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Abstract

Fine particle clogging and faunal bioturbation are two key processes co-occurring in

the hyporheic zone that potentially affect hyporheic exchange through modifications

in the sediment structure of streambeds. Clogging results from excessive fine sedi-

ment infiltration and deposition in rivers, and it is known to decrease matrix porosity

and potentially reduce permeability. Faunal bioturbation activity may compensate for

the negative effect of clogging by reworking the sediment, increasing porosity, and

preventing further infiltration of fines. Although both processes of clogging and bio-

turbation have received significant attention in the literature separately, their com-

bined effects on streambed sediment structure are not well understood, mostly due

to the lack of a standard methodology for their assessment. Here, we illustrate a

novel methodology using X-ray computed tomography (CT), as proof of concept, to

investigate how, together, clogging and bioturbation affect streambed porosity in a

controlled flow-through flume. By visualising gallery formations of an upward con-

veyor macroinvertebrate; Lumbriculus variegatus as a model species, we quantified

bioturbation activity in a clogged streambed, focusing on orientation, depth, and vol-

ume at downwelling and upwelling areas of the flume. Gallery creation increased the

porosity of the streambed sediment, suggesting a potential improvement in perme-

ability and a possible offset of clogging effects. We illustrate the promising use of X-

ray CT as a tool to assess bioturbation in clogged streambeds, and the potential role

of bioturbation activity supporting hyporheic exchange processes in streambeds,

warranting further studies to understand the extent of bioturbation impacts in natu-

ral systems.
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1 | INTRODUCTION

The hyporheic zone (HZ) is the saturated region lying below and adja-

cent to the river streambed, where groundwater may intermix with

surface water enabling the vertical and horizontal exchange of water,

nutrient, sediment, and other waterborne material through upwelling

and downwelling flow (Boulton, Findlay, Marmonier, Stanley, &

Valett, 1998; Brunke & Gonser, 1999; Datry & Larned, 2008; Findlay,

Strayer, Goumbala, & Gould, 1993; Malard, Ferreira, Dolédec, &

Ward, 2003). Hyporheic exchange facilitates complex, dynamic, and

simultaneously occurring hydraulic, thermal, biogeochemical, and eco-

logical processes critical for overall freshwater system function

(Arrigoni et al., 2008; Boano, Harvey, & Marion, 2014; Fischer, Kloep,

Wilzcek, & Pusch, 2005; Lewandowski et al., 2019; Ward, 2016; Zar-

netske, Haggerty, Wondzell, & Baker, 2011). Streambed sediment

structure provides the physical framework where hyporheic exchange

occurs, with streambed permeability being a dominant hydraulic driver

of these processes (Bardini, Boano, Cardenas, Revelli, & Ridolfi, 2012;

Burkholder, Grant, Haggerty, Khangaonkar, & Wampler, 2008; Mau-

claire, Schürmann, & Mermillod-Blondin, 2006). Permeability is the

ability of a porous media to transmit fluid (Shepherd, 1989). It varies

over several orders of magnitude temporally and spatially (Buss

et al., 2009; Stewardson, Grant, & Marusic, 2011; Wörman, Packman,

Johansson, & Jonsson, 2002) and depends largely on the sediment

properties. Both sediment structure and permeability are strongly

affected by sediment clogging and bioturbation processes.

Catchment–scale anthropogenic activities such as agriculture, for-

estry, logging, mining, and urbanization may contribute to the change

in the input of fine sediments into streams (Datry, Lamouroux, Thivin,

Descloux, & Baudoin, 2015; Descloux, Datry, Philippe, &

Marmonier, 2010; Walling, 2006), potentially leading to fine sediment

deposition and clogging in non-transport limited systems. Increasing

amounts of fine sediment inputs into freshwaters alter river ecosys-

tem health via the disturbance of key hyporheic processes (Geist &

Hawkins, 2016; Lummer, Auerswald, & Geist, 2016; Mueller, Pander,

Wild, Lueders, & Geist, 2013; Rehg, Packman, & Ren, 2005). Stream-

bed clogging occurs due to excessive infiltration and accumulation of

fine sediments, causing physical alterations of the streambed through

the occupation of pore spaces in the sediment matrix (Brunke, 1999;

Grischek & Bartak, 2016; Rehg et al., 2005; Schälchli, 1992). Clogging

causes a reduction in surface and subsurface water exchange and

hence affects various key hyporheic processes such as nutrient

exchange, ammonification, and oxygenated water supply necessary

for the healthy ecological functioning of freshwater systems (Boulton

et al., 1998). Clogging occurs progressively over time as fine sedi-

ments infiltrate and cause further deposition, gravitational settling by

straining and advection by downwelling pore waters (Casas-Mulet,

Alfredsen, McCluskey, & Stewardson, 2017; Casas-Mulet, Lakhan-

pal, & Stewardson, 2018; Stewardson et al., 2016). Clogging reduces

sediment permeability by physically blocking the sediment pores and

hindering their ability to transmit fluid (Fox, Packman, Boano, Phil-

lips, & Arnon, 2018; Jin et al., 2019; Pholkern et al., 2015; Reddi, Xiao,

Hajra, & Lee, 2005). Consequently, a reduction in hyporheic exchange

can be expected, potentially affecting overall river ecosystem function

(Allen, 1995; Brunke & Gonser, 1999; Fetzer, Holzner, Plötze, &

Furrer, 2017; Packman & Brooks, 2000).

Bioturbation refers to all sediment transport processes produced by

the feeding and burrowing of living organisms that affect the physical

structure of sediment (Kristensen et al., 2012; Mermillod-Blondin &

Rosenberg, 2006; Meysman, Middelburg, & Heip, 2006; Wilkinson,

Richards, & Humphreys, 2009). Specifically, invertebrate bioturbation

activities such as burrowing, feeding, and excretion have been reported

to influence sediment properties in freshwater streambeds

(Lewandowski et al., 2019; Nogaro et al., 2006). There are five major

groups of bioturbating organisms with respect to their function in the

ecosystem. These include biodiffusers, whose activity on the surface

results in random diffusion of particles; upward conveyors, which are

vertically oriented where the ingestion and egestion move the sediment

vertically upwards; downward conveyors, which are oriented vertically,

making the sediment particles transport vertically downwards; regenera-

tors, which relocate the sediment particles and create open burrows;

and gallery diffusers, which are bioirrigators that create elaborate bur-

rows of tubes interconnected by biotic activity (Mermillod-Blondin &

Rosenberg, 2006; Nogaro et al., 2006). Upward conveyors

(e.g., Oligochaeta) can reduce the clogging of river beds by burrowing

and recirculating the streambed sediment through the creation of galler-

ies (Boeker, Lueders, Mueller, Pander, & Geist, 2016; Nogaro

et al., 2007; Roche et al., 2016; Work, Moore, & Reible, 2002). As bur-

rowing and sediment recirculation occur, the increased porosity may lead

to a potential increase in permeability, which may promote local oxygen-

ated conditions and lead to hyporheic exchange (Boulton, Datry, Kasa-

hara, Mutz, & Stanford, 2010; Cardenas, Wilson, & Zlotnik, 2004;

Wagner & Bretschko, 2002). Bioturbation activity, therefore, can miti-

gate the effect of clogging by reworking the sediment and preventing

fine clay particles from settling (Boulton, Stibbe, Grimm, & Fisher, 1991;

Brunke & Gonser, 1999; Ciutat, Anschutz, Gerino, & Boudou, 2005).

Through quantitative analysis, Song, Chen, and Cheng (2010) show that

bioturbation creates or enlarges pores in clogged beds, further enhancing

hydraulic conductivity in streambeds. While it is known that bioturbation

activity may help restore hyporheic exchange by modifying the physical

properties of streambed sediments (Mermillod-Blondin et al., 2004;

Mermillod-Blondin, Gaudet, Gérino, Desrosiers, & Creuzé des

Châtelliers, 2003), recent studies illustrate that the role of faunal biotur-

bation to river functioning may be underestimated (Boeker et al., 2016).

Overall, there is little foundational knowledge of the type and magnitude

of their effects on streambed sediment structure, essential to under-

standing the overall implications of bioturbation on river ecosystem

functioning at different spatio-temporal scales (Shrivastava, Steward-

son, & Arora, 2020). This limited understanding is partly due to the lack

of a standard methodology to study the impact of bioturbation on

streambed porosity and potential permeability.

Novel technologies such as X-ray micro-computed tomography

(micro-CT) provide a promising approach to investigating bioturbation

activity in freshwater systems. Micro-CT has helped explore bioturbation

networks through fossils in rocks and sedimentary structures (Albani

et al., 2010; Baniak et al., 2014; El Albani et al., 2019). Medical CT
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instruments have also been used in marine biology to understand benthic

structures (Dufour et al., 2005; Michaud et al., 2003; Rosenberg, Gré-

mare, Duchêne, Davey, & Frank, 2008). Works by Rosenberg, Davey,

Gunnarsson, Norling, & Frank, 2007, Mazik, Curtis, Fagan, Taft, &

Elliott, 2008, Pennafirme et al., 2019, and Chirol et al., 2021 show how

similar technology is used to understand marine sediment processes.

However, surprisingly, this technology has never been used in dynamic

freshwater environments to assess the influence of living freshwater

invertebrates on streambed porosity and potential permeability.

In this study, we aim to develop a novel methodology to investi-

gate the effects of bioturbation activity by freshwater macroinverte-

brates in clogged uniform streambed sediments by the use of micro-

CT technology as a proof of concept. Through a recirculatory labora-

tory flume setup, we investigate how network galleries created by

Lumbriculus variegatus, used as a bioturbator model species, affect

sediment structure. We use the developed methodology to address

the following specific objectives:

1. To identify and characterise the distribution of bioturbation activ-

ity along a clogged sandy bedform streambed, focusing on down-

welling vs. upwelling areas.

2. To quantify the extent of gallery networks (or porosity, as a proxy

for permeability) created by bioturbation activity, focusing on ori-

entation, depth and volume in downwelling and upwelling areas of

the streambed.

2 | MATERIALS AND METHODS

2.1 | Experimental setup

We used a recirculating perspex flume located at the Sexton Ecohy-

draulics Laboratory at the University of Melbourne. The flume, of

dimensions 3.5 m (length, L) � 0.2 m (width, W) � 0.3 m (height, H)

(Figure 1) and 0.004 gradient, was attached to a 40–112/23-T485

centrifugal pump (Regent Pumps Pty Ltd.) with a 3-phase motor pump.

While disconnected from the pump, we filled the water flume with

0.25 m deep triple-washed sand (average grain size 0.2 mm) layered in

sets of 0.5 m batches to avoid air bubbles from getting trapped in the

sandy bed. We then proceeded to release a continuous flow of water

for several hours to wash out the sand's impurities and dispose of the

remaining water. Sandy bedforms with a height of 0.03 m and wave-

length of 0.25 m were manually formed along the length of the flume,

and the recirculating system was re-connected, maintaining flow rates

of 0.0011 m3 s�1. The system was clogged with clay (average grain size

of 0.002 mm) at 1660 g.m�3 concentration using a liquid injection at

the downstream end of the running recirculatory flume.

Once the system was clogged (after over 48 h), the pumps were

shut down, and 10,000 individuals m�2 of L. variegatus were added to

the flume. L. variegatus are categorized as upward conveyors as they

burrow their heads into the sediment for feeding purposes and eject

faecal pellets at the sediment–water interface with the posterior ends

(Nogaro et al., 2009). They are typically 0.02–0.05 m long and occa-

sionally can go up to 0.15 m (McCall & Fisher, 1980; Tevesz &

McCall, 1985). The chosen population density was based on the natu-

ral densities found in lakes and streams with 6,000–8,000 individuals.

m�2 (Davis, 1974, Mason, Mattson, & Epler, 1994, Work et al., 2002).

The bioturbators were left to settle in no-flow condition for 48 h.

Afterward, the pump was restarted. The flow rate was increased grad-

ually up to the 0.0011 m3s-1 mark and left running for 12 days, during

which the bioturbators were monitored regularly. A single dose of

50 ml of tropical fish food in 1:1 ratio was added in a slurry form and

distributed evenly along the flume bedform using a pipette to provide

the initial organic matter content in the recirculatory system.

2.2 | Sediment samples

We used cores to sample four locations along the flume, including

two sets of each the crest and the troughs of two bedforms located at

F IGURE 1 Schematic diagram illustrating the different locations of the core samples collected along the experimental flume (a). The images
depict the four core samples just after collection and before micro-CT scanning (b), and a zoom in one of the cores to illustrate the top clogged
sediment layers (c) [Color figure can be viewed at wileyonlinelibrary.com]
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the upstream (Site 1) and downstream (Site 2) ends of the flume. Each

trough and crest of the bedforms represented downwelling (D) and

upwelling zones (U) of potential hyporheic exchange (Figure 1). We

assumed differences between samples would be encountered as

higher bioturbation activity would concentrate in oxygen-richer

downwelling zones (Boulton et al., 2010; Hendricks, 1993; Stanford &

Ward, 1988). On day 12, saturated core samples were collected using

cylinders of 0.3 m depth and 0.05 m diameter for micro-CT scanning.

The sediment core samplers were pushed down into the sediment,

sealed at the top with a lid, and slowly retrieved upward vertically.

The cylinders were sealed at the bottom while in the water using the

bottom lid to avoid bubbles forming in the sediment core. The sam-

ples were then externally sealed and sent for X-ray analysis. All sam-

ples were analysed to a depth of �0.02 m from the surface of the

sediment–water interface, each with a volume of 3.92 � 10�5 m3.

2.3 | Micro-computed tomography scanning

We performed micro-CT scanning on the four collected samples with

a Phoenix Nanotom M (Waygate Technologies) operated using XS

control and the Phoenix Datosjx acquisition software. Samples were

mounted on the micro-CT stage and positioned vertically to focus on

the sediment–water interface (Figure 1). A resolution of 20 μm was

achieved, focusing on the micro-CT detector region 0.048-m height

and 0.061-m wide. Samples were scanned for 10 minutes

(timing = 500 ms, av = 1, skip =0) at 105 kV and 380 μA, collecting

1,199 X-ray projections of each sample through 360� of rotation. A

0.25 mm Cu filter was placed in the collimator on the X-ray source to

prevent oversaturation of the X-ray detector and pre-harden the X-

ray to help prevent beam hardening effects. After trial and error, these

settings were chosen to give the optimal resolution to differentiate

burrows from the fine sediment in the core samples.

Volume reconstruction of the micro-CT data was performed

using Phoenix Datosjx reconstruction software and data were

exported as 16-bit volume files. Volume data was processed using

Avizo and the XFiber extension (Thermo Fisher Scientific). Burrow

formation due to bioturbation activity was segmented using a tool

that correlates cylinders of specified diameter and length within

areas of low density (pore space) in the CT dataset. A correlation and

orientation field was generated for the specified cylinder size, and

the centrelines of objects within the correlation field were seg-

mented. Collected data points along each segment (in this case, sep-

arated burrows) detailed various parameters, such as their curved

length (total length along the centreline of the burrow) and chord

length (distance of a straight line between endpoints of a burrow).

The volume of burrows was then segmented separately by dilating

the centreline of each burrow to a cylindrical volume encompassing

the burrow's diameter and pore space within the CT data. A thresh-

old of darker gray-scale values within the histogram of CT data was

used to segment the pore space within the burrows structure.

Assuming the structure of a burrow is approximate to that of a cylin-

der, the total volume (Vb) of the segmented burrows was used in

conjunction with their curved lengths (Lc) to determine an average

burrow diameter (ϕb) using Equation 1.

φϕb ¼2√
Vb

Lcπ

� �
ð1Þ

2.4 | Burrow analysis

The burrow analysis was performed to quantify the depth and spatial

extent of the burrows within each sample. The location of burrow

segments was characterised using bounding boxes (i.e., the smallest

box that could fit the burrows). The edge of a bounding box in x-, y-,

and z-directions, along with the size of the bounding box (Dx, Dy, and

Dz), was obtained using Avizo. The edge of the bounding box gives

the initial datum to reference a burrow location in the given orienta-

tions along x-, y-, or z-axes. Half of the bounding box size is added to

provide the geographic centre of a burrow segment. Global centres

were corrected relative to the global datums in x-, y-, and z-axes, giv-

ing a global centre for each burrow segment. The range in vertical

depth a burrow segment traverses was then calculated using Equa-

tions 2 and 3, with Equation 2 giving the uppermost boundary (DU) of

the burrowing depth and Equation 3 giving the lower boundary

(DL) of the burrowing depth.

DU¼Cz�1=2Dz ð2Þ

DL¼Czþ1=2Dz ð3Þ

where, Cz is the global Z centre of a burrow segment along z-axis and

DZ is the size of the segment's bounding box along z-axis. A similar

pair of equations can be defined for the lateral centre positions of a

given gallery bounding box in x- and y-planes. Barycentres were also

calculated using the Label Analysis feature of the Avizo software

(Thermo Fisher Scientific). The barycentre is the centre of mass of a

given segmented gallery.

Furthermore, a tortuosity factor (T) was defined using Equation 4,

which describes curvature in a burrow segment by dividing its curved

length (Lc, the length along the centreline through a burrow) by its

chord length (L, the distance in a straight line between the two ends

of a burrow) as follows:

T¼ Lc=L ð4Þ

For analysis purposes, burrow tortuosity was binned into ranges from

≥1.5, 1.49–1.3, 1.3–1.2, 1.19–1.1, and < 1.1, where higher values of

T represent more tortuous burrows with more curvature, twists, and

turns. Another parameter given by Avizo's label analysis, TensorZZ,

defines the outer product of unit vectors representing the orientation

of segments, weighted by the corresponding segment length L, and

normalised to have a unit trace. It is an indicator of the vertical or hor-

izontal preference of the segments. The TensorZZ values for seg-

mented burrows were binned into ≥0.6, 0.59–0.4, 0.39–0.21,
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and ≤ 0.2, where larger values represent more vertically oriented bur-

rows and lower values horizontally oriented burrows.

3 | RESULTS

3.1 | Galleries and individual burrow visualization

The results from X-ray analysis of the 0.03-m deep sediment core seg-

ments collected post-rendering illustrated the distribution of galleried

networks created by the bioturbators along, across, and at depth in

the bedforms (Figure 2). Many of the galleries appear nearby the

sediment–water interface, with some individual burrows branching

off to access deeper sediments. These outputs were further processed

and used to identify and differentiate between individual burrows and

analyse them further. The results of these analyses are presented in

the following sections.

3.2 | Gallery distribution in upwelling and
downwelling zones

Most of the galleries were concentrated at the surface layers of the

sediment, with a few burrows extending vertically deeper than 0.02 m

in the downwelling zones (Figure 3, see also Appendix S1 and S2 ani-

mations). Galleries were concentrated in shallower sediments, espe-

cially in upwelling zones. In S1U and S2U we observed an increase in

gallery densities at the surface layers, and both sites illustrated higher

bioturbation activity at 0.01–0.015-m sediment depth. Some

bioturbation activity at deeper sediment levels beyond 0.015-m depth

was observed in the downwelling zones S1D and S2D (Figure 3).

3.3 | Galleries numbers, size, and occupation

The average radius of the burrows was 0.21 mm, with an average

curved length of 9.98 mm across all sites. The volume of galleries per

unit area was 0.03–0.1 mm for S1D, S1U, and S2D, with a signifi-

cantly higher volume-to-area ratio in S2U (Table 1).

3.4 | Spatial burrow distribution

The distribution of the bioturbator galleries in depth or vertical z-axis

(used to plot burrow locations with centres and barycentres in the

respective direction, based on Equations 2–4) illustrates an overall

pattern of shorter galleries concentrated near the water surface with

some site and zone differences (Figure 4). At Site 1 (Figure 4a,b),

shorter burrows were observed in the downwelling zone. The upwell-

ing zone showed a gradual increase in length with depth. In S1D, gal-

leries went down to a depth of 0.018 m, with longer galleries

concentrated between 0.01–0.015 m. In S1U, galleries were found

down to 0.015 m, with longer galleries at 0.005–0.012 m. In both

zones of Site 2, longer galleries were concentrated at a depth of

0.005–0.015 m, suggesting a potential boundary effect from the

downstream end of the flume.

Lateral distribution showed a fairly uniform scatter of galleries

with no trend in horizontal preferential alignment along x- and y-

F IGURE 2 X-Ray imagery outcomes
of the core sample collected at site S2U
showing the galleries created by the
bioturbators. They illustrate three-
dimensional (a) side and (b) top views, and
two-dimensional (c) top and (d) side views
of the core sample. Note that the orange
segments in panels (a) and (b) are the
burrows created by the bioturbators, and

the gray material in panels (c) and
(d) represents the clogged sand sediment
with burrows [Color figure can be viewed
at wileyonlinelibrary.com]
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planes (Figure S1 graphical abstract provided for lateral distribution),

hence showing no edge effect of the sampling technique adopted in

the experimental procedure.

3.5 | Gallery orientation and segment turns

TensorZZ values are an indicator of relative burrow orientation, with

higher values (closer to 1) indicating a more vertical burrow structure

and lower values (closer to 0) indicating horizontal burrows. Overall,

TensorZZ values were lower than 0.4 (Table 2), suggesting that most

burrows were preferentially oriented in the horizontal plane with little

differentiation in gallery orientation and alignment between Sites

1 and 2.

Tortuosity values indicate the shape of the burrows created by

the bioturbators, indicating whether turns or curvature occur along a

burrow segment. Higher tortuosity values (greater than 1.5) indicate

more turns or significant curvature, and lower values indicate straight

burrows with little to no curvature (Table 3). In S1D and S2U, more

than 80% of galleries presented tortuosities of less than 1.3, while in

S2U and S1D larger percentages of galleries presented >1.3 tortuosity

values.

4 | DISCUSSION

This study presents a proof of concept of the potential for micro-

CT imaging to identify, characterise and quantify the bioturbation

activity of macroinvertebrates in clogged streambeds. We used X-

ray CT to produce a 3D segmentation of the gallery structures cre-

ated by L. variegatus in the sediment structure of a flow-through

flume streambed. We observed high bioturbation activity in the top

layers of the sediment, suggesting a potential increase in porosity

at the water–sediment interface. Only a few galleries were

observed at depths greater than 0.02 m, and mostly in downwelling

areas.

F IGURE 3 Side-view images of
individually segmented burrows in each
of the four core samples (a) S1D: Site
1, downwelling zone; (b) S1U: Site
1, upwelling zone; (c) S2D: Site
2, downwelling zone; and (d) S2U: Site
2, upwelling zone. Note that each
segment is represented by a different
color [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Results of the gallery analysis obtained from the Micro CT-scans performed in all four core samples (S1D, S1U, S2D, S2U).
Presented statistics include gallery numbers, total volume occupied per gallery, volume ratio (total volume of galleries to volume of sample
collected), volume of galleries to area ratio (total volume of galleries to total area of sample collected), average chord length, average curved
length, and average radius of galleries

Site
Number of
galleries

Total
volume
(mm3)

Average gallery
volume (mm3)

Volume
ratio

Volume/area
ratio (mm)

Average chord
length (mm)

Average curved
length (mm)

Average gallery
radius (mm)

S1D 144 105.67 0.77 0.0026 0.0336 2.96 3.67 0.24

S1U 67 135.27 2.09 0.0034 0.0431 8.49 15.32 0.21

S2D 50 45.95 0.73 0.0011 0.0146 8.91 16.34 0.13

S2U 367 370.41 1 0.0094 0.1179 3.46 4.59 0.27
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Micro-CT scanning is used here for the first time in a dynamic

freshwater context, proving to potentially be an effective approach to

map bioturbator galleries and understand their role in the physical

structure of freshwater streambeds. Although previous studies by

Pigneret et al., 2016 and Mermillod-Blondin et al., 2018 focused on

using micro-CT to understand the impact of bioturbation on sediment

transport in freshwater systems, our study focusses in a deeper

understanding of the physical structures of the bioturbator galleries

and the physical impact of the extensive galleried networks created

by the organisms in the sub-surface sediment. Our observations that

most burrowing activity was concentrated just below the sediment–

water interface, at approximately 0.02 m depth in the streambed,

aligns with the observations in Nogaro et al. (2009) and Statzner

(2012). The spatial distribution of bioturbation activity varied along

the flume streambed length, with a potential boundary effect from

the downstream end of the flume. Overall, however, downwelling

zones showed higher burrow count potentially due to the compara-

tively higher aerated and nutrient-rich water in such areas, which pro-

moted hydraulic exchange (Allen, 1995; Ciutat et al., 2005), and

F IGURE 4 Vertical distribution of the galleries along z-axis for (a) S1D: Site 1, downwelling zone, (b) S1U: Site 1, upwelling zone, (c) S2D: Site
2, downwelling zone, and (d) S2U: Site 2, upwelling zone. Note the black bars show the length of the segments and the gray lines indicate the
CentreZ for each of the segments

TABLE 2 Percentage of burrows with a TensorZZ values of the
range between ≤0.2 and ≥0.6 for the four collected samples

Range S1D (%) S1U (%) S2D (%) S2U (%)

≥ 0.6 5.55 7.46 8 6.53

0.59–0.4 8.33 14.92 22 8.71

0.39–0.21 20.83 47.76 48 11.17

≤ 0.2 65.27 29.85 22 73.56

TABLE 3 Percentage of burrows with tortuosity values of range
between <1.1 and ≥1.5 for the four collected samples

Range S1D (%) S1U (%) S2D (%) S2U (%)

≥ 1.5 8.33 38.8 42 9.26

1.49–1.3 11.11 19.4 16 8.17

1.29–1.2 11.8 13.43 12 8.99

1.19–1.1 19.44 8.955 18 18.52

< 1.1 49.3 19.4 12 55.04
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higher bioturbation activity (Blankson, Deb Adhikary, & Klerks, 2017;

De Backer et al., 2011; Ouellette et al., 2004). A strict pattern of dee-

per burrowing activity in the downwelling zone was, however, not

clear from the present study, needing studies with larger sample sizes

and more replication to test this hypothesis statistically.

In terms of quantification, the burrow analysis showed that more

than 60% of the galleries in all four samples were significantly aligned

in the horizontal plane instead of vertically. Overall, most galleries pre-

sented straight instead of U-shapes and displayed low tortuosity

values (approximately between 1.1–1.5). Such findings are consistent

with what is expected of L. variegatus, an upward conveyor bioturba-

tor type that feeds head down (McCall & Fisher, 1980; Mermillod-

Blondin & Rosenberg, 2006; Nogaro et al., 2006). The ratio volume/

area occupied by galleries was extensive and provided the basis to

assume a potential increase in sediment permeability via increased

porosity, which is particularly important to help offset the effects of

streambed clogging (Mao et al., 2020). Roche et al., 2016 showed that

the burrows were biased to the top 0.01 m of the bed, leaving large

areas of the subsurface unaltered, with very rare activity in the deeper

sections of the core. These observations are well supported by this

study both in terms of depth and behaviour of the bioturbators and

the galleries they formed, showing that very little sediment mixing

occurred beyond the top 0.01 m of the sediment–water interface. As

much as it is interesting to observe the large differences between

sites at upwelling and downwelling zones among the sediment cores,

we cannot rule out the possibility of other response variables of the

system, such as micro-distribution of organic matter and fine particles

ingested by individuals, and bioturbator responses at finer scales,

which could have influenced bioturbation activity.

We acknowledge the lack of replicates of our study to strengthen

the arguments made above. However, given that this experimental

study is a first attempt at using micro-CT Scanning to understand the

impact of bioturbation in clogged riverbeds in a dynamic flow context,

our results can provide the basis for improvement in future studies.

One of the following main issues of our methodological approach was

the ongoing bioturbation activity from live individuals during the CT

scan: The moving L. variegatus created blurriness and noise in the

scanned data, which required heavy smoothening to be able to differ-

entiate and identify individual segments for the burrow analysis. Such

noise in the scanned data resulting from the movement of live individ-

uals could potentially be overcome by freezing the samples using liq-

uid nitrogen. Such a technique could also help to identify the degree

of bioturbation in natural mixed taxon biotic communities. However,

the characterization and differentiation of the bioturbators and their

structures, along with other elements of coarser nature, can add an

element of complexity that may require heavy smoothening of the

data. Another major limitation of the use of this technique is the diffi-

culty of distinguishing between bioturbators and their galleries, which

can result in a subjective interpretation of whether the less active bio-

turbators occupy existing galleries and/or others actively continue

burrowing and feeding movements resulting in the collapse of parts of

the existing galleries and the creation of new ones simultaneously. In

addition, our assumption of oxygen being the main factor in promot-

ing bioturbation in the downwelling areas was not supported by in-

situ measurements.

Despite the limitations, this study provides valuable insights into

how invertebrate bioturbators align their galleried networks and how

their activity promotes porosity, potentially increasing permeability

and supporting hyporheic exchange by compensating clogged condi-

tions in the sediment structure. Furthermore, our presented method-

ology is fully transferable and can be used at other spatial scales,

including natural streambeds and different bioturbation species. This

study suggests we should give the role of bioturbation activity more

attention as a tool to maintain hyporheic fluxes in streambeds and

support overall river ecosystem function. Such understanding is criti-

cal to inform sustainable water management approaches and river res-

toration practices at multiple spatiotemporal scales (Gilvear, Spray, &

Casas-Mulet, 2013; Wohl, Lane, & Wilcox, 2015).

5 | CONCLUSIONS

We provide the first proof of concept of the potential for micro-CT

imaging to identify, characterise and quantify the created galleries by

macroinvertebrate bioturbation in clogged streambeds. Despite some

limitations in the method, our study helps understand the role of bio-

turbation activity in increased porosity and potentially compensating

for excess fine sediment accumulation in streambeds through

increased permeability. Furthermore, our methodology is transferable

and can be used as a basis for improvement in broader studies, includ-

ing natural systems and a range of other bioturbator species. A clear

understanding of the importance of bioturbation processes in main-

taining hyporheic fluxes and supporting river ecosystem function is

essential to inform river restoration practices.

ACKNOWLEDGMENTS

The authors acknowledge support by the Melbourne TrACEES Plat-

form (Trace Analysis for Chemical, Earth and Environmental Sciences)

for access to the Phoenix Nanotom M Micro-CT instrument. We also

acknowledge the support of ARC Discovery Project DP 130103619,

and the Alexander von Humboldt Foundation through a fellowship

awarded to RC-M. Open Access funding enabled and organized by

Projekt DEAL.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Garima Lakhanpal https://orcid.org/0000-0002-2943-190X

Jay R. Black https://orcid.org/0000-0003-1872-9345

Roser Casas-Mulet https://orcid.org/0000-0002-7139-8859

Meenakshi Arora https://orcid.org/0000-0002-6988-2844

Michael J. Stewardson https://orcid.org/0000-0003-1356-0472

LAKHANPAL ET AL. 741

https://orcid.org/0000-0002-2943-190X
https://orcid.org/0000-0002-2943-190X
https://orcid.org/0000-0003-1872-9345
https://orcid.org/0000-0003-1872-9345
https://orcid.org/0000-0002-7139-8859
https://orcid.org/0000-0002-7139-8859
https://orcid.org/0000-0002-6988-2844
https://orcid.org/0000-0002-6988-2844
https://orcid.org/0000-0003-1356-0472
https://orcid.org/0000-0003-1356-0472


REFERENCES

Albani, E., Abderrazak, S. B., Canfield, D. E., Bekker, A., Macchiarelli, R.,

Mazurier, A., et al. (2010). Large colonial organisms with coordinated

growth in oxygenated environments 2.1 Gyr ago. Nature, 466(7302),

100–104. https://doi.org/10.1038/nature09166
Allen, H. E. 1995. Metal Contaminated Aquatic Sediments. 1st Edn. New York:

CRC Press. 308 pp. https://doi.org/10.1201/9780203747643

Arrigoni, A. S., Poole, G. C., Mertes, L. A. K., O'Daniel, S. J.,

Woessner, W. W., & Thomas, S. A. (2008). Buffered, lagged, or cooled?

Disentangling hyporheic influences on temperature cycles in stream

channels. Water Resources Research, 44(9), W09418. https://doi.org/

10.1029/2007WR006480

Baniak, G. M., La Croix, A. D., Polo, C. A., Playter, T. L., Pemberton, S. G., &

Gingras, M. K. (2014). Associating X-ray microtomography with per-

meability contrasts in bioturbated media. Ichnos, 21(4), 234–250.
https://doi.org/10.1080/10420940.2014.958224

Bardini, L., Boano, F., Cardenas, M. B., Revelli, R., & Ridolfi, L. (2012).

Nutrient cycling in bedform induced hyporheic zones. Geochimica et

Cosmochimica Acta, 84, 47–61. https://doi.org/10.1016/j.gca.2012.

01.025

Blankson, E. R., Deb Adhikary, N. R., & Klerks, P. L. (2017). The effect of

lead contamination on bioturbation by L. variegatus in a freshwater

microcosm. Chemosphere, 167, 19–27. https://doi.org/10.1016/j.

chemosphere.2016.09.128

Boano, F., Harvey, J. W., & Marion, A. (2014). Hyporheic flow and trans-

port processes: Mechanisms, models, and biogeochemical implications.

Reviews of Geophysics, 52, 603–679. https://doi.org/10.1002/

2012RG000417

Boeker, C., Lueders, T., Mueller, M., Pander, J., & Geist, J. (2016). Alter-

ation of Physico-chemical and microbial properties in freshwater sub-

strates by burrowing invertebrates. Limnologica, 59, 131–139. https://
doi.org/10.1016/j.limno.2016.05.007

Boulton, A. J., Datry, T., Kasahara, T., Mutz, M., & Stanford, J. A. (2010).

Ecology and management of the hyporheic zone: Stream–groundwater

interactions of running waters and their floodplains. Journal of the

North American Benthological Society, 29, 26–40. https://doi.org/10.
1899/08-017.1

Boulton, A. J., Findlay, S., Marmonier, P., Stanley, E. H., & Valett, H. M.

(1998). The functional significance of the hyporheic zone in streams

and Rivers. Annual Review of Ecology and Systematics, 29, 59–81.
http://www.jstor.org/stable/221702

Boulton, A. J., Stibbe, S. E., Grimm, N. B., & Fisher, S. G. (1991). Inverte-

brate recolonization of small patches of Defaunated hyporheic sedi-

ments in a Sonoran Desert stream. Freshwater Biology, 26(2), 267–277.
https://doi.org/10.1111/j.1365-2427.1991.tb01734.x

Brunke, M. (1999). Colmation and depth filtration within streambeds:

Retention of particles in hyporheic interstices. International Review of

Hydrobiology, 84(2), 99–117. https://doi.org/10.1002/iroh.199900014
Brunke, M., & Gonser, T. (1999). Hyporheic invertebrates: The clinal

nature of interstitial communities structured by hydrological exchange

and environmental gradients. Journal of the North American Benthologi-

cal Society, 18(3), 344–362. https://doi.org/10.2307/1468448
Burkholder, B. K., Grant, G. E., Haggerty, R., Khangaonkar, T., &

Wampler, P. J. (2008). Influence of hyporheic flow and geomorphology

on temperature of a large, gravel-Bed River, Clackamas River, Oregon,

USA. Hydrological Processes: An International Journal, 22(7), 941–953.
https://onlinelibrary.wiley.com/doi/abs/10.1002/hyp.6984

Buss, S., Cai, Z., Cardenas, B., Fleckenstein, J., Hannah, D., Heppell, K.,

et al. (2009). The hyporheic handbook: A handbook on the groundwater-

surface water Interface and hyporheic zone for environment managers.

Vol. SC0500. Science Report. Bristol, UK: Environment Agency.

https://nora.nerc.ac.uk/id/eprint/8643

Cardenas, M. B., Wilson, J. L., & Zlotnik, V. A. (2004). Impact of heteroge-

neity, bed forms, and stream curvature on subchannel hyporheic

exchange. Water Resources Research, 40(8), W08307. https://doi.org/

10.1029/2004WR003008

Casas-Mulet, R., Alfredsen, K. T., McCluskey, A. H., & Stewardson, M. J.

(2017). Key hydraulic drivers and patterns of fine sediment accumula-

tion in gravel streambeds: A conceptual framework illustrated with a

case study from the Kiewa River, Australia. Geomorphology, 299, 152–
164. https://doi.org/10.1016/j.geomorph.2017.08.032

Casas-Mulet, R., Lakhanpal, G., & Stewardson, M. J. (2018). The relative

contribution of near-bed vs. Intragravel horizontal transport to fine

sediment accumulation processes in river gravel beds. Geomorphology,

303, 299–308. https://doi.org/10.1016/j.geomorph.2017.12.013

Chirol, C., Spencer, K. L., Carr, S. J., Möller, I., Evans, B., Lynch, J., …
Royse, K. R. (2021). Effect of vegetation cover and sediment type on

3D subsurface structure and shear strength in saltmarshes. Earth Sur-

face Processes and Landforms, 46(11), 2279–2297. https://doi.org/10.
1002/esp.5174

Ciutat, A., Anschutz, P., Gerino, M., & Boudou, A. (2005). Effects of biotur-

bation on cadmium transfer and distribution into freshwater sedi-

ments. Environmental Toxicology and Chemistry/SETAC, 24(5), 1048–
1058. https://doi.org/10.1897/04-374r.1

Datry, T., Lamouroux, N., Thivin, G., Descloux, S., & Baudoin, J. M. (2015).

Estimation of sediment hydraulic conductivity in river reaches and its

potential use to evaluate streambed clogging. River Research and Appli-

cations, 31(7), 880–891. https://doi.org/10.1002/rra.2784
Datry, T., & Larned, S. T. (2008). River flow controls ecological processes

and invertebrate assemblages in subsurface Flowpaths of an Ephem-

eral River reach. Canadian Journal of Fisheries and Aquatic Sciences,

65(8), 1532–1544. https://doi.org/10.1139/f08-075
De Backer, A., Van Coillie, F., Montserrat, F., Provoost, P., Van Colen, C.,

Vincx, M., & Degraer, S. (2011). Bioturbation effects of Corophium

Volutator: Importance of density and behavioural activity. Estuarine,

Coastal and Shelf Science, 91(2), 306–313. https://doi.org/10.1016/j.
ecss.2010.10.031

Descloux, S., Datry, T., Philippe, M., & Marmonier, P. (2010). Comparison

of different techniques to assess surface and subsurface streambed

Colmation with fine sediments. International Review of Hydrobiology,

95(6), 520–540. https://doi.org/10.1002/iroh.201011250
Dufour, S. C., Desrosiers, G., Long, B., Lajeunesse, P., Gagnoud, M.,

Labrie, J., … Stora, G. (2005). A new method for three-dimensional

visualization and quantification of biogenic structures in aquatic sedi-

ments using axial Tomodensitometry. Limnology and Oceanography,

Methods / ASLO, 3(8), 372–380. https://doi.org/10.4319/lom.2005.

3.372

El Albani, A., Mangano, M. G., Buatois, L. A., Bengtson, S., Riboulleau, A.,

Bekker, A., et al. (2019). Organism motility in an oxygenated shallow-

marine environment 2.1 billion years ago. Proceedings of the National

Academy of Sciences of the United States of America, 116(9), 3431–
3436. https://doi.org/10.1073/pnas.1815721116

Fetzer, J., Holzner, M., Plötze, M., & Furrer, G. (2017). Clogging of an

alpine streambed by silt-sized particles - insights from laboratory and

field experiments. Water Research, 126, 60–69. https://doi.org/10.

1016/j.watres.2017.09.015

Findlay, S., Strayer, D., Goumbala, C., & Gould, K. (1993). Metabolism of

Streamwater dissolved organic carbon in the shallow hyporheic zone.

Limnology and Oceanography, 38(7), 1493–1499. https://doi.org/10.
4319/lo.1993.38.7.1493

Fischer, H., Kloep, F., Wilzcek, S., & Pusch, M. T. (2005). A River's liver –
Microbial processes within the hyporheic zone of a large Lowland

River. Biogeochemistry, 76(2), 349–371. https://doi.org/10.1007/

s10533-005-6896-y

Fox, A., Packman, A. I., Boano, F., Phillips, C. B., & Arnon, S. (2018). Interac-

tions between suspended kaolinite deposition and hyporheic exchange

flux under losing and gaining flow conditions. Geophysical Research Let-

ters, 45(9), 4077–4085. https://doi.org/10.1029/2018gl077951

742 LAKHANPAL ET AL.

https://doi.org/10.1038/nature09166
https://doi.org/10.1201/9780203747643
https://doi.org/10.1029/2007WR006480
https://doi.org/10.1029/2007WR006480
https://doi.org/10.1080/10420940.2014.958224
https://doi.org/10.1016/j.gca.2012.01.025
https://doi.org/10.1016/j.gca.2012.01.025
https://doi.org/10.1016/j.chemosphere.2016.09.128
https://doi.org/10.1016/j.chemosphere.2016.09.128
https://doi.org/10.1002/2012RG000417
https://doi.org/10.1002/2012RG000417
https://doi.org/10.1016/j.limno.2016.05.007
https://doi.org/10.1016/j.limno.2016.05.007
https://doi.org/10.1899/08-017.1
https://doi.org/10.1899/08-017.1
http://www.jstor.org/stable/221702
https://doi.org/10.1111/j.1365-2427.1991.tb01734.x
https://doi.org/10.1002/iroh.199900014
https://doi.org/10.2307/1468448
https://onlinelibrary.wiley.com/doi/abs/10.1002/hyp.6984
https://nora.nerc.ac.uk/id/eprint/8643
https://doi.org/10.1029/2004WR003008
https://doi.org/10.1029/2004WR003008
https://doi.org/10.1016/j.geomorph.2017.08.032
https://doi.org/10.1016/j.geomorph.2017.12.013
https://doi.org/10.1002/esp.5174
https://doi.org/10.1002/esp.5174
https://doi.org/10.1897/04-374r.1
https://doi.org/10.1002/rra.2784
https://doi.org/10.1139/f08-075
https://doi.org/10.1016/j.ecss.2010.10.031
https://doi.org/10.1016/j.ecss.2010.10.031
https://doi.org/10.1002/iroh.201011250
https://doi.org/10.4319/lom.2005.3.372
https://doi.org/10.4319/lom.2005.3.372
https://doi.org/10.1073/pnas.1815721116
https://doi.org/10.1016/j.watres.2017.09.015
https://doi.org/10.1016/j.watres.2017.09.015
https://doi.org/10.4319/lo.1993.38.7.1493
https://doi.org/10.4319/lo.1993.38.7.1493
https://doi.org/10.1007/s10533-005-6896-y
https://doi.org/10.1007/s10533-005-6896-y
https://doi.org/10.1029/2018gl077951


Geist, J., & Hawkins, S. J. (2016). Habitat recovery and restoration in

aquatic ecosystems: Current Progress and future challenges. Aquatic

Conservation: Marine and Freshwater Ecosystems, 26(5), 942–962.
https://doi.org/10.1002/aqc.2702

Gilvear, D. J., Spray, C. J., & Casas-Mulet, R. (2013). River rehabilitation for

the delivery of multiple ecosystem Services at the River Network

Scale. Journal of Environmental Management, 126, 30–43. https://doi.
org/10.1016/j.jenvman.2013.03.026

Grischek, T., & Bartak, R. (2016). Riverbed clogging and sustainability of

riverbank filtration. Water, 8(12), 604. https://doi.org/10.3390/

w8120604

Hendricks, S. P. (1993). Microbial ecology of the hyporheic zone: A per-

spective integrating hydrology and biology. Journal of the North Ameri-

can Benthological Society, 12(1), 70–78. https://doi.org/10.2307/

1467687

Jin, G., Chen, Y., Tang, H., Zhang, P., Li, L., & Barry, D. A. (2019). Interplay

of hyporheic exchange and fine particle deposition in a riverbed.

Advances in Water Resources, 128(June), 145–157. https://doi.org/10.
1016/j.advwatres.2019.04.014

Kristensen, E., Penha-Lopes, G., Delefosse, M., Valdemarsen, T.,

Quintana, C. O., & Banta, G. T. (2012). What is bioturbation? The need

for a precise definition for Fauna in aquatic sciences. Marine Ecology

Progress Series, 446, 285–302. https://doi.org/10.3354/meps09506

Lewandowski, J., Arnon, S., Banks, E., Batelaan, O., Betterle, A.,

Broecker, T., … Wu, L. (2019). Is the hyporheic zone relevant beyond

the scientific community? Water, 11(11), 2230. https://doi.org/10.

3390/w11112230

Lummer, E., Auerswald, K., & Geist, J. (2016). Fine sediment as environ-

mental stressor affecting freshwater mussel behavior and ecosystem

services. The Science of the Total Environment, 571(November), 1340–
1348. https://doi.org/10.1016/j.scitotenv.2016.07.027

Malard, F., Ferreira, D., Dolédec, S., & Ward, J. V. (2003). Influence of

groundwater upwelling on the distribution of the Hyporheos in a

Headwater River flood plain. Archiv Fur Hydrobiologie, 157(1), 89–116.
https://doi.org/10.1127/0003-9136/2003/0157-0089

Mao, R., Wu, J., Qin, X., Ma, C., Song, J., Cheng, D., … Li, M. (2020). The

effect of tubificid bioturbation on vertical water exchange across the

sediment–water Interface. Water, 12(12), 3467. https://doi.org/10.

3390/w12123467

Mason, W. T., Mattson, R. A., & Epler, J. H. (1994). Benthic invertebrates

and allied macrofauna in the Suwannee River and estuary ecosystem,

Florida. Florida Scientist, 57(4), 141–160. http://www.jstor.org/stable/

24320594

Mauclaire, L., Schürmann, A., & Mermillod-Blondin, F. (2006). Influence of

hydraulic conductivity on communities of microorganisms and inverte-

brates in porous media: A case study in drinking water slow sand fil-

ters. Aquatic Sciences, 68(1), 100–108. https://doi.org/10.1007/

s00027-005-0811-4

Mazik, K., Curtis, N., Fagan, M. J., Taft, S., & Elliott, M. (2008). Accurate

quantification of the influence of benthic macro- and Meio-Fauna on

the geometric properties of estuarine muds by micro computer tomog-

raphy. Journal of Experimental Marine Biology and Ecology, 354(2), 192–
201. https://doi.org/10.1016/j.jembe.2007.11.006

McCall, P. L., & Fisher, J. B. (1980). Effects of tubificid oligochaetes on

physical and chemical properties of Lake Erie sediments. In R. O. Brin-

khurst & D. G. Cook (Eds.), Aquatic oligochaete biology (pp. 253–317).
Boston, MA: Springer US. https://doi.org/10.1007/978-1-4613-

3048-6_16

Mermillod-Blondin, F., Bouvarot, M., Déjollat, Y., Adrien, J., Maire, E.,

Lemoine, D., … Volatier, L. (2018). Influence of tubificid Worms on

sediment structure, benthic biofilm and Fauna in wetlands: A field

enclosure experiment. Freshwater Biology, 63(11), 1420–1432. https://
doi.org/10.1111/fwb.13169

Mermillod-Blondin, F., Gaudet, J., Gérino, M., Desrosiers, G., & Creuzé des

Châtelliers, M. (2003). Influence of macroinvertebrates on Physico-

chemical and microbial processes in hyporheic sediments. Hydrological

Processes, 17(4), 779–794. https://doi.org/10.1002/hyp.1165
Mermillod-Blondin, F., Gaudet, J., Gerino, M., Desrosiers, G., Jose, J., &

Creuzé des Châtelliers, M. (2004). Relative influence of bioturbation

and predation on organic matter processing in river sediments: A

microcosm experiment. Freshwater Biology, 49(7), 895–912. https://
doi.org/10.1111/j.1365-2427.2004.01233.x

Mermillod-Blondin, F., & Rosenberg, R. (2006). Ecosystem engineering:

The impact of bioturbation on biogeochemical processes in marine

and freshwater benthic habitats. Aquatic Sciences, 68(4), 434–442.
https://doi.org/10.1007/s00027-006-0858-x

Meysman, F. J. R., Middelburg, J. J., & Heip, C. H. R. (2006). Bioturbation:

A fresh look at Darwin's last idea. Trends in Ecology & Evolution, 21(12),

688–695. https://doi.org/10.1016/j.tree.2006.08.002
Michaud, E., Desrosiers, G., Long, B., de Montety, L., Crémer, J.,

Pelletier, E., … Stora, G. (2003). Use of axial tomography to follow tem-

poral changes of benthic communities in an unstable sedimentary

environment (Baie Des ha! Ha!, Saguenay Fjord). Journal of Experimen-

tal Marine Biology and Ecology, 285–286, 265–282. https://doi.org/10.
1016/S0022-0981(02)00532-4

Mueller, M., Pander, J., Wild, R., Lueders, T., & Geist, J. (2013). The effects

of stream substratum texture on interstitial conditions and bacterial

biofilms: Methodological strategies. Limnologica, 43(2), 106–113.
https://doi.org/10.1016/j.limno.2012.08.002

Nogaro, G., Mermillod-Blondin, F., Francois-Carcaillet, F., Gaudet, J.,

Lafont, M., & Gibert, J. (2006). Invertebrate bioturbation can reduce

the clogging of sediment: An experimental study using infiltration sedi-

ment columns. Freshwater Biology, 51(8), 1458–1473. https://doi.org/
10.1111/j.1365-2427.2006.01577.x

Nogaro, G., Mermillod-Blondin, F., Montuelle, B., Boisson, J., Lafont, M.,

Volat, B., & Gibert, J. (2007). Do tubificid Worms influence organic

matter processing and fate of pollutants in stormwater sediments

deposited at the surface of infiltration systems? Chemosphere, 70(2),

315–328. https://doi.org/10.1016/j.chemosphere.2007.06.002

Nogaro, G., Mermillod-Blondin, F., Valett, M. H., François-Carcaillet, F.,

Gaudet, J., Lafont, M., & Gibert, J. (2009). Ecosystem engineering at

the sediment–water interface: Bioturbation and consumer-substrate

interaction. Oecologia, 161(1), 125–138. https://doi.org/10.1007/

s00442-009-1365-2

Ouellette, D., Desrosiers, G., Gagne, J. P., Gilbert, F., Poggiale, J. C.,

Blier, P. U., & Stora, G. (2004). Effects of temperature on in vitro sedi-

ment reworking processes by a gallery biodiffusor, the Polychaete

Neanthes Virens. Marine Ecology Progress Series, 266, 185–193.
https://doi.org/10.3354/meps266185

Packman, A. I., & Brooks, N. H. (2000). A physicochemical model for colloid

exchange between a stream and a sand streambed with bed forms.

Water Resources Research., 36, 2351–2361. https://doi.org/10.1029/
2000WR900059

Pennafirme, S., Machado, A. S., Machado, A. C., Lopes, R. T.,

Lima, I. C. B., & Crapez, M. A. C. (2019). Monitoring bioturbation by a

small marine Polychaete using microcomputed tomography. Micron,

121(June), 77–83. https://doi.org/10.1016/j.micron.2019.03.004

Pholkern, K., Srisuk, K., Grischek, T., Soares, M., Schäfer, S., Archwichai, L.,

… Wirojanagud, W. (2015). Riverbed clogging experiments at potential

river Bank filtration sites along the Ping River, Chiang Mai, Thailand.

Environmental Earth Sciences, 73(12), 7699–7709. https://doi.org/10.
1007/s12665-015-4160-x

Pigneret, M., Mermillod-Blondin, F., Volatier, L., Romestaing, C., Maire, E.,

Adrien, J., … Hervant, F. (2016). Urban pollution of sediments: Impact

on the physiology and burrowing activity of tubificid Worms and con-

sequences on biogeochemical processes. The Science of the Total Envi-

ronment, 568, 196–207. https://doi.org/10.1016/j.scitotenv.2016.

05.174

Reddi, L. N., Xiao, M., Hajra, M. G., & Lee, I. M. (2005). Physical clogging of

soil filters under constant flow rate versus constant head. Canadian

LAKHANPAL ET AL. 743

https://doi.org/10.1002/aqc.2702
https://doi.org/10.1016/j.jenvman.2013.03.026
https://doi.org/10.1016/j.jenvman.2013.03.026
https://doi.org/10.3390/w8120604
https://doi.org/10.3390/w8120604
https://doi.org/10.2307/1467687
https://doi.org/10.2307/1467687
https://doi.org/10.1016/j.advwatres.2019.04.014
https://doi.org/10.1016/j.advwatres.2019.04.014
https://doi.org/10.3354/meps09506
https://doi.org/10.3390/w11112230
https://doi.org/10.3390/w11112230
https://doi.org/10.1016/j.scitotenv.2016.07.027
https://doi.org/10.1127/0003-9136/2003/0157-0089
https://doi.org/10.3390/w12123467
https://doi.org/10.3390/w12123467
http://www.jstor.org/stable/24320594
http://www.jstor.org/stable/24320594
https://doi.org/10.1007/s00027-005-0811-4
https://doi.org/10.1007/s00027-005-0811-4
https://doi.org/10.1016/j.jembe.2007.11.006
https://doi.org/10.1007/978-1-4613-3048-6_16
https://doi.org/10.1007/978-1-4613-3048-6_16
https://doi.org/10.1111/fwb.13169
https://doi.org/10.1111/fwb.13169
https://doi.org/10.1002/hyp.1165
https://doi.org/10.1111/j.1365-2427.2004.01233.x
https://doi.org/10.1111/j.1365-2427.2004.01233.x
https://doi.org/10.1007/s00027-006-0858-x
https://doi.org/10.1016/j.tree.2006.08.002
https://doi.org/10.1016/S0022-0981(02)00532-4
https://doi.org/10.1016/S0022-0981(02)00532-4
https://doi.org/10.1016/j.limno.2012.08.002
https://doi.org/10.1111/j.1365-2427.2006.01577.x
https://doi.org/10.1111/j.1365-2427.2006.01577.x
https://doi.org/10.1016/j.chemosphere.2007.06.002
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.3354/meps266185
https://doi.org/10.1029/2000WR900059
https://doi.org/10.1029/2000WR900059
https://doi.org/10.1016/j.micron.2019.03.004
https://doi.org/10.1007/s12665-015-4160-x
https://doi.org/10.1007/s12665-015-4160-x
https://doi.org/10.1016/j.scitotenv.2016.05.174
https://doi.org/10.1016/j.scitotenv.2016.05.174


Geotechnical Journal, 42(3), 804–811. https://doi.org/10.1139/

t05-018

Rehg, K. J., Packman, A. I., & Ren, J. (2005). Effects of suspended sediment

characteristics and bed sediment transport on streambed clogging.

Hydrological Processes, 19(2), 413–427. https://doi.org/10.1002/hyp.
5540

Roche, K. R., Aubeneau, A. F., Xie, M., Aquino, T., Bolster, D., &

Packman, A. I. (2016). An integrated experimental and modeling

approach to predict sediment mixing from benthic burrowing behavior.

Environmental Science & Technology, 50(18), 10047–10054. https://
doi.org/10.1021/acs.est.6b01704

Rosenberg, R., Davey, E., Gunnarsson, J., Norling, K., & Frank, M. (2007).

Application of computer-aided tomography to visualize and quantify

biogenic structures in marine sediments.Marine Ecology Progress Series,

331, 23–34. https://doi.org/10.3354/meps331023

Rosenberg, R., Grémare, A., Duchêne, J. C., Davey, E., & Frank, M. (2008).

3D visualization and quantification of marine benthic biogenic struc-

tures and particle transport utilizing computer-aided tomography.

Marine Ecology Progress Series, 363, 171–182. https://doi.org/10.

3354/meps07463

Schälchli, U. (1992). The clogging of coarse Gravel River beds by fine sedi-

ment. Hydrobiologia, 235(1), 189–197. https://doi.org/10.1007/

BF00026211

Shepherd, R. G. (1989). Correlations of permeability and grain size. Ground

Water, 27(5), 633–638. https://doi.org/10.1111/j.1745-6584.1989.

tb00476.x

Shrivastava, S., Stewardson, M. J., & Arora, M. (2020). Understanding

streambeds as complex systems: Review of multiple interacting envi-

ronmental processes influencing streambed permeability. Aquatic Sci-

ences, 82(4), 67. https://doi.org/10.1007/s00027-020-00741-z

Song, J., Chen, X., & Cheng, C. (2010). Observation of bioturbation and

hyporheic flux in streambeds. Frontiers of Environmental Science & Engi-

neering in China, 4(3), 340–348. https://doi.org/10.1007/s11783-010-
0233-y

Stanford, J. A., & Ward, J. V. (1988). The hyporheic habitat of river ecosys-

tems. Nature, 335(6185), 64–66. https://doi.org/10.1038/335064a0
Statzner, B. (2012). Geomorphological implications of engineering bed sed-

iments by lotic animals. Geomorphology, 157–158, 49–65. https://doi.
org/10.1016/j.geomorph.2011.03.022

Stewardson, M. J., Datry, T., Lamouroux, N., Pella, H., Thommeret, N.,

Valette, L., & Grant, S. B. (2016). Variation in reach-scale hydraulic

conductivity of streambeds. Geomorphology, 259, 70–80. https://doi.
org/10.1016/j.geomorph.2016.02.001

Stewardson, M. J., Grant, S. B., & Marusic, I. (2011). Modelling hyporheic

exchange: From the boundary layer to the basin. In 19th international

congress on modelling and simulation. 12-16 December 2011. Perth,

Australia. http://mssanz.org.au/modsim2011

Tevesz, M. J. S., & McCall, P. L. (1985). Primitive life habits of Bivalvia

reconsidered. Journal of Paleontology, 59(5), 1326–1330. http://www.

jstor.org/stable/1305024

Wagner, F. H., & Bretschko, G. (2002). Interstitial flow through preferential

flow paths in the hyporheic zone of the Oberer Seebach, Austria.

Aquatic Sciences, 64(3), 307–316. https://doi.org/10.1007/s00027-

002-8075-8

Walling, D. E. (2006). Human impact on Land–Ocean sediment transfer by

the World's Rivers. Geomorphology, 79(3), 192–216. https://doi.org/
10.1016/j.geomorph.2006.06.019

Ward, A. S. (2016). The evolution and state of interdisciplinary hyporheic

research.WIREs Water, 3(1), 83–103. https://doi.org/10.1002/wat2.1120

Wilkinson, M. T., Richards, P. J., & Humphreys, G. S. (2009). Breaking

ground: Pedological, geological, and ecological implications of soil bio-

turbation. Earth-Science Reviews, 97(1), 257–272. https://doi.org/10.
1016/j.earscirev.2009.09.005

Wohl, E., Lane, S. N., & Wilcox, A. C. (2015). The science and practice of

river restoration. Water Resources Research., 51, 5974–5997. https://
doi.org/10.1002/2014WR016874

Work, P. A., Moore, P. R., & Reible, D. D. (2002). Bioturbation, advection,

and diffusion of a conserved tracer in a laboratory flume. Water

Resources Research, 38(6), 24-1-24–29. https://doi.org/10.1029/

2001wr000302

Wörman, A., Packman, A. I., Johansson, H., & Jonsson, K. (2002). Effect of

flow-induced exchange in hyporheic zones on longitudinal transport of

solutes in streams and Rivers. Water Resources Research, 38(1), 2-1-2–
15. https://doi.org/10.1029/2001wr000769

Zarnetske, J. P., Haggerty, R., Wondzell, S. M., & Baker, M. A. (2011).

Dynamics of nitrate production and removal as a function of residence

time in the hyporheic zone. Journal of Geophysical Research, 116(G1),

G01025. https://doi.org/10.1029/2010jg001356

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Lakhanpal, G., Black, J. R.,

Casas-Mulet, R., Arora, M., & Stewardson, M. J. (2023).

Micro-computed tomography scanning approaches to

quantify, parameterize and visualize bioturbation activity in

clogged streambeds: A proof of concept. River Research and

Applications, 39(4), 734–744. https://doi.org/10.1002/

rra.4096

744 LAKHANPAL ET AL.

https://doi.org/10.1139/t05-018
https://doi.org/10.1139/t05-018
https://doi.org/10.1002/hyp.5540
https://doi.org/10.1002/hyp.5540
https://doi.org/10.1021/acs.est.6b01704
https://doi.org/10.1021/acs.est.6b01704
https://doi.org/10.3354/meps331023
https://doi.org/10.3354/meps07463
https://doi.org/10.3354/meps07463
https://doi.org/10.1007/BF00026211
https://doi.org/10.1007/BF00026211
https://doi.org/10.1111/j.1745-6584.1989.tb00476.x
https://doi.org/10.1111/j.1745-6584.1989.tb00476.x
https://doi.org/10.1007/s00027-020-00741-z
https://doi.org/10.1007/s11783-010-0233-y
https://doi.org/10.1007/s11783-010-0233-y
https://doi.org/10.1038/335064a0
https://doi.org/10.1016/j.geomorph.2011.03.022
https://doi.org/10.1016/j.geomorph.2011.03.022
https://doi.org/10.1016/j.geomorph.2016.02.001
https://doi.org/10.1016/j.geomorph.2016.02.001
http://mssanz.org.au/modsim2011
http://www.jstor.org/stable/1305024
http://www.jstor.org/stable/1305024
https://doi.org/10.1007/s00027-002-8075-8
https://doi.org/10.1007/s00027-002-8075-8
https://doi.org/10.1016/j.geomorph.2006.06.019
https://doi.org/10.1016/j.geomorph.2006.06.019
https://doi.org/10.1002/wat2.1120
https://doi.org/10.1016/j.earscirev.2009.09.005
https://doi.org/10.1016/j.earscirev.2009.09.005
https://doi.org/10.1002/2014WR016874
https://doi.org/10.1002/2014WR016874
https://doi.org/10.1029/2001wr000302
https://doi.org/10.1029/2001wr000302
https://doi.org/10.1029/2001wr000769
https://doi.org/10.1029/2010jg001356
https://doi.org/10.1002/rra.4096
https://doi.org/10.1002/rra.4096

	Micro-computed tomography scanning approaches to quantify, parameterize and visualize bioturbation activity in clogged stre...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Experimental setup
	2.2  Sediment samples
	2.3  Micro-computed tomography scanning
	2.4  Burrow analysis

	3  RESULTS
	3.1  Galleries and individual burrow visualization
	3.2  Gallery distribution in upwelling and downwelling zones
	3.3  Galleries numbers, size, and occupation
	3.4  Spatial burrow distribution
	3.5  Gallery orientation and segment turns

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


