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CHAPTER 4 
 

 
Seagrass meadows induce a functional cascade by determining the 

functional trait composition of sediment fauna 
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Masahiro Nakaoka, Katrin Reiss, Pamela L. Reynolds, Francesca Rossi, John J. Stachowicz, 

Paulo Lana, Britas Klemens Eriksson 

 

 

ABSTRACT 

Seagrass meadows are also among the most productive ecosystem in temperate and tropical 

coastal seascapes and provide habitat for a variety of functionally important species, such as 

bioturbating macrobenthic species. In this study, we addressed the general function of the 

seagrass Zostera marina across the Northern Hemisphere by relating seagrass meadow 

structure to the functional diversity of the epifaunal and infaunal macrobenthos. We assumed 

that increasing complexity of Zostera marina meadows, expressed by above- and below-

ground plant attributes, will be positively related to the macrobenthic trait diversity. Overall, 

seagrass presence promoted the macrobenthic species richness and functional diversity. 

However, both taxonomic and functional diversity decreased with seagrass above-ground 

biomass and shoot length. Thus, taxonomic and functional diversity was in general higher in 

the short-leafed, dense European meadows than in the long-leafed Pacific meadows. 

Compared to adjacent unvegetated habitat, assemblages within seagrass had a higher 

abundance of epifauna and shallow-living infauna. The shallow infauna was dominated by 

small biodiffusing organisms, suggesting that higher bioturbation related processes occur in 

the shallow layers of the sediment, such as sediment resuspension. At the same time, 

assemblages within seagrass had a lower abundance of deeper-living bioturbators. Our results 

suggest that the foundation role of seagrass may induce a functional cascade, where effects on 

sediment processes by the meadows themselves are mediated by changing the functional 

composition of bioturbating macroinvertebrates. Our findings show that we can use meadow 

characteristics to predict the ecosystem engineering function of seagrass across biogeographic 

regions. This highlights the need for seagrass conservation not solely for their own ecosystem 

engineering attributes, but also for their role as facilitators of other functionally relevant 

organisms. 
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INTRODUCTION 

Ecologists over the past several decades have recognized that ecosystem functioning can be 

influenced by biodiversity, and therefore depends on the attributes of the biological 

communities (Cardinale et al. 2006, 2012, Bracken et al. 2008, Hooper et al. 2012). This 

fundamental advance of ecological science was preceded by an intense period of experimental 

ecological research driven by a need to understand the consequences of global biodiversity 

loss (Gamfeldt and Hillebrand 2008). Most of these experiments focused on understanding the 

role of species diversity and, how the identity and functional role of the species composing 

the assemblage were important in determining ecosystem functioning. For technical reasons, 

experiments were usually done over short periods of time, at small-scales and often in 

mesocosms with artificial species assemblages, thereby testing the effects of species richness 

and identity under simplified conditions (Brose and Hillebrand 2016). While these studies and 

others established the importance of biodiversity for ecosystem function, there is a general 

call to move further and test these results in real-world ecosystems (Gamfeldt and Hillebrand 

2008, Emmett Duffy 2009, Brose and Hillebrand 2016). 

Advances to better understand biodiversity effects in real ecosystems include trait-

based approaches (Mokany et al. 2008, Lavorel 2013) and large scale coordinated sampling 

efforts, where species richness is related to predicted changes in functions across global 

environmental gradients (Duffy et al. 2015). Focusing on trait variation targets the actual 

ecological differences between species, presumably underlying relationships between 

diversity and ecological function (Norberg et al. 2001, Norberg 2004). Trait-based approaches 

have therefore been put forward as a better strategy to measure and understand the importance 

of biodiversity for ecosystem functioning (McGill et al. 2006, Hillebrand and Matthiessen 

2009). As a response, Biological traits analyses have developed strongly the past years and 

there are a number of studies describing how traits and trait variation of taxa that characterize 

community structure translate into ecosystem functions (Bremner et al. 2006a, Lavorel et al. 

2011). Many studies addressed how habitat-forming and/or ecosystem engineering organisms 

can indirectly influence ecosystem function by facilitating assemblages of associated 

organisms with their own engineering role (see Passarelli et al. 2014). For instance, habitats 

created by mangroves (foundation species) promote the occurrence of highly bioturbating 

ecosystem engineers such as crabs (Kristensen 2008). Here, we use a coordinated sampling of 

the habitat-forming seagrass Zostera marina, across the northern hemisphere to evaluate a 

functional cascade by estimating the influence of meadow structure on the trait distribution of 

sediment-dwelling macrobenthos known to affect sediment biogeochemistry. 
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Seagrass meadows are vital habitats of many coastal systems and provide numerous 

ecosystem goods and services (de la Torre-Castro & Rönnbäck 2004). Being both a food 

source and habitat for many organisms, seagrasses sustain highly productive food-webs and 

facilitate the presence of a variety of organisms across trophic levels (Heck et al. 2008). The 

high productivity and physical effects of seagrass meadows contribute to nutrient cycling and 

carbon sequestration (Duarte et al. 2005, McGlathery et al. 2007). The exchange of organic 

matter and energy between seagrasses and other ecosystems also has a major role in 

sustaining marine biodiversity (e.g. coral reefs, Dorenbosch et al. 2005). In addition, 

seagrasses are ecosystem engineers that progressively attenuate currents and waves with 

increasing shoot density, trapping suspended organic matter and sediment particles (Gambi et 

al. 1990, Granata et al. 2001). This together with the structural effect of the rhizome-root 

system promote sediment stabilization and carbon sink capacity (Duarte et al. 2005, de Boer 

2007, Hendriks et al. 2008), with implications for coastline protection and management 

(Ondiviela et al. 2014). Seagrasses are threatened by a number of human-driven stressors, 

primarily eutrophication, climate change, overfishing, pollution, and urbanization of coastal 

zones (Waycott et al. 2009). 

 The structural complexity of a seagrass meadow, defined as the abundance of physical 

structures, can be considered at a range of spatial scales (from leaf to seascape) and have 

direct implication for the associated fauna (Prado et al. 2009, Staveley et al. 2016). Seagrass 

provides habitat for benthic fauna living both on the grass blades and surface of the sediment 

(epifauna) and taxa that live within the sediment (infauna) (Orth et al. 1984, Boström and 

Bonsdorff 1997). In general, there is ample experimental evidence from within-meadow field 

studies that demonstrates that the presence of seagrass increase the diversity and abundance of 

benthic fauna (reviewed in Orth et al. 1984; Boström, Jackson & Simenstad 2006) and change 

the distribution of functional traits (Bostrom and Bonsdorff 2000, Boström et al. 2006a, 

2010). The infauna is favored by the aboveground shoots, which decrease hydrodynamic 

stress and change sediment conditions and thereby favor their recruitment (Boström and 

Bonsdorff 1997); and the belowground structures roots and rhizomes that provide refuge from 

predators (Orth et al. 1984). However, increasing densities of roots and rhizomes may also 

prevent larger and/or tube building species that bury deep in the sediment (Stoner 1980, 

Brenchley 1982). Thus, while seagrass shoots and roots both contribute to sediment accretion 

and stabilization through reducing currents and binding sediments, the plants may further 

influence sediment dynamics by facilitating the occurrence of species with certain life history 

traits related to sediment reworking capacity (Figure 1). We addressed this conceptual 
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hypothesis of a functional cascade of seagrass meadow structure on the functional diversity of 

benthic fauna, by relating changes in meadow structure of Z. marina across its global range to 

the functional diversity of associated fauna. We tested two general hypothesis based on the 

described meadow-specific effects of presence and complexity of seagrass meadows: (1) the 

presence of seagrass increase the overall taxonomic and functional diversity of the 

macrobenthos; (2) increasing seagrass complexity (expressed as above- and belowground 

biomass components) is positively related to epibenthic and shallow living bioturbators, and 

negatively related to deep-burrowing infauna. 

 

 

Figure 1: Conceptual model of the functions and effects on sediment performed by seagrass (green 

arrows and boxes) and by the macrobenthos (orange). Effects on the sediment biogeochemistry and 

associated feedbacks are denoted in gray boxes and arrows. Positive signs indicate 

promotion/increase; negative sings indicate inhibition/decrease.  
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MATERIALS AND METHODS 

Study area 

Samples were collected during the summer of 2014 at a total of 9 monospecific subtidal 

meadows of Zostera marina located in in France, Finland, Norway, Japan, and the United 

States of America. France sampling sites were located in two Mediterranean lagoons (Étang 

de Bages-Sigean 43°05N 3°00’E; Étang de Thau 43°23’N 3°38’E); Finland at Ängsö in the 

Archipelago Sea (60°06’N 21°43’E); Norway at three locations within a large fjord complex 

in Bodø (67°13’N 14°58’E); Japan in Akkeshi Bay (43°02’N 144°51E); and U.S.A. in two 

locations of the Bodega Bay, California (38°19’N 123°03’W). The mean values of water 

depth, temperature, and salinity of each sampling site are shown in Table 2. 

 

Table 2: Sampling sites codes and in situ measurements of average water temperature (°C), water 

depth at high tide (m), water salinity (ppt); and estimated sediment organic matter content (mean ± 

SD). 

Country Site name 
Side 

code 

Temp. 

°C 

Depth at high 

tide (m) 

Salinity 

(ppt) 

Sediment 

O.M. (%) 

U.S.A Bodega Bay A Bod.1 13.5 2 33 0.73 ± 0.12 

U.S.A Bodega Bay B Bod.2 14 2 33 0.56 ± 0.22 

Finland Ängsö Fin.1 13 2.75 6 0.26 ± 0.05 

France Bages-Sigean Fra.1 19.7 1.5 38.8 3.63 ± 3.24 

France Thau Fra.2 27.3 0.5 32.5 6.8 ± 1.13 

Japan Akkeshi Bay Jap.1 26 0.75 21 3.41 ± 0.4 

Norway Misvaersfjorden Nor.1 11 1.42 22.8 5.37 ± 2.84 

Norway Rovika Nor.2 8 0.42 24.5 1.46 ± 0.46 

Norway 2 Bridge Nor.3 10.5 0.65 18.5 1.56 ± 0.73 

 

Sampling and laboratory procedures 

Samplings were made by SCUBA diving, snorkeling or wading. At each site, ten sampling 

plots (0.5 x 0.5 m PVC squares) were randomly distributed within a meadow at two visually-

identified shoot density levels (high and low; n = 5). Distinctions between shoot density levels 

were made visually at the site and intended to capture the range of shoot density found at that 

site. Additionally, five plots were also placed in the unvegetated sediment between meadows, 

for a total of fifteen plots per site. All plots were placed >2 m apart from each other and at 

least 2 m distant from the meadow border to avoid edge effects.  

Within each plot, shoot density was estimated by counting individual shoots. In case 

of very high densities, the shoot counting was made only in a subset of 0.25 x 0.25 m in the 

plot. To quantify the macrobenthos, seagrass shoot length, and seagrass above- and below-

ground biomass, a sediment sample was taken using a ~10 cm deep core ( 10 cm) in the 
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center of each plot. Two additional 5 cm deep cores ( 2 cm) were taken on opposite sides of 

the plot within undisturbed sediment (~ 10 cm from the big core) to quantify sediment organic 

matter. Sediment samples were stored on ice until further laboratory processing. All the 

measured variables were extrapolated for the plot scale.  

Macrobenthic samples, including both epifauna and infauna, were washed on 1 mm 

mesh sieves and all animals sorted and stored in 70% ethanol, and counted and identified to 

species. The macrobenthos were also classified according their degree of association with the 

categories of six bioturbation related functional traits (Box 2): bioturbation mode (6 

categories), depth in the sediment (6 categories), body size (7 categories), feeding mode (5 

categories), adult movement (4 categories), and relative adult mobility (4 categories). 

Information about the species traits was collected from the literature, online databases (e.g. 

www.marlin.ac.uk, www.genustraithandbook.org.uk, www.polytraits.lifewatchgreece.eu), and 

opinion of specialists based on the species behavior and morphology. The classification was 

made using fuzzy coding (Chevenet et al. 1994) ranging from 0 (no association) to 3 (total 

association). The codification was standardized for each trait such that the sum of all 

categories of a functional trait was always 3. This standardization reflected how exclusively 

the species related to a given trait category. For instance, a macrobenthic species that can be 

both suspension- and deposit-feeder would have the scores values of 1.5 for the category 

suspension-feeding, 1.5 for deposit-feeding, and 0 for the others.  

Seagrass plant characteristics were also quantified to assess their relationship with the 

microbenthic community. Five seagrass shoots were collected from each plot (four in the 

corners and one in the center) to estimate average shoot length. The average shoot length of 

each plot was estimated by measuring the length (mm) of the tallest blade of each separated 

shoot using a measuring tape (from the bottom of the meristem to the blade tip; n = 5 per site). 

After removing all the epiphytic algae, shoots, roots and rhizomes from each plot were 

separated dried in an oven at 60°C for 24 hours. Shoot dry weight was used as an estimate of 

above-ground biomass, while the combined root and rhizome dry weights estimated below-

ground biomass. Sediment organic matter content was quantified from ~5 g of sediment and 

calculated as the differences between the dry sediment samples before (~5 g) and after 

ignition in a muffle furnace at 550°C for 5 hours. 
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Data analysis 

Macrobenthic functional diversity was estimated by calculating two multivariate indices, 

Functional Richness (FRic) and Functional Divergence (FDiv) (Villéger et al. 2008). We did 

not include Functional Evenness (FEve) since, based on preliminary exploratory analyses, it 

was highly affected by changes in the number and type of functional traits included in the 

calculation. FRic estimates the total range of species traits in an assemblage trait space by 

calculating the total volume of a convex hull that comprises all the species observed in an 

assemblage (Villéger et al. 2008). This index only accounts for species presence/absence and 

is affected by adding or removing species with unique and/or extreme trait values 

combinations. FDiv measures the distribution of species’ relative abundances in a functional 

trait space in relation to the gravity center of the functional trait space (Villéger et al. 2008). 

The indices calculations were made in R programing environment (R Development Core 

Team 2009) using the package FD (Laliberté and Legendre 2010).  

The relationship between macrobenthic taxonomic and functional diversity, and 

seagrass meadow structure; expressed by shoot density, shoot average length, above-ground 

biomass, and below-ground biomass, was analyzed by fitting linear models (LMs). The 

differences among sites were also included as a random factor. General differences among 

bare sand and plots with low and high shoot densities were analyzed using ANOVAs. Values 

of shoot density, above-ground biomass, and below-ground biomass were square root 

transformed prior the analysis. All LMs were run using the R package nlme (Pinheiro et al. 

2016). 

Qualitative changes in macrobenthic functional trait composition along gradients in 

seagrass attributes were assessed using Biological Traits Analysis (BTA) based on the 

abundance of functional trait categories. Functional trait abundances per plot were obtained 

by multiplying the species abundance matrix (transformed to the squared-root) by the fuzzy 

coded functional trait matrix. In other words, trait abundances are trait frequencies weighted 

by species abundances at each plot. Then LMs were fitted to model changes in trait 

abundances across seagrass gradients. Following Anderson (2008), quantile regressions based 

on the 95
th

 percentile were fitted to determinate the peaks in trait abundance along seagrass 

gradients. Polynomial models were chosen to describe the optimum values along the gradient 

(i.e. where the highest abundances were observed). Alternative polynomial models with 

varying degrees were compared by the corrected Akaike Information Criterion (AICc) using 

the R package qpcR (Spiess 2014). Quantile regressions were made using the R packages 

quantreg (Koenker 2016). 
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RESULTS 

The results indicate that seagrass presence had a major impact on macrobenthic species 

richness across the northern hemisphere (Figure 2). Both above and below-ground biomasses 

correlated positively with infauna richness overall (above-ground: R² = 0.61, F1=4.67, p<0.05; 

below-ground: R² = 0.65 F1=6.55, p<0.01; Figure 2a-b). However, only below-ground 

biomass models retained the significant effects after deleting the bare plots (R² = 0.67, 

F1=6.14, p<0.05). At Scandinavian sites, seagrass shoot density correlated strongly with 

macrobenthic richness (R² = 0.65, F1=4.03, p<0.05; Figure 1c; Table A1). In general, site-

specific positive relationships were mostly related to European meadows (Table A1). 

 

 

Figure 2: Relationship between the seagrass properties and macrobenthic species richness across the 

northern hemisphere. (a) Above-ground biomass, (b) below-ground biomass, and (c) shoot density. 

Lines show fitted models for each site. 

 

Macrobenthic species richness was highly dependent on the structure of the seagrass 

meadows, and thus varied across sites. In general, European and Pacific meadows presented 

contrasting meadow structures (Figure 3a-b, Appendix 2). The relationship between shoot 

density and total seagrass biomass shows that biomass/shoot density ratio was much higher at 

Pacific sites, which contained long-leafed sparse meadows, compared to European sites, 

which were predominantly short-leafed and denser meadows (Figure 3a-b; Table A2). Across 

sites, macrobenthic richness was negatively correlated to above-ground meadow attributes, 

such as average shoot length (Figure 3c) and the ratio between above- and below-ground 

biomasses (Figure 3d). As expected, increasing macrobenthic taxonomic richness was related 

to an increased functional diversity of the macrofauna (Figure 3e-f). Accordingly, the 

presence of seagrass increased functional richness (FRic) of the macrofauna significantly 
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(ANOVA: F2=3.7, p<0.05; Figure 4a; Table A3), although the within site trends were highly 

variable (R²=0.64, F1=1.45, p>0.05; Figure 4b; Table A3). FRic decreased across sites with 

the size of the shoots (Figure 4c). Consequently, both macrobenthic richness and functional 

diversity tended to be higher in European than in Pacific seagrass meadows. 

 

 

Figure 3: Relationship between (a) shoot density and seagrass biomass; (b) shoot density and mean 

shoot length; (c) mean shoot length and macrobenthic species richness; and (d) the ratio below/above-

ground biomass and macrobenthic species richness; and the relationship among species richness and 

the functional diversity indices FRic (e) and FDiv (f). 
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Figure 4: Changes in functional richness (FRic) along shoot density levels (a) and gradients in 

seagrass shoot density (b) and above-ground biomass (c).  

 

Changes in functional trait composition were mostly driven by the functional traits 

depth in the sediment and bioturbation type. The presence of seagrass increased the 

abundance of epifauna and the shallow infauna (0-3 cm depth), but decreased the abundance 

of the deep infauna (Figure 5a-b; Table A4). However, within meadows, increasing above-

ground biomass of seagrass correlated with a decrease in shallow infauna (Figure 5b). This 

was confirmed across sites where the abundance of shallow infauna peaked at low above-

ground seagrass biomasses (Figure 5b). The presence of seagrass increased the abundance of 

non-bioturbating epifaunal species, but also the abundance of biodiffusers significantly 

(Figure 6, Table A5). Globally, biodiffusers peaked at low seagrass above-ground-biomass, 

and decreased strongly at higher seagrass biomass (R²=0.74; F1=5.3; p<0.05; Figure 6b). 

Conveyors were negatively influenced by seagrass biomass, both within and across meadows 

globally (R²=0.63; F1=3.81; p=0.05; Figure 6c).  
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Figure 5: Changes in abundance of the categories of the trait Depth in the sediment along shoot density 

levels (bar plots) and gradients in above-ground biomass (histograms). Lines indicate linear models 

fitted for each site. Thick black lines represent the best polynomial model fitted by the quantile 

regressions (on the 95
th
 quantile). Vertical dotted lines indicate the optimum found by the quantile 

regression (value along the gradient that holds the highest abundance). 

 



CHAPTER 4 

82 
 

 

Figure 6: Changes in abundance of Bioturbation trait categories (a. none, b. biodiffuser, c. up-down 

conveyor) along shoot density levels (bar plots) and gradients in above-ground biomass (histograms). 

Lines indicate linear models fitted for each site. Thick black lines represent the best polynomial model 

fitted by the quantile regressions (on the 95
th
 quantile). Vertical dotted lines indicate the optimum 

found by the quantile regression (value along the gradient that holds the highest abundance). 
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DISCUSSION 

Our results support that Z. marina meadows have the potential to induce a functional 

cascade, where the effects of the facilitation promoted by plants on sediment processes are 

likely to occur through changes in the functional composition of bioturbating 

macroinvertebrates. Across the northern hemisphere, both the taxonomic richness and 

functional diversity of the sediment fauna was higher in the presence of seagrass meadows as 

compared to the bare sediment. This was mostly driven by epifauna and shallow-living 

biodiffusing infauna, whose abundances increased strongly in the presence of seagrass. This 

indicates increased sediment reworking rates at shallow layers of the sediment within the 

meadows, potentially affecting sediment resuspension and other bioturbation-related 

processes (Kristensen et al. 2012). However, peaks in macrobenthic functional diversity were 

mostly related to low or medium levels of shoot length and above-ground biomass, suggesting 

a nonlinear response of the macrobenthic functional structure to increasing seagrass meadow 

complexity. Therefore, seagrasses promote sediment-dwelling macrobenthos, but it is 

dependent on meadow above-ground complexity. European meadows in general had a lower 

above-ground biomass and smaller denser shoots, while Pacific meadows had a higher above-

ground biomass and larger shoots. The differences in meadow structure across European and 

Pacific meadows suggest that the role of Z. marina in promoting sediment-dwelling 

macrobenthic functions is variable across these biogeographic regions. 

Upward-downward conveyors decreased with the presence and the increased 

complexity of the meadow. Conveyors are infaunal species with high bioturbating capacity 

that increase the exchange of nutrients and organic carbon across the vertical sediment-water 

axis, by feeding head down or head up the sediment and defecating on the other side 

(Kristensen et al. 2012). This suggests that the potential effect of seagrass on sediment 

reworking processes change with meadow structure. Meadows with low above-ground 

biomass indirectly facilitate higher bioturbation related processes in the shallow layers of the 

sediment, which should promote sediment resuspension, while meadows with high above-

ground biomass decrease macrobenthic bioturbating capacity. Thus, the sediment stabilizing 

function of seagrass meadows with dense, short shoots seems to be weakened by their 

facilitation function (i.e. more bioturbators within meadows), while the foundation function in 

meadows with long broad shoots seem to reinforce their sediment stabilizing engineering 

function. 

The importance of meadow structure for the functional composition of the sediment 

fauna suggests that the seagrass has indirect, but complex effects on sediment processes. 
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Highly bioturbating macrobenthos can promote sediment oxygenation of deep layers and 

facilitate colonization of deeper species, transforming the sediment in a high 3D dimension 

matrix (Rosenberg 2001, Meysman et al. 2006a). Through bioirrigation, oxygenated 

interstitial water reaches deep sediment and allows oxidation of decomposing organic matter, 

avoiding the production of toxic compounds such as H2S and somewhat promoting the release 

of mineralized carbon from the sediment to the water column (Rosenberg 2001, Mermillod-

Blondin 2011). However, Rossi et al. (2013) described that the exclusion of bioturbators 

increased CO2 mineralization of macroalgal detritus, which was related to the capacity of 

highly bioturbating species (lugworms) to enhance burial of vegetal detritus and consequently 

reduce decomposition rates. This has effects on the whole ecosystem metabolism since 

bioturbation promotes heterotrophic compartments of the benthic microbiota and also 

facilitate the occurrence of other macrobenthic species (Rosenberg 2001, Reise 2002, 

Mermillod-Blondin 2011), although it can also negatively affect other species such as algae 

(Brustolin et al. 2016) and other macrobenthos (Alvarez et al. 2013).  

These biogeochemical changes might counteract some of the seagrass ecological 

services, such as carbon sequestration and sediment stability (Figure 1). Also, highly 

bioturbating species can have negative effect on seagrass plants (Suykerbuyk et al. 2012). So 

far, the general consequences of the interplay between seagrass and macrobenthic function on 

the general state of the ecosystem are still poorly studies (Maxwell et al. in press). Our results 

indicate that seagrass meadows promote increased variety of ecosystem services by allowing 

a functionally diverse sediment-living assemblage, but at the same time the influence on 

important functions, such as sediment resuspension, seem to change depending seagrass 

meadow structure. This demonstrates that we need coordinated experimental approaches 

across large biogeographic regions to understand complex biodiversity effects on ecosystem 

functioning. 

The importance of meadow structure for the functional composition of the sediment 

fauna is reinforced by the engineering effects on flow rates. Seagrass attenuate flow, which 

increases sedimentation and also prevents particle resuspension (Gambi et al. 1990, Granata et 

al. 2001). This promotes higher recruitment rates and favor macrobenthic post-settlement 

establishment; probably contributing to the global increase in taxonomic and functional 

diversity within meadows. However, accumulation of fine organic-rich sediments also 

promote sediment anoxia and sulfide toxicity (Terrados et al. 1999), which may smother 

organisms in the sediment (Vaquer-Sunyer and Duarte 2010). This may explain why the 

abundance of both biodiffusers and shallow infauna was so strongly promoted by low levels 
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of above-ground seagrass biomass, while they decreased at higher levels of above-ground 

biomass. It also is consistent with the general decrease in functional diversity with increasing 

shoot length. Local environmental conditions that determine the meadow structure may also 

have negative effects on macrobenthic diversity. For example, long shoot leaves are 

frequently associated with stressed conditions induced by light limitation events (Longstaff 

and Dennison 1999), and the same stressed conditions could cause the apparent correlation 

between long leaves and low macrobenthic diversity. However, the consistency of the general 

trends of the infauna along above-ground biomass gradients both within and between 

meadows suggests that seagrass structure is a driver of macrobenthic taxonomic and 

functional diversity in Z. marina meadows. 

The response of bioturbating infauna to seagrass biomass across meadows was non-

linear; the abundances of fauna increased strongly with seagrass presence but peaked at 

relatively low levels of above-ground biomass. Studies have described positive relationships 

among macrobenthic taxonomic diversity and increasing seagrass biomass within regions 

(Attrill et al. 2000). Our results indicate such monotonic relationships are not present when 

comparing macrobenthic functional traits across larger biogeographical regions. This suggests 

that indirect effect of seagrass on sediment function has a threshold where it changes and that 

local relationships cannot be generalized without the regional context. This is key information 

for the development models to describe the cascading effect of Z. marina on ecosystem 

functions. Incorporating non-linear and indirect effects to the development of predictive 

models relating seagrass structure, benthic functional diversity, and sediment process rates 

would be a useful tool for marine managers to assess a more detailed picture of the seagrass 

ecological state as well as its associated services. 

In conclusion, our study indicates that Z. marina meadows may indirectly promote 

ecologically relevant processes across the northern hemisphere by facilitating functionally 

relevant macrobenthic species; resulting in a potential functional cascade. This highlights the 

need to preserve and restore seagrasses not only for their directly generated services and 

engineering functions but also for their role as facilitators of other functionally relevant 

organisms such as bioturbators. The results also show that changes in functional trait 

distributions depend on seagrass morphology, but that they are not linearly related. Different 

functional traits reacted very differently to seagrass morphology, showing the high 

complexity of the relationship between biodiversity and function in these systems. Therefore, 

we suggest that to understand the macrobenthic effects on sediment-related processes in 
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seagrass ecosystems, analyzing the relationship between specific functional traits and process 

rates would be a more reliable analytical tool than the diversity of functional traits. 
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APPENDIX 

Table A1: Pearson product-moment correlation coefficient (r) and p-values of the relationship between 

species richness and the seagrass attributes (shoot density, and above- and below-ground biomasses) 

for each analyzed site.  

    Shoot density   Above-ground   Below-ground 

Site df p-value r   p-value r   p-value r 

Bod.1 7 0.7 0.17   0.2 0.50   0.96 -0.02 

Bod.2 13 0.1 0.44   0.2 0.37   0.1 0.44 

Fin.1 13 <0.001 0.83   <0.001 0.77   <0.001 0.82 

Nor.1 13 0.5 0.17   0.6 0.13   0.3 0.27 

Nor.2 13 <0.0001 0.87   <0.01 0.73   <0.001 0.83 

Nor.3 13 0.97 -0.01   0.5 0.17   0.6 0.14 

Fra.1 13 0.2 0.38   0.07 0.49   0.08 0.46 

Fra.2 13 0.5 -0.18   0.3 -0.31   0.6 0.14 

Jap.1 13 0.8 -0.06   0.6 -0.14   0.8 0.09 

 

 

 

 
Table A2: Linear models results of the relationship between total seagrass biomass and shoot density; 

and shoot length and shoot density. Pearson’s correlation results for each site are also presented. 

Linear model results               

  Total biomass ~ Density   Length ~ Density 

  R² = 0.74   R² = 0.92 

  df F-value p-value   df F-value p-value 

Intercept 1 6.38 0.01   1 18.70 <0.0001 

Fixed effects 

(Density) 1 6.43 0.01   1 2.33 0.1 

                

Pearson's correlation Total biomass ~ Density   Length ~ Density 

  site p-value r   site p-value r 

  Bod1 0.2 0.46   Bod1 0.8 0.09 

  Bod2 0.1 0.52   Bod2 0.2 0.49 

  Fin1 0.02 0.70   Fin1 0.1 0.53 

  Nor1 0.2 0.45   Nor1 0.01 -0.76 

  Nor2 0.01 0.74   Nor2 0.6 -0.16 

  Nor3 0.03 0.67   Nor3 0.4 -0.32 

  Fra1 0.04 0.65   Fra1 0.6 -0.21 

  Fra2 <0.001 0.88   Fra2 <0.01 0.83 

  Jap1 0.07 0.60   Jap1 <0.01 0.83 
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Table A3: Anova results of the index FRic for functional diversity comparing sites and shoot density 

levels (bare, low, and high). 

  df SS MS F-value p-value 

Site (S) 7 6060.5 865.8 17.23 <0.0001 

Treatment (T) 2 371.6 185.8 3.70 <0.05 

S*T 13 2038.3 156.8 3.12 <0.001 

Residuals 80 4019.6 50.3     

 

 

Table A4: Anova results of the categories of the trait Depth in the sediment comparing sites and shoot 

density levels (bare, low, and high). 

    Surface   0 to 3 cm 

  df F-value p-value   F-value p-value 

Site (S) 7 26.11 <0.0001   29.24 <0.0001 

Density (D) 2 5.82 <0.01   1.14 0.33 

S*D 10 4.40 <0.0001   2.87 <0.01 

Residuals 71           

              

    3 to 8 cm   > 8 cm 

  df F-value p-value   F-value p-value 

Site (S) 7 17.80 <0.0001   4.66 <0.001 

Density (D) 2 1.71 0.19   0.78 0.46 

S*D 10 5.08 <0.0001   0.81 0.62 

Residuals 71           

 

 

Table A5: Anova results of the categories of the trait Bioturbation comparing sites and shoot density 

levels (bare, low, and high). 

    None   Biodiffusers   Up- and downward 

  df F-value p-value   F-value p-value   F-value p-value 

Site (S) 7 24.35 <0.0001   25.65 <0.0001   12.02 <0.0001 

Density (D) 2 4.61 <0.05   0.07 0.93   0.06 0.94 

S*D 10 4.73 <0.0001   3.42 <0.01   1.16 0.33 

Residuals 71                 
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APPENDIX 2 

We explored the variation trends of seagrass attributes across sites and countries using 

Principal Components Analysis on standardized data (performed in R programing 

environment using the vegan package). Since some of the attributes were highly collinear 

(Pearson correlation >0.8), only five attributes were used in the PCA: shoot density, shoot 

length, above-ground biomass, below-ground biomass, and number or leaves. Bare sediment 

plots were not included in the PCA.  

The PCA depicting the variation trends of seagrass attributes across countries and sites 

showed gradients in seagrasses attributes associated to the first two axes (Figure 1). The first 

axis explained 34.6% of the total variation and was mostly associated to changes in above-

ground biomass, shoot mean length, and number of leaves. The second axis explained 28.9% 

of the total variation and was associated to changes in seagrass shoot density, below-ground 

biomass, and shoot length. The mean number of leaves per shoot was also associated to the 

second axis, but in a smaller degree. European seagrass meadows were characterized by 

shorter shoot leaves and smaller above-ground biomass comparing to the Japanese and 

American meadows. Differences between American and Japanese meadows were related to 

the second axis. Internal variability in European meadows was mostly related to the second 

axis. Although the clear superposition of European meadows, Finland tended to present lower 

shoot density and above-ground biomass. 

 

 

Figure 1: Principal Components 

Analysis depicting the variation trends 

in the seagrass attributes for each site 

within each country. Symbol legends: 

Bod=Bodega Bay (U.S.A.); Fin = 

Finland; Fra = France; Nor = Norway; 

Jap = Japan. Vector codes: n.leaves = 

average number of leaves. 
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