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Marine aggregates have been intensively extracted in the North-East Atlantic over the past decades. This study aimed to assess the effect of sand extraction on benthic ecosystem functioning using a combination of biological traits and functional indices (the bioturbation (BPc) and irrigation potential (IPc) and secondary production (SPc) of the macrobenthic community). Data on macrobenthos, sediment properties and extraction intensity were collected over a time period of ten years (2010 – 2019) for three coarse sediment extraction areas in the Belgian Part of the North Sea, each with a different extraction regime. Sediment parameters such as the medium sand fraction (250 – 500 µm) and median grain size showed a significant effect on all functional indices. Whilst sand extraction variables only significantly affected secondary production estimates. The secondary production of the macrobenthic community decreased following a high yearly extraction intensity, whereas a high cumulative (10-year period) extraction intensity resulted in a slightly increased secondary production. Species-specific responses revealed that these high cumulative extraction volumes increased the abundance of opportunistic species, which could have contributed to the higher SPc values observed in cumulative disturbed areas. Response traits such as tube-living and sessile individuals with a pelagic egg development were positively influenced by a long-term disturbance, an indication of a more disturbance-tolerant community. A short-term disturbance rather seemed to favor a macrobenthic community characterized by a higher burrowing capability. In terms of effect traits, both short- and long-term extraction clearly favored deposit feeders, which can structure organic matter distribution and thus indirectly influence nutrient and oxygen fluxes as well. Future in situ measurements in sand extraction areas could help to unravel and strengthen our understanding of the ecosystem processes linked to these trait-based observations.
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1 Introduction

Next to petroleum, sand and gravel are among the most extracted mineral resources worldwide, but mining sites on land are getting scarce (Peduzzi, 2014; Torres et al., 2017). The extraction of marine aggregates has become an important alternative since the second half of the 20th century. Over the past 50 years, the yearly extraction of marine aggregates in the North Sea has increased from a few hundred thousand m3 to tens of millions m3 of sand and gravel in recent years (ICES, 2019). It has been proven that marine sand extraction activities exert significant direct and indirect impacts on the physical and biological properties of the seabed (Desprez, 2000; Robinson et al., 2005; Cooper et al., 2007; Krause et al., 2010; Cooper et al., 2011; Waye-Barker et al., 2015; Wyns et al., 2021). Habitat modifications and the removal of sediment and benthic fauna are the main direct and near-field impacts of sand extraction by trailing suction hopper dredgers (De Backer et al., 2014). Resuspension and redeposition of sediments are the main indirect impacts affecting both near- and far-field sediment characteristics which leads to the smothering of benthic organisms (Desprez et al., 2010; Le Bot et al., 2010). Several studies have shown substantial decreases in macrobenthos density, biomass and diversity in response to sand extraction (Desprez, 2000; Krause et al., 2010; Barrio Froján et al., 2011), while other studies observed local increases in density and diversity (Newell et al., 1999; De Backer et al., 2014; Wyns et al., 2021; Desprez et al., 2022). It is clear that the impact on the structural properties of macrobenthic communities (e.g. density, biomass, diversity measures) depends on the site-specific habitat characteristics (sedimentology) and extraction pressure (frequency, spatial extent and intensity of aggregate extraction) (ICES, 2016; Desprez et al., 2022).

Although the structural attributes of macrobenthic communities are good indicators to assess benthic ecosystem health (Dauer, 1993; Borja et al., 2000), they do not fully represent the functional role of macrobenthos in the ecosystem. Macrobenthic organisms can change the oxygen dynamics in the sediment through their particle reworking and burrow ventilation activities, thereby influencing mineralization processes and nutrient cycling (Kristensen et al., 2012; Volkenborn et al., 2019). In addition, macrobenthos also plays a significant role in the transfer of energy to higher trophic levels (Cusson & Bourget, 2005).

Because direct measurements of faunal activities are time-consuming and logistically demanding (Queirós et al., 2013; Van Der Meer et al., 2013), a number of trait-based proxies to approximate the functioning of macrobenthic communities have been developed over the past years (Solan et al., 2004; Bremner et al., 2006b; Brey, 2012; Beauchard et al., 2017; Renz et al., 2018; Wrede et al., 2018; Lam-Gordillo et al., 2020). One such proxy is the bioturbation potential (BPc). It is a functional index representing the sediment reworking capacity (particle transport) of a macrobenthic community based on each taxon’s mobility, feeding mode, biomass and abundance (Solan et al., 2004; Queirós et al., 2013). Another proxy is the irrigation potential of the community (IPc), which is an index for the burrow ventilation capacity of the macrobenthic community (solute exchange at the sediment–water interface), based on multiple traits such as feeding mode, burrowing capacity and injection depth as well as the taxon’s biomass and abundance (Wrede et al., 2018). Both BPc and IPc are indices representing bio-transport activities that can influence the ecosystem functioning by modifying the distribution of oxygen, organic matter (OM) and chemical elements in the sediment (Kristensen et al., 2012; Shull, 2019). Hence, several studies have identified BPc and IPc as important explanatory variables for benthic biogeochemical cycling and oxygen dynamics under different environmental conditions (Braeckman et al., 2014; Wrede et al., 2017; Wrede et al., 2019; Neumann et al., 2021; Toussaint et al., 2021). Furthermore, bioturbation and irrigation activities depend on sedimentary properties such as the median grain size where lower BPc and IPc are expected in areas with larger median grain sizes (Bernard et al., 2019; Gogina et al., 2020; Gogina et al., 2022). The secondary production of the macrobenthic community (SPc) (Brey, 2001; Brey, 2012) is a quantitative measure of the incorporation of energy or organic matter per unit of time and area (Cusson & Bourget, 2005). By integrating population dynamics (e.g. recruitment, mortality, life span, body mass, growth), biotic interactions (e.g. predation) and environmental conditions (temperature, depth), the secondary production can be a useful index for ecosystem health and functioning (Dolbeth et al., 2012).

Another widely used approach to describe changes in ecosystem functioning, besides the functional indices, is the biological trait analysis (BTA) (Bremner et al., 2006a; Bremner et al., 2006b; Bremner, 2008). BTA considers the distribution of species-specific physiological, morphological, behavioral and other relevant biological attributes in a community (Bremner et al., 2006b). To make inferences on how changes in the biological traits community may influence ecosystem functioning, a distinction has to be made between traits that exert an impact on the ecosystem properties (effect traits) and traits that define the response of a species (response traits) to a changing environment or disturbance event (Violle et al., 2007).

These proxies for ecosystem functioning have already been individually applied to assess the impact of anthropogenic activities such as demersal fish trawling (Fleddum et al., 2013; Van Denderen et al., 2015; Hinz et al., 2021; Tsikopoulou et al., 2022), dredge disposal (Birchenough et al., 2012; Bolam et al., 2016; Bolam et al., 2021), sewage discharge (Nasi et al., 2023), noise pollution (Wang et al., 2022) and sand extraction (Barrio Froján et al., 2011; Wan Hussin et al., 2012; Festjens et al., 2023) on ecosystem functioning. However, no proxy represents all processes within the ecosystem. We, therefore, used a combination of both functional indices (BPc, IPc, SPc) and BTA to achieve a more thorough understanding of how sand extraction potentially affects the functioning of the ecosystem.

In the Belgian Part of the North Sea (BPNS), sand extraction is restricted to dedicated concession areas with a long history of benthic environmental monitoring, rendering suitable datasets on sedimentology, sand extraction and biological parameters of the present macrobenthic communities (De Backer et al., 2014; Wyns et al., 2021). Wyns et al. (2021) examined the impact of marine sand extraction over a ten-year period on the structural patterns of the benthic communities in the BPNS. The current study builds further upon those results and the overall aim was to understand the impact of sand extraction on benthic ecosystem functioning by using a combination of trait-based proxies (functional indices and biological traits approach). Hence, following research questions were posed: (I) how does sand extraction intensity affect the three functional indices, BPc, IPc and SPc, (II) how are the effect and response traits affected by changes in both extraction and sediment variables, and (III) which macrobenthic species drive the response of the ecosystem functioning proxies to sand extraction?




2 Materials and methods



2.1 Study area and extraction activity

The Belgian Part of the North Sea, located in the southern North Sea, is characterized by subtidal sandbanks (habitat type 1110 under the EU Habitat Directive). Sand extraction activities are located in specific zones on the crests of certain sandbanks. We focused on three active sand extraction areas (EAs) each with a different extraction regime (Figure 1). In EA1 (Extraction Area 1 on Thorntonbank) and EA2od (Extraction Area 2 on Oostdyck) sand is extracted on a regular basis for industrial applications, while in EA4c (Extraction Area 4c on Oosthinder) sand is extracted irregularly for coastal protection measures. Extraction regimes and volumes are deduced from the Electronic Monitoring System (EMS) present on the extraction vessels operating in the BPNS since 2003. EA1 has been open for extraction since 2003 (Roche et al., 2017), although not much sand was extracted up till 2014 and part of the area (where no extraction has taken place) was closed in October 2010 to serve as a monitoring reference area. EA1 can be defined as a high intensity and high frequency area, with ca 1.5 to 2 million m³ sand extracted per year on an almost daily basis year-round since 2014. EA2od is a smaller extraction area that already opened in 1977, with sand extracted year-round at much lower intensities (yearly extracted volumes since 2010 ca 300,000 m³) (Wyns et al., 2021). EA4c is located furthest offshore and opened in 2012, where sand is extracted at high intensity, but irregularly during short time periods (generally from January to April) in certain years (Wyns et al., 2021). The cumulative volume extracted in EA4c (6.7 million m³ since 2012) is intermediate between those of EA1 (14.2 million m3) and EA2od (2.8 million m3) (Supplementary Material, Figure A1). Previous studies have shown that the natural reference areas of all three EAs are dominated by medium sands (250 – 500 µm) (Verfaillie et al., 2006) and represent a similar habitat type to permeable sediments, characterized by the functionally diverse Hesionura elongata macrobenthic community (Breine et al., 2018). Characteristic species of this reference community exhibit biological traits such as egg brooding, planktotrophic or direct larval development, small maximum sizes (<10 to 100 mm) and relatively short lifespans (Breine et al., 2018). Macrobenthic abundance and biomass in undisturbed permeable sediments are generally low (Wyns et al., 2021), resulting in a low bioturbation and irrigation potential and a low secondary production of the macrobenthic community (Bolam et al., 2014; Braeckman et al., 2014; Breine et al., 2018; Toussaint et al., 2021).




Figure 1 | Sand extraction areas in the Belgian Part of the North Sea (BPNS) according to the marine spatial plan of 2014-2019. The three sand extraction areas used for this study (Thorntonbank – EA1, Oostdyck – EA2od, Oosthinder – EA4c) are visualized in more detail with the cumulative extracted volume (m3 ha-1) from 2003 to 2019, and the corresponding impact (orange) and reference (green) macrobenthos sampling locations. The red shaded zone depicts an area which is closed for extraction activities within the sand extraction area. EMS data from Continental Shelf Service – FPS Economy.






2.2 Data collection, availability and processing



2.2.1 Sand extraction data

Extracted volumes of sand were estimated based on the EMS (Electronic Monitoring System) data recorded on board of each trailing suction hopper dredger active in the BPNS. The automatic registration system registers date, time, position and speed of the ship as well as the pump activity. A complete EMS-dataset for the BPNS is available from 2003 onwards (Van Den Branden et al., 2017) and allows to quantify both yearly and cumulative sand extraction intensities (m3). The yearly sand extraction intensity represents the short-term and direct impact, while the latter focuses on the cumulative impact over the years. Around each sampling location (see 2.2.2), an area with a radius of 50 m was drawn in ArcGIS and the yearly extraction volumes within that area were calculated for the year preceding the macrobenthos sampling. The cumulative sand extraction intensity for the same areas was calculated per sampling location over the period 2003 – 2019.




2.2.2 Grab sample data

The dataset for this study covers 10 years (2010-2019) and was collected during environmental impact monitoring in the framework of sand extraction. For each EA, both impact and reference locations were sampled in autumn (September – October) using a Van Veen grab (surface area 0.1 m²). Sampling locations in the impact zones were defined based on the mapped extraction intensity derived from EMS (Continental Shelf Service – FPS Economy). Reference locations were located at similar depths and similar environmental conditions as the impact locations but without recent or past extraction activities. The number of locations per EA varied over the years based on changes in the extent of sand extraction activities or adaptations to the sampling design of the impact monitoring. Almost all locations were sampled on a yearly basis (Supplementary Material, Table A1), with a total of 454 sampling events at 93 locations distributed over the three extraction areas (Figure 1).

A small subsample was taken from each Van Veen Grab for granulometric sediment analyses, performed with laser diffraction on a Malvern Mastersizer 2000G hydro version 5.40). Grain size fractions between 1 and 2000 µm were defined according to the Wentworth scale. The shell fraction represents the sediment fractions larger than 1600 µm. Additionally, the median grain size of the sand fraction (63 – 2000 µm), hereafter called median grain size (MGS), was calculated.

The remaining of each Van Veen grab sample was sieved over a 1 mm sieve on board the research vessel and preserved in an 8% formaldehyde-seawater solution stained with eosin to facilitate further sorting. All macrobenthic organisms were identified to the lowest taxonomic level possible, and wet-weight measurements were obtained for surface-dried individuals (dried on blotting paper). Macrobenthos identifications were conducted in an ISO-regulated lab environment (NBN EN ISO/IEC 17025), holder of a BELAC T-315 certificate for macrobenthos analyses. Before data analysis, taxa which were not sampled representatively (e.g. meiobenthic and hyperbenthic taxa) or taxa for which insufficient information was available (e.g. mass-to-energy conversion factor for Phoronis sp.) were discarded from the dataset. In case of inconsistent identification to species level, species were lumped to the next higher taxon level. All taxon names were verified using the WoRMS taxon match tool (WoRMS Editorial Board, 2023).

For a more detailed overview and additional background information concerning the data collection procedures for the sand extraction variables and the sediment and biological parameters, we refer to Wyns et al. (2021).




2.2.3 Functional indices

The bioturbation potential of the macrobenthic community (BPc), an index of how benthic taxa affect ecosystem functioning (e.g. oxygen flow, mineralization processes and nutrient cycling at the sediment-water interface) through their bioturbation activity, was calculated for each sample as first described in Solan et al. (2004):

	(1)

With Bi and Ai representing the biomass (gWW m-2) and abundance (ind. m-2) of taxon i, respectively. Two traits are further used in this formula: a mobility score (Mi) and a particle reworking score (Ri). Both traits are divided into subcategories to make sure all mobility modes (from 1: organisms living in fixed tubes to 4: organisms with free movement through a burrow system) and all reworking modes (1: epifaunal organisms to 5: regenerators) are represented. Species-specific scores for both traits were adopted from Queirós et al. (2013). If no score was available for a certain species, a score from the adjacent higher taxonomic level or its closest relative was adopted. The index was calculated at the community level (BPc), but also for the main individual taxa (BPi). The scores used to calculate the bioturbation potential can be found in the Supplementary Material (Supplementary Material, Table B1).

The irrigation potential of the macrobenthic community (IPc), an index representing the burrow ventilating capacity of the macrobenthic community, was calculated for every sample according to the formula described in Wrede et al. (2018):

	(2)

Bi and Ai are as in the formula (1). Three functional traits are included in the formula, describing the irrigation behavior and impact of this behavior on the environment. Each taxon was assigned a specific score for burrow type (BTi; from 1: epifauna and internal irrigation to 3: blind-ended irrigation), feeding type (FTi; from 1: surface filter feeder to 4: subsurface filter feeder) and injection depth (IDi; from 1: 0-2 cm to 4: >10 cm). To obtain scores for the different traits per species (Supplementary Material, Table B1), literature and databases were consulted. Also this index was calculated on the community level (IPc) as on the taxon level (IPi).

Secondary production estimates (SP; kJ m-2 year-1) at the macrobenthic community (SPc) and taxon level (SPi) were derived from the standing biomass by means of production-to-biomass ratios (P/B). The P/B was estimated for every species in each sample according to the empirical model by Brey (2012). The model predicts annual P/B based on mean body mass (Joule), mean annual bottom water temperature (°C), depth of sampling (m) and information on taxonomy, sediment position, mobility, feeding mode, biotope and exploitation status of each species or taxon. The measured wet weights (gWW) were first converted to ash-free dry mass (mg AFDM) using conversion factors defined at family or higher level. Subsequently, the AFDM biomass was converted to energy values (Joule). All conversion factors were adopted from Brey et al. (2010).The depth of each station was defined using recent bathymetric maps of the sample locations (Supplementary Material, Table B2) (Wyns et al., 2021). The CORA database was consulted to extract the mean annual temperature for the BPNS during the study period (Supplementary Material, Table A2) (Szekely et al., 2023). Exploitation status was set at 0 for every taxon as macrobenthos is not commercially exploited in the BPNS. Information on the remaining life-history traits was adopted from traits databases published in Breine et al. (2018) and Clare et al. (2022). Scores for each species and parameter can be consulted in the Supplementary Material (Supplementary Material, Table B3). From the modeled P/B scores, the secondary production value was calculated following the formula:

	(3)

Bi and (P/B)i represent the biomass and production-to-biomass ratio, respectively, for taxon i in a sample. An R script constructed by Saulnier et al. (2019) was used to estimate and predict the P/B and SPc values.




2.2.4 Biological traits data

For the fourth-corner analysis, biological traits were assigned to only a selected set of taxa (see 2.3.2. for selection procedure). Ten biological traits containing several modalities, encompassing a wide variety of physiological, morphological and behavioral characteristics of each taxon, were chosen for this study (Table 1). Five traits were classified as effect traits, while the other five were labeled as response traits, as proposed by Bolam et al. (2016). The biological traits dataset originally published by Bolam et al. (2016) and slightly adapted for the BPNS by Breine et al. (2018) was consulted. In these studies, each taxon was assigned to one or more trait modalities based on the fuzzy coding approach (Chevenet et al., 1994). However, the fourth-corner can only fit one value per taxon and trait, hence we chose the modality with the highest fuzzy code for each particular trait and taxon. For example, fuzzy coding for the mobility trait of the polychaete Lanice conchilega yields a 0.75 score for the sessile modality and 0.25 for the crawler modality. Consequently, in our trait matrix the sessile trait modality was assigned to L. conchilega. In case of equal scoring or in absence of trait information, additional datasets were explored (Shojaei et al., 2015; Beauchard et al., 2022; Clare et al., 2022). The trait value reported in the majority of the consulted datasets or sources was chosen. The biological traits dataset used in this study, including references, is available as Supplementary Material (Supplementary Material, Table B4).


Table 1 | Overview of the selected traits and their modalities in this study adopted and modified from Bolam et al. (2016).







2.3 Statistical analyses



2.3.1 Environmental effects on the functional proxies

The final dataset for the univariate analyses consisted of the sand extraction data, grab sample data on sedimentology and macrobenthos and functional proxies for the macrobenthic community (BPc, IPc, SPc). To determine the effects of sand extraction and various sediment descriptors on the proxies for ecosystem functioning (BPc, IPc, SPc), we adopted explanatory (generalized) linear mixed models ((G)LMM). Prior, a thorough data exploration was conducted following the protocol described in Zuur et al. (2010). To exclude collinearity between explanatory variables, predictors were plotted against each other by means of pairwise scatterplots, and the Pearson correlation coefficient and variance inflation factor (VIF) were calculated (Supplementary Material, Figure A2). Explanatory variables with a correlation >0.7 or VIF values >3 were considered collinear, in which case the variable with the highest biological relevance (based on local ecological knowledge) was kept in the analyses. Six explanatory variables were retained in the analysis: yearly sand extraction intensity, cumulative sand extraction intensity, very fine sand fraction (63 – 125 µm), shell fraction (>1600 µm), medium sand fraction (250 – 500 µm) and median grain size of the sand fraction (MGS). The sand extraction intensity variables were rescaled to 103 m3 in order to better fit the model. The presence of outliers was visually inspected using Cleveland dotplots. One influential outlier was identified for very fine sand and left out of the dataset after a sensitivity analysis with BPc as response variable (Supplementary Material, Figure A3). To account for the possible variation caused by the position of the sampling location on the asymmetrical sand waves (Cheng et al., 2020) and the fact that repeated measures are involved, the variable year, and a nested structure including sampling location, sampling position on the sand bank and sand extraction area were included in the model as random factors. The sample position on the sand bank (crest, gentle and steep slope) was determined using bathymetric maps from Wyns et al. (2021).For BPc and SPc, GLMMs were run using a Gamma distribution with a log-link. The IPc was subjected to a box-cox transformation and was therefore modelled using a linear mixed model (LMM). Model assumptions were visually inspected by using the DHARMa package (Hartig, 2022) (Supplementary Material, Figure A4).




2.3.2 Environmental impacts on biological trait composition of the macrobenthos

Model-based multivariate analyses for abundance data were performed using the mvabund package (Wang et al., 2012) to elucidate which taxa and traits drive the responses of the ecosystem functioning proxies to changes or differences in sediment characteristics and sand extraction regimes. This model-based approach differs from classic distance-based multivariate analyses, by taking into account the mean-variance relationship of the response variable. Preliminary multivariate analyses on the entire dataset with 219 taxa were overly complex, so only a subset of taxa was retained for this analysis, based on three selection criteria according to Gogina et al. (2020). Firstly, the common heart urchin Echinocardium cordatum was excluded from the selection procedure, because of its very high biomass compared to the other species in the dataset. Then a subset was created by selecting those taxa that contributed at least 0.5% to the sum of a functional index over all samples, and those taxa that accounted for at least 60% of a functional index at a particular location. Finally, the dataset was further reduced, retaining only those taxa that were present in more than 2.5% of the samples. Afterwards, E. cordatum was included in the final dataset, as it met all selection criteria. The biological traits analyses were equally performed on this reduced dataset (Supplementary Material, Table A3).

The impact of the explanatory environmental variables (related to extraction regime and sediment granulometry) on the community composition, based on the reduced dataset of 38 selected macrobenthos species, was investigated using the manyglm function from the mvabund package (Wang et al., 2012). The manyglm function fits separate generalized linear models (GLM), including a series of explanatory variables, to each taxon in the multivariate abundance dataset. A quadratic mean-variance relationship of the abundance data suggested a negative binomial distribution for the manyglm models (Supplementary Material, Figure A5). The models were built by means of a manual forward stepwise regression. The level of significance of the model was estimated with a PIT-trap resampling method using 999 bootstrap iterations (Wang et al., 2012). The final model was selected by using AICsum, which sums the AIC scores over all variables in the model (Akaike, 1974). After the final model selection, the Dunn-Smyth residuals were visually inspected to assess the probability distribution of the model (Supplementary Material, Figure A6).

The traitglm function was chosen to identify the biological traits associated with different species responses to the extraction and sediment variables. A traitglm fits a fourth-corner model on multivariate abundance data to test for environment-by-trait interactions (Brown et al., 2014). Three different dataframes were used for the fourth-corner analysis: a dataset containing the abundances for each of the 38 selected taxa across all locations, a dataset of the sediment and extraction variables across all locations, and a dataset containing either effect or response traits across all 38 taxa. Separate traitglm’s were fitted on the effect and response trait sets. Models were fit with a LASSO (least absolute shrinkage and selection operator) penalty to reduce any trait-environment interaction to zero if it did not contribute to lowering the Bayesian Information Criteria (BIC) score of the model (Supplementary Material, Figure A7).

All analyses were conducted in R Studio using the R software (v4.2.3; R Core Team, 2023). The significance level was set at 0.05 for all analyses.






3 Results



3.1 Environmental effects on functional proxies

The variation in all three functional indices (BPc, IPc and SPc) was explained by the proportion of the medium sand fraction (%) in the sample and the median grain size (MGS, µm). An increase in both MGS and the presence of the medium sand fraction lead to significant decreases in BPc (PMGS = < 2 × 10-16, P250-500µm = 8.5 × 10-13), IPc (PMGS = < 2 × 10-16, P250-500µm = 5.71 × 10-9) and SPc (PMGS = < 2 × 10-16, P250-500µm = 2 × 10-11). For IPc, also a slightly significant relation with the very fine sand fraction was found (P63-125µm = 0.041), with highest IPc values at lower very fine sand fractions. Only SPc was significantly affected by sand extraction as such, with a slight decrease in SPc at increasing yearly extracted volumes (103 m3) (PYearly extraction= 0.026) and increasing SPc when cumulative extracted volume increased (103 m3) (PCumulative extraction = 0.011) (Table 2). Plots between the response and significant explanatory variables may be found in the Supplementary Material (Supplementary Material, Figure A8-A10)


Table 2 | Results for the fixed effects of the (generalized) linear mixed models for BPc, IPc and SPc.






3.2 Species-specific responses

Medium sand fraction and median grain size significantly explained the changes in community composition of the selected species (n = 38, resp. P250-500µm = 0.001 and PMGS = 0.028), while cumulative extracted volume was nearly significant (PCumulative extraction volume = 0.058, Table 3). The majority (n = 27) showed a significant negative association with the medium sand fraction, with the strongest negative response being observed for the polychaetes Lagis koreni and Poecilochaetus serpens and the small sea urchin Echinocyamus pusillus. Only three taxa (the amphipod Eurydice sp., mysid Gastrosaccus spinifer and polychaete Ophelia borealis) showed a significant positive relationship with the medium sand fraction (Figure 2A). Similarly, 28 taxa exhibited a significant relationship with MGS. Seven taxa, including Eurydice sp., G. spinifer, the bristleworms O. borealis, Glycera sp. (juvenile) and Hesionura elongata, the bivalve Asbjornsenia pygmaea and Oligochaeta, increased in abundance in response to a higher median grain size, while taxa such as the amphipods Urothoe brevicornis and Urothoe sp. (juvenile) and the bristleworm L. koreni became less abundant with increasing MGS (Figure 2B). Cumulative extraction volume significantly affected the abundances of 22 taxa, in most cases with higher abundances in locations with higher cumulative extraction volumes, in particular the amphipod Corophium sp., the polychaetes P. serpens and Lanice conchilega and Anthozoa. On the contrary, Oligochaeta, H. elongata and the amphipod Bathyporeia elegans abundances decreased with increasing cumulative extraction (Figure 2C) (Supplementary Material, Table A4).


Table 3 | Results of the final multivariate generalized linear model fitted on the reduced species matrix.






Figure 2 | Coefficient plots for the sediment variables, (A) proportion of the medium sand fraction (250 – 500 µm) in a sample (%) and (B) median grain size (MGS, µm) that significantly explain the variability in species abundances in the multivariate generalized model and (C) cumulative extracted sand volume (m³). Values on the X axis present the values for the coefficient estimates of every species in the regression model. Crosses indicate the corresponding coefficient estimate for each species per explanatory variable. The horizontal lines represent the 95% confidence interval for each estimate for each species. Estimates left from the vertical line show negative associations, right of the line positive associations. If the confidence interval overlaps with zero, the association is non-significant (grey).






3.3 Trait-specific responses

Only 35 of the 45 different possible trait modalities were present in the selected subset of 38 taxa. For the response traits, 4 to 9 associations were found between the trait modalities and the different sediment variables, while 4 to 7 associations were observed for the extraction variables (Figure 3). For the effect traits, also 4 to 8 associations were found for the different sediment variables, but only 2 to 5 associations for the extraction variables. More trait-interactions were observed with the cumulative extraction variable compared to the yearly extracted volume in both response and effect traits. With the exception of a common positive association between the deposit feeding mode and both extraction variables, the yearly extraction variable and cumulative extraction variable each affected different response and effect traits. Areas with high yearly extraction volumes contained fewer crawlers and species with a benthic egg development, while burrowing species were favored in terms of abundance by high yearly extraction volumes. Species with a soft exoskeleton (chitinous), a pelagic egg development or tube-dwelling and sessile species, increased in abundance with higher cumulative extraction volumes, while the abundance of free-living, soft-bodied and swimming species decreased when cumulative extraction volumes were higher (Figure 3A). The effect trait modalities maximum longevity between 3-10 years and deposit feeders were positively associated with yearly sand extraction. Deposit feeders were also favored by higher cumulative extraction volumes. This also holds for species with a planktotrophic larval development and a maximum length between 201 and 500 mm. On the other hand, the abundance of smaller species measuring between 101 and 200 mm and species with a lecithotrophic larval development decreased with increasing cumulative extraction volumes (Figure 3B). Several response and effect traits that were associated with one or both the extraction variables, such as deposit feeding, maximum length between 201 and 500 mm, tube-dwellers and fauna with an exoskeleton, showed an opposite relationship with median grain size.




Figure 3 | Fourth-corner plots showing (A) response and (B) effect traits and their relationships with sediment and extraction variables. Blue shades represent significant negative associations and red shades show significant positive associations.







4 Discussion

The aim of this study was to gain insight in how sand extraction activities affect benthic ecosystem functioning by using functional indices (BPc, IPc and SPc) and a biological traits analysis (BTA) as proxies for ecosystem functioning. Our results indicate that mainly sediment variables, and more specifically the proportion of medium sand (250 – 500 µm) and median grain size, explain the variability in the functional indices and biological traits composition, compared to the direct sand extraction variables. This likely corresponds to the highly dynamic nature of the permeable sediments in the study area, which are usually characterized by low BPc and IPc values. On the other hand, SPc was significantly impacted by sand extraction, with antagonistic effects of both the yearly and cumulative extraction intensity variables. Furthermore, several response and effect trait modalities were associated with both sand extraction variables, although again sediment variables usually showed a higher number of associations with the traits.



4.1 Sediment parameters explain variability in proxies for ecosystem functioning

Several studies have demonstrated the importance of sediment parameters in structuring the distribution of benthic communities (Snelgrove and Butman, 1994; Kröncke et al., 2004; Van Hoey et al., 2004; Breine et al., 2018). According to our results, this holds true as well for both the functional indices BPc, IPc and SPc and the biological traits. A coarsening of sandbank sediments led to a general decrease in the BPc, IPc and SPc values, which is in line with other studies that also reported lower values in coarse permeable sediments compared to more cohesive sediments (Bolam et al., 2014; Braeckman et al., 2014; Breine et al., 2018; Gogina et al., 2020; Toussaint et al., 2021). Permeable, well-oxygenated sediments, such as found in our reference areas, have a high mineralization capacity and therefore naturally harbor low concentrations of organic matter (Huettel and Rusch, 2000). This relatively low food availability in turn limits the secondary production of heterotrophic macrobenthic communities, leading to lower SPc values with increasing grain size (median grain size and proportion of medium sand fraction). Moreover, these undisturbed permeable coarse sand habitats, such as the reference zones on the offshore sandbanks in the BPNS, harbor a distinctive macrobenthic community that has adapted to the prevailing dynamic conditions and is characterized by small, free-living and interstitial polychaete species such as Hesionura elongata, Spio spp., Nephtys cirrosa and oligochaetes (Hall, 1994; Van Hoey et al., 2004; Ruddick and Lacroix, 2006; Breine et al., 2018). This was corroborated by our biological traits analysis where we observed an increase in the abundance of free-living, mobile and small-sized individuals with increasing median grain size, as well as increased abundances in suspension feeders and diffusive mixing bioturbators. These traits relate well with the species that were positively associated with median grain size, such as the amphipod Eurydice sp., the mysid shrimp Gastrosaccus spinifer, the polychaetes Ophelia borealis and Hesionura elongata and oligochaetes, which all contribute little to the bioturbation and irrigation potential of the community resulting in overall lower values for both BPc and IPc.

Although, sediment characteristics are of major importance in explaining the variability in functional proxies, they cannot be considered as exclusively environmental or natural parameters. Instead, they rather reflect a combination of natural and anthropogenic influences. Sand extraction activities do not only affect benthic communities, but also impact sediment properties through extraction, screening and overflow processes (Cooper et al., 2011; Wyns et al., 2021). In most cases, the extraction industry targets specific sand fractions, depending on whether sand is meant for construction or coastal protection. In some cases, the extracted aggregates are sieved on board the trailing suction hopper dredgers and unwanted grain sizes are deposited back to the seafloor (screening). Additionally, excess water together with low density sediment particles (mud and smallest sand fraction) are released to optimize storage capacity and consequently deposited on the seabed (overflow). These processes can cause a coarsening or fining of the sediment, or a mixture of both. As such, sand extraction might indirectly affect the different proxies for ecosystem functioning by changing the sedimentary environment.




4.2 Variable effects of sand extraction on functional indices and biological traits

Secondary production of the macrobenthic community was the only functional index that revealed significant changes in response to both extraction variables, which suggests that both short- and long-term sand extraction activities affect the macrobenthos secondary production. However, these were antagonistic effects: while cumulative sand extraction activities caused higher SPc values compared to the reference situation, a significant decrease in SPc was observed in response to high yearly extraction volumes. A decrease in SPc after a short-term disturbance can be attributed to the overall removal of benthic organisms from the upper sediment layers during extraction activities (Desprez et al., 2022). In addition, a high disturbance frequency might prevent the recovery or recolonization of large and slow growing species, which translates in a decrease in the production of the macrobenthic community (Reiss et al., 2009).

The biological response traits clearly showed how the community adapted to the direct short-term disturbance of sand extraction. Increased abundances of burrowers and burrow-dwelling organisms were associated with a high extraction intensity over a period of one year. The burrowing capacity of macrobenthic species allow them to escape the physical disturbances until a certain degree. On the contrary, organisms that release their eggs on the seafloor and thus more susceptible to physical disturbances, were negatively affected by increased yearly extraction volumes. A possible explanation for the negative impact of short-term sand extraction on crawling organisms might be that highly mobile species, such as swimmers, are better at escaping sand extraction disturbances compared to crawlers who are more limited in their mobility.

Sustained sand extraction, on the other hand, enhanced macrobenthic production. A number of processes could have driven this subtle increase in the total macrobenthic community production. First, over time, sand extraction introduces fine sediments in naturally coarse sediments due to overflow (Cooper et al., 2011). These fine sands can consequently trap more organic matter from the overlying seawater and enrich the seabed. This increased food source can either stimulate the production of the naturally occurring benthic species or attract new opportunistic species (Pearson and Rosenberg, 1978; Dolbeth et al., 2015). Secondly, sand extraction is known to resuspend the sediment, causing a displacement of organic matter to the surrounding sediments and a nutrient release to the water column. As a result of this new available OM, benthic production is stimulated in the direct vicinity of the extracted locations (Newell et al., 1998; Newell et al., 1999). As organic matter serves as an important food source for deposit feeders, an increase in the abundance of deposit feeders was observed for both sand extraction variables. Deposit feeders are known to structure the vertical distribution of OM through their feeding activities, and may as such indirectly regulate the nutrient and oxygen fluxes in the sediment (Thrush et al., 2006).

As a response to a high cumulative sand extraction intensity, the traits analyses indicated a shift of the naturally occurring community towards an even more disturbance-tolerant community, while attracting new and productive opportunistic species (van Dalfsen et al., 2000; Dolbeth et al., 2015). Though the multivariate analyses showed a borderline non-significant effect on the community composition, at species level we saw an increased abundance of opportunistic species, such as the amphipod genus Corophium, the polychaetes Poecilochaetus serpens and Magelona johnstoni, the small sea urchin Echinocyamus pusillus, and juvenile brittlestars Ophiuroidea. The cumulative extraction variable showed, at the same time, significant positive associations with a number of biological response traits and modalities that are characteristic for disturbance-tolerant species. For example, tube-dwelling organisms (inherently linked with a sessile mobility) are known to persist in heavily disturbed areas by optimizing their recruitment (Beauchard et al., 2022). Also, species that shed their eggs in the water column (pelagic egg development) are considered to be relatively more robust against a continuous disturbance which explains their increased abundance with higher cumulative extraction volumes (Bolam et al., 2014). The negative associations between the cumulative sand extraction variable and free-living and swimming organisms might be explained by the fact that highly mobile species are more successful in evading the physical disturbance of the suction head, and therefore leave the continuously extracted area more easily. Surprisingly, our biological traits analysis showed a positive relationship between the sand extraction variables and individuals with a medium-to-long lifespan (3-10 years) and large body size (201-500 mm). This can be explained by at least two reasons. One, the biological traits analysis uses the maximum age and body size of organisms, which do not always reflect the age and size at time of sampling. To circumvent this problem, the use of length-frequency distributions might give more insight into this aspect. Secondly, these patterns may be driven by other traits of the organisms (Beauchard et al., 2022). For example, many species in our dataset with a maximum lifespan of 3-10 years have a planktotrophic larval development, which is a characteristic trait for both disturbance-tolerant and opportunistic species.

Sand extraction activities did not exert a direct significant impact on the bioturbation and bioirrigation potential of the community in this study. As previously mentioned, macrobenthic species inhabiting the coarse sediments naturally contribute little to the BPc and IPc. This was also true for the two species which were positively influenced by sand extraction intensity, such as the amphipod genus Corophium and the polychaete Poecilochaetus serpens. Both are primarily surficial modifiers with a relatively shallow injection depth (max. 5 cm) (Queirós et al., 2013; Wrede et al., 2018). Similar findings have been observed for the effect of demersal fish trawling. Sciberras et al. (2016) reported an absence of trawling impact on the bioturbation potential, while Hinz et al. (2021) only observed an impact on BPc of communities consisting of vulnerable and moderately sensitive species, whereas the BPc of communities harboring resilient species remained unaffected.

Though functional indices and biological traits are a useful tool to assess the impact of an anthropogenic disturbance on ecosystem functioning, especially in absence of in situ measurements, these approaches also hold some disadvantages. The use of biological traits does not fully account for the behavioral plasticity under different environmental conditions and anthropogenic pressures. Similarly, one trait can be both an effect and response trait at the same time (Beauchard et al., 2017), which was not accounted for in this study. Also, BPc and IPc do not account for interspecific interactions (Solan et al., 2004), while species might change their feeding or burrowing activity in relation to changed local environmental conditions or the presence of anthropogenic pressures or other species (Mermillod-Blondin et al., 2005; Queirós et al., 2013). The inclusion of more detailed information on the different life-stages might improve the BPc and IPc estimations and the biological traits analyses. Despite known seasonal variations in the biomass of benthic species, the total annual production of macrobenthic communities is often calculated based on one sampling event per year. However, this might result in significant under- or overestimations of the secondary production, depending on the sampling period (Beukema and Dekker, 2013; Bolam and Eggleton, 2014; Saulnier et al., 2019). In this study, biomass values were used from late-summer, early-fall sampling events, leading to an overestimation of the secondary production. Therefore, one has to be careful when comparing secondary production estimates to these values, especially when data originates from different seasons or sites (Saulnier et al., 2019). Despite the drawbacks, empirical models have proven to perform at least as good as or better than cohort- or size-based methods in predicting secondary production or productivity (Cusson and Bourget, 2005; Dolbeth et al., 2005; Petracco et al., 2012).





5 Conclusion

This study revealed that sediment parameters, such as the proportion of medium sand fraction and median grain size, played an important role in influencing the different proxies of ecosystem functioning. Unlike the sand extraction variables, they significantly influenced all functional indices and revealed more associations with the biological traits of the community compared to the yearly and cumulative sand extraction variables. Yet this does not imply that sand extraction had no impact on the functional proxies and biological traits composition. Sand extraction activities could indirectly influence the proxies for ecosystem functioning by changing the sediment composition. Moreover, the total macrobenthic production was affected by sand extraction, although with an antagonistic effect of the two sand extraction variables. While the extraction of large sand volumes within one year led to a decrease in the secondary production, a slight increase was observed following high cumulative extracted volumes. The cumulative sand extraction variable also revealed more associations with the biological response and effect traits and exhibited a larger impact on the selected taxa. These results suggest that the persistence of sand extraction has a larger impact compared to the impact of the initial disturbance on benthic ecosystem functioning, at least in dynamic and permeable sandy habitats. Beside this antagonistic effect on secondary production, both yearly and cumulative extraction variables were correlated with an increased abundance of deposit feeders, which could have implications on the vertical distribution of OM in the sediment and thus indirectly affect nutrient exchange and oxygen availability in the sediment. However, to further increase our understanding on how the proxies really relate to the ecosystem functioning under the pressure of sand extraction, in-situ measurements of the main ecosystem processes are needed. A direct link between the ecosystem functioning (e.g. oxygen consumption of the benthic community, nutrient and carbon fluxes, OM content) and the estimated functional proxies should be assessed to strengthen the trait-based studies and to make more accurate predictions on how ecosystem functioning changes, both directly under variable sand extraction intensities and indirectly linked to changes in the sediment properties due to sand extraction.
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