
MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser

Vol. 733: 137–144, 2024 
https://doi.org/10.3354/meps14556 Published April 4

1.  INTRODUCTION 

Studies of biogeochemical processes that strongly 
affect global cycles of oxygen, carbon, and nitrogen 
(Glud 2008, Arndt et al. 2013) often undervalue the 
potential contribution of vertebrate megafaunal bio-
turbation to these cycles (Snelgrove et al. 2018). Bio-
turbators cause changes in the sedimentary environ-
ment and alter resource availability for other species 
(Jones et al. 1994, Herringshaw et al. 2017). This pro-
cess therefore influences heterogeneity of the sea-
floor landscape. Seafloor habitats, especially coastal 
soft sediments, are highly productive and contribute 
about half of the nutrients needed for primary pro-
duction in coastal seas (Falkowski et al. 1998, Solan 
et al. 2004). 

Ongoing research on soft sediments has been 
focusing on benthic invertebrate biodiversity and 

eco system functions (Walker 1992, Usseglio-Polatera 
et al. 2000, Norling et al. 2007). Functional traits of 
invertebrate macrofaunal organisms in marine sedi -
ments are often associated with location in the sed-
iment, movement patterns, and feeding mechanisms 
(Hewitt et al. 2008, Kristensen et al. 2012), which can 
influence bioturbation rates (Bernard et al. 2019). 
Changes in invertebrate macrofauna population den-
sity and animal behaviour associated with environ-
mental stress (e.g. marine heatwaves) can also in -
fluence bioturbation (Kauppi et al. 2023). While we 
are gradually uncovering the influence of inverte-
brate macrofauna on sediment, our understanding of 
the effect of vertebrate megafauna remains limited. 

The definition of megafauna often varies between 
individual studies. Here we adopt a criterion based on 
size, relative to other organisms inhabiting soft sedi -
ment, and we focus our attention on larger organisms, 
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primarily vertebrates, that interact with sediments 
and sediment processes through distinctive foraging 
mechanisms (Moleón et al. 2020). For megafauna, 
some functional traits have been characterised (e.g. 
feeding mechanisms) (Nelson et al. 1987, Nakaoka et 
al. 2002, Crook et al. 2022). Early studies addressed 
the pressures of megafauna in sediments in terms of 
disturbance and patch dynamics (VanBlaricom 1982, 
Thrush et al. 1991). However, the consequences of 
mega faunal bioturbation are poorly understood, 
hence the connection with biogeochemistry is still 
lacking. The urgency to fill this knowledge gap 
comes from the change in megafauna populations, 
with anthropic activities such as climate change, 
overfishing, bycatch, and habitat loss and modifica-
tion affecting conservation (Dulvy et al. 2021, Alves 
et al. 2022, Braulik et al. 2023). 

In this opinion piece, we aim to (1) describe the 
importance of soft sediment bioturbation, (2) charac-
terise the nature of megafauna bioturbation through 
sediment re working, (3) highlight the lack of knowl-
edge on how those processes affect sediment biogeo-
chemistry, and (4) stress the importance of under-
standing those processes to best conserve those 
animals and the ecosystem. 

2.  BIOTURBATION AND THE ROLE OF  SEAFLOOR 
        ANIMALS IN BIOGEOCHEMICAL CYCLES         

Bioturbation was first described by Darwin (1881) 
and is defined as the altering of sediment though ver-
tical or lateral movement of sediment particles caused 
by infauna motility (Mermillod-Blondin 2011). It also 
leads to transport of solutes through bioirrigation 
(Volkenborn et al. 2019). Therefore, bioturbation is 
now considered as an ‘umbrella’ term for both pro-
cesses (Kristensen et al. 2012). Bioturbation affects 
sediment characteristics leading to mixing of sed-
iment and changing the depth of oxic/anoxic layers 
(Teal et al. 2008, Adamek & Marsalek 2013). Bioturba-
tion also has indirect effects, with tubes, pits, and 
mounds influencing sediment topography and ben-
thic boundary layer flows (Eckman et al. 1981, Carey 
1983). These biogenic structures and the sediment 
disturbances generated by bioturbation affect recov-
ery processes and influence the diversity, abundance, 
and recolonization of seafloor communities (Thrush 
et al. 1991, Ajemian et al. 2012). Consequently, bio-
turbation influences many important processes from 
microphytobenthic primary productivity (Levinton 
1995, Kristensen et al. 2012) to the transport of pollu-
tants and greenhouse gasses (N2O, CH4) across the 

water–sediment interface (Mermillod-Blondin 2011, 
Bergman & Bump 2014). 

Bioturbation is one of the most significant processes 
associated with faunal diversity. In the Ediacaran 
(635–538.8 million years ago), chemical ex changes 
be tween the sediment and water were driven by 
micro bial activity and diffusion, but the biodiversity 
explosion of the Cambrian (538.8–485.4 million years 
ago) led to animals invading the sediment, profoundly 
changing both the rate and nature of fluxes (Meysman 
et al. 2006). In some coastal environments, reminerali-
sation and soluble nitrogen release from the sediment 
is believed to be responsible for the entire nitrogen re-
quirement for primary production in the water column 
(Welsh 2003). Current estimates of the global volume 
of sediment bioturbated in the oceans are over 
20 000 km3 yr–1, over 8 times the volume of Mount 
 Everest (Teal et al. 2008). This estimate is based on the 
role of invertebrate macrofauna, but as will be demon-
strated below, the overall effect of bioturbation is a 
product of the size and density of bioturbators as well 
as the specific effects bioturbators have on the sed-
iment (Braeckman et al. 2010, Bernard et al. 2019). 

While invertebrate macrofauna generally exhibit 
higher density compared to vertebrate megafauna, 
the latter are capable of disturbing larger amounts 
of sediment, often delving deep into the sediment 
layers and accelerating biogeochemical processes 
(Malhi et al. 2016). For example, a single California 
gray whale Eschrichtius robustus contributes to sed-
iment turnover at a rate of 1.2 × 109 m3 yr–1 on the 
seafloor of the Bearing Sea while feeding (Johnson & 
Nelson 1984). One loggerhead turtle Caretta caretta 
moves up to 3 m3 of sand per feeding event (Preen 
1996). The size and permanence of the pits in the 
sediment are variable, remaining discernible from a 
few tidal cycles to several weeks (Thrush et al. 1991, 
Naka oka et al. 2002). These differences depend on 
the sediment type and the hydrodynamic regime 
(Yager et al. 1993). 

Generally, bioturbators that move the largest 
amount of sediment are assumed to be the most effec-
tive ecosystem engineers (Herringshaw et al. 2017). 
While the majority of vertebrate megafauna have 
been observed to actively engage in bioturbation, the 
impact of this activity on sediment biogeochemical 
processes has received little attention to date. This 
prompts us to question the significance of megafauna 
bioturbation. If megafauna indeed turn over more sed-
iment, in terms of either quantity or depth, compared 
to invertebrate macrofauna, then they may serve as 
equally effective ecosystem engineers, particularly in 
areas characterised by high foraging activities. 
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3.  MARINE MEGAFAUNA AS BIOTURBATORS: 
DELINEATING NEW FUNCTIONS 

Megafauna bioturbation has a broad impact on var-
ious habitats across the globe. Rays (elasmobranchs) 
are possibly the most ubiquitous bioturbators, with 
diverse foraging behaviours that generate pits of var-
ious sizes (Thrush et al. 1991, Crook et al. 2022). 
Green sturgeons Acipenser medirostris engage in 
infaunal feeding in estuaries, creating as many as 
1000 pits ha–1 (Moser et al. 2017). In tropical waters, 
dugongs Dugong dugon and hammerhead sharks, 
such as bonnetheads Sphyrna tiburo, are primarily 
benthic feeders leaving distinctive marks on the 
 sediment surface (Nakaoka et al. 2002, Plumlee & 
Wells 2016). Similarly, in sub-Arctic environments, 
the Atlantic walrus Odobenus rosmarus rosmarus has 
a narrow ecological niche, feeding in the sediment for 
invertebrates (Gebruk et al. 2021). Furthermore, in 
shallow regions (<50 m) of the Bearing Sea, side-scan 
sonar has been used to detect the distinctive marks 
left by California gray whales over a survey area 
exceeding 22 000 km2 (Nelson & Johnson 1987). 

The reworking mechanism for invertebrate macro-
fauna has been categorized into functional groups 
(e.g. ‘biodiffusors’, upward and downward ‘con-
veyors’, and ‘bulldozers’) according to the amount, 
distance, or direction of sediment transported (Kris-
tensen et al. 2012). Building upon this framework, we 
propose a similar division for megafauna (Fig. 1). 

Firstly, we identify ‘pit creators’, characterised by 
round depressions in the sediment, often associated 
with animals such as rays, dolphins, and sea otters 
(Thrush et al. 1991, Rossbach & Herzing 1997, Traiger 
et al. 2016). Pits are often deep enough to affect the 
oxic/anoxic layer in the sediment but may vary in size 
and depth. Secondly, ‘bulldozers’ engage in more dis-
ruptive sediment disturbances. These disturbances 
can extend from 30 cm deep or remain relatively shal-
low but covering a larger area. Bulldozers resuspend 
and destabilise a large amount of sediment. Here, 
examples such as gray whales cause the most signifi-
cant disruptions, and bonnethead sharks contribute 
to more surface-level disturbances (Nelson & John -
son 1987, Plumlee & Wells 2016). Lastly, we classify 
‘trench diggers’ as those capable of creating elon-
gated marks exceeding 10 m in length. These marks 
are typically attributed to the activities of animals 
such as the Pacific walrus O. rosmarus divergens (Nel-
son et al. 1987). 

The disturbances caused by megafauna are typi-
cally not singular, but a result of broader actions 
where large areas of the seafloor present patches of 
sediment excavated contingent upon prey availabil-
ity (Johnson & Nelson 1984, Thrush et al. 1991). 
While these behaviours have been observed for sev-
eral megafauna (see Table 1), our knowledge of the 
full range of animals that bioturbate the sediment and 
their reworking modalities remains limited. More 
importantly, how these activities influence sediment 

139

₂

Nutrient
 release

Nutrient
 release

Nutrient
 release

   O₂

   O₂

Fig. 1. Bioturbation caused by 
marine megafauna. Rays create 
pits in the sediment through dif-
ferent feeding methods such as 
suction or water jetting. Whales 
bulldoze by excavating patches 
of sediment in the seafloor, dis-
rupting large amounts of sed-
iment. Walruses excavate the 
sediment, creating long trenches. 
Light brown sediment colour 
 represents oxic sedi ments, while 
dark brown represents anoxic 
sediments. As shown by sedi- 
ment dispersal, bulldozers dis-
turb larger amounts of sediment. 
All disturbance allows for pen-
etration of oxygen and  release of 
nutrients from the sedi ment (pur-
ple arrows indicate oxy gen in-
take; orange arrows in di cate  

nutrient release)
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biogeochemistry has not yet fully been elucidated. 
Hence, this classification system serves not only to 
distinguish the various sediment-reworking behav-
iours exhibited by megafauna, but also to delineate 
their different influence on seabed roughness and 
biogeochemical processes. 

4.  DISCUSSION 

Bioturbation by invertebrate macrofauna in flu -
ences ecosystem productivity by enhancing transport 
of solutes and affecting nutrient cycling and sediment 
stability (Kristensen et al. 2012). Vertebrate bio -
turbation, primarily occurring during feeding, varies 
in intensity among species. This contrasts with the 
near-continuous bioturbation of invertebrate macro-
fauna. Despite lower density and lower frequency of 
bioturbation events, vertebrate megafauna individ-
ually and collectively disturb larger areas, raising the 
question of their significance to ecosystem functions 
linked to bioturbation (e.g. carbon and nitrogen 
cycling). Unfortunately, the lack of emphasis on ver-
tebrate megafauna as bioturbators has resulted in a 
scarcity of such data. However, in cases where a sea-
sonal pattern is evident, the disturbance intensity can 
reach levels sufficiently high to affect a substantial 
areal turnover within a given year (Table 1). For 
instance, when examining bioturbation activities by 
rays in regions such as Australia and New Zealand, a 
high excavating potential has been observed (Thrush 
et al. 1991, O’Shea et al. 2012, Crook et al. 2022). In a 
single harbour in New Zealand, for example, New 
Zealand eagle rays Myliobatis tenuicaudatus, through 
pit creation, turn over sediment within an area of 
700–800 m2 every 70 d (Thrush et al. 1991). 

The location and nature of reworking mechanisms 
can result in distinct impacts on the vertical distribu-
tion of organic matter, particle arrangement, and sed-
iment grain size distribution. Illustratively, 2 co-
occurring Australian stingrays, Himantura australis 
and Pastinachus ater, exhibit different foraging be -
haviours while creating pits in similar sediment char-
acteristics. H. australis engages in intense, localized 
bioturbation through sediment excavation, whereas 
P. ater prefers nondisruptive feeding, or may alter-
natively utilize a water jetting strategy if required. 
While P. ater forms fewer feeding pits, it forages over 
a broader sandflat area, likely promoting nutrient dis-
persal across a larger region (Crook et al. 2022). In 
contrast, within the Bering Sea, the feeding activities 
of gray whales and walruses on the seafloor lead to 
varied impacts attributed to differences in sediment 

types at each location. The fine sand disturbed by 
whales tends to resuspend to greater heights and 
travel longer distances with currents, while the coarse 
sediment and gravel excavated by walruses settle 
back onto the seabed more rapidly (Nelson & 
Johnson 1987). 

Regardless of whether megafauna bioturbation 
events are episodic or more frequent than previously 
thought, there is no denying that they affect the sed-
iment. The presence of the disturbances will affect the 
horizontal structure of the seabed and therefore of the 
benthic boundary layer, altering water flow and thus 
nutrient exchange (Richards 1990, Boudreau & Jør-
gensen 2001). The disturbance also allows larger par-
ticles from the water column to settle within the pits 
faster than in areas of the same size in the seabed 
(Yager et al. 1993). The effectiveness of the disturb-
ance on fluxes will be modified by water flow and sed-
iment particle size (Thrush et al. 1991, Yager et al. 
1993, Townsend & Fonseca 1998). This is important 
for invertebrate macrofauna remaining in the pits and 
their recolonization, and their food availability, thus 
generating secondary bioturbation effects associated 
with megafaunal activity. It is imperative to empha-
size that human-induced disturbances, such as dredg-
ing and trawling, differ from megafauna bioturbation. 
Whilst the latter is a natural occurring process, the 
former are notable for their large scale and height-
ened frequency, disrupting natural recovery pro-
cesses, often leading to biodiversity loss (Thrush & 
Dayton 2002, Olsgard et al. 2008). 

There is evidence for the importance of megafauna 
in Earth system processes through influences on eco-
system structure, biogeochemical cycles, and species 
interactions (Smith et al. 2016). Despite widespread 
conservation efforts, the decrease in large biotur-
bators through climate change, overfishing, bycatch, 
and habitat loss and modification may be detrimental 
to ecosystems and their functions (Pimiento et al. 
2020). The presence or absence of certain species can 
trigger cascading effects in ecosystems, impacting 
food webs and biodiversity. Dugongs and sea turtles 
adjust their feeding habits in response to the abun-
dance of certain predators (Heithaus et al. 2007, 
 Wirsing et al. 2007). Additionally, bottom trawling 
can also affect the foraging behaviour of bioturbators 
such as the yellowed-eye penguin in New Zealand 
(Mattern et al. 2013). These changes have the poten-
tial to influence megafauna-driven bioturbation by 
altering their foraging behaviours. 

The challenge in studying these animals lies either 
in their high mobility, or difficulty in sampling the 
pits. However, in the past decade, technological ad -
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vances in imaging and acoustic technology have 
significantly improved our ability to characterise 
the seafloor (Misiuk & Brown 2024). Drone imag-
ery and machine learning have also been used to 
account for bioturbation patterns from megafauna 
(Crook et al. 2022, Cossa et al. 2023), and to 
 analyse ecosystem functions from invertebrate 
macrofauna communities (Schenone et al. 2022). 
Incubation chambers and lander experiments con-
ducted in intertidal and subtidal seafloor environ-
ments also offer a range of applications, such as 
measuring benthic fluxes of oxygen and nutrients 
(Schenone & Thrush 2020, Kononets et al. 2021). 
These chambers have been used to assess the im-
pact of invertebrate macrofauna on sediment bio-
geochemistry (Norkko et al. 2013, Schenone & 
Thrush 2020), and may also be used to characterise 
the larger disturbances of megafauna. These tools 
hold the potential to investigate the effects of 
megafauna on biogeochemical cycles, offering 
new venues for exploration in the field. 

The term ‘ecosystem engineers’ encompasses 
animals capable of changing the distribution of re-
sources (Jones et al. 1994, Kristensen et al. 2012). 
As such, we believe that larger bioturbators should 
fall within the same category. As we move forward, 
it becomes imperative to consider the ecological 
implications of megafauna bioturbation in the 
context of a changing climate and anthropogenic 
pressures. While it is evident that these animals 
alter sediment structure, thus affecting biogeo-
chemistry, it is unclear to what extent that effect 
supports ecosystem functioning. Vertebrate mega-
fauna are among the most threatened taxa in the 
ocean. Table 1 highlights several potential signifi-
cant bioturbator species at risk, and our approach 
to conservation should address threats at the indi-
vidual species level whilst also encompassing the 
broader context of habitats and ecosystems that 
includes the functional role of these species. Thus, 
adopting a process-based approach is crucial to 
guide effective management actions. Future re-
search should prioritize the investigation of the 
impact of megafauna on sediment biogeochemis-
try and the links to ecosystem function. This in-
volves considering not only their physical impact 
on the seafloor, but also their influence on nutrient 
cycling, and their overall role on ecosystem func-
tioning. By establishing connections between their 
behaviours and functional roles, we can enhance 
conservation efforts though sustainable manage-
ment of seafloor habitats, ensuring the preserva-
tion of their ecological functions. 

142

Ta
xo

no
m

ic
   

   
   

   
   

   
Sp

ec
ie

s 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 C

on
se

rv
at

io
n 

   
   

   
   

   
  A

ve
ra

ge
   

   
   

   
   

   
 E

st
im

at
e 

   
   

   
   

   
   

   
   

Ty
pe

 o
f 

   
   

   
   

   
R

ef
er

en
ce

 
cl

as
s 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

St
at

us
   

   
   

   
   

   
   

 d
is

tu
rb

an
ce

   
   

   
   

   
se

di
m

en
t  

   
   

   
   

   
   

   
  f

ee
di

ng
 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
(I

U
C

N
)  

   
   

   
   

   
   

   
  s

iz
e 

(m
) 

   
   

   
   

   
   

tu
rn

ov
er

 
 Bi

rd
s 

   
   

   
   

   
   

   
   

   
  Y

el
lo

w
ed

-e
ye

d 
pe

ng
ui

n 
   

   
   

   
   

   
  E

nd
an

ge
re

d
   

   
   

   
   

   
   

   
 –

   
   

   
   

   
   

   
   

   
   

 –
   

   
   

   
   

   
   

   
   

  B
ul

ld
oz

er
   

   
   

   
  M

at
te

rn
 e

t a
l. 

(2
00

7,
 2

01
8)

 
   

   
   

   
   

   
   

   
   

   
   

   
   

 M
eg

ad
yp

te
s 

an
tip

od
es

 

M
am

m
al

s 
   

   
   

   
   

   
 G

re
y 

w
ha

le
   

   
   

   
   

   
   

   
   

   
   

   
   

   
Le

as
t C

on
ce

rn
   

   
   

   
   

 8
 ×

 2
 ×

 0
.4

  
   

   
 1

.2
 ×

 1
09  m

3  y
r–

1    
   

   
   

   
 B

ul
ld

oz
er

   
   

   
   

  J
oh

ns
on

 &
 N

el
so

n 
(1

98
4)

 
   

   
   

   
   

   
   

   
   

   
   

   
   

 E
sc

hr
ic

ht
iu

s 
ro

bu
st

us
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
(L

 ×
 W

 ×
 D

) 
   

   
   

   
   

   
   

   
   

   
   

   
   

 H
um

pb
ac

k 
w

ha
le

   
   

   
   

   
   

   
   

   
   

Le
as

t C
on

ce
rn

   
   

   
   

   
   

   
  –

   
   

   
   

   
   

   
   

   
   

 –
   

   
   

   
   

   
   

   
   

  B
ul

ld
oz

er
   

   
   

   
  F

ri
ed

la
en

de
r e

t a
l. 

(2
00

9)
,  

   
   

   
   

   
   

   
   

   
   

   
   

   
 M

eg
ap

te
ra

 n
ov

ae
an

gl
ia

e 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

W
ar

e 
et

 a
l. 

(2
01

4)
 

   
   

   
   

   
   

   
   

   
   

   
   

   
 O

rc
a 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

D
at

a 
de

fic
ie

nt
   

   
   

   
   

   
   

   
–

   
   

   
   

   
   

   
   

   
   

 –
   

   
   

   
   

   
   

   
   

  B
ul

ld
oz

er
   

   
   

   
  V

is
se

r (
19

99
)

 
   

   
   

   
   

   
   

   
   

   
   

   
   

 O
rc

in
us

 o
rc

a 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 C
om

m
on

 b
ot

tle
no

se
 d

ol
ph

in
   

   
   

D
at

a 
de

fic
ie

nt
   

   
   

   
   

  0
.5

 ×
 0

.1
5 

   
   

   
   

   
   

   
  –

   
   

   
   

   
   

   
   

   
  P

it 
cr

ea
to

r 
   

   
   

   
 R

os
sb

ac
h 

&
 H

er
zi

ng
 (1

99
7)

,  
   

   
   

   
   

   
   

   
   

   
   

   
   

 T
ur

si
op

s 
tr

un
ca

tu
s 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  (
W

 ×
 D

) 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  Q

ui
gl

ey
 e

t a
l. 

(2
02

2)
 

   
   

   
   

   
   

   
   

   
   

   
   

   
 S

ea
 o

tt
er

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 E
nd

an
ge

re
d

   
   

   
   

   
   

   
0.

5 
(D

)  
   

   
   

   
   

   
   

   
 –

   
   

   
   

   
   

   
   

   
  P

it 
cr

ea
to

r 
   

   
   

   
 T

ra
ig

er
 e

t a
l. 

(2
01

6 
   

   
   

   
   

   
   

   
   

   
   

   
   

 E
nh

yd
ra

 lu
tr

is
 

   
   

   
   

   
   

   
   

   
   

   
   

   
 D

ug
on

g 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

V
ul

ne
ra

bl
e

   
   

   
   

 0
.2

1 
(W

) ×
 0

.4
–

   
   

   
   

   
   

–
   

   
   

   
   

   
   

   
 T

re
nc

h 
di

gg
er

   
   

   
 C

os
sa

 e
t a

l. 
(2

02
3)

 
   

   
   

   
   

   
   

   
   

   
   

   
   

 D
ug

on
g 

du
go

n
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 s

ev
er

al
 m

et
re

s 
(L

) 
   

   
   

   
   

   
   

   
   

   
   

   
   

 W
al

ru
s 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  V

ul
ne

ra
bl

e 
   

   
   

   
   

47
 ×

 0
.4

 ×
 0

.3
   

   
 7

.5
 ×

 1
07  m

3  y
r–

1
   

   
   

  T
re

nc
h 

di
gg

er
   

   
   

 N
el

so
n 

et
 a

l. 
(1

98
7)

,  
   

   
   

   
   

   
   

   
   

   
   

   
   

 O
do

be
nu

s 
ro

sm
ar

us
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

(L
 ×

 W
 ×

 D
)  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 G

eb
ru

k 
et

 a
l. 

(2
02

1)

Ta
bl

e 
1 

(c
on

tin
ue

d)



Vallim et al.: Megafauna: the ignored bioturbators

Acknowledgements. This work was supported by Oceans of 
Change, The University of Auckland Foundation. 
 
 

LITERATURE CITED 
 
Adamek Z, Marsalek B (2013) Bioturbation of sediments by 

benthic macroinvertebrates and fish and its implication 
for pond ecosystems:  a review. Aquacult Int 21: 1– 17  

Ajemian MJ, Powers SP (2012) Habitat-specific feeding by 
cownose rays (Rhinoptera bonasus) of the northern Gulf 
of Mexico. Environ Biol Fishes 95: 79– 97  

Ajemian MJ, Powers SP, Murdoch TJT (2012) Estimating the 
potential impacts of large mesopredators on benthic 
resources:  integrative assessment of spotted eagle ray 
foraging ecology in Bermuda. PLOS ONE 7: e40227  

Alves F, Rosso M, Li S, Nowacek DP (2022) A sea of possibil-
ities for marine megafauna. Science 375: 391– 392 

Arndt S, Jørgensen BB, LaRowe DE, Middelburg JJ, Pancost 
RD, Regnier P (2013) Quantifying the degradation of 
organic matter in marine sediments:  a review and synthe-
sis. Earth Sci Rev 123: 53– 86  

Bergman BG, Bump JK (2014) Mercury in aquatic forage of 
large herbivores:  impact of environmental conditions, 
assessment of health threats, and implications for transfer 
across ecosystem compartments. Sci Total Environ 479-
480: 66– 76 

Bernard G, Gammal J, Järnström M, Norkko J, Norkko A 
(2019) Quantifying bioturbation across coastal sea-
scapes:  Habitat characteristics modify effects of macro-
faunal communities. J Sea Res 152: 101766  

Boudreau BP, Jørgensen BB (2001) The benthic boundary 
layer:  transport processes and biogeochemistry. Oxford 
University Press, New York, NY 

Braeckman U, Provoost P, Gribsholt B, Van Gansbeke D and 
others (2010) Role of macrofauna functional traits and 
density in biogeochemical fluxes and bioturbation. Mar 
Ecol Prog Ser 399: 173– 186  

Braulik GT, Taylor BL, Minton G, Notarbartolo di Sciara G 
and others (2023) Red-list status and extinction risk of the 
world’s whales, dolphins, and porpoises. Conserv Biol 37: 
e14090 

Carey DA (1983) Particle resuspension in the benthic bound-
ary layer induced by flow around polychaete tubes. Can J 
Fish Aquat Sci 40(Suppl 1): s301– s308 

Cortés E, Manire CA, Hueter RE (1996) Diet, feeding habits, 
and diel feeding chronology of the bonnethead shark, 
Sphyrna tiburo, in southwest Florida. Bull Mar Sci 58: 
353– 367 

Cossa D, Cossa M, Timba I, Nhaca J, Macia A, Infantes E 
(2023) Drones and machine-learning for monitoring 
dugong feeding grounds and gillnet fishing. Mar Ecol 
Prog Ser 716: 123– 136  

Crook KA, Sheaves M, Barnett A (2022) Species-specific for-
aging behaviors define the functional roles of sympatric 
stingrays. Limnol Oceanogr 67: 219– 230  

Darwin C (1881) The formation of vegetable mould:  through 
the action of worms, with observations on their habits. 
John Murray, London 

DeFelice RC, Parrish JD (2003) Importance of benthic prey 
for fishes in coral reef-associated sediments. Pac Sci 57: 
359– 384  

Dulvy NK, Pacoureau N, Rigby CL, Pollom RA and others 
(2021) Overfishing drives over one-third of all sharks and 
rays toward a global extinction crisis. Curr Biol 31: 
4773– 4787  

Eckman JE, Nowell ARM, Jumars PA (1981) Sediment 

destabilization by animal tubes (burrows). J Mar Res 39: 
361– 374 

Falkowski PG, Barber RT, Smetacek V (1998) Biogeochemi-
cal controls and feedbacks on ocean primary production. 
Science 281: 200– 206 

Friedlaender AS, Hazen EL, Nowacek DP, Halpin PN and 
others (2009) Diel changes in humpback whale Mega -
ptera novaeangliae feeding behavior in response to sand 
lance Ammodytes spp. behavior and distribution. Mar 
Ecol Prog Ser 395: 91– 100  

Gebruk A, Mikhaylyukova P, Mardashova M, Semenova V 
and others (2021) Integrated study of benthic foraging 
resources for Atlantic walrus (Odobenus rosmarus rosma-
rus) in the Pechora Sea, south-eastern Barents Sea. Aquat 
Conserv 31: 112– 125  

Glud RN (2008) Oxygen dynamics of marine sediments. Mar 
Biol Res 4: 243– 289  

Heithaus MR, Frid A, Wirsing AJ, Dill LM and others (2007) 
State-dependent risk-taking by green sea turtles medi-
ates top-down effects of tiger shark intimidation in a 
 marine ecosystem. J Anim Ecol 76: 837– 844  

Herringshaw LG, Callow RHT, McIlroy D (2017) Engineer-
ing the Cambrian explosion:  the earliest bioturbators as 
ecosystem engineers. Geol Soc Lond Spec Publ 448: 
369– 382 

Hewitt JE, Thrush SF, Dayton PD (2008) Habitat variation, 
species diversity and ecological functioning in a marine 
system. J Exp Mar Biol Ecol 366: 116– 122 

Holland KN, Wetherbee BM, Peterson JD, Lowe CG (1993) 
Movements and distribution of hammerhead shark pups 
on their natal grounds. Copeia 1993: 495– 502  

Johnson KR, Nelson CH (1984) Side-scan sonar assessment 
of gray whale feeding in the Bering Sea. Science 225: 
1150– 1152 

Jones CG, Lawton JH, Shachak M (1994) Organisms as eco-
system engineers. Oikos 69: 373– 386  

Kauppi L, Göbeler N, Norkko J, Norkko A, Romero-Ramirez 
A, Bernard G (2023) Changes in macrofauna bioturbation 
during repeated heatwaves mediate changes in biogeo-
chemical cycling of nutrients. Front Mar Sci 9: 1070377  

Kononets M, Tengberg A, Nilsson M, Ekeroth N and others 
(2021) In situ incubations with the Gothenburg benthic 
chamber landers:  applications and quality control. J Mar 
Syst 214: 103475  

Kristensen E, Penha-Lopes G, Delefosse M, Valdemarsen T, 
Quintana CO, Banta GT (2012) What is bioturbation? 
Mar Ecol Prog Ser 446: 285– 302  

Levinton J (1995) Bioturbators as ecosystem engineers:  con-
trol of the sediment fabric, inter-individual interactions, 
and material fluxes. In:  Jones CG, Lawton JH (eds) Link-
ing species & ecosystems. Springer, Boston, MA, p 29– 36 

Link JS, Bolles K, Milliken CG (2002) The feeding ecology of 
flatfish in the Northwest Atlantic. J Northwest Atl Fish 
Sci 30: 1– 17 

Malhi Y, Doughty CE, Galetti M, Smith FA, Svenning J, Ter-
borgh JW (2016) Megafauna and ecosystem function 
from the Pleistocene to the Anthropocene. Proc Natl 
Acad Sci USA 113: 838– 846  

Mattern T, Ellenberg U, Houston DM, Davis LS (2007) Con-
sistent foraging routes and benthic foraging behaviour in 
yellow-eyed penguins. Mar Ecol Prog Ser 343: 295– 306  

Mattern T, Ellenberg U, Houston DM, Lamare M, Davis LS, 
Van Heezik Y, Seddon PJ (2013) Straight line foraging in 
yellow-eyed penguins:  new insights into cascading fish-
eries effects and orientation capabilities of marine pred-
ators. PLOS ONE 8: e84381  

Mattern T, McPherson MD, Ellenberg U, van Heezik Y, Sed-

143

https://doi.org/10.1007/s10499-012-9527-3
https://doi.org/10.1007/s10641-011-9858-3
https://doi.org/10.1371/journal.pone.0040227
https://doi.org/10.1126/science.abn6022
https://doi.org/10.1016/j.earscirev.2013.02.008
https://dx.doi.org/10.1016/j.scitotenv.2014.01.102
https://doi.org/10.1016/j.seares.2019.101766
https://doi.org/10.3354/meps08336
https://doi.org/10.1111/cobi.14090
https://doi.org/10.1139/f83-291
https://doi.org/10.3354/meps14361
https://doi.org/10.1002/lno.11987
https://doi.org/10.1353/psc.2003.0029
https://doi.org/10.1016/j.cub.2021.08.062
https://doi.org/10.1126/science.281.5374.200
https://doi.org/10.3354/meps08003
https://doi.org/10.7717/peerj.5459
https://doi.org/10.1371/journal.pone.0084381
https://doi.org/10.3354/meps06954
https://doi.org/10.1073/pnas.1502540113
https://doi.org/10.2960/J.v30.a1
https://doi.org/10.1007/978-1-4615-1773-3_3
https://doi.org/10.3354/meps09506
https://doi.org/10.1016/j.jmarsys.2020.103475
https://doi.org/10.3389/fmars.2022.1070377
https://doi.org/10.2307/3545850
htpps://dx.doi.org/10.1126/science.225.4667.1150
https://doi.org/10.2307/1447150
https://doi.org/10.1016/j.jembe.2008.07.016
https://doi.org/10.1144/SP448.18
https://doi.org/10.1111/j.1365-2656.2007.01260.x
https://doi.org/10.1080/17451000801888726
https://doi.org/10.1002/aqc.3418


Mar Ecol Prog Ser 733: 137–144, 2024

don PJ (2018) High definition video loggers provide new 
insights into behaviour, physiology, and the oceanic hab-
itat of a marine predator, the yellow-eyed penguin. PeerJ 
6: e5459  

McCormick MI (1995) Fish feeding on mobile benthic inver-
tebrates:  influence of spatial variability in habitat associ-
ations. Mar Biol 121: 627– 637  

Mermillod-Blondin F (2011) The functional significance of 
bioturbation and biodeposition on biogeochemical 
 processes at the water– sediment interface in freshwater 
and marine ecosystems. J N Am Benthol Soc 30: 
770– 778  

Meysman FJR, Middelburg JJ, Heip CHR (2006) Bioturba-
tion:  a fresh look at Darwin’s last idea. Trends Ecol Evol 
21: 688– 695  

Misiuk B, Brown CJ (2024) Benthic habitat mapping:  a 
review of three decades of mapping biological patterns 
on the seafloor. Estuar Coast Shelf Sci 296: 108599 

Moleón M, Sánchez-Zapata JA, Donázar JA, Revilla E and 
others (2020) Rethinking megafauna. Proc R Soc B 287: 
20192643 

Moser ML, Patten K, Corbett SC, Feist BE, Lindley ST (2017) 
Abundance and distribution of sturgeon feeding pits in a 
Washington estuary. Environ Biol Fishes 100: 597– 609  

Nakaoka M, Mukai H, Chunhabundit S (2002) Impacts of 
dugong foraging on benthic animal communities in a 
Thailand seagrass bed. Ecol Res 17: 625– 638  

Nelson CH, Johnson KR (1987) Whales and walruses as 
tillers of the sea floor. Sci Am 256: 112– 118  

Nelson CH, Johnson KR, Barber J (1987) Gray whale and 
walrus feeding excavation on the Bering Shelf, Alaska. 
J Sediment Petrol 57: 419– 430 

Norkko A, Villnäs A, Norkko J, Valanko S, Pilditch C (2013) 
Size matters:  implications of the loss of large individuals 
for ecosystem function. Sci Rep 3: 2646  

Norling K, Rosenberg R, Hulth S, Grémare A, Bonsdorff E 
(2007) Importance of functional biodiversity and species-
specific traits of benthic fauna for ecosystem functions in 
marine sediment. Mar Ecol Prog Ser 332: 11– 23  

O’Shea OR, Thums M, van Keulen M, Meekan M (2012) Bio-
turbation by stingrays at Ningaloo Reef, Western Aus-
tralia. Mar Freshw Res 63: 189– 197 

Olsgard F, Schaanning MT, Widdicombe S, Kendall MA, 
Austen MC (2008) Effects of bottom trawling on ecosys-
tem functioning. J Exp Mar Biol Ecol 366: 123– 133  

Pimiento C, Leprieur F, Silvestro D, Lefcheck JS and others 
(2020) Functional diversity of marine megafauna in the 
Anthropocene. Sci Adv 6: eaay7650  

Plumlee JD, Wells RJD (2016) Feeding ecology of three coas-
tal shark species in the northwest Gulf of Mexico. Mar 
Ecol Prog Ser 550: 163– 174  

Preen AR (1996) Infaunal mining:  a novel foraging method of 
loggerhead turtles. J Herpetol 30: 94– 96  

Quigley BM, Speakman TR, Balmer BC, Europe HM and 
others (2022) Observations of a benthic foraging behav-
ior used by common bottlenose dolphins (Tursiops trun-
catus) in Barataria Basin, Louisiana, USA. Aquat Mamm 
48: 159– 166  

Richards KJ (1990) Physical processes in the benthic bound-
ary layer. Philos Trans R Soc Lond A 331: 3– 13  

Rossbach KA, Herzing DL (1997) Underwater observations 
of benthic-feeding bottlenose dolphins (Tursiops trunca-
tus) near Grand Bahama Island, Bahamas. Mar Mamm Sci 
13: 498– 504  

Schenone S, Thrush SF (2020) Unraveling ecosystem func-
tioning in intertidal soft sediments:  the role of density-
driven interactions. Sci Rep 10: 11909  

Schenone S, Azhar M, Ramírez CAV, Strozzi AG, Delmas P, 
Thrush SF (2022) Mapping the delivery of ecological 
functions combining field collected data and unmanned 
aerial vehicles (UAVs). Ecosystems 25: 948– 959 

Smith FA, Doughty CE, Malhi Y, Svenning J, Terborgh J 
(2016) Megafauna in the Earth system. Ecography 39: 
99– 108  

Snelgrove PVR, Soetaert K, Solan M, Thrush S and others 
(2018) Global carbon cycling on a heterogeneous sea-
floor. Trends Ecol Evol 33: 96– 105  

Solan M, Cardinale BJ, Downing AL, Engelhardt KAM, Rue-
sink JL, Srivastava DS (2004) Extinction and ecosystem 
function in the marine benthos. Science 306: 1177– 1180  

Tanaka SK (1973) Suction feeding by the nurse shark. 
Copeia 1973: 606– 608  

Teal LR, Bulling MT, Parker ER, Solan M (2008) Global pat-
terns of bioturbation intensity and mixed depth of marine 
soft sediments. Aquat Biol 2: 207– 218  

Thrush SF, Dayton PK (2002) Disturbance to marine benthic 
habitats by trawling and dredging:  implications for mar-
ine biodiversity. Annu Rev Ecol Syst 33: 449– 473  

Thrush SF, Pridmore RD, Hewitt JE, Cummings VJ (1991) 
Impact of ray feeding disturbances on sandflat macro-
benthos:  Do communities dominated by polychaetes or 
shellfish respond differently? Mar Ecol Prog Ser 69: 
245– 252  

Townsend EC, Fonseca MS (1998) Bioturbation as a poten-
tial mechanism influencing spatial heterogeneity of 
North Carolina seagrass beds. Mar Ecol Prog Ser 169: 
123– 132  

Traiger SB, Konar B, Doroff A, McCaslin L (2016) Sea otters 
versus sea stars as major clam predators:  evidence from 
foraging pits and shell litter. Mar Ecol Prog Ser 560: 73– 86  

Usseglio-Polatera P, Bournaud M, Richoux P, Tachet H 
(2000) Biomonitoring through biological traits of benthic 
macroinvertebrates:  How to use species trait databases? 
Hydrobiologia 422: 153– 162  

VanBlaricom GR (1982) Experimental analyses of structural 
regulation in a marine sand community exposed to 
oceanic swell. Ecol Monogr 52: 283– 305 

Visser I (1999) Benthic foraging on stingrays by killer whales 
(Orcinus orca) in New Zealand waters. Mar Mamm Sci 15: 
220– 227  

Volkenborn N, Woodin SA, Wethey DS, Polerecky L (2019) 
Bioirrigation. In:  Cochran JK, Bokuniewicz HJ, Yager PL 
(eds) Encyclopedia of ocean sciences, 3rd edn. Academic 
Press, Amsterdam, p 663– 670 

Walker BH (1992) Biodiversity and ecological redundancy. 
Conserv Biol 6: 18– 23 

Ware C, Wiley DN, Friedlaender AS, Weinrich M and others 
(2014) Bottom side-roll feeding by humpback whales 
(Megaptera novaeangliae) in the southern Gulf of Maine, 
USA. Mar Mamm Sci 30: 494– 511  

Welsh DT (2003) It’s a dirty job but someone has to do it:  the 
role of marine benthic macrofauna in organic matter 
turnover and nutrient recycling to the water column. 
Chem Ecol 19: 321– 342  

White CF, Pratt HL Jr, Pratt TC, Whitney NM (2022) Inter-
specific foraging association of a nurse shark (Ginglymo -
stoma cirratum) with bottlenose dolphins (Tursiops trun-
catus). Anim Biotelem 10: 35  

Wirsing AJ, Heithaus MR, Dill LM (2007) Can you dig it? 
Use of excavation, a risky foraging tactic, by dugongs is 
sensitive to predation danger. Anim Behav 74: 1085– 1091  

Yager PL, Nowell ARM, Jumars PA (1993) Enhanced deposi-
tion to pits:  a local food source for benthos. J Mar Res 51: 
209– 236

144

Editorial responsibility: Erik Kristensen,  
Odense, Denmark 

Reviewed by: 2 anonymous referees 

Submitted: June 22, 2023 
Accepted: February 6, 2024 
Proofs received from author(s): March 27, 2024

https://doi.org/10.1007/BF00349298
https://doi.org/10.1899/10-121.1
https://doi.org/10.1016/j.tree.2006.08.002
https://doi.org/10.1016/j.ecss.2023.108599
https://doi.org/10.1098/rspb.2019.2643
https://doi.org/10.1007/s10641-017-0589-y
https://doi.org/10.1046/j.1440-1703.2002.00520.x
https://doi.org/10.1038/scientificamerican0287-112
https://doi.org/10.1306/212F8B4D-2B24-11D7-8648000102C1865D
https://doi.org/10.1038/srep02646
https://doi.org/10.3354/meps332011
https://doi.org/10.1071/MF11180
https://doi.org/10.1016/j.jembe.2008.07.036
https://doi.org/10.1126/sciadv.aay7650
https://doi.org/10.3354/meps11723
https://doi.org/10.2307/1564718
https://doi.org/10.1578/AM.48.2.2022.159
https://doi.org/10.1098/rsta.1990.0052
https://doi.org/10.1111/j.1748-7692.1997.tb00658.x
https://doi.org/10.1357/0022240933223819
https://doi.org/10.1016/j.anbehav.2007.02.009
https://doi.org/10.1186/s40317-022-00305-y
https://doi.org/10.1080/0275754031000155474
https://doi.org/10.1111/mms.12053
https://doi.org/10.1046/j.1523-1739.1992.610018.x
https://doi.org/10.1111/j.1748-7692.1999.tb00793.x
https://doi.org/10.2307/2937332
https://doi.org/10.1023/A%3A1017042921298
https://doi.org/10.3354/meps11871
https://doi.org/10.3354/meps169123
https://doi.org/10.3354/meps069245
https://doi.org/10.1146/annurev.ecolsys.33.010802.150515
https://doi.org/10.3354/ab00052
https://doi.org/10.2307/1443135
https://doi.org/10.1126/science.1103960
https://doi.org/10.1016/j.tree.2017.11.004
https://doi.org/10.1111/ecog.02156
https://doi.org/10.1007/s10021-021-00694-w
https://doi.org/10.1038/s41598-020-68869-4



