalcone et al., 2007; Unsworth et al., 2015). For instance,

mesograzers – especially amphipods – have been found to play an

important role in protecting seagrasses from eutrophication by grazing

on epiphytes (Duffy et al., 2015).

The complex impacts of the cumulative threats to seagrass

meadows and how these impacts are intensified by increasing levels

and duration of threats remain poorly understood. Thus, further

research is urgently needed to underpin the decisions required to set

informed impact thresholds for conservation management.

44. What are the impacts of climate change on seagrass meadows?

45. What are the impacts of the current and predicted changes in

intensity, frequency and duration of different types of extreme

events on seagrass meadows?

46. What role do pathogens play in influencing current and future

seagrass populations?

47. What are the cumulative effects of multiple stressors on seagrass

meadows and their associated species?

48. What are the tipping points for anthropogenic threats to seagrass

ecosystems?

49. What are the effects of land use change and other terrestrial

activities on seagrass ecosystems?

50. How do anthropogenic activities (e.g., aquaculture, physical dis-

turbance) in the seascape influence/impact seagrass ecosystems?

51. What are the impacts of emerging and increasing contaminant

threats to seagrass ecosystems (e.g., microplastics, chemical pol-

lutants, metals)?

52. How and to what extent can seagrass ecosystems contribute to

climate change adaptation and mitigation?

53. How does genetic diversity within seagrass ecosystems influence

responses to environmental change?

54. Which seagrass species have the highest potential to adapt to

environmental change in European waters?

55. Can seagrasses genetically, epigenetically and/or biochemically

adapt to environmental change, and if so, how?

3.6 | Monitoring & assessment

The monitoring and assessment of seagrass ecosystems is essential to

detect changes such as early signs of degradation due to local and

global human impacts, or recovery following, for example, restoration

or management actions. Although the EU Water Framework Directive

(WFD 2000/60/EC, 2000) included seagrass species as indicators

(García-Marín et al., 2013; Romero et al., 2007; Wilkes et al., 2017),

there are no common monitoring protocols. Another main challenge is

that there is no central information system that provides adequate

information on the spatial and temporal extent of marine monitoring

programs and associated data within Europe, or globally (Miloslavich

et al., 2018), but see GOOS BioEco Metadata Portal (https://bioeco.

goosocean.org/). The largest gap in our knowledge relates to habitat

distribution and change in extent over time, especially from places

such as coastal Sweden, Scotland and the Black Sea (Green

et al., 2021).

There is ongoing development and innovation of seagrass and

associated species monitoring and assessment (Martin et al., 2019).

For example, the use of new remote mapping techniques (Huber

et al., 2022; Traganos & Reinartz, 2018) is promising in order to

update seagrass distribution maps at national and supra-national

levels using satellite images. However, many limitations of these

methods remain in deeper and turbid waters, and in areas where sea-

grass is mixed with extensive algal communities. Even though there is

a great improvement in both mapping and monitoring of seagrass

meadows, there are still many knowledge gaps. There are ongoing

efforts by the Global Ocean Observation System (GOOS) to address

this globally by developing specification sheets that aim to facilitate

the collection of comparable seagrass data supporting Findable,
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Accessible, Interoperable, and Reusable (FAIR) principles (Miloslavich

et al., 2018; Ratnarajah et al., 2022). Further improvements in sea-

grass monitoring and assessment and a willingness to adopt compara-

ble and transparent methods are needed in order to improve seagrass

monitoring and assessments across Europe and beyond.

56. What are the past, present and predicted changes in seagrasses

distribution and condition in Europe because of various pressures

and management actions?

57. How do we efficiently map seagrass habitat at scale to fill the

gaps in existing distribution maps of European seagrass species?

58. What are the ways forward to make seagrass data more

FAIR (findable, accessible, interoperable, reusable) across Europe,

and can available platforms be used more efficiently and

collaboratively?

59. How can traditional and emerging techniques for assessing sea-

grasses distribution and health (e.g., field data, drones, remote

sensing and Machine Learning/Artificial Intelligence) be inte-

grated to increase confidence in mapping and monitoring results?

60. How can we further improve and develop standardized seagrass

monitoring protocols that also have the capacity to include and

build on historical data?

61. How should we cost-efficiently measure the quality and extent of

seagrass meadows to meet local, national and European targets?

62. What is the relative contribution of natural vs anthropogenic

causes of seagrass temporal trends in Europe?

63. How can Citizen Scientists be engaged to map and monitor sea-

grass meadows at sufficient scales to improve conservation?

64. How can temporal genetic monitoring be used to enhance con-

servation of seagrass meadows?

65. How can we ensure that monitoring data is regularly analysed to

assess and act on trends in seagrass status?

66. How does the concept of Essential Ocean Variables link to the

monitoring of seagrass ecosystems across Europe?

3.7 | Conservation & restoration

Currently, a diverse array of conservation and restoration strategies

are being deployed to prevent further declines of seagrass ecosystems

across Europe and to maintain connectivity with other ecosystems.

However, effective conservation of seagrass ecosystems is a challeng-

ing prospect requiring a good understanding of the ecology, status,

and threats to seagrass meadows, as well as interdisciplinary coopera-

tion at scientific, stakeholder and political scales (Unsworth,

McKenzie, et al., 2019). Management interventions, mostly at the

local and regional scales, such as improvement of water quality, may

explain some of the recovery of seagrass meadows across Europe

(de los Santos et al., 2019).

However, management interventions that have led to improve-

ment in environmental conditions have not necessarily translated to

seagrass recovery, mostly because of complex feedbacks and

interactions (Maxwell et al., 2017; Valdez et al., 2020). In addition,

seagrass restoration projects, using a variety of methods, have been

attempting to restore lost seagrass meadows across Europe (van

Katwijk et al., 2016) with mixed success thus far. Generally, seagrass

restoration is challenging and expensive (Bayraktarov et al., 2016), but

because of persistent trials, knowledge exchange and methodological

advancements, there are more and more successful examples, along

with the recovery of associated ecosystem services (Govers

et al., 2022). Despite these hopeful indications of recovery, seagrass

meadows across Europe are still facing multiple challenges as a result

of continued environmental degradation and accelerating climate

change — as an especially pressing threat. Furthermore, the recovery

of slow-growing species such as Posidonia oceanica takes decades or

more, so despite recent advances in restoration methods and success

rates (Pansini et al., 2022; Terrados et al., 2013), restoration simply

cannot replace conservation for this species (Boudouresque

et al., 2021). Even for fast-growing species such as Z. marina, where

local recovery can occur within a decade, and species can quickly col-

onize the restored areas (Gagnon et al., 2023), it will take many

decades to regenerate fully functional ecosystems at the regional

scale. There is especially a need to effectively upscale restoration

efforts (Unsworth et al., 2019) and to consider genetic diversity

(Pazzaglia et al., 2021, 2021), connectivity (Jahnke et al., 2020) and life

history traits (van Katwijk et al., 2021), while tailoring restoration

strategies for different seagrass species (Bekkby et al., 2020). The

development of an effective and scalable seagrass restoration meth-

odology arises as a great challenge for the 21st century. Thus, for

healthy and abundant seagrass meadows in the future both conserva-

tion of existing seagrass meadows and restoration efforts of degraded

and lost seagrass meadows across Europe need to be urgently

improved and optimized.

67. What are the potential roles and perceptions of different stake-

holders in current and future seagrass conservation and restora-

tion and how do they influence project success?

68. Which conservation measures have been proven to be most

effective in protecting seagrasses, and how can we implement

these on a local level?

69. What approaches, criteria and tools are best used to identify pri-

ority seagrass sites for conservation as well as to ensure

connectivity?

70. Which new or existing quantifiable criteria can be used for

improving and implementing conservation policies of seagrass

ecosystems when areal extent and rate of change are not

available?

71. How should intraspecific genetic variability be considered in the

management and conservation of seagrass ecosystems?

72. What are the best approaches, criteria and tools for identifying

priority areas for the restoration of seagrass ecosystems in order

to increase restoration success rate?

73. What is needed to successfully and efficiently upscale seagrass

restoration and aid recovery?
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74. At what temporal and spatial scales do seagrass ecosystems

recover functionality, connectivity and services after a successful

restoration program?

75. How and to what extent should seascape considerations be taken

into account when planning active restoration actions of seagrass

ecosystems?

76. How do we forecast the potential success of transplantations

(incl. sites and procedures) based on multiple indicators?

77. How does the genetic makeup of donor material affect the resto-

ration success of seagrasses?

78. In what way can we use knowledge of seagrass-microbiome rela-

tionships to improve seagrass transplantation (or restoration in

general)?

79. How do the method and spatial arrangement of transplant units

affect seagrass restoration success?

80. What is the impact of transplanting different genetic ramets on

the resilience of local seagrass populations?

81. How do we make decisions about the most appropriate conserva-

tion and/or restoration activities in order to ensure healthy and

functioning seagrass meadows both locally and regionally?

82. How can the public be involved and contribute to the conserva-

tion and restoration of seagrass habitats?

3.8 | Governance, Policy & Management

There is no single policy or set of policies to manage the marine envi-

ronment on the European continent (Grip, 2017). The Water Frame-

work Directive (WFD) (2000/60/EC) was adopted in 2000 to achieve

‘good status’ for all water bodies by 2015, including marine/coastal

waters up to one nautical mile from shore, but because of implemen-

tation challenges, it is now extended to 2027 (Carvalho et al., 2019;

Voulvoulis et al., 2017). The EU adopted the Marine Strategy Frame-

work Directive (MSFD) (2008/56/EC) in 2008, to protect the marine

environment and natural resources while also establishing a frame-

work for the sustainable use of European marine waters. Effective

governance of seagrass meadows entails the implementation of con-

servation policies and management strategies across terrestrial catch-

ments, the coastline and the deep ocean. The location of seagrass

ecosystems at the land-sea interface implies that multiple threats

including agriculture, land clearance, urban and industrial sewage, fish-

ing practices and climate change need to be properly managed to

ensure the preservation of seagrass meadows and the ecosystem ser-

vices they provide. These threats act at different spatial and temporal

scales, adding complexity to the effective management of seagrass

ecosystems (O'Brien et al., 2018). Overcoming science and policy

knowledge gaps, including how to effectively restore seagrasses at

scale and the implementation of national and transboundary conser-

vation strategies, are crucial to foster large-scale recovery of seagrass

ecosystems.

The involvement of stakeholders, policymakers, government and

non-government agencies and scientists in delineating effective sea-

grass governance, policy and management mechanisms across Europe

and beyond is crucial to achieve the desired conservation and restora-

tion goals. The valuation of seagrass ecosystem services, including

Payments for Ecosystems Services (PES) and carbon credits, appears

as a crucial step to finance and promote seagrass conservation and

restoration activities.

83. How can we better integrate management on land and at sea to

prevent further loss and degradation of seagrass ecosystems?

84. What strategy can be devised in seagrass conservation to scale

up, connect and absorb small-scale interventions into broader

and potentially more impactful ones at larger scales?

85. How can marine protected area (MPA) planning enhance the con-

nectivity and resilience of seagrass meadows?

86. How can existing policy and management be used to prioritize

seagrass restoration sites and areas with large potential for

recovery?

87. How can seagrass management be improved at different spatial

scales in the face of global and local stressors?

88. How can we bring stakeholders together to address drivers of

seagrass loss and advance restoration and conservation on a

regional scale?

89. What are the specific features of dynamic seagrass meadows,

which vary in space and time, that should be considered to pro-

vide effective conservation policies and assessment methods?

90. How do we deal with different context-dependent responses

(inter- and intraspecific) in seagrass management and decision-

making?

91. How can we integrate faunal species that use seagrass as a criti-

cal habitat into management and policy?

92. What are the best ways that European seagrass researchers work

together to develop long-term research and conservation pro-

grams with common goals and sustainable funding?

93. How can we change policy to make conservation and restoration

of seagrass meadows eligible for financial instruments

(e.g., carbon credits)?

94. How can the inclusion of seagrass meadows into adaptation and

mitigation plans of the Nationally Determined Contributions

(NDCs) of European countries, and similar initiatives, be promoted?

3.9 | Communication

Communication is needed across planning scales, nations, and stake-

holders to improve conservation, monitoring and research of seagrass

meadows. Communication involves the co-operation among

researchers from different disciplines to adopt integrated approaches

in order to overcome present seagrass conservation challenges

(Unsworth et al., 2019). Another essential aspect of communication in

the need of improvement is the exchange of scientific, local and/or

traditional knowledge as well as experience between researchers,

managers, policymakers and fishers in order to learn from each other,

to better transfer knowledge, and to identify and communicate needs.

A seagrass-literate society is vital for the sustainability of seagrass
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ecosystems (Cullen-Unsworth & Unsworth, 2018). While some pro-

gress has been made in the last decade regarding seagrass awareness

in society (Cullen-Unsworth & Unsworth, 2018), full recognition has

not been reached among all stakeholder groups (UNEP, 2020), which

remains one of the global challenges in seagrass conservation

(Unsworth et al., 2019). The cooperation of educators and scientists

to create a seagrass-literate society is needed to raise awareness of

seagrasses. In some European regions, seagrass-literacy is improving

(Barracosa et al., 2019). Recently, the key principles and concepts in

relation to seagrasses that a seagrass-literate person should know

have been defined (Apostoloumi et al., 2021). Communication is now

needed to ensure we achieve a far greater level of seagrass literacy in

the population in order to ensure seagrass ecosystem persistence and

resilience. To achieve this a better understanding of environmental

education and ocean literacy is needed.

95. How can we improve communication for a better understanding

using interdisciplinary skills and partnerships to further seagrass

conservation and restoration?

96. How can we optimize knowledge sharing among and between

different seagrass professionals and stakeholders such as

researchers, managers, educators and policy makers?

97. How could ocean literacy on seagrass ecology become wide-

spread, from science programs at school to awareness by the

wider public?

98. What are the socio-ecological values of seagrass meadows (from

cultural values to climate change mitigation and adaptation) for

communities including citizens, fishers, boat users, politicians and

governments and how can they be communicated?

99. What are the mechanisms and levers to best communicate the

diverse and multiple benefits of seagrass ecosystems to raise

more awareness of their ecological importance to all relevant

stakeholders?

100. How can we better communicate research and monitoring find-

ings to stakeholders and policy makers to drive seagrass conser-

vation and restoration actions on the ground?

4 | DISCUSSION

European seagrass meadows face ongoing degradation, and our ability

to make effective and large-scale improvements is limited by numer-

ous knowledge gaps in the ecology, functioning and management of

these systems (Unsworth, McKenzie, et al., 2019). However, there is

an unprecedented political and media interest in seagrass ecosystems

in Europe in recent years. While historically the financing of research

and conservation has been limited for these ecosystems (Unsworth,

McKenzie, et al., 2019), there is now evidence of increased funding

opportunities to achieve an improved understanding of seagrass

meadows. In the present paper, we propose 100 key questions, predi-

cated on expert knowledge, that if answered would fill many current

knowledge gaps and place European seagrass onto a positive trajec-

tory of recovery. We believe that this targeted list of questions,

spanning Biodiversity & Ecology; Ecosystem services; Blue carbon; Fishery

support; Drivers, Threats, Resilience & Response; Monitoring & Assess-

ment; Conservation & Restoration; Governance, Policy & Management;

and Communication will assist in directing opportunities towards

evidence-based action appropriate for European seagrass conserva-

tion. The 100 questions do not only succinctly cover the key knowl-

edge gaps but also reflect a growing maturity and understanding of

seagrass science, enabling scientists to propose meaningful questions

in the context of developing applied actions for advancing seagrass

research, monitoring and conservation.

Traditionally seagrass research has been mostly focused on biol-

ogy and ecology but in the last decade there has been a boost in sea-

grass related social-ecological, social, cultural, management and

governance research, along with more frequent inter- and transdisci-

plinary studies. This is also reflected in the questions presented in this

paper. In the case of ecological research on seagrass, it was for many

decades focused on describing the ecological communities present

within these productive meadows. While the questions in this paper

shows how ecological thinking and research within this area have

moved toward understanding ecological processes and drivers, partic-

ularly within an applied context. These advances have also highlighted

how many larger gaps in ecological understanding still remain on this

issue. Furthermore, the present paper poses questions about how an

improved understanding of seagrass community interactions and pro-

cesses relates to food webs, ecosystem functions, and feedbacks

(Moreira-Saporiti et al., 2023). It also confirms the need to better

understand genetics, traits, the impact of non-indigenous species,

changing phenology and the critical nature of reproduction. Questions

about prioritizing sites and effective upscaling for conservation and

restoration, the role of connectivity, seascape and MPA planning all

point to the increasing need to effectively integrate seagrass conser-

vation in (international) urban and landscape planning. Moreover, in

such planning, not only conservation but also assignments of new

sites for seagrass culture or rewilding could be considered to further

benefit from seagrass ecosystem services (van Katwijk et al., 2021).

However, such efforts should not be ‘traded’ as compensation for

deliberate damage to extant meadows (Boudouresque et al., 2021;

Cunha et al., 2012). In many cases more holistic, integrated and

applied approaches are needed to answer these questions to better

understand seagrass ecosystems and its future sustainability.

Understanding where seagrass meadows occur remains a

European as well as a global challenge for seagrass conservation

(McKenzie et al., 2020) as we cannot conserve and improve what we

do not know exists. Although this gap is an age-old problem, it has

never been such a pressing one. The questions here grapple with this

problem both from a monitoring and a mapping perspective and high-

light the need to maximize our use of technological innovation. Fur-

thermore, many studies have demonstrated the long-term loss and

decline in the health of seagrass ecosystems in Europe and beyond

(Airoldi & Beck, 2007), but this only applies to the seagrass that we

are aware of, again highlighting the importance of mapping and moni-

toring. Seagrasses remain under threat across the continent, despite

increased efforts (Turschwell et al., 2021). Tied to these problems are
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large gaps in our knowledge of how these threats act independently,

synergically and cumulatively and the implications for maintaining the

resilience of seagrass ecosystems. Without filling these gaps, we will

struggle to undertake the most appropriate management actions for

conserving and restoring these habitats across Europe.

A key theme that arises from the proposed questions on seagrass

ecosystem services is the ever-increasing realization that what we

measure today will not apply in the future as the forcing of climate

change increases. Furthermore, the questions in this paper reflect both

the need to broaden the understanding and the interconnectedness

among ecosystem services as well as a focus on Fishery support (Food,

Tourism, Recreation) and Blue carbon (Carbon sequestration and

storage). The fishery support questions are mostly focusing on the

potential and the importance of seagrass for fisheries. Blue carbon is

an ever-expanding part of the discussions around seagrass science.

The questions posed here rightly move beyond the inventory as scien-

tists recognize more human activities that negatively affect seagrass

blue carbon sequestration and stocks. What we see in the proposed

questions is an increasing need to understand the mechanisms behind

the accumulation of carbon and the balance between GHG removals

and emissions linked to conservation and restoration actions. Answer-

ing these questions will ultimately provide the best management

options to enhance the role of seagrass meadows in climate change

mitigation.

Successful conservation of seagrass requires strong governance,

policy and management to guide and support the process, further-

more, monitoring and assessment are essential to understand change

(UNEP, 2020). The questions reflect the need for the integration of

different types of data but also the need for long-term understanding

that can support our understanding, as well as to develop potential

future scenarios. The questions also reflect the need to evaluate and

compare different approaches to identify more effective conservation.

There are multiple active seagrass monitoring programs across Europe,

but the data is often not publically available nor comparable because

of different parameter being measures (Ratnarajah et al., 2022). To

overcome many of these challenges it is key that seagrass monitoring

is interoperable and comparable across regions and countries using

FAIR principles to enhance our understanding of change. Learning

from change (both positive and negative) is key to successful conser-

vation, it is important to understand which governance, policy and

management actions are working, and in which settings.

In conclusion, to make the political and societal case for action on

seagrass research, monitoring, conservation and restoration, it is

essential to provide evidence of their value to nature and human well-

being and effectively communicate their importance. Our work has

identified 100 priority questions relevant to seagrass conservation in

Europe and demonstrates the huge gaps we still have in our under-

standing of these diverse and productive ecosystems. These questions

will probably not be easily and quickly answered, but would allow large

advancements in our understanding. We encourage a collective effort

– researchers, managers, politicians, research funders, and others – to

add these questions to the agenda as we believe this knowledge would

greatly advance seagrass research, monitoring and conservation.
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