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ABSTRACT

Globally, sandy beaches are subject to coastal squeeze due to erosion. Soft-sediment strategies, such as
sand nourishment, are increasingly applied to mitigate effects of erosion, but have long-term negative
impacts on beach flora and fauna. As a more ecologically and sustainable alternative to regular beach
nourishments, a mega-nourishment has been constructed along the Dutch coast by depositing 21.5 Mm?>
of sand, from which sand is gradually redistributed along the coast by natural physical processes. The
‘Sand Motor’ mega-nourishment was constructed as a long-term management alternative for coastal
protection and is the first large-scale experiment of its kind. We evaluated the development of intertidal
macroinvertebrate communities in relation to this mega-nourishment, and compared it to species
composition of beaches subject to regular beach or no nourishment. We found that a mega-nourishment
resulted initially in a higher macroinvertebrate richness, but a lower macroinvertebrate abundance,
compared to regular beach nourishment. As there was no effect of year after nourishment, this finding
suggests that colonization and/or local extinction were not limiting macroinvertebrate richness at the
mega-nourishment. In addition, a mega-nourishment does not converge to an intertidal macro-
invertebrate community similar to those on unnourished beaches within a time scale of four years. Beach
areas at the mega-nourishment sheltered from waves harbored a distinct macroinvertebrate community
compared to typical wave-exposed sandy beach communities. Thus, a mega-nourishment temporally
creates new habitat for intertidal macroinvertebrates by enhancing habitat relief of the sandy beach. We
conclude that a mega-nourishment may be a promising coastal defense strategy for sandy shores in
terms of the macroinvertebrate community of the intertidal beach.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

side and static anthropogenic structures on the land side (Schlacher
et al., 2007). This combination of factors causes severe erosion of

Sandy beaches are among the most prevalent coastal ecosys-
tems on the planet, harboring unique ecological communities that
provide a wide variety of ecosystem functions and services
(McLachlan and Brown, 2006). Globally, sandy beach ecosystems
are subject to coastal squeeze, where beaches are negatively
affected by both the rising sea level and storm events on the sea
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the sandy beach, threatening local ecological communities by
leaving only a narrow strip of beach habitat as the sea advances
inland.

A common management strategy to combat coastal squeeze is
to replenish eroded sandy beaches by frequently adding a large
volume of sand either in the upper beach zones or in the nearshore,
thus increasing coastal sediment budgets and widening the beach
(Cooke et al., 2012). Although sand nourishment has been consid-
ered as an ecologically friendly alternative to hard coastal defense
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structures (Hanley et al., 2014), it generally causes temporal local
extinction of sandy beach flora and fauna (Speybroeck et al., 2006;
Leewis et al., 2012). During regular beach nourishment, a thick layer
of sand (up to a few meters) is deposited on the beach, causing
burial and mortality of primary vegetation and invertebrates of the
intertidal and supratidal zones (Speybroeck et al., 2006; Schlacher
et al., 2012). Additional indirect effects of regular beach nourish-
ment include constraining macroinvertebrate colonization when
there is a mismatch in sediment characteristics (e.g. median grain
size) between the fill sediment used for nourishment and the
original sediment of the eroded beach (Speybroeck et al., 2006;
Vanden Eede et al., 2014). This potentially leads to long-term
negative impacts of sand nourishment on the macroinvertebrate
community (Speybroeck et al., 2008), even though intertidal mac-
roinvertebrate species are well adapted to the highly dynamic
environment of the intertidal zone and can quickly colonize bare
sands (McLachlan and Brown, 2006). Intertidal macroinvertebrate
species can recolonize a beach that has received regular beach
nourishment within one year after disturbance, though community
composition does differ from beaches without nourishment
(Leewis et al., 2012). Therefore, alternative nourishment strategies
are called for to constrain negative effects on these intertidal
macroinvertebrate communities on the sandy beach.

As a more ecologically and sustainable alternative to current
beach and foreshore nourishment practices, a mega-nourishment
has been proposed. To test the economical, anthropogenic and
environmental implications of this novel approach, the so-called
‘Sand Motor’ pilot experiment was started in 2011 along the
Dutch main coast (Stive et al., 2013). Instead of regularly applying
smaller-scale beach nourishments every three to five years as is the
current practice in the Netherlands, this mega-nourishment has an
expected life time of about twenty years, thus decreasing the
number of local pulse disturbances to intertidal organisms as a very
large volume of sand is nourished at one single occasion. After
construction, the mega-nourishment continuously changes in
shape over time as deposited sand is gradually transported by wind
and waves and nourishes up-stream beaches. On these beaches,
intertidal and supratidal macroinvertebrate communities poten-
tially experience limited disturbance by sand deposition. Another
envisioned advantage of a mega-nourishment is that the large
volume of sand allows for the construction of certain geomorpho-
logical shapes, which gives the possibility to increase the habitat
diversity, for example by creating sheltered intertidal zones,
attracting a wider variety of species. An enhanced habitat relief
generally leads to an increase in species diversity (Stein et al., 2014;
Tamme et al., 2010).

Here, we focus on species of the macroinvertebrate community
of the intertidal sandy beach. The intertidal macroinvertebrate
community is essential for the functioning of the sandy beach
ecosystem, including nutrient cycling and the provision of prey
species to support predator biodiversity (Defeo et al., 2009). Hence,
the intertidal macroinvertebrate community is at the core of the
sandy beach food web, linking primary production by e.g. micro-
algae to higher trophic levels such as shore birds (Lercari et al.,
2010; Bergamino et al., 2011). It thereby also connects marine
and terrestrial food webs and promotes the flow of nutrients across
the coastal boundary (Polis and Hurd, 1996; Catenazzi and
Donnelly, 2007). It is, however, unknown what the spatiotem-
poral effects of a mega-nourishment are on the intertidal macro-
invertebrate community and, ultimately, whether a mega-
nourishment can be considered a promising coastal defense strat-
egy in terms of sandy beach ecology.

In this study, we aimed to assess 1) the spatial and temporal
effects within a mega-nourishment on the intertidal macro-
invertebrate community up to four years after establishment, and

2) whether the intertidal macroinvertebrate community of wave-
exposed beaches of mega-nourishments differs from those with
regular beach nourishments or without nourishment. We hypoth-
esize that 1) the most common intertidal macroinvertebrate spe-
cies are present at the mega-nourishment within one year after
establishment; 2) enhanced habitat relief within the mega-
nourishment will attract other macroinvertebrate species than
those encountered on wave-exposed sandy beaches alone, thus
locally enhancing species richness; 3) the wave-exposed locations
at the mega-nourishment will have a similar macroinvertebrate
community composition as those subject to regular beach nour-
ishment, and 4) beaches subject to no nourishment are expected to
have a community composition most dissimilar from the mega-
nourishment and beaches subject to regular beach nourishment.

2. Methods
2.1. Data collection and description

Our focus was on the macroinvertebrate community, which
comprises all sandy beach invertebrates that are obtained by
sieving sand over a 1mm mesh. Unnourished beaches were
considered those that had not received any nourishment from the
year 1990 onwards, when sand nourishment became an active
management strategy in the Netherlands (Van Dalfsen and
Aarninkhof, 2009). In light of our study aims, we compiled and
analyzed data originating from three data sets. Macroinvertebrates
were identified to species level if possible.

2.1.1. Data set 1; the Sand Motor experiment

The ‘Sand Motor’ is a mega-nourishment created along the coast
near Den Haag, the Netherlands (52.05 N, 4.19 E) as a hook-shaped
peninsula attached to the original coast line (Stive et al., 2013). Sand
nourishment started in 2010 and was completed in 2011. Data on
the intertidal macroinvertebrate community was collected in five
years, 2010 (prior to establishment), 2012 (t=1), 2013 (t=2), 2014
(t=3)and 2015 (t = 4), in September or October to reduce seasonal
effects. Twelve transects were directed perpendicular to the coast
and span from the high water line (HWL, 1 m above mean sea level)
to the low water line (LWL, 0.6 m below mean sea level). Transect
length varied according to the slope of the beach at each transect.
Four transects were positioned north (down-stream), south (up-
stream; 1000 m between transects) and in the center (800 m be-
tween transects) of the mega-nourishment (Fig. 1). With this set-
up, a full spatial range of impacts on the macroinvertebrate com-
munities adjacent to the mega-nourishment could be monitored.
The sampling points on the central transects were, after placement
of the mega-nourishment, re-positioned on the outside of the hook
as the original sampling points were now covered by sand. These
transects are further referred to as the transects at the hook. In
2012, a transect was positioned in the lagoon of the mega-
nourishment and in 2013 a second transect was added to the
lagoon, resulting in two transects at the lagoon that were sampled
in 2013, 2014 and 2015. Moreover, from 2013 onwards, one transect
was added south and the most northern of the four initial southern
transects was dropped. This was done to track the effect of more
sand moving southwards than was anticipated. To create a robust
design, despite the changes made while accounting for expected
differences in the intertidal macroinvertebrate community across
the mega-nourishment, the beach was divided into four locations
for analysis: North (four (or three) transects), South (four (or five)
transects), Hook (four transects) and Lagoon (two transects) (Fig. 1).

With receding tide starting at the HWL, every 75 min one
sample was taken around the water line with the last sample taken
at the LWL, ensuring that sediment moisture levels were similar for
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Fig. 1. Map of the Netherlands with the position of the ‘Sand Motor’ mega-nourishment (blue dot) and the region in which all other beaches of the combined data set were located
(orange provinces). A satellite image of the mega-nourishment area (right) with the transects at the hook (arrow left), north (arrow up), south (arrow down) and in the lagoon
(arrow right) of the mega-nourishment indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

each sample. This resulted in a total of five sampled zones per
transect for the intertidal region. With a GPS tracking device, the
transects as established in 2012 were located each year to stan-
dardize transects over time. As the shape of the mega-nourishment
changed over time, corresponding samples were taken at slightly
different positions each year. Each sample was taken with a steel
rectangular corer of 27 by 37 cm (surface area 999 cm?) until a
depth of 15 cm. Sediment was sieved and upon collection macro-
invertebrates were transferred to a 4% formalin solution and later
stored in 70% ethanol. Abundance and richness were determined
for each of the five zones separately within each mega-
nourishment location, treating all transects within a location as
replicates. We thus assumed that variation in the intertidal mac-
roinvertebrate community between zones is greater than between
adjacent transects within a mega-nourishment location (c.f.
Schlacher et al., 2008).

2.1.2. Data set 2; the Leewis data set

Leewis et al. (2012) collected data on the intertidal macro-
invertebrate community at seventeen Dutch beaches in August
2007. Here, only the nine beaches (seven nourished and two
unnourished) in the provinces North-Holland and South-Holland
were used. We excluded sites from the Wadden Sea (in the north
of the Netherlands) and the Zeeland Delta (in the south of the
Netherlands), as these beaches were more dissimilar to the mega-
nourishment for environmental conditions (e.g. tidal range and
calcium and mud content). As the original study was designed as a
chronosequence, the time since the last regular beach nourish-
ment, ranged from 1 to 13 years and sampling occurred at a single
moment in time. The intertidal region was randomly sampled be-
tween HWL and directly below the mean tidal level. At each beach,
over a 25 m wide beach part parallel to the coast, a total of twenty

samples was taken using a stratified random design. Perpendicular
to the coast, the beach between HWL and directly below the mean
tidal level was divided into four zones, each spanning 1/8 of the
tidal height. With receding water starting at HWL, five samples
were randomly taken from each of four zones (Leewis et al., 2012).
Each sample was taken with a circular steel corer with a diameter of
20cm (surface area 314cm?) and depth of 20cm. Macro-
invertebrates were collected by sieving sediment and animals were
stored in 10% formalin.

2.1.3. Data set 3; the Janssen dataset

Janssen and Mulder (2005) collected data on the intertidal
macroinvertebrate community at nine Dutch beaches in June 2002,
of which the five beaches from the provinces North-Holland and
South-Holland were selected for this study. One beach had been
subject to regular beach nourishment four years before sampling,
while four beaches had not received any sand nourishment. On
each beach, seven zones were marked perpendicular to the water
line within a 25 m wide beach from 40 cm above HWL to 40 cm
below LWL. Sampling was based on the predicted tidal curve,
ensuring that each position at which a sample was taken received a
similar flooding time and sediment moisture level for each zone
within each beach. Five out of seven zones were randomly chosen
and ten macroinvertebrate samples were taken in each selected
zone (Janssen and Mulder, 2005). Samples were taken with a steel
corer to a depth of 30cm with a sampling surface of 78.5cm?.
Sediment was sieved and macroinvertebrates were collected and
stored in 3.8% formalin.

In total, we had data available for eight nourished and six
unnourished beaches to compare with the mega-nourishment and
put the development of the mega-nourishment in a broader
perspective.
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2.2. Combining and preparing data

2.2.1. General considerations

Abundance data was standardized by calculating the macro-
invertebrate abundance per m? for each sample based on the
sample surface area. Richness was determined per zone and loca-
tion (i.e. North, South, Hook or Lagoon) within the mega-
nourishment or for each separate regularly nourished or unnour-
ished beach. This amounted to an area sampled of 0.4 m? (0.2 m? for
Lagoon) (data set 1), 0.16 m? (data set 2) and 0.08 m? (data set 3). A
difference in sampling area makes it difficult to directly compare
richness, but further correction was not possible because the
species-area relationship was not known. Richness in data set 3,
and to a lesser extent data set 2, may therefore to a certain degree
be an underestimation of actual richness. Only taxa that were
representative of the intertidal macroinvertebrate community
were included in the analysis. Macroinvertebrates belonging to the
class Insecta were removed, because these are short-term visitors
from the supratidal and the dunes (Defeo and McLachlan, 2013). In
addition, the amphipod Talitrus saltator (two observations) and
animals that could not be further identified in the order Amphi-
poda (two observations) were removed as these are considered to
be supratidal inhabitants. Finally, three taxa (Schistomysis kervillei
(Mysidae), Actiniaria and Hydrozoa) were removed as they were
likely washed ashore after a storm.

2.2.2. Spatial and temporal effects within a mega-nourishment

To analyze spatial and temporal effects of a mega-nourishment
on community composition, we further processed the data from
data set 1. First, the average abundance per taxon was calculated
per zone and location. Abundance was then summed over all taxa
per zone and location to obtain total abundance, which was
logio(n+1)-transformed. The number of taxa was counted per zone
and location within each year to determine richness. For multi-
variate analysis within the mega-nourishment, 73 taxa were
included.

2.2.3. Mega-nourishment versus beach- and no nourishment

To compare the intertidal macroinvertebrate community across
nourishment types, the zone from which the sample was taken was
standardized between HWL (1) and LWL (0), where all sampling
locations were placed in between 0 and 1 based on emersion time
during the tidal cycle. An intertidal position of 0.5 thus corresponds
with being emersed for half of the time. Furthermore, in the com-
parison of nourishment types, the focus is on the intertidal mac-
roinvertebrate community of the wave-exposed beaches, therefore
excluding the lagoon at the mega-nourishment as it is sheltered
from hydrodynamic forces. In addition, the data collected at the
mega-nourishment in 2010 was not included as this sampling
occurred prior to establishing the mega-nourishment. As a result of
this selection, a total of 66 taxa were included in the analysis. For
both data set 2 and 3, abundance and richness were calculated in
analogy to the procedure applied to data set 1.

2.3. Statistical analysis

Of all potentially important abiotic factors explaining macro-
invertebrate community composition, we only had data available
for median grain size for all data points, except for the mega-
nourishment in 2014. When including median grain size in the
analysis, median grain size alone did not have a significant effect on
macroinvertebrate abundance and richness, even though there
were differences in median grain size between locations and years
at the mega-nourishment and between nourishment types (see
Supplementary). This supports the recommendation to analyze the

full suite of abiotic factors, but minimally include median grain,
size, beach slope and tidal range (McLachlan and Brown, 2006;
Schlacher et al., 2008). As this was not possible, we treat nourish-
ment and year as factors instead to include all relevant abiotic
factors in the analysis.

In light of the unbalanced number of replications, we ran a GAM
to test the effect of intertidal position (continuous factor, fitted with
a polynomial spline (k=5)) and mega-nourishment location
(discontinuous factor, four locations) on intertidal macro-
invertebrate abundance and richness. Another GAM was used to
determine the effect of intertidal position (continuous factor, fitted
with a polynomial spline (k=5)) and year (discontinuous factor,
five years) on intertidal macroinvertebrate abundance and richness
over the five-year period prior and post application of the mega-
nourishment. Macroinvertebrate community composition at the
mega-nourishment was evaluated with NMDS ordination which
was run for 100 iterations at k=3 (decreased number of di-
mensions). Similarities of macroinvertebrate communities be-
tween groups, either year (five levels) or location (four levels), were
tested with ANOSIM. For this analysis of similarities, the null-
hypothesis is that the similarity between groups is greater than
or equal to the similarity within groups, and the test statistic R is
constrained between —1 and 1 (Clark, 1993).

We also ran a GAM to test the effect of intertidal position
(continuous factor, fitted with a polynomial spline (k=5)) and
nourishment type (discontinuous factor; mega-nourishment, reg-
ular beach nourishment and unnourished beaches) on macro-
invertebrate abundance and richness. Macroinvertebrate
community composition for each nourishment type was plotted
with NMDS ordination which was run for 100 iterations at k=3
(decreased number of dimensions). Similarities of macro-
invertebrate communities between nourishment types were again
tested with ANOSIM. As data set 2 was focused on the higher
intertidal position an underestimation of the lower position com-
munity may exist, however, this underestimation is divided over
both beaches subject to regular beach nourishment and no nour-
ishment. All statistical analyses were done in R, version 3.2.3.

3. Results

3.1. Spatial and temporal effects on the macroinvertebrate
community within a mega-nourishment

3.1.1. Abundance and species richness

Macroinvertebrate abundance varied significantly with inter-
tidal position within the mega-nourishment (F=5.3, df=2.6,
p=0.006) with a more than four times higher abundance close to
LWL (78 +5 against 13+ 12 individuals m2 at LWL and HWL,
respectively; Fig. 2). Overall variation in abundance was large,
ranging from O to 1580 individuals m 2. South of the mega-
nourishment, macroinvertebrate abundance was significantly
higher compared to the other locations (t=3.7, p < 0.001). In 2014,
macroinvertebrate abundance was significantly lower than in any
other year (t=—-3.6, p <0.001).

Macroinvertebrate species richness also varied significantly
with intertidal position (F=13.1, df=1, p<0.001) with a higher
species richness close to LWL (5.9 + 4.1 against 2.9 + 3.5 species on
average at zone LWL and HWL, respectively, Fig. 3). South of the
mega-nourishment, species richness was significantly higher
compared to the other mega-nourishment locations (t=3.4,
p=0.001). There was strong variation in species richness among
years with higher richness in 2012, 2013 and 2015 than in 2010 and
2014 (GAM, t=2.6, p=0.01; t=2.8, p=0.007; t=3.5, p <0.001,
respectively).
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Fig. 2. Macroinvertebrate abundance (log-transformed; individuals m~2) at the mega-
nourishment across the intertidal region grouped by A) location (North, Hook, South
and Lagoon) and B) year (2010, 2012, 2013, 2014 and 2015). The continuous variable
‘intertidal position’ ranges from 0 being equal to the low water line (LWL) to 1 being
equal to the high water line (HWL). Each dot represents the average of all transects
within a location, grouped per year. Grey solid line shows the GAM estimate for the
overall fit, with grey dashed lines indicating 95% confidence interval. Spline: k=5.

3.1.2. Community composition

The macroinvertebrate communities North and at the Hook of
the mega-nourishment were most similar (Fig. 4). South of the
mega-nourishment, the beach harboured a more dissimilar mac-
roinvertebrate community composition compared to locations
North and at the Hook, with no overlap in group means (Fig. 4A).
The most distinct macroinvertebrate community was found in the
lagoon, with no overlap in group means and a larger variation in
community composition than for any other location at the mega-
nourishment (Fig. 4A). These differences in macroinvertebrate
community composition between locations were significant
(R=0.31, p<0.001), despite an overlap in community composition
for individual sampling points at the mega-nourishment (Fig. 4A).
There were significant differences in macroinvertebrate commu-
nity composition and variation between years (R = 0.08, p < 0.001).
In 2010, the macroinvertebrate community composition was least
variable and showed overlap in group means with all the other
years (Fig. 4B). The macroinvertebrate community composition
showed the largest variability in 2012, followed by 2013 (Fig. 4B).

Two main clusters of taxa were identified, with species of
exposed sandy beaches, such as the polychaete worm Scolelepis
squamata, the amphipods Bathyporeia pilosa and Haustorius are-
narius and the isopod Eurydice pulchra at the core of one cluster
(Fig. 5, left) and typical mudflat species, such as the amphipod
Corophium volutator and the polychaete worm Heteromastus fili-
formis at the core of the other cluster (Fig. 5, right). This coincides
with the community clusters North, South and at the Hook of the
mega-nourishment as wave-exposed sandy beaches and the
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Fig. 3. Macroinvertebrate species richness at a mega-nourishment across the intertidal
region grouped by A) location (North, Hook, South and Lagoon) and B) year (2010,
2012, 2013, 2014 and 2015). The continuous variable “intertidal position” ranges from
0 being equal to the low water line (LWL) to 1 being equal to the high water line
(HWL). Each dot represents the sum of all taxa within a location, grouped per year.
Grey solid lines show the GAM estimate for all dots combined, with grey dashed lines
indicating 95% confidence interval. Spline: k=5.

Lagoon as a sheltered beach (see Figs. 4A and 5A).

3.2. Effect of nourishment type on the macroinvertebrate
community

3.2.1. Abundance and species richness

Macroinvertebrate abundance was similar between beaches
subject to regular nourishment and no nourishment (t=—0.7,
p =0.5), while abundance was significantly lower at the mega-
nourishment (t=-5.4, p<0.0001; Fig. 6A). Overall, macro-
invertebrate abundance varied significantly with intertidal position
(F=8.9, df=3.1, p<0.0001), with higher abundances in the mid
and low intertidal positions (120 + 5 against 25 + 8 individuals m—2
at LWL and HWL, respectively; Fig. 6A).

Macroinvertebrate species richness was significantly lower at
the unnourished beaches than at beaches subject to regular nour-
ishment and the mega-nourishment (F=3.5, df=2, p=0.03).
Macroinvertebrate species richness varied significantly with inter-
tidal position (F=18.6, df =1, p<0.0001), with a higher species
richness close to the low water line (5.6 +3.5 against 3.0+ 3.6
species at HWL, respectively, Fig. 6B).

3.2.2. Community composition
The macroinvertebrate communities at beaches subjected to reg-
ular nourishment and no nourishment were most similar in
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composition with a high overlap in group means (Fig. 7A). The com-
munity composition at the wave-exposed beach locations within the
mega-nourishment was most distinct with no overlap in group means
with unnourished beaches and a slight overlap with beaches subject
to regular beach nourishment (Fig. 7A). The macroinvertebrate
community composition and variation showed significant differences
between nourishment types (R=0.08, p=0.002). Unnourished
beaches harboured the greatest variation in community composition
as indicated by a larger group centroid (Fig. 7A).

In unnourished beaches, the community composition was
driven by the presence of carnivorous species, such as the crab
Carcinus maenas (Fig. 7B). Species that were shared among the
three nourishment types included the polychaete worm Scolelepis
squamata and the amphipod Haustorius arenarius (Fig. 7B). At the
mega-nourishment, macroinvertebrate community composition
was strongly related to the presence of the amphipod Bathyporeia
elegans and members of the crab family Portunidae, but also by the
polychaete worm Spio martinensis (Fig. 7B).

4. Discussion

We found that a mega-nourishment can locally enhance

intertidal macroinvertebrate species richness by enhancing habitat
relief through variations in sandy beach morphology at landscape
level. In particular, a mega-nourishment provides a new beach
habitat along the main coast in the form of a sheltered lagoon,
which was inhabited by a distinct intertidal macroinvertebrate
community that is commonly encountered on beach types with
among others finer sands and a higher organic matter content (see
McLachlan and Brown, 2006; Beukema et al., 1999). In addition,
intertidal macroinvertebrate species richness and abundance were
higher south of the mega-nourishment compared to the other lo-
cations, which may again be related to the shape of the mega-
nourishment (see section 4.2).

Our study also shows that a mega-nourishment has both posi-
tive and negative effects on the intertidal macroinvertebrate com-
munity when compared to beaches subject to regular beach or no
nourishment. While macroinvertebrate species richness was higher
at both the mega-nourishment and beaches subject to regular
beach nourishment than at unnourished beaches, macro-
invertebrate abundance was lower at the mega-nourishment. This
suggests that intertidal macroinvertebrate species are able to
establish on these sandy beaches, but a variety of abiotic non-
optimal habitat characteristics and/or biotic factors, such as post-
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settlement competition and predation, limit the abundance of
these species (Todd, 1998). Furthermore, the wave-exposed bea-
ches of a mega-nourishment harbored a different intertidal mac-
roinvertebrate community compared to the species composition
encountered on beaches subject to regular beach and no nourish-
ment. A mega-nourishment thus does not result in a similar
intertidal macroinvertebrate community as was found on unnour-
ished beaches. Whether this should be regarded as a problem or not
depends on the specific nature-related goals coinciding with the
applied sand nourishment. Through its differences in shape, size
and frequency of nourishing, a mega-nourishment changes the
environment in a different way compared to regular beach nour-
ishments by its shape, size and frequency, even though e.g. sedi-
ment characteristics not intended to be fundamentally different.
These differences result in an altered intertidal macroinvertebrate
community with potential cascading effects within the sandy beach
food web.

4.1. Dispersal is not strongly limiting after a mega-nourishment

As expected, intertidal macroinvertebrate species common for
wave-exposed sandy beaches were already encountered one year
after establishment of the mega-nourishment. These common
species included the polychaete worm S. squamata, the amphipods
H. arenarius and B. pilosa and the isopod E. pulchra (Van Hoey et al.,
2004). These findings are in accordance with Leewis et al. (2012).
This rapid colonization of the bare sand associated with the hook of
the mega-nourishment was especially successfully executed by
S. squamata which reached the highest abundance of all taxa
encountered at the mega-nourishment (data not shown). In the
years following mega-nourishment, these common species were
still present. These findings show that common intertidal macro-
invertebrates successfully colonized the mega-nourishment,
emphasizing their great dispersal ability (e.g. Speybroeck et al.,
2007; Grantham et al., 2003).

When comparing years after nourishment, both intertidal
macroinvertebrate abundance and species richness were lower in
2014 compared to other post-nourishment years. It is not uncom-
mon to find large differences in macroinvertebrate composition
between individual years due to the highly dynamical environment
of the sandy beach (Turner et al., 1995) for example causing local
changes in mud content and chlorophyll a (Ysebaert and Herman,
2002). Also, there may be years in which the reproductive output
of certain species is lower or when mortality is higher, which is
related to the relatively long life-span of certain species and
discontinuous reproduction throughout the year (which is e.g. the
case for S. squamata (Speybroeck et al., 2007)). In the years after
establishment, the intertidal macroinvertebrate community
showed greater spatial variability in composition compared to the
community encountered before the mega-nourishment was
applied. Although this can again be attributed to between-year
differences, the further development of the lagoon over the years
likely had the greatest effect on the increased variability in inter-
tidal macroinvertebrate community composition (see section 4.2).

4.2. Spatial variation by design facilitates species

Secondly, we hypothesized that the enhanced habitat relief in
beach morphology within the mega-nourishment would result in a
sheltered beach that attracts other macroinvertebrate species than
those commonly encountered on wave-exposed sandy beaches,
which was indeed observed. A distinct intertidal macroinvertebrate
community composition was encountered in the lagoon, which
included the amphipod C. volutator and the polychaete worms
H. filiformis, C. capitata and P. elegans which are species commonly

encountered on intertidal mudflats (Beukema et al., 1999). The
species P. elegans and H. filiformis are characteristic for intermediate
and late successional stages of mudflats, respectively (Van Colen
et al, 2008), indicating that assembly of a mudflat macro-
invertebrate community occurred in the lagoon. Where dredged
material is used for the creation of a mudflat, colonization by
typical mudflat species (including C. volutator and C. capitata) oc-
curs within a year (Bolam and Whomersley, 2005), which is in
accordance to our study. The mega-nourishment therefore repre-
sents a connection between sandy beach ecology and tidal flat
ecology. The presence of this intertidal macroinvertebrate com-
munity coincides with the sediment composition of the lagoon
which accumulates organic matter (Wijsman, 2016) as organic
particles precipitate and benthic primary production prospers in
this benign hydrodynamic environment (Hartwig, 1978). This
community type is rarely encountered along the Dutch coast which
is dominated by wave-exposed sandy beaches subject to high hy-
drodynamic forces. Some mudflats are present in the upper North
(the Wadden sea) and the lower South (the Zeeland delta) of the
Netherlands. The mega-nourishment thus locally gives rise to a
habitat that attracts a different intertidal macroinvertebrate
community.

Interestingly, both macroinvertebrate abundance and richness
were higher south of the mega-nourishment compared to the other
locations within the mega-nourishment. This finding may be
related to the sea currents that move from South to North along this
part of the Dutch coast and hence influence migration patterns of
intertidal macroinvertebrate species. Many intertidal macro-
invertebrate species have a planktonic period in their life cycle and
depend on hydrodynamic forces for dispersal to establish on new
beaches, either in their planktonic phase or as an adult (Grantham
etal.,, 2003). As a result, the base of the sand hook potentially acts as
a sink for migrating intertidal macroinvertebrate species, which
may lead to an accumulation of a high number of macro-
invertebrates but also of more species.

Moreover, the environmental conditions differ, e.g. in sediment
characteristics and variation in dry and wet beach (micro-habitats),
and may explain the higher intertidal macroinvertebrate abun-
dance and richness south of the mega-nourishment. For example,
Huisman et al. (2014) found that at the outer hook of the mega-
nourishment the sediment was 20—30% coarser compared to
other parts of the mega-nourishment. Coarse sediment is known to
be associated to low macroinvertebrate abundance and richness
(Speybroeck et al., 2006). In addition, the beach south of the mega-
nourishment could be more dissipative, which is associated with
finer sands and a higher macroinvertebrate abundance and rich-
ness (McLachlan and Brown, 2006). This suggests that intertidal
macroinvertebrate colonization of less common species may
depend on suitable environmental conditions around the mega-
nourishment.

4.3. Comparing the post-recovery intertidal macroinvertebrate
community to other types of nourishment

The intertidal macroinvertebrate community composition of
wave-exposed beaches at the mega-nourishment were to a small
degree dissimilar from beaches subject to regular beach and no
nourishment, which is in contrast to our third hypothesis. Directly
after construction of the mega-nourishment, the average median
grain size was only slightly higher than at the original beach before
construction (Huisman et al., 2014), which was expected to facili-
tate macroinvertebrate colonization. However, the sediment at the
mega-nourishment became generally coarser over time (Huisman
et al, 2014), which likely had an effect on macroinvertebrate
community composition. In addition, a mega-nourishment may
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give rise to a range of other environmental changes (i.e. variability
in hydrodynamic forces, beach slope) which influence the preva-
lence of certain intertidal macroinvertebrate species. The taxa that
drive the intertidal macroinvertebrate community composition at
the mega-nourishment, such as B. elegans, Portunidae,
S. martinensis and P. ciliata, were less common but still part of
several transitional intertidal macroinvertebrate communities
related to the Eurydice pulchra - Scolelepis squamata community
(Van Hoey et al., 2004).

As to our final hypothesis, unnourished beaches did have the
most dissimilar macroinvertebrate community composition as
compared to beaches subject to sand nourishment practices. The
intertidal macroinvertebrate communities can further develop in
the largely undisturbed unnourished beaches. For example, inter-
tidal macroinvertebrate communities at beaches that received no
nourishment included the carnivorous crab species C. maenas.
These are attracted to beaches where sufficient prey species, con-
sisting of primary consumers, are present (Wong and Dowd, 2013).
Also, these beaches did not receive any sand nourishment because
they are non-erosive. Unnourished beaches are therefore expected
to have a lower temporal variability in beach slope and mean grain
size, which may have affected the macroinvertebrate community
composition (Brazeiro, 2001). Nevertheless, there may be many
underlying and interrelated factors causing these differences in
community patterns which will be difficult to quantify in future
studies.

Furthermore, intertidal macroinvertebrate abundance was
lower at the mega-nourishment compared to beaches subject to
regular and no nourishment, which potentially has cascading ef-
fects on fish, crabs and shore birds that use these species as prey
(McLachlan and Brown, 2006). For example, birds have been shown
to choose their foraging sites based on prey density at the landscape
scale along a sandy beach (Schlacher et al., 2014). These effects have
not been explored in the current set-up. Therefore, it remains un-
known whether this has significant consequences for higher tro-
phic levels when compared to other nourishment types.

In our study, zonation patterns for intertidal macroinvertebrate
abundance and richness were similar across locations within a
mega-nourishment and over a five-year period. Both the mega-
nourishment and the beaches subject to regular beach nourish-
ment had similar zonation patterns as unnourished beaches.
Abundance and richness were higher close to the low water line
with abundance being more variable, which is in accordance to
conceptual models proposed by McLachlan and Brown (2006). This
suggests that the zonation of the macroinvertebrate community
regarding abundance and richness was not disproportionally
influenced by (different) environmental factors altering zonation
patterns (Degraer et al., 2003).

It is finally important to note that we used three data sets with
different experimental set-ups, which may have put constraints on
the comparisons and interpretations we could make. For example,
the intertidal macroinvertebrate community composition showed
equal variability for the mega-nourishment at the wave-exposed
locations as for beaches subject to regular beach nourishment.
Drawing a conclusion from this finding is, however, difficult as the
variability in community composition is obtained from within one
beach for the mega-nourishment (North, Hook, South and Lagoon)
but several beaches for both regular and no nourishment. The
mega-nourishment data therefore probably display a-diversity,
while the other beaches give an indication of B-diversity for the
intertidal macroinvertebrate community. Moreover, we needed to
combine transects that were up to 1000 m apart at the mega-
nourishment to have replicate values within each location at the
mega-nourishment, while sampling on all other beaches was
concentrated on a much smaller beach part (25 m). Finally, there

was great variability in time of collection as samples were collected
between 2002 and 2015. In addition, only at the mega-nourishment
samples were collected as a small time series, generating several
data points for the same beach. Despite these limitations to our
combined data set, we believe this study provides interesting and
robust results on a novel sand nourishment strategy and its impact
on the intertidal macroinvertebrate community compared to reg-
ular beach nourishments.

4.4. Implications for coastal management

We have shown that macroinvertebrate biodiversity can be
temporally enhanced by creating a hook-shaped mega-nourish-
ment. The shape is crucial, as it creates a lagoon sheltered from
incoming waves, resulting in large-scale heterogeneity of the sandy
beach morphology in terms of wave-exposure and accumulation of
organic matter. Enhance habitat relief attracts a wider variety of
species and new communities can be assembled (Stein et al., 2014;
Tamme et al., 2010). Although depending on the exact ecological
goals of a sand nourishment to be implemented, biodiversity is a
widely valued and easy to measure characteristic within coastal
management which supports the sandy beach food web and gives
rise to a variety of ecosystem functions, such as production and
nutrient cycling (Schlacher et al., 2007). This suggests that a mega-
nourishment may constitute an attractive design for creating
diverse intertidal macroinvertebrate communities. Continuous
monitoring of the development of the ‘Sand Motor’ mega-
nourishment and the intertidal macroinvertebrate community
patterns over time will provide insight in the long-term dynamics.
This is especially interesting as the mega-nourishment was
designed to be completely incorporated with the original coast in
twenty years (Stive et al., 2013), making the lagoon and its inter-
tidal macroinvertebrate community a transient beach feature. On
the other hand, intertidal macroinvertebrate abundance was
overall lower at the mega-nourishment compared to beaches
subject to regular beach and no nourishment. A lower intertidal
macroinvertebrate abundance means a lower prey availability, with
potentially cascading effects on the sandy beach food web (Vanden
Eede et al.,, 2014; Peterson et al., 2006). We recommend that further
research includes the effects of changes in intertidal macro-
invertebrate community composition on higher trophic levels to
obtain a more complete overview on the ecological effects of sand
nourishment practices. Finally, an in-depth analysis of the under-
lying abiotic factors causing differences in the intertidal macro-
invertebrate community between sand nourishment practices
would yield critical information to facilitate future sand nourish-
ment designs.

4.5. Conclusions

The ‘Sand Motor’ mega-nourishment was constructed as a long-
term management alternative for coastal protection of sandy
shores and is the first large-scale experiment of its kind. Local
disturbance to ecological communities is reduced providing new,
temporary habitat for nature development. We conclude that a
mega-nourishment creates novel habitat for intertidal macro-
invertebrates by enhancing habitat relief of the sandy beach. While
coastal protection is the primary goal in the management of most
Dutch sandy shores, well designed mega-nourishments seem to be
a promising coastal defence strategy in terms of the macro-
invertebrate community of the intertidal sandy beach.

Author contributions

EME, PMB, MPB and RA conceived and designed the study. LL,



E.M. van Egmond et al. / Estuarine, Coastal and Shelf Science 207 (2018) 232—241 241

JWMW and GM] provided data. EME, PMB, MPB and RA analyzed
the data. EME wrote the manuscript with all other authors
providing editorial advice.

Data accessibility

Data can be obtained by contacting the corresponding author
directly.

Acknowledgements

We have no conflict of interest to declare. This research was
funded by Technology Foundation STW within the NatureCoast
program (P11-24), granted to RA (grant nr. 12689). MPB was partly
funded by a grant from the Uyttenboogaart-Eliasen Society.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.ecss.2018.03.003.

References

Bergamino, L., et al., 2011. Food web structure of sandy beaches: temporal and
spatial variation using stable isotope analysis. Estuar. Coast. Shelf Sci. 91,
536—543. https://doi.org/10.1016/j.ecss.2010.12.007.

Beukema, ]J., et al, 1999. A long-term study of the recovery of the macro-
zoobenthos on large defaunated plots on a tidal flat in the Wadden Sea. ]. Sea
Res. 42, 235—254. https://doi.org/10.1016/51385-1101(99)00027-1.

Bolam, S.G., Whomersley, P., 2005. Development of macrofaunal communities on
dredged material used for mudflat enhancement: a comparison of three
beneficial use schemes after one year. Mar. Pollut. Bull. 50, 40—47. https://
doi.org/10.1016/j.marpolbul.2004.08.006.

Brazeiro, A., 2001. Relationship between species richness and morphodynamics in
sandy beaches: what are the underlying factors? Mar. Ecol. Prog. Ser. 224,
35—44, https://doi.org/10.3354/meps224035.

Catenazzi, A., Donnelly, M.A., 2007. Role of supratidal invertebrates in decomposi-
tion of beach-cast green algae Ulva sp. Mar. Ecol. Prog. Ser. 349, 33—42. https://
doi.org/10.3354/meps07106.

Clark, K.R., 1993. Non-parametric multivariate analysis of changes in community
structure. Aust. J. Ecol. 18, 117—143. https://doi.org/10.1111/j.1442-
9993.1993.tb00438 x.

Cooke, B.C., et al., 2012. Nourishment practices on Australian sandy beaches: a re-
view. ]. Environ. Manag. 113, 319—327. https://doi.org/10.1016/j.jenvman.2012.
09.025.

Defeo, O., et al., 2009. Threats to sandy beach ecosystems: a review. Estuar. Coast.
Shelf Sci. 81, 1-12. https://doi.org/10.1016/j.ecss.2008.09.022.

Defeo, O., McLachlan, A., 2013. Global patterns in sandy beach macrofaunal: species
richness, abundance, biomass and body size. Geomorphology 199, 106—114.
https://doi.org/10.1016/j.geomorph.2013.04.013.

Degraer, S., et al., 2003. Macrobenthic zonation patterns along a morphodynamical
continuum of macrotidal, low tide bar/rip and ultra-dissipative sandy beaches.
Estuar. Coast. Shelf Sci. 56, 459—468. https://doi.org/10.1016/S0272-7714(02)
00195-6.

Grantham, et al., 2003. Dispersal potential of marine invertebrates in diverse
habitats. Ecol. Appl. 13, S108—S116. https://doi.org/10.1890/1051-0761(2003)
013[0108:DPOMII]2.0.CO;2.s.

Hanley, MLE., et al., 2014. Shifting sands? Coastal protection by sand banks, beaches
and  dunes. Coast. Eng. 87, 136-146. https://doi.org/10.1016/
j.coastaleng.2013.10.020.

Hartwig, E.O., 1978. Factors affecting respiration and photosynthesis by the benthic
community in a subtical silicious environment. Mar. Biol. 46, 282—293. https://
doi.org/10.1007/BF00391399.

Huisman, B.J.A., et al., 2014. Time and spatial variability of sediment gradings in the
surf zone of a large scale nourishment. J. Coast. Res. 70, 127—132. https://
doi.org/10.2112/S170-022.1.

Janssen, G., Mulder, S., 2005. Zonation of macrofauna across sandy beaches and surf
zones along the Dutch coast. Oceanologia 47, 265—282.

Leewis, L., et al., 2012. Does beach nourishment have long-term effects on intertidal

macroinvertebrate species abundance? Estuar. Coast. Shelf Sci. 113, 172—181.
https://doi.org/10.1016/j.ecss.2012.07.021.

Lercari, D., et al,, 2010. Trophic models in sandy beaches with contrasting mor-
phodynamics: comparing ecosystem structure and biomass flow. Ecol. Model.
221, 2751-2759. https://doi.org/10.1016/j.ecolmodel.2010.08.027.

McLachlan, A., Brown, A.C., 2006. The Ecology of Sandy Shores. Academic Press,
Burlington, MA, USA.

Peterson, C.H,, et al., 2006. Exploiting beach filling as an unaffordable experiment:
benthic intertidal impacts propagating upwards to shorebirds. ]. Exp. Mar. Biol.
Ecol. 338, 205—221. https://doi.org/10.1016/j.jembe.2006.06.021.

Polis, G.A., Hurd, S.D., 1996. Linking marine and terrestrial food webs: allochtho-
nous input from the ocean supports high secondary productivity on small
islands and coastal land communities. Am. Nat. 147, 396—423. https://doi.org/
10.1086/285858.

Schlacher, T.A,, et al., 2007. Sandy beaches at the brink. Divers. Distrib. 13, 556—560.
https://doi.org/10.1111/j.1472-4642.2007.00363 X.

Schlacher, T.A,, et al., 2008. Sandy beach ecosystems: key features, sampling issues,
management challenges and climate change impacts. Mar. Ecol. 29, 70—90.
https://doi.org/10.1111/.1439-0485.2007.00204.x.

Schlacher, T.A., et al, 2012. The effects of beach nourishment on benthic in-
vertebrates in eastern Australia: impacts and variable recovery. Sci. Total En-
viron. 435—436, 411—417. https://doi.org/10.1016/j.scitotenv.2012.06.071.

Schlacher, T.A., et al., 2014. Habitat selection in birds feeding on ocean shores:
landscape effects are important in the choice of foraging sites by oystercatchers.
Mar. Ecol. 35, 67—76. https://doi.org/10.1111/maec.12055.

Speybroeck, J., et al., 2006. Beach nourishment: an ecologically sound coastal
defence alternative? A review. Aquat. Conserv. Mar. Freshw. Ecosyst. 16,
419—-435. https://doi.org/10.1002/aqc.733.

Speybroeck, J., et al., 2007. Understanding the life of a sandy beach polychaete of
functional importance — Scolelepis squamata (Polychaeata: Spionidae) on
Belgian sandy beaches (northeastern Atlantic, North Sea). Estuar. Coast. Shelf
Sci. 74, 109—118. https://doi.org/10.1016/j.ecss.2007.04.002.

Speybroeck, J., et al., 2008. The Belgian sandy beach ecosystem: a review. Mar. Ecol.
29, 171-185. https://doi.org/10.1111/j.1439-0485.2008.00232.X.

Stein, A., et al,, 2014. Environmental heterogeneity as a universal driver of species
richness across taxa, biomes and spatial scales. Ecol. Lett. 17, 866—880. https://
doi.org/10.1111/ele.12277.

Stive, M.J.F, et al., 2013. A new alternative to saving our beaches from sea-level rise:
the sand engine. J. Coast. Res. 29, 1001-1008. https://doi.org/10.2112/
JCOASTRES-D-13-00070.1.

Tamme, R, et al., 2010. Environmental hetereogeneity, species diversity and co-
existence at different spatial scales. J. Veg. Sci. 21, 796—801. https://doi.org/
10.1111/j.1654-1103.2010.01185.x.

Todd, C.D., 1998. Larval supply and recruitment of benthic invertebrates: do larvae
always disperse as much as we believe?. In: Baden, S., Phil, L., Rosenberg, R.,
Stromberg, ].0., Svane, I, Tiselius, P. (Eds.), Recruitment, Colonization and
Physical-chemical Forcing in Marine Biological Systems. Developments in Hy-
drobiology, vol. 132. Springer, Dordrecht. https://doi.org/10.1007/978-94-017-
2864-5_1.

Turner, SJ., et al,, 1995. Are soft-sediment communities stable? An example from a
windy harbour. Mar. Ecol. Prog. Ser. 120, 219—-230. https://doi.org/10.3354/
meps120219.

Van Colen, C,, et al., 2008. Macrobenthic recovery from hypoxia in an estuarine tidal
mudflat. Mar. Ecol. Prog. Ser. 372, 31—42. https://doi.org/10.3354/meps07640.

Van Dalfsen, J.A., Aarninkhof, S.G.J., 2009. Building with nature: mega nourishments
and ecological landscaping of extraction areas. In: EMSAGG Conference, 7—8
May 2009, Rome, Italy doi: 10.1.1.486.8336.

Van Hoey, G., et al., 2004. Macrobenthic community structure of soft-bottom sed-
iments at the Belgian Continental Shelf. Estuar. Coast. Shelf Sci. 59, 599—613.
https://doi.org/10.1016/j.ecss.2003.11.005.

Vanden Eede, S., et al., 2014. Assessing the impact of beach nourishment on the
intertidal food web through the development of a mechanistic-envelope model.
J. Appl. Ecol. 51, 1304—1313. https://doi.org/10.1111/1365-2664.12314.

Wijsman, J.W.M., 2016. Monitoring en Evaluatie Pilot Zandmotor Fase 2 Datarapport
benthos bemonstering vooroever en strand najaar 2015. IMARES, Wageningen.
Report nr: C006/16, 67 pages.

Wong, M.C., Dowd, M., 2013. Role of invasive green crabs in the food web of an
intertidal sand flat determined from field observations and a dynamic simu-
lation model. Estuar. Coast. 37, 1004—1016. https://doi.org/10.1007/s12237-013-
9728-7.

Ysebaert, T., Herman, P.M.J., 2002. Spatial and temporal variation in benthic mac-
rofauna and relationships with environmental variables in an estuarine, inter-
tidal soft-sediment environment. Mar. Ecol. Prog. Ser. 244, 105—124. https://
doi.org/10.3354/meps244105.


https://doi.org/10.1016/j.ecss.2018.03.003
https://doi.org/10.1016/j.ecss.2010.12.007
https://doi.org/10.1016/S1385-1101(99)00027-1
https://doi.org/10.1016/j.marpolbul.2004.08.006
https://doi.org/10.1016/j.marpolbul.2004.08.006
https://doi.org/10.3354/meps224035
https://doi.org/10.3354/meps07106
https://doi.org/10.3354/meps07106
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1016/j.jenvman.2012.09.025
https://doi.org/10.1016/j.jenvman.2012.09.025
https://doi.org/10.1016/j.ecss.2008.09.022
https://doi.org/10.1016/j.geomorph.2013.04.013
https://doi.org/10.1016/S0272-7714(02)00195-6
https://doi.org/10.1016/S0272-7714(02)00195-6
https://doi.org/10.1890/1051-0761(2003)013[0108:DPOMII]2.0.CO;2.s
https://doi.org/10.1890/1051-0761(2003)013[0108:DPOMII]2.0.CO;2.s
https://doi.org/10.1016/j.coastaleng.2013.10.020
https://doi.org/10.1016/j.coastaleng.2013.10.020
https://doi.org/10.1007/BF00391399
https://doi.org/10.1007/BF00391399
https://doi.org/10.2112/SI70-022.1
https://doi.org/10.2112/SI70-022.1
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref15
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref15
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref15
https://doi.org/10.1016/j.ecss.2012.07.021
https://doi.org/10.1016/j.ecolmodel.2010.08.027
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref18
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref18
https://doi.org/10.1016/j.jembe.2006.06.021
https://doi.org/10.1086/285858
https://doi.org/10.1086/285858
https://doi.org/10.1111/j.1472-4642.2007.00363.x
https://doi.org/10.1111/j.1439-0485.2007.00204.x
https://doi.org/10.1016/j.scitotenv.2012.06.071
https://doi.org/10.1111/maec.12055
https://doi.org/10.1002/aqc.733
https://doi.org/10.1016/j.ecss.2007.04.002
https://doi.org/10.1111/j.1439-0485.2008.00232.x
https://doi.org/10.1111/ele.12277
https://doi.org/10.1111/ele.12277
https://doi.org/10.2112/JCOASTRES-D-13-00070.1
https://doi.org/10.2112/JCOASTRES-D-13-00070.1
https://doi.org/10.1111/j.1654-1103.2010.01185.x
https://doi.org/10.1111/j.1654-1103.2010.01185.x
https://doi.org/10.1007/978-94-017-2864-5_1
https://doi.org/10.1007/978-94-017-2864-5_1
https://doi.org/10.3354/meps120219
https://doi.org/10.3354/meps120219
https://doi.org/10.3354/meps07640
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref34
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref34
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref34
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref34
https://doi.org/10.1016/j.ecss.2003.11.005
https://doi.org/10.1111/1365-2664.12314
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref37
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref37
http://refhub.elsevier.com/S0272-7714(17)30876-4/sref37
https://doi.org/10.1007/s12237-013-9728-7
https://doi.org/10.1007/s12237-013-9728-7
https://doi.org/10.3354/meps244105
https://doi.org/10.3354/meps244105

	A mega-nourishment creates novel habitat for intertidal macroinvertebrates by enhancing habitat relief of the sandy beach
	1. Introduction
	2. Methods
	2.1. Data collection and description
	2.1.1. Data set 1; the Sand Motor experiment
	2.1.2. Data set 2; the Leewis data set
	2.1.3. Data set 3; the Janssen dataset

	2.2. Combining and preparing data
	2.2.1. General considerations
	2.2.2. Spatial and temporal effects within a mega-nourishment
	2.2.3. Mega-nourishment versus beach- and no nourishment

	2.3. Statistical analysis

	3. Results
	3.1. Spatial and temporal effects on the macroinvertebrate community within a mega-nourishment
	3.1.1. Abundance and species richness
	3.1.2. Community composition

	3.2. Effect of nourishment type on the macroinvertebrate community
	3.2.1. Abundance and species richness
	3.2.2. Community composition


	4. Discussion
	4.1. Dispersal is not strongly limiting after a mega-nourishment
	4.2. Spatial variation by design facilitates species
	4.3. Comparing the post-recovery intertidal macroinvertebrate community to other types of nourishment
	4.4. Implications for coastal management
	4.5. Conclusions

	Author contributions
	Data accessibility
	Acknowledgements
	Appendix A. Supplementary data
	References




