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Abstract
Crabs are ecosystem engineers that dig burrows, which can trap sediment. We used a field experiment to explore how burrow
aspect ratio (depth/diameter) affects the trapping efficiency of sediments and organic material. Arrays of burrows mimics were
constructed using tubes of similar depths but two different opening diameters: fat tubes (aspect ratio of 3.8) and thin tubes (7.1).
Different arrays were tested to examine whether the combination of burrows with two different aspect ratios affects the material
capture, while retaining the same total area of openings per array. The results showed that, in general, the fat tubes trapped more
organic material, especially large pieces, and more sediment than thin tubes. Furthermore, the silt-clay content of the sediment
trapped in the tubes was up to 50% greater than the surrounding surficial sediment. Hence, we conducted 2D numerical
simulations of flow around, and into, a single burrow to elucidate the mechanisms behind particle capture. Results showed that
the flushing rate and the turbulent kinetic energy were greater in the fat tubes. However, turbulence persisted for a longer distance
downstream of the thin tubes than the fat tubes. The enhanced turbulence may increase the flux of sediment into the tubes where
particles can settle and, consequently, promote the sediment capture and sedimentation rate. Our results demonstrate that the
aspect ratio of burrows significantly affects capture processes of organic material and sediment particles. Moreover, this capture
mechanism depends on the flow regime, as faster flows are associated with larger amounts of material in the water column.

Introduction

Ecosystem engineers are species that modify their environ-
ment by altering the flow, changing rates of sediment transport
and modifying nutrient cycles. Activities of benthic fauna
such as digging, moving and feeding result in sediment
mixing and reworking (Graf and Rosenberg 1997; Le Hir
et al. 2007), changing surface roughness (Widdows and
Brinsley 2002) and modifying the boundary layer above the
sediment (Murray et al. 2002). Benthic organisms such as
crabs can generate micro-scale topographic features such as
mounds, pits, tracks, tubes and burrows, causing changes in
benthic seascapes (Meadows et al. 2012).

A common bioturbating species endemic from New
Zealand is the tunnelling mud crab Austrohelice crassa occu-
pying estuarine soft sediments in the upper intertidal area
(Gibbs et al. 2001; Needham et al. 2011). Austrohelice crassa
is a very active species at both high and low tides and does not
remain in its burrow during high tide. Their activities such as
burrow building for protection against predators modify the
sediment-water interface as well as the water flow and fluid
infiltration. Exchanges between the water and sediment are
enhanced owing to the larger sediment-water boundary sur-
face area within the burrows (Ziebis et al. 1996; Laverock
et al. 2011; Needham et al. 2011). Burrows alter nutrient cy-
cles: key nutrients such as oxygen and nitrogen are transported
by the water entering and moving through these holes and
flowing through the sediment. It is well established that bur-
rows contribute significantly to the release of ammonium into
the environment (Vopel and Hancock 2005). Furthermore, a
larger density of burrows enhances oxygen uptake by sedi-
ment (Ziebis et al. 1996; Gilbert et al. 2003). Additionally,
crab burrows play a key role in the stabilization of sediment
beds (Needham et al. 2013). Consequently, mud crabs are
ecosystem engineers and considered as key species in their
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natural environments (Warren and Underwood 1986; Thrush
et al. 2003; Needham et al. 2011).

Heron and Ridd (2001) investigated the influence of flow
induced by tides on the flushing rates of animal burrows with
varying complexities (depth, geometry, number of apertures).
Burrows with multiple apertures have not been proven to be
more easily flushed than burrows with several loops (Heron
and Ridd 2003, 2008). The flushing rate is also related to the
features on the bed (micro-topography) that may redirect the
flow into the burrows (i.e. irrigation; Ziebis et al. 1996); these
features result from organism activity such as burrowing and
maintenance activities of mud crabs.

The size, shape and density of the tunnelling mud crab
burrows depend on the environmental conditions and sedi-
ment type (Kristensen and Kostka 2005). Burrows of
Austrohelice crassa can have many different shapes: cone,
u-, j-, i-, y-, inverted y-, branching or complex shapes forming
galleries of tunnels (Morrisey et al. 1999; Needham et al.
2010). In fact, the burrows dug by the mud crabs may also
be interconnected, which means that one burrow can have
more than one entrance and form a network similar to arteries
(Vopel and Hancock 2005). Moreover, Austrohelice crassa
adapts its building behaviour to the sediment properties
(Needham et al. 2013): in muddy sediment, the burrows often
have a i- or j- shape with a median depth of 47mmwhereas, in
sandy sediment, the burrows often present a j-, i- or inverted
y- shape with a median depth of 39 mm (Needham et al.
2010). The diameter of mud crab adult burrows is generally
greater than 8 mm (Needham et al. 2013). The burrow vol-
ume, surface area and complexity are, thus, greater in muddy
than in sandy sediment (Morrisey et al. 1999). Simple burrows
are often characterised by the aspect ratio, defined as the ratio
between the cavity depth and the cavity diameter (at its open-
ing). The median aspect ratio is, consequently, 6 in muddy
sediment and 5 in sandy sediment.

In the 1980s, numerous studies were conducted regarding
the efficiency of sediment traps and aimed at qualifying and
quantifying the impact of the shape and aspect ratio on the
sediment capture mechanism (Gardner 1980a, 1980b, 1985;
Butman 1986; Butman et al. 1986). In particular, cylindrical
sediment traps have been studied by researchers to evaluate
their efficiency to collect the sinking particles in the water
column. It has been shown that crab holes catch sediment,
retain detritus and trap organic matter (Iribarne et al. 2000).
Particles of organic matter and sediment grains can be
transported into burrows with the flow. By altering the
hydro- and sediment dynamics, crabs can enhance material
trapping in the burrows they dig. When the sediment capture
is a selective process, meaning that fine sediment particles
(silt-clay) are trapped in burrows and, then, incorporated into
sands, the sediment grain size distribution may be altered
causing fundamental changes in sediment erosion (van
Katwijk et al. 2010). Pore water exchange may, as a

consequence, change enhancing the modification of nutrient
cycles and faunal composition.

Investigations reveal that the burrow morphology influ-
ences sediment trapping with funnel-shaped burrow apertures
capturing twice as many particles than tubular openings
(Escapa et al. 2008). In this case, the number of particles
transported as bedload and caught within funnel-shaped bur-
row entrances is also larger (Witbaard and Duineveld 1989;
Nickell et al. 1995; Iribarne et al. 1997; Botto et al. 2006). It
has also been established that pits enhance sediment deposi-
tion and, therefore, increase the food supply to their inhabi-
tants (Yager et al. 1993). Similar results have been observed
for sediment traps.

Only a few studies have been focused on the influence of
the density of cavities such as crab burrows on the water flow
and the associated sediment transport (Needham et al. 2013).
Most of the studies on burrow trapping efficiency have fo-
cused on single features only. Nevertheless, the density of
mud crab Austrohelice crassa burrows ranges from 30 bur-
rows·m−2 in sand to 207 burrows·m−2 in mud (Needham et al.
2010). For a burrow density increasing from 100 to 400 bur-
rows·m−2 in mud and from 19 to 100 burrows·m−2 in sand, a
clear transition from erosion to deposition has been observed
under flow speeds varying from 5 to 45 cm·s−1 (Needham
et al. 2013). The role of interactions between burrows, partic-
ularly burrow aspect ratios, and their combined effects are not
well known. However, one of the very few studies of multiple
biogenic structures such as pits did report a transition from
erosion to deposition for an increasing percentage of sediment
bed covered (Friedrichs et al. 2009).

The present study therefore aims to (i) determine whether
crab burrow aspect ratio influences sediment deposition, (ii)
determine if there is a combination (array) of crab burrows
with different aspect ratios that is more efficient at catching
organics and collecting sediment, and (iii), to establish wheth-
er the sediment trapping by crab burrows is a selective pro-
cess. These objectives are addressed through field experi-
ments in Tairua, New Zealand, where tunnelling mud crabs
Austrohelice crassa are found in abundance. The field mea-
surements allow us to quantify the amounts of organics and
sediment captured over one tidal cycle in mimicked crab bur-
rows. These collected data serve, therefore, to assess the trap-
ping efficiency of crab burrow according to their aspect ratio
under different flow regime such as hydrodynamic and wave
conditions. To gain an insight into the mechanisms behind the
flow capture by simulating the flow around and into a single
burrow afterwards, numerical simulations are used.

Methods

The fieldwork was carried out on 29th and 30th July 2017, in a
sheltered sub-estuary in Tairua, New Zealand (GPS
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coordinates: 175° 50’ 49” E and 37° 0’ 9” S). This estuary
with tidal ranges ≤ 2 m is characterised by intertidal sand- and
mudflats, which are populated by a large number of
Austrohelice crassa mud crabs (Needham et al. 2010, 2011,
2013).

Burrow arrays

Centrifuge tubes with a conical bottom were used to mimic
natural crab burrows. These polypropylene tubes exhibited the
i-shape that is one of the most common shape of natural mud
crab burrows in sandy sediment (Needham et al. 2010, 2011,
2013). Two different sized tubes were used: 15 mL and 50 mL
tubes. Both sizes had similar lengths of approx. 120 mm, but
different opening diameters 17 and 30 mm, to yield burrow
aspect ratios of 7.1 and 3.8 for 15 mL and 50 mL tubes,
respectively. Hereafter, we refer to the 15mL and 50mL tubes
as thin and fat tubes, respectively.

The tubes were distributed into four different configura-
tions within a 1-m2 array, each 1 m apart from each other
(Fig. 1a). In order to see how the aspect ratio affects the sed-
iment trapping process, the total surface occupied by the tube
openings was kept constant for the four different arrays, i.e.
around 0.016 m2; however, the combination of fat and thin
tubes differed (Fig. 1b). Two cases of mixed arrays were test-
ed:Mixed-F with 16 fat tubes which cover 70% of the opening
area and 21 thin tubes covering 30% respectively; and a
Mixed-T array with only 7 fat tubes and 49 thin tubes and
the inverse ration of 30% fat tubes and 70% thin tubes cover-
ing the opening surface. In addition, two unmixed cases were
analysed where arrays contained only fat or only thin tubes
(Unmixed-F with 100% or 23 fat tubes and Unmixed-T with
100% or 70 thin tubes; Fig. 1b). Hence, in total, 372 tubes
mimicking burrows were deployed: 46 fat tubes and 140 thin
distributed between the four array scenarios for each day of
fieldwork. A bare plot with neither fat nor thin tubes was used
as a control array both days (Fig. 1a).

The arrays were deployed for one tidal cycle and repeated
the following day to examine the effects of different hydrody-
namic conditions. Prior to tidal inundation, the tubes were
filled with filtered seawater and closed with a screw cap.
Tubes were manually pushed in the sand with x and y posi-
tions within each array determined using a random number
generator. Just before the rising tide flushed the tubes, the
screw caps were removed and the tubes set in the sandy sed-
iment with their openings level with the surrounding substrate.

Sediment data collection and processing

Two rectangular tiles of dimensions 76 × 152 mmwere placed
level with the sediment surface in each array (Fig. 1b, c). Tiles
were deposited with the rough side up facing the flow to
enable particle collection and thus to estimate the

sedimentation rate or background deposition rate respectively
of each array during a tidal cycle. After the experiment, tiles
were recovered for further analysis in the laboratory. Each tile
was washed with fresh water above pre-weighed and dried
filter papers within a vacuum apparatus. The filter papers with
the sediment were placed in an oven for 24 h at 105 °C and
then weighed. The weight provided an estimate of the amount
of sediment deposited in each array. Unfortunately, the
amount of sediment that was deposited on the tiles was not
large enough to run a grain size analysis.

To gain an overview about the general sedimentological
conditions in the target area in the vicinity of the array, grab
samples of surface sediment were taken to obtain grain sizes
of the marine surficial sediment from our field site. Half of
these samples were digested in 10% hydrogen peroxide to
remove organic matter while the second half were kept intact
before being placed in the Malvern Mastersizer 2000 to obtain
grain size.

Hydrodynamic instruments and processing

A set of instruments was deployed in the vicinity of the arrays
each day of the field experiment (Fig. 1a, b). Instruments were
deployed at the bed around 8 m in front of the tube arrays.
Under the slow conditions observed during the experiments,
the impact of the frames on the sediment dynamics was con-
sidered to be negligible. The instruments consisted of:

(I) An RBR Concerto CTD (conductivity temperature depth
profiler; Fig. 1a) was used to record pressure data at a
frequency of 6 Hz. The instrument was placed in front of
the row of arrays at 9.5 cm and 9 cm above the bed on day
1 and day 2, respectively, and.Water depths were given at
1-min intervals following removal of atmospheric pres-
sure fluctuations and averaging.

(II) A 2-MHz Nortek Aquadopp ADCP (Acoustic Doppler
Current Profilers) operating in downward-looking pulse-
coherent mode was employed to measure the flow ve-
locities and pressure (Fig. 1a). This Aquadopp sampled
at a 2.5-cm vertical resolution over a profile of 33 cm
and 26 cm above the bed on day 1 and day 2, respec-
tively. Data were collected at 8 Hz to show the flow field.
Measurements were taken above the Mixed-F array on
day 1 and Unmixed-T on day 2. The data collection
lasted from the moment the ADCP was submerged by
flooding tide until they emerged at the end of ebb tide,
e.g. 11:00 to 13:00 on day 1.

(III) Three Vectrino profilers were utilised (Fig. 1c). The
probes were placed above the control array and the
two unmixed arrays on day 1 and above the control
array and the two mixed arrays on day 2 (Fig. 1a, b).
Vectrino profilers recorded data continuously at 50 Hz
over a ~ 25-mm-long vertical profile near the sediment
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bed (resolution of 1 mm). The data collection lasted
from the moment the Vectrino profilers were sub-
merged by flooding tide until they emerged at the end
of ebb tide, e.g. from 10:00 to 14:00 on day 1.

For both ADCP and Vectrino profilers, data with beam
correlations of less than 70%were removed. Turbulent kinetic
energy (TKE) dissipation rates (ε in W·kg-1) were calculated
using Vectrino data over 10-min intervals along vertical beams

using the structure function method ofWiles et al. (2006). The
ADCP and Vectrino velocity data were averaged over 1-min
intervals.

(IV) An optical backscatter sensor (Campbell Scientific
OBS3+) was placed outside the arrays to measure the
turbidity (Fig. 1a) at heights 5.5 cm and 4.5 cm above
bed on day 1 and day 2, respectively. Turbidities were
converted to total suspended solids (TSS) through a

Fig. 1 Experimental setup. a Set of arrays deployed in the field. In total,
five arrays were deployed on each day of field experiment. Four arrays
contained tubes while the fifth array was free of tubes to serve as a control
array. Although the number of fat and thin tubes changed between the
four arrays, the total area covered by the tubes was kept constant (around
0.016 m2). The arrays with tubes were labelled as follows: Unmixed-F
(100% of the opening area covered by fat tubes), Mixed-F (70% of the

opening area covered by fat tubes and the remaining opening surface by
thin tubes), Mixed-T (70% of the opening area covered by thin tubes and
the remaining opening surface by fat tubes) and Unmixed-T (100% of the
opening area covered by thin tubes). b Top view of the distribution of
burrow mimics within each array. c Side view and top view of a Vectrino
profiler above Unmixed-T. The scale bar was removed before inundation
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laboratory calibration using samples of surficial sedi-
ments taken from the field site (after sieving it through
a 250-μm mesh to remove the coarse grains that are
unlikely to be re-suspended).

Material trapped in burrows—data analyses
and processing

After a tidal cycle, tubes were closed with a lid and retrieved.
In the laboratory, the content of each tube was filtered using a
1-mmmesh to remove macro-organics (e.g. algae, seagrasses)
and macrofauna such as tunnelling mud crabs from the sedi-
ment. All animals found in the tubes were counted and iden-
tified. A crab was considered as adult when its carapace width
was larger than 5 mm and juvenile otherwise (Needham et al.
2010). Organic material was placed in the oven for 2 days at
60 °C, and subsequently weighed to obtain the dry weight of
the organics caught in each tube referred to as macro-organic
catching (in mg) hereafter. The deposition rates of macro-
organics (in mg·cm−2) were estimated for each tube by divid-
ing the mass of macro-organic trapped by the tube opening
area.

The remaining seawater and sediments in the tubes were
spun for 10 min at a speed of 3300 rotations per minute in a
centrifuge to separate sediments from seawater. Afterwards,
seawater was discarded and tubes were filled with freshwater
and centrifuged again to remove salt. After discarding the
salted water, tubes were placed in the oven for 2 days at
60 °C. Dry weight of the sediment trapped in each tube, re-
ferred to as sediment trapping (in mg), was then measured.
Subsequently, sediment deposition rates (in mg·cm−2) were
estimated for each tube by dividing the mass of sediment
trapped by the tube opening area.

After these measurements of sediment deposition rate per
tube, sediment content of half of the tubes from an array was
used to conduct grain size analyses, whereas the other half was
used to determine the organic matter content (e.g. in case of
Unmixed-T 35 thin tubes for grain size analyses and 35 for
organic matter). In case of mixed arrays (Mixed-TandMixed-
F), half of the fat tubes were analysed for grain sizes and the
other half of fat tubes for organic matter; and in the same way,
half of the thin tubes for one or the other. Therefore, both
aspect ratios were always handled and analysed independent-
ly. The grain size analyses reveal a median diameter d50 and
percentage of silt-clay, i.e. < 63 μm of the undigested sedi-
ment trapped in the tubes (Malvern Mastersizer 2000), while
the remaining matter was used in loss-on-ignition to obtain an
estimate of the total organic matter (contents of several tubes
were placed in the furnace for 8 h at 550 °C and eventually
weighed). The sediment analyses were repeated to estimate
the variability of the sediment properties.

To assess the significance of these measurements, statistical
analyses were conducted. Macro-organics catching, macro-
organics deposition rates, sediment trapping, sediment depo-
sition rates and sediment properties (median diameter, silt-clay
and organic matter contents) were used as indicators of cap-
ture efficiency for statistical analyses across the two aspect
ratios using Matlab. Before any statistical analysis, outliers
were removed according to the 1.5xIQR rule, i.e. data below
the first quartile and above the third quartile were not consid-
ered for further statistical tests. Within each array, differences
of macro-organics catching, sediment trapping values, fines
content and organic matter content among aspect ratio were
analysed using t-test for unpaired samples with unequal vari-
ance. We considered the null hypothesis that the indicators
mentioned above had equal means for both tube aspect ratios.
The results from t-tests, i.e. probability values noted p, pro-
vided weak or strong evidence against this null hypothesis:
small p values indicated that the data were not consistent with
the null hypothesis (p < 0.05, 95% confidence level), and thus,
this hypothesis was rejected.

Two-way ANOVA (ANalysis Of VAriance) was conducted
to assess if there were differences between the aspect ratios in
macro-organics catching/deposition rates, sediment trapping/
deposition rates, fines content and organic matter content
values as a function of treatment (array) were statistically sig-
nificant at 95% confidence level (p = 0.05). This statistical test
was unbalanced since the number of fat and thin tubes differed
between treatments i.e. arrays.

A chi-square test was also run to determine if the arrays
significantly affected the distribution of macro-organics and
sediment between fat and thin tubes at the 95% confidence
level (p = 0.05).

Numerical simulations

Limitations in technology prevent direct observation of the
capture mechanism of burrows during field experiments.
Therefore, we utilised a 2D numerical model to examine the
processes leading to potential differences in material trapping
efficiency between tubes with different aspect ratio and to aid
in the interpretation of the field measurements. Flow condi-
tions in and around crab burrows of different aspect ratios
were simulated using the computational fluid dynamics tool-
box OpenFOAM (Open Field Operation and Manipulation).
OpenFOAM is an open source code based on a finite volume
approach using a solver for incompressible fluids (for further
details, please see Le Minor et al. (2019)). The numerical
model presented here was validated against published data
(cf. procedure and results in Appendix A).

The 2D rectangular numerical model (50 cm in length and
30 cm height above bed) mimics a vertical cross section
through the water column and the shallow sediment bed. A
buried tube or crab burrow respectively was simplified as a
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rectangular box inserted at the bottom of the computational
domain. “Tube” dimensions are identical to the tubes used in
the field experiments: 120 mm in height and 17 mm and
30 mm in width in case of thin and fat tubes, respectively.
The computational domain consisted of a uniform hexahedral
mesh with a uniformmesh resolution of 0.5 mm. This box was
fully flooded during all experiment runs. Tidal flow conditions
were simulated by applying a constant inflow at the left verti-
cal side of the domain (inlet) and exited the box on the right
(outlet). A typical logarithmic velocity profile was mapped at
the inlet with a downstream velocity of 10 cm·s−1 which was
in the same range as field observations (e.g. Fig. 2). The flow
profile was generated using the Spalding’s law of the wall
(Spalding 1961). To simulate burrow generated turbulence in
the water column, the Large-Eddy simulation (LES) approach
with the one equation eddy-viscosity model was used. This
approach has been previously utilised to successfully resolve
large-scale eddies and simulate small-scale eddies (Palau-
Salvador et al. 2010). Experiments were run for a duration
of 300 s and a time step of 1 ms to ensure the stability of the
calculations.

Results

Hydrodynamics and total suspended solids

The hydrodynamic conditions above the different arrays are
shown during a tidal cycle for both days (Fig. 2). The water
depth changed over the tidal cycle, reaching 62 cm on day 1
and 50 cm on day 2 at high tide (Fig. 2a, e). Overall, horizontal
flow velocities were faster during the ebb tide on both days of
the field experiment. Velocities measured by the downward-
looking Aquadopp reached values of 17 cm·s−1 on day 1,
while the maximum flow speed was 11 cm·s−1 on day 2
(Fig. 2a, e). Near-bed horizontal flow speeds (from the
Vectrino profilers) reached up to 12 cm·s−1 on both days
(Fig. 2b–d, f–h). Fastest flow speeds were observed during
ebb tide on both days; however, high values were also mea-
sured during flood tide on day 2. In general, the turbulent
dissipation rate was around O(10−7–10−5 W·kg−1) (not
shown).

In brief, the hydrodynamic conditions, i.e. flow velocities
and dissipation rate of turbulent kinetic energy (not shown),
did not vary significantly between arrays, and between arrays
fluctuations were much smaller than the changes over time.
Furthermore, the flow conditions were slightly more energetic
on day 1, with wind-waves reaching a height of a couple of
centimetres (personal observations) while the water surface
was relatively smooth on day 2.

Near-bed total suspended solids (TSS) was measured di-
rectly in front of the arrays during both days (Fig. 2). Values
were very low, around 5 mg·L−1, for the majority of both tidal

cycles. Almost no fluctuations could be observed before and
after slack tide rather the TSS stayed uniform over the entire
tidal cycle (Fig. 2). However, the TSS exhibited a sharp in-
crease at the ebb tide on day 1 from 13:00 (Fig. 2a).

Material capture in the tubes

Macrofauna

Many tubes contained macrofauna and all the individuals
caught were counted and identified (Table 1). The tunnelling
mud crab Austrohelice crassa and estuarine pillbox crab
Halicarcinus whitei were the most frequent species retrieved
from the tubes. Overall, a larger number of crabs were caught
on day 1 with 28 (17 juveniles and 11 adults) than on day 2 (24
crabs, of which 9 were juveniles and 15 were adults).

To compare the impact of tube aspect ratio on the presence
of macrofauna, three ratios were computed for each array: the
number of (a) individuals, (b) adult and (c) juvenile crabs
found in tubes with the same aspect ratio were divided by
the number of tubes with this same aspect ratio to give the
average number caught per tube (Table 1). E.g. on day 1, in the
unmixed arrays, in total, 0.13 macrofauna or in particular 0.00
adult crabs and 0.07 juvenile crabs were found in thin tubes.
Hence, the ratio smaller than 1 means that there were fewer
crabs collected than the number tubes (i.e. some tubes did not
capture any macrofaunal organisms).

Overall, fat tubes had a greater catch rate than thin tubes,
with the exception that more individuals particularly both
adult and juvenile crabs were found in thin tubes in the un-
mixed and Mixed-T arrays on day 2 (Table 1).

Trapping of macro-organics

In addition to crabs, the tubes mimicking crab burrows cap-
tured other organic matter. The larger material (> 1 mm), ob-
tained after sieving the tube content and removing the macro-
fauna, mainly consisted of seaweeds and plants. In general,
the dry weight of large organic material captured in the tubes
was significantly higher on day 1 than on day 2 (p = 0.0000
from t-test; see also y-axes in Fig. 3).

Within each array, the difference in capture of macro-
organics between the two tube aspect ratios was significant
according to t-test results for both days (Table 2). In Mixed-F,
fat tubes trapped larger amounts of macro-organics than thin
tubes: 106.0 mg against 23.9 mg (p = 0.0000) on day 1 and
5.7 mg against 0.5 mg on day 2 (p = 0.0000, Fig. 3a, e). The
same contrast between fat and thin tubes applies to the un-
mixed arrays, where fat tubes also trapped larger amounts of
macro-organics than thin tubes: 62.4 mg against 18.3 mg (p =
0.0000) on day 1 and 4.6 mg against 0.9 mg on day 2 (p =
0.0000, Fig. 3a, e).
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Fig. 2 Horizontal velocities in cm·s−1 observed on day 1 (a–d) and day 2
(e–h) of fieldwork. Graphs (a) and (e) correspond to the horizontal
velocities measured with downward-looking Aquadopp above Mixed-F
on day 1 and Unmixed-T on day 2, respectively. Black lines indicate
water level measured with the CTD and grey lines correspond to the total
suspended solids (TSS) in mg·L−1 measured with a turbidity sensor

placed 5.5 cm above the bed on day 1 and 4.5 cm above the bed on day
2. Horizontal velocities acquired with Vectrino profilers above the control
array are shown in (b) and (f) whereas (c) and (d) show above Unmixed-F
and Unmixed-T measured on day 1, and (g) and (h) above Mixed-F and
Mixed-T on day 2, respectively

Geo-Mar Lett (2020) 40:197–216 203



After comparing fat tubes and thin tubes within each array
for both days, a two-way ANOVA was run on 177 and 154
tubes out of 186 on day 1 and day 2, respectively, to shed light
on the effect of aspect ratio and array on macro-organics
catching (Table 3). There was a significant interaction be-
tween the effects of aspect ratio and array on trapping of mac-
ro-organics. This significance is shown in Table 3 by the p and
F-values: F(2,172) = 3.41, p = 0.0354 on day 1 and
F(2,149) = 5.11, p = 0.0071 on day 2. On day 1, simple main
effects analysis showed (Table 2) that fat tubes had signifi-
cantly larger deposition rates of macro-organics than thin
tubes when located in Mixed-F array (p = 0.0041), but there
were no differences between aspect ratio when placed in un-
mixed arrays (because p = 0.4689) or Mixed-T (p = 0.1311)
both p > 0.05.

On day 2, simple main effects analysis showed that fat
tubes again had significantly larger deposition rates of
macro-organics than thin tubes when located inMixed-F array
(p = 0.0004). In contrast, a significant correlation of aspect
ratio and catching could also identified for the unmixed arrays
(p = 0.0179) on day 2. However similar to day 1, in Mixed-T
(p = 0.9390), there were no differences between aspect ratio
and catching. In summary, fat tubes exhibited larger deposi-
tion rates of macro-organics than thin tubes in unmixed arrays,
e.g. 0.6 mg·cm−2 against 0.4 mg·cm−2 on day 2 (Fig. 3f).

Arrays with fat tubes caught greater amounts of macro-
organics (Fig. 4a, c). The highest amount of macro-organics
was trapped inMixed-F array followed byUnmixed-F on both
days. In Mixed-F, 0.238 mg·cm−2 of organic material was
deposited on day 1, and 0.014 mg·cm−2 on day 2. In
Unmixed-F, the deposition rate of macro-organics in fat tubes
was 0.173 mg·cm−2 on day 1 and 0.012 mg·cm−2 on day 2.
Unmixed-T and Mixed-T therefore appeared to be less effi-
cient at capturing organics. Indeed, in Unmixed-T, the depo-
sition rate of macro-organics in thin tubes was 0.146 mg·cm−2

on day 1 and 0.007 mg·cm−2 on day 2. In Mixed-T, 0.089 mg·
cm−2 of organic material was deposited on day 1 and
0.009 mg·cm−2 on day 2. These observations are regarded as
statistically different because the amounts of macro-organics

caught in the tubes were significantly contrasting between the
2 days (p = 0.0000). Mixed arrays significantly affected the
distribution of macro-organics between fat and thin tubes on
both days (p = 0.0001 on day 1 and p = 0.0000 in day 2, Fig.
4a, c). In Mixed-F, the distribution was as follows: 28.72% in
thin tubes and 71.28% in fat tubes on day 1 but 6.92% in thin
tubes and 93.08% in fat tubes on day 2. In Mixed-T, the
distribution was as follows: 55.77% in thin tubes and
44.23% in fat tubes on day 1 and, similarly, 53.53% in thin
tubes and 46.47% in fat tubes on day 2. Therefore, in Mixed-
T, fat tubes captured relatively more macro-organics for their
surface area than the thin tubes.

Sediment trapping in tubes and sediment properties

In addition to the macrofauna and the large organic material,
the tubes also trapped sediment. In general, the dry weight of
sediment caught in the tubes was larger on day 1 than on day 2
with the amount trapped on average 3 times larger on day 1
than on day 2 for both the thin and the fat tubes (p = 0.0000
from t-test, Fig. 3c, g). Within each array, the difference in
sediment capture between the two tube aspect ratios was sig-
nificant on both days (Table 2). In unmixed arrays, fat tubes
trapped higher amounts of sediment than thin tubes: 280.2 mg
against 156.6 mg (p = 0.0005) on day 1 and 55.0 mg against
41.0 mg on day 2 (p = 0.0237, Fig. 3c, g).

A two-way ANOVAwas also run on a sample of 175 and
167 tubes to examine the effect of aspect ratio and array on
sediment trapping, on day 1 and day 2, respectively (Table 3).
There was a significant interaction between the effects of as-
pect ratio and array on sediment trapping, F(2,170) = 5.61,
p = 0.0044 on day 1 and F(2,162) = 5.59, p = 0.0045 on day
2. On day 1, simple main effects analysis showed that thin
tubes had significantly larger sediment deposition rates than
fat tubes when located in Mixed-T array (p = 0.0472) and in
unmixed arrays (p = 0.0000), but there were no differences
between aspect ratio when placed in Mixed-F (p = 0.0816).
On day 2, simple main effects analysis showed that thin tubes
had significantly higher sediment deposition rates than fat

Table 1 Macrofauna (average number of individuals per tube type within each array) caught split into tubes with two different aspect ratios and split
into general individuals, adult and juvenile crabs

Day Array (a) Number of individuals (b) Adult crabs (c) Juvenile crabs

Fat Thin Fat Thin Fat Thin

Day 1 Unmixed 7 (0.30) 9 (0.13) 2 (0.09) 0 (0.00) 1 (0.04) 5 (0.07)

Mixed-F 8 (0.50) 3 (0.14) 2 (0.13) 2 (0.10) 4 (0.25) 1 (0.05)

Mixed-T 3 (0.43) 11 (0.22) 1 (0.14) 4 (0.08) 2 (0.29) 4 (0.08)

Day 2 Unmixed 2 (0.09) 13 (0.19) 2 (0.09) 9 (0.13) 0 (0.00) 4 (0.06)

Mixed-F 6 (0.38) 1 (0.05) 2 (0.13) 0 (0.00) 3 (0.19) 1 (0.05)

Mixed-T 0 (0.00) 7 (0.14) 0 (0.00) 2 (0.04) 0 (0.00) 1 (0.02)
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tubes when located in unmixed arrays (p = 0.0000), but there
were no differences between aspect ratio when placed in
Mixed-F (p = 0.8138) or and in Mixed-T (p = 0.6483).
Indeed, in unmixed arrays, fat tubes exhibited smaller deposi-
tion rates of sediment than thin tubes: 39.6mg·cm−2 compared

to 69.0 mg·cm−2 on day 1 and 7.8 mg·cm−2 compared to
18.1 mg·cm−2 on day 2 (Fig. 3d, h).

In general, greater sediment trapping was positively corre-
lated to a larger number of thin tubes, and therefore, fewer fat
tubes. On both days, the largest amount of sediment was

Fig. 3 Amounts and deposition rates of macro-organic material and sed-
iment captured in tubes on day 1 (a–d) and day 2 (e–h). The light grey
bars correspond to fat tubes and the dark grey bars correspond to thin
tubes. Graphs (a) and (e) show the average amounts (dry weight) of
macro-organics caught per tube. Graphs (b) and (f) show the average
deposition rates of macro-organics per unit area. Graphs (c) and (g) show

the average amounts (dry weight) of sediment trapped per tube. Graphs
(d) and (h) show the average deposition rates of sediment per unit area of
tube opening. The different arrays are sorted along the horizontal axis.
Vertical lines plotted at the top of the bars correspond to the standard
errors associated to each sample after removing outliers according to
the 1.5xIQR rule
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deposited in Unmixed-T (Fig. 4b, d). Indeed, in unmixed ar-
rays, the deposition rate of sediment in Unmixed-T was
1.39 mg·cm−2 on day 1 and 0.58 mg·cm−2 on day 2 when, in
Unmixed-F, it was 0.64 mg·cm−2 on day 1 and 0.14 mg·cm−2

on day 2. In Mixed-F, 0.90 mg·cm−2 of sediment was depos-
ited on day 1 and 0.25 mg·cm−2 on day 2. As for Mixed-T,
0.58 mg·cm−2 of sediment was deposited on day 1 and
0.32 mg·cm−2 on day 2. These observations are regarded as
statistically different since the amounts of sediment trapped in
the tubes were significantly contrasting between the 2 days
(p = 0.0000).

In mixed arrays, the amount of trapped sediment was dis-
tributed between the fat and thin tubes. These arrays signifi-
cantly affected the distribution of sediment between fat and
thin tubes on both days (p = 0.0000 on both days). InMixed-F,
where 30% of the surface occupied by the tube openings cor-
respond to thin tubes and 70% to fat tubes, the distributionwas
as follows: 26.05% in thin tubes and 73.95% in fat tubes on
day 1 and 25.97% in thin tubes and 74.03% in fat tubes on day
2. In Mixed-T, where 70% of the surface occupied by the tube
openings correspond to thin tubes and 30% to fat tubes, the
distribution was as follows: 79.51% in thin tubes and 20.49%
in fat tubes on day 1 and 75.55% in thin tubes and 24.45% in
fat tubes on day 2.

The properties of the sediment captured in the tubes were
analysed to explore any dependence on aspect ratio (Table 4).
Firstly, the organic matter content was slightly larger on day 1
than on day 2: 7.19% against 5.61% when results from all the
tubes are considered. On day 1, the thin tubes contained less
organic matter than the fat tubes in Mixed-T and unmixed
arrays, e.g. in latter case 5.92% (thin tubes) against 8.13% (fat
tubes; p = 0.0022; Table 2). The opposite trend was observed
for Mixed-F: 7.32% in thin tubes and 5.97% in fat tubes (p =
0.0293; Table 2). On day 2, there was a significant difference in
organic matter content for unmixed arrays only: 4.44% in thin
tubes against 7.97% in fat tubes (p = 0.0000; Table 2).

Secondly, the median grain diameter was smaller on day 1
than on day 2 (Table 4). Whereas there was a substantial vari-
ability in grain size between arrays and also tube aspect ratios
on day 1, the grain size trapped was closer to uniform on day 2.
Indeed, on day 1, the thin tubes trapped finer particles than the
fat tubes in unmixed arrays (p = 0.0007; Table 2). As a com-
parison, the median grain diameter of the surrounding surficial
sediment was of 189.50 μm on day 1 and 193.00 μm on day 2.

Consistent with grain size results, the silt-clay content of
the trapped sediment was much larger on day 1 than on day 2:
between 15.10% and 24.08% on day 1 and between 5.54%
and 9.43% on day 2 (Table 4). On day 1, only the unmixed
arrays exhibit a clear difference: 15.10% for thin tubes against
24.08% for fat tubes (p = 0.0016; Table 2). On day 2, no clear
trend was observed. As a comparison, the silt-clay content of
the surrounding surficial sediment was of 11.47% on day 1,
which is lower than the sediment captured in the tubes. On day
2, the trapped sediment exhibited a fines content similar to the
surrounding surficial sediment (7.78%).

The number of tubes appeared to be negatively correlated
with percentages of fines and TOM (total organic matter;
Fig. 5). Linear regressions suggest a decrease in fines and
TOM when the number of tubes increases, with coefficients
of determination up to 0.88 for TOM on day 2 regardless of
the aspect ratio (Fig. 5).

Background sediment deposition

To estimate the sediment deposition in each array, two tiles
were inserted in the sediment bed at random positions. The
amount of sediment deposited on the tiles in the control array
was twice as much on day 1 than on day 2 (Fig. 6). The
presence of tubes appeared to reduce the sediment deposition
under the slightly rougher conditions of day 1. Indeed, on day
1, the sediment deposition was roughly twice as large in the
control array than in the arrays that contain tubes (Fig. 6):

Table 2 Results of t-test assuming unequal variance to assess the
impact of aspect ratio on capture and deposition rates of macro-organics
and sediment as well as trapped sediment properties. We considered the
null hypothesis that, for both tube aspect ratios, the macro-organics catch-
ing, macro-organics deposition rates, sediment trapping, sediment

deposition rates and sediment properties (median diameter, silt-clay and
organic matter contents) had equal means. Small p values in
italics indicate that the data are not consistent with the null hypothesis
(p < 0.05, 95% confidence level) and, thus, this hypothesis may be
rejected

Day 1 Macro-organics
catching

Macro-organics deposition
rates

Sediment
trapping

Sediment deposition
rates

Silt-clay
content

Organic matter
content

d50

Unmixed 0.0000 0.4689 0.0005 0.0000 0.0016 0.0022 0.0007

Mixed-F 0.0000 0.0041 0.0000 0.0816 0.2231 0.0293 0.0475

Mixed-T 0.0377 0.1311 0.0290 0.0472 – 0.2711 –

Day 2 Macro-organics
catching

Macro-organics deposition
rates

Sediment
trapping

Sediment deposition
rates

Silt-clay
content

Organic matter
content

d50

Unmixed 0.0000 0.0179 0.0237 0.0000 0.8273 0.0000 0.3148

Mixed-F 0.0001 0.0004 0.0001 0.8138 0.1692 0.6226 0.4336

Mixed-T 0.0842 0.9390 0.0094 0.6483 0.3395 0.4456 0.6094
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12.8 mg·cm−2 compared to 6.8 mg·cm−2. On day 2, the sedi-
ment deposition in the control array and in the arrays with

tubes except Mixed-F were alike, i.e. 7.5 mg·cm−2 and
5.7 mg·cm−2, respectively (Fig. 6).

Table 3 Results of two-way analysis of variance (ANOVA) testing
between aspect ratios differences in macro-organics and sediment depo-
sition rates, organic matter and silt-clay contents of trapped sediment as
well as median diameter d50 as a function of array. ANOVA provides
probability values noted p that indicate if the variations between the tube
contents are likely to stem from the sources of variability studied, i.e.
aspect ratio and array, but also from their combined influence noted aspect

ratio*array. Significant p values are in italics (p < 0.05, 95% confidence
level). The table below also includes for each source the degrees of free-
dom (df), the mean squares (MS), that characterize how much the varia-
tions in tube content can be explained by the considered source, and the
ratio of mean squares (F-statistic). The value called “error” shows the
remaining variations in tube content that cannot be explained by the
model

Day 1 Source df MS F p

Macro-organics deposition rates Aspect ratio 1 280.4 17.69 0.0000

Array 2 394.1 24.86 0.0000

Aspect ratio *array 2 54.0 3.41 0.0354

Error 172 15.9

Sediment deposition rates Aspect ratio 1 2932.3 3.75 0.0545

Array 2 5434.0 6.95 0.0013

Aspect ratio *array 2 4388.8 5.61 0.0044

Error 170 782.1

Silt-clay content Aspect ratio 1 13.1 1.2 0.2897

Array 2 17.0 1.57 0.2412

Aspect ratio *array 2 72.6572 6.7 0.0083

Error 15 10.8

Organic matter content Aspect ratio 1 7.3 10.09 0.0059

Array 2 2.1 2.87 0.086

Aspect ratio *array 2 7.3 10.04 0.0015

Error 16 0.7

d50 Aspect ratio 1 93,388.9 0.08 0.7839

Array 2 10,211,786.7 8.53 0.0034

Aspect ratio *array 2 14,681,786.7 12.26 0.0007

Error 15 1,197,811.1

Day 2 Source df MS F p

Macro-organics deposition rates Aspect ratio 1 1.8 15.56 0.0001

Array 2 0.1 0.77 0.4665

Aspect ratio *array 2 0.6 5.11 0.0071

Error 149 0.1

Sediment deposition rates Aspect ratio 1 243.9 3.13 0.0790

Array 2 73.1 0.94 0.3941

Aspect ratio *array 2 436.6 5.59 0.0045

Error 162 78.0

Silt-clay content Aspect ratio 1 2.7 2.74 0.1221

Array 2 17.1 17.12 0.0002

Aspect ratio *array 2 0.5 0.48 0.6276

Error 13 1.0

Organic matter content Aspect ratio 1 7.1 12.68 0.0026

Array 2 3.7 6.52 0.0085

Aspect ratio *array 2 8.0 14.25 0.0003

Error 16 0.6

d50 Aspect ratio 1 65,261.2 0.16 0.7001

Array 2 275,334.4 0.65 0.5362

Aspect ratio *array 2 492,480.0 1.17 0.341

Error 13 420,935.9
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Numerical simulations

Results of the 2D simulations of the hydrodynamics in the
mimicked crab burrows are shown in Fig. 7. When the flow
encounters the tube openings, turbulent kinetic energy is en-
hanced inside the tubes and along the sediment bed on the
downstream side of the burrow (Fig. 7). For both aspect ratios,

stacked vortices develop inside the tubes: three distinct vortex
cells form in the fat tubes, whereas four vortices form in the
thin tubes (Fig. 7a, b). The penetration depth of the flow in
“crab burrows” depends on the aspect ratio, with vortices
reaching further down in fat tubes. However, only the upper-
most vortex cell displays substantially enhanced TKE values.
Moreover, this main vortex is more turbulent in fat than thin

Fig. 4 Total deposition rates of macro-organic material and sediment
captured per array. Graphs (a) and (c) show the deposition rate of
macro-organics caught per array on day 1 and day 2, respectively.
Graphs (b) and (d) show the sediment deposition rate per array on day

1 and day 2, respectively. The different arrays are sorted along the hori-
zontal axis according to the area occupied by thin tube openings. Note the
change in scale between left- and right-hand columns

Table 4 Mean (standard
deviation) properties of trapped
sediment. The content of several
tubes was gathered randomly to
have several replicates with
sufficient amounts of material for
the analysis of the trapped
sediment properties. TOM stands
for total organic matter

Day Array Tube Number of replicates TOM (%) Median grain
size (μm)

Silt-clay (%)

Day 1 Unmixed Thin 5 5.92 (0.85) 172.20 (6.30) 15.10 (2.81)

Fat 6 8.13 (0.84) 141.00 (12.17) 24.08 (3.83)

Mixed-F Thin 2 7.32 (0.03) 163.50 (4.95) 18.92 (0.45)

Fat 4 5.97 (0.69) 188.25 (15.76) 16.03 (3.78)

Mixed-T Thin 3 6.43 (0.14) 145.33 (8.02) 21.76 (2.72)

Fat 2 for TOM – 1 otherwise 9.35 (1.93) 147.00 (−) 21.34 (−)
Day 2 Unmixed Thin 5 for TOM – 3 otherwise 4.44 (0.70) 186.00 (6.08) 9.17 (1.73)

Fat 6 for TOM – 5 otherwise 7.97 (0.70) 180.20 (8.76) 9.43 (1.00)

Mixed-F Thin 2 6.04 (0.27) 184.50 (6.36) 7.78 (0.76)

Fat 4 5.75 (0.99) 189.75 (5.32) 9.15 (0.76)

Mixed-T Thin 3 4.49 (0.89) 186.33 (4.93) 5.54 (0.31)

Fat 2 4.97 (0.04) 184.50 (0.71) 6.31 (0.69)
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tubes. Outside of the tubes, the turbulence generated by the
interaction of the flow with the tube openings appears more
intense but of shorter duration (more quickly dissipated) for
the fat than thin tubes, as indicated by the higher TKE values
downstream (Fig. 7).

Vertical velocity profiles are logarithmic above the bed
mimicking the applied inflow conditions (Fig. 7c). Mean hor-
izontal velocities (ŪX) within the tubes exhibit perturbations
to this profile occurring down to Z = 3.3 cm and Z = 1.9 cm for
fat and thin tubes, respectively (Fig. 7c, d). In addition, mean
horizontal velocity profiles (ŪZ) are asymmetrical around the
tube centreline at 1 cm below the tube openings in both tubes
(Fig. 7d). Downward velocities of up to 7.8 mm·s−1 could be

observed at the downstream side of the fat tube whereas up-
ward velocities of 4.9 mm·s−1 occur at the upstream side.
Similarly, downward velocities at the downstream side of
the thin tube reach values of 2.1 mm·s−1 and upward velocities
are up to 1.6 mm·s−1 at the upstream side of the thin tube.

Discussion

The present study demonstrates that crab burrows can capture
macrofauna (e.g. crabs), organic material and sediments.
Macro-organics and sediment were found in the tubes for both
days. However, our results revealed that the total amount of

Fig. 5 Change in sediment properties with number of tubes. a and c
correspond to the relationship between the silt-clay content (%) of the
sediment trapped in the tubes (fat and thin tubes taken together) and the
number of tubes per m2 on day 1 and day 2, respectively. b and d

correspond to the relationship between the organic matter content (%)
of the sediment trapped in the tubes (fat and thin tubes taken together)
and the number of tubes per m2 on day 1 and day 2, respectively. In all
graphs, the dashed line shows the results of the linear regression

Fig. 6 Sediment deposition in mg·cm−2 estimated for each array from the tiles. The different arrays are sorted along the horizontal axis with increasing
numbers of thin tubes to the right. Vertical lines plotted at the top of the bars correspond to the standard errors
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material caught in burrows is strongly dependent on the hy-
drodynamic conditions, as currents control the quantity of
material in suspension in the water column (Fig. 3). Stronger
hydrodynamic conditions led to greater TSS in water column
(Fig. 2) and, hence, morematerial was available for capture. In
particular, the sharp increase in TSS at the ebb tide on day 1 is
likely to contribute to the difference in material capture be-
tween the 2 days of experiments.

Additionally, the amount of material collected and the as-
sociated deposition rates are also related to the aspect ratio of
crab burrows (Fig. 8a). Burrow arrays appear to play a major
role on capture capacity of organic material and sediment. The
array configuration also seems to control the trapped sediment
organic matter content as well as the capture of different sed-
iment type fractionations (Fig. 8b).

Influence of aspect ratio on capture efficiency

Macrofrauna was caught in all arrays by both types of tubes:
fat tubes with an aspect ratio of 3.8 and thin tubes with an
aspect ratio of 7.1. Based on the number of arrays, and short
term of deployment, a detailed analysis is neglected; thus, we
would need rather long-term monitoring to assess the link
between macrofauna and burrow aspect ratio. However, in
general, more crabs were caught in the fat tubes than in the
thin tubes.

Our results suggest that the aspect ratio is a key factor
controlling the catching of large organic material. Indeed, fat
tubes caught larger amounts (dry weight) of macro-organics
than thin tubes on both days and across all arrays (Fig. 3;
Table 2). Arrays containing the greatest numbers of fat tubes
(Unmixed-F with 23 fat tubes and Mixed-F with 16 fat tubes)

were the most efficient at trapping organics. Moreover, on day
1, fat tubes tended to catch much bigger pieces of macro-
organic material than thin tubes, which can be explained by
the wider openings of fat tubes allowing capture of larger
pieces of material. Hence, the capture of macro-organics is a
selective process. To extrapolate the results of catching of
macro-organics to a larger tidal flat area, we assume that our
twomixed scenarios mimic more realistic natural burrowmor-
phology and density conditions (Needham et al. 2010, 2013).
A simple upscaling gives an amount of macro-organics cap-
tured by crab burrows for a fat tube-dominated tidal flat
(Mixed-F) of approximately 2.4 t·km−2 and for a thin tube-
dominated field (Mixed-T) of approximately 0.9 t·km−2

macro-organics over a tidal cycle.
This study highlights that tubes clearly enhance sediment

capture compared to the surrounding bed. Indeed, the sedi-
ment deposition rates appear to be greater in both types of
crab burrows (fat tubes and thin tubes) than on the tiles placed
on the bed in-between (Fig. 4 and Fig. 7). This result supports
previous observations that burrows dug by crabs increase the
sediment capture (Botto et al. 2006; Escapa et al. 2008;
Iribarne et al. 1997, 2000). Associated with this larger amount
of sediment trapping is an increase of trapped organic matter
(Table 4), and thus more food provided to the benthic

Fig. 7 Results of the 2D simulations with OpenFOAM. a Screenshot of
the flow pattern in the fat tube (aspect ratio of 3.8) plotted with Paraview.
b Screenshot of the flow pattern in the thin tube (aspect ratio of 7.1)
plotted with Paraview. c Downstream velocity profiles (along X-axis)

extracted along Z-axis at the centre of the tubes, i.e. X = 0 cm. d
Vertical velocity profiles (along Z-axis) extracted along X-axis at the
centre of the tube openings and Z = − 1 cm. d corresponds to the tube
diameter and AR stands for aspect ratio

�Fig. 8 Main findings. a Material capture in single burrows. Greater
amounts of macro-organics, as well as sediment, are collected in fat
tubes. Fat tubes catch larger organic elements since they have a wider
opening. The hydrodynamic conditions determine the quantity of
material available for trapping in the water column. b Turbulence
generation and sediment trapping in arrays of burrows. A larger number
of tubes appears to generate more intense turbulence, which keeps fine
material, i.e. organic matter and fine sediment particles, in suspension

210 Geo-Mar Lett (2020) 40:197–216



Geo-Mar Lett (2020) 40:197–216 211



communities living in the burrows (Botto and Iribarne 2000;
Botto et al. 2006). However, further investigations are re-
quired to gain a deeper insight into the food chain of tunnel-
ling mud crabs similar to studies by Botto et al. (2006).

Comparison of dry weight of sediment trapped in crab bur-
rows with different aspect ratios showed that the fat tubes
captured the highest amounts in all arrays and for both days,
similar to macro-organics (Fig. 3; Table 2). This observation
supports the findings of Gardner (1980a), who demonstrated a
positive correlation between the deposition rate of particles
collected in cylindrical traps and the aspect ratio. In addition,
these values are in the same order of magnitude reported in
former studies for Neohelice granulata crab burrows (Escapa
et al. 2008). Here, dry weight sediment deposition rate of
around 108 mg·cm−2 was measured in a tubular-shaped bur-
rows with an aspect ratio of 4 during one tidal cycle on a
sandflat.

In addition to the clear differentiations of amount of sedi-
ments and sediment deposition rate between fat and thin crab
burrow, the discrepancy in sediment composition was the
strongest between fat and thin tubes in unmixed arrays. In
mixed arrays, organic matter content, median diameter d50
and silt-clay percentage of trapped sediments did not signifi-
cantly differ between the two tested aspect ratios.

Furthermore, our numerical simulations demonstrate that
thin tubes influence flow patterns further downstream than
fat tubes. So, thin burrows may have a greater “far-field” im-
pact and hence, have a stronger influence on the surrounding
burrows compared to single fat tubes. The penetration depth
of vortices correlates to first order with the diameter of the
burrow, which is in good agreement with previous studies
(Weiss and Florsheim 1965; O'Brien 1972). These simulations
reveal that a faster downward flow may promote greater
amounts of material entering fat tubes than thin tubes. This
result supports previous findings stating that the aspect ratio of
cylindrical traps is the key factor for collection of sediment
particles (Gardner 1980a). In addition to the higher TSS on
day 1, the fact that “the trapping efficiency of cylinders may
increase slightly with increasing current velocity” (Gardner
1980a) may contribute to the larger capture rates observed
on day 1 (Fig. 3). However, further simulations would be
required to distinguish between the individual influences of
flow speeds and suspended sediment concentrations. In addi-
tion, pellets, tracks and even animal bodies can change the
roughness of the bed, i.e. micro-topography, leading to an
increase in turbulence that is likely to push water into burrows
and to enhance their flushing rate (Ziebis et al. 1996).
Furthermore, a grain of fine sand (d50 = 180 μm), typical of
the sampled surficial sediment, settles at a velocity of 21 mm·
s−1 (Grace 1986); and hence, such sediment particles are too
heavy to be re-inserted in the water column by the upward
outflow. Consequently, fine sand would be trapped in both
tubes. In contrast a finer medium silt sediment (d50 =

25 μm), which constituted the majority of trapped sediment
on day 1, would not be trapped neither in fat nor thin tubes in
our simulations as such grains have a settling velocity of
0.8 mm·s−1. Flow speeds inside the tubes appear to be strong
enough to carry such a sediment particle out of the crab bur-
row for both aspect ratios. However, some fine particles may
be trapped when they collide with burrow walls or when they
get advected deeper into the tube and eventually reach a place
where they can settle out. Generally, numerical simulations
suggest that the aspect ratio is not a dominant factor for trap-
ping fine sediments.

Influence of burrow arrays — field observations

In all test arrays, the area occupied by tube openings was
constant (Fig. 1a). However, our results showed that the array
configuration affects the total deposition rates of sediment and
macro-organics. The latter is mainly controlled by the absolute
number of fat tubes per area. We focus in the following on
sediment trapping behaviour as a function of array composi-
tion. Indeed, the impact of the array configuration and, hence,
crab burrow distribution on sediment capture appears to be a
function of number, as well as distribution of, fat versus thin
tubes (Fig. 8b).

Our findings showed that the number of thin tubes control
the total sediment deposition rates and hence the sediment
capture particularly on day 2 (Fig. 4). Thus, the sediment
deposition rate is always greater in Unmixed-T array with thin
tubes compared to Unmixed-F with fat tubes (Fig. 3 and Fig.
5). In addition, homogeneous thin tubes array (Unmixed-T)
always exhibit the largest sediment deposition rate indepen-
dent of weather conditions. Moreover, sediment deposition
rate always increased when adding a few thin tubes to the
homogeneous fat array (e.g. the Mixed-F scenario) during
both days. More thin tubes result in an increase of absolute
sediment deposition rate only during calm conditions (day 2).

A simple upscaling of our experimental results provides an
estimate of the amount of sediment captured by crab burrows
(with a distribution of aspect ratios similar to Unmixed-T) as
roughly 14 t·km−2 over one tidal cycle. For this calculation, a
similar sediment supply is assumed for all burrows whereas,
in natural conditions, as sediment is deposited, there is less
sediment available for deposition downstream. Such estimat-
ed sediment volumes may have significant impacts, on the
geomorphology of intertidal sandflats, by for example, alter-
ing erosion properties. In addition to the impact of aspect ratio
distribution on sediment capture and deposition rate, a de-
crease of fine content and organic matter content could be
identified, associated with an increasing number of crab bur-
rows per array (Table 4). This result suggests that the turbu-
lence level or TKE not only controls the capture capacity,
rather it also causes a sediment fractionation. Indeed, reduced
trapping of fines may stem from enhanced turbulence that
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keeps the sediment in suspension. This observation was more
pronounced during rough weather conditions on day 1 com-
pared to the calmer day 2. Such a muddification process has
already been described for seagrass beds (van Katwijk et al.
2010). Therefore, even in sandy environments, the sediments
trapped in crab burrows were finer than the surrounding sub-
strate. Crab burrows in sandy sediments have a shorter perma-
nency than in muddy substrates (Needham et al. 2011). Thus,
when crab burrows collapse, the surficial sediment may be-
come muddier over time, and hence alter the erosion proper-
ties. However, neither muddification nor significant changes
in erosional behaviour were observed in our target area.
Hence, trapped sediment may be reintroduced in the system
due to waves that rework the sediment bed and re-suspend the
fine grains, but also owing to the crabs excavating the trapped
sediment during the maintenance of their burrows.

Based on our numerical simulations, we identified the as-
pect ratio and particularly the “far-field” impact of thin tubes
as a potential controlling factor for sediment trapping. The fat
tubes in Unmixed-F are more likely to affect individually the
flow and behave as an isolated roughness element; as the
fewer tubes (23 tubes) were sparsely scattered. Conversely,
thin tubes influence the flow pattern in the vicinity including
the surrounding tubes owing to their “far-field” impact, thus
causing interactions between the wakes and eddies generated
by burrows. Therefore, for arrays with many tubes (e.g.
Unmixed-T arrays with 70 tubes), we expect enhancement in
TKE owing to burrow density. Such an increase in turbulence
generation by biogenic structures and associated effects on
sedimentation was observed in the field for a wide range of
biogenic structures (Green 2005; Nepf 2012), such as man-
grove roots density (Mullarney et al. 2017; Norris et al. 2017,

2019) or of artificial epibenthic structures (Bouma et al. 2007).
The interactions between a flow and emergent structures at
different densities modify the shear stress, leading to differ-
ences in sedimentation. A skimming flow may develop when
the burrow density is high enough (Nowell and Church 1979;
Eckman 1983; Nowell and Jumars 1984; Friedrichs et al.
2000, 2009; Coco et al. 2006). However, additional experi-
ments are required to further unravel the link between burrow
density and flow regime for different burrow aspect ratios as
the significance of the sediment deposition rates are not yet
sufficiently convincing for different array configurations.
Homogenous arrays of burrows (only one aspect ratio) at dif-
ferent densities could be studied following the strategy of
Eckman et al. (1981) to determine the impact of animal tubes
on sediment stabilization.

Conclusions and outlook

In this paper, we showed that tubes mimicking Austrohelice
crassa crab burrows (similar dimensions and shape) act as
passive traps of macrofauna, macro-organics and sediment.
Therefore, such benthic structures and their builders are ex-
pected to impact their ecosystem by enhancing food deposi-
tion that would benefit the benthic communities living in these
cavities. In addition, these ecosystem engineers are also likely
to change the properties of the sediment they live in over short
time scales (days) since more fine particles were captured.
Through maintenance activities, Austrohelice crassa crabs re-
move the particles trapped in their burrows instead of keeping
them inside. Since burrow excavation (clearing) only occurred
at low tide, i.e. when burrows are exposed to air, the results

Fig. 9 Geometry and flow validation of hydrodynamics in square cavity
at Re = 1000. a Boundary conditions and geometry of the square cavity
(height H equal to diameter D). b Modelled results of mean streamwise
velocity plotted against published data. Data were extracted along a

vertical profile located at X/D = 0.5. c Modelled results of mean vertical
velocity plotted against published data. Data were extracted along a
horizontal profile located at Z/H = 0.5
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presented in this study are not only specific for empty
burrows.

In particular, this paper demonstrated that the burrow as-
pect ratio is a controlling factor for the capture of macrofauna,
macro-organics as well as sediment at both the scale of a
single tube and at the scale of an array of tubes. Indeed, bur-
rows with small aspect ratio (fat tubes) trap larger amounts of
macrofauna, macro-organics and sediments than burrows with
a high aspect ratio (thin tubes). In addition, tubes with wider
opening catch larger pieces of macro-organics. When normal-
ised by opening area, burrows with a small aspect ratio (fat
tubes) exhibit a larger deposition rate of macro-organics.

A greater number of thin tubes per array is associated with
more sediment trapping and, thus, burrows with high aspect
ratio (thin tubes) seem to dominate the sediment capture in
burrow arrays. In case of homogeneous array configurations,
burrows with a small aspect ratio (fat tubes) have a smaller
trapping rate compared to burrows with a high aspect ratio
(thin tubes). In contrast, for mixed arrays, no clear difference
of sediment deposition rate was observed between fat and thin
burrows.

In addition, the thin burrows have a greater “far-field” im-
pact, in which flow disturbances from multiple burrows inter-
act, thus enhancing turbulence. Therefore, an increase in tur-
bulence is associated with the number of thin tubes per array.
This turbulence enhancement generates hydrodynamic condi-
tions that prevent fine particles from settling. Conversely, the
turbulence decreases with a smaller number of thin tubes,
which facilitates deposition of fines within burrows and, thus,
larger amounts of fine sediment fractions are captured.

However, the selective capture in burrow arrays with dif-
ferent configurations needs further investigation. New tech-
niques are required for in situ measurements to overcome
technical limitations encountered during field measurements.
Indeed, it is difficult to measure small-scale flow features
(vortices) and quantify fluid exchange rate into and out of
the burrows in a field setting. Furthermore, to assess the sig-
nificance of material capture within arrays, more replicates of
array configuration should be deployed. The differences in
turbulent dissipation rate above the tested arrays were small
and, therefore, it is impossible to attribute these changes to
array properties rather than to metre-scale spatial variability
of flow conditions. Numerical simulations would help to as-
sess the significance of these results by utilising the same
setup as the one employed in the field.
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Model setup and validation

In order to verify and validate the numerical model, several
benchmark tests were conducted. According to Oberkampf
and Trucano (2008), the simulation of a same case should be
run for three different grid sizes as well as three different time
steps. In addition, numerical data should be compared with
experimental data (numerical, flume or field) to ensure that the
model output corresponds to the reality and that its accuracy is
in an acceptable or reasonable range. A large number of stud-
ies have already been published regarding the flow in cavities:
2D or 3D lid-driven cavity flow in square/cubic or rectangular
cavities (Ghia et al. 1982; Ku et al. 1987), flow past open
cavities with different shapes (Ozalp et al. 2010). In order to
validate our simple model, a square unit cavity and a rectan-
gular cavity were generated. The geometry, as well as the
boundary conditions, is shown (Fig. 9a). In total, a set of
nineteen numerical experiments was conducted. Nine
Reynolds numbers were considered, ranging from 100 to
100,000. A vertical profile of mean streamwise velocity was
extracted at X/D = 0.5 and an horizontal profile of mean ver-
tical velocity was extracted at Z/H = 0.5, where X and Z refer
to the horizontal and vertical axes, respectively, and, D and H
are the length and the height of the cavity, respectively. These
profiles were plotted against data from Ghia et al. (1982),
Takemoto et al. (1984), Babu and Korpela (1994), Cortes
and Miller (1994) and Botella and Peyret (1998). The results
of our model validation exhibited good agreement with these
numerical data for mean flow speeds and vortex structure (Fig.
9b, c).
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