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ABSTRACT 
 
Bioturbation is an ecological process driven by organisms, which transports nutrients and gases from air/water 

to sediment through their galleries, by the time they feed, burrow and/or construct galleries. This exchange is 

vital to the maintenance of micro and macrobenthic organisms, mainly in muddy flat environments. Species 

with distinct galleries could create levels of bioturbation, affecting the benthic interactions. In this sense, it is 

fundamental developing a non-destructive method that permits identifying/quantifying the properties of these 

galleries. The recent advances in micro-computed tomography are allowing the high resolution 3D images 

generation. However, once muddy sediments are rich in organic matter and interstitial water, these would lead to 

motion artifacts which could, in turn, decrease the accuracy of galleries identification/quantification. In this 

context, the aim of this study was to develop a protocol which combines laboratory experiments and 

microtomography analysis in order to generate accurate 3D images of the small marine worm’s galleries within 

humid muddy sediments. The sediment was collected at both muddy flats of Surui’s and Itaipu lagoon’s 

mangroves (RJ-Brazil), sieved (0.5mm mesh) and introduced with one individual of the marine worm 
Laeonereis acuta (Nereididae, Polychaeta) in each acrylic corer holders (4.4cm of internal diameter). High 

energy microtomography scanner was used to obtain 3D images and the setup calibration was 130 kV and 61 

mA. Each acquisition image time was among 4h and 6h. Several procedures of drying remained water inside the 

cores were performed aiming obtaining images without movement artifacts due to circulating water, and this 

issue was one of the main studied parameter. In order to investigate possible chemical effects, 2ml of formalin 

(35%) with menthol were added to the surface of the cores. The results show that although the drying time was 

appropriated, the chemicals created bubbles within the sediment, decreasing the accuracy of the wormholes 

identification. To sum up, the images show that the investigation of small tropical marine worm´s galleries 

within humid muddy sediments is possible by this X-ray image technique. The final 3D images were performed 

in two different pixel sizes (23.83 µm and 30.08 µm), which allow the identification/quantification of galleries 

and, therefore, supporting the improvement of knowledge on bioturbation processes in marine benthic systems. 
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1. INTRODUCTION 

 

Bioturbation is an ecological process which enhances the transport of particles and solutes 

within the sediment, as well between the air-sediment/water-sediment interfaces [1]. This 

biological induced transport of nutrients and dissolved gases contribute to the maintenance of 

the food webs and the biogeochemical cycles [2, 3, 4].  

 

However, under heavy metal pollution, bioturbation could enhance the transport of the metals 

to sub-superficial muddy sediment layers in mangrove systems. Bioturbation is closely 

related to the behaviour of the organisms. By the time the organisms feed, burrow itself 

within the sediment and/or construct tubes and galleries, they move particles down and 

upwards and permit more surface water penetrating in deeper layers of sediment through their 

galleries [5, 6].  Once the water is contaminated with heavy metals, the presence of benthic 

fauna can contribute to the sink of these metals within the sediment column and, therefore, 

bioturbation has been indicated as the process which could influence the metal distribution in 

a sediment depth gradient in mangroves [7, 8].  

 

Nevertheless, although the presence of benthic fauna leads to the transport of particles and 

water within the sediment, the species type and behavior must be take into account to better 

understand the bioturbation process. The distinct body shape and behavior of species or major 

taxonomic groups could lead to levels of bioturbation, generating different galleries 

properties, such as gallery volume, diameter and burrow depth [9, 10, 11, 12].  These sorts of 

properties could be correlated with the transport of solutes and particles, and subsequently 

with the benthic interactions and marine processes. Thus, to better understand the processes 

that govern the marine benthic systems is fundamental to know the behavior of bioturbator 

organisms, the properties of their galleries and how the bioturbation modify the sediment 

characteristics.  

 

In this context, for monitor and quantify the gallery construction and its properties, a non-

destructive method should be developed, especially to study muddy sediment. X-ray 3D 

computed microtomography (µCT) is a non-destructive method that provides high-resolution 

image knowledge by a volume data sets of an inspected object which does not need to be 

previously modified, i.e., the object inspected does no need to be subjected to a preparation 

method. Its physical principle is based on the X-rays attenuation when they interact with the 

material [13]. In order to obtain µCT image it is necessary to acquire many projections in 

constant angular steps and these reconstruction is performed with an appropriate algorithm 

based on filtered back-projection. The first step to achieve 3D data information is to perform 

segmentation on 2D µCT images, which can be carried out with different approaches 

depending on the nature/geometry of the investigated structures. 

 

Nevertheless, although microcomputed tomography can produce 3D images with high 

resolution, the accuracy of the identification/quantification of the galleries in muddy sediment 

will depend upon the minimal disturbance of the sample during the image acquisition. Once 

muddy sediment is rich in organic matter and interstitial water, these would lead to motion 

artifacts which in turn could decrease the accuracy of identification/quantification of the 

galleries. Therefore, the aim of this study was to develop a protocol which combines 

laboratory experiments and microtomography analysis to generate 3D images that allow the 

accurately identification and quantification of the tubes and galleries constructed by small 

marine worms within humid muddy sediments.  
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2. MATERIAL AND METHODS 

 

The species chosen for this study was the marine worm Laeonereis acuta (Nereididae: 

Polychaeta). It is one of the most abundant species on tropical muddy flats, occurring in 

mangroves and soft-bottoms of the Western Atlantic South coast, from the intertidal zone to 

1m depth. In this sense, L. acuta is an ecological interesting species for this study since it has 

the potential to be one of the major contributors to the bioturbation at these environments [14, 

15, 16]. 

 

The sediment was collected at both muddy flats of Surui mangrove (22°41’17’’S; 

43°06’54’’O; RJ-Brazil) and of mangrove’s margin of Itaipu lagoon (22°57’44’’S; 

43°02’22’’O; RJ-Brazil) during the low tide. The sediment from Suruí was utilized for the 

5cm height core experiments while the sediment from Itaipu for the 10cm height core 

experiments.    

 

The sediment was sieved at 0.5mm mesh to retain macrofauna, manually homogenized and 

frozen afterwards to kill any remaining organisms. The sediment was defrosted according to 

the need. At the laboratory, the individuals of L. acuta with similar body size and weight were 

maintained in aquariums (15L) with filtered seawater (0.44µm) and with sediment from the 

local of collection. The aquariums were kept at ambient temperature (20~28°C), salinity 30, 

constant aeration and water change twice a week. These aquariums will be called as breeding 

tanks afterwards.    

 

Acrylic corers (φ4.4cm, internal diameter) were used as experimental units. Two distinct 

sediment column heights were studied: 5cm (EU_5cm) and 10cm (EU_10cm). A total of 

seven corers of EU_5cm (six treatments and one control) and four of EU_10cm (three 

treatments and one control) were kept in large aquariums with constant aeration, salinity 30 

and at ambient temperature (20~28°C) and ambient light regime (~12h/12h of 

light/darkness). One individual from the breeding tanks was introduced in each core and 

allowed to construct galleries at a maximum of 48h. One core of each height was maintained 

without worms as a control. 

 

The corers were removed from the aquarium before the image acquisition. To investigate the 

effect of water content on the image quality, a fine water layer was left on the surface of the 

EUs controls and a 3D image was generated. To analyze the effect of drying time on gallery 

properties, five EUs_5cm had their surface water drained, although the sediment remained 

humid, and were let dry a) at room temperature (20~28°C) for different time periods: 2h, 4h, 

6h and 8h and b) at the oven (35°C) for 4 days. Also, two EUs_10cm, were let dry at room 

temperature (20~28°C), one for 24h and another for 48h. The third was left into oven for 7h 

at 35°C. To study the chemical effects, 2 ml of formalin (35%) with menthol were added to 

the surface of one EU_5cm. Two image acquisitions were made after 4h and 6h drying times 

at room temperature (20~28°C). 

 

The EUs were scanned using a laboratory high energy µCT system. The good signal noise 
ratio was attained using 61 µA current and 1 x 1 pixel binning, creating an image pixel size of 
25.83 µm.  
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3. RESULTS 

 

The EU_5cm corer dried for 2h produced images with large amounts of motion artifacts, due 

to the remaining circulating water. The EUs_5cm 4h and 6h dried core produced the best 3D 

image, with almost none artifacts and corrections, allowing an accurate 

identification/quantification of the galleries. On the other hand, the galleries collapsed in both 

EUs_5cm 8h and oven dried corer.  

 

Regarding the EUs_10cm, two of them were dried at room temperature (20~28°C) for 24h 

and 48h respectively, and the third was dried at the oven (35°C) for 7h. Considering the 

amount of circulating water and motion artifacts, the EU_10cm dried at 24h produced the 

best 3D image. The addition of formalin and menthol created bubbles within the sediment, 

decreasing the accuracy of the galleries identification/quantification.  

 
Once the EU_5cm (4 hours drying time) produces the best image quality, the quantification 
of the gallery volume was done using this core. It presented a total volume of 66218.30 mm

3
. 

After the image processing, the gallery volume within the sediment column was 616.86 mm
3
, 

corresponding to approximately 0.93% of the total volume of the core. 
 

Fig. 1 show the EU_5cm (4 hours drying time) cross-sections µCT: (a) radiography, red line 

illustrates cross-sections positions, (b) coronal view, (c) transaxial view and (d) sagittal view. 

The gray levels measure the amount of X-ray absorption, showing galleries in dark (full 

white arrow) and sediment in light grays. The dot white arrow illustrates the acrylic core 

holder and CS values denote absolute values (attenuation coefficient).  

 

 

 
 

 

Figure 1: µCT cross-sections of sediment column height of 5 cm: (a) radiography, red 

line illustrates cross-sections positions, (b) coronal view, (c) transaxial view and (d) 

sagittal view. 
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The 3D µCT polychaetes galleries results for EU_5cm dried for 4 hours (a and b) and 

EU_10cm dried for 24 hours (c and d) are shown on Fig. 2. The largest 3D connected 

(opened channel) performed by the polychaetes on the EU_5cm (4 hours drying time) and 

EU_10cm (24 hours drying time) are shown on Fig.3 (a) and (b), respectively. 

 

 

 
 
 

Figure 2: 3D µCT polychaetes galleries results for sediments columns heights of 5 cm (a 

and b) and 10 cm (c and d). 

 

 

 
 

 

Figure 3: Largest 3D connected polychaetes galleries results for sediments columns 

heights of 5 cm (a) and 10 cm (b). 
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4. CONCLUSION 

 

The use of µCT allows the study small tropical marine worm´s galleries within humid muddy 

sediments. The images acquired under the experimental protocol developed in this present 

study were satisfactory to both identify and quantify worms’s galleries properties, although 

the humidity of the muddy sediment.  

 

Further, both sediment columns heights of 5cm and 10 cm can be used in further studies, 

according to the aim of the study and/or the behavior of the organism. For small tropical 

marine worms which inhabit the surface of the sediment, the use of 5cm core is 

recommended, with a drying time of 4h at ambient temperature. On the other hand, for small 

species which burrow deeper into the sediment, the 10cm corer is recommended, with a 

drying time of 24h. However, the addition of menthol and formalin to the sediment, 

commonly used in biological studies of the benthic macrofauna, are not recommended. The 

presence of bubbles inside the sediment column due to the addiction of these chemical alters 

artificially the sediment characteristics, influence results such as sediment porosity. 

 

Besides, further studies are in progress in order to investigate the correlation between heavy 

metal concentration and galleries properties and in whether the heavy metal biodiffusion 

coefficients are affected by bioturbation levels. 
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