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CHAPTER 3 
 

 
Effects of alien species on taxonomic and functional 

diversity of intertidal soft-bottom macrobenthic 

assemblages 
 

 

Joao B. Gusmao, David W. Thieltges, Paulo Lana, Britas Klemens Eriksson 
 

 

ABSTRACT 

Biological invasions affect the abundance and diversity of native species across the globe. 

However, the functional consequences of such species replacements are often unclear and 

highly variable. We investigated how increasing number and biomass of alien species affected 

both taxonomic and functional diversity of macrobenthos on tidal flats in the Dutch Wadden 

Sea, during a period (1994 to 2008) when many new species established in the area. The 15-

year dataset was made up of samples collected twice a year (spring and fall) from six fixed 

transects in two different sites: Balgzand and Piet Scheveplaat. At Balgzand, the number and 

biomass of alien species increased strongly over time, making up almost 45 percent of the 

total biomass in 2008. At Piet Scheveplaat, the impact of alien species was persistently low. 

The community composition changed significantly at both sites, but diverged strongly over 

time, demonstrating different histories of species replacement between the sites. At Balgzand, 

the increase in alien species correlated with a general increase in species richness as well as in 

functional richness, eveness and divergence, while the Shannon diversity index decreased. 

Thus, the alien species increased richness by adding new species and relatively uncommon 

traits to the community, such as epifaunal supension feeders, but at the same time they 

changed community structure dramatically by becoming highly dominant species. The large 

influence of alien species traits also changed potential community function; the bioturbation 

potential increased in Balgzand because of an increased abundance of large, deeper living 

species such as Ensis directus; and decreased in Piet Scheveplaat where medium-sized, 

shallow living biodiffusers such as Cerastoderma edulis increased instead. This study showed 

that alien species can boost functional diversity, with potential effects on functioning of the 

new species assemblages, implying that further studies will be needed to develop a 

mechanistic relationship between functional diversity indices and actual ecosystem function. 
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INTRODUCTION 

The establishment of alien species is a major environmental threat due to the potential impacts 

on local communities, food webs, and ecosystems (Mack et al. 2000, Sala et al. 2000, 

Ehrenfeld 2010). Alien species may be detrimental for native species by introducing 

additional ecological interactions, thereby intensifying competition and predation (Bøhn et al. 

2008), with potentially strong effects on species diversity and abundance. For instance, alien 

species are among the most influencing factors driving local species extinctions on oceanic 

islands (Fritts and Rodda 1998, McKinney and Lockwood 1999, Gurevitch and Padilla 2004) 

and a recent meta-analysis showed that plant invasions in general decrease the abundance and 

diversity of native species (Vilà et al. 2011). Some alien species are ecosystem engineers that 

can physically change their environment, modulating the abiotic environment and availability 

of resources for other species (Sousa et al. 2009). Thus, alien species can cause functional 

changes in local species assemblages both by introducing new biological functions and/or by 

changing the abundance of native species with specific functional traits. 

Studies addressing how benthic assemblage structure changes as a result of biological 

invasions are common in the literature, focusing mainly on negative effects on the taxonomic 

richness and biomass of native species (Thomsen et al. 2014b, 2014a). Effects of invasive 

alien species on native food-webs can be dramatic (e.g. Jormalainen et al. 2016), but in 

general, the impact on native species depends on the time scale and site-specific factors such 

as disturbances, environmental conditions, and community dynamics (Hewitt et al. 2016). The 

use of species functional traits to assess potential effects of disturbances on assemblage 

function in marine environments notably increased in the past 10 years and have produced 

fruitful information over how environmental conditions can affect macrobenthic functional 

diversity (Gusmao et al. 2016). However, studies using a functional trait approach to assess 

temporal changes in assemblages in marine systems are scarce (Villnäs et al. 2011, Hewitt et 

al. 2016). Hewitt et al. (2016) is the only study that assessed the consequences of biological 

invasions on benthic functional diversity along long time series (>40 years). They found 

different trends in trait beta diversity among locations as alien species increased in abundance, 

suggesting that the effects of the invaders on assemblage trait composition could be highly 

dependent on local community dynamics (Hewitt et al. 2016). Addressing how functional 

diversity is affected by increasing number and biomass of alien species in space and time, is 

fundamental to construct a more complete picture of how alien species affect local 

assemblage structure and ecosystem function. 
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The Wadden Sea is a suitable model environment to study the effects of alien species 

on spatial and temporal trends of macrobenthic functional diversity. Long-term benthic 

monitoring programmes have been conducted in different regions in the Wadden Sea. Such 

efforts generated an abundant literature over the ecology of the macrobenthos in the Wadden 

sea (Beukema 1976, Beukema and Cadée 1997, Philippart et al. 2003, Beukema and Dekker 

2011b, Beukema et al. 2015). The macrobenthic assemblages of the Wadden sea are relatively 

poor in species diversity and the system has been subjected to major human disturbances in 

the past century, such as large-impact dredging, overfishing, and coastal engineering changing 

the structure of the food-web (de Jonge et al. 1993, de Jonge and van Beusekom 1995, Lotze 

et al. 2005). Besides the local impacts, food-web dynamics may have been largely impacted 

by climate change, for example decreasing reproduction success of bivalves by trophic 

mismatch (Beukema and Dekker 2014). Natural disturbances driven by currents, wind, and 

storms also play an important role in shaping the local biological assemblages, making it a 

very dynamic ecosystem (de Jonge et al. 1993, de Jonge and van Beusekom 1995). This 

combination of a highly disturbed system with low species diversity and changing 

environmental conditions suggest a fertile environment for the establishment of invaders, 

since vacant and new ecological niches may be available (Karlson et al. 2015). Accordingly, a 

number of dominant alien species such as the razor clam Ensis directus and the oyster 

Crassostrea gigas have been thriving in the Wadden Sea in the past decades (Troost 2010, 

Dekker and Beukema 2012).  

In this study, we investigated how increasing numbers and biomass of alien species 

have affected both taxonomic and functional diversity of macrobenthos on tidal flats in the 

Dutch Wadden Sea from 1994 to 2008, a time period when many new species established in 

the area. We used a long-term monitoring dataset (MON*BIOLOGIE; Rijkswaterstaat and the 

Royal Netherlands Institute for Sea Research, the Netherlands) made up of samples collected 

twice a year (spring and fall) at two different sites that were very differently impacted by 

introduced species. To identify effects of the species invasions on macrobenthic assemblages 

we adapted a functional trait approach where each species is represented by an optimal trait 

matrix. First, we analyzed the effect of alien species on community composition in the 

Wadden Sea. Then we compared effects on taxonomic and functional diversity indices over 

time; and evaluated changes in potential community functions based on specific traits. The 

aim of the research was to identify potential effects of alien species on taxonomic and 

functional diversity of macrobenthic species assemblages in the Wadden Sea; and to identify 
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how major changes in community composition and taxonomic diversity are reflected by 

different functional indices and potential functions calculated from species trait distributions.  

 

METHODS 

Study sites and sampling 

The Wadden Sea is a sheltered coastal system characterized by a landscape of barrier islands 

and tidal flats that extends from the Netherlands to Denmark. The entire system has an area of 

approximately 8000 km
2
, with more than a quarter of this area (~2500 km

2
) in Dutch territory 

(Wolff 2000). The highly dynamic geomorphology of islands and tidal flats in the Wadden 

Sea is mostly affected by tides, wind and sediment particle transport from the North Sea (de 

Jonge et al. 1993). The Wadden Sea can be described as an estuarine system since it receives 

substantial inputs of fresh water from continental drainage. The salinity gradients vary 

depending on a number of factors, such as season, proximity to inlets, precipitation, and 

pumping for water regulation in mainland (de Jonge et al. 1993). The tides are semi-diurnal 

and driven by the tide in the North Sea. The tidal amplitude varies across the system, ranging 

from 1.4 to 3.4 m (Postma 1982).  

The analyzed dataset comprised two different sites in the Dutch Wadden Sea (Figure 

1): Balgzand (52°55’N 4°49’E), a 50 km
2
 tidal flat area with average depth of -0.71 ± 0.3 m 

located next to the Marsdiep inlet in the westernmost part of the Wadden Sea; and Piet 

Scheveplaat (53°23’N 5°47’E), a wide tidal flat area with average depth of -0.07 ± 0.5 m 

located next to the island of Ameland. The dataset was generated by the environmental 

monitoring project MON*BIOLOGIE (dataholder: Rijkswaterstaat; conducted by the Royal 

Netherlands Institute for Sea Research: Monitoring Bodemfauna Waddenzee and Eems-

Dollard). Samples were collected from three fixed transects distributed within each site 

(Figure 1). Samples were taken twice a year, during spring (February-April) and fall (August-

September), using the same sampling design along 15 years (from 1994 to 2008). 
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Figure 1: Above: map of the Dutch Wadden Sea showing the sampling sites (black frames) where the 

monitoring data that were used for the analyses were collected between 1994 and 2008: Balgzand 

(left) and Piet Scheveplaat (right). Below: maps of each site showing the position of each of the three 

transects placed within each site (black rectangles). 

 

Transects at Balgzand were ~1000 m long in which 50 sampling stations separated by 

intervals of 20 m were distributed in line. PVC corers with different diameters were used to 

sample in spring (15.5 cm wide) and fall (10.7 cm wide). In both cases, the sampling depth 

was 35 cm. Samples from five successive sampling stations were taken together, thereby 

obtaining 10 composed samples per transect. In Piet Scheveplaat, transects were ~760 m long 
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with 20 sampling stations distributed in line 38 m apart from each other. Two subsamples 

were taken at each station and then combined, resulting in 10 composed samples per transect . 

The samples were sieved out in the field through a 1 mm mesh sieve, and species were 

identified in the laboratory. Species were quantified using ash-free dry weight (AFDW) per 

m
2
 for each transect. 

An extra sediment sample (8 cm deep) was taken from each transect for analysis of 

sediment silt percentage, organic matter, and CaCO3 concentrations. The total amount of 

carbon (C total) was determined using gas chromatography and thermal conductivity 

detection. The amount of organic carbon (C organic) was determined in the same way, but 

after pre-treatment of the sediment with HCl. The amount of CaCO3 was calculated by 

subtracting C organic from C total. Silt content was estimated using the pipette method (Gee 

and Bauder 1986). All values are given as percentages of the total weight of sediment 

samples. No consistent trends were observed in environmental variables across sites, seasons 

and years (Figure A1). 

 

Data analysis 

Since we have a priori assumptions about differences in assemblage structure dynamics over 

different seasons (spring and fall), separated analyses were made for each season. Temporal 

changes in assemblage taxonomic and functional diversity were analyzed by fitting linear or 

polynomial regressions considering site as a fixed factor (since we knew that Balgzand and 

Piet Scheveplaat would present contrasting assemblages). Best model selection (linear or 

polynomial) was based on the smallest Akaike Information Criterion (AIC). Taxonomic alpha 

diversity was quantified (per transect) as species richness, number of native species, number 

of alien species, and Shannon diversity index based on biomass (H’). We also analyzed 

changes in native species biomass, and alien species biomass (g/m² per transect). 

Changes in species composition across years and sites were analyzed using 

Constrained Analysis of Principal Coordinates (CAP) and PERMANOVA based on the same 

linear model used in the univariate analysis. Both CAP and PERMANOVA analysis were 

based on pairwise Bray-Curtis dissimilarities on square-rooted species biomasses. 

For the functional diversity analysis, a functional trait matrix was generated by 

classifying the species according to six functional traits: bioturbation type, depth penetration 

in the sediment (in cm), body size (in mm), feeding mode, longevity (in years), and relative 

adult mobility (adapted from Jones & Frid 2009). These six traits were further sub-divided 

into modalities representing the range of variation for each functional trait (Box 2). Fuzzy 
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coding (Chevenet et al. 1994), ranging from 0 to 3, was used to classify each species 

according to its association to each functional trait modalities. The scores within each 

functional trait were standardized in a way that the sum of the modalities of each functional 

trait was always 3. The information about species traits was collected from online data bases 

(MarLIN 2006, Faulwetter et al. 2014), literature (Queirós et al. 2013, Donadi et al. 2015a, 

2015b, Jumars et al. 2015, van der Zee et al. 2015) and by consulting specialists. 

Functional alpha diversity was analyzed by calculating three multivariate indices 

based on the Villéger, Mason & Mouillot (2008) framework: functional richness (FRic), 

functional evenness (FEve), and functional divergence (FDiv). These indices are based on the 

assemblage functional trait space, a multivariate space represented by a principal coordinates 

analysis (PCoA) of the pairwise Euclidean distances of species functional traits. FRic 

estimates the total range of the functional traits in an assemblage by measuring the convex 

hull volume formed by the species of a given assemblage in the functional trait space. Since 

FRic is based on species incidence data, it only can be affected by adding/removing species 

with unique trait values/combinations (Villéger et al. 2008). FEve estimates the evenness of 

the biomass distribution across species in the trait space of a given assemblage. It is calculated 

as the biomass weighted sum of the branch lengths of the minimum spanning tree that 

connects all the species of a given assemblage (Villéger et al. 2008). FDiv estimates how 

dispersed the species biomasses of a given assemblage are in the functional trait space. It is 

calculated by measuring the biomass weighted distances of all species in relation to the mean 

distance to the gravity center of the functional trait space (Villéger et al. 2008). The 

relationship between functional diversity and taxonomic diversity was analyzed by fitting 

linear models. 

Finally we calculated the bioturbation potential (BPc) of the assemblage according to 

Solan et al. (2004) and Queirós et al. (2013). Bioturbation potential takes into account three 

biological traits known to influence bioturbation activity: body size (expressed by the ratio 

biomass:abundance), mobility (Mi), and type of sediment reworking (Ri). Mi and Ri values 

(varying from 0 to 3 and 0 to 4, respectively) reflect the intensity the species can affect 

sediment structure. Bioturbation potential (BPc) was calcuted with the formula : 

𝐵𝑃𝑐 =  ∑ √𝐵𝑖/𝐴𝑖

𝑛

𝑖=1

 × 𝐴𝑖 × 𝑀𝑖 × 𝑅𝑖 

Bi and Ai are the biomass and abundance of species/taxon i in a sample. Trait scores of Mi and 

Ri were obtained from Queirós et al. (2013). 
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Analyses were performed in R programing environment (R Development Core Team 

2009) using the associated packages: vegan (Oksanen et al. 2009) for CAP, PCA, 

PERMANOVA, and taxonomic diversity indices; and FD (Laliberté and Shipley 2011) for 

functional diversity indices. 

 

RESULTS 

Species diversity 

A total of 286,797 individuals from 105 taxa were identified along the entire study period. 

Eleven species were identified as non-native of the Dutch Wadden Sea (based on Buschbaum, 

Lackschewitz & Reise 2012), which include 3 bivalves (Crassostrea gigas, Ensis directus, 

Petricolaria pholadiformis), 1 gastropod (Crepidula fornicata), 5 polychaetes (Alitta virens, 

Aphelochaeta marioni, Marenzelleria viridis, Marenzelleria wireni, Streblospio benedicti), 

and 2 crustaceans (Hemigrapsus takanoi, Austrominius modestus). These species presented 

variable functional traits, occupying different parts of the functional trait space of the 

assemblages but generally overlapping with the trait distributions of native species (Figure 2). 

Three species, C. gigas, C. fornicata and A. modestus occupied a position in the upper left 

functional trait space (Figure 2), mostly related to sessile, surface dwellers with no bioturbator 

behavior; trait categories that are shared with the native blue mussel Mytilus edulis. 

 

 

Figure 2: Functional trait space of macrobenthos assemblages from the Dutch Wadden Sea, 

constructed from a PCA based on fuzzy scores of assigned trait categories. Left: distribution of native 

(blue) and alien (red) species in the functional trait spaces. All the alien species and also the most 

common native species are named. Right: vectors of each functional trait category used for the 

analysis. 
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The macrobenthic community changed considerably across the years in both seasons, 

but the two sites diverged towards distinctly different species compositions. The CAP 

ordinations showed that the community composition at the two sites was located relatively 

close together in ordination space in the 1990s, and that they were clearly separated in the 

2000s (Figure 3, Appendix tables 1 and 2). In general, the first axis explained more than 70% 

of the total variation and was related to differences between sites. The second axis explained 

more than 15% of the total variation and was related to changes across the years. Accordingly, 

the PERMANOVAs showed that trends across the years were significantly dependent on the 

analyzed site (Table 1). The divergence in community composition over the years was related 

to site specific changes in the biomass dominant species (Table A2). Balgzand was dominated 

by the bivalves M. edulis (14.9 ± 23.6 g/m²) and Mya arenaria (11.4 ± 12.6 g/m²) in 1994, but 

in 2008 the non-native razor clam Ensis directus became the dominant species (22 ± 34.4 

g/m²). Piet Scheveplaat was dominated by M. edulis (18.3 ± 44.6 g/m²) and M. arenaria (10.6 

± 15.7 g/m²) in 1994, while in 2008 the dominant species were the cockle Cerastoderma 

edule (19.23 ± 18.34 g/m²) and the polychaete Arenicola marina (7.6 ± 4.7 g/m²). 

 

 

Figure 3: CAP ordinations depicting variation trends in assemblage species composition across years 

and sites for each season. Years are indicated from dark (1994) to lighter (2008) colors; Site Balgzand 

is indicated with symbols within a square; Site Piet Scheveplaat is indicated with symbols without a 

framing square.  
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Table 1: PERMANOVAs of each season comparing species composition across sites and years. Tests 

were based on Bray-Curtis dissimilarities on square-rooted species biomass and conducted on 9999 

permutations. 

    Spring   Fall 

  df Pseudo-F R² p-value   Pseudo-F R² p-value 

Year 1 3.52 0.03 0.003   4.10 0.04 0.002 

Site 1 15.82 0.14 0.0001   15.18 0.14 0.0001 

Year*Site 1 3.78 0.03 0.003   3.65 0.03 0.003 

Residuals 86   0.79       0.79   

 

The divergence in community composition between the sites over the years were 

related to alien species rearranging the community structure in Balgzand, but not in Piet 

Scheveplaat. In Balgzand, there was a continuous increase in the number of alien species from 

1 ± 0.6 in 1994 to 4 ± 1.1 species in 2008 (Figure 4a; Table 2) and alien species biomass 

increased dramatically from 2005 onwards (Figure 4b; Table 2); before 2005 the biomass of 

alien species on Balgzand was on average 9 % and between 2005 and 2008, the average was 

47 %. At the same time, both total and native species richness increased (Figure 4c-d; Table 

2), while there was a marginal decrease in native species biomass (Figure 4e; Table 2). At Piet 

Scheveplaat, alien species richness showed no directional changes for spring (~1.3 ± 0.9 

species) and a continuous decrease in fall (from 3.6 ± 1.5 species in 1994 to 2 ± 0 species in 

2008; Figure 4a; Table 2); and alien biomass showed low and temporally consistent values of 

less than 1 percent of total biomass (Figure 4b). Total species richness and the number of 

native species decreased at Piet Scheveplaat in fall (Figs 4c and 4d). Shannon diversity 

decreased across the years for both sites and seasons (Figure 4f). 
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Figure 4: Trends in species diversity and biomass of alien and native species over the years for both 

spring and fall at Balgzand and Piet Scheveplaat. The regression lines show fit of the statistical 

models: black line show Balgzand, grey line show Piet Scheveplaat. 
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Table 2: ANCOVAs of the fitted linear models of taxonomic diversity across sites and years. 

    Alien species number  Alien species biomass 

    Spring   Fall   Spring   Fall 

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

Site 1 30.98 <0.0001   8.42 0.005  15.97 0.0001   9.40 0.003 

Year 1 15.68 0.0002   0.02 0.9  7.61 0.0009   4.87 0.03 

Year*Site 1 18.03 0.0001   37.37 <0.0001  7.92 0.0007   5.43 0.02 

Adjusted R²:   0.41   0.32  0.32  0.16 

p-value:   <0.0001   <0.0001  <0.0001  0.0005 

                          

    Species richness   Native species number 

    Spring   Fall   Spring¹   Fall 

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

Site 1 0.24 0.6   10.40 0.002   0.69 0.4   22.22 <0.0001 

Year 1 2.39 0.1   0.02 0.9   0.63 0.4   0.05 0.8 

Year*Site 1 3.61 0.06   16.63 0.0001   1.28 0.3   9.54 0.003 

Adjusted R²:   0.04   0.21   <0.005   0.24 

p-value:   0.1   <0.0001   0.5   <0.0001 

                          

    Native species biomass   Shannon diversity index 

    Spring   Fall    Spring¹   Fall 

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

Site 1 3.58 0.06   1.83 0.2   12.87 0.001   6.86 0.01 

Year 1 0.44 0.5   3.73 0.06   7.64 0.001   9.12 0.003 

Year*Site 1 1.01 0.3   0.40 0.05   0.22 0.8   0.44 0.5 

Adjusted R²:   0.02    0.03   0.21   0.13 

p-value:   0.2    0.1   0.0001   0.002 
¹Polynomial fit (2

nd
 degree) 

 

Functional diversity 

The increased dominance of alien species enriched functional diversity and changed the 

potential bioturbation function of the community. At Balgzand, there was a significant 

increase in functional richness (FRic) and divergence (FDiv) across the years, while at Piet 

Scheveplaat there were no directional trends in spring and weak decreases in fall (Figure 5a-b, 

Table 3). Functional evenness (FEve) increased over the years across seasons and sites 

(Figure 5c, Table 3). For bioturbation potential there were no trends in spring, but in fall it 

increased at Balgzand and decreased at Piet Scheveplaat between 1994 and 2008 (Figure 5d, 

Table3). The increasing trend in functional divergence at Balgzand did not correlate with total 

or native species richness, but was associated with increasing number and biomass of alien 

species (Figure 6). The enrichment of the functional indices by alien species was in general 

related to non-native species with positions in the functional trait space related to sessile, 
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surface dwellers with no bioturbator behavior, notably the Pacific oyster Crassostrea gigas 

(Figure 2 & 7, Figure A2 & 3). In contrast, the increase in bioturbation potential at Balgzand 

was linked to another non-native species – the biodiffuser Ensis directus (Figure 2 & 7, 

Figure A2 & 3) – that strongly increased the total biomass of large (above 80 mm) species 

(Figure A2 & 3). Thus, some alien species contributed more to the functional diversity indices 

than to the bioturbation potential function. At Piet Scheveplaat, the generally declining large 

native bivalves (Mya arenaria and Mytilus edulis; 80-160 mm) were replaced by medium-

sized (5-20 mm), shallow living biodiffusers such as Cerastoderma edulis, that have 

intermediate positions in the functional trait space of the assemblage and contribute less to the 

bioturbation potential (Figure 2 & 7, Figure A2 & 3). This was reinforced by the changes in 

biomass distribution in the assemblage functional trait space (Figure 7, Figure A2 & 3). 

 

 

Figure 5: Trends in indices functional richness (FRic), functional divergence (FDiv), and functional 

evenness (FEve) and bioturbation potential (BPc) over the years for both spring and fall samples at 

Balgzand and Piet Scheveplaat. The regression lines show fit of the statistical models: black line show 

Balgzand, grey line show Piet Scheveplaat. 
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Table 3: ANCOVAs of the fitted linear models testing the effects of  sites and years on functional 

diversity indices (FRic, FDiv, and FEve) and bioturbation potential (BPc). 

    FRic   FDiv 

    Spring   Fall   Spring   Fall 

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

Site 1 0.54 0.5   0 1   606 <0.0001   285 0.0007 

Year 1 0.84 0.4   0.06 0.8   74 0.0007   23 0.1 

S*Y 1 23.89 0.1   101.01 0.002   76 0.007   145 0.0003 

Adjusted R²: 0.009   0.07   0.45   0.32 

p-value:   0.3   0.2   <0.0001   < 0.0001 

                          

    FEve   BPc 

    Spring   Fall¹   Spring   Fall 

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

Site 1 10 0.3   67 0.01   10.58 0.002   1.63 0.2 

Year 1 153 0.0002   62 0.003   0.94 0.3   0.85 0.4 

S*Y 1 22 0.1   0.044 0.9   0.001 1.0   6.23 0.01 

Adjusted R²: 0.15   0.14   0.087   0.06 

p-value:   < 0.001   0.003   0.01   0.04 

¹Polynomial fit (2
th

 degree) 
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Figure 6: Relationship between functional divergence (FDiv), taxonomic diversity and the 

biomass of alien macrobenthic species at Balgzand in the Wadden Sea, from 1994 to 2008. 
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Figure 7: PCAs representing the macrobenthic functional trait space at Balgzand and Piet Scheveplaat 

in spring and fall in 1994 and 2008. Point sizes are proportional to species biomass. Red = alien 

species; blue = native species. See Figure 2 for species positions and Appendix 7 and 8 for all years. 

 

DISCUSSION 

Our analyses show that alien species are not only associated with major changes in 

macrobenthic community composition in the Wadden Sea, but also with changes in functional 

diversity and potential ecosystem function. The two study sites, Balgzand and Piet 

Scheveplaat, demonstrated large diverging changes in species composition over the years. 

Species composition and functional diversity were similar between sites in 1994, when both 

sites were dominated by the bivalves Mytilus edulis and Mya arenaria. Since 2005, at 

Balgzand several alien species have become dominant and restructured the community. At 

this site, the surge in non-native species has lead to increasing species richness and functional 

diversity by adding new species with distinct traits to the community, in particular 

Crassostera gigas, Crepidula fornicata and Austrominius modestus. At the same time, the 

strong increase in biomass of the large, deeper living species Ensis directus, which has 

become the dominating species in the community, increased the bioturbation potential of the 

assemblage. In addition, native species showed changes in composition and biomass over the 

years, either driven by interactions with alien species or due to environmental and other 

factors. Hence, it is not only specific functional trait profiles but also changes in dominance of 

alien species in an assemblage that underlie the changes in functional diversity of invaded 

assemblages. Interestingly, at Piet Scheveplaat species richness, functional diversity and 

bioturbation potential all showed the opposite trends and declined. Also at Piet Scheveplaat 
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the species composition changed dramatically over 15 years, but here losses of the native 

bivalves have been replaced by other native bivalves, and the precence of invaders was 

consistently negligable. 

The diverging trends in species composition between the sites may depend on a 

number of environmental drivers and/or human impacts that modulate community dynamics. 

For instance, changes in recruitment rates due to disturbances can have site-specific effects on 

local communities (Zajac et al. 1998, De Grave and Whitaker 1999). Indeed, mechanical 

shellfish dredging and mussel extraction, as well as an increasing frequency of mild winters 

have all been associated to declines in the recruitment of native bivalves in the Wadden Sea, 

mostly driven by decreases in larval supply and recruitment success (Piersma et al. 2001, 

Philippart et al. 2003, Nehls et al. 2006, Eriksson et al. 2010). This might explain some of the 

general declines in species dominance; since for example the recruitment success of Mytilus 

edulis is highly dependent on winter temperature (Kautsky 1982, Myint and Tyler 1982) and 

both Macoma baltica and Mya arenaria have been shown to suffer strongly from the 

mechanical fishing disturbances that was common in the Wadden Sea in the late 1990s 

(Piersma et al. 2001). At the same time, some invaders such as the Crassostera gigas has been 

favored by the warmer winters during the past decades (Nehls et al. 2006). However, this does 

not explain why only Balgzand was enriched by a number of new non-native species, while 

Piet Scheveplaat was gradually losing species. We did not found any consistent changes in 

sediment properties across the years (Figure A1), suggesting that the trends in assemblage 

structure were not driven by changes or differences in the substrate. However, the tidal 

amplitude is higher at Piet Scheveplaat and these sampling transects may have been higher up 

in the intertidal than those at Balgzand. This may explain why Piet Scheveplaat became 

dominated by Cerastoderma edule instead of E. directus, because C. edule is a species that 

thrive higher up in the intertidal than E. directus.  

 Diverging trends in the current community composition betweem the two sites may 

also be related to biological factors such as differential effects of ecosystem engineers on the 

local assemblages. Many non-native bivalves are known to be ecosystem engineers that 

modify the habitats they are introduced to (Sousa et al. 2009). Ecosystem engineers modulate 

resource and habitat availability to other organisms, promoting or hindering the occurrence of 

certain species (Jones et al. 1994). In the Wadden Sea, the reef-forming blue mussel Mytilus 

edulis form hard-substrate habitats on the predominantly soft tidal flats (Ragnarsson and 

Raffaelli 1999) (Dittmann 1990, Ragnarsson and Raffaelli 1999, Buschbaum et al. 2009); 

changing the surface microtopography and local hydrodynamics, creating sheltered areas with 
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increased sedimentation rates next to the reefs (van der Zee et al. 2012, Donadi et al. 2013b). 

Such effects allow the occurrence of hard-substrate epifauna within the reefs and also favors 

the occurrence of other benthic organisms in the surrounding areas (Dittmann 1990, 

Buschbaum et al. 2009, Donadi et al. 2013b). Thus, decreases in M. edulis populations would 

most likely result in large losses of associated macrobenthic diversity (Eriksson et al. 2010, 

van de Koppel et al. 2015). Accordingly, we observed in Piet Schveplaat that the large 

decrease in M. edulis was followed by a decrease in associated species, suggesting a 

cascading effect of the loss of M. edulis reefs. At Balgzand, on the other hand, the non-native 

Pacific oyster Crassostera gigas, which also is a reef-forming epifaunal species, increased 

strongly after the decline of M. edulis and replaced much of the vanishing hard-substrate. In 

addition, the deep digging razor clam, Ensis directus, that today dominates the community on 

Balgzand, engineer the substrate by increase oxygen penetration and interstitial water 

exchange to deep sediment layers (Armonies 2001). Accordingly, E. directus contributed 

strongly to an increase in the bioturbation potential of the community at Balgzand, and the 

improved aeration of the sediment may have favored other non-native species, in particular 

polychaetes, that live in the deeper layers of the sediment; such as Alitta virens, Marenzelleria 

viridis and M. wireni. 

 We have demonstrated that non-native species have modified the functional trait space 

of the macrobenthic community. At the same time, the non-native bivalves seem to counteract 

the losses of functional diversity and ecosystem engineering services performed by declining 

native species. In addition, they have become an important part of the food-web, where for 

example the razor clam E. directus have become an important food item for fishes and 

seabirds (Tulp et al. 2010). However, caution is necessary when deriving conclusions about 

ecological value of non-native species from increases in functional diversity and/or apparent 

replacement services when native species decline; because the complexity of trophic and non-

trophic interactions among native and alien species makes it difficult to predict effects. For 

example, as Mytilus edulis and Crassostera gigas share more or less the same functional trait 

space, they may compete, suggesting that increases in C. gigas populations could influence 

the recovery of M. edulis. However, evidence for strong competition effects and negative 

impacts of oysters on mussel is poor (Markert et al. 2009, Troost 2010). Although not sharing 

trait space with native species, E. directus, is an important food item for predators in the 

Wadden Sea and may trigger indirect interactions such as apparent competition (Bonsall and 

Hassell 1997), which could drive a decline of native species that share the same predators. 

Therefore, despite the increased functional diversity and species number, negative feedbacks 
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could emerge from the rearrangement in the functional trait space, potentially harming 

different components of the native macrobenthic assemblages. 

In this study, we have shown that alien species can boost taxonomic richness and 

functional diversity of intertidal soft-bottom macrobenthic species assemblages. However, it 

is not clear how this translates into actual ecosystem functions, because at the same time, the 

alien species rearranged the functional trait structure and changed potential functioning of the 

species assembly. For infauna, bioturbation is an essential ecosystem service that influences 

key habitat characteristics of the sediment, such as grain size and sediment stability (de 

Deckere et al. 2001, Kristensen et al. 2012). By increasing sediment resuspension and 

interstitial water exchange, bioturbation also impact the above water column, increasing 

nutrient concentrations and the amount of sediment re-suspended in the water (Biles et al. 

2002). Thus, by increasing the bioturbation potential, non-native species may be important for 

the perceived water quality of sedimentary coastal ecosystems, with potential impact on water 

clarity and algal bloom development. This highlights the need to develop functional diversity 

indices that have a clear mechanistic relationship with actual ecosystem functions which 

would allow to better evaluate the importance of different assemblages composition and 

functional diversity for specific ecosystem functions. 
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APPENDIX 

 

 

Figure A1: Principal Components Analysis (PCA) depicting variation trends in organic matter (om), 

silt percentage (silt), and CaCO3 across sites, seasons, years. 

 

 

Table A1: Accumulated constrained eigenvalues and importance of components of the CAP 

ordinations of Bray-Curtis dissimilarities based on square-rooted species biomass. 

  Spring   Fall 

  CAP1 CAP2   CAP1 CAP2 

Eigenvalue 2.16 0.46   2.00 0.51 

Proportion Explained 0.73 0.16   0.70 0.18 

Cumulative Proportion 0.73 0.89   0.70 0.87 
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Table A2: Sores of the 12 species that better explained trends in CAP ordinations of Bray-Curtis 

dissimilarities based on square-rooted species biomass. 

  Spring   Fall 

Species CAP1 CAP2   CAP1 CAP2 

Arenicola marina 0.29 0.03   0.25 -0.01 

Cerastoderma edule 0.61 0.20   0.65 0.08 

Crassostrea gigas -0.16 0.19   -0.18 0.15 

Ensis directus -0.97 0.83   -1.21 0.82 

Hediste diversicolor -0.02 -0.07   -0.09 -0.09 

Heteromastus filiformis -0.07 -0.13   -0.16 -0.07 

Lanice conchilega 0.08 0.07   0.12 0.02 

Macoma balthica 0.24 -0.06   0.20 -0.10 

Marenzelleria wireni -0.15 -0.02   -0.17 -0.02 

Mya arenaria -1.95 -0.32   -1.67 -0.38 

Mytilus edulis -0.37 -0.51   -0.39 -0.65 

Peringia ulvae 0.19 0.01   0.25 0.06 

 

  



CHAPTER 3 

68 
 

 

Figure A2: PCAs depicting changes in the functional trait space and species biomass (bubble size) for 

the season spring across years and sites. Blue = native species; red = alien species. See Figure 2 for 

species positions. 
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Figure A3: PCAs depicting changes in the functional trait space and species biomass (bubble size) for 

the season fall across years and sites. Blue = native species; red = alien species. See Figure 2 for 

species positions. 
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