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A B S T R A C T

This paper presents the results of a study into the ecological long-term effects of medium-deep sand extraction 
along the Dutch coast. A comparison was made of the benthic fauna in and outside medium deep extraction pits 
of various ages, ranging between 2 and 12 years. The pits and reference areas were also compared in terms of 
water depth, median grain size, silt content and percentage of organic matter.

The water depth of all sand extraction pits was on average 4 m larger than the surrounding reference areas. 
The average silt content in the extraction pits had increased by a factor 4 compared to the surrounding reference 
areas. The average silt content in the pits was 9.5 %. This increase differed between pits (0 and 46 %). The 
percentage of organic matter had almost doubled from 0.87 % in the reference areas to 1.50 % in the pits.

The medium-deep sand extraction pits are faunistically characterized by a higher average macro-benthic 
biomass and density but the number of species shows no clear difference with the reference areas. Faunistic 
heterogeneity in the pits is lower than in the surrounding reference areas. The macro-fauna in the pits is char
acterized by the greater abundance of deposit feeders and interface feeders while the benthic fauna in the 
reference areas is characterized by bivalves i.e. filter feeders. Small demersal fish did not show clear trends 
although some species, such as sandeel, showed a difference in abundance between pit and reference area. The 
effect of age of the mining pit on faunistic composition could not be separated from differences related to 
geographical position.

The results of this study show that recolonization of a newly mined medium deep sand extraction pit is fast but 
that the complete recovery and return of the original benthic fauna in these pits can be a very long process. The 
sedimentary differences between the pits suggests that recovery depends on the abiotic environment. The data 
suggest that by moving from shallow mining pits to medium deep pits a critical depth is passed beyond which 
hydrographical changes alter the settlement of fines and determine the composition of the macrofaunal 
community.

1. Introduction

The main use of sand as as building material (Torres et al., 2021) and 
its use in land reclamation projects made sand to become a world wide 
scarce resource (Bendixen et al., 2019; Peduzzi, 2014). The demand is 
especially high in Asia with China and India having a leading role 
(Gavriletea, 2017). There is often a limited management of this resource 
(Ali et al., 2024).

In north west Europe the resource is better managed. Like in the 

Netherlands where sand extraction has been identified as an activity of 
national importance (Anonymous, 2015). The sand is used for the 
realization of large infrastructural works (Borst et al., 2013) but mainly 
to protect the Dutch coast from effects of sea level rise (Brand et al., 
2022; Lodder et al., 2023; Stive et al., 2013). In the Netherlands, 10 to 12 
million m3 of sand is nourished annually to keep the predetermined 
basic coastline in place. This amount is likely to increase to about 25 
million m3 (Anonymous, 2022; Lodder et al., 2023). To accommodate all 
future needs, the Dutch government has developed a sand extraction 
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strategy which determines where and to what depth sand can be 
extracted (Brand et al., 2022). The strategy is not necessary in line with 
EU and national legislation to protect seafloor habitats and marine 
species (Vermolen, 2015).

Thus given the needs and effects of sand extraction for bottom life, a 
practical dilemma exists. A choice must be made between shallow (2–4 
m) extraction with a relative rapid recovery but affecting large areas, or 
medium deep (4–6 m) extraction over smaller areas. The latter method 
of medium deep extraction is however facing a lack of information on 
the recovery rates of the benthic habitat and linked ecological effects.

There are many studies describing the immediate and short-term 
effects of shallow sand and gravel extraction on the macrobenthos. 
These show that immediately after exploitation, biomass and densities 
have decreased, but after several years there is usually no observable 
difference anymore (van Dalfsen and Essink, 2001; van Dalfsen et al., 
2000; Newell et al., 1998; Boyd et al., 2003; Boyd et al., 2005). On basis 
of these studies it is estimated that the effects for such shallow mining 
pits are short-lived and that bottom life has fully recovered after four to 
six years (van Dalfsen and Essink, 2001). Similar recovery periods are 
assumed if sand extraction pits are made a few meters deeper as in 
medium deep mining.

For real deep mining pits it is however evident that extraction creates 
locally different physical conditions and therefore a different habitat (de 
Jong, 2016; Thatje et al., 1999). There is not much known about re
covery rates of benthic fauna in medium-deep (4–6 m) mining pits. 
Increased water depth is likely to change hydrography and 

sedimentation processes. Stratification may also result in anoxia which 
will locally change the nutrient dynamics. Removal of sediments to great 
depth may even expose geologically older sediments with different 
characteristics which will impact nutrient storage and exchange. Given 
such changes, the benthic communities will change as well.

On the long term the communities may return to their original 
composition only if the extraction pit fills itself with original surface 
sediments from its surroundings. If sediment characteristics change 
permanently, recovery towards the original fauna is unlikely, given the 
tight relationships between benthic fauna and sediments (Rees et al., 
2007; Heip et al., 1992) and as evidenced by various studies on deep 
sand mining (>20m)(de Jong, 2016; Thatje et al., 1999).

Despite being among the most wide-spread human activities in 
coastal areas and shallow seas, sand extraction and its impacts on 
biodiversity are often overlooked or underestimated (Torres et al., 
2025). It is for instance unclear whether the effects measured for real 
deep mining pits can extrapolated to medium-deep pits. Likewise, it is 
questionable if the static faunistic parameters as being measured for 
recovery of shallow mining pits can be extrapolated to estimate effects of 
medium-deep sandmining. For medium deep mining pits it is unclear 
how hydrographical, sedimentary and ecological processes change and 
interact and what the timescale of these changes is.

In this study we therefore explored the recovery, development and 
structure of faunal communities in four medium deep mining pits of 
different age with the aim to get information about the chrono-sequence 
of recovery. This against the background of reference areas surrounding 

Fig. 1. The geographical positions of the mining pits. From North to South, M9J, Q5HJ2, Q5JP en Q16H. For each mining pit a bathymetric overview is given to 
show the orientation and bottom contours. Year of sand extraction is given with each bathymetric map.
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each of the studied pits.
This study is the first in a series which looks into detail into the ef

fects of medium deep sandmining along the Dutch coast.

2. Material and methods

In the summer of 2021, 4 medium deep sandmining pits (M9-J, Q16- 
H, Q5JP, Q5HJ2) situated along the Dutch coast were selected for this 
study (Fig. 1). Selection criteria to include the pits in this study were; 1- 
Sand was extracted up to 6 m. below the bed surface; 2-The year of the 
last sand extraction was the same throughout the pit; 3-The surface 
morphology of the pit was homogeneous; 4 – The orientation of the pits 
were comparable; 5 – The surrounding reference areas were undisturbed 
and had never mined before. The pits however differed from each other 
in terms of geographical position (see Table 1, Fig. 1) and age. Detailed 
bathymetric surveys in August 2021 determined the geomorphological 
features in and around the selected pits. Based on these data, a sampling 
scheme was planned.

2.1. Fauna sampling

Between February 7th and February 18th, 2022, R.V. Arca from 
Rijkswaterstaat was used to sample the pits and the surrounding refer
ence areas. For the most southern area a few stations in the reference 
area were resampled in March (2022), as the quality of the samples 
taken in February was insufficient due to a technical failure of the gear.

For sampling the NIOZ triple-D dredge (Bergman and van Santbrink 
(1994); Witbaard et al. (2013) was used. In total 71 dredge hauls were 
made with a minimum of 8 stations in the pit and 8 stations in the 
corresponding reference area. Station details are given in Table 1.

The NIOZ Triple-D dredge is a fully quantitative dredge to sample 
large in- and epifauna, including sparsely distributed species (±1/m2) 
and small bottom fish. This category of benthic species are hard to 
quantify on basis of boxcore samples. The Triple-D dredge samples a 
highly selective set of organisms. The samples can be seen as comple
mentary to box-core samples.

The dredge mouth contains a retractable cutting blade which is 20 
cm wide, allowing opening and closing over a predetermined distance. It 
samples the seafloor to a depth of ~20 cm. and 20 cm. above. For this 
study, track lengths of 50 m were used, which means that 10 m2 of 
seafloor is sampled. Track length and blade depth into the bottom are 
inferred from tilt sensor data.

During this sampling campaign an acoustic transponder on top of the 
dredge in combination with the ship’s USBL system enabled the deter
mination of the exact track position and track length. Here we report the 
calculated midpoint of haul when the cutting blade is in the sediment.

Directly after each haul of the dredge, performance parameters are 
recorded on basis of odometer counts, working pressures and a bottom 
detector. At the end of the day exact track lengths were calculated on 
basis of the tilt sensors in combination with USBL position data.

Before hauling the catch, the contents in the net are washed into the 
cod-end by towing the net a few minutes behind the ship. Once on board, 
the cod-end is emptied in large bins, catch volume is measured and 
photographed. The catch is sorted and when needed subsampling is part 
of the procedure. In case of subsampling it is assured that the catch is 
homogenized in advance as in the net, sorting on basis of density takes 
place. Specimens are sorted by species, pooled, weighed (scale: Marel, 
2000 ± 0.5 gr.) and measured. Mollusks, echinoderms, fish are all 
individually measured to the nearest mm or 1/2 cm (de Jonge, 2020). 
Species which can not be identified on board, are taken to the lab. Later, 
species counts are transferred to densities and biomass per standard 
sampled area. Above procedure yields a data table on species occur
rence, biomass and size distributions for each station or area. For species 
nomenclature, WORMS (World Register of Marine Species) is followed 
(Aug 15, 2022).

Between sampling in and outside the sandpits as well as between 

Table 1 
Sampling locations, mid position of the dredge haul together with depth (LAT).

Stationnr Water Depth 
(meter; LAT)

Startbottom dd/ 
mm/yyyy

Lon.Midpoint 
(DD.ddd (E))

Lat.Midpoint 
(DD.ddd (N))

M9J-01- 
PIT_b

28.8 Feb 8, 2022 5.74065 53.56013

M9J-02- 
PIT

28.8 Feb 9, 2022 5.74549 53.55969

M9J-03- 
PIT

28.2 Feb 8, 2022 5.74942 53.56077

M9J-04- 
PIT

28.6 Feb 9, 2022 5.75404 53.55921

M9J-05- 
PIT

27.9 Feb 9, 2022 5.75762 53.56076

M9J-07- 
PIT

28.5 Feb 9, 2022 5.75909 53.55757

M9J-09- 
PIT

27.6 Feb 9, 2022 5.75153 53.55294

M9J-12- 
PIT

29.1 Feb 8, 2022 5.74308 53.55793

M9J-14- 
REF

23.9 Feb 9, 2022 5.72430 53.57051

M9J-17- 
REF

23.7 Feb 9, 2022 5.74511 53.57209

M9J-19- 
REF

23.5 Feb 9, 2022 5.75534 53.56762

M9J-20- 
REF

23.4 Feb 9, 2022 5.73473 53.56813

M9J-21- 
REF

25.3 Feb 8, 2022 5.72903 53.56242

M9J-22- 
REF

28.2 Feb 8, 2022 5.73469 53.55718

M9J-23- 
REF

23.2 Feb 8, 2022 5.74306 53.56497

M9J-24- 
REF

23.5 Feb 9, 2022 5.75745 53.57249

Q16H-01- 
PIT

26 Feb 14, 2022 4.06307 52.11217

Q16H-02- 
PIT

25.9 Feb 14, 2022 4.06598 52.10869

Q16H-04- 
PIT

25.7 Feb 13, 2022 4.06832 52.09961

Q16H-05- 
PIT

26.2 Feb 14, 2022 4.06068 52.10831

Q16H-07- 
PIT

26.6 Mar 28, 2022 4.06492 52.09975

Q16H-08- 
PIT

24.2 Feb 13, 2022 4.07245 52.10376

Q16H-10- 
PIT

25.5 Feb 13, 2022 4.07003 52.10844

Q16H-11- 
PIT

26.2 Feb 13, 2022 4.06655 52.09995

Q16H-13- 
REF

21.3 Mar 28, 2022 4.05598 52.11754

Q16H-14- 
REF

20.8 Mar 29, 2022 4.02983 52.09186

Q16H-15- 
REF

21 Feb 7, 2022 4.03723 52.08264

Q16H-17- 
REF

21 Feb 7, 2022 4.03461 52.08792

Q16H-19- 
REF

21.4 Feb 7, 2022 4.02976 52.08121

Q16H-19- 
REF

21.4 Mar 28, 2022 4.03014 52.08172

Q16H-20- 
REF

20.6 Mar 28, 2022 4.07906 52.10636

Q16H-22- 
REF

20.9 Feb 13, 2022 4.06084 52.11863

Q16H-23- 
REF

21.3 Feb 13, 2022 4.05540 52.11827

Q16H-24- 
REF

21.2 Feb 7, 2022 4.02477 52.08519

Q5HJ2- 
01-PIT

26.4 Feb 10, 2022 4.46045 52.82176

(continued on next page)
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different pits, the net was washed with an open cod-end to prevent 
potential cross contamination of the samples.

2.2. Sediment sampling

The triple D dredge is equipped with a miniature grab sampler to 
collect surface (2.5–5.0 cm depth) sediments. This sampler is triggered 
at the start of the actual dredge haul, i.e. when the cutting blade is 
pressed into the sediment a scoop of surface sediment is taken into a 60 
ml jar. These samples are directly frozen on board. Once back in the 
laboratory, the content of the jars is freeze dried and a 2–7 g sample is 
used for the sediment grain size analyses on basis of laser diffraction on a 
Beckman Coulter LS 13 320 (Anonymous, 2018). The percentage of 
organic matter in the sediment was determined on basis of weight loss 
after ignition at 540 ◦C. Hereto the remaining sand fraction was used 
(3.5–9 g dried).

2.3. Statistical analyses

2.3.1. Univariate analyses
To get a first impression of the differences between the mining pits 

and their surroundings as well as between the different areas, a com
parison is made on basis of univariate parameters. This was done for 
dredge performance (track length, blade depth), site and sediment pa
rameters (water depth, D50, % silt, % org.C) and fauna parameters 
(catch volume, density, biomass and diversity). The latter separately for 
macro benthos and bottom fish. For a few numerical abundant species, 
length frequency diagrams for pit and reference samples in combination 
with density differences have been compared. Biodiversity indices were 
calculated according to Krebs (1999) and Hammer et al. (2001).

2.3.2. Multivariate analyses
The multivariate analyses focused exclusively on macrobenthos 

because their mobility is much more limited than for fish and are thus 
more likely to reflect differences between pits and ref areas. The degree 
to which the species composition are similar, is firstly analyzed for the 
four different areas where the mining pits with reference areas were 
located. An indirect gradient analyses, which is an ordination method, 
was used i.e. Detrended Correspondence Analyses (DCA). In this method 
the multidimensional space is reduced to a limited number of axis giving 
the relationship between samples and species occurrence (Borcard et al., 
2011; Jongman et al., 1987). In the analyses we first focused on po
tential differences between the geographically separated mining pits 
and secondly on the differences between mining pits and the corre
sponding reference areas.

In the next step we tried to relate the observed faunistic differences 
to environmental variables. Hereto we used Canonical Correspondence 
Analyses (CCA). This was done for the entire data set, i.e. all combined 
pit and reference areas together, as well as for each pit and corre
sponding reference area separately. For the first instance, partial CCA 
was used so that first a correction is being made for the differences in 
benthos community caused by the spatial differences between the areas. 
(Jongman et al., 1987; ter Braak, 1988; Borcard et al., 1992). The 
environmental variables we used in this analyses were: water depth, 
d50, % silt, and % organic matter. Additionally we used the distance of 
the sampled location to the center of the mining pit. This as proxy for 
conditions which have not been measured such as spatially differenti
ated fishing intensity or faunistic spill-over effects from pit to reference 
area, or hydrographical effects.

The significance of the observed relationships with all variables has 
been tested by a Monte-Carlo permutation test (999 permutations). Both 
forward and backward selection of environmental variables was used to 
select variables and to construct the optimal model explaining the 
observed faunistic differences. Correlation between environmental 
variables was checked on basis of the Pearson’s correlation coefficient.

All analyses were performed on fourth root transformed species 

Table 1 (continued )

Q5HJ2- 
02-PIT

27.1 Feb 10, 2022 4.46117 52.81847

Q5HJ2- 
03-PIT

26.4 Feb 12, 2022 4.46072 52.81210

Q5HJ2- 
04-PIT

25.9 Feb 10, 2022 4.46027 52.80571

Q5HJ2- 
05-PIT

26.8 Feb 10, 2022 4.46099 52.81867

Q5HJ2- 
06-PIT

27.2 Feb 10, 2022 4.46094 52.81682

Q5HJ2- 
09-PIT

23.8 Feb 12, 2022 4.46674 52.81752

Q5HJ2- 
10-PIT

24.3 Feb 12, 2022 4.46645 52.81151

Q5HJ2- 
11-PIT

26.8 Feb 12, 2022 4.46051 52.80861

Q5HJ2- 
12-PIT

26.7 Feb 10, 2022 4.46008 52.80748

Q5HJ2- 
13-REF

23.2 Feb 12, 2022 4.46047 52.83043

Q5HJ2- 
14-REF

22.9 Feb 11, 2022 4.46440 52.82795

Q5HJ2- 
15-REF

22.6 Feb 10, 2022 4.47133 52.82243

Q5HJ2- 
16-REF

NA Feb 10, 2022 4.47119 52.81352

Q5HJ2- 
17-REF

22.3 Feb 10, 2022 4.47101 52.80328

Q5HJ2- 
18-REF

23.6 Feb 12, 2022 4.45426 52.82764

Q5HJ2- 
20-REF

22.8 Feb 11, 2022 4.44234 52.81204

Q5HJ2- 
21-REF

23.6 Feb 11, 2022 4.44436 52.81980

Q5HJ2- 
22-REF

22.2 Feb 11, 2022 4.45532 52.79791

Q5HJ2- 
23-REF

22.2 Feb 10, 2022 4.46277 52.79653

Q5HJ2- 
24-REF

22 Feb 12, 2022 4.44492 52.80411

Q5JPIT- 
01-PIT

24.8 Feb 15, 2022 4.32752 52.75470

Q5JPIT- 
03-PIT

26.7 Feb 16, 2022 4.33256 52.75303

Q5JPIT- 
04-PIT

26.4 Feb 16, 2022 4.32902 52.74586

Q5JPIT- 
05-PIT

27.5 Feb 15, 2022 4.32804 52.74374

Q5JPIT- 
06-PIT

27.7 Feb 15, 2022 4.33163 52.74493

Q5JPIT- 
07-PIT

25.8 Feb 15, 2022 4.32607 52.73695

Q5JPIT- 
11-PIT

26.8 Feb 15, 2022 4.33270 52.74855

Q5JPIT- 
12-PIT

28.1 Feb 16, 2022 4.33334 52.74098

Q5JPIT- 
13-REF

23.7 Feb 15, 2022 4.33449 52.72716

Q5JPIT- 
14-REF

22.2 Feb 15, 2022 4.32420 52.72779

Q5JPIT- 
15-REF

24.1 Feb 16, 2022 4.33181 52.72161

Q5JPIT- 
17-REF

23.6 Feb 15, 2022 4.32544 52.76319

Q5JPIT- 
19-REF

22.8 Feb 16, 2022 4.33478 52.76700

Q5JPIT- 
20-REF

21.8 Feb 16, 2022 4.34873 52.72235

Q5JPIT- 
22-REF

22.9 Feb 15, 2022 4.33215 52.76111

Q5JPIT- 
23-REF

23.4 Feb 16, 2022 4.32760 52.76750

R. Witbaard et al.                                                                                                                                                                                                                               Estuarine, Coastal and Shelf Science 321 (2025) 109337 

4 



densities to reduce the effect of quantitative dominant species (Field 
et al., 1982). Only species were used which were found at a minimum of 
three locations and at least contributed for 1 % of the total density in the 
sample. This to get a robust estimate of differences in fauna composition 
between geographical areas and between mining pits and reference lo
cations instead of a difference based on rare species as part of accidental 
catches.

Both DCA and CCA analyses and statistical testing of the differences 
were done in R (R Core Team, 2020) with the Vegan package (Oksanen 
et al., 2022). Other packages used in the analyses were; doBy (Halekoh 
and Højsgaard, 2025), ggplot2 (Wickham, 2016), gridExtra (Auguie, 
2017), gtable (Wickham and Pedersen, 2024), readxl (Wickham and 
Bryan, 2025), reshape2 (Wickham, 2007), dplyr (Wickham et al., 2023), 
lattice (Sarkar, 2008), geosphere (Hijmans, 2024), data.table (Barrett 
et al., 2025), ggrepel (Slowikowski, 2025) and corrplot (Wei and Simko, 
2024).

3. Results

3.1. Dredge performance

The dredge performance parameters show that the average track 
lengths over all successful hauls was 49.8 m. There was no systematic 
difference in track lengths between areas or between mining pits and 
their reference areas. There were neither differences between pits and 
reference areas for the penetration depth of the cutting blade although at 
site M9J (2020) the cutting blade penetrated slightly deeper in the softer 
sediments in the pit itself.

3.2. Abiotic environment

The average depth difference between the extraction pits and the 
reference areas varied between 3.4 and 4.7 m (Table 2). Measured over 
all locations the average difference was 3.9 m. Thus without exception 
water depth in the pit was considerably larger then in its surroundings.

Table 1 and Fig. 2 give the summary statistics for the sampled sta
tions and the differences between the extraction pits and their reference 
areas. It shows that the median grainsize (d50) in mining pit M9J 
decreased from 299 μm to 199 μm and in Q16H had decreased from 288 
μm to 119 μm. For mining pits Q5JP and Q5HJ2 such difference was less 
evident. Percent silt increased in all mining pits on average with a factor 

4, but especially in the oldest pit (Q16H) where the % silt increased from 
~5 % in the ref. areas to over 40 % in certain locations in the pit. A 
monocore sample in this area showed a 30 cm thick layer of soft mud 
(35–52 %). The average increase in the pits of the % organic matter was 
a factor 1.5. There was a weak but not significant inverse relationship 
between water depth and d50. Percentage organic matter and percent
age silt did neither show a relationship with depth. Both were however 
strongly coupled to the categorial difference between mining pit and 
reference area. The benthic environment within the pit thus differs from 
its neighboring reference areas in terms of depth, grainsize, silt and 
organic matter (Fig. 2, Table 2).

3.3. Fauna

3.3.1. Univariate
For all areas the appearance of the dredge catch in and outside 

differed markedly. The catch from the M9J pit contained large amounts 
of sub-fossil Cerastoderma and Macoma, which are not found alive in the 
area today. Their presence suggests that former tidal channel deposits 
have been sampled (van (van der Spek et al., 2022) originating from an 
era with lower sea levels.

Over all pit samples summarized, the most common macro-benthic 
species were the echinoderm Echinocardium cordatum, the brittle stars 
Ophiura albida en Ophiura ophiura and the polychaete Owenia fusiformis. 
From mining pit Q16H four adult and living Yoldia limatula were found. 
This is an introduced species already known from the Westerschelde 
(Dauvin et al., 2022; Craeymeersch, 2021, Driessen and van Looijen
goed, 2020), but new for the offshore North Sea.

Per sampled location between 22 and 44 invertebrate species were 
encountered in the dredge samples. Over all stations an average number 
of 32 species were found. There were large differences in faunal den
sities between the four areas. In and around the youngest sandpit (M9J, 
2 years) the average density was 46.9 ind.m− 2 while in and around the 
southern and oldest sandpit (Q16H, 12 years) an average of 2623 ind. 
m− 2 was found. Latter high densities could be attributed to the presence 
of a hotspot with Spisula subtruncata in the reference areas and dense 
beds with Abra alba in the pit Q16H. The other two (Q5HJ2, Q5JP) areas 
off the coast of North Holland, had intermediate average densities of 
respectively 159 and 57 ind.m− 2.

Macro-benthic biomass (wet weight) in and around Q16H was on 
average 224 g. m− 2, mainly caused by the dense shellfish beds. Biomass 

Table 2 
Overview of the main sedimentary characteristics of the sampled mining pits and their reference areas together with relevant details such as the geographical position 
(DD.ddd) of the pits, surface area, average water depth (LAT, M) and year from which it originated. Where relevant values are given with their standard error. Mean 
density in individuals.M− 2 and Biomass in Wetweight gr.M− 2. . * Half of this average density is related to one sample (Q16H-24-R) taken from a Spisula shellfish bank.

Location M9J Q5HJ2 Q5JP Q16H

Sample pit ref pit ref pit ref pit ref
Nr of Samples 8 8 10 11 8 8 8 10
Year 2020 – 2018 – 2014 – 2010 –
Lat. (N) 53.559 – 52.814 – 52.746 – 52.105 –
Lon.(E) 5.750 – 4.462 – 4.330 – 4.0665 –
Year 2020 – 2018 – 2014 – 2010 –
km2 1.9 – 1.9 – 2.8 – 4.1 –
Depth(LAT m.) 28.4 ± 0.2 24.3 ± 0.6 26.1 ± 0.4 22.7 ± 0.2 26.7 ± 0.4 23.1 ± 0.3 25.7 ± 0.3 21.1 ± 0.1

Avg. d50 μm 199 ± 38 299 ± 36 256 + 11 239 ± 2.2 319 ± 11 319 ± 12 119 ± 15 288 ± 18
Avg. %<63 μm 2.6 ± 0.2 1.3 ± 0.2 2.5 ± 0.6 0.3 ± 0.2 1.2 ± 0.1 0.43 ± 0.2 34 ± 3.5 6.2 ± 1.7
%org. 0.7 ± 0.05 0.58 ± 0.06 0.9 ± 0.1 0.88 ± 0.02 0.59 ± 0.02 0.48 ± 0.02 3.93 ± 0.37 1.42 ± 0.15

N-taxa Macro 21.4 ± 1.3 25.1 ± 0.6 30.0 ± 0.9 25.5 ± 1.0 21.9 ± 1.8 20.0 ± 1.0 22.6 ± 0.5 26.8 ± 1.4
Density Macro 45.8 ± 6.0 48.1 ± 22.9 298 ± 66 32 ± 6.4 105 ± 61 9.4 ± 1.4 3345 ± 684 2045 ± 1095*
Biomass Macro 8.3 ± 1.1 12.3 ± 3.7 32.6 ± 7.1 7.3 ± 0.7 22.9 ± 6.2 4.0 ± 0.8 134 ± 26 297 ± 139

N-taxa Fish 9.5 ± 0.6 11.5 ± 0.3 9.9 ± 0.7 6.2 ± 0.6 7.5 ± 0.8 5.9 ± 0.6 3.9 ± 0.6 5.1 ± 0.5
Density Fish 9.7 ± 1.2 16.1 ± 1.5 3.6 ± 0.4 3.1 ± 0.4 8.2 ± 0.8 4.7 ± 0.4 0.53 ± 0.1 2.2 ± 0.7
Biomass Fish 4.5 ± 0.5 5.5 ± 0.5 3.9 ± 0.7 2.5 ± 0.5 4.5 ± 0.9 2.4 ± 0.4 1.6 ± 0.4 7.4 ± 2.5
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in the other areas ranged between 10.3 and 19.4 g. m− 2.
The "averaged" differences between extraction pit and their sur

roundings are summarized in Fig. 3, showing that both log(density) and 
log(Biomass) differ significantly (Tukey HSD post hoc, p < 0.05). This 
trend is however inconsistent when looked at individual pits (Table 2). 
While macro-benthic densities are always higher in the pits, the differ
ence in average biomass between pit and reference area is mainly caused 
by the difference in Q5HJ2 and Q5JP.

Studying the diversity and dominance patterns (index of numerical 
distribution of specimens over the pool of species) gives a more robust 
difference (Fig. 4). The macro-benthic faunas in the reference areas are 
without exception more diverse then in the mining pits. Dominance in 
the pits is invariably higher when compared to the reference areas. Only 
for Q16H there is overlap in dominance, caused by the abundant 
occurrence of Spisula subtruncata in the reference areas and Abra alba in 
the pit itself.

Over all samples 26 species of bottom fish were found. Gobiidea and 
Ammoditidae were the most abundant species groups. No significant 
difference was found between the pooled pit and pooled reference areas 
in terms of average fish biomass or average fish density (Tukey HSD, p =
0.36 & p = 0.59 respectively). Number of species between pit and ref 
area neither differed. There were however differences for individual pits 
or species groups but these were not equivocal when compared over all 
pits. Fish densities in pit M9J and Q16H were lower than in the sur
rounding ref areas. The mining pits Q5HJ2 and Q5JP showed the 
opposite trend with higher fish densities in the pit. In the reference areas 
sandeels (Ammoditidae) and the pooled flatfishes tend to be more 
abundant. Callionymus lyra was more abundant in the pit areas.

3.3.2. Size distributions and densities
For a few key species which were identified from the multivariate 

analyses length frequency diagrams and a comparison of densities in and 
outside the pit(s) were made (Fig. 5). Abra alba is such a species and is 
indicative of organically enriched fine sediments. It is extremely abun
dant in the pits with an average density of 641 ind.m− 2. The average 
density for the reference stations was 54 ind.m-2. Mean shell length 
within the pits is slightly smaller than in the reference areas. Donax 
vittatus is another bivalve species which contributes to the observed 
differences between pit and the surroundings. This species is hardly 
found within the pits. Their shell lengths in the reference areas were 
slightly bigger. The filter feeding bivalve Spisula subtruncata which was 
mainly found in the southernmost location (Q16H) demonstrated a 
distinct size separation between pit and reference area. The variation in 
densities of the sampled locations in the reference areas were however 
so large that the observed average density difference between pit (898 
ind.m2) and surroundings (2 ind.m2) became insignificant.

A typical echinoderm species found in the mining pits was Echino
cardium cordatum. The average densities in mining pits was 82 ind.m2 

while outside the pits the average density was 14 ind.m2. Average length 
in the reference stations has an unimodal distribution and is larger than 
in the pits where 2 size classes were present. Another echinoderm which 
was commonly found in the mining pits is Ophiura ophiura. Mean density 
over all pits was 25 ind.m2 while outside the pits its density was as low as 
6 ind.m2. Average size in the pits was smaller, mainly because larger 
animals were almost absent. Crangon crangon had similar size class 
distributions within and outside the pit. Densities in the pit are sug
gested to be slightly higher (p < 0.05). Philocheras trispinosus, a small 

Fig. 2. Boxplots showing the differences in sedimentary parameters between the mining pit (red) and the reference areas (green). Along the x-axis the age in years 
and the year of sand extraction are given. On top of the graph the location names are given. Fig. 2A; Median grainsize, 2B; Percentage silt, 2C; Percentage Organic 
matter. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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shrimp species neither differed in size, but densities, although low, were 
in the pits significantly lower (p < 0.05) (no graph).

Largest difference in fish fauna were found for the M9J pit mainly 
due to the 5 × lower sandeel densities in the pit (1.5) when compared to 
the reference areas (8.3). Te difference was highly significant (TueyHSD- 
p = 0.006).

3.3.3. Multivariate
The univariate analyses do only give a limited insight in the 

compositional differences of the communities sampled. This is illus
trated by the almost identical species numbers found in the mining pits 
and the reference areas. The diversity indices (Margalef, Shannon-H, 
Dominance) however show a distinct difference and show that the 
specimens are numerically differently spread over the species when pit 
and reference areas are compared.

To detect and summarize the subtle changes in faunistic composi
tion, multivariate techniques are better suited and offer the possibility to 
link the differences to measured environmental variables. Hereto we 
used DCA and CCA.

Fig. 6 shows the results of the DCA applied on the macro-benthic data 
set and suggests that three distinct types of communities were sampled. 
The 95 % ellipses for the reference areas (containing original fauna) of 
M9j, Q16H and Q5HJ2 + Q5JP do not show any overlap suggesting that 
they represent distinct different benthic communities. This separation is 
most likely related to the large geographical range over which the areas 
are spread. The only community overlap which was found concerned the 
two locations off the coast of North Holland (Q5HJ2 & Q5JP), 

suggesting that around these two pits the original fauna is similar.
The same figure (6A) shows that the ellipses for all the mining pits 

and corresponding reference areas have minimal or no overlap. This is 
even the case for the areas Q5HJ2 and Q5JP and illustrates that benthic 
communities in mining pits deviate from their "undisturbed" references. 
The ordination furthermore shows that the most northern sampling 
location (M9J) deviates strongest from the other areas.

In Fig. (6B) the most influential species are plotted in the same 2 
dimensional space. Overlaying these graphs shows which species are 
characteristic for the communities identified by the ellipsis. The most 
southern location Q16H and its reference area are characterized by Abra 
alba, Owenia fusiformis, Spisula subtruncata and Ophiura albida. The mid 
stations (Q5HJ2 and Q5JP) can be characterized by Ensis ensis, Thia 
scutellata, Fabulina fabula and Ensis magnus. The most northern location 
(M9J) is characterized by the abundance of Astropecten irregularis, Donax 
vittatus, Ensis siliqua, Ensis leei and Ophelia borealis.

Similar analyses have been performed on each area separately. They 
show that for all areas big differences exist in the benthic communities 
from the mining pit when compared to the corresponding reference 
areas. Percentage explained variance for the different areas range be
tween 45 and 65 % and can all be related to the abiotic variables (Fig. 7).

For the multivariate analyses of the bottom fish the rare species were 
excluded from the analyses (as for the macrobenthic species) to prevent 
spurious results based on the occurrence of one or two single specimens 
caught. The results of that analyses showed that there are regional 
(latitudinal) differences in the composition of the fish fauna between the 
four areas sampled. Especially the composition of the fish fauna in the 

Fig. 3. Notched box and whisker plots which give the differences between mining pit (red) and its surroundings (green). Non overlapping notches indicate a sig
nificant difference (McGill et al., 1978). 3A: Macrofaunal density, 3B: Marcrofaunal biomass; 3C: Number of macrofaunal taxa. On basis of a post-hoc Tukey HSD test 
the p-values are given in the top left corner of each panel. Both faunal density and biomass differed significantly. There was no difference in the number of taxa. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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southern (Q16H) and most northern location (M9J) differs markedly 
from the intermediate area. Differences in composition of the fish fauna 
between mining pit and reference areas were weak or absent. Only for 
some single species such as sandeel, the densities between pit and 
reference area differed significantly.

Thus especially the macro-benthic data shows that there are clear 
signs of a faunistic change in the pits in comparison to the surrounding 
reference areas. This difference (over a small spatial scale) overlays the a 
huge natural geographical variation in community structure between 
the four sampled areas.

4. Discussion

In the Netherlands shallow sand extraction (2–4 m) is nowadays 
replaced by extraction to slightly greater depths (4–6 m). This guaran
tees future needs and limits the space needed for sandmining. In Dutch 
coastal waters the spatial demand for sand extraction appears small in 

relation to the total surface area of the Dutch EEZ but relative to the 
typical coastal sandy habitats its spatial proportion can be scaled 
differently as extraction takes place in a strictly bounded depth zone 
(Brand et al., 2022) which hosts typical benthic communities.

Extraction to somewhat greater depths, is facing a lack of informa
tion on the ecological and hydrographical consequences such as recov
ery of the macro-benthic communities.

According to de Jong et al. (2016) and van der Werf and Giardino 
(2009) major hydrographic effects can also occur if a series of contig
uous (medium) deep sand extraction pits develop along the coast in the 
direction of the flow. Such situation could potentially disturb the 
sedimentation-erosion balance and trigger unintended biological, hy
drological and geomorphological effects. An example of such effect has 
been described for Kwinte Bank in the Belgian North Sea (Bonne, 2010).

For deep mining (~20 m), de Jong et al. (2016) also concluded that it 
will likely take decades for the benthos community to fully return to its 
original state, if ever possible. Today, it is also the question whether the 

Fig. 4. Boxplots giving an overview of the differences in diversity and dominance indices between mining pit (red) and reference areas (green). The mining pits have 
been left-right arranged in order of age. The name of area has been plotted above each graph 4A: Margalef’s diversity index; 4B: Shannon_H diversiy; 4C: Dominance; 
4D: Berger parker dominance of the most abundant species in each of the areas. The high dominance in the reference area of Q16H pit is linked to the local mass 
abundance of Spisula subtruncata. In the pit itself the dominance is related to the high densities of Abra alba. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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fauna in medium deep (4–6 m) extraction pits can fully recover and how 
long such recovery may take.

To study this, four medium deep mining pits in the Dutch coastal 
zone had been selected which differed in age and were free of sand 
mining in their close vicinity. It was furthermore assumed that the 
reference areas around each pit contained the original fauna and could 
function as background against which the development of the fauna in 
the pits could be compared. It can however not be excluded that bottom- 
trawling has contributed to faunal differences between pit and reference 
areas. Especially if bottom fisheries preferentially targets either the pits 
or the reference areas. We have however no data available of fishing 
intensity and history at the same spatial scale as our study sites. In our 
opinion it will therefore be too speculative to attribute observed dif
ferences between pit and reference areas to spatial differences in bottom 
fishing in and around pits or between areas. We furthermore added a 
factor "distance" in the analyses to be able to catch unknown variation in 
the dataset, like a potential fishing effect.

Based on the multivariate analyses, it was immediately evident that 
geographic latitude and age of the pits behaved as covariates. Therefore 
the effects of age and geographical latitude were impossible to separate 
from each other. This is illustrated by the ordination (Fig. 6) showing 
that for the reference stations three distinct macrobenthos communities 
could be recognized without showing overlap of the 95 % confidence 
ellipses. Thus the reference areas by no means reflect the same type of 
benthic community, implying that the initial question about recovery 
rate of medium deep mining pits could not be answered. Still lessons can 
be learned from the comparison of the pits and reference areas and 
among the locations.

The existence of a "pit effect" is evident for all sampled areas. 

Between 45 % and 65 % of the variance in the faunal communities in the 
pits and reference areas can be explained on basis of depth, % silt and 
d50 (Fig. 7). The percentage of organic matter added little to the 
explained variance and was therefore omitted although it may play a 
crucial role (see below). The % org. matter strongly correlates with % silt 
(0.96) and the percentage of organic matter is the most likely factor 
responsible for the observed faunal differences as it is an indirect mea
sure of food supply.

The medium deep mining pits studied here, show an increase of the 
% silt which ranged between 2 and 8 times. The increase in organic 
matter content ranged from a few percent to nearly a factor 3.

Boxplots show that benthic density and biomass (Fig. 3) in the 
mining pits is higher than in the reference areas. This suggests that the 
amount of available food, to sustain the community, is higher in the pits. 
This idea is confirmed by the observations of Burd et al. (2012). They 
showed that the organic flux was the most important predictor for 
benthic biomass and production in the Strait of Georgia (west coast of 
Canada). There are many other studies showing that the supply of 
organic matter is a critical factor to explain higher densities and biomass 
(de Jong et al. (2015); de Jong (2016); Rosenberg, 1995; Boon et al., 
1999; Creutzberg et al., 1984; Rees et al., 2006, Thatje et al., 1999; Sardá 
et al., 2000; de Jong et al. (2015); de Jong (2016)).

The mining pits studied here had especially higher biomasses and 
densities of (subsurface) deposit feeders such as Echinocardium cordatum 
or Abra alba (Fig. 5). These species are relatively short lived and typi
cally respond quickly to disturbance and food enrichment (Rosenberg, 
1995, 2001; Pearson and Rosenberg, 1978; Gray and Elliot, 2009). 
Outside the pits which were not disturbed by mining and lacked extra 
sedimentation of food, filter feeding species like Ensis spp, Donax vittatus 

Fig. 5. A comparison of size frequency distribution and density differences of selected species between pit and reference area. In the top right corner of each graph 
key numbers are given. For the differences in average density p values are given to indicate statistical significance.
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and Spisula subtruncata dominated the fauna.
Our data furthermore show that the species heterogeneity in the pits 

is reduced (Fig. 4) with a few deposit feeding species being dominant. 
This is also a typical sign of a disturbed environment (Pearson and 
Rosenberg, 1978) and often triggered by the higher food supply related 
to the settlement of fine particles.

In the Dutch shallow coastal zone with permanently mixed waters, 
fine particles (silt & organic) can only settle in conditions where flow 
velocities or wave impact is low. Such conditions seem to develop in 
medium deep mining pits and are in line with the observations of Krause 

et al. (2010) for the western Baltic. The local deepening leads to changed 
hydrographical conditions with locally lower currents, less wave impact 
and possibly stratification. These factors strongly regulate sedimenta
tion of fines. The same process also influences settlement (and survival) 
of macrobenthos as their larvae behave as rather passive particles in 
relation to wave action and currents in this coastal setting. The slightly 
deeper environment of a sandpit might act as shelter and prevent their 
resuspension or further transport. Increased food availability might in
crease their growth and survival but above all can support a higher 
biomass.

Fig. 6. Graphical representations of the results of a detrended correspondence analyses on basis of macrofaunal species composition and densities. 6A: Positioning of 
the 95 % confidence boundaries between the pits and reference areas which are indicated by the line type encircling the hull. Colors indicate the four different areas 
(pits and reference). 6B: Projection of the species occurrence in the same two dimensional ordination space as in Fig. 6A showing which species contribute to the 
observed differences in the communities. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Siltation and organic enrichment in really deep mining pits (<20 M) 
as previously described, is not a short-term effect but persists for de
cades. Pit effects appear to be long lasting (Mielck et al., 2021; Mielck 
et al., 2019; Thatje et al., 1999). Our data suggests that this might also be 
the case for medium deep pits as we see effects irrespective of their age 
(2–12 years). de Jong’s (2016) suspicion of the permanent character of 
faunistic changes in deep mining pits thus also seems to hold for 
medium-deep (6 m) pits.

Older studies on the effects of "shallow" (2–4 M) sandmining (van 
Dalfsen et al., 2000; van Dalfsen and Essink, 2001) concluded that after 
4–6 year the fauna had completely recovered but even for the oldest pit 
studied here (Q16H-12 years old), such recovery was not evident. In this 
pit it might be due to the "gyre" like hydrography, concentrating fines in 
the area (Stutterheim, 2002). The absence of a fully recovered fauna in 
two of the other pits (Q5HJ2 and Q5JP) however suggests that the lack 
of recovery might have to do with the greater excavation depths as the 
currents in that area are unidirectional. Pit M9J was too young to take 
into account as it still was in its earliest phase of recovery and 
recolonization.

Potentially a critical threshold for sedimentation and resuspension of 
fine material is surpassed when mining goes from 4 m. to 6 m. below bed 
level. All pits, irrespective of age show this happening. It might well be 
that the effects also depend on pit orientation, pit shape and size and the 
depth zone where the pits are made.

Apart from the biodiversity perspective, the change in benthic 
community is also likely to have consequences for the benthic secondary 
production, the structure of the food web and exchange processes be
tween seafloor and overlying water (See Fig. 2 in Torres et al., 2025). 
This certainly needs attention as sandmining will be an ongoing activity 
in the future, but might have unexpected and large effects on the ecology 
in shallow coastal zones.

5. Conclusions

Without exception, median grain size in the extraction pits decreased 

and silt and organic matter content increased when compared to the 
reference locations.

The data illustrate that the slightly deeper pits act as a sediment trap 
for fines. The sedimentary change in the pits translates into increased 
total abundance and total benthic biomass of especially "deposit feeders" 
and "surface deposit feeders". Diversity in the pits is lower than in the 
surroundings, which is related to the dominance of a few species such as 
Echinocardium cordatum, Abra alba and Ophiura ophiura while the fauna 
in the reference areas is characterized by filter feeding bivalves such as 
Spisula and Ensis species.

The data suggest that sedimentary and faunistic change in the 
extraction pits represent a general process as the sampled pits covered a 
wide geographical range and differed greatly in age. The latter suggests 
that recovery takes a long time and it remains unknown if the sediments 
and fauna in the pits will ever return to their original state.
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