
 

 
 

 

 
Water 2021, 13, 2430. https://doi.org/10.3390/w13172430 www.mdpi.com/journal/water 

Review 

The World of Edges in Submerged Vegetated Marine  

Canopies: From Patch to Canopy Scale 

Jordi Colomer * and Teresa Serra 

Department of Physics, University of Girona, 17003 Girona, Spain; teresa.serra@udg.edu 

* Correspondence: jordi.colomer@udg.edu; Tel.: +34-630-349-766 

Abstract: This review describes the world of edges in submerged vegetated marine canopies 

(seagrasses, saltmarshes, and seaweeds) where an edge is a boundary with a frontal area separating 

the vegetation from the adjacent non-vegetated zones. Plants within the vegetation are made of 

flexible elements pronating in the direction of the flow and oscillating back and forth in response to 

wave forcing. Some of them also occupy the full height within the water body. The analysis focuses 

on both the canopy- and local-patch scales to acquire knowledge about the hydrodynamics and the 

biophysical interactions in the structural shallows and deep limits of the canopies as well as on the 

structural edges of vegetation patches and the edges in the gaps within the canopies. The spatial 

arrangements of both canopy and patch edges are not only well imposed through the modification 

of hydrodynamics, but so too through small-scale interactions from internal structural causes and 

modifications. The continuous fragmentation of coastal marine habitats has reduced their structural 

complexity, thus making habitat edges a prevalent seascape feature, including in the shallow (or 

upper) and deep (or lower) limits of the canopies, the patch edges, and the edges in the gaps within 

the canopies. Canopy patches represent a region of high flow resistance where flow deflects and 

accelerates above and/or next to the canopy, resulting in an increase in water velocity and turbu-

lence, especially at the edges of the patch. At the edges, energy transfer is found in spectral wave 

velocities from the longer to shorter wave period components. Likewise, at the edges, the net depo-

sition of sediments decreases over a distance to a certain length, relative to the bare bed, which is 

associated with a region of vertical updraft and elevated turbulent kinetic energy. The edge effects 

also relate to the influence that a patch edge can have on determining species composition and pre-

dation risk, which is additionally mediated by the effect the edges have on habitat complexity within 

the vegetated patch. Organism feedback within the edges does not simply follow the canopy and 

local features and, in fact, the intricate interaction between biogeophysical processes is key in ex-

plaining the complexity of coastal submerged canopy landscapes. For example, proximity to patch 

edges has a greater influence on epifaunal density and community structure than structural com-

plexity or predation do. The extent to which edges reduce predation risk depends on the extent to 

which they support higher structural complexities compared to patch interiors. The canopies’ shal-

low limits and their position in the underwater beach profile are mostly limited by light availability, 

the intensity of the wave action, and the local nearshore hydrodynamics, but they also depend on 

the local structural conditions at the vegetated side. The deep limits of the canopies, however, 

mainly depend on the availability of light and research findings support migration both to the 

deeper and shallower layers. All structural edges face changes caused by increasing nutrient inputs, 

development of coastal zones and the increasing impact of climate change. A considerable challenge 

to managing, restoring, and conserving coastal marine ecosystems stems from understanding how 

the canopies are able to cope with these natural and anthropogenic disturbances. 
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1. Introduction 

The coastal marine seascape has undergone short- and long-term structural changes 

resulting from increasing nutrient input, the development of coastal zones [1–6], and the 

ever-increasing impact of climate change. The coastal marine seascape is characterized by, 

among others, the presence of saltmarshes, seaweeds, and macrophyte canopies that form 

both submerged and partially emerged habitats which occupy a narrow fringe—from the 

upper intertidal zone to about 90 m depth, with the shallow limit considered as the land-

ward continuous front settled on the soft bottom [6–8]. Despite their small number, ap-

proximately 60 species [9], seagrass communities provide significant and crucial ecosys-

tem services that contribute to human welfare and shoreline protection [8,10,11]. Cano-

pies, for instance, seagrass meadows, also provide ecological services such as attenuating 

waves, currents, and storms [12–14], mitigating storm surges and marine heat waves, pre-

venting the erosion of coastal beds [12,15,16], promoting sediment accumulation [14,17], 

contributing to nutrient cycling and carbon sequestration [9], shaping estuarine geomor-

phology [18], and providing refuge and nursery grounds for the local biota [12,19]. The 

ability of canopies to deal with both natural and anthropogenic disturbances has become 

challenging for the management and conservation of coastal marine ecosystems as many 

of them display patchiness that may persist on long time scales [19,20]. On one hand, 

seagrass losses associated with heat waves indicate that climate change may compromise 

the fate of many coastal areas and the services they provide. The loss of seagrasses may 

increase the impact wind-waves have on coastal areas which, in turn, may effect marsh 

edges and destabilize estuarine marsh systems [21]. On the other hand, since the produc-

tivity of Zostera japonica shows strong positive correlations with air and water tempera-

ture, the predicted increases in air and water temperature associated with global climate 

change might have positive effects on the growth and extension in the distributional range 

of this species [22]. The reduction in the coverage and limits have also been related to 

human impact (for example, trawling and mooring activity) that has then led to coastal 

erosion and turbid waters [23–26] and which is a common situation in the Mediterranean 

coastal zones. Anchoring patches of Posidonia oceanica may take between 27 and 60 years 

to be recolonized [27]. The reduction in the structural shallow limits (73%) and extent of 

Posidiona oceanica meadows over the past 85 years have been linked with the direct or 

indirect impact of coastal development, namely harbors, ports of refuge, landfills, artificial 

beaches, groynes and pontoons, submarine pipelines, and aquatic farms [28]. 

The continuous fragmentation of coastal marine habitats has diminished their struc-

tural complexity and has made habitat edges a prevalent seascape feature [29]. Seagrass 

structural complexity generally increases from patch edges to patch interiors [30] and 

from patch-to-patch interactions [31,32]. In Posidonia oceanica meadows in the Mediterra-

nean, the shallow limit has been reported to regress, with the proportion of regression 

ranging from 17.7% to 98.9%, and the highest values have been found in Spain and France 

and are consistent with the highest levels of fragmentation detected through map analysis 

and coastal pressures [6]. Ardizzone et al. [25] reported a continuous regression of Posido-

nia oceanica beds in the central Tyrrhenian Sea, falling from 7,290 ha in 1959 to 2,899 ha in 

2005, i.e., a loss of about 60% coverage in 46 years and related to human-mediated coastal 

impacts. A meadow’s shallow limit, which is directly influenced by coastal pressures, is 

commonly used as an indicator of its health [33–38]. Marbà et al. [39] reported that two 

thirds (62.0%) of Posidonia oceanica meadows, mainly in the Western Mediterranean, had 

experienced declines in their real extent. These declines are also found at both the shallow 

and deep limits. The depth where a wave breaks significantly controls the landward po-

sition of the meadow’s shallow limit which, in turn, depends on beach morphodynamics, 

i.e., the distinctive type of beach produced by local geomorphology and wave climate [40–

44]. Furthermore, increased wave intensity has resulted in the offshore migration (into 

deeper water) of the upper limit of giant kelp canopies [45]. Consequently, the shallow 

limit of a submerged marine canopy is governed by the morphodynamics of the coastal 



Water 2021, 13, 2430 3 of 23 
 

 

areas, the imposed short-term local hydrodynamics, and the long-term modifications re-

sulting from climate change (Figure 1). 

 

Figure 1. Photographs of the structural edges of a canopy: the upper limit of a canopy (a) and the 

lower limit of a canopy (b). On photograph c we present a patch of vegetation and on the photo-

graph d a gap within a canopy, with the edge being the boundary between the non-vegetated 

(sandy bottom) and the vegetated zones. The photographs were taken by Xavier Salvador. Photo-

graphs were taken in Cala Vigatà (b, c and d) and in Cala Rostella (a), both in the northwestern 

Mediterranean Sea. 

The deep limit of seagrass communities extends from mean sea level down to 90 m, 

with the differences being attributed to the light attenuation underwater [7]. At the deep-

est edge, light affects the chlorophyll content and morphological characteristics of leaves 

such as the changes in leaf thickness [46]. However, as a consequence of modern pollution 

and water turbidity, in many areas an extensive belt of dead matter limits the deep posi-

tions of meadows, [10], as is the case of the Posidonia oceanica meadows in the Gulf of 

Marseille where the limit is found to be between 22 and 30 m deep [10]. Likewise, shoot 

density and coverage decreases in the regressive deep limits of Posidonia oceanica mead-

ows have been found along the coastlines of Corsica [47]. 

In addition, the fragmentation in most coastal meadows is strongly influenced by 

human activities, although it is lower in natural meadows than in anthropized ones, and 

is little influenced by the morphodynamics of the coast [20]. The degree of fragmentation 

on a landscape scale appears not to affect the hydrodynamics within the inner gaps in the 

meadow, although both sedimentation rates and hydrodynamics have been found to in-

crease with gap size, but do not show differences at the landscape level with the fragmen-

tation levels of the meadows [48]. Nevertheless, patches of macrophyte species can inter-

act with each other through facilitation of resource uptake [32]. 

With the increase in exposure to waves, Posidonia oceanica meadow habitats have de-

clined and present an increase in meadow fragmentation and a decrease in the deep-depth 

limit of seagrass distribution [20,25,49]. For example, Posidonia oceanica meadows tend to 

be patchier and have low overall cover, more complex patch shapes, and reduced within-

patch architectural complexity along a wave exposure gradient from low to high energy. 

The higher the fragmentation degree of the meadow is, the lower the shoot density is in 

the surrounding vegetation near the gap [50]. The heterogeneity of fragmented meadows 
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is linked to modifications in shoot plant density, leaf morphology, and biomass in frag-

mented patches, with the shoot density being a good indicator for regression, stability, or 

progression of seagrass limits [51]. 

Lateral shoot density, percent cover, and leaf length adjacent to the gaps within the 

meadows may be up to 20% lower than the structural condition in fully vegetated mead-

ows [52,53]. Fragmentation increases the role edges play and causes a shift from light lim-

itation to phosphorus limitation [54], although infiltration of solutes from the sand to the 

patch persists [55]. Furthermore, Tanner [56] found that epifauna distribution responded 

to the shape and orientation of seagrass patches by offering the greatest amount of edge 

when currents are strong but not when they are weak. 

This manuscript provides information on the role the edges (limits) of submerged 

marine canopies play in terms of the canopy seascape and on the patch or patch/gap scale. 

The review process has focused on the description of both structural and local edges. First, 

the description of both the deep limit of a canopy, that is also referred to as the lower limit, 

and the shallow limit of a canopy, referred to as the upper limit. In addition, this review 

describes the local edges that are to be found in vegetated patches and in the limit of a gap 

within a canopy. This review will provide a significant structural description and 

knowledge on, first, edge hydrodynamics, second, sediment transport across and bio-

physical interactions at the edges, and, third, the modifications of the temporal and spatial 

scales of edges attributed to both natural and anthropogenic disturbances. The study fo-

cuses on the edges and limits of submerged marine seagrasses, saltmarshes, and sea-

weeds. They are made of highly flexible elements pronating in the direction of the flow 

and oscillating back and forth in response to wave forcing [57] and present edges with a 

frontal area separating the vegetation from the adjacent non-vegetated zones [52]. 

2. Materials and Methods 

Given that this review is directed towards the role edges play in marine canopies (i.e., 

both canopy (structure) and patch/gap (local) scales), the hydrodynamics are described in 

terms of (i) the characteristics of the vegetation that governs the edge processes, namely, 

the density or cover of the vegetation and the height of plants, and (ii) the characteristic 

distance of the patch and gap from the edge. The position of the edge is then considered 

as x = 0, with the edge being deemed the border between habitats in an intermediate 

boundary in abiotic conditions from the center of adjacent habitat. Therefore, the edge 

may differ from that of the interior and/or intact habitat, with implications on multiple 

scales [9,58]. At the canopy scale, edges are differentiated in both the deep and shallow 

limits [39]. To clarify, in much of the literature, the deep limit is also referred to as the 

lower limit and the shallow limit as the upper limit. In addition, we consider a patch to be 

a structure that consists of a single species at a relatively high density whose lateral 

boundaries or edges are sharp [59,60]. Subsequently, a patch is considered to be a vege-

tated structure that is smaller than the meadow but larger than an individual element 

within the patch (i.e., a single plant shoot). A gap is therefore a bare soil area interspersed 

within a vegetated region. The edge of the gap is the vegetated interface that separates the 

bare soil from the nearby vegetation. For the best clarification of terms used in the manu-

script, a list of definitions is provided in Table 1. 
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Table 1. List of terms described in the manuscript and corresponding definitions. 

Terms and Definitions 

 Canopy: Vegetated area made of highly flexible elements that pronate in the direction of the flow and oscillate 

back and forth in response to wave forcing. A canopy provides structure, habitat, and processes which support a suite 

of other species. The structural (architectural) characteristics of a canopy are defined by the shoot density, the cover-

age, and the leaf length. In this manuscript, the canopy is defined as being formed by submerged elements. 

 Flow structure: Flow characteristics within a meadow described by time-averaged velocity, turbulence intensity, 

or turbulent kinetic energy (TKE). 

 Patch: A vegetated structure that is smaller than a meadow but larger than an individual element within the 

patch. 

 Gap: A non-vegetated structure within a canopy. Considering the starting point of a gap at the edge of the gap, 

two subsequent longshore and onshore lengths are considered, with the longshore length being parallel to the shore 

and the onshore length being transversal to the shore. Consequently, a longitudinal gap is defined as a gap with the 

main axis parallel to the wave velocity propagation and the transversal gap is defined as a gap with the main axis per-

pendicular to the wave velocity propagation. 

 Patchiness: The structure of a meadow at a time t. 

 Fragmentation: The evolution of patchiness through time. 

 Structural limit: Limit of a designated canopy. In this manuscript, two structural limits are differentiated: the 

deep limit of a canopy that is also referred to as the lower limit and the shallow limit of a canopy referred to as the 

upper limit. 

 Edge: The border between habitats in an intermediate boundary in abiotic conditions from the center of adjacent 

habitat. In this manuscript, the edge is considered either as one of the structural limits or the boundary between vege-

tation and non-vegetation areas. 

 Roughness length: Characteristic length at the vegetated side of an edge canopy accounting for the bed friction. 

 Leading patch edge: Lengths within the longitudinal distances over which advection contributes to a significant 

sediment source. 

Two types of canopies are included in this study: marine micro-canopies and classic 

marine canopies. Micro-canopies refer mainly to permeable vegetation forming a patch, 

whereas a classic marine canopy refers to a permeable region forming a canopy. In both 

cases, the canopies are made of highly flexible elements that pronate in the direction of 

the flow and oscillate back and forth in response to wave forcing [57]. 

This paper provides information on marine canopy landscapes which are character-

ized by vegetated patches or canopies, the hydrodynamics and sediment transport across 

edges, and the biophysical properties that derive at the edges of canopies. Likewise, the 

paper offers information about the edges at the level of either natural or anthropogenic 

derived gaps, therefore providing data on the dynamic features of the edges in the gaps 

in a fragmented canopy. Next, we analyze multiple canopy scales, given that the role of 

the edges is manifested both at a local and canopy scale, thus providing information on 

stable or fragmented marine canopies as well as patches of vegetation from which to fur-

ther analyze the characteristics of coastal marine environments. 

Related literature was analyzed using Scopus and the Web of Science. Searches were 

carried out for manuscripts that included in their titles, abstracts or keywords, the key 

words in combination and beginning with “meadow” OR “canop” AND “marine” OR 

“sea” AND “edge” OR “boundar” OR “patch” OR “margin” OR “front” OR “upper limit” 

OR “shallow limit” OR “lower limit” OR “deep limit” OR “fringe”. For each word, wild-

card asterisks were added to the end so that plurals and other related words would be 

found, i.e., canop* would pick up the words of canopy and canopies [57]. This search pro-

duced hundreds of results that were then filtered by the authors’ subjective analysis and 

by considering those carried out during the last 30 years (1991 as the start date and 2021 

as the end date). This provided a list of approximately 200 papers. A close reading of all 

manuscripts discarded some of them and, together with 10 papers on the hydrodynamics 
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in the limits of seagrass meadows known to the authors, the final list of papers (see refer-

ence section) was obtained. 

All the publications cited here have been classified into five-year ranges, resulting in 

six categories based on five complete years. The last category is based only on the current 

publications in 2021 (up to June). The number of publications in each category was 

counted and the number of publications per year has been calculated for each category. 

From this analysis, it can be seen that and since 1990, interest in the topic has been con-

stantly increasing (Figure 2), because the number of publications in the first five-year 

range was 2 but then increased to 57 in the last complete five-year range (2016–2020) cat-

egory. In 2021, 9 publications focusing on this topic were found. This interest in the topic 

increased following a power trend of 1.9 ± 0.1 and with a p-value < 0.05. 

 

Figure 2. Temporal evolution of the number of publications per year focused on the topic studied 

and classified in five-year ranges. 

3. The Structural Shallow Limit of Canopies 

3.1. Characteristics of the Shallow Limit of Canopies 

The structural characteristics (i.e., shoot density and seagrass cover) at the shallow 

limit of canopies are mostly limited by light availability and water column transparency 

[61–63], are reworked by wave action, and are mainly controlled by local nearshore hy-

drodynamics [64–68]. Marbà et al. [39] reported that the shallow limit (Table 1) of most 

Posidonia oceanica meadows in the Mediterranean (26 out of 42 evaluated) has regressed 

towards deeper waters and this has occurred at an average absolute rate of −0.04 ± 0.1 m 

year−1, whereas in 8 of 42, meadows it progressed towards the coastline. In the Mediterra-

nean, the discharge of urban effluent into coastal areas adversely affects Posidonia oceanica 

meadows since it induces nutrient enrichment and a decrease in water clarity, resulting 

in a significant reduction in vegetation cover at their upper limits [69]. Nutrient enrich-

ment may enhance herbivore consumption and decrease the cover and diversity of epizo-

ans at subtidal macroalgal edges, likely by stimulating foraging activity [70]. 
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On the contrary, under reduced tidal ranges, seagrasses may be less exposed to low 

tide effects, thus, under smaller tidal ranges, Zostera marina seagrasses at the shallow edge 

of the bed suffer less exposure stress, resulting in an expansion of plant distribution shore-

ward [34,71]. 

3.2. Hydrodynamics in the Shallow Limit of Canopies 

The shallow limits of the meadows were very close to the breaking depth in those 

sites characterized by lower energy dissipation, whereas higher energy dissipation corre-

sponded to larger distances [67]. Meanwhile, on sandy substrata, the Posidonia oceanica 

meadows’ shallow limits lie well offshore from the surf zone, in areas with little morpho-

logical activity. On rocky bottoms, the Posidonia oceanica meadow can extend up to the 

outer surf zone of storms, being able to colonize shallow areas subject to stronger hydro-

dynamic forcings than those observed on sand [72]. 

The major hint for the shallow limit of canopies developing is a rise in sea level due 

to global climate change which will automatically induce a withdrawal of the shallow 

limit of seagrass meadows whenever the limit is beyond the compensation depth [73]. 

Results from the impact of global warming on seagrasses show an average rate of decline 

of 0.05 year−1 associated with both the warming of the seawater and the increase in the 

water depth [74]. At the shallow limit of a Posidonia oceanica meadow, a decline in shoot 

density and cover is a harbinger of the withdrawal of this limit [51,75]. 

3.3. Sediment Transport in the Shallow Limit of Canopies 

Fast currents increase sediment resuspension in sparsely vegetated areas, which fur-

ther reduces the light available for the growth of rooted submersed macrophytes [15]. That 

said, aquatic macrophytes, once established, are able reduce the levels of turbidity 

through the increase in sedimentation. Granata et al. [17] show that in the shallow limit of 

a Posidonia oceanica meadow, the concentrations of particles with characteristic diameters 

smaller than 10 µm were lower in the vicinity of the vegetation of the edge than over the 

barren sand, while the concentrations of larger particles with characteristic diameters 

larger than 10 µm were lower on the barren sand near the edge. In addition, during a 

stronger current and wave activity following a storm, near-bed turbulence and orbital 

wave velocity were elevated, albeit still lower inside the meadow than over the sand [17], 

proving that in high-energy periods sediment concentration can increase at the edge of 

canopies, but is still lower towards the edge of the meadow. Gruber and Kemp [76] report 

higher suspended particle concentrations in the canopy edge compared to the canopy, 

confirming that the edge of a canopy bed is a dynamic region characterized by deposition 

and accumulation of sediment particles [17,76,77]. 

4. The Structural Deep Limit of Canopies 

Characteristics of the Deep Limit of Canopies 

The deep limit of Posidonia oceanica meadows in the Croatian Adriatic Sea is found to 

range from 24 m in the north to 36 m in the south, with a strong latitudinal gradient, and 

with the overall differences between the north and the south attributed to water transpar-

ency between eutrophic and oligotrophic waters [78]. 

Most of the reviewed manuscripts report a decline in the depth of the structural deep 

limit (Table 1) of canopies, that is, an onshore migration of the deep limit. For the few 

meadows reported by Marbà et al. [39], the maximum colonization depth of Posidonia oce-

anica declined at an overall absolute rate of 0.61 ± 0.29 m yr−1, ten-fold faster than the over-

all rate of regression at their shallow limit. In the central Tyrrhenian Sea, the deep limit of 

Posidonia oceanica beds has been found to have decreased from c. 35 m (in 1959) to between 

18 and 25 m, with greater changes for the deep limits as opposed to the shallow limits [25]. 

Furthermore, Mayot et al. [51] found that in the long term in the northwestern Mediterra-
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nean, a significant shift in the mean density in the early 1990s is consistent with the re-

gression trend of the depth limit of most Posidonia oceanica meadows. The regression mi-

gration of the deep limit has also been reported in the meadows of Posidonia oceanica in 

the Alicante region (Spain), and is characterized by very low shoot densities [4]. 

Based on measurements in Posidonia oceanica meadows along the coasts of Corsica, 

two hypotheses, which could not be attributed to the local degradation of the environ-

mental conditions, have emerged to account for the regression of the deep limit. First, the 

rise in the mean sea level, which may have resulted in a significant regression in sectors 

where the slope is relatively slight and, second, the North Atlantic Oscillation (NAO), 

which may mediate the light at the deep limits of the canopies [47]. The regulation of the 

deep limit by light [79] may indeed delay the response to improved light conditions, with 

hypoxia/anoxia and nutrients preventing eelgrass from attaining the depth limit that light 

levels would allow [80]. The reduction in nutrient loads can improve the state of eelgrass 

beds by ameliorating not only light conditions but also sediment quality and oxygen con-

centrations [79]. 

On the contrary, the extent of larger marine meadows in the Semedela Bay (Slovenia) 

increased in the 2009–2015 period, covering as much as 45.6% of the seabed by moving 

their deep limits into deeper parts [81]. Likewise, reduced nutrient inputs in fjords have 

led to an increase in the depth limit (in response to improving water clarity) of the eelgrass 

meadows found there [82] due to the improvement in waste water treatments. 

Under increased tidal ranges, Zostera marina meadows at the deep edge of a bed re-

ceive less light at high tide, thus resulting in a withdrawal of the deep edge of the bed and 

a loss in total seagrass area [34,71]. 

5. The Structural Patch 

5.1. Characteristics of the Edges of Patches 

Different types of patches making up the meadows ought to lead to different sea-

scapes according to their shape and their arrangement with one another [83] and with 

longer-established patches acting as greater sinks of organic carbon [84] (Table 1). The 11 

years of observations by Balestri et al. [85] have documented the formation and develop-

ment of patches by Posidonia oceanica seed, and that seedlings occurred more frequently 

on rocky than on sandy bottoms, and rarely on dead “matte” or Cymodocea nodosa mead-

ows. The chance of colonization success on rock was 2 times higher than on sand [85]. For 

Zostera marina patches, however, no difference was found between seed production at the 

edge of patches versus the center [86], although seed distributions may be altered in frag-

mented beds when compared to continuous beds, both within and directly outside the 

bed’s boundaries [87]. 

5.2. Hydrodynamics in the Edges of Patches 

Canopy patches represent a region of high flow resistance in coastal zones (as in 

streams), where flow deflects and accelerates above and/or next to the canopy, resulting 

in an increase in water velocity and turbulence at the edges of the patch [88–91]. Rough-

ness lengths are longer above the canopy than over bare sand and increase with increasing 

distance from the leading edge of the canopy [92–94]. Dissipation rates outside the vege-

tation are found to increase with proximity to the bed and are observed to be greater on 

the incoming tide, even when differences in mean current speeds between flood and ebb 

tide are accounted for [95]. 

The balance between the flow inertia, canopy drag, and pressure determines the 

length of the initial adjustment at the leading edge of a patch, with the canopy length not 

impacting on the flow adjustment near the leading edge [89]. At distances from the lead-

ing patch edge that are within the longitudinal distances over which advection contributes 

to a significant sediment source, the net deposition by flows impacting the patch is later-

ally uniform [96]. At further distances from the leading patch edge, the net deposition of 
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particles is highest near the flow-parallel edge and decreases into the vegetation area, 

which is a signature of dispersive transport from the patch edge [96]. Nonetheless, as a 

whole, seagrass canopies are not only attenuators of wave energy but also serve as low-

pass filters, i.e., higher frequencies in the spectra tend to be more attenuated [97]. 

The hydrodynamics of structural patches depend on the length of the upstream patch 

in setting the flow regime within the patch [98]. Patchy meadows do not attenuate small 

and short waves, especially when water levels are high, but are capable of attenuating 

relatively high and long waves, and this attenuation is particularly notable above the 

meadow front edge [99]. Near the meadow edge, energy transfer is found in spectral wave 

velocities from the longer to the shorter wave period components and it has also been 

found that submerged vegetation attenuates mostly longer waves [100]. Eelgrass beds are 

found to reduce near-bottom mean velocities by 70 to 90%, while wave heights are re-

duced by 45 to 70% compared to an adjacent unvegetated region, with longer period 

waves penetrating effectively into the meadow [101]. 

Recently, some studies have focused on the concept of minimum patch size, i.e., the 

patch that is needed to induce in-patch reduction in the velocity, the turbulent kinetic 

energy, and the fine sediment accumulation [102]. Since streamwise velocity decreases 

linearly from the edge of the patch, in patches with higher velocities and coarser sediment, 

the sediment grain size exponentially decreases with the distance from the edge, reaching 

a minimum value at distances longer than one meter from the edge. In patches character-

ized by lower velocity and finer sediment, the minimum distances are attained at dis-

tances greater than 0.3 m from the edge [103]. As reported by Chung et al. [11], the devel-

opment of momentum in a vegetated patch is governed by the increased pressure at the 

canopy front, which occurs on a rapid timescale, while the development of turbulence 

requires the shear-induced structure above the canopy to grow in size until it reaches the 

water surface. The vegetation patch can also generate a tidal phase lag between the vege-

tated and adjacent bare flats with stronger flood currents in the vegetated zone and 

stronger ebb currents as on the adjacent bare flat [104]. 

In Zostera noltii patches, the edges are characterized by lower plant biomass, shoot 

density, and aboveground to belowground biomass ratios, and higher leaf elongation 

rates than the vegetation in the patch interior [105,106], which is in accordance with results 

of Barcelona et al. [50], for edges in gaps surrounded by Posidonia oceanica vegetation. In a 

patch of Veronica anagallis-aquatica, the more exposed edge individuals presented smaller 

sizes than the sheltered ones, lower relative allocation to stems, higher allocation to roots, 

and reduced water content in roots and stems [107]. The comparisons between edge and 

interior vegetation in the eelgrass Zostera marina show that inbreeding and clonal domi-

nance would be more likely to occur away from fragment edges, but with tidal cycles 

moderating differences that might otherwise occur between edge and interior positions in 

a bed [108]. 

Differences in the rhizosphere sediment community composition and for eelgrass 

shoot densities at the patch edge may be correlated with variation in environmental meas-

urements (C:N ratio, dissolved oxygen, pH, and type of sediment, among others) and de-

pend on the release of exudates and oxygen by the roots of the eelgrass, which would 

increase in concentration with eelgrass density [9]. In a Zostera mueller patchy seagrass, 

carbon stocks were 20% higher in the vegetated zone than at the seagrass–sand edges and 

bare sediments, and most of the carbon came from allochthonous sources [109]. In Cymo-

docea nodosa and Zostera noltii, the spatial patterns in the leading edge correlate with the 

spatial patterns in NH4+ uptakes, with 20% higher uptake rates at the leading edge of both 

canopies [110]. In Cymodocea nodosa meadows, larger organic carbon (Corg) pools were ob-

served in the interior and at the edges of meadow patches than in adjacent unvegetated 

bottoms [111]. In addition, in the giant kelp Macrocystis integrifolia, the reduction in the 

boundary-layer thickness due to wave-driven flow may impact nutrient uptake and patch 

development [112]. 
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5.3. Sediment Transport in the Edges of Patches 

The vegetation in the patches enhances the deposition of particles transported from 

adjacent unvegetated sandy areas. This process is dependent on the energy flow regime 

and the degree of current attenuation, thus showing that the patches can reduce resuspen-

sion, promote particle deposition, and carbon burial with distance from the edge patch 

into the meadow [113–115]. This is the case for seagrass bands of Zostera noltii, where sed-

iment erosion around seagrass shoots increased with distance through the seagrass bands 

[116]. Deposition fluxes in short flexible seagrass Zostera noltii beds are higher on vege-

tated beds than on bare sediments, and these fluxes increase with leaf density [117]. At 

the wave-exposed sandy sites, dense Zostera marina vegetation causes an increase in fine 

sediments and organic content, i.e., muddification. In contrast, at the sheltered sites with 

muddy sediments, dense vegetation has no effect on the sediment composition but, in 

sparse vegetation, sandification (a decrease in fine sediments and organic content) is pro-

moted [118]. Bed sediment deposited within canopy patches by turbidity currents is finer 

than that in gaps between patches, as has also been reported for currents and waves. This 

effect might contribute to the development of inter-tidal and shallow sub-tidal landscapes 

characterized by patches of dense vegetation and fine sediments surrounded by bare re-

gions with coarser sediments [119]. 

The retention of particles increases with distance from the leading edge (Table 1), 

which is associated with the decrease in vertical updraft, with the retention being greater 

for larger particles [120]. The net deposition of sediments decreases over a distance to a 

certain length, relative to the bare bed, which is associated with a region of vertical updraft 

and elevated turbulent kinetic energy [121]. Net deposition increases with distance over 

further distances, associated with a decrease in vertical velocity and turbulent kinetic en-

ergy [121]. Due to flow obstruction by the seagrass meadows, tidal flows may be deflected 

around the meadow and concentrated at the edge [122]. Although flow velocity may in-

crease by 30% at the meadow edges, it is not able to offset the loss of water flux within the 

meadow and the total water flux discharged through the cross-meadow may be reduced 

by 10% [122]. Posidonia oceanica meadows significantly buffer sediment resuspension, 

which may be reduced more than three-fold compared to the unvegetated sandy bottom 

[115]. However, in the presence of small patches of Zostera marina, the critical erosion 

threshold may start within the patch at lower velocities than on bare sediment, including 

sand and mud treatments, with the particle resuspension reducing the light level below 

the minimum requirement of the plants. A patch that is too small is not able to reduce 

waves and instead exhibits enhanced turbulence and scouring at meadow edges [123]. 

During the summer when seagrass density is high, pronounced sediment accumulation 

(>6 mm/month) may occur at the edges of the seagrass bed and decrease logarithmically 

with distance into the meadow [122]. Saltmarsh Ruppia maritima patches are characterized 

by a reduction in the turbulent kinetic energy and resuspended sediment concentrations 

decrease as the vegetation densities increase [124]. 

In simulated model vegetation at high channel velocity, resuspension occurred in the 

bare regions and a non-uniform spatial distribution of net deposition was observed 

around and within the patch. In contrast, at low channel velocity, there was no (or limited) 

resuspension, and a uniform distribution of net deposition was observed around and 

within the patch [125]. Flow divergence begins upstream of the patch and extends some 

distance into the patch [126]. 

5.4. Habitat Structures in the Edges of Patches 

Edge effects also relate to the influence that a patch edge can have in determining 

species composition [127–129], the distribution of predators, and strategies for predation 

and processes within patch edges [130,131], although the literature still shows the oppo-

site results for fauna interacting with canopy edges [132]. Algal patches organize them-

selves to define edge habitat structures that may define the margins of large persistent sea 
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urchin barrens and likely the dynamics of sea urchin feeding and movement [133]. On the 

contrary, the removal of urchins by human harvesting fosters the spread of fleshy algae 

and the recruitment of Cystoseira from the edge of vegetated patches [134]. 

Habitat patches may house small mesopredators that benefit from an increased struc-

ture, with the center of the patch experiencing higher predation and therefore presenting 

fewer epifauna in contrast to patch edges [135]. Likewise, the abundance of epifauna and 

gastropods may be significantly greater at the edges of seagrass beds, whereas species 

diversity is higher in the interior, with the differences being exacerbated with increasing 

patch size [136]. Proximity to patch edges has a greater influence on epifaunal density and 

community structure than structural complexity or predation [30,137]. Zooplankton and 

meiofauna also increase in abundance around the seagrass edge compared to the sand 

[138]. 

Fish densities were found to be greater in individual species’ densities at seagrass 

edges [139–142] than in the middle. While in continuous configurations, pipefish were 

found to be 3 times more abundant at the edges (due to greater food availability) than in 

the interiors, although in patchy configurations there was no difference [143]. The total 

number of fish sampled at a seaward Heterozostera nigricaulis seagrass edge was found to 

be greater than in the seagrass interior, with little difference between the seagrass middle 

and the shoreward seagrass edge [130]. Faunal assemblages in the proximities to Zostera 

patch edges may show no (infauna) or negative (epifauna) responses to hydrodynamic 

stress [142]. Additionally, while shoot density and plant biomass were greater in interior 

portions of patches of Thalassia testudinum beds than at the edges, mean faunal density 

was significantly greater at the edges, resulting in specific habitat differences in secondary 

production among the major taxonomic groups [144]. Significantly different fish assem-

blages in kelp forests have been found at edges compared to interior locations with the 

relative abundance of fishes, explaining 91.4% of the variability [145]. 

Additionally, fragmented seagrass landscapes hold significant refuge value for juve-

nile blue crabs with crab survival increasing with habitat complexity regardless of patch 

size [146]. In patches of Zostera marina, juvenile blue crabs are more abundant in the inte-

rior of patches than at the edge [147]. In Zostera marina patches across the Atlantic and 

Pacific oceans and the Mediterranean Sea, the predation risk for crustaceans (crabs or 

shrimps) was lower along patch edges than in patch interiors, regardless of the extent of 

habitat degradation. However, the extent to which edges reduced predation risk de-

pended on the extent to which edges supported higher structural complexities compared 

to patch interiors [29]. Ecologically significant edge effects on predation rates of tethered 

blue crabs and pinfish have been found, with blue crabs surviving >2.5 × longer, and pin-

fish surviving >2 × longer along the meadow edge relative to the patch interior [148]. The 

strength of the predation-related edge effects was most notable for blue crabs within 

patches with higher shoot density, while the opposite pattern was true for pinfish [148]. 

Additionally, predation on tethered cod was highest at the edge of eelgrass patches, com-

pared with barren and eelgrass locations, with predation generally decreasing with dis-

tances from the patch boundary [149]. 

Scallop settlement was significantly enhanced along seagrass edges, regardless of 

patch type, while survival was elevated within patch interiors, but the scallop recruitment 

(the net result of settlement and post-settlement loss) did not vary significantly from edge 

to center [150]. Scallop growth was consistently fastest in bare sand and slowest at patch 

centers, and survival showed the opposite trend. Scallops in patch edges displayed inter-

mediate growth and survival [151,152]. 

In addition, the effect of distance from the meadow edge on macrobenthic inverte-

brate abundance has been found to be relevant, with higher abundances towards the in-

terior of seagrass meadows [153]. 

All these results suggest an indirect component to edge effects in which the impact 

of edge proximity on predation risk is mediated by the effect of edges on other key biotic 

factors such as habitat complexity within the vegetated patch [29,154–160]. Taxon-specific 
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responses to shoot structure seemed more important than landscape structure for distri-

bution and behavior [161]. Indeed, higher taxon richness and gastropod abundance were 

recorded in the patch edges but no significant differences were found among patch sizes 

[162]. In addition, the sharpness of transitions influences the interactions in the patch land-

scape due to the increased number of species in edges [155]. 

6. The Structural Edges in Gaps within Canopies 

6.1. Characteristics of the Edges in Gaps within Canopies 

The fragmentation (the evolution of patchiness) of the submerged marine meadows 

leads to contrasted and complex seascapes with an increase in the number of gaps [52,83] 

and sand corridors [163]. The anthropogenic processes (anchoring, trawling) impact frag-

mentation more quickly than pollution [83]. The balance between the growth of the vege-

tation in the vicinity of a gap and the degree of spatial patchiness depends on the fre-

quency and amplitude of the natural disturbances [7,164]; however, when human activi-

ties exceed the natural disturbance regime, the balance may be upset and vegetative 

growth may not compensate for meadow fragmentation [20]. Canopies with large gaps 

present more mixing than canopies with small gaps despite having the same total gap 

area in the canopy [165]. 

6.2. Hydrodynamics of the Edges in Gaps within Canopies 

Gaps within rigid submerged model canopies enhance turbulence, provided that 

Aw/S < 0.35 [165,166], where Aw is the orbital length scale and S is the plant-to-plant dis-

tance. In such cases, the role of plants is to dampen seabed generated turbulence. Con-

versely, for Aw/S > 0.35, plants generate turbulence at the stem scale, decreasing the wave 

velocity of the flow. Observations also show that turbulence does not remain local within 

the gap, but is transported throughout the water column and is then transported down-

stream and thereby perturbs the canopy flow [11]. In more detail, gaps may enhance tur-

bulence production and also turbulent transport as turbulent kinetic energy is mixed and 

redistributed over the depth through turbulent wake production [11]. In relatively fast 

unidirectional flows, the mean flow profile is logarithmic above the canopy and has an 

inflection point near its top and uniformly low values within it [167]. Within the gap, a 

recirculation is formed, and the length of leaves overhanging the gap from the upstream 

canopy is found to be the key parameter to locate the flow recirculation cells within the 

gap [168]. In slower flows, the flow at the gap is more uniform. Sweeps dominate both 

high and low flows in the region near the top of the canopy and within the gap [167]. 

The patch is divided into two regions, first, the turbulent, high-momentum upper 

region above the canopy and, second, the low-turbulence (in the x–z plane), low-momen-

tum lower region below the canopy height. A significant amount of total energy is dissi-

pated when the flow entrains and mixes from the top to the lower layer within the gap, 

although for a canopy that is continuously fragmented this process might be limited [11]. 

At the gap/patch scale, fragmentation induces a stream-wise discontinuity in shear that 

results in the restructuring of the turbulence locally, with the turbulent flow at the 

gap/patch edge depending on both the dimensions of the gap and the characteristics of 

the vegetation in close vicinity to the gap [11,48,52,167]. The length of the gap may en-

hance or limit the level of gap-induced increased shear, or the turbulence being intro-

duced to vicinity gaps [11]. 

Within seagrass meadows at leaf length distances from the edge, wave attenuation 

by the lateral vegetation next to the gap is found to be the same as attenuation by fully 

vegetated areas and the wave attenuating capacity of the near-gap vegetation is independ-

ent of gap width [52]. Gaps with widths less than twice the leaf length exhibited 8% wave 

attenuation and 11% turbulent kinetic energy attenuation, confirming that vegetation 

shelters, at least, small gaps [52]. Under oscillatory flows, vegetation in the vicinity of a 
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longitudinal gap (i.e., with its main axis aligned to wave direction) may reduce wave ve-

locity and the turbulent kinetic energy at the edge with distance into the canopy, with the 

attenuation increasing as the density of the vegetation increases [169]. Compared to flexi-

ble plants, an edge of plants with high rigidity would present even higher wave velocity 

attenuation but with an increase in the turbulent kinetic energy with distance into the 

canopy [169]. In canopies with rigid plants, the lateral vegetation may modify the wave 

attenuation in the nearby gap, while there is no attenuation in the gap for flexible plants 

in the vicinity of the gap [170]. In addition, numerical models on how emergent and sub-

merged vegetation affects coastal hydrodynamics show that in a scenario of waves on 

tidal flow, the speed increases at the lateral edges of the vegetation patch [171]. 

For a transversal gap within a canopy (i.e., a gap oriented perpendicular to the wave 

direction), the wave velocity was found to increase with gap width. Additionally, the tur-

bulent kinetic energy within the gap increased but was more attenuated by the adjacent 

vegetation than the wave velocity. Denser canopies, compared to sparse canopies, in the 

vicinity of the edge produced a greater attenuation of both the wave velocity and the tur-

bulent kinetic energy within the adjacent gap [165]. 

6.3. Habitat Structures of the Edges in Gaps within Canopies 

The level of fragmentation is unlikely to determine any identification of any taxo-

nomic group in terms of fauna differentially using edge or core areas of seagrass patches 

[19] unless extensive areas of meadows are deformed by human disturbances such as boat 

propeller damage [19]. However, a reduction in both infaunal and epibenthic organisms 

at the 1 m edges of seagrass meadow relative to interior areas has been found [19]. Like-

wise, crustaceans inhabiting fragmented Zostera seagrass meadows have shown the great-

est abundance at the boundary between sand and seagrass, at scales of 0.25–1 m at the 

patch edge [106]. In contrast, the infaunal polychaete and bivalve groups showed very 

little or no response at the patch edges due to the presence of substantial quantities of 

seagrass root and rhizome material in the sand habitat [106]. 

7. Discussion 

7.1. The Impact of Edges on Submerged Marine Canopies 

Heterogeneity due to multispecific spatial patchiness has crucial implications for 

macrophyte species interactions and aquatic ecosystem functions such as nitrogen reten-

tion [32], although the impact of edge proximity exacerbated by fragmentation is medi-

ated by the effect edges have on the habitat complexity within the vegetated patch, albeit 

at the local scale rather than at the canopy scale [48]. The local changes in the spatial struc-

tural patterns of patches (shoot density, vegetation coverage, and leaf length, Table 1) to 

changing abiotic conditions (waves, turbulence, flows), dynamically affecting the patch 

edge, suggest the potential use of the spatial patterns in the edge of meadows as an indi-

cator for describing the level of meadow stress under long-term changes in hydrodynam-

ics. 

Positive and negative feedbacks between the spatial patterns and the abiotic condi-

tions will predictably account for the responses of canopies and patches (physiological 

responses, morphological traits, and meadow architecture) and their edges under moder-

ate to high natural and anthropogenic stressors. In homogeneous canopies, the habitat 

configuration has a greater influence on species at intermediate values of habitat quantity, 

where the variability in fragmentation metrics (longer length of edges) is greater [172], 

suggesting that all species are, to a certain degree, sensitive to the structural modifications 

of edges and, therefore, to landscape changes [173,174]. As canopy-forming seaweeds pro-

vide essential habitats, carbon storage, and nutrient cycling, understanding their response 

to continued climate warming is critical to inform coastal management and conservation 

planning [175]. However, the lack of edge effects in patchy configurations for seagrass 

fishes might be because patchy seagrass consists entirely of edge habitat [143]. 
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Special attention should be paid to how the coastal marine seascape and associated 

shallow and deep canopy limits undergo short- and long-term structural changes due to 

increasing nutrient inputs, and the increasing impact of climate change, i.e., sea level in-

crease, increased water temperature, acidification, and the interplay between abiotic and 

biotic factors in determining the distribution of canopies and patches of vegetation. Re-

search suggests that the shallow edge of the meadow is primarily maintained by vegeta-

tive recruitment, whereas the deep edge, to a larger extent, relies on sexual recruitment 

[176]. The predicted increases in temperature during this century may lead to local extinc-

tions of or reductions in marine ecosystems through the combination of increased physi-

ological stress at both upper and lower canopy limits and patch edges [74,177]. 

Within canopies, the interaction between the hydrodynamics and light availability 

can induce biostability [178], i.e., the presence of seagrass may reduce the suspended sed-

iment concentrations through the reduction in resuspension of particles and the capture 

of particles by plant leaves [179], associated with the reduction in energy to increase the 

benthic light availability, thereby favoring growth, but, on the contrary, at edges, in-

creased wave action may increase resuspension of particles that increases turbidity, 

thereby reducing growth of vegetation. 

Characteristic high animal species richness in the seagrass relative to adjacent sand 

is not closely related to the characteristics of the seagrass habitat as a whole, but rather to 

the presence or absence of individual plants at the very edge, with marked differences in 

assemblage composition within short distances from the edge in both the vegetated and 

the non-vegetated sides [157,158,180,181]. Differences in faunal densities and secondary 

production between edges and interiors of seagrass patches represent a potentially vital 

link in seagrass trophic dynamics. If this elevated secondary production leads to increases 

in trophic transfer, then edges may serve as a significant trophic conduit to higher-level 

consumers within patches [144]. While trophic levels are differentially affected, the impact 

of habitat fragmentation may be greater on intermediate rather than top trophic levels in 

fragmented seagrass seascapes [182]. Predators increase their success by searching patch 

edges, and this results in the greatest predation risk being for prey in isolated intermedi-

ate-sized patches rather than larger ones [149]. The increase in fragmentation leads to an 

increase in the area of edges over the inner canopy areas. Edge habitats may benefit some 

organisms by maximizing risk versus reward [151]. Some fish species have been found to 

be more abundant at seagrass edges due to greater food availability, therefore providing 

experimental support for the resource distribution model as an explanation for edge ef-

fects [138]. The strong positive edge effect (higher densities at the edge rather than the 

interior) for taxa such as copepods implies some benefit of patchy landscapes although, 

during patch fragmentation, the minimized effect of the edge itself highlights the im-

portance of the mechanisms by which habitats become patchy [183]. 

7.2. The Knowledge of Edges on Submerged Marine Canopies for Coastal Management 

The restoration efforts of coastal canopies might best focus on locating coastal areas 

with similar landscape contexts or patch characteristics other than patch size at both deep 

and shallow canopies [19,184], although for fragmented seagrass meadows, the intensity 

of species interactions has been found to depend on the proximity to the patch edge where 

the risk of grazing is high and the restoration through seagrass transplants may be com-

promised [185]. For example, recovering plants growing on the edges of eelgrass beds 

displayed a low capacity for resilience to excavation [186]. This is exacerbated by 

seagrasses near the edges of their biogeographical ranges being more vulnerable to stress 

events, local-scale burial, erosion events, and sediment deposition caused by water pollu-

tion and/or eutrophication [187–189], although shoots growing in interior patches are 

denser than shoots in the edge of the patches and are subject to marked self-shading and 

competition for space [80]. 

Although water quality conditions that are suitable for recovery of existing seagrass 

canopies are likely better than those required for continued survival, the levels needed for 
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restoration and recovery of many currently unvegetated sites contiguous to the patch can 

be compromised due to reduced complexity at the patch edge [190]. Fragmentation of 

marine landscapes can reduce biodiversity dominance, but even small patch sizes can be 

important for the conservation of macroinvertebrate diversity [162] as well for meso-

predators and epifaunal communities [191]. Although meadow degradation greatly af-

fects trophic structuring and nutrient pathways within the food web [192], some authors 

report higher species richness in fragmented Posidonia oceanica and Cymodocea nodosa 

meadows, through habitat diversification, in comparison with homogeneous habitats 

[127]. However, at the same time, edge vegetation can present 14 times higher vulnerabil-

ity than within a canopy, as is the case of the mapped invasion of the invasive green alga 

Caulerpa racemose on margin meadows and within gaps in fragmented meadows of Posido-

nia oceanica [193]. 

7.3. Suggestions for Further Analysis 

Finally, the analysis of the 3661 manuscripts that resulted from the search of manu-

scripts in both the databases of Scopus and Web of Science showed that research on edges 

in marine ecosystems was mainly focusing on seagrasses, with a lack of studies on salt-

marshes and seaweeds. This implies the necessity of focusing research on both salt-

marshes and seaweeds for a general interpretation of hydrodynamics, a general descrip-

tion of habitat at the edges of canopies, and the definition of relevant scales at the edge of 

marine canopies (saltmarshes, seagrasses, and seaweeds). Furthermore, the interaction 

between hydrodynamics (waves, currents, or turbulence only) and edges of different can-

opy types (saltmarshes, seaweeds, and seagrasses) needs more investigation. The struc-

tural distributions of patches and their interactions in terms of their impact on hydrody-

namics need to be further addressed. With such information, restoration plans might bet-

ter succeed and management strategies can be consistently applied to make seascapes 

more resilient in the face of anthropogenic disturbances. 

Author Contributions: Conceptualization, T.S. and J.C.; methodology, T.S. and J.C.; investigation, 

J.C.; resources, T.S. and J.C.; writing—original draft preparation, T.S. and J.C.; writing—review and 

editing, T.S. and J.C.; project administration, T.S.; funding acquisition, T.S. Both authors have read 

and agreed to the published version of the manuscript. 

Funding: This research was funded by Ministerio de Economía, Industria y Competitividad of the 

Spanish Government through the grant CGL2017-86515-P. 

Institutional Review Board Statement: The study was conducted according to the guidelines of the 

Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of 

University of Girona (protocol code DPTPhysics 01/2019).  

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script, or in the decision to publish the results. 

References 

1. Abal, E.G.; Dennison, W.C. Seagrass Depth Range and Water Quality in Southern Moreton Bay, Queensland, Australia. Mar. 

Fresh. Res. 1996, 47, 763–771, https://doi.org/10.1071/MF9960763. 

2. Leriche, A.; Pasqualini, V.; Boudouresque, C.F.; Bernard, G.; Bonhomme, P.; Clabaut, P.; Denis, J. Spatial, Temporal and Struc-

tural Variations of a Posidonia oceanica Seagrass Meadow Facing Human Activities. Aquat. Bot. 2006, 84, 287–293, 

https://doi.org/10.1016/j.aquabot.2005.10.001. 

3. Barsanti, M.; Delbono, I.; Ferretti, O.; Peirano, A.; Bianchi, C.N.; Morri, C. Measuring Change of Mediterranean Coastal Biodi-

versity: Diachronic Papping of the Meadow of the Seagrass Cymodocea nodosa (Ucria) Ascherson in the Gulf of Tigullio (Ligurian 

Sea, NW Mediterranean). Hydrobiologia 2007, 580, 35–41, https://doi.org/10.1007/s10750-006-0467-7. 



Water 2021, 13, 2430 16 of 23 
 

 

4. Valero, M.; Tena, J.; Torres, J.; Royo, M. Estudio de la Pradera de Posidonia oceanica (L.) Delile del Área Litoral del Municipio de 

Teulada (Alicante). Nereis 2009, 2, 29–39. 

5. Van De Koppel, J.; Bouma, T.J.; Herman, P.M.J. The Influence of Local-and Landscape-scale Processes on Spatial Self-organiza-

tion in Estuarine ecosystems. J. Exp. Biol. 2015, 215, 962–967, https://doi.org/10.1242/jeb.060467. 

6. Montefalcone, M.; Vacchi, M.; Archetti, R.; Ardizzone, G.; Astruch, P.; Bianchi, C.N.; Calvo, S.; Criscoli, A.; Fernández-

Torquemada, Y.; Luzzu, F.; et al. Geospatial Modelling and Map Analysis Alowed Measuring Regression of the Upper Limit of 

Posidonia oceanica Seagrass Meadows under Human Pressure. Estuar. Coast Shelf Sci. 2019, 217, 148–157, 

https://doi.org/10.1016/j.ecss.2018.11.006. 

7. Duarte, C.M. Seagrass depth limits. Aq. Bot. 1991, 40, 363–377. 

8. Tigny, V.; Ozer, A.; De Falco, G.; Baroli, M.; Djenidi, S. Relationship between the Evolution of the Shoreline and the Posidonia 

oceanica Meadow Limit in a Sardinian Coastal Zone. J. Coast. Res. 2007, 23, 787–793, https://doi.org/10.2112/05-0472.1. 

9. Ettinger, C.L.; Voerman, S.E.; Lang, J.M.; Stachowicz, J.J.; Eisen, J.A. Microbial Communities in Sediment from Zostera marina 

Patches, but not the Z. marina Leaf or Root Microbiomes, Vary in Relation to Distance from Patch Edge. PeerJ 2017, 5, e3246, 

https://doi.org/10.7717/peerj.3246. 

10. Boudouresque, C.-F.; Blanfuné, A.; Pergent, G.; Thibaut, T. Restoration of Seagrass Meadows in the Mediterranean Sea: A Crit-

ical Review of Effectiveness and Ethical Issues. Water 2021, 13, 1034, https://doi.org/10.3390/w13081034. 

11. Chung, H.; Mandel, T.; Zarama, F.; Koseff, J.R. Local and NonLocal Impacts of Gaps on Submerged Canopy Flow. Wat. Resour. 

Res. 2021, 57, e2019WR026915, https://doi.org/10.1029/2019WR026915. 

12. Zhu, L.; Zou, Q.; Huguenard, K.; Fredriksson, D.W. Mechanisms for the Asymmetric Motion of Submerged Aquatic Vegetation 

in Waves: A Consistent-Mass Cable Model. J. Geophys. Res. Oceans 2020, 125, e2019JC015517, 

https://doi.org/10.1029/2019JC015517. 

13. Chen, H.; Liu, X.; Zou, Q. Wave-driven Flow Induced by Suspended and Submerged Canopies. Adv. Water Resour. 2019, 123, 

160–172, https://doi.org/10.1016/j.advwatres.2018.11.009. 

14. Hu, K.; Chen, Q.; Wang, H.; Hartig, E.K.; Orton, P.M. Numerical Modeling of Salt Marsh Morphological Change Induced by 

Hurricane Sandy. Coast. Eng. 2018, 132, 63–81, https.//doi.org/10.1016/j.coastaleng.2017.11.001. 

15. Madsen, J.D.; Chambers, P.A.; James, W.F.; Koch, E.W.; Westlake, D.F. The Interaction Between Water Movement, Sediment 

Dynamics and Submersed Macrophytes. Hydrobiologia 2001, 444, 71–84, https://doi.org/10.1023/A:1017520800568. 

16. Verdura, J.; Santamarís, J.; Ballesteros, E.; Smale, D.A.; Cefalì, M.E.; Golo, R.; de Caralt, S.; Vergés, A.; Cebrian, E. Local-scale 

Climatic Refugia Offer Sanctuary for a Habitat-forming Species during a Marine Heatwave. J. Ecol. 2021, 109, 1758–1773, 

https://doi.org/10.1111/1365-2745.13599. 

17. Granata, T.C.; Serra, T.; Colomer, J.; Casamitjana, X.; Duarte, C.M.; Gacia, E. Flow and Particle Distributions in a Nearshore 

Seagrass Meadow Before and After a Storm. Mar. Ecol. Prog. Ser. 2001, 218, 95–106, https://doi.org/10.3354/meps218095. 

18. Lera, S.; Nardin, W.; Sanford, L.; Palinkas, C.; Guercio, R. The Impact of Submersed Aquatic Vegetation on the Development of 

River Mouth Bars. Earth Surf. Process. Landf. 2019, 44, 1494–1506, https://doi.org/10.1002/esp.4585. 

19. Bell, S.S.; Brooks, R.A.; Robbins, B.D.; Fonseca, M.S.; Hall, M.O. Faunal Response to Fragmentation in Seagrass Habitats: Impli-

cations for Seagrass Conservation. Biol. Conserv. 2001, 100, 115–123, https://doi.org/10.1016/S0006-3207(00)00212-3. 

20. Montefalcone, M.; Parravicini, V.; Vacchi, M.; Albertelli, G.; Ferrari, M.; Morri, C.; Bianchi, C.N. Human Influence on Seagrass 

Habitat Fragmentation in NW Mediterranean Sea. Estuar. Coast. Shelf Sci. 2010, 86, 292–298, 

https://doi.org/10.1016/j.ecss.2009.11.018. 

21. Donatelli, C.; Ganju, N.K.; Kalra, T.S.; Fagherazzi, S.; Leonardi, N. Changes in Hydrodynamics and Wave Energy as a Result of 

Seagrass Decline Along the Shoreline of a Microtidal Back-barrier Estuary. Adv. Water Resour. 2019, 128, 183–192, 

https://doi.org/10.1016/j.advwatres.2019.04.017. 

22. Kim, J.-H.; Kim, S.H.; Kim, Y.K.; Park, J.-I.; Lee, K.-S. Growth Dynamics of the Seagrass Zostera japonica at its Upper and Lower 

Distributional Limits in the Intertidal Zone. Estuar. Coast. Shelf. Sci. 2016, 175, 1–9, https://doi.org/10.1016/j.ecss.2016.03.023.Has-

tings, K.; Hesp, P.; Kendrick, G.A. Seagrass Loss Associated with Boat Moorings at Rottnest Island, Western Australia. Ocean 

Coast. Manag. 1995, 26, 225–246, https://doi.org/10.1016/0964-5691(95)00012-Q. 

24. Abadie, A. ; Lejeune, P. ; Pergent, G. ; Gobert, S. From Mechanical to Chemical Impact of Anchoring in Seagrasses: The Premises 

of Anthropogenic Patch Generation in Posidonia oceanica Meadows. Mar. Pollut. Bull. 2016, 109, 61–71, 

https://doi.org/10.1016/j.marpolbul.2016.06.022. 

25. Ardizzone, G.; Belluscio, A.; Maiorano, L. Long-term Change in the Structure of a Posidonia oceanica Landscape and its Reference 

for a Monitoring Plan. Mar. Ecol. 2006, 27, 299–309, https://doi.org/10.1111/j.1439-0485.2006.00128.x. 

26. Demers, M.C.A.; Davis, A.R.; Knott, N.A. A Comparison of the Impact of ‘Seagrass-friendly’ Boat Mooring Systems on Posidonia 

australis. Mar. Environ. Res. 2013, 83, 54–62, https://doi.org/10.1016/j.marenvres.2012.10.010. 

27. Abadie, A.; Richir, J.; Lejeune, P.; Leduc, M.; Gobert, S. Structural Changes of Seagrass Seascapes Driven by Natural and An-

thropogenic Factors: A Multidisciplinary Approach. Front. Ecol. Evol. 2019, 7, 190, https://doi.org/10.3389/fevo.2019.190. 

28. Holon, F.; Boissery, P.; Guilbert, A.; Freschet, E.; Deter, J. The Impact of 85 Years of Coastal Development on Shallow Seagrass 

Beds (Posidonia oceanica L. (Delile)) in South Eastern France: A Slow but Steady Loss without Recovery. Estuar. Coast. Shelf. Sci. 

2015, 165, 204–212, https://doi.org/10.1016/j.ecss.2015.05.017. 



Water 2021, 13, 2430 17 of 23 
 

 

29. Hovel, K.A.; Duffy, J.E.; Stachowicz, J.J.; Reynolds, P.; Boström, C.; Boyer, K.E.; Cimon, S.; Cusson, M.; Fodrie, F.J.; Gagnon, K.; 

et al. Joint Effects of Patch Edges and Habitat Degradation on Faunal Predation Risk in a Widespread Marine Foundation Spe-

cies. Ecology 2021, 102, e03316, https://doi.org/10.1002/ecy.3316. 

30. Moore, E.C.; Hovel, K.A. Relative Influence of Habitat Complexity and Proximity to Patch Edges on Seagrass Epifaunal Com-

munities. Oikos 2010, 119, 1299–1311, https:/doi.org/10.1111/j.1600-0706.2009.17909.x. 

31. Abadie, A. ; Borges, A.V. ; Champenois, W. ; Gobert, S. Natural Patches in Posidonia oceanica Meadows: The Seasonal Biogeochemical 

Pore Water Characteristics of Two Edge Types. Mar. Biol. 2017, 164, 166, https:/doi.org/10.1007/s00227-017-3199-5. 

32. Cornacchia, L.; Licci, S.; Nepf, H.; Folkard, A.; van der Wal, D.; van de Koppel, J.; Puijalon, S.; Bouma, T.J. Turbulence-mediated 

facilitation of resource uptake in patchy stream macrophytes. Limnol. Oceanogr. 2019, 2, 714–727, 

https:/doi.org/10.1002/lno.11070. 

33. Telesca, L.; Belluscio, A.; Criscoli; A.; Ardizzone, G.; Apostolaki, E.T.; Fraschetti, S.; Gristina, M.; Knittweis, L.; Martin, C.S.; 

Pergent, G.; Alagna, A.; et al. Seagrass Meadows (Posionia oceanica) Distribution and Trajectories of Change. Sci. Rep. 2015, 5, 

12505, https:/doi.org/10.1038/srep12505. 

34. Koch, E.W.; Beer, S. Tides, Light and the Distribution of Zostera marina in Long Island Sound, USA. Aq. Bot. 1996, 53, 97–107, 

https://doi.org/10.1016/0304-3770(95)01015-7. 

35. Pergent-Martini, C.; Leoni, V.; Pasqualini, V.; Ardizzone, G.D.; Balestri, E.; Bedini, R.; Belluscio, A.; Belsher, T.; Borg, J.; 

verdurachen, C.F.; et al. Descriptors of Posidonia oceanica Meadows: Use and Application. Ecol. Indicat. 2005, 5, 213–230, 

https://doi.org/10.1016/j.ecolind.2005.02.004. 

36. Montefalcone, M.; Bianchi, C.N.; Morri, C.; Peirano, A.; Albertelli, G. Lower Limit Typology and Functioning of Six Posidonia 

oceanica Meadows in the Ligurian Sea (NW Mediterranean). Biol. Mar. Mediterr. 2006, 13, 262–266. 

37. Montefalcone, M. Ecosystem Health Assessment Using the Seagrass Posidonia oceanica: A Review. Ecol. Indicat. 2009, 9, 595–604, 

https://doi.org/10.1016/j.ecolind.2008.09.013. 

38. Boudouresque, C.F.; Bernard, G.; Bonhomme, P.; Charbonnel, E.; Diviacco, G.; Meinesz, A.; Pergent, G.; Pergent-Martini, C.; 

Ruitton, S.; Tunesi, L. Protection and Conservation of Posidonia oceanica Meadows; RaMoGe Publication: Monaco, 2012, p. 202. 

39. Marbà, N.; Díaz-Almela, E.; Duarte, C.M. Mediterranean Seagrass (Posidonia oceanica) loss between 1842 and 2009. Biol. Conserv. 

2014, 176, 183–190, https://doi.org/10.1016/j.biocon.2014.05.024. 

40. Folkard, A.M. Hydrodynamics of Model Posidonia oceanica Patches in Shallow Water. Limnol. Oceanogr. 2005, 50, 1592–1600, 

https://doi.org/10.4319/lo.2005.50.5.1592. 

41. Infantes, E.; Terrados, J.; Orfila, A.; Canellas, B.A.; Alvarez-Ellacuria, A. Wave Energy and the Upper Depth Limit Distribution 

of Posidonia oceanica. Bot. Mar. 2009, 52, 419–427, https://doi.org/10.1515/BOT.2009.050. 

42. Vacchi, M.; Montefalcone, M.; Bianchi, C.N.; Morri, C.; Ferrari, M. The Influence of Coastal Dynamics on the Upper Limit of the 

Posidonia oceanica Meadow. Mar. Ecol. 2010, 31, 546–554, https://doi.org/10.1111/j.1439-0485.2010.00377.x. 

43. Vacchi, M.; Misson, G.; Montefalcone, M.; Archetti, R.; Bianchi, C.N.; Ferrari, M. Modelling Reference Conditions for the Upper 

Limit of Posidonia oceanica Meadows. Rapports de la Commission Internationale pour l’Exploration Scientifique de la Mer. Medi-

terranée 2013, 40, 579. 

44. Vacchi, M.; De Falco, G.; Simeone, S.; Montefalcone, M.; Bianchi, C.N.; Morri, C.; Ferrari, M. Biogeomorphology of the 

Mediterranean Posidonia oceanica Meadows. Earth Surf. Process. Landf. 2017, 42, 42–54, https://doi.org/10.1002/esp.3932. 

45. Graham, M.H. Factors Determining the Upper Limit of Giant Kelp, Macrocystis pyrifera Agardh, along the Monterey Peninsula, 

Central California, USA. J. Exp. Mar. Biol. Ecol. 1997, 218, 127–149, https://doi.org/10.1016/S0022-0981(97)00072-5. 

46. Ralph, P.J.; Durako; M.J.; Enríquez, S.; Collier, C.J.; Doblin, M.A. Impact of Light Limitation on Seagrasses. J. Exp. Mar. Biol. Ecol. 

2007, 350, 176–193, https://doi.org/10.1016/j.jembe.2007.06.017. 

47. Pergent, G.; Pergent-Martini, C.; Bein, A.; Dedeken, M.; Oberti, P.; Orsini, A.; Santucci, J.-F.; Short, F. Dynamic of Posidonia oceanica 

Seagrass Meadows in the Northwestern Mediterranean: Could Climate Change be to Blame? C. R. Biol. 2015, 338, 484–493, 

http://doi.org/10.1016/j.crvi.2015.04.011. 

48. Serra, T.; Gracias, N.; Hendriks, I.E. Fragmentation in Seagrass Canopies Can Alter Hydrodynamics and Sediment Deposition 

Rates. Water 2020, 12, 3473, https://doi.org/10.3390/w12123473. 

49. Pace, M.; Borg, J.A.; Galdies, C.; Malhotra, A. Influence of Wave Climate on Architecture and Landscape Characteristics of 

Posidonia oceanica Meadows. Mar. Ecol. 2017, 38, e12387, https://doi.org/10.1111/maec.12387. 

50. Barcelona, A.; Colomer, J.; Soler, M.; Gracias, N.; Serra, T. Meadow Fragmentation Influences Posidonia oceanica Density at the 

Edge of Nearby Gaps. Estuar. Coast. Shelf. Sci. 2021, 249, 107106, https://doi.org/10.1016/j.ecss.2020.107106. 

51. Mayot, N.; Boudouresque, C.F.; Charbonnel, E. Changes Over Time of Shoot Density of the Mediterranean Seagrass Posidonia 

oceanica at its Depth Limit. Biol. Mar. Medit. 2006, 13, 250–254. 

52. Colomer, J.; Soler, M.; Serra, T.; Casamitjana, X.; Oldham, C. Impact of Anthropogenically Created Canopy Gaps on Wave 

Attenuation in a Posidonia oceanica Seagrass Meadow. Mar. Ecol. Prog. Ser. 2017, 569, 103–116, https://doi.org/10.3354/meps12090. 

53. Gnisci ,V.; Martiis, S.C.; Belmonte, A.; Micheli, C.; Piermattei, V.; Bonamano, S.; Marcelli, M. Assessment of the Ecological 

Structure of Posidonia oceanica (L.) Delile on the Northern Coast of Lazio, Italy (Central Tyrrhenian, Mediterranean). Ital. Bot. 

2020, 9, 1–19, https://doi.org/10.3897/italianbotanist.9.46426. 

54. Sweatman, J.L.; Layman, C.A.; Fourqurean, J.W. Habitat Fragmentation has Some Impacts on Aspects of Ecosystem Functioning 

in a Sub-tropical Seagrass Bed. Mar. Environ. Res. 2017, 126, 95–108, https://doi.org/10.1016/j.marenvres.2017.02.003. 



Water 2021, 13, 2430 18 of 23 
 

 

55. Adhitya, A.; Folkard, A.M.; Govers, L.L.; van Katwijk, M.M.; de Iongh, H.H.; Herman, P.M.J.; Bouma, T.J. The Exchange of 

Dissolved Nutrients Between the Water Column and Substrate Pore-water Due to Hydrodynamic Adjustment at Seagrass 

Meadow Edges: A Flume Study. Limnol. Oceanogr. 2016, 61, 2286–2295, https:/doi.org/10.1002/lno.10376. 

56. Tanner, J.E. Patch Shape and Orientation Influences on Seagrass Epifauna are Mediated by Dispersal Abilities. Oikos 2003, 100, 

517–524, https://doi.org/10.1034/j.1600-0706.2003.12060.x. 

57. Folkard, A.M. Biophysical Interactions in Fragmented Canopies: Fundamental Processes, Consequences, and Upscaling. Front. 

Mar. Sci. 2019, 6, 279, https://doi.org/10.3389/fmars.2019.00279. 

58. Fonseca, M.; Whitfield, P.E.; Kelly, N.M.; Bell, S.S. Modeling Seagrass Landscape Pattern and Associated Ecological Attributes. 

Ecol. Applic. 2002, 12, 218–237, https://doi.org/10.1890/1051-0761(2002)012[0218:MSLPAA]2.0.CO;2. 

59. Kolasa, J. Ecological Boundaries: A Derivative of Ecological Entities. Web Ecol. 2014, 14, 27–37, https://doi.org/10.5194/we-14-27-2014. 

60. Schoelynck, J.; Creëlle, S.; Buis, K.; De Mulder, T.; Emsens, W.-J.; Hein, T.; Meire, D.; Meire, P.; Okruszko, T.; Preiner, S.; et al. 

What is a Macrophyte Patch? Patch Identification in Aquatic Ecosystems and Guidelines for Consistent Delineation. Ecohydrol. 

Hydrobiol. 2018, 18, 1–9, https://doi.org/10.1016/j.ecohyd.2017.10.005. 

61. Duarte, C.M. ; Marbà, N.; Krause-Jensen, D.; Sánchez-Camacho, M. Testing the Predictive Power of Seagrass Depth Limit Mod-

els. Estuaries Coast. 2007, 30, 652, https://doi.org/10.1007/BF02841962. 

62. Nielsen, S.L.; Sand-Jensen, K.; Borum, J.; Geertz-Hansen, O. Depth Colonization of Eelgrass (Zostera marina) and Macroalgae as 

Determined by Water Transparency in Danish Coastal Waters. Estuaries 2002, 25, 1025–1032, 

https://doi.org/10.1007/BF02691349. 

63. Gerakaris, V.; Papathanasiou, V.; Salomidi, M.; Issaris, Y.; Panayotidis, P. Spatial Patterns of Posidonia oceanica Structural and 

Functional Features in the Eastern Mediterranean (Aegean and E. Ionian Seas) in Relation to Large-scale Environmental Factors. 

Mar. Environ. Res. 2021, 165, 105222, https:/doi.org/10.1016/j.marenvres.2020.105222. 

64. La Loggia, G.; Calvo, S.; Ciraolo, G.; Mazzola, A.; Pirrotta, M.; Sara, G.; Tomasello, A.; Vizzini, S. Influence of Hydrodynamic 

Conditions on the Production and Fate of Posidonia oceanica in a Semi-enclosed Shallow Basin (Stagnone di Marsala, WesternSic-

ily). Chem. Ecol. 2004, 20, 183–201, https://doi.org/10.1080/02757540410001689786. 

65. Manzanera, M.; Alcoverro, T.; Tomás, F.; Romero, J. Response of Posidonia oceanica to Burial Dynamics. Mar. Ecol. Prog. Ser. 2011, 

423, 47–56, https://doi.org/10.3354/meps08970. 

66. Ferrari, M.; Montefalcone, M.; Schiaffino, C.F.; Bianchi, C.N.; Corradi, N.; Morri, C.; Vacchi, M. Geomorphological constraint 

and boundary effect on Posidonia oceanica meadows. Rendiconti Online Soc. Geol. Ital. 2013, 28, 62–65. 

67. Vacchi, M.; Montefalcone, M.; Schiaffino, C.; Parravicini, V.; Bianchi, C.N.; Morri, C.; Ferrari, M. Towards a Predictive Model to 

Assess the Natural Position of the Posidonia oceanica Seagrass Meadow Upper Limit. Mar. Pollut. Bull. 2014, 83, 458–466, 

https://doi.org/10.1016/j.marpolbul.2013.09.038. 

68. Madonia, A.; Caporale, G.; Penna, M.; Bonamano, S.; Marcelli, M. Assessment of the Photosynthetic Response of Posidonia oce-

anica (Linneaus) Delile, 1813 along a Depth Gradient in the Northern Tyrrhenian Sea (Latium, Italy). Geosciences 2021, 11, 202, 

https://doi.org/10.3390/geosciences11050202. 

69. Boumaza, S.; Boudefoua, N.; Boumaza, R.; Semroud, R. Effects of Urban Effluents on Spatial Structure, Morphology and Total 

Phenols of Posidonia oceanica: Comparison with a Reference Site. J. Exp. Mar. Biol. Ecol. 2014, 457, 113–119, 

https://doi.org/10.1016/j.jembe.2014.04.009. 

70. Bulleri, F.; Pardi, G.; Tamburello, L.; Ravaglioli, C. Nutrient Enrichment Stimulates Herbivory and Alters Epibiont Assemblages 

at the Edge but not Inside Subtidal Macroalgal Forests. Mar. Biol. 2020, 167, 181, https://doi.org/10.1007/s00227-020-03789-5. 

71. Short, F.T.; Neckles, H.A. The Effects of Global Climate Change on Seagrasses. Aquat. Bot. 1999, 63, 169–196, 

https://doi.org/10.1016/S0304-3770(98)00117-X. 

72. Ruju, A.; Ibba, A.; Porta, M.; Buosi, C.; Passarella, M.; De Muro, S. The Role of Hydrodynamic Forcing, Sediment Transport 

Processes and Bottom Substratum in the Shoreward Development of Posidonia oceanica Meadow. Estuar. Coast. Shelf. Sci. 2018, 

212, 63–72, https:/doi.org/10.1016/j.ecss.2018.06.025. 

73. Boudouresque, C.F.; Bernard, G.; Pergent, G.; Shili, A.; Verlaque, M. Regression of Mediterranean Seagrasses Caused by Natural 

Processes and Anthropogenic Disturbances and Stress: A Critical Review. Bot. Mar. 2009, 52, 395–418, 

https://doi.org/10.1515/BOT.2009.057. 

74. Marbà, N.; Duarte, C.M. Mediterranean Warming Triggers Seagrass (Posidonia oceanica) Shoot Mortality. Glob. Chang. Biol. 2010, 

16, 2366–2375, https:// doi.org/10.1111/j.1365-2486.2009.02130.x. 

75. González-Correa, J.M.; Sánchez Lizaso, J.L.; Fernández Torquemada, Y.; Forcada, A. Long-term Population Dynamics in a 

Healthy Posidonia oceanica Meadow. Thalassas 2015, 31, 63–72Gruber, R.K.; Kemp, W.M. Feedback Effects in a Coastal Canopy-

forming Submersed Plant Bed. Limnol. Oceanogr. 2010, 55, 2285–2298, https://doi.org/10.4319/lo.2010.55.6.2285. 

77. Chen, S.N.; Sanford, L.P.; Koch, E.W.; Shi, F.; North, E.W. A Nearshore Model to Investigate the Effects of Seagrass Bed Geom-

etry on Wave Attenuation and Suspended Sediment Transport. Estuar. Coasts 2007, 30, 296–310, 

https://doi.org/10.1007/BF02700172. 

78. Zubak, I.; Cizmek, H.; Mokos, M. Posidonia oceanica Lower Depth Limits Along a Latitudinal Gradient in the Eastern Adriatic 

Sea. Bot. Mar. 2020, 63, 209–214, https://doi.org/10.1515/bot-2019-0097. 

79. Krause-Jensen, D.; Carstensen, J.; Nielsen, S.L.; Dalsgaard, T.; Christensen, P.B.; Fossing, H.; Rasmussen, M.B. Sea Bottom Char-

acteristics Affect Depth Limits of Eelgrass Zostera marina. Mar. Ecol. Prog. Ser. 2011, 425, 91–102, 

https://doi.org/10.3354/meps09026. 



Water 2021, 13, 2430 19 of 23 
 

 

80. Greve, T.M.; Krause-Jensen, D. Predictive Modelling of Eelgrass (Zostera marina) Depth Limits. Mar. Biol. 2005, 146, 849–858, 

https://doi.org/10.1007/s00227-004-1498-0. 

81. Poklar, M.; Grubar, V.B. The Changes of Seagrass Meadows on the Semedela Bay Seabed in the Period 2009–2015. Geogr. Vestn. 

2018, 90, 71–86, https://doi.org/10.3986/GV90204. 

82. Riemann, B.; Carstensen, J.; Dahl, K.; Fossing, H.; Hansen, J.W.; Jakobsen, H.H.; Josefson, A.B.; Krause-Jensen, D.; Markager, S.; 

Stæhr, P.A.; et al. Recovery of Danish Coastal Ecosystems after Reductions in Nutrient Loading: A Holistic Ecosystem Ap-

proach. Estuar. Coasts 2016, 39, 82–97, https://doi.org/10.1007/s12237-015-9980-0. 

83. Abadie, A.; Gobert, S.; Bonacorsi, M.; Lejeune, P.; Pergent, G.; Pergent-Martini, C. Marine space ecology and seagrasses. Does 

patch type matters in Posidonia oceanica seascape? Ecol. Indic. 2015, 57, 435–446, https://doi.org/10.1016/j.ecolind.2015.05.020. 

84. Cebrián, J.; Pedersen, M.F.; Kroeger, K.D.; Valiela, I. Fate of Production of the Seagrass Cymodocea nodosa in Different Stages of 

Meadow Formation. Mar. Ecol. Prog. Ser. 2000, 204, 119–130, https://doi.org/0.3354/meps204119. 

85. Balestri, E.; Vallerini, F.; Lardicci, C. Recruitment and Patch Establishment by Seed in the Seagrass Posidonia oceanica: Importance 

and Conservation Implications. Front. Plant Sci. 2017, 8, 1–12, https://doi.org/10.3389/fpls.2017.01067. 

86. Stubler, A.D.; Jackson, L.J.; Furman, B.T.; Peterson, B.J. Seed Production Patterns in Zostera marina: Effects of Patch Size and 

Landscape Configuration. Estuaries Coast. 2017, 40, 564–572, https://doi.org/10.1007/s12237-016-0165-2. 

87. Livernois, M.C.; Grabowski, J.H.; Poray, A.K.; Gouhier, T.C.; Hughes, A.R.; O’Brien, K.F.; Yeager, L.A.; Fodrie, F.J. Effects of 

Habitat Fragmentation on Zostera marina Seed Distribution. Aquat. Bot. 2017, 142, 1–9, 

https://doi.org/10.1016/j.aquabot.2017.05.006. 

88. Méndez, F.J. ; Losada, I.J.; Losada, M.A. Hydrodynamics Induced by Wind Waves in a Vegetation Field. J. Geophys. Res. Oceans 

1999, 104, 18383–18396, https:/doi.org/10.1029/1999JC900119. 

89. Chen, Z.; Jiang, C.; Nepf, H. Flow Adjustment at the Leading Edge of a Submerged Aquatic Canopy. Wat. Resour. Res. 2013, 49, 

5537–5551, https://doi.org/10.1002/wrcr.20403. 

90. Sand-Jensen, K.; Mebus, J.R. Fine-scale Patterns of Water Velocity Within Macrophyte Patches in Streams. Oikos 1996, 76, 169–

180, https://doi.org/10.2307/3545759. 

91. Sand-Jensen, K.; Pedersen, M.L. Streamlining of Plant Patches in Streams. Fresh. Biol. 2008, 53, 714–726, 

https://doi.org/10.1111/j.1365-2427.2007.01928x. 

92. Lefebvre, A.; Thompson, C.E.L.; Amos, C.L. Influence of Zostera marina Canopies on Unidirectional Flow, Hydraulic Roughness 

and Sediment Movement. Cont. Shelf Res. 2010, 30, 1783–1794, https:/doi.org/ 10.1016/j.csr.2010.08.006. 

93. Manca, E.; Cáceres, I.; Alsina, J.M.; Stratigaki, V.; Townend, I.; Amos, C.L. Wave Energy and Wave-induced Flow Reduction by 

Full-scale Model Posidonia oceanica Seagrass. Cont. Shelf Res. 2012, 50, 100–116, https://doi.org/10.1016/j.csr.2012.10.008. 

94. Paul, M.; Gillis, L.G. Let it Flow: How Does an Underlying Current Affect Wave Propagation over a Natural Seagrass Meadow? 

Mar. Ecol. Prog. Ser. 2015, 523, 57–70, https://doi.org/10.3354/meps11162. 

95. Bryan, K.R.; Tay, H.W.; Pilditch, C.A.; Lundquist, C.J.; Hunt, H.L. The Effects of Seagrass (Zostera muelleri) on Boundary-layer 

Hydrodynamics in Whangapoua Estuary, New Zealand. J. Coast. Res. 2007, 50, 668–672.  

96. Zong, L.; Nepf, H. Spatial Distribution of Deposition within a Patch of Vegetation. Wat. Resour. Res 2011, 47, W03516, 

https://doi.org/10.1029/2010WR009516. 

97. Bradley, K.; Houser, C. Relative Velocity of Seagrass Blades: Implications for Wave Attenuation in Low-energy Environments. 

J. Geophys. Res. Earth Surf. 2009, 114, 1–13, https:/doi.org/10.1029/1999JC900119. 

98. Hamed, A.M.; Peterlein, A.M.; Speck, I. Characteristics of the Turbulent Flow within Short Canopy Gaps. Phys. Rev. Fluids 2020, 

5, 123801, https://doi.org/10.1103/PhysRevFluids.5.123801 

99. Paquier, A.-E.; Meulé, S.; Anthony, E.J.; Larroudé, P.; Bernard, G. Wind-Induced Hydrodynamic Interactions With Aquatic 

Vegetation in a Fetch-Limited Setting: Implications for Coastal Sedimentation and Protection. Estuar. Coasts 2019, 42, 688–707, 

https:/doi.org/10.1007/s12237-018-00487-w  

100. Koftis, T.; Prinos, P.; Stratigaki, V. Wave Damping over Artificial Posidonia oceanica Meadow: A Large-scale Experimental Study. 

Coast. Eng. 2013, 73, 71–83, https://doi.org/10.1016/j.coastaleng.2012.10.007. 

101. Hansen. J.C.R.; Reidenback, M.A. Wave and Tidally Driven Flows in Eelgrass Beds and Their Effect on Sediment Suspension. 

Mar. Ecol. Prog. Ser. 2012, 448, 271–287, https://doi.org/ 10.3354/meps09225. 

102. Barcelona, A.; Oldham, C.; Colomer, J.; Serra, T. Functional Dynamics of Vegetated Model Patches: The Minimum Patch Size 

Effect for Canopy Restoration. Sci. Total Environ. 2021, 148854, https://doi.org/10.1016/j.scitotenv.2021.148854. 

103. Licci, S.; Nepf, H.; Delolme, C.; Marmonier, P.; Bouma, T.J.; Puijalon, S. The Role of Patch Size in Ecosystem Engineering Ca-

pacity: A Case Study of Aquatic Vegetation, Aq. Sc. 2019, 81, 41, https://doi.org/10.1007/s00027-019-0635-2. 

104. Ma, G.; Han, Y.; Niroomandi, A.; Lou, S.; Liu, S. Numerical Study of Sediment Transport on a Tidal Flat with a Patch of Vege-

tation. Ocean Dyn. 2015, 65, 203–222, https:/doi.org/10.1007/s10236-014-0804-8. 

105. Brun, F.G.; Pérez-Lloréns, J.L.; Hernández, I.; Vergara, J.J. Patch Distribution and Within-Patch Dynamics of the Seagrass Zostera 

noltii Hornem. in Los Toruños Salt-Marsh, Cádiz Bay, Natural Park, Spain. Bot. Mar. 2003, 46, 513–524, 

https:/doi.org/10.1515/BOT.2003.053 

106. Tanner, J.E. Edge Effects on Fauna in Fragmented Seagrass Meadows. Austr. Ecol. 2005, 30, 210–218, 

https://doi.org/10.1111/j.1442-9993.2005.01438.x. 



Water 2021, 13, 2430 20 of 23 
 

 

107. Cornacchia, L.; Licci, S.; Van de Koppel, J.; Van der Wal; J.; Wharto; G.; Puijalon, S.; Bouma, T.J. Flow Velocity and Morphology 

of a Submerged Patch of the Aquatic Species Veronica anagallis-aquatica L. GeoPlanet Earth Planet. Sci. 2016, 141–152, 

https://doi.org/10.1007/978-3-319-27750-9_12. 

108. Neely, J.S. Edge Effects and the Population Structure of Humboldt Bay, California, Eelgrass (Zostera marina L.). Int. J. Ecol. 2014, 

2014, 618095, https://doi.org/10.1155/2014/618095Ricart, A.M.; York, P.H.; Rasheed, M.A.; Pérez, M.; Romero, J.; Bryant, C.V.; 

Macreadie, P.I. Variability of Sedimentary Organic Carbon in Patchy Seagrass Landscapes. Mar. Pollut. Bull. 2015, 100, 476–482, 

https://doi.org/10.1016/j.marpolbul.2015.09.032. 

110. Morris, E.P.; Peralta, G.; Brun, F.G.; Van Duren, L.; Bouma, T.J.; Perez-Llorens, J.L. Interaction Between Hydrodynamics and 

Seagrass Canopy Structure: Spatially Explicit Effects on Ammonium Uptake Rates. Limnol. Oceanogr. 2008, 53, 1531–1539, 

https://doi.org/10.4319/lo.2008.53.4.1531 

111. Bañolas, G.; Fernández, S.; Espino, F.; Haroun, R.; Tuya, F. Evaluation of Carbon Sinks by the Seagrass Cymodocea nodosa at an 

Oceanic Island: Spatial Variation and Economic Valuation. Ocean Coast. Manag. 2020, 187, 105112, https:/doi.org/10.1016/j.oce-

coaman.2020.105112 

112. Stevens, C.L.; Hurd, C.L.; Isachsen, P.E. Modelling of Diffusion Boundary-layers in Subtidal Macroalgal Canopies: The Re-

sponse to Waves and Currents. Aquat. Sci. 2003, 65, 81–91, https://doi.org/10.1007/s000270300007. 

113. Oreska, M.P.J.; McGlathery, K.J.; Porter, J.H. Seagrass Blue Carbon Spatial Patterns at the Meadow-scale. PLoS ONE 2017, 12, 

e0176630, https:/doi.org/10.1371/journal.pone.0176630. 

114. Paladini de Mendoza, F.; Fontolan, G.; Mancini, E.; Scanu, E.; Scanu, S.; Bonamano, S.; Marcelli, M. Sediment Dynamics and 

Resuspension Processes in a Shallow-water Posidonia oceanica Meadow. Mar. Geol. 2018, 404, 174–186, 

https://doi.org/10.1016/j.margeo.2018.07.006. 

115. Gacia, E.; Duarte, C.M. Sediment Retention by a Mediterranean Posidonia oceanica Meadow: The Balance between Deposition 

and Resuspension. Estuar. Coast. Shelf. Sci. 2001, 52, 505–514, https://doi.org/10.1006/ecss.2000.0753. 

116. Van Der Heide, T.; Bouma, T.J.; Van Nes, E.H.; Van de Koppel, J.; Scheffer, M.; Roelofs, J.G.M.; Van Katwijk, M.M.; Smolders, A.J.P. 

Spatial Self-organized Patterning in Seagrasses Along a Depth Gradient of an Intertidal Ecosystem. Ecology 2010, 91, 362–369, 

https://doi.org/10.1890/08-1567.1. 

117. Ganthy, F.; Soissons, L.; Sauriau, P.-G.; Verney, R.; Sottolichio, A. Effects of Short Flexible Seagrass Zostera noltei on Flow, 

Erosion and Deposition Processes Determined Using Flume Experiments. Sedimentology 2015, 62, 997–1023, 

https://doi.org/10.1111/sed.12170. 

118. Van Katwijk, M.M.; Bos, A.R.; Hermus, D.C.R.; Suykerbuyk, W. Sediment Modification by Seagrass Beds: Muddification and 

Sandification Induced by Plant Cover and Environmental Conditions. Estuar. Coast. Shelf. Sci. 2010, 89, 175–181, 

https://doi.org/10.1016/j.ecss.2010.06.008. 

119. Soler, M.; Serra, T.; Folkard, A.; Colomer, J. Hydrodynamics and Sediment Deposition in Turbidity Currents: Comparing 

Continuous and Patchy Vegetation Canopies, and the Effects of Water Depth. J. Hydrol. 2021, 594, 125750, 

https://doi.org/10.1016/j.jhydrol.2020.125750. 

120. Follett, E.; Nepf, H. Particle Retention in a Submerged Meadow and Its Variation Near the Leading Edge. Estuaries Coast. 2018, 

41, 724–733, https://doi.org/10.1007/s12237-017-0305-3. 

121. Zhang, J.; Lei, J.; Huai, W.; Nepf, H. Turbulence and Particle Deposition Under Steady Flow Along a Submerged Seagrass 

Meadow. J. Geophys. Res. Oceans 2020, 125, e2019JC015985, https:/doi.org/10.1029/2019JC015985. 

122. Zhu, Q.; Wiberg, Q.; Reidenback, M.A. Quantifying Seasonal Seagrass Effects on Flow and Sediment Dynamics in a Back-Barrier 

Bay. J. Geophys. Res. Oceans 2021, 126, e2020JC016547, https:/doi.org/10.1029/2020JC016547. 

123. Marin-Diaz, B.; Bouma, T.J.; Infantes, E. Role of Eelgrass on Bed-load Transport and Sediment Resuspension Under Oscillatory 

Flow. Limnol. Oceanogr. 2020, 65, 426–436, https:/doi.org/10.1002/lno.11312. 

124. Ros, A.; Colomer, J.; Serra, T.; Pujol, D.; Soler, M.; Casamitjana, X. Experimental Observations on Sediment Resuspension Within 

Submerged Model Canopies Under Oscillatory Flow. Cont. Shelf Res. 2014, 91, 220–231, https:/doi.org/10.1016/j.csr.2014.10.004 

125. Liu, C.; Nepf, H. Sediment Deposition within and Around a Finite Patch of Model Vegetation Over a Range of Channel Velocity. 

Water Resour. Res. 2016, 52, 600–612, https://doi.org/10.1002/2015WR018249.Zong, L.J.; Nepf, H. Flow and Deposition in and 

Around a Finite Patch of Vegetation. Geomorphology 2010, 116, 362–372, https://doi.org/10.1016/j.geomorph.2009.11.020. 

127. Barberá-Cebrián, C.; Sánchez-Jerez, P.; Ramos-Esplá, A.A. Fragmented Seagrass habitats on the Mediterranean coast, and dis-

tribution and abundance of mysid assemblages. Mar. Biol. 2002, 141, 405–413, https://doi.org/10.1007/s00227-002-0852-3. 

128. Pinna, S.; Sechi, N.; Ceccherelli, G. Canopy Structure at the Edge of Seagrass Affects Sea Urchin Distribution. Mar. Ecol. Prog. 

Ser. 2013, 485, 47–55, https://doi.org/10.3354/meps10326. 

129. Sing Lui, L.; Tzuen Kiat, Y.; Cheng Ann, C.; Yoshida, T. Zooplankton in Seagrass and Adjacent Non-seagrass Habitats in Tun 

Mustapha Park, Sabah, Malaysia. Borneo, J. Mar. Sci. Aquac. 2020, 4, 6–13. 

130. Smith, T.M.; Hindell, J.S.; Jenkins, G.P.; Connolly, R.M. Edge Effects on Fish Associated with Seagrass and Sand Patches. Mar. 

Ecol. Prog. Ser. 2008, 359, 203–213, https://doi.org/10.3354/meps07348. 

131. Smith, T.M.; Hindell, J.S.; Jenkins, G.P.; Connolly, R.M.; Keough, M.J. Edge Effects in Patchy Seagrass Landscapes: The Role of 

Predation in Determining Fish Distribution. J. Exp. Mar. Biol. Ecol. 2011, 399, 8–16, https://doi.org/10.1016/j.jembe.2011.01.010 

132. Connolly, R.M.; Hindell, J.S. Review of Nekton Patterns and Ecological Processes in Seagrass Landscapes. Estuar. Coast. Shelf. 

Sci. 2006, 68, 433–444, https://doi.org/10.1016/j.ecss.2006.01.023. 



Water 2021, 13, 2430 21 of 23 
 

 

133. Parnell, P.E. The Effects of Seascape Pattern on Algal Patch Structure, Sea Urchin Barrens, and Ecological Processes. J. Exp. Mar. 

Biol. Ecol. 2015, 465, 64–76, https://doi.org/10.1016/j.jembe.2015.01.010. 

134. Piazzi, L.; Ceccherelli, G. Effect of Sea Urchin Human Harvest in Promoting Canopy Forming Algae Restoration. Estuar. Coast. 

Shelf. Sci. 2019, 219, 273–277, https://doi.org/10.1016/j.ecss.2019.02.028. 

135. Lanham, B.S.; Poore, A.G.B.; Gribben, P.E. Fine-scale Responses of Mobile Invertebrates and Mesopredatory Fish to Habitat 

Configuration. Mar. Environ. Res. 2021, 168, 105319, https://doi.org/10.1016/j.marenvres.2021.105319. 

136. Källén, J.; Muller, H.; Franken, M.L.; Crisp, A.; Stroh, C.; Pillay, D.; Lawrence, C. Seagrass-epifauna Relationships in a Temperate 

South African Estuary: Interplay between Patch-size, Within-patch Location and Algal Fouling. Estuar. Coast. Shelf. Sci. 2012, 

113, 213–220, https:/doi.org/10.1016/j.ecss.2012.08.006. 

137. Arponen, H.; Boström, C. Responses of Mobile Epifauna to Small-scale Seagrass Patchiness: Is Fragmentation Important? Hy-

drobiologia 2012, 680, 1–10, https:/doi.org/10.1007/s10750-011-0895-x. 

138. Macreadie, P.I.; Connolly, R.M.; Jenkins, G.P.; Hindell, J.S.; Keough, M.J. Edge Patterns in Aquatic Invertebrates Explained by 

Predictive Models. Mar. Fresh. Res. 2010, 61, 214–218, https:/doi.org/10.1071/MF09072. 

139. Uhrin, A.V.; Holmquist, J.G. Effects of Propeller Scarring on Macrofaunal Use of the Seagrass Thalassia testudinum. Mar. Ecol. 

Prog. Ser. 2003, 250, 61–70, https://doi.org/10.3354/meps250061. 

140. Hovel, K.A.; Fonseca, M.S.; Myer, D.L.; Kenworthy, W.J.; Whitfield, P.E. Effects of Seagrass Landscape Structure, Structural 

Complexity and Hydrodynamic Regime on Macrofaunal Densities in North Carolina Seagrass Beds. Mar. Ecol. Prog. Ser. 2002, 

243, 11–24, https://doi.org/10.3354/meps243011. 

141. Jelbart, J.E.; Ross, P.M.; Connolly, R.M. Patterns of Small Fish Distributions in Seagrass Beds in a Temperate Australian Estuary. 

J. Mar. Biol. Assoc. UK 2007, 87, 1297–1307, https://doi.org/10.1017/S0025315407053283. 

142. Meysick, L.; Ysebaert, T.; Jansson, A.; Montserrat, F.; Valanko, S.; Villnäs, A.; Boström, C.; Norkko, J.; Norkko, A. Context-

dependent Community Facilitation in Seagrass Meadows Along a Hydrodynamic Stress Gradient. J. Sea Res. 2019, 150, 8–23, 

https://doi.org/10.1016/j.seares.2019.05.001. 

143. Macreadie, P.I.; Hindell, J.S.; Keough, M.J.; Jenkins, G.P.; Connolly, R.M. Resource Distribution Influences Positive Edge Effects 

in a Seagrass Fish. Ecology 2010, 91, 2013–2021, https:/doi.org/10.1890/08-1890.1. 

144. Bologna, P.A.; Heck, K.L. Impact of Habitat Edges on Density and Secondary Production of Seagrass-associated Fauna. Estuaries 

2002, 25, 1033–1044, https://doi.org/10.1007/BF02691350. 

145. Efird, T.P.; Konar, B. Habitat Characteristics can Influence Fish Assemblages in High Latitude Kelp Forests. Environ. Biol. Fish. 

2014, 97, 1253–1263, https://doi.org/10.1007/s10641-013-0211-x. 

146. Hovel, K.A.; Lipcius, R.N. Habitat Fragmentation in a Seagrass Landscape: Patch Size and Complexity Control Blue Crab Sur-

vival. Ecology 2001, 82, 1814–1829, https://doi.org/10.1890/0012-9658(2001)082[1814:HFIASL]2.0.CO;2. 

147. Jompa, J.; McCook, L.J. Effects of Seagrass Habitat Fragmentation on Juvenile Blue Crab Survival and Abundance. J. Exp. Mar. 

Biol. Ecol. 2002, 271, 75–98, https://doi.org/10.1016/S0022-0981(02)00043-6. 

148. Mahoney, R.D.; Kenworthy, M.D.; Geyer, J.K.; Hovel, K.A.; Joel Fodrie, F. Distribution and Relative Predation Risk of Nekton 

Reveal Complex Edge Effects Within Temperate Seagrass Habitat. J. Exp. Mar. Biol. Ecol. 2018, 503, 52–59, 

https://doi.org/10.1016/j.jembe.2018.02.004. 

149. Gorman, A.M.; Gregory, R.S.; Schneider, D.C. Eelgrass Patch Size and Proximity to the Patch Edge Affect Predation Risk of 

Recently Settled Age 0 Cod (Gadus). J. Exp. Mar. Biol. Ecol. 2009, 371, 1–9, https://doi.org/10.1016/j.jembe.2008.12.008. 

150. Carroll, J.M.; Furman, B.T.; Tettelbach, S.T.; Peterson, B.J. Balancing the Edge Effects Budget: Bay Scallop Settlement and Loss 

Along a Seagrass Edge. Ecology, 2012, 93, 1637–1647, https://doi.org/10.1890/11-1904.1. 

151. Carroll, J.M.; Peterson, B.J. Ecological Trade-offs in Seascape Ecology: Bay Scallop Survival and Growth across a Seagrass Sea-

scape. Landsc. Ecol. 2013, 28, 1401–1413, https:/doi.org/10.1007/s10980-013-9893-x. 

152. Bologna, P.A.X.; Heck, K.L., Jr. Differential Predation and Growth Rates of Bay Scallops within a Seagrass Habitat. J. Exp. Mar. 

Biol. Ecol. 1999, 239, 299–314, https://doi.org/10.1016/S0022-0981(99)00039-8. 

153. Vonk, J.A.; Christianen, M.J.A.; Stapel, J. Abundance, Edge Effect, and Seasonality of Fauna in Mixed-species Seagrass Meadows 

in Southwest Sulawesi, Indonesia. Mar. Biol. Res. 2010, 6, 282–291, https://doi.org/10.1080/17451000903233789. 

154. Peterson, C.H.; Luettich, R.A., Jr.; Micheli, F.; Skilleter, G.A. Attenuation of Water Flow Inside Seagrass Canopies of Differing 

Structure. Mar. Ecol. Prog. Ser. 2004, 268, 81–92, https://doi.org/10.3354/meps268081. 

155. Matias, M.G.; Coleman, R.A.; Hochuli, D.F.; Underwood, A.J. Macrofaunal Responses to Edges Are Independent of Habitat-

Heterogeneity in Experimental Landscapes. PLoS ONE 2013, 8, e61349, htpps:/doi.org/10.1371/journal.pone.0061349. 

156. Carr, J.A.; D’Odorico, P.; McGlathery, K.J.; Wiberg, P.L. Spatially Explicit Feedbacks Between Seagrass Meadow Structure, Sed-

iment and Light: Habitat Suitability for Seagrass Growth. Adv. Water Res. 2016, 93, 315–325, https://doi.org/10.1016/j.advwa-

tres.2015.09.001. 

157. Barnes, R.S.K.; Hamylton, S. On the Very Edge: Faunal and Functional Responses to the Interface Between Benthic Seagrass and 

Unvegetated Sand Assemblages. Mar. Ecol. Prog. Ser. 2016, 553, 33–48, https://doi.org/10.3354/meps11800. 

158. Barnes, R.S.K.; Hamylton, S. Abrupt Transitions between Macrobenthic Faunal Assemblages across Seagrass Bed Margins. Es-

tuar. Coast. Shelf. Sci. 2013, 31, 213–223, https:/doi.org/10.1016/j.ecss.2013.08.007. 

159. Murphy, H.M.; Jenkins, G.P.; Hindell, J.S.; Connolly, R.M. Response of Fauna in Seagrass to Habitat Edges, Patch Attributes 

and Hydrodynamics. Aus. Ecol. 2010, 35, 535–543, https:/doi.org/10.1111/j.1442-9993.2009.02062.x. 



Water 2021, 13, 2430 22 of 23 
 

 

160. Yarnall, A.H.; Fodrie, F.J. Predation Patterns Across States of Landscape Fragmentation can Shift with Seasonal Transitions. 

Oecologia 2020, 193, 403–413, https://doi.org/10.1007/s00442-020-04675-z. 

161. Gross, C.; Donoghue, C.; Pruitt, C.; Ruesink, J.L. Habitat Use Patterns and Edge effects Across a Seagrass-unvegetated Ecotone 

Depend on Species-specific Behaviors and Sampling Methods. Mar. Ecol. Prog. Ser. 2018, 598, 21–33, 

https://doi.org/10.3354/meps12609. 

162. Pierri-Daunt, A.B.; Tanaka, M.O. Assessing Habitat Fragmentation on Marine Epifaunal Macroinvertebrate Communities: An 

Experimental Approach. Landsc. Ecol. 2014, 29, 17–28, https://doi.org/10.1007/s10980-013-9970-1. 

163. Gobert, S.; Lepoint, G.; Pelaprat, C.; Remy, F.; Lejeune, P.; Richir, J.; Abadie, A. Temporal Evolution of Sand Corridors in a 

Posidonia oceanica Seascape: A 15-year Study. Mediterr. Mar. Sci. 2016, 17, 777–784, https://doi.org/10.12681/mms.1816. 

164. Cabaço, S.; Machas, R.; Vieira, V.; Santos, R. Impacts of Urban Wastewater Discharge on Seagrass Meadows (Zostera noltii). 

Estuar. Coast. Shelf. Sci. 2008, 78, 1–13, https://doi.org/10.1016/j.ecss.2007.11.005. 

165. El Allaoui, N.; Serra, T.; Colomer, J.; Soler, M.; Casamitjana, X.; Oldham, C. Interactions between Fragmented Seagrass Canopies 

and the Local Hydrodynamics. PLoS ONE 2016, 11, e0156264, https://doi.org/10.1371/journal.pone.0156264. 

166. Zhang, Y.; Tang, C.; Nepf, H. Turbulent Kinetic Energy in Submerged Model Canopies Under Oscillatory Flow. Water Resour. 

Res. 2018, 54, 1734–1750, https://doi.org/10.1002/2017WR021732. 

167. Maltese, A.; Cox, E.; Folkard, A.M.; Ciraolo, G.; La Loggia, G.; Lombardo, G. Laboratory Measurements of Flow and Turbulence: 

In Discontinuous Distributions of Ligulate Seagrass. J. Hydraul. Eng. 2007, 133, 750–760, https://doi.org/10.1061/(ASCE)0733-

9429(2007)133:7(750). 

168. Folkard, A.M. Flow Regimes in Gaps Within Stands of Flexible vegetation: Laboratory flume simulations. Environ. Fluid Mech. 

2011, 11, 289–306, https://doi.org/10.1007/s10652-010-9197-5. 

169. Serra, T.; Oldham, N.; Colomer, J. Local Hydrodynamics at Edges of Marine Canopies under Oscillatory Flows. PLoS ONE 2018, 

13, e0201737, https://doi.org/10.1371/journal.pone.0201737. 

170. El Allaoui, N.; Serra, T.; Soler, M.; Colomer, J.; Pujol, D.; Oldham, C. Modified Hydrodynamics in Canopies with Longitudinal 

Gaps Exposed to Oscillatory Flows. J. Hydrol. 2015, 531, 840–849, https://doi.org/10.1016/j.hydrol.2015.10.041. 

171. Beudin, A.; Kalra, T.S.; Ganju, N.K.; Warner, J.C. Development of a Coupled Wave-flow-vegetation Interaction Model. Comput. 

Geosci. 2017, 100, 76–86, https://doi.org/10.1016/j.cageo.2016.12.010. 

172. Villard, M.-A.; Metzger, J.P. Beyond the Fragmentation Debate: A Conceptual Model to Predict when Habitat Configuration 

Really Matters. J. Appl. Ecol. 2014, 51, 309–318, https://doi.org/10.1111/1365-2664.12190. 

173. Nurra, N.; Belci, F.; Mussat Sartor, R.; Pessani, D. Monitoring of a Posidonia oceanica Bed (Punta Manara, Eastern Ligurian Sea, 

Italy) and the Associated Molluscs Twenty Years After: What’s New? Aq. Bot. 2013, 104, 162–169, 

https://doi.org/10.1016/j.aquabot.2011.12.002. 

174. Mota, C.F.; Engelen, A.H.; Serrao, E.A.; Coelho, M.A.G.; Marbà, N.; Krause-Jensen, D.; Pearson, G.A. Differentiation in Fitness-

related Traits in Response to Elevated Temperatures Between Leading and Trailing Edge Populations of Marine Macrophytes. 

PLoS ONE 2018, 13, e0203666, https://doi.org/10.1371/journal.pone.0203666. 

175. Wilson, K.L.; Skinner, M.A.; Lotze, H.K. Projected 21st-century Distribution of Canopy-forming Seaweeds in the Northwest 

Atlantic with Climate Change. Divers. Distrib. 2019, 25, 582–602, https://doi.org/10.1111/ddi.12897. 

176. Olesen, B.; Krause-Jensen, D.; Christensen, P.B. Depth-Related Changes in Reproductive Strategy of a Cold-Temperate Zostera 

marina Meadow. Estuar. Coast. 2017, 40, 553–563, https://doi.org/10.1007/s12237-016-0155-4. 

177. Martins, G.M.; Harley, C.D.G.; Faria, J.; Vale, M.; Hawkins, S.J.; Neto, A.I.; Arenas, F. Direct and Indirect Effects of Climate 

Change Squeeze the Local Distribution of a Habitat-forming Seaweed. Mar. Ecol. Prog. Ser. 2019, 626, 43–52, 

https://doi.org/10.3354/meps13080. 

178. Adams, M.P.; Hovey, R.K.; Hipsey, M.R.; Bruce, L.C.; Ghisalberti, M.; Lowe, R.J.; Gruber, R.K.; Ruiz-Montoya, L.; Maxwell, P.S.; 

Callaghan, D.P.; Kendrick, G.A.; O’Brien, K.R. Feedback Between Sediment and Light for Seagrass: Where is it important? Lim-

nol. Oceanogr. 2016, 61, 1937–1955, https://doi.org/10.1002/lno.10319. 

179. Barcelona, A.; Oldham, C.; Colomer, J.; Garcia-Orellana, J.; Serra, T. Particle Capture by Seagrass Canopies Under Oscillatory 

flow. Coast. Eng. 2021, 169, 103972, https://doi.org/10.1016/j.coastaleng.2021.103972. 

180. Hensgen, G.M.; Holt, G.J.; Holt, S.A.; Williams, J.A.; Stunz, G.W. Landscape Pattern Influences Nekton Diversity and Abun-

dance in Seagrass Meadows. Mar. Ecol. Prog. Ser. 2014, 507, 139–152, https://doi.org/10.3354/meps10818. 

181. Pagès, J.F.; Gera, A. Romero, J.; Alcoverro, T. Matrix Composition and Patch Edges Influence Plant-herbivore Interactions in 

Marine Landscapes. Funct. Ecol. 2014, 28, 1440–1448, https://doi.org/10.1111/1365-2435.12286. 

182. Rielly-Carroll, E.; Freestone, A.L. Habitat Fragmentation Differentially Affects Trophic Levels and Alters Behavior in a Multi-

trophic Marine System. Oecologia 2017, 183, 899–908, https://doi.org/10.1007/s00442-016-3791-2. 

183. Warry, F.Y.; Hindell, J.S.; Macreadie, P.I.; Jenkins, G.P.; Connolly, R.M. Integrating Edge Effects into Studies of Habitat Frag-

mentation: A test Using Meiofauna in Seagrass. Oecologia 2009, 159, 883–892, https:/doi.org/10.1007/s00442-008-1258-9. 

184. Smith, T.M.; Jenkins, G.P.; Hutchinson, N. Seagrass Edge Effects on Fish Assemblages in Deep and Shallow habitats. Estuar. 

Coast. Shelf. Sci. 2012, 115, 291–299, https:/doi.org/10.1016/j.ecss.2012.09.013. 

185. Statton, J.; Gustin-Craig, S.; Dixon, K.W.; Kendrick, G.A. Edge Effects Along a Seagrass Margin Result in an Increased Grazing 

Risk on Posidonia australis Transplants. PLoS ONE 2015, 10, e0137778, https://doi.org/10.1371/journal.pone.0137778. 



Water 2021, 13, 2430 23 of 23 
 

 

186. Zhang, Y.-H.; Li, C.; Zhao, J.-S.; Li, W.-T.; Zhang, P-D. Seagrass Resilience: Where and How to Collect Donor Plants for the 

Ecological Restoration of Eelgrass Zostera marina in Rongcheng Bay, Shandong Peninsula, China. Ecol. Eng. 2020, 158, 106029, 

https://doi.org/10.1016/j.ecoleng.2020.106029. 

187. Tamaki, H.; Tokuoka, M.; Nishijima, W.; Terawaki, T.; Okada, M. Deterioration of Eelgrass, Zostera marina L., Meadows by 

Water Pollution in Seto Inland Sea, Japan. Mar. Pollut. Bull. 2002, 44, 1253–1258, https://doi.org/10.1016/S0025-326X(02)00218-7. 

188. Han, Q.; Bouma, T.J.; Brun, F.G.; Suykerbuyk, W.; Van Katwijk, M.M. Resilience of Zostera noltii to Burial or Erosion Disturb-

ances. Mar. Ecol. Prog. Ser. 2012, 449, 133–143, https://doi.org/10.3354/meps09532. 

189. Fraser, M.V.; Kendrick, G.A.; Statton, J.; Hovey, R.K.; Zavala-Perez, A.; Walker, D.I. Extreme Climate Events Lower Resilience 

of Foundation Seagrass at Edge of Biogeographical range. J. Ecol. 2014, 102, 1528–1536, https://doi.org/10.1111/1365-2745.12300. 

190. Moore, K.A. 2004. Influence of Seagrasses on Water Quality in Shallow Regions of the Lower Chesapeake Bay. J. Coastal Res. 

2004, 45, 162–178, https:/doi.org/10.2112/si45-162.1. 

191. Lefcheck, J.S.; Marion, S.R.; Lombana, A.V.; Orth, R.J. Faunal Communities are Invariant to Fragmentation in Experimental 

Seagrass Landscapes. PLoS ONE 2016, 11, e0156550, https:/doi.org/10.1371/journal.pone.0156550. 

192. Calizza, E.; Costantini, M.L.; Carlino, P.; Bentivoglio, F.; Orlandi, L.; Rossi, L. Posidonia oceanica Habitat Loss and Changes in Litter-

associated Biodiversity Organization: A Stable Isotope-based Preliminary Study. Estuar. Coast. Shelf. Sci. 2013, 135, 137–145, 

https://doi.org/10.1016/j.ecss.2013.07.019. 

193. Katsanevakis, S.; Issaris, Y.; Poursanidis, D.; Thessalou-Legaki, M. Vulnerability of Marine Habitats to the Invasive Green Alga 

Caulerpa racemosa var. cylindracea within a Marine Protected Area. Mar. Environ. Res. 2010, 70, 210–218, 

https://doi.org/10.1016/j.marenvres.2010.05.003. 

 


