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Abstract

The European eel (Anguilla anguilla) is a fascinating species, exhibiting a complex life

cycle. The species is, however, listed as critically endangered on the IUCN Red List

due to an amalgam of factors, including habitat loss. This study investigated the

burrowing behaviour and substrate preference of glass, elver and yellow stages of

A. anguilla. Preference was determined by introducing eels in aquaria with different

substrates and evaluating the chosen substrate for burrowing. In addition, burrowing

was recorded using a camera in all substrate types and analysed for kinematics. The

experiments showed that all of these life stages sought refuge in the sediments with

particle sizes ranging from sand to coarse gravel. Starting from a resting position, they

shook their head horizontally in combination with rapid body undulations until half of

their body was within the substrate. High-speed X-ray videography revealed that

once partly in the sediment, eels used only horizontal head sweeps to penetrate fur-

ther, without the use of their tail. Of the substrates tested, burrowing performance

was highest in fine gravel (diameter 1–2 mm; lower burrowing duration, less body

movements and/or lower frequency of movements), and all eels readily selected this

substrate for burrowing. However, glass eels and elvers were able to use coarse

gravel (diameter >8 mm) because their smaller size allowed manoeuvring through the

spaces between the grains. Further, burrowing performance increased with body

size: glass eels required more body undulations compared to yellow eels. Interest-

ingly, the urge to hide within the sediment was highest for glass eels and elvers. Doc-

umentation of substrate preference and burrowing behaviour of A. anguilla provides

new information about their potential habitat use. Considering that habitat alter-

ations and deteriorations are partly responsible for the decline of the eel, this infor-

mation can contribute to the development of more effective conservation measures.
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1 | INTRODUCTION

Despite many biomechanical (e.g., bio-energetic cost; Du Toit

et al., 1985) and ecological challenges (e.g., risk of predation for sessile

invertebrates (Smith & Merriner, 1985), burrowing is an important

behaviour for many invertebrate and vertebrate organisms, in both

terrestrial and aquatic environments. Some species constantly occupy

the substrate and rarely, if ever, come to the surface, such as

South African mole rats (Bathyergus suillus Schreber 1782;

Thomas, 2013) and earthworms (Lubricidae; Lavelle & Spain, 2001).
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Other organisms are active on land or in the water column, but are

also able to construct burrows for various purposes. American eels

(Anguilla rostrata Lesueur 1817), e.g., construct tunnels that may be

used as a hiding place and/or winter refuge (Tomie et al., 2017). The

fivefinger wrasse (Iniistius pentadactylus L. 1758) burrows into sandy

sediments to sleep subsurface at night (Clark, 1983). The common

skink (Scincus scincus L. 1758), also known as “the sandfish,” uses the

substrate for subsurface locomotion (Maladen et al., 2009; Sharpe et

al., 2014), whereas many species bury to avoid predation (Griffiths &

Richardson, 2006). In addition, burrows give access to other trophic

opportunities and can be used as a base for feeding (Bozzano, 2003).

Some fishes (e.g., jawfishes, Opistognathidae) excavate permanent

burrows (Colin, 1973), whereas others create tunnels that collapse

behind them (e.g., sand lances, Ammodytes spp.) (Bizzarro et al., 2016).

Many different burrowing mechanisms have evolved depending on

the substrate characteristics, the speed of movement, the magnitude

of forces exerted and the type of sediment (Herrel et al., 2011). Exam-

ples are burrowing by crack propagation (Dorgan et al., 2007), com-

paction (Wake, 1993), sand swimming (Maladen et al., 2009; Sharpe et

al., 2014) and sand-diving (Tatom-Naecker & Westneat, 2018).

Burrowing behaviour has also been observed among several

Anguilliformes, which possess two mechanisms for burrowing: tail-

first and/or head-first burrowing (De Schepper et al., 2007a; De

Schepper et al., 2007b). Anguilla rostrata, e.g., construct burrows head-

first (Tomie et al., 2013). On the contrary, the spotted garden eel (Het-

eroconger hassi Klausewitz & Eibl-Eibesfeldt 1959) is an obligate tail-

first burrower, whereas the Indian snake eel (Pisodonophis boro Hamil-

ton 1822) can use both (De Schepper et al., 2007a).

Surprisingly, although burrowing has already been reported for

the European eel (Anguilla anguilla L. 1758) (Christoffersen

et al., 2018; Schafer, 1972), many questions about its behaviour

remain unanswered. A. anguilla is a catadromous species, with mature

silver eels spawning in the Sargasso Sea (Miller et al., 2019). From

there, leptocephalus larvae move with the Gulf Stream towards the

European and North African coasts, subsequently metamorphosing

into unpigmented glass eels (Arai et al., 2000). Glass eels acquire pig-

ment and turn into elvers. Upon reaching a length of 150 mm, eels are

classified as yellow eels, the sedentary growing stage (Laffaille

et al., 2003; Tesch, 2003). After 3–20 years or more, yellow eels

undergo a metamorphosis to silver eels, which migrate downstream

into the Atlantic Ocean to spawn and subsequently die (Van den

Thillart et al., 2007). Worryingly, A. anguilla is currently labelled as crit-

ically endangered according to the IUCN Red List (Jacoby &

Gollock, 2014), as glass eel recruitment declined to nearly 1.4% com-

pared to that in the late 70s in the North Sea and to 6% elsewhere

(ICES, 2019). Different factors such as habitat loss (Kettle et al., 2011),

migration barriers (Durif et al., 2002), non-native parasites (Palstra

et al., 2007), overfishing (Dekker, 2003), pollution (Belpaire

et al., 2016), climate change and changes in oceanic currents

(Castonguay et al., 1994; Munk et al., 2010) are considered possible

causes for this steep decline. To restore the A. anguilla population, EU

member states implemented eel management plans (European Eel

Regulation no 1100/2007) to ensure 40% silver eel escapement,

defined as the best estimate of the theoretical escapement rate if the

stock were completely free of anthropogenic influences (European

Commission, 2007). With habitat loss being one of the threats for

A. anguilla, insight into substrate preference and burrowing behaviour

over different life stages may engender recommendations for both

habitat restoration and selection of suitable habitats for restocking.

Therefore, this may play an important role in restoring the A. anguilla

stock.

Previous work on American yellow eels found a preference for

burrowing into mud substrates (diameter 6–221 μm) during warmer

periods and mud and cobble (average diameter 75 mm) in winter

(Tomie et al., 2017). For A. anguilla, however, it has only been found

that elvers prefer coarse gravel for hiding (diameter 12–64 mm;

Christoffersen et al., 2018), but this is not necessarily the preferred

substrate for burrowing, as elvers can easily enter the interstitial

spaces of coarse gravel and therefore do not require active burrowing

to enter this substrate (Lecomte Finiger & Prodon, 1979). In addition,

whether other A. anguilla life stages show the same sediment prefer-

ence has not been tested yet. An organism's size relative to that of

sediment particles could, e.g., affect burrowing potential and/or sedi-

ment preference. Consequently, sediment preference and burrowing

performance (i.e., burrowing duration, the number and frequency of

body movements) might change as the eel becomes larger, with

burrowing requiring a relatively higher effort for smaller glass eels

compared to larger yellow eels. In addition, the skull of glass eels is

not completely ossified yet and thus potentially lacks the robustness

required to burrow into dense, hard substrates (De Meyer

et al., 2017). By performing preference experiments on eels of differ-

ent life stages, the hypothesis that substrate preference and

burrowing performance changes as eels become larger can be tested.

Specifically, glass eels and elvers could prefer less compact substrates

(coarse and fine gravel; larger interstitial spaces), whereas larger yel-

low eels, being able to exert higher forces, could prefer more compact

substrates (sand; small interstitial spaces) to create stable burrows.

Moreover, whether the preferred substrate is linked to the most effi-

cient burrowing performance is evaluated (lower burrowing duration,

less body movements and/or lower frequency of movements).

Determining substrate preference in different life stages allows

the identification of habitats that can act as growing areas and are

thus suitable for eels (e.g., for restocking measures), but also of

degraded habitats that require restoration. As such, this study can play

an important role in the conservation of A. anguilla.

2 | MATERIALS AND METHODS

2.1 | Sample collection and housing

This study investigated the burrowing behaviour of the colonizing and

sedentary life stages (i.e., a cross-sectional study of glass, elver and

yellow eel stages), because these life stages are directly associated

with substrates and thus potentially show burrowing behaviour. Glass

eels are unpigmented eels of ca. 70 mm in length, whereas elvers are
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defined as fully pigmented eels <150 mm and yellow eels as eels

>150 mm. Yellow eels were classed as small (151–300 mm), medium

(301–450 mm) and large (>451 mm) (Laffaille et al., 2003). In total,

28 individuals were used (the small sample size was due to limited

catch numbers). Age was not determined as this requires lethal sam-

pling. Sex was not determined as the gonadal system starts develop-

ing only during the yellow eel stage (Tesch, 2003) and requires

dissection. The care and use of experimental animals were in accor-

dance with Belgian legislation (EC approved by ethical committee

EC2018-063).

Glass eels (N = 10), elvers (N = 3) and small yellow eels (N = 4)

were obtained from the tidal sluice “Maertenssas” (Bredene, Belgium)

using fyke nets (mesh size = 1 mm) attached to the sluice in March

2019. In addition, medium (N = 3) and large yellow eels (N = 8) were

captured downstream from the tidal weir in the freshwater part of the

Zeeschelde (Merelbeke, Belgium; N = 9) using double fyke nets (mesh

size = 8 mm) and at the Veurne-Ambacht pumping station (Nieuw-

poort, Belgium; N = 2) using fyke nets (mesh size = 8 mm) attached to

the gravitational discharge openings in August 2018. Eels were trans-

ferred to the laboratory and acclimatized to the new water conditions

by gradually adding water from the experimental tank. Eels were tem-

porally anaesthetized with clove oil (0.1 ml l–1) in the laboratory

(Walsh & Pease, 2002), and the total length (LT, to the nearest

millimetre), measured from the tip of the snout to the tip of the caudal

fin, and body weight (W, to the nearest milligram) of each eel were

measured. Afterwards, the eels were kept in an aerated water tank

until fully recovered.

Elvers and yellow eels were marked individually by injection with

green or yellow visible implant elastomer (VIE) staining (Northwest

Marine Technology, Inc., Shaw Island, WA, USA) in different parts of

the lip. VIE staining was used because this method has no significant

effect on survival and does not affect the eel's locomotor behaviour

(Imbert et al., 2007). Similar-sized elvers and yellow eels (maximal differ-

ence of 10 cm) were housed together, with a maximum of four individ-

uals per aquarium (120 × 55 × 50 cm, water depth = c. 40 cm). A

maximum of three easily identifiable glass eels (based on the degree of

pigmentation) were housed together (40 × 20 × 25 cm, water depth = c.

20 cm). All aquaria were filled with fresh water (salinity <0.5‰) and

fitted with rocks and tubes to hide in. Water temperature of the hous-

ing and testing aquaria was on average 14 ± 1.95�C. Glass eels were

fed Daphnia spp., whereas elvers and yellow eels were fed Tubifex spp.,

chironomid larvae and earthworms (Dendrobaena veneta Michaelsen

1890), ad libitum. In the laboratory, no artificial light was used, and nat-

ural light–dark cycles were retained. Before the experiment, whether

the eels were in good physical condition was evaluated (i.e., were

active, showed cryptic behaviour in their housing aquaria and had no

visible abrasions). Experimental trials were conducted during the day in

random order. When eels were transferred to the experimental tanks

by means of a small tank, they were acclimatized by gradually adding

water from the experimental tank to avoid any abrupt physiological

changes. After data collection, all individuals were returned into the

wild (Zeeschelde, Merelbeke, Belgium). Yellow eels were captive for

7 months. Glass eels and elvers were captive for 3 weeks.

2.2 | Sediment preference

To test whether eels prefer a certain sediment type, they were indi-

vidually introduced into aquaria containing three different substrate

types: sand (diameter <1 mm), fine gravel (diameter 1–2 mm) and

coarse gravel (diameter 8–12 mm) (Table 1). The sediment depth

ranged from 5 cm for glass eels to 20 cm for yellow eels. This depth

was chosen based on the maximum burrow depth of American yellow

eels (Tomie et al., 2013). All specimens were randomly introduced at a

side of the aquarium. A minimum of two and a maximum of six repli-

cates were obtained per individual. Both the random introductions

and the low numbers of replicates were used to minimize eel learning

behaviour. A maximum of three trials were done per individual a day

to minimize fatigue effects. Upon introduction, the researchers dis-

tanced themselves behind a corner to prevent the eel from seeing

them. When eels immediately dug into the substrate upon introduc-

tion (11% of the cases), this was not considered for determining sub-

strate preference, because these individuals may not have chosen a

sediment type. Instead, they may have buried themselves into the

sediment type closest to their introduction location in the aquarium.

As soon as the eel burrowed into a substrate, the trial was considered

complete. Trials took a maximum of 60 min. If no burrowing behaviour

was observed within this time limit, the observation was considered

as “non-burrowing.” As glass eels and elvers were observed to show a

strong preference to move between the interstitial spaces of the

coarse gravel (see the “Results” section), a separate set-up with only

sand and fine gravel was used to determine which of these two sub-

strates glass eels and elvers preferred to effectively bury themselves

(three replicates per individual).

2.3 | Videography and high-speed X-ray
videography

To evaluate the burrowing behaviour of eels, all eels were introduced

into aquaria containing either sand or fine gravel (Table 1), and burrowing

was recorded using three JVC-HD Everio GZ-GX cameras (50 fps). The

cameras were positioned such that burrowing could be recorded in dor-

sal, lateral and frontal views. Coarse gravel was left out of this experi-

ment, because glass eels and elvers swam in between the interstitial

spaces, rather than actually burrowing, and because yellow eels did not

select this substrate (see the “Results” section). A minimum of two and a

maximum of six replicates were obtained per specimen for each sub-

strate. If no burrowing behaviour was observed within 60 min of intro-

duction, the recordings were considered as “non-burrowing.” Several

factors were considered in determining which recordings were included

in the analysis. Only recordings on which the eels were completely

within the substrate and were completely in the field of the camera view

were used. In addition, recordings where water turbidity was too high to

track the movement of the eel accurately were left out of the analysis.

After this selection, 217 recordings were obtained.

To track the eel's movements underneath the substrate, which is

impossible using visible-light cameras, high speed X-ray video
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recordings were applied (ethical approval ECD2019-01) using two

elvers and two small yellow eels. Because it is impossible to detect

the eel in sand or gravel due to the high radio-opacity of these sili-

cates, couscous (diameter 1–3 mm) was used as an experimental sub-

strate. When compacted and moistened, this granular medium

approximates natural sediment reasonably well, as was demonstrated

in a previous research on digging moles (Lin et al., 2019). The cous-

cous was compressed prior to each digging event. Because the X-ray

movies did not clearly distinguish between water and couscous, a

piece of metal was placed on the couscous surface to visibly mark this

interface in X-ray movies. After compression, the couscous depth was

15 cm, both for elvers and for yellow eels. X-ray videos were recorded

at 500 fps, with 70 kV, and 50 mA using the 3D2YMOX system

(Sanctorum et al., 2019). In addition, the above-substrate behaviour

was recorded using a visible-light Redlake MotionPro 2000 camera

(125 fps), synchronized with the X-ray movies.

2.4 | Burrowing technique and performance

To evaluate whether substrate preference was related to burrowing

performance, the video-recordings were used to evaluate the

burrowing technique. These recordings were analysed frame by frame

in VirtualDub. Snout-touch was used as the initiation point, and the

point at which the tail was completely covered by the substrate is used

as the end point. Three different parameters were analysed: (a) total

burrowing duration, from snout-touch to tail-covered; (b) duration of

the eel making accelerated body undulations; and (c) total number of

body undulations needed to construct a burrow. The first three vari-

ables were obtained from 94 recordings in fine gravel and 97 in sand.

Counting of body undulations was possible for 85 and 74 recordings in

fine gravel and sand, respectively. Subsequently, body undulation fre-

quency was calculated as the total number of body undulations (param-

eter 4) divided by the time that the eel made accelerated swimming

motions (parameter 2). In addition, the angle between the head and

sediment was measured using ImageJ (Abràmoff et al., 2004).

Kinematic analyses were performed to study burrowing behaviour in

more detail, using visible-light videography recordings. For this, only the

high-quality recordings where the eel moved without stopping or chang-

ing direction were retained, and a total of 22 recordings were obtained:

6 burrowing sequences of glass eels (N = 3 for both sand and fine gravel)

and elvers (N = 3 for both sand and fine gravel) and 10 burrowing

sequences of small yellow eels (N = 6 for sand, N = 4 for fine gravel). Each

AVI file was converted as a JPEG sequence using VirtualDub. Subse-

quently, the X and Y coordinates of the tip of the tail on each frame were

obtained using ImageJ (Abràmoff et al., 2004). This body point was cho-

sen as it was easily detectable on all video recordings during the whole

burrowing sequence. X and Y coordinates were plotted against time to

visualize the number and the amplitude of tail movements. No high-

quality recordings were obtained for medium and large yellow eels as the

tip of the tail could not easily be distinguished in the video recordings.

2.5 | Statistical analysis

The number of individuals choosing each substratum was compared

with the predicted number if the choice was random using a χ2 test.

The null hypothesis states that all sediment types will be chosen

equally. If one sediment type was chosen more often than predicted

by the null hypothesis (0.01 < P < 0.05), it was defined as a moderate

preference for that particular substrate. If differences were significant

at the P < 0.01 level, their preference was considered strong. In addi-

tion, χ2 tests were used to evaluate whether substrate preferences

differed significantly between subsequent life stages. To determine

whether burrowing performance (specifically, burrowing speed, total

number of body undulations and body undulation frequency) differed

significantly between sand and fine gravel, Welch two-sample t-tests

were performed for each size class (assumption of homogeneity not

met). To detect differences in burrowing speed, total number of body

undulations and body undulation frequency between size classes,

ANOVAs were performed for both sand and fine gravel. Subse-

quently, post hoc Tukey HSD tests were used to evaluate whether

subsequent life stages differ in performance measures. Statistical ana-

lyses were conducted in R version 3.5.0 (R Core Team, 2018).

3 | RESULTS

3.1 | Sediment preference

The sediment preference did not differ significantly between glass eels

and elvers (Table 2), both having a significant preference for coarse

gravel (χ2 test: χ22 = 48.6, P < 0.01 and χ22 = 12.67, P < 0.01, respec-

tively). The subsequent small yellow eel stage differed significantly in

TABLE 1 Dimensions of the aquarium (cm), water depth (cm), sediment depth (cm) and number of replicates used in the preference and
efficiency experiments on Anguilla anguilla (L. 1758)

Life stage Dimensions of aquarium (cm) Water depth (cm) Sediment depth (cm) Replicates

Preference GE 18 × 10 × 12 10 5 60

ELV 40 × 20 × 25 20 8 18

YE 200 × 50 × 60 50 20 72

Performance GE 18 × 10 × 12 10 5 115

ELV 40 × 20 × 25 20 8 35

YE 120 × 55 × 50 40 20 67

Note: ELV, elvers (N = 3); GE, glass eels (N = 10); YE, yellow eels (N = 15; small, medium and large yellow eels).
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preference from glass eels and elvers (Table 2), strongly preferring fine

gravel over the other substrates (χ2 test: χ22 = 12.83, P < 0.01). Medium

and large yellow eels did not construct burrows in 20% and 29% of the

trials, respectively (Table 2). No significant difference in sediment prefer-

ence was observed between small and medium yellow eels and between

medium and large yellow eels (Table 2). Medium and large yellow eels

showed, respectively, a moderate and strong preference for fine gravel

(χ2 test: medium: χ22 = 7, P = 0.03; large: χ22 = 17.82, P < 0.01).

Glass eels, elvers, and small yellow eels did not show burrowing

behaviour when selecting coarse gravel; they simply swam through the

interstitial spaces. To determine the preferred substrate for burrowing,

these eels were also introduced into aquaria with only sand and fine

gravel substrates. Fine gravel was preferred over sand in the majority of

the replicates, independent of life stage (Table 2). However, this prefer-

ence was significant only for glass eels (χ2 test: χ22 = 34.91, P < 0.01).

3.2 | Burrowing technique

3.2.1 | Kinematics and X-ray videography

Identical burrowing behaviour was observed in sand and fine gravel,

independent of life stage. The burrowing sequence generally

consisted of four phases (S1, S2, S3). Each burrowing sequence

started with the eel lying with its ventral side on the substrate. During

phase one (P1), the eel lifted its body until its head made an angle of

on average 36� ± 6� (mean ± S.D.; based on 54 measurements of

18 specimens) with the substrate. It then moved its snout vertically

into the substrate, while also sweeping its head laterally in the hori-

zontal plane. This way, the eel started penetrating the substrate. Sub-

sequently, in phase two (P2), the eel used full body undulations with a

high amplitude and frequency. As the eel advanced further into the

substrate, body undulations continued at a lower intensity (lower

amplitude and frequency), which corresponds to phase 3 (P3). Finally,

phase four (P4) initiated when about half of the body was within the

substrate and corresponded to the ceasing of body undulation move-

ments above the water–substrate interface (Figure 1). X-ray video

analysis further revealed that at the onset of this phase the eel made

a curvature within the sediment and then used within-substrate

movements to burrow further in a more horizontal direction. For this,

the eel mainly relied on horizontal head sweeps, with the rest of the

body acting as an anchor. After being completely burrowed, the snout

of the eel often appeared at the substrate surface. In some cases, the

end of the tail remained above the substrate surface as well. When

initial attempts of burrowing failed, the eel restarted this process at

another location. Although the burrowing sequence was identical for

TABLE 2 Results of the substrate
preference experiments

Substrate preference χ2 test

Life stage N S FG CG NB χ2 P

Glass eel 30 (30) 4 (10) 3 (90) 93a 0 1.13 0.57

Elver 9 (9) 0 (22) 11 (78) 89a 0 12.83 <0.01

Small yellow eel 18 (6) 8 (33) 63a (67) 21 8 2.97 0.23

Medium yellow eel 12 20 60 0 20 3.61e−31 1

Large yellow eel 35 19 51 0 29 – –

Note: The percentage each substrate was chosen is provided per life stage. N represents the number of

evaluated trials. The numbers in parentheses represent the test with only two substrate types. The results

of the χ2 test indicate whether the substrate preference of the evaluated life stage differs significantly

from the subsequent life stage. CG, coarse gravel; FG, fine gravel; NB, no burrowing; S, sand.
aIndicates significant preferences.
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F IGURE 1 Schematic representation of the burrowing sequence of Anguilla anguilla (L. 1758). This sequence is composed of four distinct
kinematic phases. P1: The eel tilts its head after which the snout is pushed into the substrate. P2: Full body undulations occur with a high
amplitude and frequency. P3: The amplitude and frequency of body undulations minimize. P4: Body undulations cease and only horizontal head
sweeps within the substrate occur to completely drag the tail into the sediment
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all life stages, glass eels showed alternative behaviour during P3 (fine

gavel: 23%; sand: 56% of the cases). Specifically, the amplitude of the

body undulations decreased substantially while the body undulation

frequency first increased and then remained constant. Phase 4 then

did not take place as glass eels kept using body undulation move-

ments during the entire burrowing sequence.

The aforementioned description held for sand and fine gravel.

Coarse gravel, however, was not selected by medium and large yellow

eels, whereas glass eels, elvers and small yellow eels did not actually

burrow into this substrate, but rather swam through the interstitial

spaces between these larger particles (see above).

3.3 | Burrowing performance

3.3.1 | Burrowing duration

Elvers and small yellow eels burrowed significantly quicker in fine

gravel than in sand (Welch two-sample t-test: t24 = 2.81, P < 0.01 and

t41 = 3.76, P < 0.01 respectively; Figure 2), whereas no significant dif-

ference between the substrates was observed in glass and large yel-

low eels (Welch two-sample t-test: t113 = 1.10, P = 0.27 and t7 = 2.34,

P = 0.05 respectively). Medium yellow eels were left out of this analy-

sis, because too few replicates were obtained.

Among life stages, significant differences in burrowing duration

(from snout-touch through tail-covered) were observed in both sand

(ANOVA: F4 = 8.74, P < 0.01) and fine gravel (ANOVA: F4 = 7.38,

P < 0.01). Post hoc Tukey tests revealed that glass eels burrow signifi-

cantly slower than elvers in fine gravel (Tukey test: Padj = 0.02), but

not in sand (Tuckey test: Padj = 0.98). In turn, burrowing duration did

not differ between elver and small yellow eels (Tuckey test: Padj = 0.97

for sand and Padj = 0.95 for fine gravel). As medium yellow eels were

GE

35
30

25
20

15
10

5

Ti
m

e 
(s)

ELV SYE MYE LYE GE ELV SYE MYE LYE

F IGURE 2 Boxplots of burrowing duration in sand and fine gravel
for different size classes of Anguilla anguilla (L. 1758). (a) Total time
needed to construct a burrow. GE, glass eels; ELV, elvers (<150 mm);
SYE, small yellow eels (151–300 mm); MYE, medium yellow eels
(301–450 mm); LYE, large yellow eels (>451 mm). For the medium
yellow eels, only one individual was included: two measurements
were made in sand and three in fine gravel. ( ) Sand and ( ) fine gravel

TABLE 3 Mean measurements ± S.D.
of the number of body undulations
(UND) and the undulation frequency
(FREQ) required to burrow into the
substrate (S: sand; FG: fine gravel)

GE ELV SYE MYE LYE

UND S 32.28 ± 15.06 19.38 ± 8.48 19.53 ± 9.00 20.00 ± 3.00 15.75 ± 6.76

FG 23.35 ± 9.82 12.29 ± 4.03 11.45 ± 4.91 4.33 ± 0.47 10.45 ± 2.84

FREQ S 6.24 ± 1.48 5.35 ± 1.81 3.67 ± 1.05 1.86 ± 0.02 1.54 ± 0.32

FG 5.50 ± 2.03 6.19 ± 1.54 4.50 ± 1.44 2.67 ± 0.13 1.55 ± 0.44

Note: Body undulation frequency was calculated as the total number of body undulations divided by the

time needed for burrowing phase 2 (horizontal head sweeps in combination with full body undulations).

ELV, elvers (<150 mm); GE, glass eels; LYE, large yellow eels (>451 mm); MYE, medium yellow eels

(300–450 mm); SYE, small yellow eels (151–300 mm).
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F IGURE 3 Burrowing
performance of Anguilla anguilla
(L. 1758). (left) Mean number of body
undulations per individual in sand
(S) and fine gravel (FG). (right) Mean
body undulation frequency per
individual in sand (S) and fine gravel
(FG). GE, glass eels; ELV, elvers
(<150 mm); SYE, small yellow eels
(151–300 mm); MYE, medium yellow
eels (301–450 mm); LYE, large yellow
eels (>451 mm). ( ) GE, ( ) ELV,
( ) SYE, ( ) MYE, and ( ) LYE
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left out of the analysis, the burrowing duration for small and large yel-

low eels was compared. The latter were significantly slower in con-

structing burrows in both substrates (Tuckey test: Padj < 0.01 for

sand and Padj = 0.02 for fine gravel). In general, elvers, small and

medium yellow eels burrowed faster than glass eels and large yellow

eels (Figure 2).

3.3.2 | Body undulations

All eels required more body undulations to construct a burrow in sand

than in fine gravel (Table 3; Figure 3). The number of body undulations

differed significantly between the two substrates for glass, elver and

small yellow eels (Welch two-sample t-test: t61 = 2.91, P < 0.01 for

glass eels; t16 = 2.68, P = 0.02 for elvers and t28 = 3.36, P < 0.01 for

small yellow eels). No clear trends were observed in body undulation

frequency between the two substrates, independent of life stage.

Accordingly, none of the t-tests found significant differences in undu-

lation frequency between the two substrates (Welch two-sample t-

tests: t60 = 1.70, P = 0.09 for glass eels; t23 = −1.28, P = 0.21 for

elvers; t35 = −2.00, P = 0.05 for small yellow eels; and t7 = −0.03,

P = 0.98 for large yellow eels).

When the required number of body undulations for burrowing

across life stages was compared, significant differences were found in

both sand (ANOVA: F4 = 5.18, P < 0.01) and fine gravel (ANOVA:

F4 = 15.67, P < 0.01). Post hoc Tukey tests revealed that glass eels

required significantly more body undulations than elvers both in sand

and in fine gravel (Tukey test: Padj = 0.02 for sand and Padj < 0.01 for

fine gravel). Also, the body undulation frequency differed significantly

between life stages in the two sediment types (ANOVA: F4 = 19,

P < 0.01 for sand; F4 = 16, P < 0.01 for fine gravel). Body undulation

frequency tended to decrease with body size (Figure 3). Elvers had a

higher body undulation frequency than small yellow eels (Tukey test:

Padj = 0.02 for sand and Padj = 0.03 for fine gravel). In turn, small yel-

low eels had a higher frequency than large yellow eels, but this was

significant only in fine gravel (Tukey test: Padj < 0.01).

4 | DISCUSSION

This study shows that A. anguilla is an efficient head-first burrower,

contrary to the views of De Schepper (2007) and Herrel et al. (2011).

The burrowing mechanism is similar to that described for A. rostrata

and the speckled worm eel (Myrophis punctatus Lütken 1852) (Able

et al., 2011; Tomie et al., 2013). Eels form burrows by forcing their

head, followed by their body, into the substrate with the aid of rapid

body undulations and horizontal head sweeps. Schafer (1972)

reported that yellow-stage A. anguilla make burrows by swimming

rapidly through open water followed by ramming their heads into the

substrate, while continuing body and tail undulations. Nonetheless, no

such behaviour was observed during this study, even though the

aquaria were large enough to allow it. Instead, burrowing always

started from a resting position, from where eels tilted their head and

pushed their snout into the substrate (P1). Next, body undulations

occurred at high frequencies and high amplitudes (P2), subsequently

followed by a substantial decrease in undulation frequency and ampli-

tude (P3; Figure 1). This change in frequency and amplitude could be

related to substrate fluidization. By using rapid body movements, spe-

cies can decrease the weight of the overlying sediment, increase the

distance between substrate particles and reduce the friction between

the grains, thus facilitating burrowing into the substrate (Dorgan

et al., 2006). Such behaviour has indeed been observed in several

burrowing species (Gidmark et al., 2011. Baumgartner et al., 2008.

Tatom-Naecker & Westneat, 2018) and might thus also be applicable

to A. anguilla. The initial high frequency might be necessary to initiate

substrate fluidization, with the subsequent lower frequency being

necessary to retain this. Alternatively, the changes in frequency and

amplitude might be due to a change between locomotion in water and

in a granular substrate. The eel, initially completely surrounded by

water, used high frequency and high amplitude body undulations to

penetrate the sediment and experience very little resistance from the

water. When burrowing proceeded, the resistance imposed by the

substrate increased, causing a dampening of the undulation frequency

and amplitude. When the body undulations ceased (P4), eels could

then use the body underneath the substrate as an anchor to propel

themselves forward. Finally, it is possible that both substrate fluidiza-

tion and changes in resistance have a mutual effect on the frequency

and amplitude.

Although Aoyama et al. (2005) stated that anguillid eels only bur-

row into muddy sediments, this study shows that this is not the case

for A. anguilla. Similarly, Tomie et al. (2017) showed that yellow-stage

A. rostrata preferred mud over cobble in summer, but chose mud and

cobble at similar frequencies during winter. Moreover, Aoyama

et al. (2005) suggested that Japanese eels (Anguilla japonica Tem-

minck & Schlegel 1846) construct mud burrows only when other,

more spatially complex habitats are unavailable. During the experi-

ments of this study, supra-substrate hiding material was not offered,

and the hypothesis whether A. anguilla prefer hiding in supra-

substrate materials (e.g., vegetation, rocks) over active burrowing was

not tested. Recent research indicated, however, that in 62% of the tri-

als, A. anguilla (small yellow eel stage) preferred making burrows in

sand, fine and coarse gravel, even when supra-substrate hiding mate-

rials were present (Steendam, 2017). Whether this is also the case for

the other life stages requires further research. Furthermore, this study

was limited to three sediment types. The authors of this study

acknowledge that eels possibly show burrowing behaviour and differ-

ent preferences when other substrate types (e.g., mud and cobble –

which were not included in this study) are available (Tomie

et al., 2017). Given their phenotypic plasticity and occurrence in a

wide range of freshwater, transitional and marine habitats (e.g.,

Daverat et al., 2006), they can encounter a variety of substrates dur-

ing their life cycle, from fine silt to large cobbles. Nonetheless, the

results of this study on a selection of three sediment types illustrate

that European glass eels, elvers and yellow eels readily hide in bot-

toms and therefore indicate the importance of substrates for the vari-

ous life stages.
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4.1 | Impact of life stage and size on burrowing
performance and substrate preference

A. anguilla inhabit a variety of habitats, including lakes, rivers, marshes

and estuaries (Tesch, 2003), but can also be found in coastal marine

habitats without ever entering fresh water (Tsukamoto et al., 1998) or

move between different salinity zones (Daverat et al., 2006). There

appears to be a link between the habitat where an eel occurs and its

body size (Laffaille et al., 2003): small eels are mainly found in shallow

habitats with a high abundance of aquatic vegetation, whereas larger

eels tend to be found in deeper habitats with small to intermediate

abundances of aquatic vegetation. Here, it is shown that all tested life

stages of A. anguilla (glass eels, elvers and yellow eels) are able to bur-

row into a variety of substrates and that also substrate preference

depends on life stage and body size; young glass eels and elvers pre-

ferred less compact substrates, especially coarse gravel, confirming

earlier observations of Christoffersen et al. (2018). Nonetheless, glass

eels and elvers did not actively burrow in this substrate, but rather

swam through the interstitial spaces, indicating that this material can

act as a hiding space. Contradicting the observations of Christoffersen

et al. (2018) who reported that elvers spent 30 min searching for

favourable substrata, this study observed that glass eels and elvers

quickly selected a substrate to burrow in (ca. 3 min per trial, pers. obs.

Steendam, 2019). From the yellow eel stage onwards, fine gravel

(diameter 1–2 mm) was preferred, with the preference for this sub-

strate becoming more pronounced with increasing eel size. As such,

this study's expectation that larger eels would prefer the more com-

pact sandy substrates for burrowing is rejected.

In general, eels chose substrates that require the least body undu-

lations and lowest body undulation frequency and are thus energeti-

cally the least costly. As glass eels and elvers were able to simply

swim through the gaps between the coarse gravel particles, they pre-

ferred this substrate. Nonetheless, when there was no coarse gravel

to hide in, they preferred fine gravel over sandy substrates, as this

allows the fastest and easiest burrowing. Sandy substrates are more

compact in comparison to fine gravels and might be more difficult to

fluidize and will provide more resistance during burrowing. Yellow

eels, too large to hide between the interstitial spaces of the coarse

gravel, actively preferred the fine gravel over the other substrate

types. Moreover, burrowing performance increased with body size as

well, with the large yellow eels requiring the least body undulations

and lowest undulation frequencies and glass eels requiring the most

body undulations and highest frequencies to burrow into the sub-

strate. This thus supports the hypothesis that burrowing performance

differs between life stages.

Based on the study results, the authors hypothesize that

burrowing performance might increase with body size (Figure 4). A

first potential explanation is that glass eels are still in full musculoskel-

etal development (De Meyer et al., 2017). Second, biomechanical scal-

ing theory also predicts an increase in burrowing performance with

increasing size: for an eel growing isometrically, the increase in pro-

pulsive power (i.e., propulsive force multiplied by velocity) will be

faster (proportional to muscle mass, so increasing with length to the

third power) than the increase in snout surface and body cross-

sectional area (increasing with length to the second power).This

implies that throughout growth larger eels should be capable of

exerting higher pressures by its snout on the substrate to penetrate a

substrate at a given absolute velocity (assuming that eel's head tissues

are structurally capable of withstanding such higher pressures). The

observed decrease in body undulation frequency for larger eels con-

curs with the general observation that tail beat frequency tends to

decrease with body size in fish (Bainbridge, 1958), as swimming kine-

matics are fine-tuned to hydrodynamic efficiency (Gazzola

et al., 2014), and presumably also because of some metabolic con-

straints on the scaling of muscle power (Hill, 1950).

It could be expected that higher burrowing performance will be

associated with more frequent burrowing behaviour. Nonetheless, no

burrowing behaviour was observed in 20% of the medium and 29% of

the large yellow eel trials. In contrast, glass, elver and small yellow eels

always looked for shelter in the sediment. This contrasting result

could be related to the energetic costs of burrowing vs. predation risk.

For anguillid eels, hiding from predators could be especially important

because their burst swimming speed to flee predators is slower than

that of fusiform fish (Wolter & Arlinghaus, 2003). Accordingly, eels

react to disturbances either by burrowing or by pulling back into

denser vegetation, rather than by fleeing (Westerberg et al., 1993).

The use of burrows as a hiding spot during the day concurs with the

observation that A. anguilla often left their burrow as soon as darkness

fell (pers. obs. in lab). Large yellow eels, however, likely have a lower

predation risk through their larger body size and might prioritize sav-

ing energy over making burrows, potentially explaining the presence

of non-burrowing events during the experiments (which took place

during the day). In contrast, for smaller eels, the predation risk is
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F IGURE 4 Schematic representation of how burrowing urge and
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higher, and predator avoidance through burrowing might be priori-

tized over energy loss. To test this hypothesis, it would be interesting

for future studies to evaluate burrowing behaviour in the absence/

presence of predators.

Although this study provides important insights into the

burrowing behaviour of A. anguilla, several biological factors, including

the presence of food and predators, were excluded during the experi-

ments. Therefore, only the physical characteristics of the offered sub-

strates determined the selection of the preferred substrate. Further

research is necessary to determine whether other environmental vari-

ables influence burrowing behaviour. Nyman (1972) found, e.g., that

burrowing behaviour depends on water temperature; eels are more

likely to burrow in cold water, whereas little to no burrowing behav-

iour is observed in warm water (>16�C). Nonetheless, whether tem-

perature influences substrate preference as well and whether this is

linked to body size has not been examined yet. Similarly, a recent

research showed that the preference of A. anguilla elvers for small

pebbles (16–32 mm) as a hiding place is not altered by piscivore

chemical cues (Nilsson et al., 2020). Nonetheless, future research is

necessary to determine whether predator presence has an effect on

the preferred substrate for burrowing.

4.2 | Conservation implications of burrowing

Anthropogenic changes to substrates could negatively impact

burrowing species, e.g., by increasing exposure to sediment-bound

pollution. Benedetti et al. (2008) indeed found that eels readily absorb

contaminants (especially heavy metals) from sediments and accumu-

late them in their liver tissues. During migration, these contaminants

are released by lipolysis inside the body, where they can subsequently

affect the eel's metabolism, disrupt gonadogenesis or impair the pro-

duction of high-quality gametes. Increased exposure to sea- and

riverfloor pollutants can thus have detrimental effects on the eel's

spawning success (Robinet & Feunteun, 2002). In addition, burrowing

fishes suffer from the increase in anoxic and hypoxic waters caused

by increased anthropogenic eutrophication (Diaz & Rosenberg, 2008).

Because eels in burrows respire water from the water column (Tomie

et al., 2013), an increase in anoxic or hypoxic bottom waters could

mean a loss of habitat.

Finally, bottoms of many coastal areas, estuaries and inland

waters have been profoundly altered by anthropogenic activities

including dredging (Gage et al., 2005), run-off and erosion (Colodey &

Wells, 1992) and the extraction of sand and gravel (de Groot, 1986).

These activities, together with potential effects of pollution (Sühring

et al., 2016) and/or severe occurrences of hypoxia (Schmidtko

et al., 2017), can alter the spatial distribution of the vegetation com-

munity and even lead to changes in sediment type (ICES, 2015).

Because not all substrate types, such as mud, have been evaluated in

this study, it is not possible to recommend which substrate types

should be preserved for eel conservation. Still, the results are impor-

tant for eel conservation, as this study clearly demonstrates that sub-

strate preference differs depending on life stage and body size.

Consequently, measures in terms of habitat restoration or preserva-

tion should consider that not all eels might be affected equally by spe-

cific measures. Moreover, the clear preference of small eels for coarse

gravel (Christoffersen et al., 2018, Nilsson et al., 2020) suggests that

installing coarse gravel beds – both at areas where supra-substrate

hiding material is absent, such as canals with limited riparian and sub-

merged vegetation, and at migration barriers with eel ladders where

glass eels accumulate – could be beneficial for eel survival by lowering

the predation risk, decreasing intraspecific competition for space

(Westerberg et al., 1993) and/or by providing a safe base for feeding

(Bozzano, 2003; Ménard et al., 2008). The eel's diet includes prey

items such as amphipods and chironomids (Proman & Reynolds, 2000;

Thurow, 1958), which can easily and safely be obtained from burrows.

As such, providing and retaining proper growing areas is crucial for eel

conservation. This study thus illustrates the importance of fully under-

standing the eel's ecology for implementing proper management

measures.

ACKNOWLEDGEMENTS

The authors would like to thank the Research Institute for Nature and

Forest for assisting with the collection of eels. The X-ray imaging

equipment used in this study was funded by a grant from the Flemish

government (Hercules Foundation Grant Number: AUHA/13/001).

The experiment itself was funded by the Belgian Research Fund (BOF;

PDO.2017.001.301 Fund IV1).

AUTHOR CONTRIBUTIONS

C. S. performed the experiments, analysed the data, prepared figures

and tables, reviewed and revised drafts of the paper. P. V. contributed

materials, reviewed and revised drafts of the paper. S. V. W. designed

the experiments, contributed materials, reviewed and revised drafts of

the paper. J. D. M. designed the experiments, contributed materials,

reviewed and revised drafts of the paper, approved the final draft.

ORCID

Charlotte Steendam https://orcid.org/0000-0002-2044-9580

Jens De Meyer https://orcid.org/0000-0003-2884-0469

REFERENCES

Able, K. W., Allen, D. M., Bath-Martin, G., Hare, J. A., Hoss, D. E.,

Marancik, K. E., … Wenner, C. (2011). Life history and habitat use of

the speckled worm eel, Myrophis punctatus, along the east coast of the

United States. Environmental Biology of Fishes, 92, 237–259.
Abràmoff, M. D., Magalh~aes, P. J., & Ram, S. J. (2004). Image processing

with ImageJ. Biophotonics International, 11, 36–42.
Aoyama, J., Shinoda, A., Sasai, S., Miller, M. J., & Tsukamoto, K. (2005).

First observations of the burrows of Anguilla japonica. Journal of Fish

Biology, 67, 1534–1543.
Arai, T., Otake, T., & Tsukamoto, K. (2000). Timing of metamorphosis and

larval segregation of the atlantic eels Anguilla rostrata and A. anguilla,

as revealed by otolith microstructure and microchemistry. Marine Biol-

ogy, 137, 39–45.
Bainbridge, R. (1958). The speed of swimming of fish as related to size and

to the frequency and amplitude of the tail beat. Journal of Experimental

Biology, 35(1), 109–133.

1340 STEENDAM ET AL.FISH

https://orcid.org/0000-0002-2044-9580
https://orcid.org/0000-0002-2044-9580
https://orcid.org/0000-0003-2884-0469
https://orcid.org/0000-0003-2884-0469


Baumgartner, W., Fidler, F., Weth, A., Habbecke, M., Jakob, P.,

Butenweg, C., & Bohme, W. (2008). Investigating the locomotion of the

sandfish in desert sand using NMR- imaging. PLoS One, 3(10), e3309.

Belpaire, C., Pujolar, J. M., Geeraerts, C., & Maes, G. E. (2016). Contami-

nants in eels and their role in the collapse of the eel stocks. Biology

and ecology of anguillid eels, 225–250.
Benedetti, M., Gorbi, S., Notti, A., Fattorini, D., Bocchetti, R., Burioli, E., …

Sarti, F. (2008). An ecotoxicological protocol with European eel,

Anguilla anguilla, to assess the quality of marine sediments. Compara-

tive Biochemistry and Physiology Part A: Molecular & Integrative Physiol-

ogy, 151, S25. Retrieved from www.sciencedirect.com/science/

article/pii/S1095643308008891.

Bizzarro, J., Peterson, A., Blaine, J., Balaban, J., Greene, G., & Summers, A.

(2016). Burrowing behaviour, habitat, and functional morphology of

the Pacific sand lance (Ammodytes personatus). Fishery Bulletin, 114,

445–460.
Bozzano, A. (2003). Vision in the rufus snake eel, Ophichthus rufus: Adap-

tive mechanisms for a burrowing life-style. Marine Biology, 143,

167–174.
Castonguay, M., Hodson, P. V., Moriarty, C., Drinkwater, K. F., &

Jessop, B. M. (1994). Is there a role of ocean environment in American

and European eel decline? Fisheries Oceanography, 3, 197–203.
Christoffersen, M., Svendsen, J. C., Kuhn, J. A., Nielsen, A.,

Martjanova, A., & Støttrup, J. G. (2018). Benthic habitat selection in

juvenile European eel Anguilla anguilla: Implications for coastal habitat

management and restoration. Journal of Fish Biology, 93, 996–999.
Clark, E. (1983). Sand-diving behaviour and territoriality of the red sea

razorfish, Xyrichtys pentadactylus. Bulletin of the National Institute of

Oceanography and Fisheries, 9, 225–242.
Colin, P. L. (1973). Burrowing behaviour of the yellowhead jawfish,

Opistognathus aurifrons. Copeia, 1973(1), 84–90.
Colodey, A. G., & Wells, P. G. (1992). Effects of pulp and paper mill efflu-

ents on estuarine and marine ecosystems in Canada: A review. Journal

of Aquatic Ecosystem Health, 1, 201–226.
Daverat, F., Limburg, K. E., Thibault, I., Shiao, J. C., Dodson, J. J., Caron, F.,

… Wickström, H. (2006). Phenotypic plasticity of habitat use by three

temperate eel species, Anguilla anguilla, A. japonica and A. rostrata.

Marine Ecology Progress Series, 308, 231–241.
De Meyer, J., Van Wassenbergh, S., Dhaene, J., Bouilliart, M., &

Adriaens, D. (2017). Built to bite? Differences in cranial morphology

and bite performance between narrow- and broad-headed European

glass eels. Journal of Morphology, 279, 349–360.
De Schepper, N. (2007). Evolutionary morphology of body elongation in

teleosts: Aspects of convergent evolution (PhD dissertation). Ghent

University, 292 p.

De Schepper, N., De Kegel, B., & Adriaens, D. (2007a). Morphological spe-

cializations in Heterocongrinae (Anguilliformes: Congridae) related to

burrowing and feeding. Journal of Morphology, 268, 112–126.
De Schepper, N., De Kegel, B., & Adriaens, D. (2007b). Pisodonophis boro

(Ophichthidae: Anguilliformes): Specialization for head-first and tail-

first burrowing. Journal of Morphology, 268, 112–126.
Dekker, W. (2003). On the distribution of the European eel (Anguilla

anguilla) and its fisheries. Canadian Journal of Fisheries and Aquatic Sci-

ences, 60, 787–799.
Diaz, J. R., & Rosenberg, R. (2008). Spreading dead zones and conse-

quences for marine ecosystems. Science, 321, 926–929.
Dorgan, K. M., Jumars, P. A., Johnson, B. D., & Boudreau, B. P. (2006).

Macrofaunal burrowing: The medium is the message. Oceanography

and Marine Biology, 44, 85–121.
Dorgan, K. M., Awade, S. R., & Jumars, P. A. (2007). Burrowing in marine

muds by crack propagation: Kinematics and forces. The Journal of

Experimental Biology, 210, 4198–4212.
Du Toit, J. T., Jarvis, J. U. M., & Louw, G. N. (1985). Nutrition and

burrowing energetics of the Cape mole-rat Georychus capensis.

Oecologia, 66(1), 81–87.

Durif, C., Elie, P., Gosset, C., Rives, J., & Travade, F. (2002). Behavioural

study of downstream migrating eels by radio-telemetry at a small

hydroelectric power plant. American Fisheries Society Symposium, 33,

343–356.
European Commission. (2007). Council Regulation (EC) No 1100/2007 of

18 September 2007 establishing measures for the recovery of the

stock of European eel. Official Journal of the European Union, 248,

17–23.
Gage, J. D., Roberts, J. M., Hartley, J. P., & Humphery, J. D. (2005).

Potential impacts of deep-sea trawling on the benthic ecosystem

along the northern European continental margin: A review. In P. W.

Barnes & J. P. Thomas (Eds.), American Fisheries Society symposium

41: Benthic habitats and the effects of fishing (pp. 503–517).
Bethesda, MD: AFS.

Gazzola, M., Argentina, M., & Mahadevan, L. (2014). Scaling macroscopic

aquatic locomotion. Nature Physics, 10(10), 758–761.
Gidmark, N. J., Strother, J. A., Horton, J. A., Summers, A. P., &

Brainerd, E. L. (2011). Locomotory transition from water to sand and

its effects on undulatory kinematics in sand lances (Ammodytidae).

The Journal of Experimental Biology, 214, 657–664.
Griffiths, C. L., & Richardson, C. A. (2006). Chemically induced predator

avoidance behaviour in the burrowing bivalve Macoma balthica. Jour-

nal of Experimental Marine Biology and Ecology, 331, 91–98.
de Groot, S. J. (1986). Marine sand and gravel extraction in the North

Atlantic and its potential environmental impact, with emphasis on the

North Sea. Ocean Management, 10, 21–36.
Herrel, A., Choi, H. F., Dumont, E., De Schepper, N., Vanhooydonck, B.,

Aerts, P., & Adriaens, D. (2011). Burrowing and subsurface locomotion

in anguilliform fish: Behavioural specializations and mechanical con-

straints. The Journal of Experimental Biology, 214, 1379–1385.
Hill, A. V. (1950). The dimensions of animals and their muscular dynamics.

Science Progress, 38(150), 209–230.
ICES. (2015). Second Interim Report of the Working Group on the Effects

of Extraction of Marine Sediments on the Marine Ecosystem, 20-23

April 2015, Ostend, Belgium.

ICES. (2019). Joint EIFAAC/ICES/GFCM working group on eels (WGEEL).

ICES Scientific Reports, 177 pp.

Imbert, H., Beaulaton, L., Rigaud, C., & Elie, P. (2007). Evaluation of visible

implant elastomer as a method for tagging small European eels. Journal

of Fish Biology, 71, 1546–1554.
Jacoby, D., & Gollock, M. (2014). Anguilla anguilla. The IUCN red list of

threatened species. Version 2014.2.

Kettle, A. J., Vollestad, L. A., & Wibig, J. (2011). Where once the eel and

the elephant were together: Decline of the European eel because of

changing hydrology in southwest Europe and northwest Africa? Fish

and Fisheries, 12, 380–411.
Laffaille, P., Feunteun, E., Baisez, A., Robinet, T., Acou, A.,

Legault, A., & Lek, S. (2003). Spatial organisation of European eel

(Anguilla anguilla L.) in a small catchment. Ecology of Freshwater

Fish, 12, 254–264.
Lavelle, P., & Spain, A. V. (2001). Soil ecology. Amsterdam, The Nether-

lands: Kluwer Scientific Publications, 654 pp.

Lecomte Finiger, R., & Prodon, R. (1979). Étude expérimentale du com-

portement fouisseur de la civelle (Anguilla anguilla L.): le choix d'un

substrat. Comptes Rendus de l'Académie des Sciences Paris, Series D,

289, 741–743.
Lin, Y. F., Konow, N., & Dumont, E. R. (2019). How moles destroy your

lawn: The forelimb kinematics of eastern moles in loose and compact

substrates. Journal of Experimental Biology, 222(4), jeb182436.

Maladen, R. D., Ding, Y., Li, C., & Goldman, D. I. (2009). Undulatory swim-

ming in sand: Subsurface locomotion of the sandfish lizard. Science,

325, 314–318.
Ménard, A., Turgeon, K., & Kramer, D. L. (2008). Selection of diurnal ref-

uges by the nocturnal squirrelfish, Holocentrus rufus. Environmental

Biology of Fishes, 82, 59–70.

STEENDAM ET AL. 1341FISH

http://www.sciencedirect.com/science/article/pii/S1095643308008891
http://www.sciencedirect.com/science/article/pii/S1095643308008891


Miller, M. J., Westerberg, H., Sparholt, H., Wysujack, K., Sørensen, S. R.,

Marohn, L., … Svendsen, J. C. (2019). Spawning by the European eel

across 2000 km of the Sargasso Sea. Biology Letters, 15(4), 20180835.

Munk, P., Hansen, M. M., Maes, G. E., Nielsen, T. G., Castonguay, M.,

Riemann, L., … Bachler, M. (2010). Oceanic fronts in the Sargasso Sea

control the early life and drift of Atlantic eels. Proceedings of the Royal

Society B: Biological Sciences, 277(1700), 3593–3599.
Nilsson, P. A., Pettersson, I. J., Tamario, C., Degerman, E., Elghagen, J.,

Watz, J., & Calles, O. (2020). Substrate-size choice in European eel

Anguilla anguilla elvers is not altered by piscivore chemical cues. Jour-

nal of Fish Biology, 96, 1534–1537. https://doi.org/10.1111/jfb.

14343.

Nyman, L. (1972). Some effects of temperature on eel (Anguilla) behaviour

(Report of the Institute of Freshwater Research). Drottningholm, Swe-

den 52, 90–102.
Palstra, A. P., Heppener, D. F. M., van Ginneken, V. J. T., Székely, C., & van

den Thillart, G. E. E. J. M. (2007). Swimming performance of silver eels

is severely impaired by the swim-bladder parasite Anguillicola crassus.

Journal of Experimental Marine Biology and Ecology, 352, 244–256.
Proman, J. M., & Reynolds, J. D. (2000). Differences in head shape of the

European eel, Anguilla anguilla (L.). Fisheries Management and Ecology,

7, 349–354.
R Core Team. (2018). R: A language and environment for statistical comput-

ing. Vienna, Austria: R Foundation for Statistical Computing.

Robinet, T., & Feunteun, E. (2002). Sublethal effects of exposure to chemi-

cal compounds: A cause for the decline in Atlantic eels? Ecotoxicology,

11, 265–277.
Sanctorum, J. G., Adriaens, D., Dirckx, J. J. J., Sijbers, J., Van Ginneken, C.,

Aerts, P., & Van Wassenbergh, S. (2019). Methods for characterization

and optimisation of measuring performance of stereoscopic x-ray sys-

tems with image intensifiers. Measurement Science and Technology, 30,

105701.

Schafer, W. (1972). Ecology and palaeoecology of marine environments.

Edinburgh, England: Oliver Boyd.

Schmidtko, S., Stramma, L., & Visbeck, M. (2017). Decline in global oceanic

oxygen content during the past five decades. Nature, 542, 335–339.
Sharpe, S. S., Koehler, S. A., Kuckuk, R. M., Serrano, M., Vela, P. A.,

Mendelson, J., III, & Goldman, D. I. (2014). Locomotor benefits of

being a slender and slick sand swimmer. Journal of Experimental Biol-

ogy, 218, 440–450.
Smith, J. W., & Merriner, J. V. (1985). Food habits and feeding behavior of

the cownose ray, Rhinoptera bonasus, in lower Chesapeake Bay. Estu-

aries, 8(3), 305–310.
Steendam, C.(2017). Graafgedrag van de Europese paling, Anguilla anguilla

(Bachelor thesis). Evolutionary Morphology of Vertebrates, University

of Ghent, 35 p.

Sühring, R., Busch, F., Fricke, N., Kötke, D., Wolschke, H., & Ebinghaus, R.

(2016). Distribution of brominated flame retardants and dechloranes

between sediments and benthic fish - A comparison of a freshwater

and marine habitat. Science of the Total Environment, 542, 578–585.

Tatom-Naecker, T. M., & Westneat, M. W. (2018). Burrowing fishes: Kine-

matics, morphology and phylogeny of sand-diving wrasses (Labridae).

Journal of Fish Biology, 93, 860–873.
Tesch, F. W. (2003). The eel. Oxford, UK, 9600 Garsington Road, Oxford

OX4 2DQ, UK, 3rd edition. ISBN 0-632-06389-0.

Thomas, H. G. (2013). Seasonal patterns of burrow architecture and morpho-

logical adaptations to digging in three sympatric species of South African

mole-rat, Bathyergus suillus (Shreber, 1782), Georychus capensis (Pallas,

1778) and Cryptomys hottentotus hottentotus (Lesson, 1826) (Doctoral

dissertation, University of Pretoria).

Thurow, F. (1958). Untersuchungen uber die spitz und breitköpfigen Vari-

anten des Flussaales. Archiv für Fischereiwissenschaft, 9, 79–97.
Tomie, J. P. N., Cairns, D. K., & Courtenay, S. C. (2013). How American eels

Anguilla rostrata construct and respire in burrows. Aquatic Biology, 19,

287–296.
Tomie, J. P. N., Cairns, D. K., Hobbs, R. S., Desjardins, M., Fletcher, G. L., &

Courtenay, S. C. (2017). American eel (Anguilla rostrata) substrate

selection for daytime refuge and winter thermal sanctuary. Marine and

Freshwater Research, 68, 95–105.
Tsukamoto, K., Nakai, I., & Tesch, F. W. (1998). Do all freshwater eels

migrate? Nature, 396, 635–636.
Van den Thillart, G. E. E. J. M., Palstra, A. P., & van Ginneken, V. J. T.

(2007). Stimulated migration of European silver eel: Swim capacity and

cost of transport. Journal of Marine Science and Technology, 15, 1–16.
Wake, M. H. (1993). The skull as a locomotor organ. In J. Hanken & B. K.

Hall (Eds.), The skull (Vol. 3, pp. 197–240). Chicago, IL: University of

Chicago Press.

Walsh, C. T., & Pease, B. C. (2002). The use of clove oil as an anaesthetic

for the long-finned eel, Anguilla Reinhardtii (Steindacher). Aquaculture

Research, 33, 627–635.
Westerberg, H., Haamer, J., & Lagenfelt, I. (1993). A new method for sam-

pling elvers in the Coastal zone. ICES CM1993/M:5. Retrieved from

www.ices.dk/sites/pub/CM%20Doccuments/1993/M/1993_M5.pdf

Wolter, C., & Arlinghaus, R. (2003). Navigation impacts on freshwater fish

assemblages: The ecological relevance of swimming performance.

Reviews in Fish Biology and Fisheries, 13, 63–89.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Steendam C, Verhelst P, Van

Wassenbergh S, De Meyer J. Burrowing behaviour of the

European eel (Anguilla anguilla): Effects of life stage. J Fish Biol.

2020;97:1332–1342. https://doi.org/10.1111/jfb.14481

1342 STEENDAM ET AL.FISH

https://doi.org/10.1111/jfb.14343
https://doi.org/10.1111/jfb.14343
http://www.ices.dk/sites/pub/CM%20Doccuments/1993/M/1993_M5.pdf
https://doi.org/10.1111/jfb.14481

	Burrowing behaviour of the European eel (Anguilla anguilla): Effects of life stage
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Sample collection and housing
	2.2  Sediment preference
	2.3  Videography and high-speed X-ray videography
	2.4  Burrowing technique and performance
	2.5  Statistical analysis

	3  RESULTS
	3.1  Sediment preference
	3.2  Burrowing technique
	3.2.1  Kinematics and X-ray videography

	3.3  Burrowing performance
	3.3.1  Burrowing duration
	3.3.2  Body undulations


	4  DISCUSSION
	4.1  Impact of life stage and size on burrowing performance and substrate preference
	4.2  Conservation implications of burrowing

	ACKNOWLEDGEMENTS
	  AUTHOR CONTRIBUTIONS
	REFERENCES


