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Bioturbation refers to the biological reworking of soils 
and sediments, and its importance for soil processes and 
geomorphology was first realised by Charles Darwin, 
who devoted his last scientific book to the subject. Here, 
we review some new insights into the evolutionary and 
ecological role of bioturbation that would have probably 
amazed Darwin. In modern ecological theory, bioturba­
tion is now recognised as an archetypal example of 
'ecosystem engineering', modifying geochemical gradi­
ents, redistributing food resources, viruses, bacteria, 
resting stages and eggs. From an evolutionary perspec­
tive, recent investigations provide evidence that biotur­
bation had a key role in the evolution of metazoan life at 
the end of the Precambrian Era.

In the wake of Darwin
In 1837, one year after his voyage on the Beagle, Charles 
Darwin paid a visit to his m aternal uncle Josiah Wedg­
wood, la ter to become his father-in-law [1]. Wedgwood took 
him to several fields, where 15 years earlier, the surface 
had been covered with lime, burn t marble and cinders. 
These m aterials were now buried at considerable depth 
below the surface, and his uncle believed th a t earthworms 
were the perpetrators. This seemingly ‘trivial gardening 
m atter’ triggered Darwin’s scientific curiosity, resulting in 
an in terest th a t smouldered throughout his life (Box 1), 
culminating in the publication of his last scientific book On 
the Formation o f Vegetable Mounds through the Action o f  
Worms with Observations on their Habits [2]. The central 
topic of this book is now referred to as ‘bioturbation’ [3], 
broadly defined as all types of biological reworking of soils 
and sediments (see Glossary) and covering the activity of 
rooting plants, the impact of microbial activity, as well as 
the influence of burrowing animals. Here, as in Darwin’s 
book, we focus prim arily on the role of animals, from small 
invertebrates to large mammals (Figure 1).

Darwin thought of his bioturbation book as a ‘curious 
little book of small importance’, and referred to bioturba­
tion as a ‘subject th a t I have perhaps treated  in foolish 
detail’ [4]. However, a m ultitude of studies from a variety of 
disciplines, including ecology, pedology, hydrology, geo­
morphology, and even archaeology, now cite his book [2] 
as the original reference. The main reason for this is th a t 
burrowing organisms affect most, if not all, of the surface of 
the Earth. The exploration of the deep ocean over the past
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century has shown th a t abyssal plains are not lifeless 
layered deposits, bu t are actively reworked by local fauna, 
such as brittle stars and sea cucumbers [5]. Furtherm ore, 
the way in which w ater-saturated sediments of oceans, 
lakes and rivers are reworked is rem arkably similar to 
terrestrial soils. Both in terrestrial [6] and aquatic envir­
onments [7], animal bioturbation results from comparable 
activities, including burrow and mound construction, the 
lateral ‘ploughing’ of the surface (e.g. by moles or heart 
urchins), particle ingestion and egestion during foraging 
(e.g. deposit-feeding, geophagy or lithophagy), food caching 
and prey excavation, wallowing and tram pling, and the 
infilling of abandoned burrow structures. In soils and 
sediments, these activities have a key role in the structure 
and functioning of the subsurface ecosystem.

Bioturbation is often researched from a biogeochemical 
angle, as documented in recent reviews [8,9]. Here, we 
focus on novel insights into the ecological and evolutionary 
role of bioturbation th a t have emerged over the past dec­
ade. Some of these ideas were already touched upon by 
Darwin [2], such as the notion th a t burrowing organisms 
have a proportionally large impact on their environment, 
which is now formalised in the concept of ecosystem engi­
neering. Other ideas were unforeseen, such as the role tha t 
bioturbation had during the Cambrian explosion. This 
establishes a strong link between Darwin’s bioturbation 
book and On the Origin o f Species [10], a connection tha t 
would have certainly astounded the author.

An im portant objective of this review is to illustrate the 
parallel between palaeo and present-day processes, as well 
as the sim ilarity between terrestrial and aquatic environ­
ments. These different facets of bioturbation are studied by 
separate scientific communities, which communicate their 
results in targeted disciplinary journals. This results in a 
ra ther slow transfer of ideas between the different research 
fields. Given the sim ilarity of empirical and theoretical 
questions, and the complexity of the bioturbation process, 
interdisciplinary collaboration and efficient communica­
tion among such fields would be rewarding.

Bioturbation from an evolutionary perspective
The evo lu tion  o f  landscapes and seascapes 
Darwin was the first to realise th a t small-scale reworking 
activities by tiny invertebrates could have dram atic con­
sequences a t far larger scales, such as in the process of 
landscape formation [2]. However, Darwin’s concept of a 
biological im print on the landscape was not picked up 
initially by geologists and geographers and, for more than
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Glossary
Benthos: o rgan ism s living in o r on aquatic sedim ents. An operational 
Classification is based on th e  sieve sizes tha t are used w hen sam pling 
sedim ents. M acrobenthos are >1 m m , such as oysters, starfish, lobsters, sea 
urchins, shrim p, crabs and coral. M eiobenthos are 63 |xm-1 mm  in size, such as 
copepods and nem atodes. M icrobenthos a re  <63jxm , and include unicellular 
organism s, such as diatom s, ciliates and bacteria.
Bio-irrigation: in a broad sense, any form of enhanced solute transport that 
results from sedim ent reworking by organism s. In a strict sense, th e  enhanced 
exchange between the  pore w ater and the  overlying w ater colum n owing to 
burrow flushing.
Bioturbation: in a broad sense , the  biological reworking of soils and sedim ents 
by all kinds of organism s, including m icrobes, rooting plants and burrowing 
anim als. In a strict sense, th e  enhanced dispersal of particles resulting from 
sedim ent reworking by burrowing animals.
Burrow ventilation: th e  active pum ping of overlying w ater into the  burrow  for 
oxygen supply, m etabolite removal o r filter feeding.
Deposit feeder: anim als that acquire food by swallowing large volum es of 
sedim ent, and m eet their nutritional requirem ents from the  small organic 
fraction of the  ingested sedim ent (detritus and sedim ent-associated microbes). 
Although surviving on a poor food source, deposit feeders are a dom inant 
com ponent of the  invertebrate fauna of soils (e.g. earthw orm s) and aquatic 
sedim ents (e.g. lugworms).
Ecosystem  engineer: o rgan ism s th a t substan tia lly  modify th e  physical 
structure of their habitat and, thus, directly or indirectly change the  availability 
of resources to  o ther species.
Geophagy: eating earthy substances, such as clay, to  augm ent a mineral- 
deficient diet.
Lithophagy: ingesting stones to  aid digestion.
Soil and sedim ents: th e  to p  layer of th e  surface of th e  Earth, consisting of rock 
and m ineral particles m ixed with organic  m atter. In aquatic sed im ents , the  
interstitial pores a re  com pletely filled with w ater (sa turated  matrix). In 
terrestrial soils, a fraction of th e  pores is usually filled with a ir (unsaturated  
matrix).

Box 1. Bioturbation: Darwin's last idea

A f e w  w e e k s  a f t e r  h is  v is i t  t o  J o s i a h  W e d g w o o d ,  D a rw in  p r e s e n t e d  
h is  o b s e r v a t i o n s  in a s p e e c h  'O n  t h e  F o r m a t i o n  o f  M o u l d '  t o  t h e  
Royal  G e o lo g ic a l  S o c i e t y  [1], f o l l o w e d  b y  a p a p e r  t h e  fo l l o w i n g  
y e a r  [65], In t h a t  p a p e r ,  D a rw in  d e m o n s t r a t e d  t h a t  e a r t h w o r m s  
c o u l d  d i s p l a c e  l a rg e  a m o u n t s  o f  s e d i m e n t s ,  a n d  a d v a n c e d  t h a t  
t h i s  r e w o r k in g  a c t iv i ty  s h o u l d  h a v e  a m a j o r  ro le  In so li  f o r m a t i o n .  
T h e s e  p i o n e e r i n g  o b s e r v a t i o n s  on  b i o t u r b a t i o n  a n d  so il  p ro f i le  
g e n e r a t i o n  t h u s  m a k e  D a rw in  o n e  o f  t h e  f o u n d i n g  f a t h e r s  o f  soli 
s c i e n c e  [11],

U n fo r t u n a te ly ,  D a rw in 's  e x c i t e m e n t  d id  n o t  In s p i re  h is  g e o lo g i s t  
c o l l e a g u e s ,  w h o  w e r e  e x p e c t in g  s o m e t h i n g  m o r e  g r a n d i o s e  t h a n  a 
s p e e c h  on  'w o r m s ' .  A f te r  p u b l i s h in g  t w o  fo l lo w - u p  p a p e r s  [66,67], 
Darw in  a b a n d o n e d  t h e  s u b jec t .  F low ever,  in D e c e m b e r  1842,  j u s t  a f te r  
s e t t l in g  a t D ow n  Flouse,  D arw in  s p r e a d  a q u a n t i t y  o f  b ro k e n  cha lk  
o v e r  a n e a r b y  f ie ld  ' f o r  t h e  s a k e  o f  o b s e r v in g  a t s o m e  fu tu r e  p e r io d  at  
w h a t  d e p t h  it w o u l d  b e c o m e  b u r le d ' .  T h is  ' f u tu r e  p e r io d '  h o w e v e r  d id  
no t  a r r ive  until  s o m e  30  y e a r s  la ter.

In t h e  la s t  t e n  y e a r s  o f  h is  life, D a r w i n ' s  f a s c i n a t i o n  f o r  e a r t h w o r m s  
w a s  r e v iv e d ,  a n d  h e  p e r f o r m e d  s e v e r a l  e x p e r i m e n t s  o n  e a r t h w o r m  
b i o t u r b a t i o n .  R e v i s i t in g  t h e  f ie ld  n e a r  D o w n  F louse ,  t h e  c h a l k  w a s  
n o w  o b s e r v e d  t o  b e  a t  a d e p t h  o f  18 c m ,  a bu r ia l  r a t e  o f  6 m m  y r ~ \  
T h e  r e s u l t s  w e r e  s y n t h e s i s e d  in D a r w in ' s  ' b i o t u r b a t i o n  b o o k '  [2], 
p u b l i s h e d  in 1881 (F ig u re  I). T h is  b o o k  d e s c r i b e d  t h e  a c t iv i t i e s  o f  
e a r t h w o r m s  w i th  u n p r e c e d e n t e d  d e ta i l ,  I l l u s t r a t in g  t h e i r  i m p o r t a n c e  
in t h e  f o r m a t i o n  o f  s o i l s  h u m u s ,  so l i  fe r t i l i ty  a n d  e r o s i o n - s e d i m e n t a -  
t io n  p r o c e s s e s .

A l t h o u g h  D a rw in  h i m s e l f  t h o u g h t  o f  t h e  s u b j e c t  a s  o f  ' s m a l l  
i m p o r t a n c e ' ,  t h e  b o o k  b e c a m e  i m m e d i a t e l y  p o p u l a r  a m o n g  t h e  
g e n e r a l  p u b l ic ,  a n d  e f fe c t iv e ly  m o d i f i e d  t h e  p e r c e p t i o n  o f  e a r t h ­
w o r m s  a n d  o t h e r  so i l  b io ta  b y  s o c i e t y  [68], Up t o  t h e n ,  e a r t h w o r m s  
w e r e  m a i n l y  c o n s i d e r e d  a s  g a r d e n  p e s t s  t h a t  n e e d e d  e l im in a t in g  
f r o m  t h e  so l i  [4], D a rw in  c h a n g e d  t h a t  v ie w ,  i l lu s t r a t in g  t h e  c e n t r a l  
ro le  o f  i n v e r t e b r a t e s  a s  b i o t u r b a t o r s ,  a n d  r e c o g n iz in g  t h e  i m p o r ­
t a n c e  o f  b i o t u r b a t i o n  in t h e  f o r m a t i o n  a n d  f u n c t i o n i n g  o f  s o i l s  a n d  
s e d i m e n t s  [4,68],  R e m a r k a b ly ,  h o w e v e r ,  t h e  s c ie n t i f i c  c o m m u n i t y  
a b s o r b e d  t h i s  m e s s a g e  f a r  m o r e  s l o w l y  [4,11],  a n d  t h e  s y s t e m a t i c

a century, strictly physical and chemical views on E arth  
surface processes dominated textbooks and theories [11]. 
Only in recent decades has bioturbation been ‘rediscovered’ 
as an im portant factor in landscape evolution, most promi­
nently through its influence on soil formation, erosion and 
hill-slope stability [12]. The production of soil through the 
breaking down, erosion and then transport of bedrock has 
been shown to be due prim arily to biogenic disturbance 
[13]. Root growth and animal burrowing disrupt bedrock 
th a t is abiotically weathered bu t structurally intact; this 
then creates sm aller particles and more surface area for 
w eathering to act upon. Biological reworking also loosens 
the soil, which counteracts consolidation. This stimulates 
downslope creep [14] and lowers the infiltration rate of 
water, making the soil more prone to erosion [13,15]. Over 
longer timescales, this leads to a smoothing of the land­
scape, flattening hills and filling up valleys, resulting in an 
increased sediment transfer by rivers from the land to the 
oceans.

A similar shift from a strictly abiotic perspective to a 
biogeophysical and/or biogeochemical one has also 
occurred in our understanding of seascapes. Increasingly, 
small-scale bioturbation (from micrometers to meters) is 
considered a key factor in sediment transport, thus influ­
encing the large-scale geomorphology (from 50 m to hun­
dreds of kilometres) of ocean and lake sediments [16]. 
Benthic organisms modify the microtopography of the

s t u d y  o f  b i o t u r b a t i o n  o n ly  r ea l ly  b e g a n  d u r i n g  t h e  l a s t  p a r t  o f  t h e  
20 th  c e n t u r y .

Figure I. Reproduction of Picture 5 from Darwin's bioturbation book [2]. This 
picture featured the  caption 'Section, reduced to  half of the  natural scale, of the  
vegetable mould in a field, drained and reclaimed fifteen years previously; A, turf; 
B, vegetable mould w ithout any stones; C, mould with fragm ents of burnt marl, 
coal-cinders and quarts pebbles; D, subsoil of black, peaty sand with quartz 
pebbles.' Reproduced with permission from [69].
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Figure 1. Bioturbation results from a range of animal activities. The m ost eye-catching are  those  created by larger subterranean m am m als [13], such as insectivorous moles 
[{a) mole track a t Noordhoek beach, Cape Town] and herbivorous pocket gophers Thom om ys talpoides macrotis  (b) in prairie grasslands. In th e  m arine environm ent, large- 
scale burrowing is also present, but less easily detectable [7]. Side-scan sonar has revealed conspicuous trenches (4-m long, by 2-m wide, by 0.4-m deep) created by grey 
w hales in search of benthic am phipods, and long linear traces (0.4-m deep by 50-m long) generated by w alruses ploughing the  surface sedim ent in search for bivalves. In 
seagrass m eadow s, similar-sized pits and trails are created by herbivores, such as geese  and dugong Dugong dugong  (c) feeding on rhizomes. On tidal flats, sm aller 
feeding pits (d) (up to  1-m w ide and 30-cm deep) are attributed to  stingrays such as the  blue-spotted stingray Taeniura lym m a  (e). Small invertebrates have a small per 
capita impact, but are dom inant from a global perspective because of their sheer abundance and ubiquity [7]; exam ples include ants, term ites and th e  com m on earthw orm  
Lumbricus terrestris  (f). In the  m arine environm ent, th e  predom inant bioturbators a re  deposit-feeding polychaetes and various burrowing crustaceans, such as burrowing 
shrim p [(g) geochem ical gradients created in a laboratory observatory by th e  shrim p Neotrypaea californiensis]. Reproduced with perm ission from Robb Tarr (a), Richard 
Reading (b), Dick van Oevelen (c,e), Anthony D'Andrea (d,g), Cynthia Sim m s Parr (f).

ocean floor via pellet production, track  formation and 
different types of construction, such as mounds and pits 
[17]. This biologically induced roughness modifies the 
hydrodynamics above the sedim ent layer, which in tu rn  
affects erosion and resuspension [8]. In addition, active 
sedim ent transport could also operate, as suspension 
feeders capture food particles from the w ater column 
(biodeposition) or deposit feeders eject fluidised faecal 
pellets into the w ater column (bioresuspension) [18]. 
Even in coastal systems, which are traditionally  seen 
as shaped only by the physical forces of currents and 
waves, hydraulic engineers have recently recognised

bioturbation to be a crucial component in models of 
sedim ent dynamics [19].

In the wake of Darwin, the influence of biotic processes 
on topography is now an active field of investigation, and 
many studies stress the potential impact of small-scale 
interactions on the larger scale of landscapes [12] and 
seascapes [16]. Yet, for most landscapes and seascapes, 
the importance of the biological im print compared with 
purely physical processes remains largely unknown. The 
particular role of burrowing worms, bu t also other biotic 
influences such as vegetation, remains difficult to quantify, 
owing to the complexity of organism -sedim ent interactions
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Box 2. Bioturbation and th e  Cambrian explosion

A r o u n d  542 mil lion y e a r s  (Ma) a g o ,  a t  t h e  P r o t e r o z o i c - P h a n e r o z o ic  
t r a n s i t i o n ,  t h e r e  w a s  a d r a m a t i c  c h a n g e  In t h e  a p p e a r a n c e  o f  t h e  
o c e a n  f loor .  P a l a e o e c o lo g l s t s  In fer  t h a t ,  b e f o r e  t h e  t r a n s i t i o n ,  m o s t  of 
t h e  f l o o r  w a s  c o v e r e d  w i th  m ic ro b ia l  m a t s  (F igu re  I) [58], S u c h  m a t s  
h a v e  a s im p l e ,  o n e - d i m e n s i o n a l  s t r u c tu r e ,  s h o w i n g  a r e g u la r  p a t t e rn  
o f  la ye rs ,  e a c h  h a r b o u r in g  a m ic ro b ia l  c o m m u n i t y  w i th  a s pec i f i c  
m e t a b o l i s m  a n d  w i th  o n ly  s h a l l o w  p e n e t r a t i o n  o f  o x y g e n  [59], 
P low ever,  th i s  w e l l  o r g a n i s e d  m a t  s t r u c t u r e  all b u t  d i s a p p e a r e d  w i th  
t h e  a d v e n t  o f  m u l t i c e l lu la r  o r g a n i s m s  (m e ta z o a n s ) .

T h e  f ir st  u n d i s p u t e d  foss i l  e v id e n c e  f o r  m e t a z o a n  act iv ity  d a t e s  back  
to  s o m e  4 0 - 6 0  M a b e fo re  t h e  o n s e t  o f  t h e  C a m b r ia n  [60], T r ac e  fossi i 
e v id e n c e  s u g g e s t s  t h a t  t h e s e  'V e n d ía n  b io ta '  o r 'E d i a c a r a  f a u n a '  lived in 
t ig h t  c o n n e c t io n  w i th  t h e  ex is t ing  'p r i s t in e '  m ic rob ia l  m a t s  w i th o u t  
d e s t r o y in g  t h e i r  s t r u c tu r e  [61]. P lowever,  t h e s e  e a r ly  m a r in e  o r g a n i s m s  
a l so  u n d e r w e n t  c o n s i d e r a b l e  e v o lu t i o n a r y  in n o v a t io n ,  w h ic h  c u lm i ­
n a t e d  in t h e  re la t ive ly  s u d d e n  a p p e a r a n c e  o f  a w i d e  v a r ie ty  o f  a n im a l s  
in t h e  foss i l  r e co rd .  It is h y p o t h e s i s e d  th a t  t h e r e  a r e  t w o  Im p o r ta n t  
f a c to r s  d r iv ing  th i s  'C a m b r i a n  e x p lo s io n ' .  T h e  fi rst  Is t h e  a d v e n t  of 
p re d a t io n  [62], w h ic h  p r o m o t e d  t h e  d e v e l o p m e n t  o f  b io m in e ra l i s e d  
s k e l e to n s  (b r is t les ,  s p in e s ,  s h e l l s ,  etc.), a n d  b e g a n  an  e sc a la t in g  ' a r m s

ra c e '  b e tw e e n  p r e d a t o r s  a n d  th e i r  b io m in e r a l i s e d  p re y  [63], T h e  s e c o n d  
e v o lu t io n a r y  f a c to r  is b io tu r b a t io n ,  w h ic h  a p p e a r e d  a s  a s id e  effec t of  
t h e  s k e l e to n s  i n d u c e d  by  p re d a t io n :  t h e  n e w  a r m o u r e d  a rr iva ls  b e g a n  
to  'b u l ld o z e '  t h e  o c e a n  f lo o r  [64], In ad d i t io n  to  d i rec t  d e fe n c e ,  skele ta l  
ha rd  p a r t s  f u n c t io n e d  a s  a n c h o r in g  d e v ic e s  o r  d ig g in g  to o l s ,  w h ic h  
e n a b l e d  a b u r r o w i n g  life s ty le  t o  evo lve .  A l th o u g h  t h e  s e d i m e n t  n o w  
p ro v id e d  s h e l t e r  f r o m  p re d a to r s ,  it w a s  a l so  an  in cen t iv e  f o r  p re d a to r s  
to  s e a r c h  fo r  s u c h  prey .  B u r ro w in g  a lso  e n a b l e d  t h e  exp lo i ta t io n  of  
bu r ie d  o r g a n ic  m a t t e r  a s  a fo o d  s o u r c e ,  le a d in g  to  t h e  e v o lu t io n  o f  a 
n e w  d e p o s i t - f e e d in g  life s ty le .

T h e  c o l o n i z a t i o n  o f  t h e  d e e p e r  s e d i m e n t  i n s t i g a t e d  a t r u e  
'b u r r o w in g  r e v o lu t io n '  (a lso  t e r m e d  ' a g r o n o m i c '  [61] o r  'C a m b r ia n  
s u b s t r a t e '  rev o lu t io n  [24]), a s  t h e  re su l t ing  rew o rk in g  o f  t h e  s e d i m e n t  
In v o lv e d  a d r a m a t i c  c h a n g e  in t h e  e c o l o g ic a l  a n d  g e o c h e m i c a l  
fu n c t io n in g  o f  t h e  o c e a n  f l o o r  [63], T h e  m ic ro b ia l  m a t  s t r u c tu r e  
d i s a p p e a r e d ,  d i s r u p te d  by  t r i lo b i te s  a n d  o t h e r  s t i f f - legged  a r th r o p o d s ,  
I n te r s e c t ed  b y  c o m p l e x  b u r r o w  n e tw o rk s  a n d  c o v e r e d  w i th  f a e c e s  of  
t h e  n e w ly  e v o lv e d  d e p o s i t - f e e d e r s  [22], T o d a y ,  m ic rob ia l  m a t s  on ly  
su rv iv e  in e x t r e m e  e n v i r o n m e n t s  t h a t  e x c l u d e  g ra z e r s  a n d  b io tu r b a to r s ,  
s u c h  a s  s t r o m a to l i t e s ,  h y p e r s a l i n e  l a g o o n s  a n d  a n o x ic  b a s in s  [59],

Ediacaran matground Cambrian mixground

B ioturbation
revolution

i i t

■ Z ' y

' Z -  ■'
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Figure I. Transition from Ediacaran m atground to  Cambrian m ixground during the  burrowing revolution. During th e  Ediacaran, sedim ents w ere covered with microbial 
m ats (a) ( Vendían diorama, photo reproduced with perm ission from William Hargrove). After th e  burrowing revolution, the  sedim ent is mixed and intersected by 
complex burrow  networks (b). As a result of burrow  flushing, oxygen is now  transported  deep into the  sedim ent. The lugworm Arenicola marina  has a light halo of 
oxidised sedim ent around its burrow  as opposed to  the  grey background of reduced sedim ent (photo reproduced with perm ission from Oleksiy Galaktionov). Adapted 
with perm ission from [61].

a t the microscale and the difficulty of extrapolating to a 
larger scale. Assessing how landscape evolution would 
proceed in the absence of life, it has been recently hypothe­
sised th a t hilltops would be less smooth and rounded, 
whereas rivers would have coarser beds and fewer m ean­
ders [12]. To test such hypotheses, integrated landscape 
models th a t explicitly account for small-scale biotic pro­
cesses in the equations th a t govern erosion, transport and 
deposition of sediment, seem promising [12,19].

Connections between b io tu rba tion  and evo lu tion  
The ‘evolution’ of landscapes or seascapes is not the only 
level a t which bioturbation manifests. Recent studies

reveal th a t it also has a strong and direct impact on the 
evolution of modern anim al forms. A fascinating point in 
the evolution of life is the Cambrian explosion, when a wide 
variety of animals appeared in the fossil record over a 
relatively short time [20]. This radiative explosion is 
now understood to have resulted from a cascade of evolu­
tionary changes combined with biogeochemical and ecolo­
gical transform ations. Recent palaeo-investigations show 
th a t bioturbation had a crucial role in these ecological 
transform ations. One intriguing speculation is th a t biotur­
bation by primitive terrestrial vegetation invoked the step­
wise increase in oxygen seen during the late Precambrian, 
which then triggered the expansion of metazoan life at the
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ocean floor [21]. The idea is th a t primitive land biota 
greatly enhanced the production of clay m inerals on land 
(the ‘clay m ineral factory’). Upon transport to the oceans, 
these clay particles scavenged organic m atter, and 
increased the burial of organic carbon in sediments, which 
then led to enhanced oxygen levels in the atmosphere and 
oceans.

A second, more established connection between biotur­
bation and evolution comprises the ‘burrowing revolution’ 
(Box 2), which began in shallow m arine environments, 
subsequently arrived in the deep sea, and finally colonised 
terrestrial soils [22]. This ‘revolution’ disrupted the pri­
mordial microbial m at systems, which determ ined the 
structure and functioning of the ocean floor ecosystem in 
Precam brian times. Owing to sediment reworking and 
burrow irrigation, the ocean floor entered a newly ‘mixed’ 
biogeochemical state (Box 2, Figure I). The thin, vertically 
structured microbial m ats were replaced by a heteroge­
neous reworked layer th a t extends, on average, to the first 
10 cm of the sediment [23]. Benthic fauna had to adapt to 
the newly emerging bioturbated sediment conditions, 
thereby fuelling the ‘Cam brian explosion’ [24]. The Cam­
brian fauna includes the major groups of animals known 
today, as well as some ‘strange’ forms th a t have no modern 
counterparts [20]. I t is hypothesised th a t these ‘strange’ 
forms found in Cambrian benthic communities (such as 
those in the Burgess shale) were adapted to the primordial 
microbial m at ecosystems [25]. Thus, they might appear 
unusual, not because they were ‘evolutionary experiments’, 
but because they were adapted to an ocean floor ecosystem 
th a t no longer exists to any great extent today [24,26].

An intriguing question is w hether the new subterra­
nean lifestyle was, and still is, costly in term s of metabo­
lism. Traditionally, burrowing has been considered more 
energetically expensive than  other forms of locomotion, 
such as flying, swimming or running [27]. This inference 
was based on the assumption th a t considerable energy is 
required to plastically deform the muddy sediment around 
the burrowing animal. However, recent developments in 
sediment mechanics indicate th a t muddy sediment frac­
tures, and th a t burrows extend by crack propagation, a 
process th a t requires far less energy than  does plastic 
deformation [28]. These new insights could shed light on 
many ecological and evolutionary tra its  including infaunal 
lifestyle, feeding guilds and shapes of organisms. For 
example, deposit feeders initiate cracks in sediments 
and feed from the new surfaces th a t are produced. As an 
evolutionary consequence, many guilds of deposit feeders 
have evolved shapes (e.g. wedge-shaped clams) and tools 
(e.g the proboscis of polychaet worms) to generate and 
utilise cracks in sedim ent and soils [29].

Bioturbation from an ecological perspective
Bioturbators as ecosystem engineers  
As well as dam-building beavers, earthworms and other 
burrowing organisms have been cited as examples of eco­
system engineers [30]. The concept o f‘ecosystem engineer­
ing’ refers to a modification of the physical environment 
th a t strongly affects other organisms. All organisms affect 
their immediate abiotic environment in some way, bu t true 
ecosystem engineers reveal themselves when their

presence or absence has a disproportionately large impact 
on the ecosystem [31]. In  artistic language, one could say 
th a t ecosystem engineers effectively function as authori­
tarian  scenic designers, which not only set the stage, but 
also decide on the play to be performed, and select the 
potential players th a t en ter the stage. Burrowing organ­
isms m eet this criterion, as exemplified by the ‘burrowing 
revolution’ discussed above [32]. Except where harsh  con­
ditions restrict metazoan life (e.g. strong physical d istur­
bance, stagnant anoxic bottom w ater or pollution), soils 
and sediments are ubiquitously perforated by burrow 
structures in various stages of excavation, construction, 
maintenance and repair [9]. For structuring subsurface 
ecosystems, these organism -sedim ent interactions are con­
sidered to be a t least as im portant as the trophic interactions 
classically studied by ecologists [33]. Moreover, it is now 
clear th a t the ecological consequences of bioturbation are 
not limited to the subsurface environment (Box 3).

In soil science, the reworked surface layer of the E arth  is 
sometimes referred to as the biomantle [11], whereas in 
m arine ecology, it has been term ed the ‘biogenic habitat 
m atrix’ [33]. But how does the ‘biomantle’ arise, and w hat 
is the exact role of biota in its formation? Reduced to its

Box 3. B enthic-pelagic coupling and aboveground- 
below ground interactions

R e s t in g  e g g s  a n d  c y s t s  o f  m a n y  p l a n k t o n i c  o r g a n i s m s  (e .g .  
c o p e p o d s ,  d i a t o m s  a n d  d in o f l a g e l la te s )  a r e  f o u n d  in la rg e  n u m b e r s  
In b o t t o m  s e d i m e n t s  o f  lakes  [49] a n d  c o a s t a l  s e d i m e n t s  [50], T h e s e  
d o r m a n t  s t a g e s  s e r v e  t o  s e c u r e  su rv iv a l  t h r o u g h  p e r io d s  w i th  h a r s h  
ab io t ic  c o n d i t i o n s ,  lo w  f o o d  a b u n d a n c e  o r  h igh  p r e d a t io n  risk, 
s o m e t i m e s  o v e r  p e r i o d s  o f  y e a r s - d e c a d e s ,  m a k in g  t h e s e  ' e g g  
b a n k s '  c o m p a r a b l e  t o  t h e  s e e d  b a n k s  o f  te r r e s t r i a l  p la n t s  [51], 
B io tu rb a t io n  s t r o n g l y  i n f l u e n c e s  t h e  d i s t r ib u t io n  a n d  d i s p e r s a l  o f  
t h e s e  re s t in g  s t a g e s  w i th in  t h e  s e d i m e n t ,  e i t h e r  b u ry in g  t h e m  u p o n  
arr iva l,  o r  r e tu rn i n g  t h e m  la te r  to  t h e  s u r f a c e  [52],

R e c ru i tm e n t  f r o m  res t ing  s t a g e s  typ ica l ly  o c c u r s  n e a r  t h e  s e d i m e n t  
s u r f a c e  in r e s p o n s e  to  s o m e  s t im u lu s ,  s u c h  a s  t e m p e r a t u r e ,  light, 
nu t r i en t  o r  o x y g e n  leve ls . R ecen t  in v e s t ig a t i o n s  revea l  t h a t  b io tu r b a ­
t io n  e x e r t s  s ig n i f ic a n t  c o n tro l  on  t h e  p e r io d  o f  d o r m a n c y  a n d ,  h e n ce ,  
o n  t h e  r e c r u i tm e n t  o f  p h y to p la n k to n  [53] a n d  Z o o p lan k to n  [49], T h u s ,  
it h a s  a crucia l ro le  in t h e  p o p u la t i o n  d y n a m i c s  o f  t h e s e  p la n k to n ic  
o r g a n i s m s ,  reg u la t in g  th e i r  s e a s o n a l  r e a p p e a r a n c e  a n d  p rov id in g  th e  
s e e d  s to c k  f o r  red  t i d e s  a n d  o t h e r  h a rm fu l  a lgal b lo o m s .  P lank ton  
e c o l o g i s t s  t h e r e f o r e  t e n d  t o  e n c o m p a s s  t h e  w h o l e  o f  t h e  p lan k to n ic  
life cycle,  in c lu d in g  t h e  s t u d y  o f  su rv iva l  a n d  d i s p e r s a l  in t h e  s e a b e d ,  
w h e r e  p lan k te rs  a r e  'c la s s ica l ly '  n o t  s u p p o s e d  t o  th r iv e  [50],

T h e  ro le  o f  b io tu r b a t io n  in t h e  b e n th i c - p e l a g i c  c o u p l in g  o f  p lank ton  
d y n a m i c s  is a n a l o g o u s  to  t h e  a b o v e - b e l o w g r o u n d  links t h a t  in f lu en c e  
te r re s t r ia l  v e g e t a t i o n .  In t h e  pa s t ,  v e g e t a t i o n  a n d  soil c o m p a r t m e n t s  
h a v e  la rge ly  b e e n  s tu d i e d  in d e p e n d e n t l y  a n d  o n ly  re c e n t ly  h a s  t h e r e  
b e e n  a t r e n d  to  a s s e s s  a b o v e - b e l o w g r o u n d  in te ra c t io n s  in a m o r e  
in t e g r a t e d  v i e w  o f  te r re s t r ia l  e c o s y s t e m  f u n c t io n in g  [54], B ur ro w in g  
act iv ity  Is o n e  s u c h  Im p o r t a n t  b e l o w g r o u n d  In te rac t ion ,  a n d  soil 
in v e r t e b r a t e s  h a v e  b e e n  s h o w n  to  a ffect p la n t  g r o w th  in s ev e ra l  w a y s :  
f o r  e x a m p le ,  e a r t h w o r m s  in f lu en ce  p la n t  c o m p e t i t i o n  a n d  s u s c e p t ­
ibility to  h e r b iv o r e s  [55]; b io tu r b a t io n  b y  soil c o l l e m b o l a n s  d i s ru p t s  
t h e  m ycorrh iza l  mycel ia l  n e tw o rk s  in g r a s s l a n d s ,  t h e r e b y  in f luenc ing  
c a r b o n  f l o w t h r o u g h  t h e  m y c o r r h i z o s p h e r e  o f  t h e  p la n t s  [56]; a n d  n e s t  
bu i ld ing  a n d  fo r a g in g  act iv it ie s  by  a n t s  In f luence  t h e  s u r r o u n d i n g  soli 
e n v i r o n m e n t  w i th in  a n d  b e y o n d  t h e  m o u n d ,  w i th  b o th  s h o r t - t e r m  a n d  
lo n g - t e r m  e ffec ts  on  soi l s t ru c tu re ,  n u t r i en t  d y n a m i c s  a n d  s e e d  b a n k s  
[57], T h e  in te ra c t io n s  b e t w e e n  b u r r o w i n g  In fau n a  a n d  a b o v e g r o u n d  
v e g e t a t i o n  a re  t h e r e f o r e  n u m e r o u s  a n d  c o m p l e x  a n d  s o  a m o r e  
m e c h a n i s t i c  in s ig h t  Is n e e d e d  on  t h e  e f fec ts  o f  b io tu r b a t io n  on  soli 
m i c r o o r g a n i s m s ,  soi l in v e r t e b r a t e s ,  n u t r i e n t  d y n a m i c s  a n d  roo t  
s y s t e m s .
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barest essentials, soils and sediments constitute a porous 
m atrix of solid particles th a t are coated with organic 
polymers, and where the gaps are filled either with an 
air-fluid m ixture in soils, or are fully saturated  with pore 
w ater in aquatic sediments. The engineering effects of 
burrowing fauna on this m atrix are m any (reviewed in 
[6,34] for soils and in [7,9,35] for aquatic sediments). 
Im portant biogeochemical effects are the modification of 
the sediment texture, the bio-irrigational transport of 
solutes and the dispersal of solid particles (Box 4). To 
understand these effects properly, one requires both a 
static and a dynamic perspective. Static ‘snapshots’ 
obtained by computerized axial tomography (CAT-scans) 
[36] and in situ  sedim ent profile imaging [37] reveal th a t 
the physicochemical structure of the soil m atrix, its so- 
called ‘texture’, is significantly modified by biota. Burrow­
ing organisms create a second level of structure above the 
pore network, and actively determine the rheological,

Box 4. B iogeochem ical im plications of bioturbation

Modification of sedim ent texture
B u r ro w in g  o r g a n i s m s  c o u n t e r a c t  c o m p a c t i o n ,  g lu e  p a r t ic le s  t o ­
g e t h e r  in to  a g g r e g a t e s  u p o n  e g e s t io n  a n d  t u b e  b u i ld in g ,  s e g r e g a t e  
p a r t ic le s  d u r in g  d ig e s t i o n  a n d  in d u c e  sp a t i a l  h e t e r o g e n e i t y  o w in g  to  
pa r t ic le  s e le c t iv e  f e e d in g .  T h e s e  m e c h a n i s m s  t h e n  in f lu en c e  s e d i ­
m e n t  p ro p e r t i e s  s u c h  a s  p o ro s i ty ,  p e r m e a b i l i t y  a n d ,  p e r h a p s  m o r e  
i m p o r t a n t l y ,  t h e i r  s p a t i a l  h e t e r o g e n e i t y  [16]. T h e s e  p r o p e r t i e s  
d e t e r m i n e  t h e  n u m b e r  a n d  d iv e rs i ty  o f  m i c r o - e n v i r o n m e n t s  a n d ,  
h e n c e ,  t h e  n i c h e s  a v a i lab le  to  soil a n d  s e d i m e n t  o r g a n i s m s .

In a q u a t i c  s e d i m e n t s ,  t e x t u r e  c o n t r o l s  t h e  d i f fu s ion  o f  s o lu t e s ,  a n d  
t h e  r e s i s t a n c e  t o  t h e  f l o w  in d u c e d  by  c u r r e n t s  a n d  w a v e s  w i th in  t h e  
s e d i m e n t  b e d  [8], In so i l s ,  t e x t u r e  c o n t r o l s  t h e  in f i l t ra t ion  r a te  o f  rain 
w a te r ,  t h e  m o i s t u r e  c o n te n t ,  a n d  t h e  ra te  o f  d i f fu s ion  o f  g a s e s  in a n d  
o u t  o f  t h e  so il  m a t r ix  [70], T h is ,  in t u r n ,  is c ruc ia l  f o r  t h e  b io log ica l  
f u n c t io n in g  o f  t h e  so i l ,  d e t e r m i n i n g  t h e  e a s e  w i th  w h ic h  p la n t s  
ex t ra c t  n u t r i e n t s  a n d  w a t e r ,  a n d  t h e  r e a g e n t s  t h a t  a r e  a v a i l ab le  fo r  
m ic ro b ia l  m e ta b o l i s m .

Bio-irrigation
W h e n  b o t t o m  d w e l l e r s  c r e a t e  b u r r o w  n e tw o r k s  in to  t h e  a n o x ic  z o n e  
o f  a q u a t i c  s e d i m e n t s ,  t h e y  a re  c o n f r o n t e d  w i th  a m e ta b o l i c  p r o b l e m .  
To s u p p l y  o x y g e n  a n d  r e m o v e  m e ta b o l i t e s  a n d  to x ic  s u b s t a n c e s ,  
b e n th i c  f a u n a  ac t ive ly  f lu sh  th e i r  b u r r o w s  w i th  o v e r ly in g  w a te r .  
B u r ro w s  t h e r e f o r e  f o r m  a t h r e e - d i m e n s i o n a l  t r a n s p o r t  n e tw o r k  t h a t  
p e n e t r a t e s  a n d  i r r ig a te s  t h e  s u r r o u n d i n g  s e d i m e n t  t i s s u e ,  s im i l a r  to  
a s y s t e m  o f  v e in s  a n d  a r te r i e s .  S t r o n g  c o n c e n t r a t i o n  g r a d i e n t s  
e m e r g e  n e a r  t h e  b u r r o w  w a l l ,  w h ic h  e n h a n c e  t h e  d i f fu s ive  e x c h a n g e  
b e t w e e n  t h e  b u r r o w  a n d  s u r r o u n d i n g  p o r e  w a t e r  [39], In s a n d y  
s e d i m e n t s ,  b u r r o w  w a t e r  is a c t ive ly  p u m p e d  in to  t h e  s e d i m e n t ,  t h u s  
c r e a t in g  f l o w  a n d  a d v e c t iv e  i r r iga t ion  [40], Both  d if fu s iv e  a n d  
a d v e c t iv e  i r r iga t ion  m e c h a n i s m s  c r e a t e  b i o g e o c h e m i c a l  p a t c h in e s s ,  
t h u s  s t im u la t in g  t h e  m ic ro b ia l  d iv e rs i ty  w i th in  t h e  s e d i m e n t  [9],

Dispersal of solid particles
A m a j o r  e co lo g ica l  e f fec t  o f  b i o tu r b a t io n  is t h e  d i s p e r s a l  o f  v a r io u s  
's o l id  p a r t ic le s ' ,  w h ic h  re fe rs  t o  non- l iv ing  s u b s t a n c e s ,  s u c h  a s  clay,  
o r g a n i c  m a t t e r ,  m e ta l  o x id e s  a n d  a d s o r b e d  c o n t a m i n a n t s ,  bu t  
e q u a l ly  a p p l i e s  to  p a r t ic le s  o f  a b io log ica l  s i g n a t u r e ,  s u c h  as  
m i c r o b e s ,  v i r u s e s ,  c y s t s ,  p ro t i s t s ,  n e m a t o d e s  a n d  m e t a z o a n  e g g s .
In r e c e n t  y e a r s ,  s o m e  in t r ig u in g  q u e s t i o n s  h a v e  b e e n  f o r m u l a t e d  
re g a r d in g  t h e  e v o l u t io n a r y  e c o l o g y  [72] a n d  t h e  local a n d  g lo b a l  
b i o d i v e r s i t y  [73] o f  t h e s e  'l iv in g  p a r t i c l e s ' .  To a n s w e r  t h e s e  
q u e s t i o n s ,  w e  n e e d  a p r o p e r  u n d e r s t a n d i n g  o f  t h e  d i s p e r s a l  
m e c h a n i s m s  o f  t h e s e  s o l id  p a r t ic le s  in t h e  s u b s u r f a c e  e n v i r o n m e n t .  
R e c e n t  m o d e l l i n g  e f f o r t s  h a v e  c o n c e n t r a t e d  o n  a s t o c h a s t i c  
d e s c r ip t io n  o f  b io tu r b a t i o n  [41], w h e r e  pa r t ic le  d i s p l a c e m e n t  is 
r e g a r d e d  a s  a r a n d o m  s e q u e n c e  o f  b io tu r b a t io n  e v e n t s  (e .g .  t h e  
inf illing o f  a b u r r o w  o r  t h e  p a s s a g e  o f  a c ra w l in g  o rg a n i s m ) .

mechanical and chemical properties of the porous m atrix 
in which they live.

Apart from influencing the ‘static’ structure of the soil, 
there is a clear dynamic aspect to bioturbation. The che­
mical composition of burrow w ater can change drastically 
within m inutes, while ephemeral burrow structures are 
created and abandoned on a timescale of hours to days. 
Novel imaging techniques provide a glimpse of such 
dynamics: p lanar optodes reveal clear daily cycles in bur­
row construction and oxygenation [38], while the use of 
time-lapse image analysis one show the rapid down-mixing 
of a pulse of fluorescent tracer particles by local fauna [37]. 
However, despite these advances, our current understand­
ing of the engineering effects of burrowing organisms is 
still fragm entary and qualitative and, hence, a more quan­
titative understanding is needed. I t will require not only 
detailed observations of how organisms behave inside 
sediments and soils, bu t also novel modeling tools th a t 
explicitly link anim al behaviour with solute and particle 
transport [39-41].

Biodiversity, b io tu rba tion  and ecosystem function ing  
Soils and sediments are presently under pressure from 
various human-induced stresses, which have an impact on 
resident invertebrate communities. In particular, the 
removal of keystone bioturbators could induce large 
changes in the structure of the hab ita t as a result of 
reduced ecosystem engineering, with cascading impacts 
on local biodiversity, and soil and sediment ecosystem 
functioning [31]. In m arine sediments, pressures on bio- 
turbating macrofauna result from bottom-trawl fishing, 
pollution and eutrophication-induced anoxia [42]. In soils, 
resident earthworm  populations have been affected by 
overgrazing, fertiliser application and the invasion of exo­
tic competitors or novel predators [13,43]. Species do not 
need to be extinct before there is a loss of function, which 
could also be associated with changes in size, density or 
patch size [42]. Therefore, one can ask how the loss of 
burrowing ecosystem engineers might impact the function­
ing of sediment and soil [31] or, equally, how ecosystem 
engineers can be used to restore ecosystems and ecosystem 
function [44]?

A tricky problem in this regard is the selection of the 
ecosystem function th a t is studied in connection with the 
diversity of the macrofaunal community. Several studies 
have advocated the use of sediment metabolism and nu tri­
en t fluxes across the sedim ent-w ater interface as measure 
of ecosystem function [45-47]. The advantage here is th a t 
such fluxes are easily m easured with analytical incubation 
techniques. However, these ecosystems functions result 
from a complex interplay between macrofaunal and micro­
bial activities. For example, using the efflux of ammonium 
to represent ecosystem function [45], one m ust take into 
account th a t this flux depends inherently on four pro­
cesses: the downward mixing of organic m atter by macro­
fauna, the subsequent transform ation of nitrogen 
compounds to ammonia by microbes, the oxidation of 
ammonium to n itrate  by nitrifiers and, finally, the tran s­
port of the remaining ammonium to the overlying w ater 
through the active flushing of burrows by macrofauna (bio­
irrigation; Box 4). Thus, owing to this complexity and
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confounding factors, experimental manipulations of 
macrofaunal biodiversity often show idiosyncratic results 
[45,47],

Therefore, instead of selecting ecosystem functions th a t 
are easily quantifiable, bu t constitute a complex integra­
tion of microbial and macrofaunal activities, it would be 
logical to focus on ecosystem functions th a t are directly and 
dominantly governed by bioturbating macrofauna alone, 
namely physical hab ita t modification, bio-irrigation and 
the transport of solid particles (Box 4). Although the 
experimental quantification of these direct ‘macrofaunal 
functions’ is more challenging, such studies are slowly 
emerging. Using a comprehensive study of 139 benthic 
invertebrate species a t inner Galway Bay (Ireland), Solan 
and co-workers [48] param eterised models th a t relate 
animal characteristics to the depth of the mixed sediment 
layer (mixing depth), which was m easured from sediment 
profile images obtained by in situ  camera systems. This 
param eterisation enabled them  to predict how the mixing 
depth is affected by macrofaunal species extinction. How­
ever, because mixing depth is relatively insensitive across 
habitats [23], the next logical step is to link macrofaunal 
community characteristics with the actual rate of macro­
faunal induced transport (bio-irrigation and solid-particle 
dispersal; Box 4).

Conclusions and future prospects
As illustrated here, there are many similarities in the 
reworking of m arine, freshwater and terrestrial environ­
ments by burrowing animals. Strong parallels exist in the 
way in which small-scale bioturbation governs the evolu­
tion of the landscape [12-15] or seascape [16-19] a t the 
large scale, the way in which burrowing invertebrates and 
subterranean mammals act as ecosystem engineers 
[34,35], and the way in which reworking activities exert 
control on the functioning of the w ater column [49-53] or 
vegetation above [54-57]. As m arine and terrestrial ecol­
ogists develop new approaches to study these subsurface 
ecosystems, they will no doubt benefit from increased cross­
talk. A similar synergy could be obtained by comparing past 
and present situations. The ecosystem engineering effects 
[30-33] th a t are studied by contemporary ecologists to 
understand the diversity and functioning of soil and sedi­
m ent ecosystems are also those th a t are assessed by palaeo- 
ecologists when scrutinizing the role of bioturbation in the 
Cambrian explosion [21,22,24,58-64].

Darwin was convinced of the crucial role of subterra­
nean biota in determ ining ecosystem functions, stating 
th a t ‘Worms have played a more im portant role in the 
history of the world than  most persons would a t first 
suppose’ [2]. One hundred twenty-five years later, a 
plethora of studies have now corroborated Darwin’s opi­
nion, unearthing new implications of bioturbation. 
Although the effects of bioturbation are clear, the actual 
mechanisms behind them  are less established. We know 
th a t modifying earthworm  density will affect p lant growth 
and microbial diversity in soils, or th a t burrowing macro­
fauna influence the microbial diversity in m arine sedi­
ments, but we are still far from a mechanistic 
understanding of how these causes and consequences 
are connected, although theoretical concepts, mathematical

models and experimental data acquisition are in early 
phases of development [12,16]. Many issues remain, such 
as the net effects of burrowing on key structural properties 
such as porosity and permeability [37], the importance of 
long-distance dispersal in subsurface particle displacement 
[41], and the scale and importance of lateral particle trans­
port in marine environments [71].

Once we acquire a better understanding of the direct 
effects of bioturbation, we will also obtain a clearer picture 
of w hat regulates biodiversity in soils and sediment eco­
systems [72,73], how burrowing engineers can be used to 
restore subsurface ecosystems and their functions effi­
ciently [44], as well as how we m ight improve our under­
standing of th a t intriguing era when the expansion of 
animal life on E arth  began.
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