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Mud is Beauty in the making,

Mud is melody awaking…

Mud is mankind in the moulding,

Heaven's mystery unfolding…

- Robert William Service
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Foreword

By any measure, and despite visual appearances, mudflats constitute a highly diverse
scientific subject, posing a great challenge for the student or researcher of this
ecosystem. Embedded within this disciplinary diversity is the extraordinary biolog-
ical diversity of mudflats, once again belying their visual appearance. Mudflats have
existed since the oldest sediments were formed, and hosted Earth’s earliest life,
unambiguously already evolved in 3.48-billion-year-old rocks. Let me add that they
are one of Earth’s largest ecosystems, lining thousands of miles of our worldwide
coastlines. From this point of view, it is astonishing that scientific exploration, while
proficient in heading to remote areas such as Mars, seemingly is still in its infancy
when it comes to the understanding of the mucky and wet mudflats so close to us.

Perhaps it is indeed the seemingly inhospitable nature of mudflats that has kept
research efforts at bay? Or perhaps, since mainstream research in the ocean and Earth
sciences focuses on topics of either the marine or the terrestrial realm, the very
hybrid character of mudflats, bridging the terrestrial and marine environments, has
created a subconscious ‘confusion barrier’? Funding agencies, methodological
approaches, and terminology commonly serve only one or the other environment,
so it requires those with a strong heart to overcome at times significant disciplinary
barriers. And then there is the intrinsic problem that ecosystem research faces by
definition: tracking an ecosystem’s individual components is a slippery endeavour,
because they constantly interact and affect each other.

This well-composed book discusses the fundamental ecology of mudflats, as well
as the human impact of the Anthropocene on this environment. Human impact
includes the introduction of invasive species, the harvesting of natural and cultured
populations by the growing human population, and the overprint of the natural
setting by these and other human activities. While effects on macroscopic organisms
such as birds may be easier to document, the complexity of the immensely fine
network between microorganisms, and their effect on physical and chemical prop-
erties of the sediment and water, is beyond our comprehension at this time. In order
to analyse a complex ecosystem such as mudflats, it is imperative that scientists of
various disciplines work together. This inspirational volume will greatly contribute
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to this discussion and assist the student/scientist drawn to interdisciplinary research
in acquiring the indispensable overview of the many facets of mudflat ecosystems,
the status quo of research, and the most interesting challenges for the future.

Department of Ocean, Earth &
Atmospheric Sciences, Old Dominion
University, Norfolk, VA, USA

Nora Noffke
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Preface

Historically, our efforts to understand the natural world have been the most fruitful
when we proceeded to carve it up into cognitively manageable units—whether
geological epochs, locations in the periodic table of the elements, taxonomic cate-
gories, or whole fields of study. Over the course of its history, the field of marine
biology has itself progressively subdivided with the growth of its knowledge base;
today, it is no more surprising to find coral reef or deep-sea ecologists than it is to
find forest or grassland ecologists in the terrestrial system.

Perhaps due to its particular ‘charisma’, the mudflat habitat has not yet been
ennobled by a study field label. Yet although it shares some features with the soft-
substrate sublittoral environment, the mudflat is nonetheless a distinct habitat, with
specific and ecologically far-reaching particularities. Previously scattered through-
out the marine biology literature, the multiple facets of mudflat ecology are brought
together for the first time in this work; we thereby hope to establish mudflat ecology
as a true, diverse, yet intrinsically and necessarily coherent, field of study.

We are fortunate that such talented researchers as those assembled here have
made their contributions to this work. Some of them will be very familiar to those
who follow the literature, while others may be less well known, and this is because
they may be younger scientists replete with promise. We are also indebted to their
equally talented peers who have agreed to review chapters within their specialties:

Peter G. Beninger—Laboratoire de Biologie Marine, Université de Nantes, France
Alan Decho—Arnold School of Public Health, University of South Carolina,

Columbia, South Carolina USA
Robert W. E. Elner—Environment and Climate Change Canada, and Simon Fraser

University, British Columbia, Canada
Marie-Josée Fortin FRSC—Department of Ecology and Evolutionary Biology,

University of Toronto, Ontario, Canada
Kirill Galaktionov—Zoological Institute of the Russian Academy of Sciences,

St. Petersburg State University, Russia
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Olav Giere—Biozentrum Grindel und Zoologisches Museum, Universität Hamburg,
Germany

Steven Goodbred Jr.—Department of Earth and Environmental Sciences, Vanderbilt
University, Nashville, Tennessee USA

Patrice Guillotreau—LEMNA & IAE Nantes-Institut d’Economie et de Management,
Université de Nantes, France

Natalie Hicks—Scottish Association for Marine Science, Oban, Argyll, U.K.
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School of Life Sciences, University of Glasgow, UK.
Nora Noffke—Ocean, Earth & Atmospheric Sciences, Old Dominion University,

Norfolk, Virginia, USA
Graham Oliver—Department of Natural Sciences, National Museum, Wales UK
Gary Packard—Department of Biology, Colorado State University, Fort Collins,
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Chapter 1
Introduction: Mudflat Basics

Peter G. Beninger and David M. Paterson
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Abstract The study of mudflats should logically start with the type of intertidal
depositional shore we consider to be true mudflats, and then an overview of their
global distribution. Their dominant feature being mud, we then consider the etymo-
logy and cognitive associations of the word ‘mud’, the basics of sediment composi-
tion and its living matrix, and the concept of mudflats as systems of superposed
emergent properties. Equipped with these basics, we may then proceed to a proper
geological consideration of mudflats, our next chapter.

1 Mudflat Distribution

Intertidal depositional shores composed of fine sediments are a familiar environment
to most marine biologists. The most commonly recognised parts of such coasts
consist of either salt marshes (temperate zones) or mangrove systems (tropical
zones). Indeed, mangrove systems occupy approximately 170,000 km2, or 75% of
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all tropical coastline (Flemming 2002). In contrast to these extensively-vegetated
habitats, true intertidal mudflats are vegetationally depauperate, and also generally
lacking in visible macrofauna, such that the term ‘mudflat’ is very apt to describe
their appearance: muddy, with very little three-dimensional complexity (Fig. 1.1).
Although intertidal mudflats are commonly understood to be ‘distributed widely
along the world’s coastlines’ (Gao 2009), estimations of the total area occupied by
these environments are conspicuously lacking. A remarkable, although incomplete,
survey of the world’s mudflats identified 350 major sites, with 79 greater than 5 kha
(Deppe 1999). Of these, 19 were from 5–20 kha, 28 from 20–80 kha, and 26 were
larger than 80 kha. Most (84%) mudflats were situated in protected topographical
formations such as estuaries, bays, and behind barrier islands. The two largest and
well-known examples are the Yellow Sea and theWadden Seamudflats (Fig. 1.2). An
unknown number of mudflats remain undocumented in poorly-mapped regions of the
globe (Deppe 1999).

Fig. 1.1 A mudflat in the Netherlands, showing low-grade topography, with alternating pools
(P) and hummocks (H). Microphytobenthos (light brown pigmentation) is evident on the crests of
the hummocks. Photo J. van der Koppel.
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2 What Is Mud? Etymology and Cognitive Associations

At the outset, it is useful to define the term ‘mud’. The full-size, multi-volume
Oxford Dictionary devotes over 20 columns of very fine print to the word ‘mud’, its
derivatives, and its etymological history. What emerges from this exposition is, first,
that mud is a mixture of rock particles and water, varying in consistency from a semi-
liquid to a plastic solid (much of the present volume will show how mudflat ‘mud’ is
much more complex than this simple definition), and second, that the description as
‘mud’ or ‘muddy’ is a “loaded” term at several levels, persistently incorporating
connotations of uncleanliness. It conveys a state lacking clarity, indeed, of almost
complete opacity, and this may even be brought about intentionally (‘muddying the
waters’). It is used to describe confused thought (‘muddled thinking’; ‘clear as
mud’). It has been used repeatedly to denote the worst of anything (‘Scum of the
mud of hell!’, ‘the mud of all races’). It characterizes an uninteresting person (‘a stick
in the mud’). It symbolizes spreading insults (‘a mud slinger’). It describes a state of
utter abjection (‘your name is mud’). It is used to refer to the drug opium, due to its
mud-like appearance (Simpson and Weiner 1989).

Amid all these negative associations with mud, there are some more positive
ones. The Douay-Rheims version of the Bible translates Genesis 2: 7 as ‘. . .the Lord
God formed man of the slime of the earth’ (rather than the ‘dust’ in other versions).

�

�
��

�

�

�

�

Fig. 1.2 Locations of some notable mudflats mentioned in the present volume. From west to east:
Roberts Bank, Canada; Chesapeake Bay, USA; Bahía Blanca Estuary, Argentina; and Bay of
Fundy, Canada; Banc d’Arguin, Mauritania; Wadden Sea, Netherlands; Shark Bay, Australia;
Jiangsu (Yellow Sea), China. Original artwork, PG Beninger.
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Certainty can be declared ‘as sure as mud’. And the popular toast ‘here’s mud in your
eye’ probably refers to the New Testament Siloam episode, where a man’s sight was
restored when Jesus put mud over his eyes (John 9: 7). However, even the knowl-
edge that mud was the probable cradle of life (Cairns-Smith 1965; Ponnamperuma
et al. 1982; Cairns-Smith and Hartman 1986; Sami and Tewari 2009; Noffke et al.
2013; Yang et al. 2013) has had comparatively little popular echo. Similarly, the
probable role of mudflats in prehistoric human sedentarization (as sources of rela-
tively easily-captured animal food) is largely unrecognized, despite the fact that they
probably led to the establishment of the first settlements, and ultimately to the cities
of today (the ‘coastal zone’ has a population density three times that of inland areas)
(Jackson et al. 2001; Crossland et al. 2005). These examples illustrate our complex
cognitive relationship with the term ‘mud’, and, together with the difficult working
conditions imposed by mud (Fig. 1.3), may explain why mudflat ecology has not
previously been widely considered a bona fide field of study.

Fig. 1.3 Making measurements and obtaining samples from extensive areas of mudflat can be
logistically challenging, potentially dangerous, and exhausting. (NERC CBESS Project, Image
E. Paterson).
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3 What Is Mud? Sediment Composition

Although a thorough treatment of mudflat geology is provided in Chap. 2, a brief
definition of the terms of reference is warranted here. First of all, mud is chiefly
siliclastic, i.e. composed of silicate particles eroded from rocks. Geologists classify
sediments using the numerically-convenient phi size scale (Krumbein and Pettijohn
1938), based on the log ratio of grain size to a reference grain size (1 mm):Φ¼ Log2
D/D0, where Φ is the phi-scale value, D is the grain size, and D0 is the reference size
(1 mm). Use of this numerically-convenient scale explains why the grain size class
boundaries consist of non-rounded millimetric measurements; thus, mud-containing
sediments are defined as non-indurated moist sediments with grain sizes<0.063 mm
(very fine sand). At the finest extreme, the silt-clay boundary is fixed at 3.9 μm
(Table 1.1).

Mudflats contain various proportions of these grain size classes, in addition to
various proportions of larger-grained sand, and corresponding to the familiar classi-
fication of mud, sandy mud, muddy sand, and sand (Folk et al. 1970; Fig. 1.4).

4 What Is Mud? The Living Matrix

Microbes have been colonizing muddy sediments for billions of years (Noffke et al.
2013), and their activities have greatly contributed to the physical, chemical, geolog-
ical, and biological properties of this substratum. The terminology used to refer to the
living mud matrix is more precise in the geological literature, and more ‘loose’ in the
biological, and especially the ecological, literature. As most of the following chapters
will make reference to this matrix, it is necessary to define a set of descriptive terms at
the outset:

Table 1.1 Mud-sediment
grain sizes and corresponding
sediment type

Grain size (μm) Φ Value
Wentworth size class
(Wentworth 1922)

6.25 to 3.1 4–5 Coarse silt

3.1 to 1.56 5–6 Medium silt

1.56–0.78 6–7 Fine silt

0.78–0.39 7–8 Very fine silt

<0.39 Clay

0

10

Mud

|
50
|

Sandy mud

90
|

Muddy sand

100

Sand

Fig. 1.4 Classification of sediments according to percent sand content (after Folk et al. 1970,
modified and re-drawn, PG Beninger).
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Biofilm A population of microorganisms, typically at a solid-liquid interface,
surrounded by a matrix of extracellular polymeric substance (EPS ¼ mucopolysac-
charides). At the microscopic level, biofilms may form around individual sediment
particles; on mudflats, we (rather loosely) refer to the macroscopic patches of
microbes and EPS on top of sediments as ‘biofilm’, when in fact we mean either
‘transient epibenthic biofilm’ or ‘epibenthic microbial mat’, or both (see below).
While many workers generally understand ‘biofilm’ as microscopic and ‘mats’ as
macroscopic, many others understand it as a catch-all term (whose convenience is
matched by its ambiguity).

Transient Epibenthic Biofilm Characteristic of muddy habitats, epipelic (see
below) microbes often migrate to the sediment surface during periods of daylight
low tides and form visible patches (biofilms) on the sediment surface (Fig. 1.5). These
patches disappear just before the return of the tide, (although they probably leave
behind EPS and other microbes), hence the term “transient” (Consalvey et al. 2004).

Epibenthic Microbial Mat This EPS-rich mat develops within the first millimeters
of muddy to sandy sediments in the lower supratidal zone, just above the upper
intertidal zone. This zone can be quite large, given the low grade of the mudflat slope,
especially on macrotidal flats (Noffke 2010). The epibenthic microbial mat separates
the sediment from the water column when immerged, and from the atmosphere when
emerged. When subjected to currents, sediment biostabilization is up to 12 times
higher compared to that of equivalent barren sediment (Noffke and Krumbein 1999;
Noffke 2010); this property will be seen to be crucial to the formation and function of
geomorphological features on mudflats (Chap. 9). Epibenthic microbial mats form
over several months and are functionally and structurally different from transient
epibenthic biofilms, in that they are supratidal, anchored to the sediment, persist
between strong tides, and are of a thicker and more coherent structure. If never eroded
by strong storms, they can occur at the same location for many years (Noffke 2010).

Endobenthic Microbial Mat This type of mat develops in the upper few mm of the
more sandy [sensu Folk et al. (1970) ‘sandy mud’] sediment of the upper intertidal

Fig. 1.5 An empty cockle
shell (Cerastoderma edule),
deposited on the surface of
an intertidal mudflat (Dee
Estuary, UK) which has the
brown coloration of a
transient epibenthic biofilm
(Photo D.M. Paterson).
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zone, and contains comparatively much less EPS than does the epibenthic microbial
mat. Sediment biostabilization is about five times that of barren sediment (Noffke and
Krumbein 1999). These mats can form within several hours (Noffke 2010). Their
relation to the transient epibenthic biofilm is not yet clear; some of the same
organisms may colonize both structures. In contrast to the transient epibenthic
biofilm, the endobenthic microbial mat is not characterized by vertical migration.

Many mudflat ecologists do not indicate what type of biofilm or mat they report;
any pigmented, superficially-visible patch is often simply termed a ‘biofilm’.

Microphytobenthos (MBP) MBP designates the photosynthetic eukaryotic and
prokaryotic (mainly diatoms and cyanobacteria) microorganisms that grow within
and upon the upper several millimeters of the sediment bed. They are major
components of microbial mats and transient biofilms.

Epipelic The term ‘epipelic’ denotes any organism living on top or migrating
through the surface layers of muddy sediment, e.g. epipelic diatoms.

Endopsammic The term ‘endopsammic’ denotes any organism living within sandy
sediment.

The zones wherein may be found the epibenthic and endobenthic microbial mats,
as well as the transient epibenthic biofilms, are shown in Fig. 1.6.

Supratidal

Epibenthic microbial mat

Endobenthic microbial mat

Transient epibenthic biofilm

Possible ‘hybrid’ biofilm

Intertidal

Fig. 1.6 Profile of a mudflat at low tide, showing locations where different microbial mats and
biofilms develop. Original artwork, PG Beninger.
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5 Mudflats as Systems of Superposed Emergent Properties

As geologists themselves emphasize, mudflats are much more than just mud! In the
following chapters, we will see that, beginning with the lowest level of organization
(the physical, geological, and chemical), increasing levels of organization emerge
from this mud, along with increasingly intricate properties. Mudflats harbour prolific
unicellular assemblages which profoundly influence their physical, geological,
chemical, and biological features, including the redox reactions driving the system
energetics. Although we might expect the sedimentary mosaic of electrochemical
gradients to be conducive to the metazoan chemosymbioses which are so characteristic
of other mud-dominant marine habitats, such symbioses are found mainly among the
meiofauna, and are intriguingly rare in themacrofauna. In the upper sedimentary layers,
however, complex biofilms containing unicellular microphytobenthic organisms
assemble and set the stage for geomorphological and ecological self-organization,
which in turn largely determines the feeding and spatial distributions of both
endobenthic and epibenthic invertebrates. These spatially-organized organisms may
then influence vertebrate feeding distributions. All of these organisms harbour and
transmit parasites, an important yet often overlooked component of trophic webs on
mudflats. The combination of these living and nonliving features promote ecological
engineering and the provision of ecological services. Mudflat geological and biological
complexity affects the dynamics of colonization and invasion, as well as the multiple
interactions with migratory shorebirds, which export mudflat production over thou-
sands of kilometers. Spatially-organized living resources are exploited on mudflats
through fishing and aquaculture. These themes are set out and explored in the chapters
of the present work. Although certain study techniques are specific to each of these
dimensions of mudflat ecology, some quantitative techniques and approaches are
necessary and common to most of them; these are presented in the final chapter.

It is hoped that in bringing together the various disciplines which have been
applied to the study of mudflats for decades, the present volume will provide the
foundation for an integrated perspective of this important, yet understudied,
environment.

References

Cairns-Smith AG (1965) The origin of life and the nature of the primitive gene. J Theor Biol
10:53–88

Cairns-Smith AG, Hartman H (1986) Clay minerals and the origin of life. Cambridge University
Press, Cambridge

Consalvey M, Paterson DM, Underwood GJC (2004) The ups and downs of life in a benthic
biofilm: migration of benthic diatoms. Diatom Res 19:181–202

Crossland CJ, Baird D, Ducrotoy JP, Lindeboom H (2005) The coastal zone – a domain of global
interactions, Chap 1. In: Crossland CJ, Kremer HH, Lindeboom HJ, Marshall Crossland JI, Le
Tissier MDA (eds) Coastal fluxes in the anthropocene. Springer, Berlin, pp 1–38

8 P. G. Beninger and D. M. Paterson



Deppe F (1999) Intertidal mudflats worldwide. Common Wadden Sea Secretariat. http://www.
waddensea-secretariat.org/sites/default/files/downloads/mudflats-worldwide-2000.pdf, 99p

Gao S (2009) Geomorphology and sedimentology of tidal flats, Chap 10. In: Perillo GME,
Wolanski E, Cahoon DR, Brinson MM (eds) Coastal wetlands: an integrated ecosystem approach.
Elsevier, Amsterdam, pp 295–343

Flemming BW (2002) Geographic distribution of muddy coasts. In: Healy T, Wang Y, Healy JA
(eds) Muddy coasts of the world: processes, deposits, and function, Proceedings in marine
science, vol 4, pp 99–201

Folk RL, Andrews PB, Lewis DW (1970) Detrital sedimentary rock classification and nomenclature
for use in New Zealand. NZ J Geol Geophys 13:937–968

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ, Bradbury RH,
Cooke R, Erlandson J, Estes JA, Hughes TP, Kidwell S, Lange CB, Lenihan HS, Pandolfi JM,
Peterson CH, Steneck RS, Tegner MJ, Warner RR (2001) Historical overfishing and the recent
collapse of coastal ecosystems. Science 293:629–638

Krumbein WC, Pettijohn FJ (1938) Manual of sedimentary petrography. D. Appleton-Century,
New York

Noffke N (2010) Microbial mats in sandy deposits from the Archean Era to today. Springer,
Heidelberg, 193p

Noffke N, Christian D, Wacey D, Hazen RM (2013) Microbially induced sedimentary structures
recording a complex microbial ecosystem in the 3.5 Ga Dresser formation, Pilbara, Western
Australia. Astrobiology 13:1–22

Noffke N, Krumbein WE (1999) A quantitative approach to sedimentary surface structures
contoured by the interplay of microbial colonization and physical dynamics. Sedimentology
46:417–426

Ponnamperuma C, Shimoyama A, Friebele E (1982) Clay and the origin of life. Orig Life Evol
Biosph 12:9–40

Sami F, Tewari BB (2009) Interaction of amino acids with clay minerals and their relevance to
chemical evolution and the origins of life. Orig Life Evol Biosph 39:348–349

Simpson JA, Weiner ESC (1989) The Oxford English dictionary, vol X, 2nd edn. Oxford University
Press, Oxford, pp 52–59

Wentworth CK (1922) A scale of grade and class terms for clastic sediments. J Geol 30:377–392
Yang D, Peng S, Hartman MR, Gupton-Campolongo T, Rice EJ, Chang AK, Gu Z, Lu GQ (Max),

Luo D (2013) Enhanced transcription and translation in clay hydrogel and implications for early
life evolution. Sci Rep 3: https://doi.org/10.1038/srep03165

1 Introduction: Mudflat Basics 9

http://www.waddensea-secretariat.org/sites/default/files/downloads/mudflats-worldwide-2000.pdf
http://www.waddensea-secretariat.org/sites/default/files/downloads/mudflats-worldwide-2000.pdf
https://doi.org/10.1038/srep03165


Chapter 2
Geological, Physical and Chemical
Foundations

Jerónimo Pan, Paula D. Pratolongo, and Diana G. Cuadrado

Contents

1 Geological Foundations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.1 Mudflat Formation: Their Evolution in Geologic Time and Space . . . . . . . . . . . . . . . . . . . 12
1.2 Sediment Classification and Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.3 Sediment Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4 Geographical Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Physical Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1 Tidal Range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Wave Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3 Sediment Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 Chemical Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1 The Electrochemical Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2 Sources of Organic Matter and Biogeochemical Cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4 Interplay Between Sediments and Biological Processes in Mudflats . . . . . . . . . . . . . . . . . . . . . . . . 32
4.1 General Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2 Physical Environment-Driven Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3 Biota-Driven Interactions with the Physical Environment: Biostabilization . . . . . . . . . . 34

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

J. Pan (*)
Instituto de Geologia de Costas y del Cuaternario (IGCyC, UNMdP/CIC), Mar del Plata,
Argentina

Instituto de Investigaciones Marinas y Costeras (IIMyC, CONICET/UNMdP), Mar del Plata,
Argentina

P. D. Pratolongo
Instituto Argentino de Oceanografía (IADO, CONICET/UNS), Bahía Blanca, Argentina

Departamento de Biología, Bioquímica y Farmacia, Universidad Nacional del Sur (UNS), Bahía
Blanca, Argentina

D. G. Cuadrado
Instituto Argentino de Oceanografía (IADO, CONICET/UNS), Bahía Blanca, Argentina

Departamento de Geología, Universidad Nacional del Sur (UNS), Bahía Blanca, Argentina

© Springer Nature Switzerland AG 2018
P. G. Beninger (ed.), Mudflat Ecology, Aquatic Ecology Series 7,
https://doi.org/10.1007/978-3-319-99194-8_2

11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99194-8_2&domain=pdf


Abstract Modern tidal flats are coastal geomorphological features with a recent
geologic history (Holocene period, 10,000 YBP) that are found globally, under
different climatic, hydrodynamic and sedimentological regimes. They are primarily
characterized by fine-grained sedimentary deposits (silt and clay) that present unique
physical and chemical properties, in comparison to other sediment types. The input of
sediments to mudflats can be either riverine, from offshore, and/or from the erosion of
coastal sedimentary deposits. Tides and tidal currents are the dominant hydrody-
namic forces shaping mudflats, with wave action playing a secondary role. The
occurrence of intermittent or temporary flooding and the presence of variable redox
(oxidation-reduction) conditions are typical features of mudflat sediments. The
temporally and spatially variable changes from aerobic, oxidized states of mudflat
sediment and porewater to anaerobic, reduced states drive particular redox reactions
that govern the characteristic chemical processes and biogeochemical functioning
that distinguish mudflats from other coastal settings. Mudflat sediments are not inert;
the high surface area:volume ratio of fine-grained sediment particles offers a vast and
structurally-complex landscape for colonization by microbes that rely on surface-
adhesion processes. Photosynthetic microalgae belonging to several taxonomic
groups (collectively known as microphytobenthos MPB) are the dominant microor-
ganisms growing in association with sedimentary particles, and forming a biofilm
layer on top. In addition to physical forces, living benthic communities modify
sediment properties as part of their normal physiology (micro- and macro-biota)
and feeding, movement, and burrowing activity (meio- and macrofauna), especially
in relation to stabilization and destabilization processes. These may ultimately have
marked effects on sediment stability and geomorphology. The interplay between such
biological processes and sediments in mudflats is currently an active field of research.

1 Geological Foundations

1.1 Mudflat Formation: Their Evolution in Geologic Time
and Space

Modern mudflats, along with many other coastal geomorphological features, became
well established during the mid-Holocene, with the rate of sediment supply and
changes in sea level becoming the most important factors contributing to the
formation of mudflats. Geologically-stable coasts accumulate erosional sediments
on the continental margin, thus leading to the formation of sandy or muddy shores
(Bertness 1999). The formation of soft-sediment habitats and the long-term fate of
mudflats are dictated by the interplay of sediment supply and transport processes.

The Scientific Committee on Ocean Research (SCOR) established Working
Group 106 to assess the impacts of relative sea-level change on muddy coasts,
convening for the first time in China in 1995, and then in Germany in 1997. The
task required a better understanding of the physical and biological processes acting in
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the formation of muddy coasts, something that, in comparison to sandy coasts, was
poorly understood at the time. The Working Group first established a clear definition
of muddy coasts as “a sedimentary-morphodynamic type characterized primarily by
fine-grained sedimentary deposits—predominantly silts and clays—within a coastal
sedimentary environment. Such deposits tend to form rather flat surfaces, and are
often, but not exclusively, associated with broad tidal flats” (Wang and Healy 2002).
Mud is further defined as a mixture of mainly fine-grained clay- and silt-sized
sediments (and sometimes a minor sand fraction), organic matter and porewater.
Such deposits typically display cohesive properties derived from water tension and
the charged surfaces of clay minerals, enhanced by the chemical properties of the
organicmatter, that together dominate the overall rheological behavior of themudflat.
Mudflats also generally contain enough fine sediment that permeability is low and
prevents draining at low tide, keeping the deposits perpetually saturated even when
aerially exposed.

1.2 Sediment Classification and Characteristics

As mentioned previously (Chap. 1), the term “mud” or “fine grain” collectively
refers to inorganic sediment <62.5 μm [4 phi, in Folk’s (1968) sedimentological
classification], that comprise mineral material in the silt (62.5–3.9 μm) and clay
(3.9–0.5 μm) size-ranges. Clay minerals are ubiquitous components of marine
sediments, produced by chemical weathering of terrestrial rocks and the authigenic
reactions that occur in seawater. Clays are aluminosilicates (i.e. constituted primarily
by oxygen and hydroxyl-bound aluminum and silicon), with the most abundant
mineral forms being illite, kaolinite, smectite and chlorite. One feature shared by all
clay minerals is the tetrahedral (Si) and octahedral (Al) crystalline structure of their
base units that self-arrange in sheets or layers, so as to form a platy, or sheet-like,
structure (Grim 1968) (Fig. 2.1). Most clay minerals comprise double-sheets (com-
bined tetrahedral-octahedral-tetrahedral layers) that are bound together by various
cations (e.g. Na+, K+ Ca2+, Mg2+, etc.) that themselves can exist in differing states of
hydration or coordination. Differences in these cationic binding layers are what
largely distinguish the different clay minerals and their physicochemical behavior.
Weathering and varying environmental conditions can also drive the diagenetic
alteration of clays between the different clay-mineral types, and even the interme-
diate states such as the regularly occurring mixed-layer illite-smectite (Libes 1992).
The variability, alteration, and reactivity of clay minerals all exert a strong influence
on the chemical and physical behavior of mudflat settings.

Mud has different and significant properties in comparison to other sediments. In
addition to its cohesiveness, other important rheological properties include its
viscoelastic behavior that is defined by mud’s strain-dependent change between a
particle-supported solid and a highly viscous, non-Newtonian fluid (Metha 2002).
Furthermore, when mud is comprised of significant proportions of small clays
(<2 μm), electrochemical processes become important and particles bind together,
forming an adhesive floc. Due to their net negative surface charge, clay minerals
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adsorb cations and organic matter, which, upon settling, are carried to sedimentary
deposits (Libes 1992). The adsorption of compounds such as pollutants, pesticides
and heavy metals leads to the accumulation of these in sediments, which is partic-
ularly intense in some human-impacted coastal areas.

1.3 Sediment Supply

The supply of fine-grained sediments is one of the most important factors behind the
formation of mudflats. Sediment can be eroded or accumulated by a number of
physical processes, and muddy deposits persist where the provision of fine sediment
exceeds the rate of removal by hydrodynamic processes. The source of sediments
may either be riverine, from offshore, and/or the erosion of coastal sedimentary
deposits. A coastal sedimentary environment is subject to erosion, transport and
deposition processes due to coastal and estuarine mechanisms. High concentrations
of fine-grained suspended loads carried by rivers contribute to the formation of
muddy deposits at the river mouth and adjacent coast, such as the Amazon River
where the suspended sediment discharge influences the geomorphology and sediment
dynamics over a 1500 km-long stretch of coast along northeastern South America
(Lisboa Cohen et al. 2012; Anthony et al. 2013). Similar delivery and transport of
river-derived fine-grained sediments support the tide-dominated region in the Bengal
Delta formed by three great rivers (Ganges, Brahmaputra, and Meghna). Shifting of
the river mouths eastward over the late Holocene has diminished the direct supply of
river-borne sediment in the distal portions of the delta, but tidal processes and

Fig. 2.1 Schematic molecular structural units of clay minerals, and their arrangement into (a)
tetrahedral and (b) octahedral crystalline models.
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alongshore currents have continued to sustain the coast through onshore transport of
mud onto intertidal mangrove flats (Rogers and Goodbred 2014). Conversely,
changes in sediment supply can have important consequences in coastal geomor-
phology; for example, the sediment discharge from the YellowRiver in China formed
large mudflats until 1855, after which its course was shifted and the shoreline
retreated as a response to the reduced supply of particulate material (Gao and Zhu
1988) (Fig. 2.2).

Fig. 2.2 Coastal plain of Jiangsu province, eastern China (modified from Gao 2009). The historical
progradation of the shoreline from the New Stone Age (ca. 10,000 BC) to the present is shown.
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1.4 Geographical Distribution

Mudflats are found globally, under different climatic, hydrodynamic and sedimen-
tological regimes. A detailed distribution of fine cohesive sediment deposits around
the world was compiled in Flemming (2002) and mapped at a 1:100,000 scale. A
characteristic shared by all mudflats is the extremely low slope of the aggraded
terrain, producing a tidal intrusion of as much as several km, and often being backed
by low-lying saltmarsh or mangrove areas.

The Atlantic coast of North America is dominated in part by barrier islands
associated with sheltered muddy backbarrier lagoons and large estuaries such as
Chesapeake Bay, Delaware Bay, Long Island Sound, Narragansett Bay, and the Bay
of Fundy, ranging from micro- to macrotidal regimes (Fig. 2.3a). Muddy deposits are
present in sheltered embayments of many estuaries in northwestern Europe, includ-
ing the British Isles, France, and the Netherlands (Flemming 2002; Carling et al.
2009). In the Wadden Sea the mudflats are sheltered by a chain of barrier islands, and
the sediment source is mainly provided by the North Sea rather than river input
(Pejrup et al. 1997) (Fig. 2.3b). On the Chinese coast (Fig. 2.3c), the Yellow River
has the largest suspended sediment load in the world, forming extensive mudflats
(Wang 1983), with Jiangsu province having the widest and most concentrated
mudflats on Earth (Yao 2013; Zhang et al. 2016). A multi-decadal satellite-imagery
reconstruction of mudflat accretion in Jiangsu province not only documented the
seaward expansion of the coastline due to a combination of natural siltation and
human activities, but also the significant changes in coastal land-use that took place
over a ~20 year period (Yao 2013). As is typical of tropical regions, the Ganges-
Brahmaputra-Meghna Delta on the Bengal Basin harbors the Sundarbans (Fig. 2.3d),
the largest area of mangroves in the world, shared by India and Bangladesh (Wilson
and Goodbred 2015). In the macrotidal coast of northern and northwestern Australia,
large tidal flows entrain considerable volumes of mud which are carried in suspen-
sion to sediment-retaining mangroves (Wolanski 2006).

Methodological Approaches for Sediment Grain-Size Analysis
Traditionally, the methods for estimating the distribution of sediment grain sizes
from a sample were sieve analysis and sedimentation analysis. The first method
used different sieves on samples composed of particles with intermediate
diameters (63 μm to 16 mm; i.e. fine sand to fine gravel) in order to separate
them, based on their size (Ingram 1971) (Fig. 2.4a, b). Sedimentation analysis
was based on Stoke’s law of settling velocities (Galehouse 1971), and has been
widely used for samples with particles in the 0.5–50 μm diameter range (i.e. clay
and silt). The so-called “pipette” analysis, the most widely used of sedimentation
techniques, basically consists of letting sedimentary particles with differential
settling velocities settle in a graduated cylinder, and then sampling the different
fractions with pipettes at specific settling times (known for each fraction in a

(continued)
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suspension medium) (Fig. 2.4c). These sub-samples then are resuspended into
graduated cylinders with a liquid medium of known density, and the pipetting
process is reiterated. Thus, the different sediment fractions are separated by the
sequential time-specific pipetting and resuspension; the proportions of the
different size-fractions are then estimated by weighing. Although these tradi-
tional techniques require a considerable amount of time and effort, the training is
relatively simple and the specific laboratory equipment is inexpensive.

Since the 1970s, a variety of automated devices based on the principle of
measuring the angular distribution of forward-scattered light have been devel-
oped and popularized for the estimation of particle grain-size distributions. In
the UK, Malvern Instruments developed one such automated particle-counter
based on the principle that particles of a given size diffract light through a
given angle, the angle increasing with decreasing size (McCave et al. 1986)
(Fig. 2.4d). A narrow beam of monochromatic light from a laser is passed
through a suspension and the diffracted light is focused onto a detector that
senses the angular distribution of scattered light energy. Particles in suspen-
sion are made to pass through a laminar flow. Laser-diffraction-size analysis
not only gives particle counts, but also size distributions with more accurate,
efficient, and reproducible results than the traditional pipette and sieve ana-
lyses, especially for the clay fraction (Konert and Vandenberghe 1997), which
represents the major advantage of this method. Besides laser diffraction, there
are other technical approaches to automated particle counting that, analo-
gously to the sedimentation analysis, start from a suspension of particles and
measure the absorption of either X-radiation by settling particles (e.g. the
X-ray sedigraph—Micromeritics Instrument Corporation, USA); or changes
in the electrical resistance caused by particles passing through a microchannel
(e.g. the Coulter counter—Beckman Coulter Inc., USA). Given that automated
counters yield a tremendous amount of data from a single sample, versatile and
user-friendly computer programs capable of processing this information and
providing graphical outputs are routinely used, such as Gradistat (Blott and
Pye 2001). Automated particle-counting techniques require a certain level of
specific training, and familiarity of the operator with the equipment and the
principles behind it.
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Fig. 2.3 Examples of world coastlines where significant continental sediment input has created
extensive mudflats (modified from Flemming 2002). (a) Atlantic coast of North America dominated
in part by barrier islands associated with sheltered muddy coasts, and large estuaries. (b) Mudflats
are formed on sheltered embayments across many northwestern European estuaries. (c) The Yellow
River has the largest suspended sediment load, creating the widest mudflats on Earth in Jiangsu
province (China). (d) The Ganges-Brahmaputra-Meghna Delta on the Bengal Basin harbors the
Sundarbans mudflats.
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2 Physical Processes

2.1 Tidal Range

Studies by Kirby (1992, 2000) and Dyer (1998), attempted to gain an empirical
understanding of the external forces shaping mudflat morphology; until then, the
study of mudflats had been overlooked in comparison to sandy beaches. Various field
programs have been carried out since, such as the INTRMUDProject (Morphological
Development of Intertidal Mudflats), which studied the physical, biological and
morphological characteristics of individual mudflats across 18 northwest European

Fig. 2.4 Equipment for the estimation of sediment grain-size distributions. (a) Sieves of different
mesh sizes are routinely used in the sieving method. (b) Stacked sieves and vibrating siever. (c) Fine
sediment fraction resuspended in distilled water at room temperature, and settling in graduated
cylinders, as used in pipette analysis. (d) An automated particle-size counter (Malvern Mastersizer
2000), which measures particle size distributions based on laser diffraction.
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estuaries (see Continental Shelf Research Special Volume 20, 2000). This compre-
hensive study helped identify the variables that exert the largest influence in mudflat
development and evolution. Dyer et al. (2000) classified parameters from indepen-
dent variables, which is a challenge for those working in mudflats, since many
variables are interdependent. They identified tidal range, exposure to waves and
slope as the most important external driving variables (Fig. 2.5). Wave exposure
was a resultant of the relationship between the orientation of the flat relative to the
prevailing wind and maximum fetch, and the slope was calculated as the mean tidal
range/mean flat width. The effect of the slope depends on the tidal range and width of
the mudflat, considering 1:750 as a boundary between flat and steep mudflats.

On the other hand, Flemming (2012; Fig. 2.6) updated the original scheme
proposed by Hayes (1979) of global distribution of tidal shores based on tidal range,
as microtidal <1.0 m; lower mesotidal 1.0–2.0 m; upper mesotidal 2.0–3.5 m; lower
macrotidal 3.5–5.0 m; and upper macrotidal>5.0 m; and the areas where back-barrier
tidal mudflats are developed. As there is a positive correlation between intertidal
mudflat extent and tidal range (Wang and Healy 2002), in microtidal areas, mudflats
may form in sheltered embayments where wave action is of secondary importance in
comparison to tidal currents. In high-energy, tidally-dominated settings, the deposition
of fine-grained sediments onto mudflats can occur in a well-mixed estuary with low
river discharge and strong tidal currents, where shoreline erosion and seabed erosion or
resuspension provide muddy sediments to form mudflats (Shchepetkina et al. 2016).
Archer (2013) gives other examples of mudflats in hypertidal coastal settings in North-
and South America, and Europe.

INTRMUD project
database

for 18 mudflats
> 6 m
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Lynher
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Fig. 2.5 Classification scheme for 18 North-west European mudflats, based on tidal range, wave
exposure, mudflat slope [LS: low slope (<0.04); SS: steep slope (>0.04); VSS: very steep slope
(~0.16)], and density of dry sediments (kg m�3); examples of systems upon which the classification
was constructed are included (modified from Dyer et al. 2000).
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The suspended river load can be alternately deposited and entrained on each tidal
cycle. Deloffre et al. (2006) studied physical benthic-pelagic coupling and sedimen-
tation processes on tidal flats along the Seine, a macrotidal estuary in France. A long-
term (22 months) study of high frequency (1 measurement ∙ 10 min�1) and high
resolution (0.6 mm) altimeter data, showed that during the largest spring tides (tidal
range >7.1 m), sedimentation on the mudflat was predominantly controlled by
vertical transfer of fine particles (<63 μm) from the turbidity maximum to the bed.
Deposition of suspended particulate matter during high tide was favored by low
current velocities at the mudflat bed (<0.4 m s�1). Conversely, during periods of
wave activity and periods of increased river discharge, the mudflat surface experi-
enced erosion, also characterized by a vertical transfer of fine-grained material, from
the mudflat bed back into the turbidity maximum. On average, 25–40% of the
maximum mass of suspended particulate matter held within the turbidity maximum
is temporarily deposited on the mudflat.

Wolanski et al. (1988) developed a model to explain the lutocline that separates a
clear upper layer from an extremely turbid bottom layer during ebb tide in the South
Alligator River (Northern Territory, Australia). In this model, sediment is entrained
from the bottom and mixed vertically upward by eddy diffusion, but sediment-
induced buoyancy effects inhibit vertical mixing, thus forming the two layers of
comparable thickness.

The interface at which fresh- and saltwater enter into contact, such as the heads of
estuaries, experiences significant changes in water biogeochemistry, over short
horizontal scales, due to the high ionic strength of seawater (Libes 1992). In such
areas, flocculation of suspended particles and dissolved organic matter (DOM) and
colloids may represent a significant input of both inorganic and organic particles,

Fig. 2.6 Global tidal range distribution pattern (colors) and coastal barriers backed by mudflats or
lagoons (black dots; modified from Flemming 2012).
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from the water column to bottom sediments. Although organic compounds consti-
tute a relatively small reservoir in the ocean, they play a central role in marine
biogeochemical cycles; except for humic acids, all of these naturally-occurring
compounds are synthesized by marine organisms (Libes 1992). Flocs are formed
by a combination of two groups of processes, those bringing particles together, and
those keeping them together. The first group is related to the flow conditions in the
water, the coagulation of bacteria and plankton onto surfaces and each other (Libes
1992), and to organisms that clog particles into faeces or pseudofaeces or otherwise
bind them in mucus. The second is related to the formation of sticky organic matter
by a variety of organisms (phytoplankton, bacteria; Eisma 1986) to produce
bioflocculation (Manning et al. 2010). Verney et al. (2009) presented experimental
evidence that flocculation is mainly influenced by the constituents of suspended
sediments and on the content and concentration of particulate organic matter (POM)
rather than salinity changes. These authors found that diatom blooms in estuaries
strongly enhanced flocculation speed and, to a lesser extent, efficiency.

Two main types of flocs have been described; microflocs with a diameter up to
125 μm, and macroflocs with a maximum size of 3–4 mm (Eisma 1986). The
microflocs, together with single mineral particles, are the basic building units of
macroflocs. Macroflocs are fragile, and formed in the water under conditions of
viscous flow. Some flocs remain suspended in seawater, whereas others continue to
aggregate until they become dense enough to sink, adsorbing metals during their
transit through the water column (Libes 1992).Wells and Shanks (1987) studied flocs
(therein termed “marine snow”) in a shallow coastal environment, and concluded that
it is geologically significant due to its high settling rates (in the order of 50 to 200 m
per day), and responsible for much of the vertical mass flux to coastal and estuarine
fluid mud deposits. Flocs may thus represent a significant input of small sediment
particles, organic matter andmetals, from the water column to the sediments. The rate
of vertical floc transport and incorporation into sediments depends upon several
factors. The basic problem in floc settling relates to the variable degree of flocculation
that makes settling velocity, size and density non-constant (Manning et al. 2010); the
variation in settling velocity is the result of turbulence-induced aggregation and floc
breakup processes (Winterwerp 2002).

In the Severn estuary in the UK, a secondary consequence of flocculation is the
formation of mud : sand mixtures in turbid suspensions (Manning et al. 2010). The
Severn Estuary contains both muddy and sandy sediments and they are often
considered individually. However, mud and sand in estuaries can be deposited either
as alternating layers or mixtures; the interaction of mud: sand mixtures can signif-
icantly affect the deposition, erodibility and transport characteristics within an
estuarine system, far beyond their individual behaviors.
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2.2 Wave Action

With the exception of those mudflats sheltered within estuarine environments, most
mudflats are influenced by the action of waves that can mobilize and transport
sediments, most significantly during storms (Le Hir et al. 2000).

Under normal conditions, the waves that arrive on the mudflat are attenuated by bed
friction, and non-breaking waves lose 93–96% of their energy across shallow mudflat
environments (Komar 1998). Regardless of the energy dissipation, wind waves in
shallow water can resuspend fine sediment and transport it shoreward by tidal action.
While sand particles settle at faster rates and travel shorter distances, muds are often
maintained in suspension much longer and thus travel longer distances. Pereira et al.
(2011) studied the episodic attenuation of the surface wave spectra due to the presence
of fluid muds along the fine-grained sandy beach of Cassino (Brazil), and were able to
describe how fluid mud overlays the sandy bottom episodically. On the other hand,
during exceptional events such as storms, the wave disruption can produce a net
difference in mud and sand transport. For instance, for the Louisiana coast, Draut et al.
(2005) found that under certain conditions (i.e. abundant supply of fine-grained fluvial
sediment and wave-induced resuspension that maintains an unconsolidated sea floor;
dominant onshore wind direction during energetic conditions; and low tidal range),
mudflat accretion can occur during energetic atmospheric activity episodes. Yang et al.
(2015) developed an integrated model for the simulation of cohesive sediment trans-
port during storm events where winds, currents, and waves play an important role in
wave-induced shear stress.

The shear rate created by wave loading over a mud layer is highly phase-
dependent (in turn, this is explained by the rheological properties of mud); thus a
mud layer produces wave attenuation (Hsu et al. 2013b). Applying this principle to
the field, it has been shown for the South American coast between the Amazon and
the Orinoco river mouths that the interaction of muddy banks with waves results in
complex and fluctuating shorelines (Anthony et al. 2010). Bank zones are protected
from offshore wave attack as a result of wave-energy dampening by a fluidized mud
layer that absorbs wave energy, and as a consequence, significant (albeit temporary)
coastal accretion accompanied by rapid mangrove colonization is possible.

Wells (1983) compared intertidal and subtidal fluid muds in low-, moderate-, and
high-tide-range environments, and found similarities in process-response behavior
despite the wide range in tidal energy. The main findings in this study were the
extreme wave attenuation produced by mudflats, and the rapid migration of soft
muds.Muds aremade “soft” by awave-mediated process of fluidization. Small waves
play a significant part in mud fluidization (Wells 1983), but tidal mixing may also be
important in some estuaries [as discussed in the previous section, regarding the
Wolanski et al. (1988) study].
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2.3 Sediment Transport

The process of sediment transport comprises three stages, erosion (i.e. initiation of
sediment motion), transport and deposition. While the non-cohesive sediment is
transported as bedload (i.e. rolling or sliding along the sediment bed), the fine
cohesive sediments and sand-sized particles are transported mainly as a suspended
load (i.e. sediment uplifted in the water column by the flow), and are deposited under
calm conditions during slack tides (i.e. net tide velocity ¼ 0 m s�1). A detailed
explanation of sediment transport principles can be found in Wang (2012).

The greatest amount of sediment transport takes place in the intertidal zone,
where the level of the water coincides with the stronger tides in the middle of the
tidal cycle. Mudflat accretion occurs due to an onshore transport of fine material. As
previously mentioned, this sediment is transported largely in suspension, and a lag
effect is associated with the time required for the suspended sediment to adjust to
changes in fluid velocity (Pritchard and Hogg 2003). This “scour lag” is based on the
model proposed by Postma (1961) to explain the accumulation of fine sediment
landward, where a hydrodynamic asymmetry is present, and takes into consideration
the slow settling velocity of fine sediments. Basically, this model considers the lag
that a suspended particle takes to be deposited (after the current velocity is below the
threshold velocity for deposition) while it is carried landward by the flood tide for
some distance (Fig. 2.7). Then, the particle is re-entrained when the threshold ebb
tide velocity is reached. The mechanism is accentuated if the threshold velocity for
the erosion of sediment is higher than the threshold velocity for deposition. Recent
contributions on this topic have attempted to quantify the relative importance of mud
properties and hydrodynamics (Roberts et al. 2000; Pritchard 2005; Chernetsky et al.
2010; Hsu et al. 2013a; van Maren and Winterwerp 2013).

Fig. 2.7 Postma (1961) schematic diagram for net landward particle transport (modified by Carter
2013). A particle at point 1 is entrained into suspension and remains in suspension as long as it is
over the threshold entrainment velocity. Thereafter it settles resting in point 2 after a flood settling
lag. The particle then becomes re-entrained on the ebb tide settling out at point 3 after an ebb settling
lag. The distance between point 1 and 3 represents the net landward movement over a tidal cycle.
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While fine sediments are primarily deposited during slack (high and low) tides,
coarse sediment particles (typically sand) can be deposited during ebb and flood
tides or during strong storm events. This mechanism results in a lamination which is
a diagnostic feature of tidal influence in the geologic record. This lamination may be
promoted and maintained by biostabilization (see also Chaps. 3, 4, 5, 8, and 10). The
resulting alternation of sand and mud forms the tidal bedding, i.e. a sequence of
sediments produced by the above-mentioned cyclic conditions (Davies 2012).

The net sediment budget is often reflected in mudflat morphology by the occur-
rence of erosion or deposition patterns that generate either a convex-upward shape of
the shore profile (indicating a stable state), or a concave-upward profile associated
with wave action that causes erosion and a coarsening of the underlying sediment
(Metha 2002). In the case of a concave profile, the maximum slope is often located
towards the upper mudflat and frequently a small ridge occurs (Fig. 2.8a), as a
consequence of wave erosion at high tide during storm episodes, in conjunction
with the formation of a saltmarsh (Kirby 2000). Deposition rates on tidal flats are
greatest for concave profiles (van Maren and Winterwerp 2013). In contrast, in a
convex upward profile, the maximum slope is closer to the low water level and
sediment transport is dominated by tidal currents (Fig. 2.8b). The convex curvature
in an accreting bed profile attenuates wave-induced shear stress. Often, mudflats may
evidence erosion and deposition throughout their extension, and both types of profiles
can be observed simultaneously on different parts of the flat (Wang 1983), such as in
the inner zone of the Bahía Blanca Estuary (Argentina) depicted in Fig. 2.8.

Accretion-dominated muddy coasts occur when sediment supply exceeds the rate
of erosion and the destabilizing forces are smaller than sediment-stabilizing hydrau-
lic forcing (Kirby 2002). However, an exception to this has been described for the
Louisiana coast (USA—Draut et al. 2005), also discussed in the previous section. An
anomalous case of mudflat accretion was detected in the study of a 17-year meteo-
rological record; while the area experiences widespread land loss due to rapid
relative sea-level rise, the abundant supply of fine-grained fluvial sediment com-
bined with a dominant onshore wind direction during energetic atmospheric activity
(i.e. winter cold fronts and tropical-depression storms) produce mudflat accretion
with a low tidal range in this system.

Given the multiple and shifting processes that govern sediment transport in
mudflats, the evolution of modern mudflats can sometimes be difficult to reconstruct,
although there exist good methodological approaches, such as the study of the record
of sea-level fluctuations left in transgressive deposition and regressive events. Chang
et al. (2006) studied sediment cores from the East Frisian Wadden Sea (Germany),
and interpreted sea regressions through indicators such as the presence of peat; in
this way, they were able to reconstruct the evolution of what originated as a back-
barrier tidal basin.
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3 Chemical Processes

3.1 The Electrochemical Environment

The occurrence of intermittent or temporary flooding and the presence of anoxic
conditions are typical features of mudflat sediments. The change from an aerobic and
oxidized state to an anaerobic and reduced state generates particular redox reactions

Fig. 2.8 Evidence of erosion and deposition throughout the extension of a mudflat; inner zone of the
Bahía Blanca Estuary. (a) A convex-upward shape profile can be discerned at ebb tide. A narrow
tidal channel (with water) and creeks incise themudflat, while the upper mudflats favor the settling of
cordgrass (note different coloration) forming a salt marsh interspersed among unvegetated mudflats.
The city of Bahía Blanca can be seen in the background. (b) Small ridge (~1 m-high) in the upper
mudflat formed by wave erosion during storm events caused when strong winds (in coincidence with
wave fetch or blowing at a small angle with the coast) accumulate seawater in the inner estuary.
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that govern many of the chemical processes occurring in mudflats, and controls, to a
large degree, their biological functions (Mitsch and Gosselink 2000; see also
Chaps. 3 and 7).

Redox reactions transfer electrons among atoms and many of these reactions in
mudflats are based on organic decomposition. The loss of electrons from an atom is
known as oxidation, while the gain of electrons by an atom is called reduction. Each
complete redox reaction contains an oxidation and a reduction component called
half-reactions. One important result of the oxidation and reduction processes is the
frequent phase changes of the atoms in the sediment, such as causing solid minerals
to dissolve and re-precipitate or dissolved ions to become gases. The basic oxidation
half-reactions in mudflats are promoted by the chemical products of microorganism
respiration. Oxidation occurs when organic tissues are decomposed by heterotrophic
microorganisms, mainly bacteria. When tissues are oxidized, the released electrons
are used in reducing reactions (Vepraskas and Faulkner 2001). The special case of
organic decomposition will be considered in detail in Sect. 3.2.

The substances reduced in redox reactions are called electron acceptors, and
oxygen is the primary electron acceptor in aerobic sediments. However, when oxygen
is not present, anaerobic bacteria use alternative electron acceptors to continue their
respiration. These alternative electron acceptors are used in a thermodynamically
determined order or “thermodynamic sorting” (Richards 1965). In order of favorabil-
ity, nitrate is utilized first, followed by manganese, iron, sulfate, and finally CO2. It
should be noted that different microbial species reduce each of the electron acceptors
in a sequence known as a redox cascade. If nitrate, sulfate, and organic matter are
present in anoxic sediments, a group of specialized bacteria (denitrifiers) will reduce
all the available nitrate, and then sulfate reducers begin sulfate reduction (Fenchel and
Jørgensen 1977; Reddy and DeLaune 2008).

On mudflats, the tidal regime results in alternating flooding and drying events,
which have a determinant influence on the biogeochemical functioning of mudflats,
leading to a highly variable temporal dynamics in the redox status of sediments.
Extensive anoxic areas commonly develop below the surface because of reduced
oxygen availability. The transition from predominantly oxidizing to reducing condi-
tions is commonly termed the redox potential discontinuity (RPD) layer (Fenchel and
Riedl 1970; Sturdivant et al. 2012). Under anoxic conditions, ferric iron and sulfate
are reduced by microbial activity and the accumulation of reduced compounds pro-
duces a grey/green or black layer below the surface (Bloomfield 1952; Valdemarsen
et al. 2009) that can be easily differentiated from the oxygenated orange-brown layer
above it. This transition is often used as a relative measure of oxygen penetration into
the sediment (e.g. Sundby et al. 1986; Moodley et al. 1998; Diaz and Trefry 2006).
The depth of the RPD can vary extensively in time and space and is influenced by
physical and biological factors like temperature, sediment particle size, hydrody-
namic conditions, organic content, bacterial activity, and the presence of burrowing
animals. Finer sediment particles and higher organic content, subject to warm
conditions, promote microbial activity and proliferation. In such conditions, there is
an increased anaerobic degradation, and the anoxic zone may extend almost to the
sediment surface. Faunal irrigation and bioturbation, on the other hand, allow
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oxygenated water to penetrate deeper into the sediment, creating a three-dimensional
mosaic of redox conditions (Kristensen 2000; Solan and Kennedy 2002; Hunting and
Kampfraath 2013).

3.2 Sources of Organic Matter and Biogeochemical Cycles

The fixation of atmospheric carbon through photosynthesis is the major source of
carbon to most terrestrial and aquatic ecosystems, and light penetration is sufficient in
intertidal mudflats to allow photosynthesis and net primary production of organic
carbon by benthic microalgae belonging to several taxonomic groups, and collectively
known as microphytobenthos (MPB; MacIntyre et al. 1996). However, most of the
organic matter in mudflats comes from allochthonous sources, through sedimentation
from the water column (Mann 2009). Depending on the environmental parameters,
different sources of organic matter may be dominant, e.g. sedimentation of phyto-
plankton, continental inputs from rivers, detritus of salt marsh macrophytes, or POM
transported by tides. Invertebrate deposit feeders play a significant role in the
processing of the organic matter settling on the mudflat surface. In the process of
bioturbation, deposit feeders such as polychaete worms, crabs, and mollusks can mix
sediments to a depth of several centimeters, burying organic matter below the upper
well-aerated layer, into the deeper anaerobic sediments (Rosenberg et al. 2008; see
also Chaps. 5, 6, and 10).

From an ecosystem perspective, a major function of mudflats is the regeneration of
nutrients through the complete decomposition of organic matter from different
sources (Sundbäck et al. 2003) into soluble forms of nitrogen, phosphorous and
carbon. In the aerobic layer, organic matter is rapidly colonized by aerobic bacteria,
and the end products of aerobic decomposition are CO2 and inorganic nutrients like
ammonium and phosphate, which are released back to the water column. Degradation
of organically combined nitrogen involves two important biological transformations:
ammonification (Fig. 2.9b), that oxidizes organic nitrogen to ammonium under either
aerobic or anaerobic conditions; and nitrification, which transforms ammonium to
nitrate under aerobic conditions (ZoBell and Feltham 1942; Owens et al. 1979; Reddy
and DeLaune 2008). Nitrification is a two-step oxidation reaction that involves two
different groups of bacteria: first the oxidation of ammonium to nitrite, and second the
oxidation of nitrite to nitrate (Fig. 2.9c).

In anaerobic conditions, different groups of bacteria use alternative electron accep-
tors to decompose organic matter and generate energy. The most important groups are
fermenters, nitrate reducers, sulfate reducers, and methanogens. In fermentation,
water-soluble substances are degraded to low-molecular-weight organic compounds
like lactate, acetate, propionate, or alcohol. Fermenting bacteria are mostly obligate
anaerobes, and can derive a relatively small amount of energy through partial oxida-
tion of organic substrates using specific organic compounds present in the bacterial
cell as electron acceptors (Molongoski and Klug 1976).
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Nitrate reducers are the microbial group involved in N cycling. Denitrification and
dissimilatory nitrate reduction to ammonia (DNRA; Fig. 2.9d) are two very important
processes of microbially-facilitated nitrate reduction that occur under low oxygen
concentrations (Tiedje et al. 1982). Denitrifiers are mainly facultative aerobic bacteria
that oxidize organic compounds, including the end products of fermentation, by
reducing nitrate to gaseous N2. This reaction occurs under moderately reduced
conditions, in the absence of oxygen (Ljungdahl and Eriksson 1985). On mudflats,
the coupling of aerobic and anaerobic processes is enhanced (as shown in Fig. 2.9),
and much of the nitrate formed during nitrification under aerobic conditions is rapidly
consumed by denitrifiers in adjacent anaerobic micro-environments.

Dissimilatory reduction of nitrate to ammonia is performed by obligate and
facultative anaerobes (Tiedje 1988). While denitrification removes N2 from the
system as a gaseous product, thereby reducing the potential for eutrophication,
DNRA recycles nitrate into ammonium, retaining nitrogen within the mudflat. Inter-
tidal sediments are hotspots of DNRA, and recent studies suggest that tidal pumping
may sustain this nitrate-reducing pathway (Zheng et al. 2016).

Nitrogen reduction under anoxic conditions can also occur through anaerobic
ammonium oxidation (anammox), a process that was not identified until 1995
(Mulder et al. 1995). In the presence of nitrite, the anammox process also produces
N2, by using nitrite as an electron acceptor to oxidize ammonium (Keunen 2008).
Anammox makes a great contribution to N2 formation in the continental shelf
(Thamdrup and Dalsgaard 2002). In intertidal environments, a coupling between

Fig. 2.9 Schematic representation of the biogeochemical nitrogen cycle. Relevant processes:
(A) remineralization; (B) ammonification; (C) nitrification; (D) DNRA (dissimilatory nitrate reduction
to ammonia); (E) nitrogen fixation; (F) assimilatory nitrogen reduction; (G) assimilation of DON.
DON dissolved organic nitrogen, PON particulate organic nitrogen (modified from Libes 1992).
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nitrification and anammox has been proposed; similarly to nitrification-denitrification
coupling, anammox would be enhanced by high rates of nitrification in aerobic zones
and accumulation of nitrate, which can diffuse into anaerobic zones. If denitrification
is nitrate-saturated, some of the formed nitrite may support the anammox process
(Dalsgaard et al. 2005). Intertidal sediments with an aerobic-anaerobic interface and
redox oscillations provide an interesting system for the estimation of anammox rates,
and for the evaluation of a possible coupling between nitrification and denitrification,
as well as with anammox (Oliveira Fernandes et al. 2016).

Sulfate-reducing bacteria are obligate anaerobes that reduce the terminal electron
acceptor sulfate to sulfides during the degradation of organic compounds (Muyzer
and Stams 2008). Sulfur cycling largely regulates many microbial communities and
redox reactions, and sulfate reducers have been extensively studied in mudflats and
salt marshes. Thermodynamically, sulfate is a much less favorable electron acceptor
than nitrate, manganese and iron oxides, but sulfates are widely available in the
marine environment. Sulfur cycling processes are similar to those of nitrogen. In
dissimilative sulfate reductions, obligate anaerobes reduce sulfate to sulfide to obtain
energy. In assimilative sulfate reduction, sulfate is reduced to organic sulfhydryl
groups by organisms that assimilate sulfate and sulfide for the synthesis of cellular
constituents. In desulfuration, organic-bound sulfur is desulfurated, producing hydro-
gen sulfide gas. Hydrogen sulfide can be oxidized to elemental sulfur by sulfide
oxidation, a process carried out by photosynthetic green and purple bacteria and some
chemolithotrophs. Sulfur oxidizers produce sulfate by oxidizing sulfur, and elemental
sulfur may be reduced to hydrogen sulfide through dissimilatory sulfur reduction
(Reddy and DeLaune 2008).

In aerobic environments, most of the energy trapped in organic matter is released
during decay. In anaerobic decomposition, on the contrary, a comparatively low
amount of energy is released, and most of the remaining energy is conserved in high-
energy reduced sulfur compounds such as soluble sulfides, iron monosulfides, pyrite,
elemental sulfur, thiosulfate, and polythionite. When these reduced inorganic com-
pounds are subsequently reoxidized, the energy is released. Thus, sulfur is a key
element in the recycling of the energy in anaerobic environments, and accounts for a
significant portion of the total respiration in intertidal sediments (Hansen 1994).

Dimethylsulfoniopropionate (DMSP) is a sulfur compound produced in great
amounts by certain species of marine algae through osmoregulation. When released
into the marine environment as dissolved DMSP, it is readily degraded to
dimethylsulfide (DMS) by chemoheterotrophic bacteria, serving as a link between
primary production and microbial food webs (Kiene 1990). The biogeochemical
significance of these compounds was first suggested in 1972, when global DMS
emissions from coastal waters and mudflats were found to be significant, and
considered a key step in the global sulfur cycle (Lovelock et al. 1972).

Methanogenesis is the dominant process in organic matter degradation in anaer-
obic sediments with low levels of sulfate. The organisms capable of producing
methane (Archaea) use carbon as the terminal electron acceptor in respiration
(Figure 2.10c evidences methanogens in mudflat sediments). There is competition
for electron donors between methanogens and sulfate reducers, and sulfate reduction
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results in the liberation of more energy than methanogenesis. Therefore, in the
anaerobic layer of mudflats and salt marshes, sulfate reduction is considered the
most important process in organic matter remineralization (Llobet-Brossa et al.
2002), and methanogenesis becomes the dominant oxidation process when sulfate
is depleted.

Fig. 2.10 Biologically-colonized surface sediments in mudflats of the Bahía Blanca Estuary. (a)
Diatom-containing biofilms confer a characteristic golden-brown coloration; note interspersed
microbial-mat chips. (b) Torn microbial mats covering muddy sediments, evidencing physical
deformation as a product of wave shear stress; some of them have been flipped-over by wave
action. (c) Gas domes (putatively, methane), indicative of microbial metabolic activity in underly-
ing sediments. (d) A collapsed gas dome; there are also numerous gas bubbles trapped under the
microbial mat. (e) Bird footprint preservation in biostabilized muddy sediments due to the presence
of microbial mats. Field scales ¼ 10.0 cm; except tube in (e) ¼ 11.5 cm.
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Biogeochemical cycles in marine sediments have been mostly studied in surface
sediments, but processes occurring in deeper layers are gaining increasing attention.
The sulfate-methane transition zone, commonly located at depths from 1 to 100’s of
meters below the sediment surface, is the region where sulfate is almost depleted and
methane concentration starts to increase dramatically (Komada et al. 2016). The
anaerobic oxidation of methane is a microbial process which may be coupled to
sulfate reduction. In the sulfate-methane transition zone the maximum anaerobic
methane oxidation rates coincide with local maximum rates of sulfate reduction,
suggesting that anaerobic methane oxidation could be a process that effectively
controls emissions of methane from many anaerobic environments into the atmo-
sphere (Thomsen et al. 2001).

4 Interplay Between Sediments and Biological Processes
in Mudflats

4.1 General Concepts

Based on an increasing body of publications and scientific meetings, the decades
since the 1960s have witnessed a shift from the prevalent paradigm that physical
processes alone are sufficient to interpret sedimentary dynamics, to a renewed
interest in the chemical-biological processes affecting the physical behavior of
cohesive sediments. It has been highlighted that sedimentology and biology interact
in a complex manner with the hydrodynamic regime on temporal and spatial scales
(de Brouwer et al. 2000).

Simply put, and as previously stated, sediments are not inert. It is estimated that
shallow, marine, well-illuminated sediments have not been inert for at least 3.4 Ga! In
fact, the oldest known fossils of any life form, correspond to filamentous cyanobacteria
colonizing coastal sediments in the form of biofilms and microbial mats (Tice and
Lowe 2004; Noffke et al. 2013a). Their modern counterparts are photosynthetic,
stratified consortia of Bacteria, Archaea and eukaryonts present at sediment-water
interfaces in shallow and intertidal marine sediments (Des Marais 2003).

The sedimentary habitat, with its high surface area:volume ratio of fine-grained
sediment and organic matter, offers a vast and structurally-complex landscape for
colonization by microbes that rely largely on surface-adhesion processes. Particu-
larly, this is enhanced by the laminated structure of clays and the small size of mud
particles. The majority of biofilm-producing microbes present a two-dimensional
growth mode, in the sense that populations require surfaces to which to adhere, and
later develop into biofilms (Stoodley 2016).

The microscopic unicellular eukaryotic algae and cyanobacteria that grow within
the upper several millimeters of illuminated sediments in association with sedimen-
tary particles are collectively termed epipelic microphytobenthos (MPB—Vos and
de Wolf 1993; MacIntyre et al. 1996). Sediment grain size can determine the type of
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dominant MPB community that becomes established in a sediment patch; for
instance, sediments with very fine silt and mud with adsorbed nutrients are colonized
by diatoms (Stal 2010), readily seen as a golden-brown biofilm on the surface of
sediments (Paterson and Black 1999; Fig. 2.10a). On the other hand, cyanobacteria
prefer fine sandy sediment substrates (Noffke 1998; Watermann et al. 1999). Fila-
mentous cyanobacteria and diatoms dominate most present-day mudflat microbial
biomass. While the fossil record of the former dates back to the Archaean Era,
diatoms date back to the Jurassic Period (185 MA); thus, it is reasonable to assume
that muddy sediments have not always had the same biological associations and
physical properties throughout Earth’s history.

4.2 Physical Environment-Driven Interactions

MPB biofilms require calm conditions and several hours of atmospheric exposure
per day in order to develop; yet, once established, they can withstand high-energy,
dynamic environments (Cuadrado et al. 2013; see Chap. 8). The distribution and
abundance patterns of biofilms are not spatially-uniform throughout a mudflat, but
rather depend upon extrinsic physico-chemical forcings and species-specific char-
acteristics of the microbial consortia, which is reflected at macro- (Riethmüller et al.
2000; Fidalgo e Costa et al. 2002) and microscales (Seuront and Spilmont 2002; Pan
et al. 2017). As a result, within a single mudflat it is possible to observe a mosaic of
different sedimentary structures that arise as a consequence of physical action
(Fig. 2.9a, b), and biological activity (Fig. 2.9c–e).

On a temporal scale, the community structure of MPB is determined by seasonality
of physical (e.g. temperature, light, resuspension) and chemical parameters (e.g. pore-
water nutrient and oxygen concentration, pH and redox potential; Jesus et al. 2009).
Accordingly, over the past 30 years, much attention has been paid to the seasonal
variation in microbial communities of estuarine sediments, largely focusing on species
dominance, chlorophyll a content, extracellular polymeric substances (EPS) produc-
tion, and the correlation of all these with sediment stability (Admiraal et al. 1984;
Underwood and Paterson 1993; de Jonge and Colijn 1994; Underwood 1994). In a
paper that contributed to building bridges between disciplines, de Brouwer et al.
(2000) investigated the importance of biological processes on the sediment character-
istics and the morphology of a mudflat. They found that the seasonal development of a
MPB biofilm doubled sediment stability in spring, trapping fine-grained sediment
(<50 μm), and altering the overall mudflat morphology. Conversely, two independent
year-round surveys of microphytobenthic biomass variations in the Bahía Blanca
Estuary found that the peak in MPB biomass took place during winter, inversely to
what had been described for most European mudflats (Pan et al. 2013a, b).

Tides are an important factor in coastal mudflats not only for the sediment
transport and deposition mechanisms presented in Sect. 2.1, but also for modifying
the immersed area and exposing the middle and high mudflat sections for several
hours, and ‘washing’ them in each flood cycle. Nutrient exchange in mudflats occurs
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with each tidal cycle; tidal water from the adjacent sea diffuses into sedimentary
interstices, becoming enriched in bioremineralized nutrients and metabolites from
the sediment. On the other hand, Webster et al. (2002) measured gross nutrient
release rates from the muddy sediments of a shallow coastal lagoon, and concluded
that MPB intercept the vertical flux of re-mineralized nutrients from the sediment
into the water column, and sequester them for primary production.

Tidal range is also of paramount importance in the distribution of biota, known as
the zonation pattern of intertidal benthic mudflat species. The surface elevation of
mudflat organisms within the tidal range can be related to inundation frequency and
duration, oxygen availability, desiccation, and concentration of evaporated minerals.
The different assemblages of benthic fauna and primary producers are distributed
along the intertidal gradient in relation to their tolerance to environmental conditions
and animal-sediment interactions, resulting in a zonation parallel to the shore that
mirrors the varying environmental conditions from high- to low tidal level (Donadi
et al. 2013) (Fig. 2.11). Progression of the tidal wave across the intertidal zone can
also control local current velocities and the occurrence of erosional or depositional
areas (Bassoullet et al. 2000; Glockzin and Zettler 2008).

4.3 Biota-Driven Interactions with the Physical
Environment: Biostabilization

In addition to physical processes, living benthic communities are capable of signif-
icantly modifying sediment properties, especially in relation to stabilization and
destabilization processes. Epipelic diatoms exhibit a remarkable motility and excrete
organic compounds collectively known as extracellular polymeric substances
(EPS—Decho 1990), which not only facilitate the gliding motion of individual
cells through sedimentary particles but, on an ecosystem scale, contribute to the
stabilization of sediments by agglutination and adhesion of particles (Stal 2010).
EPS exudation in benthic diatoms occurs mostly during daytime and emersion of the
sediment (Stal and de Brouwer 2005); it is a widespread feature of normal diatom
physiology associated with both (vertical) migration, and “unbalanced growth”,
i.e. when nitrogenous nutrients are depleted (Staats et al. 2000a, b; Stal and de
Brouwer 2003; Stal 2010).

EPS are complex protein-polysaccharide molecular networks (Decho 1990).
Most bacteria cells are encapsulated within EPS and attached to sediment particles
(Ransom et al. 1997). Likewise, the external mucus coatings of diatoms provide
protection against desiccation and also promote aggregation and colony formation.
The organic EPS matrix in sediments is tightly associated with the mineral matrix
and often observed between sediment grains (Wiese and Rheinheimer 1978;
DeFlaun and Mayer 1983; Ransom et al. 1997), contributing to maintain the
integrity of individual sedimentary particles, increase cohesion and in turn, inhibit
the diffusion of molecules (Ransom et al. 1997). The percent of organic carbon made
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Fig. 2.11 Zonation pattern of intertidal benthic mudflat species related to tidal range in the Bahía
Blanca Estuary. (a) Upper intertidal colonized by crabs (Neohelice granulata), and supratidal
patches vegetated by the pickleweed (Sarcocornia ambigua) which are only inundated at spring
tides. The boundary between the bioturbated and the biofilm-stabilized areas coincides with the
mean high water level. (b) Supratidal fringe zone with pickleweed patches, and desiccation cracks
in microbial mat-colonized areas. Differences in sediment moisture correspond to differences in
tidal flooding.

2 Geological, Physical and Chemical Foundations 35



up by EPS in sediment is probably small, but the volume percentage of EPS is more
significant (DeFlaun and Mayer 1983), since they exist in a highly hydrated state.
EPS are surface-active compounds enriched with sulfur, carboxyl, and amino groups
that give their high adsorption potential. Grain size and particle surface area are
important since they determine the number of active adsorption sites and conse-
quently the degree of interaction; an inverse relationship has been observed between
EPS content and sediment grain size (de Brouwer et al. 2003; Stal 2010). Given the
huge adsorptive surface area of the collective sediment grains, a large part of the
loosely-bound carbohydrates are retained in the sediment (de Brouwer et al. 2000).

Through the secretion of EPS, the MPB may have pronounced effects on sedi-
ment stability and geomorphology (Stal 2010). On the one hand, colloidal carbohy-
drate concentrations in sediments are directly related to epipelic diatom biomass
(Madsen et al. 1993), yet the sole presence of EPS in sediments is not sufficient for
biostabilization. For instance, de Brouwer et al. (2005) extracted EPS from diatom
cultures and tested erosion thresholds in diatom-free and diatom-colonized sedi-
ments; they found that EPS concentration per se did not explain the changes in
erosion thresholds, suggesting that a certain arrangement and structure determined
by microbially-bound EPS is paramount for biostabilization. This demonstrates once
again the theme introduced at the beginning of this section; microbial consortia are
complex biochemically- and biologically-diverse systems, in which the microbial
constituents cooperatively exploit every niche (Noffke et al. 2013b).

In summary, modern mudflats are expanding on a global scale. Fine-grained
mudflat sediments present unique physical and chemical properties, and are
reworked by the dominant hydrodynamic forces of tides and tidal currents. The
enormous surface area in the mudflat sediments offers a vast and structurally-
complex landscape for colonization by microbes that rely on surface-adhesion
processes, and ultimately have significant, landscape-scale effects on sediment
stability and geomorphology.
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Abstract Mudflats are highly productive regions that are important to local,
regional and global aspects of ecology and biogeochemistry. They sequester organic
carbon, recycle nutrient elements such as nitrogen and phosphorus, release climate-
active gases to the atmosphere, and provide sustenance to countless resident and
migrant animals. Microorganisms that remain hidden from sight underpin all of
these, and many other, crucial ecosystem functions and services. This chapter
explores the roles of microorganisms in mudflat sediments, their interactions with
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the other residents, and some of the contemporary techniques used to study and
quantify the ways in which they influence biogeochemical cycles.

1 Biogeochemical Significance of Mudflat Microbes

Estuaries and their associated mudflats, wetlands and marshes are gateways between
the terrestrial and marine biospheres. Each year ~2 Gt of terrigenous carbon are
transported through aquatic ecosystems to estuaries, where a large part of this is
released to the atmosphere as CO2 (Cole et al. 2007; Cai 2011). European estuaries
are estimated to release the equivalent of 5–10% of Western Europe’s anthropogenic
CO2 emissions annually (Frankignoulle et al. 1998), despite representing only a tiny
fraction of the associated land coverage. Waterborne terrigenous organic matter is
prone to flocculation at or close to the freshwater/saltwater interface (Sholkovitz
1976), resulting in the deposition of organic-rich material in the surrounding sedi-
ments. Mudflats are among the most productive ecosystems on Earth (Heip et al.
1995; Underwood and Kromkamp 1999) and thus the resident communities receive
significant inputs of both allochthonous and autochthonous organic matter. Regard-
less of its source, organic matter in mudflat sediments is subject to intense biological
activity and a fraction is rapidly remineralized to its inorganic constituents, resulting
in the release of CO2 and nutrient compounds containing elements such as nitrogen
and phosphorus.

Benthic bacteria play a central role in the remineralization of organic matter. This
‘unseen majority’ (Whitman et al. 1998) provides the living foundation for mudflat
ecosystems and the many biogeochemical functions and services that they provide.
These organisms have large surface-to-volume ratios relative to metazoans and are
thus capable of rapidly interacting with their surrounding environment. A plethora of
microbial respiratory processes (e.g. aerobic respiration, denitrification, the reduc-
tion of manganese, iron and sulfate, and methanogenesis) are responsible for the
remineralization of organic matter (see Chaps. 2 and 4). The predominance of any
given metabolic pathway is largely governed by the availability of electron accep-
tors, which in turn, is influenced by a range of abiotic (e.g. sediment grain size and
mineralogy) and biotic (e.g. bioturbation) factors (Burdige 2007).

Bacteria typically dominate the biomass ofmarine sediments, with ~109 cells ml�1

of sediment (Schmidt et al. 1998). It is therefore perhaps not surprising that these ‘tiny
but mighty’ organisms have been referred to as ‘the engines that drive Earth’s
biogeochemical cycles’ (Falkowski et al. 2008). Scalable estimates of bacterial
biomass in estuarine and mudflat sediments are surprisingly scarce, given their
biogeochemical significance, with values in surficial sediments ranging between
<1 and ~5 g C m�2 (e.g. Austin and Findlay 1989; Van Duyl and Kop 1990;
Mayor et al. 2013). Processing of detrital material by benthic microorganisms in
mudflat ecosystems exerts a strong influence on the availability of key nutrients for
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primary producers, and these organisms thereby act as a crucial interface between the
cycling of living and decaying organic matter (Zou et al. 2016). The subsequent
release of climate-active gases, such as CO2, N2O and CH4, from intertidal sediments
represent significant terms in global budgets and hence these environments mean-
ingfully interact with global climate (Bange et al. 1994; Frankignoulle et al. 1998;
Mosier et al. 1998).

2 Microbial Interactions

Mudflats are home to numerous animals that are in part or entirely, and directly or
indirectly, dependent upon benthic microbes and the myriad biochemical reactions
that they govern. Equally, sediment microbes are strongly influenced by the meta-
zoan organisms with which they cohabit. These interdependencies have been
recognised for decades; MacGinitie (1932) opined that “we have not given bacteria
sufficient credit for the part they play in the food supply of mud-flat and ocean-
bottom animals”. Shortly afterwards, Baier (1935) suggested that benthic
detritivores derive their nourishment from the bacteria that decompose detritus,
rather than from the detritus which they appear to feed upon. Later still it was
reasoned that mudflat sediments produce ~11 g dry weight of bacterial biomass
per cubic foot (1 ft3¼ 0.028 m3) each day and must therefore “play an important role
in the distribution and occurrence of the mud flat fauna and flora” (ZoBell and
Feltham 1942). Many decades later, these early insights are now taken for granted.
Nevertheless, despite the advent of many new tools to identify and quantitatively
examine the role of benthic microorganisms, our understanding of the myriad
prokaryotic-prokaryotic and prokaryotic-eukaryotic interactions remains far from
complete (Van Colen et al. 2014).

2.1 The ‘Microbial Loop’

Mudflat ecosystems receive significant quantities of terrigenous dissolved organic
matter (DOM) (Cole et al. 2007). They also possess highly productive communities
of phytoplankton and their benthic analogues, the microphytobenthos (MPB), which
are typically comprised of epibenthic diatoms and cyanobacteria (Underwood and
Kromkamp 1999; Chaps. 2, 4, 8). These two groups of primary producers release
large quantities of DOM, particularly under nutrient-limited conditions (Joiris et al.
1982; Cook et al. 2007; Thornton 2014). In the MPB,>70% of their production may
be released as extracellular polysaccharides (Goto et al. 2001). Bacteria rapidly utilise
DOM as a substrate for growth (Smith and Underwood 1998; Middelburg et al. 2000)
and the resulting biomass represents a major food source for nano- (2–20 μm) and
micro- (20–200 μm) flagellates and ciliates, meiobenthos (63–1000 μm;
e.g. foraminifera, copepods, nematodes) and even macrofauna (>1000 μm) (Kemp
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1990; Heip et al. 1995; Hondeveld et al. 1995; Epstein 1997). This DOM-derived
component of the benthic food web thereby serves as a mechanism through which a
fraction of the exportable organic matter is retained within the sediments and con-
tributes toward the sustenance of higher trophic levels.

Pelagic biologists recognise this classical paradigm as the ‘microbial loop’ (Azam
et al. 1983; Fig. 3.1) and it has been the subject of intensive research in planktonic
ecosystems over the proceeding decades (reviewed by Fenchel 2008). By contrast,
only a handful of marine benthic studies explicitly refer to the ‘microbial loop’
(e.g. Danovaro 2000; Manini et al. 2003; Pusceddu et al. 2005; Pozzato et al. 2013).
This apparent disparity in research effort may at least in part be attributed to the
methodological complexities associated with studying the trophic interactions of
organisms that depend on the specific redox conditions provided by their environ-
ment and which are easily disturbed during experimentation. Nevertheless, the
global significance of benthic bacterial remineralization and production necessitates
that further efforts be focussed toward mechanistically understanding how these
organisms interact with the myriad components that constitute DOM and the organ-
isms that produce it (Moran et al. 2016). For example, benthic bacteria display
growth efficiencies between 4–81% (Hubas et al. 2007; Gontikaki et al. 2011; Mayor
et al. 2012a, b) but the factors controlling this extensive range remain poorly
understood. Environmental temperature, the availability of oxidants, and the quan-
tity and quality of organic matter all influence microbial community composition
and the rates at which they interact with organic matter (e.g. Arnosti et al. 1998;
Pomeroy and Wiebe 2001; Arnosti 2004; Burdige 2007; Haynes et al. 2007; López-
Urrutia and Morán 2007; Mayor et al. 2012a, b; Kujawinski et al. 2016) but a

Fig. 3.1 Schematic of the ‘microbial loop’ (Azam et al. 1983). Dissolved organic matter, largely
produced by photo-auto-heterotrophs, is retained within food webs and transferred to higher trophic
levels via microorganisms. See text for further details.
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consensus view on their relative importance has not yet emerged. There is growing
evidence to suggest that the composition and bioavailability of DOM is changing
globally as a result of anthropogenic activities such as land use change, eutrophica-
tion and environmental warming (Engel et al. 2011; Thornton 2014; Parr et al. 2015;
Moran et al. 2016). However, the paucity of knowledge on the processes influencing
the functioning of the benthic microbial loop hinders our ability to meaningfully
represent it in models and explore the ecological and biogeochemical implications of
future environmental change.

2.2 Bioturbation

The physical properties of muddy sediments that typify mudflats (Chaps. 1, 2, and 8)
provide a propitious substrate for burrowing animals, simultaneously providing a
refuge from visual predation and reducing exposure to desiccation. However, the
small interstitial spaces and cohesive nature of these sediments hinder the penetra-
tion of oxygenated water. Elevated levels of organic matter combined with high
levels of microbial activity result in the rapid development of anoxic conditions,
often only a few millimetres below the sediment’s surface (Glud 2008). Burrowing
benthic fauna frequently overcome this lack of oxygen by periodically flushing their
burrows and chambers with fresh, oxygenated water (Chap. 6). This ‘bioirrigation’,
in combination with other faunal activities, including locomotion, construction and
feeding, results in the vertical and horizontal redistribution of sediment, organic
matter, electron acceptors such as oxygen, and other solutes. These processes are
collectively termed ‘bioturbation’ (see also Chaps. 5, 6, and 10), which has recently
been defined as “all transport processes carried out by animals that directly or
indirectly affect sediment matrices. These processes include both particle reworking
and burrow ventilation” (Kristensen et al. 2012).

Bioturbation in marine sediments and its associated effects on benthic bacteria
and biogeochemical processes have received considerable interest over the past few
decades (e.g. Yingst and Rhoads 1980; Nealson 1997; Kristensen et al. 2012).
Bioirrigation activities and the associated supply of oxygenated water represent a
particularly important process that influences microbial community composition and
the rate at which organic matter is remineralized. Recent research has demonstrated
that benthic microbial community composition within a given faunal burrow, and
hence the predominant biogeochemical pathways present, varies by faunal species
identity and even by the specific location within a burrow (Bertics and Ziebis 2009,
2010; Laverock et al. 2010, 2011; Gilbertson et al. 2012; Lacoste et al. 2018). Where
present, such effects have been attributed to specific redox microniches provided by
the faunal activities and, to a lesser extent, the enhanced supply of organic matter
(e.g. Bertics and Ziebis 2009; Chen et al. 2017). It is noteworthy that not all studies
reveal strong macrofaunal-driven effects on benthic microbes and their biogeochem-
ical functioning (e.g. Shen et al. 2017; Tada et al. 2017), indicating that species- or
trait-specific effects likely operate. Care must therefore be taken when attempting to
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upscale observations from the laboratory to the real world (Carpenter 1996; Lohrer
et al. 2015). Advances have been made in our understanding of how the identity and
diversity of benthic faunal communities influence the community composition of
sediment-dwelling microbes and their capacity to regenerate nutrients (Gilbertson
et al. 2012; Bonaglia et al. 2014; Stock et al. 2014). Other contemporary research has
demonstrated that the direct effects of anthropogenic stressors, such as environmen-
tal warming, ocean acidification and the presence of organic and inorganic pollut-
ants, on benthic fauna can have profound direct and indirect consequences for
microbially-mediated ecosystem functions and services such as carbon sequestration
and nutrient regeneration (Godbold and Solan 2013; Godbold et al. 2017; Laverock
et al. 2013; Mayor et al. 2013; Currie et al. 2017). The many developments in
experimental observations of microbe-fauna interactions have, however, not been
matched with developments in synthetic theory (Prosser et al. 2007; although see
Allison and Martiny 2008) to explain such results. It is therefore not yet possible to
derive generic predictions about how these interactions, and the concomitant effects
on benthic biogeochemistry, will be affected by future environmental change.

2.3 Microbial Gardening

More than 50% of primary production is returned to the environment as dead and
decaying particulate organic matter (‘detritus’ hereafter) (Mann 1988; Cebrián
and Duarte 1995). Detritus therefore represents a dominant term in the global
carbon cycle and is a major conduit through which organic matter is translocated
between ecosystems (Bartels et al. 2012). Mudflat ecosystems receive significant
quantities of both terrigenous and marine detritus, largely in the form of material
derived from vascular plants (e.g. mangroves, cordgrasses, seagrasses, trees) and
macroalgae (e.g. kelp). Animals that inhabit mudflat sediments are often consid-
ered to be detritivorous, but in many cases, the means by which these animals
feed is more complex than the name of their feeding guild suggests (Plante
et al. 1990).

Detritus is typically comprised of refractory, long-chain polysaccharides such as
cellulose, hemicellulose and lignin that are difficult for metazoans to digest
(Hylleberg Kristensen 1972) and contains little in the way of macro- or micro-
nutrients that are essential for their healthy growth (Fenchel and Jørgensen 1977;
Mann 1988; Moore et al. 2004; Mayor et al. 2011). At face value, deriving a
nutritionally-balanced diet from this substrate alone therefore poses a considerable
challenge to so-called ‘detritivorous’ animals (Phillips 1984). Closer inspection of
detritus, however, reveals a diverse community of microorganisms that live on and
within it. Collectively the ‘detrital trophic complex’, which includes bacteria, fungi,
flagellates and ciliates, has the enzymatic capacity to catabolise refractory biomol-
ecules such as lignin and cellulose.

Detritus-associated microbial communities, in contrast to the detritus itself, are
readily digested by metazoans and their contents can be absorbed with relative ease
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(Phillips 1984). Furthermore, their ability to biosynthesise essential compounds such
as amino acids and fatty acids renders their biomass nutritionally superior to detritus,
resulting in the nutritional content of detritus increasing during the decay process
(Harrison and Mann 1975). It is now widely accepted that detritivorous organisms
obtain much of their energy and nutrition from the communities of detritus-
associated microorganisms, rather than from the detritus itself (Fenchel and
Jørgensen 1977; Phillips 1984; Plante et al. 1990; France 2011). Indeed, it is
apparent that while detrital particles may be readily ingested, they often pass through
the guts of so-called detritivores undigested, whereas organisms such as bacteria,
flagellates and ciliates are readily removed (Fenchel 1970; Hylleberg 1975). Many
detritivorous animals are adept at shredding or fragmenting particles of detritus
(Anderson and Sedell 1979), a process that is known to further stimulate the
proliferation of microbial communities by increasing the total surface area available
to microbial degradation (Fenchel 1970); this process has been termed ‘microbial
gardening’ (Hylleberg 1975) (Fig. 3.2), and has recently been invoked to explain the
ecology and biogeochemistry of midwater ecosystems that are also fuelled by
detritus (Mayor et al. 2014). Fragmentation as a strategy for increasing the nutri-
tional content of detritus is a form of ‘trophic upgrading’ (Klein Breteler et al. 1999)
that may be beneficial under certain circumstances. However, it is not without cost.
Microbes typically display relatively low growth efficiencies (<30%; del Giorgio
and Cole 1998) and thus remineralize much of the available substrate without benefit
to metazoans. The merits of microbial gardening therefore represent a complex
balance between the lability of the detrital substrate and an individual’s requirements

Fig. 3.2 Schematic of
‘microbial gardening’.
Detritivorous metazoans
stimulate the production of
labile and nutritious
microbial biomass by
fragmenting, rather than
ingesting large particles of
detritus. Fragmentation of
detritus increases the
available surface area for
microbial degradation,
encouraging the growth of
bacteria and other micro-
heterotrophs (e.g. flagellates
and ciliates) and the
associated production of
compounds such as essential
fatty acids that are otherwise
absent in detritus. See text
for further details.
Figure developed from
Mayor et al. (2014).
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for energy and nutrition (Anderson et al. 2017), and remain an area of ongoing
research.

2.4 Microbial ‘Priming’

It has long been recognised that the remineralization of recalcitrant organic matter
within soils may be modified by the addition of fresh organic residues (e.g. Löhnis
1926; Broadbent 1947), a process that has become known as the ‘priming effect’
(Bingemann et al. 1953). These effects have been formally defined as “strong short-
term changes in the turnover of soil organic matter by comparatively moderate
treatments of the soil” and may occur due to a variety of reasons, including the input
of organic or inorganic compounds, mechanical disturbance, and rewetting and
drying effects (Kuzyakov et al. 2000). Recent years have seen a wealth of studies
examining and describing a range of priming effects in terrestrial soils (see
Kuzyakov et al. 2000; Kuzyakov 2010; Luo et al. 2015), including instances of
both positive and negative priming (enhanced and depressed rates of
remineralization, respectively; Fig. 3.3). Three, non-mutually exclusive mechanisms
have been proposed to explain the observed instances of priming (Fig. 3.4), but the
existence of these, and their relative importance, remain uncertain. Indeed, important
differences have been shown to exist between the response of undisturbed soils in
situ compared with disturbed soils often used in laboratory incubation studies with
regards to their response to priming (Moinet et al. 2018). Nevertheless, priming
effects appear capable of exerting significant influence on the global carbon cycle,
potentially decreasing carbon sequestration in soils over the last century by ~50%
(Guenet et al. 2018). Far less is known about priming effects in aquatic ecosystems,
although recent reviews highlight the potential significance of positive priming in
habitats such as mudflats, where recalcitrant terrigenous organic matter is likely
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Fig. 3.3 Schematic illustration of the ‘priming effect’ in aquatic sediments (redrawn from
Kuzyakov et al. 2000). Positive priming (a) occurs when remineralization of sediment organic
matter increases following the introduction of a labile substrate. Negative priming (b) occurs when
the addition of a labile substrate inhibits the remineralization of sediment organic matter.
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exposed to labile organic matter produced by marine microalgae (e.g. Guenet et al.
2010; Bianchi 2011). Further work is required to determine the significance of
priming in aquatic ecosystems and to understand the mechanism(s) that govern
how microbes elicit this effect.
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Fig. 3.4 Three alternative, but not mutually-exclusive, mechanisms by which priming occurs.
Redrawn from Guenet et al. (2010). (a) Co-metabolism: Enzymes produced by microorganisms that
degrade labile organic matter also catabolise recalcitrant organic matter into substrates that are
utilised by a second community of microorganisms. (b) Mutualism: Enzymes produced by labile
organic matter-degrading microorganisms provides energy to a second community of recalcitrant
organic matter-degrading microorganisms that, in turn, liberates nutrients for both communities. (c)
Degradation of labile organic matter by a single population of microorganisms provides sufficient
energy for the generation of enzymes to extract nutrients from recalcitrant organic matter.
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3 Carbon-Based Isotope Techniques for Studying Mudflat
Biogeochemistry

3.1 Bulk Isotopic (13C) Methods

Carbon is the primary constituent of all organic matter and plays amajor role in global
climate. The cycling of this element has therefore been the subject of intense study
over the past century. A particularly useful facet of carbon is that it exists in the
natural environment as two stable isotopes, carbon-12 (12C) and carbon-13 (13C).
These two atoms of the same element differ only in their number of neutrons and do
not undergo radioactive decay. They naturally occur at a ratio of 98.9:1.1 (12C:13C),
and their relative abundances in both organic and inorganic samples can be readily
determined using isotope ratio mass spectrometry (IRMS) techniques. 12C is referred
to as being ‘light’, whereas 13C is referred to as being ‘heavy’. Isotopic ratios are
typically expressed using the more abundant isotope as the denominator (i.e. 13C/12C)
and are frequently reported relative to values of a known international reference
material using the δ notation (‰); for carbon this reference is Vienna Pee Dee
Belemnite (VPDB) (Coplen 1996).

The isotopic composition of carbon in organic matter initially reflects that of the
inorganic sources used for autotrophic production and the effects of metabolic
fractionation during this process. For example, different pathways of autotrophy
(e.g. C3 and C4 pathways in terrestrial plants) result in organic matter with different
isotopic signatures due to differential metabolic discrimination against 13CO2(g).
Autotrophs using the C3 pathway on land and in the ocean produce isotopically
distinct organic matter due to a range of factors that influence fractionation, includ-
ing the dissolution of CO2 in seawater, different carbon concentrating mechanisms,
and the use of both dissolved CO2(aq) and HCO3

�
(aq) ions in seawater (Farquhar et al.

1989). The resulting isotopic differences between organic matter produced by
different types of plants on land, and between primary producers on land and in
the ocean, provides a powerful tool to discern the sources of organic matter con-
sumed within ecosystems that receive organic matter from multiple sources, such as
mudflats and estuaries. Carbon isotope fractionation during trophic transfer is often
negligible (e.g. 0.4‰; Post 2002), and in such instances, δ13C signatures of hetero-
trophic organisms can provide insight into their dietary carbon source(s). The
apportioning of dietary substrates can be achieved by comparing the isotopic
signatures of potential ‘end-members’ (i.e. δ13C signatures of discrete sources of
organic matter) to that of the consumer’s biomass using mass-balance isotope
mixing models. Similarly, the source of metabolic substrate(s) being actively
catabolised by organisms and ecosystems can be examined by comparing the
isotopic composition of the evolved CO2(g or aq) to putative isotopic end-members
(e.g. McCallister et al. 2006; Zetsche et al. 2011). Readers interested in the funda-
mentals of stable isotope ecology are referred to broader texts on this matter
(e.g. Peterson and Fry 1987; Farquhar et al. 1989; Fry 2006; Karasov and del Rio
2007; Newton 2016).
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3.2 Phospholipid Fatty Acid Techniques to Study Benthic
Microbial Communities and Their Biogeochemistry

Phospholipids, which are composed of a phosphate ‘head’ joined to a pair of fatty-
acid ‘tails’ via a glycerol molecule, are a major component of cellular membranes in
prokaryotic and eukaryotic organisms. Pioneering work towards the end of the
twentieth century demonstrated that bacteria produce specific phospholipid fatty
acids (PLFAs) that can be used to derive estimates of their biomass, community
composition, nutritional status and metabolic activity (Perry et al. 1979; White et al.
1979, 1996; Parkes and Taylor 1983; Taylor and Parkes 1983; Guckert et al. 1985,
1986, 1991; White 1988; Tunlid et al. 1989; Vestal and White 1989; Parkes et al.
1993). In essence, bacteria produce a range of iso- (i) and anteiso- (ai) branched
PLFAs, many of which feature an odd number of carbon atoms (e.g. 15:1i, 15:1ai),
and the abundance of these branched compounds can therefore be used a proxy for
bacterial biomass. Similarly, the overall composition of PLFAs in environmental
samples can provide information about the resident microbial communities and how
these change in response to exogenous factors (e.g. Vestal and White 1989;
Frostegård et al. 1993). Concentrations of individual PLFAs have been suggested
to indicate the presence of specific groups of bacteria, e.g. aerobes, anaerobes,
sulfate-reducers, etc. (see Table 2 in Vestal and White (1989) for putative biomarker
PLFAs). However, it is apparent that the composition of PLFAs in bacterial mono-
cultures can change depending on the environmental conditions and substrates used
for growth (e.g. Guckert et al. 1986, 1991) and there is growing awareness that
putative biomarker PLFAs are more abundant in other bacterial groups than previ-
ously thought. Therefore, great caution must be used when attempting to ascribe
changes in the composition of PLFAs to shifts in the abundance of specific microbial
groups (Frostegård et al. 2011). PLFA-based techniques lack the species-specificity
of DNA- and RNA-based molecular tools but remain widely used to study benthic
microbial communities as this approach is considered to relate only to the extant
community, which may represent �30% of the total number of bacterial cells (Luna
et al. 2002). This is because, in contrast to genetic material, PLFAs in dead
organisms degrade within hours (White et al. 1979).

A considerable advantage of PLFA analysis is that it is possible to discern the
stable isotope composition of individual PLFAs using gas chromatography combus-
tion IRMS (GC-C-IRMS). This approach is conceptually analogous to the IRMS
analysis of bulk carbon and can thus provide information on the likely sources of
carbon used for biosynthesis and specific metabolic pathways that result in isotopic
fractionation (Teece et al. 1999; Pancost and Damsté 2003). The application of this
technique has helped elucidate the trophic link between microphytobenthos and
benthic bacteria (Cook et al. 2004) and fostered the understanding that macrophytes
are generally not the primary carbon source for the majority of benthic bacteria in
coastal environments (Boschker et al. 1999; Bouillon and Boschker 2006). GC-C-
IRMS analysis of sediment PLFAs has been used to study how interactions between
fauna and contaminants influence benthic bacterial community composition and
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metabolic functioning (Mayor et al. 2013). More recently these techniques have been
used to detect aquaculture-derived organic wastes, which are isotopically-distinct to
the autochthonous organic matter, in marine sediments, and their resulting effects on
bacterial biomass (Mayor et al. 2017). Interpretation of the mechanisms underlying
data from such studies remains a major challenge because the processes that control
the relative composition of sediment-extracted PLFAs, in terms of both their relative
abundance and isotopic composition, remain poorly understood (Lerch et al. 2011).
Nevertheless, GC-C-IRMS analysis of PLFAs is a powerful tool for quantitatively
tracing the sources of organic matter in benthic microbial communities and we
suggest that their application is likely to increase in the coming years as access to
the required facilities increases and the associated analytical costs decrease. Com-
bining compound-specific isotope analysis (CSSIA) of PLFAs with high-throughput
sequencing of environmental DNA offers considerable promise, and will likely yield
new insights into how the composition of microbial communities relate to the wider
ecological and biogeochemical functioning of benthic ecosystems. Such an approach
will be particularly useful in coastal regions and other ecosystems that receive
isotopically distinct sources of organic matter (Mayor et al. 2017).

3.3 Stable Isotope (13C) Addition Experiments

The scarcity of 13C in the natural environment can be exploited by adding this heavy
isotope as a deliberate tracer to study the rates and pathways of carbon cycling in
benthic ecosystems. Short-term (typically hours to days) studies that use single
additions of 13C-enriched material to natural communities are frequently referred
to as ‘pulse-chase’ experiments. This is because they begin with an initial ‘pulse’ of
13C-labelled material and subsequently ‘chase’ this into different components of the
ecosystem by quantifying changes in their isotopic composition after a known period
of time. The sensitivity of typical IRMS techniques is such that even relatively small
changes in the isotopic signatures of material are readily discernible. Recent years
have seen a steady increase in the use of stable isotope pulse-chase experiments,
involving the addition of 13C in either inorganic or organic forms, to study the
ecology and biogeochemistry of intertidal ecosystems. Additions of 13C-labelled
bicarbonate to intertidal sediments have allowed the quantification of carbon fixation
rates by the microphytobenthos and the subsequent transfer of this organic matter via
dissolved and particulate pathways to benthic bacteria and metazoan consumers
(Middelburg et al. 2000; Miyatake et al. 2014; Oakes and Eyre 2014; Oakes et al.
2016). An early example of an organic carbon isotope enrichment study added 13C-
labelled acetate and methane to benthic microbial communities and, using GC-C-
IRMS analysis of bacterial PLFAs, directly linked specific bacterial groups with
sulphate reduction and methane oxidation (Boschker et al. 1998). More recent
studies have added 13C-enriched phytodetritus to coastal benthic ecosystems to
quantify the roles of different groups of benthic organisms and the rates at which
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organic matter is remineralised (Moodley et al. 2005; Evrard et al. 2012; Mayor et al.
2012a).

Pulse-chase experiments are, at least in theory, quantitative; a known quantity of
13C is added at the outset and it is possible to quantify the amount of this tracer that is
incorporated into the dissolved and particulate pools of organic and inorganic matter
using a variety of IRMS techniques. Quantifying the amounts of carbon that are
incorporated into faunal and bacterial biomass, and remineralized to dissolved
inorganic carbon (DI13C), permits the biogeochemical significance of these groups
of organisms to be assessed and compared. Many of the studies to achieve this in
benthic ecosystems have, to date, highlighted the predominance of bacteria in carbon
processing (Moodley et al. 2005; Mayor et al. 2012a, b), further consolidating the
importance of bacteria in the biogeochemical cycling that occurs in marine
sediments.
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Abstract Microphytobenthic biofilms in mudflats are characterised by a wide
variety of microorganisms and the production of large quantities of extracellular
polymeric substances (EPS). In this chapter, the diversity of microphytobenthos
(MPB) is reviewed and the complex interactions that take place in mudflat biofilms
between microalgae and bacteria are discussed. Microbial interaction in natural
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biofilms is an emerging field of study in mudflat ecosystems. Although emphasis is
placed on EPS and EPS-mediated interactions, because they have received most of
the research attention, more direct interactions such as communication and defence
are also discussed. Most studies to date have dealt with monospecific or multispecific
laboratory biofilms, and environmental studies are still very rare. The development
of this field of study in mudflat ecosystems is clearly a major requirement in our
understanding of the functioning of mudflat biofilms.

1 Introduction

Microphytobenthic biofilms in mudflats are characterised by the production of large
quantities of extracellular polymeric substances (EPS), forming a matrix at the sediment
surface and incorporating a wide variety of microorganisms. Diatoms are by far the most
abundant taxa of the microphytobenthos (MPB) but “microphytobenthic biofilms” are
muchmore complex than first appears. Diatoms are merely the tip of the biofilm iceberg,
since MPB comprise a large diversity of eukaryotic and prokaryotic organisms which
interact in multiple ways, and contribute to the functioning of the whole biofilm
community. Biofilm communities are composed of a wide range of microbes which
could be classified in several ways, including size and lifestyle (i.e. picoheterobenthos,
picophytobenthos, microphytobenthos and microheterobenthos, see Paterson et al.
2009). MPB is the one that has received the most attention in depositional systems,
which are complex and highly organised ecosystems where opposing gradients of
oxygen and sulphide provide rapidly-changing ecological niches and favour the devel-
opment of different functional groups of microorganisms that display various forms of
respiration. Many of these microbial groups have not yet received the attention they
deserve. For example, the purple sulphur bacteria (i.e. prokaryotic picophytobenthos)
contribute significantly to the carbon cycle of intertidal sediments (Hubas et al. 2013,
2017), although they are not well-studied.

Due to the difficulty of applying the species concept in microbiology (Rossello-
Mora and Amann 2001), the full extent of the microphytobenthic assemblage
diversity has not yet been characterized. Interaction between the members of the
MPB community is therefore still an emerging field of study. The aim of the present
chapter is to provide an overview of the complex interactions that take place in
mudflat biofilms between microalgae and bacteria. We first describe the interactions
that are mediated by extracellular polymeric substances (EPS). This field of study is
relatively well-documented and the roles of the EPS in the functioning of mudflat
biofilms have been discussed in detail, although their fine chemical composition is
less well understood. We then consider the “direct” interactions between microbes,
and especially those that involve the production of secondary metabolites.
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2 Composition and Diversity of Microphytobenthos

2.1 Microphytobenthos: Too Diverse to Study?

There is a significant challenge in fully appreciating the range and diversity of
organisms that comprise the microphytobenthos. The word itself provides a clue, in
that “microphytobenthos” is a cumulative, generic, hybrid term, bringing together an
essentially unrelated group of organisms that are (usually) invisible to the naked eye
(micro describes a unit of 1 millionth of a meter), that are designated by the ancient
Greek term “phyto” (pertaining to or derived from plants) and that are associated with
the bottom (benthos¼ ancient Greek for depth). Each part of this classification can be
discussed in great detail, and many planktonic organisms are now assigned to even
smaller (size) groupings such as the pico- and even nano- size ranges (Meng et al.
2011). The ‘micro’ prefix is also misleading since the larger epipelic diatoms may
reach more than 500 μm in length and, under the right conditions, are individually
barely visible to the naked eye. In addition, the accumulation of even very small
pigmented cells can make them visible to the trained eye, as an obvious pigment on
the surface of sediments (Fig. 4.1), which can be sufficiently dense that it can also be
discerned by remote sensing (Paterson et al. 1998).

The designation “phyto” in the term ‘microphytobenthos’ is now related more to
the mode of energy capture than to phylogeny. The MPB are now taken to include
photosynthetic prokaryotes and also some mixotrophic organisms (Sanders 1991),
such as free-living protozoans, including the foraminifera that can photosynthesise due
to the presence of algal symbionts (Lee 2001). To summarise, MPB comprises a
diverse group in terms of size, morphology, and ecology; their common denominator
is the mudflat habitat. There is no sharp distinction between a “biofilm” and a
“microbial mat”; rather, one merges into the other, and different disciplines

Fig. 4.1 Left: in sufficient density, diatoms colour the surface of a sediment matrix. In this case, a
culture grown on glass beads. Centre: the diversity of diatom frustules (cell walls) used in creating a
montage of cell shapes visible only by microscopy (slide by K. Kemp). Right: fine structure on the
valve surface of a common benthic diatom (Navicula sp.) demonstrated by scanning electron
microscopy. The raphe (longitudinal slit in the silica frustule) is visible along the central axis of
the valve. Scale bar ¼ 10 μm (SEM by IR Davidson, University of St Andrews).
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(geologists, sedimentologists, medical researchers, mudflat ecologists) often mean
different things while using the same terminology (see Chap 1). In general, although
a microbial mat begins as a biofilm, it evolves toward a more substantial and
permanent structure, lasting for months if not years (see Chap. 8), whereas a biofilm
is less physically substantial, with higher turnover and less longevity. Indeed, in
intertidal systems, MPB cells may accumulate at the sediment surface when the tide
is out during daylight and migrate back into the sediment before the tide returns
(Admiraal 1984; Paterson and Hagerthey 2001). This predictable diurnal formation
and dispersion of a thick layer of cells at the sediment surface had led to the term
“transient biofilms” (Krumbein et al. 2003) for such MPB systems (in order to reduce
ambiguity, we propose to use the term ‘transient epibenthic biofilm’ to designate these
communities—see Chap. 1). Samples of MPB returned to the laboratory sometimes
continue this migratory behaviour for a period of days, suggesting there is an inherent
genetic control to the pattern of migration. Epipelic diatom migration was noted as
early as 1907 by Flavel and Bohn, and Round summarised this behaviour in 1984, but
there is still a lack of knowledge of the exact mechanisms of control, movement and
coordination, despite the decades that have passed.

The most commonly-cited and most abundant MPB are diatoms and cyanobacteria,
with some authors occasionally including flagellates, euglenids and other protists
(Paterson and Hagerthey 2001; Giere 2009). With care, a microscopist will find a
wide variety ofMPB inmost samples, but it requires skill and patience to recognise the
full array. For added difficulty, the sampling techniques appropriate to observing the
different groups of MPB vary and can greatly bias the results for some groups of
organisms. For example, diatomists tend to use strong acid to clean samples for clearer
observation of the siliceous diatom cell walls, which will then exclude all soft-bodied
members of theMPB. Even when fresh samples are observed, very few researchers are
comprehensive in their reports. Provide unadulterated slides to different colleagues
and they can’t help but highlight their interests; diatomists report on the diatoms in
great detail while other microbiologists might concentrate on the cyanobacteria.
Flagellates and other small mobile protists are less well-studied and much more
difficult to sample, being highly mobile and very fragile. In conclusion, the diversity
of organisms in the MPB is impressive, and great care and skill are required to study
them fully. The following section therefore deals only with the major components of
the MPB, diatoms and cyanobacteria, for the reasons outlined above. More specialized
texts can be consulted for greater detail on the less-studied groups (Adl et al. 2007;
Giere 2009).

2.2 Diatoms

The evolutionary history of the diatoms is complex (Medlin 2016), and no precise
time can be placed on their emergence. It is suggested that after a complex chain of
endosymbiotic events, possibly with varied endosymbionts, the heterokont algae
(which include the diatoms) began to radiate from no earlier than 250 million YBP,
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at the time of the Permian–Triassic extinction event, or “the Great Dying”. The
diatoms have since evolved into one of the most diverse (in species terms),
important, and beautiful of the algal groups. The cell is surrounded by an often-
ornate silica cell wall, the patterning of which can be used to distinguish between
species.

How many species of diatoms are in existence is a surprisingly complex question.
At first glance, a species that can be told apart by the patterning of the cell walls
(Figs. 4.1 and 4.2) should be a taxonomist’s dream, but this dream can quickly
become a nightmare due to the number of species, the very close resemblance of
many similar forms, and the possibility that some species may vary in size and shape
due to factors such as temperature and age (Round et al. 1990). For example, some
diatoms reduce in size as they undergo asexual reproduction (Round 1981). Added
to this is the difficulty of maintaining a primary catalogue of species names and
descriptions across a global community when researchers often reach different
conclusions about the designation of individual morphotypes (Mann and Droop
1996). So how many species of diatom are there? Given that many may be
undiscovered, and the possible confusion of morpho-types and definitive species,
the proposed numbers of species range from a conservative estimate of 20,000
(Guiry 2012), to a more consequent 200,000 (Mann and Droop 1996), and an
extreme and unsubstantiated 2 million.1

Species determination of diatoms has largely been done using morphological
characteristics based on the structure of the cell wall. The siliceous patterning of the
valves, with ridges, grooves and perforations, can be very intricate (Figs. 4.2 and
4.3) and creates a strong protective capsule around the cell. Some workers have tried
to include more characteristics for taxonomic discrimination, including detail from
live material such as chloroplast structure, rather than the preserved valves; this is
rather rare (Bedoshvili et al. 2009).

Fig. 4.2 Electron micrographs of diatoms: Left: A group of epipelic diatoms on the surface of
intertidal sediment. Centre: A profile of a sediment sample, showing diatoms between the sediment
grains. Right: Detail of the fine structure of the inside of a diatom valve. Scale bar ¼ 10 μm.

1http://westerndiatoms.colorado.edu/about/what_are_diatoms. Accessed Sept 2017.
http://www.itcamefromthepond.com/2014/03/26/paddy-patterson. Accessed May 2018.
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2.3 Cyanobacteria

Cyanobacteria are important components of the MPB. They have the ability to form
recognisable and resilient mats and have been the subject of a great deal of biogeo-
chemical research, partly because many species have the ability to fix nitrogen (Stal
2015), making them an important link in nutrient recycling, especially in oligotrophic
habitats. The cyanobacteria have a very long evolutionary history (Shih 2015), and
their activity, through the development of oxygenic photosynthesis (Harel et al.
2015), led to the oxygenation of the Earth’s atmosphere and the beginning of the
“oxygenic ecology” that we recognise today. The precise point of cyanobacterial
evolution is very ancient and difficult to determine, but is estimated to be between 3.4
and 3 billion YBP (Shih 2015). Evidence of their emergence is retained in the fossil
record as the laminated microbially-derived structures known as stromatolites. These
early bacterial assemblages trapped sedimentary grains and created lasting lamina-
tions in the depositional environment that later became preserved as fossils (Noffke
and Paterson 2007; Riding 2011; see Chap. 8). These very early and developing
ecosystems may represent one of the first examples of ecosystem engineering,
whereby organisms, including bacteria (Larson et al. 2009) alter their physical
surroundings (Lubarsky et al. 2010). There is also evidence that development of
photosynthesis may have enhanced the sediment-binding capacity of cyanobacterial
biofilms by the associated production and secretion of the EPS, contributing to the
adhesive potential of the early biofilms (Paterson et al. 2008). The cyanobacteria
therefore have a very ancient lineage; however, they show much more limited
radiation than other MPB groups such as the diatoms. There are estimated to be
2000–8000 species of cyanobacteria, comprising both unicellular and filamentous
species. Often, the cells are arranged inside a sheath of polymeric material, and in
some species there can also be some differentiation of cells into reproductive units
(akinetes) and specialist nitrogen-fixing cells (heterocysts). Interestingly, some
cyanobacteria that do not have heterocysts can still fix nitrogen (Stal 2015).
Recognising the different species of cyanobacteria by microscopy is also a

Fig. 4.3 Paired scanning electron and light micrographs of two benthic species of Foraminifera.
Left: an agglutinating species that forms a “shell” from sediment particles. Scale bar ¼ 100 μm.
Right: a calcifying form that creates a test by bio-deposition. Scale bar¼ 10 μm (images courtesy of
Dr N. Khanna).
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highly skilled task, as morphology and pigmentation may vary depending on
conditions, and some forms may be difficult to assign to known species groups
(Whitton 1992).

2.4 Other MPB

There is a serious dearth of information on some of the less well-studied
microphytobenthos; however, the lack of study does not necessarily mean that they
are unimportant. For example, recent studies on benthic Foraminifera reveal surpris-
ingly high diversity (Khanna 2014). In addition, these same organisms are capable of
both heterotrophic and autotrophic energy capture, generally through the development
of symbiosis with an algal species (Ziegler and Uthicke 2011). In addition to a truly
symbiotic relationship, some Foraminifera also sequester and use chloroplasts from
prey species, and can assimilate carbon from their captive chloroplast for several days
after ingestion. This is not a true symbiosis, but it has the effect that such forms which
regularly graze on algae can also use sunlight directly.

2.5 How Should We Measure MPB Diversity?

The advance of a new technology often appears to offer easy solutions to current
problems. While still providing exciting new prospects, in many cases, these
advances do not quite deliver on all expectations. A current example is the use of
molecular techniques such as “Next Generation Sequencing” (NGS) as an approach
to biodiversity research. This technology has provided a step change in the amount
of genetic information that can be acquired, enabling novel phylogenetic analysis
(Medlin 2016); however, it has limitations in terms of biodiversity (Pompanon and
Samadi 2015). A sample of sediment contains DNA and RNA from living microbes,
but also traces of both molecules, often degraded, found outside of living cells.
These fragments may provide a clue to other life forms that recently shared this
habitat (so called environmental DNA [e-DNA]). The problem lies in attribution,
validation and analysis of these pools of information. Molecular analysis can
separate the genetic information (genetic barcodes), providing a catalogue of “spe-
cies” present. This can be extremely accurate where the species are well-known, but
remains a list of numbers where they are not. However, the molecular field is
advancing rapidly (Corlett 2017) and excellent examples of its use for different
fractions of the MPB are accumulating (e.g. Pawlowski et al. 2014). For some
groups, information is lacking to fully employ the methodology (Pompanon and
Samadi 2015). As a relevant example, the diatoms themselves may contain 200,000
species, and few of these are fully characterised in molecular terms; in addition, we
still require the skills to describe and assign taxa to the correct species. The
assignment of molecular profiles to a specific taxon is limited by the previous
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identification and sequencing, and we have a long way to go to achieve this goal for
the diatoms. This would require a monumental effort, and also the retention of
taxonomic skills that are becoming increasingly rare. Even as we still need to
“observe and classify” in order to validate and place molecular analyses in context,
these skills are disappearing with the scientists who possess them.2

In summary, to fully understand the ecology, diversity, and function of the MPB,
both approaches—observation and analysis—must be combined in a multidisciplinary
effort.

3 Microphytobenthos in the Biofilm: EPS and EPS-
Mediated Interactions

3.1 The Biofilm Matrix: EPS

3.1.1 General Composition and Structure

The biofilm matrix is composed of a diversity of large molecules generically referred
to as extracellular polymeric substances (EPS, Fig. 4.4). Microphytobenthic EPS are
mainly composed of carbohydrates, as well as some proteins and various other
molecules. They also contain DNA which (as with other components of the EPS)
is actively secreted by microorganisms (Whitchurch et al. 2002). EPS is also able to
absorb a large diversity of smaller molecules and ions, which also increase the
molecular diversity of the biofilm matrix (Wotton 2004a). Bacterial EPS contains
relatively more protein and a larger diversity of components than MPB EPS (Decho
1990). Microphytobenthic carbohydrates are mainly heteropolymers, with a vast
diversity of component monomers (Decho 1990) and a wide range of molecular
weights, from carbohydrates containing a few sugars to highly complex molecules.
The relative proportion of the different fractions will determine the physicochemical
structure of the matrix (Underwood and Paterson 2003). Different types of EPS have
been operationally distinguished as capsular EPS (material closely associated with
the cell wall), bound-EPS (tightly-bound long-chain material), and less refractory,
small chain, easy-extracted molecules (colloidal EPS). The most complex molecules
form the capsule around the cell and are associated with the cell wall, while bound-
EPS are found further from the cell, often as a densely packed network. Colloidal
EPS forms a looser network around cells and sediment grains, with a highly diverse
composition.

Colloidal EPS can be extracted by water at room temperature, while bound-EPS
extraction requires hot water or bicarbonate (Underwood and Paterson 2003).
However, these protocols have also been shown to release intracellular material

2http://westerndiatoms.colorado.edu/about/what_are_diatoms. Accessed Sept 2017.
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(Chiovitti et al. 2004). A more recent method uses cationic resin: during extraction,
this resin traps the bivalent cations linking the molecules together, allowing the
extraction of bound-EPS (Takahashi et al. 2009). Addition of ethanol to the extract
can then precipitate EPS of low to high molecular weight (Underwood and Paterson
2003).

3.1.2 Diversity of EPS Composition

The composition of EPS is under loose genetic control (Decho 1990). For example,
two molecules coded by the same gene complex can have different compositions.
EPS composition is dependent on the cells’ physiological state, growth stage,
physical environmental conditions (temperature, for instance) and ion and nutrient
concentrations (Decho 1990; Underwood et al. 2004). Diversity of EPS composition
can also be linked to the diversity of the producing assemblage (Fig. 4.5; Decho
1990; Hoagland et al. 1993; Oakes et al. 2010). The carbohydrates from colloidal
fractions are richer in glucose than those of bound EPS (82% and 37% of glucose,
respectively; Taylor et al. 1999). Taylor et al. (1999) identified seven main neutral
monosaccharides in both fractions: glucose, rhamnose, galactose, xylose, fucose and
mannose. Glucuronic and galacturonic acid as well as myo- and scyllo-inositol have
also been described (Underwood et al. 2004; Pierre et al. 2010; Passarelli et al.
2015). A high proportion of glucose in carbohydrates is usually associated with a
high photosynthetic production (Hanlon et al. 2006).

At a seasonal scale, it seems that environmental parameters controlling photosyn-
thesis are the main factors governing EPS composition (Passarelli et al. 2015). In
particular, glucose accumulates in carbohydrates in summer, while carbohydrates
display a higher diversity in terms of base monomers during the rest of the year.
Nutrient concentrations in pore water and light exposure have also been demonstrated

Fig. 4.4 LTSEM (Low Temperature Scanning Electron Microscopy) images of a
microphytobenthic biofilm on sediment, showing EPS (dehydrated during preparation) binding
sediment particles together. (a) Surface of the biofilm. (b) Fracture face; the sediment surface is at
the top. Adapted from Passarelli et al. (2014).
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to influence EPS composition (De Brouwer and Stal 2002; Underwood et al. 2004). In
natural environments, EPS are also degraded by bacteria and consumed by other
organisms, which will affect both their concentration and composition (see Sect.
3.2.1).

3.1.3 EPS Production Mechanisms and Regulation

EPS production in microphytobenthos has mainly been studied in benthic diatoms,
which produce copious amounts of mucilage that motile species also use for locomo-
tion (Underwood and Paterson 2003). In diatoms, EPS are synthesized in the Golgi
apparatus, then externally secreted via specialized vesicles (Underwood and Paterson
2003; Wotton 2004a). In pennate diatoms, most EPS are secreted through the raphe
(Fig. 4.1). EPS production by diatoms in cultures is higher during the stationary
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Fig. 4.5 Is the carbohydrate composition of EPS a fingerprint of the microbial community? Shown
is a non-metric multidimensional scaling of various EPS samples from different types of biofilms:
intertidal sandy sediment of the Chausey archipelagos (from Passarelli et al. 2015) and coral
biofilms from Japan—Sesoko and Yamakawa (unpublished). Bray-Curtis dissimilarity index (stress
0.16). The position of the samples on this ordination was calculated from the % monosaccharide
composition of the samples (galacturonic-acid, glucuronic-acid, fucose, galactose, glucose, man-
nose, muo-inositol, rhamnose, scyllo-inositol and xylose). The high dispersion within each site is
mainly due to changes in the carbohydrate composition between seasons. Note that sandy sediments
and coral biofilms (which are different in terms of microbial assemblages) are well-separated by the
nMDS ordination.
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growth phase compared to the exponential phase (Decho 1990; Underwood and
Paterson 2003). Moreover, EPS synthesis is controlled by the environment. For
instance, EPS production is higher under nutrient limitation; and it appears that the
secretion of carbohydrates allows the diatoms to “dump” photosynthetically-fixed
carbon when illuminated under low nutrient conditions, preventing “growth” (Stal
2003; Cook et al. 2007). Under stress, microphytobenthos also increase their EPS,
which acts as a protection mechanism (see Sect. 3.1.4). In the natural environment,
EPS production varies with tidal, daily and seasonal cycles; for example, higher
production of EPS at the end of low tide prepares the microorganisms for immersion
(van Duyl et al. 1999).

EPS is ultimately a product of photosynthesis, and several studies have shown that
carbohydrate production is positively correlated with the rate of primary production
(Smith and Underwood 1998; Staats et al. 2000; Perkins et al. 2001). Inhibiting
photosynthesis drastically reduces EPS production (Staats et al. 2000); yet, EPS can
be produced even in the dark (Smith and Underwood 1998, 2000; van Duyl et al.
1999, 2000; Staats et al. 2000; Underwood et al. 2004). It seems that previous
exposure to light allows accumulation of cellular storage material, conferring the
ability to produce EPS in darkness (Perkins et al. 2001; Smith and Underwood
2000). Diatoms are also able to control the percentage of fixed carbon which will be
released into the EPS pool.

Different EPS fractions exhibit different behaviours in relation to light (Smith and
Underwood 2000; Underwood and Paterson 2003). Bound EPS, for example, is
produced only in the presence of light; its concentration decreases in the dark
(de Brouwer et al. 2002; Orvain et al. 2003). Colloidal EPS are produced both
with and without light (Perkins et al. 2001). In the dark or during immersion,
concentrations diminish, which can be linked to solubilisation and/or consumption
by microorganisms (Orvain et al. 2003). Bound and colloidal EPS have different
tidal and seasonal dynamics; their control therefore seems to be independent (Hanlon
et al. 2006; Orvain et al. 2014; Passarelli et al. 2015). EPS production varies
seasonally, with highest concentrations in the sediment in early summer and lowest
in winter (Passarelli et al. 2015). This dynamic is linked to higher photosynthetic
biomass and higher photosynthetic production in summer.

3.1.4 EPS Roles in Microphytobenthos

In mudflats, epipelic diatoms migrate through the sediments in relation to tidal and light
cycles (Decho 1990; Underwood and Paterson 2003). Populations move towards the
sediment surface and light at low tide, and move away from the surface, deeper into the
sediment when the tide is coming in; this behaviour is regarded as an adaptation which
avoids resuspension. Some epipsammic diatoms also display these movements, though
at a lower amplitude. Many diatoms are facultatively mixotrophic, consuming organic
matter from the environment in the dark (Staats et al. 2000; Taylor et al. 2013), and also
moving toward a food source. Locomotion is therefore central to the ecology of epipelic
diatoms.While the exact mechanisms are not fully elucidated, carbohydrate production
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is necessary for this mobility (Smith and Underwood 2000). The most widely-accepted
model of diatom locomotion proposes that the mucilage, secreted through the raphe,
hydrates, swells and adheres to the substratum (Underwood and Paterson 2003). The
posterior end of the polymer strand remains attached to the plasmalemma. This
attachment point is translocated along the plasmalemma, powered by an actin/myosin
motility system. Actin cables interact with myosin attached to the extracellular EPS to
generate a gliding movement (Poulsen et al. 1999). Through this process epipelic
diatoms secrete copious amounts of mucilage (EPS), leaving strands attached to the
substratum.

EPS can also be responsible for the more permanent attachment of sessile
microorganisms to sediment particles (Decho 1990; Sutherland 2001). Bacteria
often use fimbria or attachment pili to adhere to a host surface; this limits their
resuspension in turbulent environments, and, for diatoms, therefore protects their
frustule. For diatoms, after a first stage of reversible attachment, these microorgan-
isms produce a more rigid EPS which more permanently attaches to a sediment
particle (Sauer et al. 2007). EPS composition is thus important in this regard, and
some mutants cannot attach to sediment despite the production of large quantities of
the molecules. EPS can bind the sediment particles together, forming the matrix of
the biofilm (Flemming and Wingender 2010). This process has an importance
beyond its role for microorganisms, as it contributes to the stabilisation of intertidal
sediments (Paterson 1989). EPS can also diminish sediment roughness by filling the
space between particles and smoothing the surface of particles (de Winder et al.
1999). EPS can also coat sediment particles, making them behave in a cohesive
fashion (Grabowski et al. 2011). As a matrix develops, EPS can attach to several
particles and link them together (Sutherland 2001; Fig. 4.4), forming a network
which traps cells. All of these processes limit sediment erosion and promote sedi-
ment stabilisation, and diatom EPS production appears to be responsible for the
majority of the stabilization effect, as opposed to bacteria (Yallop et al. 1994;
Lundkvist et al. 2007a, b). Indeed, field- and laboratory-based studies have demon-
strated a positive correlation between EPS concentrations in the sediment and
various measures of sediment stability (Decho 1990; Sutherland et al. 1998; Paterson
and Hagerthey 2001; Lundkvist et al. 2007b; Stal 2010). Since sediment stability
increases during the stationary phase of diatom growth, mudflat sediment erosion
may even be linked to diatom growth phase (Sutherland et al. 1998); for these and
other reasons, MBP, and in particular the diatom component, may be considered
ecosystem engineers (see Chaps. 8, 10).

For microphytobenthos and bacteria, the EPS matrix is both a living environment
and also a mechanism of protection (Fig. 4.6). Tidal flats are a highly variable
environment, with marked shifts and strong gradients of chemical and physical
conditions (light, oxygen, salinity, temperature etc.) over hourly to seasonal time
scales, and from micro- to macro- spatial scales. In the face of this variability, EPS
can act as a buffer, maintaining more stable conditions in the immediate surround-
ings of cells (Decho 1990; Wotton 2004b; Bhaskar and Bhosle 2005). For example,
some EPS are highly hygroscopic molecules, able to absorb and hold water and
therefore protect organisms from dessication (Potts 1994).
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EPS can also absorb various molecules, ions in particular, but also heavy metals
and other pollutants. The strength of the link between EPS and these molecules is
dependent on pH and salinity, as well as on EPS surface charge and the structure of the
MBP network. Molecules absorbed onto EPS do not reach the cells, which is why
biofilms can grow in contaminated environments where other organisms often cannot
(Sutherland 2001). EPS has also been shown to provide limited protection against
antibiotics through the same mechanism (Lubarsky et al. 2010). Furthermore, EPS
production may actually increase in the presence of pollutants, e.g. nanoparticles
(Joshi et al. 2012).

3.2 EPS, Key Mediators of Interactions Between
Microphytobenthos and Bacteria

3.2.1 Trophic Interactions: Microphytobenthic EPS as a Trophic
Resource for Bacteria

A significant trophic interaction between microphytobenthos and bacteria through
EPS is indirect. EPS can constitute a trophic resource, rich in carbon (carbohydrates
in particular) and also nitrogen (proteins), but the size of the molecules makes it
impossible for bacteria to assimilate them (Hoppe 1983; Laspidou and Rittmann
2002; McKew et al. 2013). Bacteria produce a large array of extracellular enzymes

Fig. 4.6 Different kinds of EPS in mudflat biofilms and their associated roles and functions.
Adapted for mudflats from Haber and Brenner (1993), Decho (2000), and Flemming and
Wingender (2010).
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which degrade EPS into smaller molecules that they can then assimilate. For
instance, the β-glucosidase enzyme can break the glycosidic linkage between two
sugars in a carbohydrate polymer while other exo-enzymes degrade proteins of
phosphate-containing compounds. These enzymes play key roles in determining
the fate of EPS; for instance, separation of sugars by bacterial β-glucosidase is the
rate-limiting step of carbohydrate degradation in EPS (McKew et al. 2013).

Extracellular enzymes are not in direct contact with cells, but they are contained
within the EPS matrix, and therefore stay close to the producing cells (Meyer-Reil
1994). Bacteria can benefit from enzymes produced by the previous generation of
microorganisms, which reduces the energy required to produce these enzymes
(Decho 2000). Bacteria do not necessarily assimilate all of the small molecules
released by the extracellular enzymes and these smaller molecules are therefore
available for other microorganisms, and also for meio- and macrofauna. It has even
been suggested that very different phyla of organisms, such as bacteria and nema-
todes, can contribute to and benefit from a common pool of extracellular enzymes
(enzyme sharing concept; Riemann and Helmke 2002).

Both the composition and structure (branching, succession of monomers) of EPS
influence their degradability (Oakes et al. 2010). Most studies have focused on
carbohydrate degradation, since these are major components of EPS and an impor-
tant source of carbon for consumers. Portions of carbohydrates rich in glucose are,
for example, more easily degraded than those containing large numbers of deoxy-
monosaccharides (fucose and rhamnose; Giroldo et al. 2003; Bellinger et al. 2009).
Glucose and galactose indeed constitute points of access to EPS for extracellular
enzymes (Taylor et al. 2013). This preferential degradation and assimilation of some
sugars also means that the composition of EPS varies throughout its degradation, and
these changes can alter the effects of EPS within the biofilm.

To understand the fate of EPS carbon inside the biofilm, diatoms can be cultured
with 13C-bicarbonate; they then produce 13C-EPS that can be purified and fed onto a
biofilm, and the fate of the 13C incorporated into the EPS can be followed. Such studies
have shown that bacteria are the main EPS degraders, with a massive and rapid transfer
of carbon fixed by diatoms to bacteria. When in contact with labelled EPS, bacteria
incorporate labelled carbon into their fatty acids within 4 to 6 h (Bellinger et al. 2009;
Taylor et al. 2013). After 30 h, fatty acids of diatoms also become labelled, meaning
diatoms are able to assimilate organic carbon from their environment, and also from the
EPS they produce themselves (Taylor et al. 2013). The longer delay suggests that they
are less efficient than bacteria at assimilating EPS, and also that theymay not be able to
degrade EPS themselves, therefore only using carbon released into the matrix by
bacterial extracellular enzymes. In total, 60% of carbon photosynthetically fixed by
microphytobenthos is transferred to bacteria within 36 h (Oakes et al. 2010).

3.2.2 EPS Roles in Bacterial-Algal Interactions

Not all bacterial groups are involved in strong EPS-related trophic interactions (i.e. not
all EPS production by microphytobenthos can affect the nature of the bacterial
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assemblages in surrounding sediment). EPS has been shown to influence bacteria in
other ways, such as the growth stimulation of specialist bacteria, e.g. the Actinobacteria-
related groups (Haynes et al. 2007). By adding 13C-EPS to sediment slurries, Taylor
et al. (2013) also showed that certain genera among the Alphaproteobacteria and
Gammaproteobacteria classes became highly enriched in 13C in the presence of 13C-
EPS. Low molecular weight EPS can be degraded in most conditions, but most high
molecular-weight EPS are degraded in anaerobic conditions by diverse assemblages of
bacteria, including sulphate reducers and methanogens (McKew et al. 2013).

It has been proposed that the immediate environment of microalgae forms a
“phycosphere”, a special habitat rich in exudates in which some bacterial species,
named “satellite bacteria”, preferentially grow (Schäfer et al. 2002; see Sect. 4.4). Due
to their preference for a given type of exudates (e.g. monomer composition, complex-
ity of the polymer), some bacterial species can indeed become more closely associated
with certain microalgal species. Studies on phytoplankton have shown that some
diatom species are associated with a very distinct bacterial assemblage, while others
have similar assemblages of satellite bacteria (Sapp et al. 2007). The reasons for such
associations are unclear, but the driver may be the composition of exudates produced
by the algae, rather than other parameters such as inorganic nutrient concentrations.
Gammaproteobacteria and Bacteroides are closely associated with diatoms in many
environments (freshwater and marine, planktonic and benthic, etc.; Bruckner et al.
2008) while in microphytobenthic biofilms, Alphaproteobacteria are also common
(Taylor et al. 2013; Decleyre et al. 2015).

Besides their effect on bacterial community composition, diatoms and their EPS
secretions also seem to influence bacterial abundances, productivity, and enzymatic
activity (Agogué et al. 2014; Orvain et al. 2014; Decleyre et al. 2015); however, the
data are not always consistent. Two field studies recently reported dissonant results:
Decleyre et al. (2015) described a tenfold increase of bacterial abundances associ-
ated with a twofold increase of microphytobenthic biomass, while Orvain et al.
(2014) found that concentrations of bound EPS were negatively correlated with
bacterial abundances. Similarly, a negative correlation was observed between bound
EPS and bacterial production and enzymatic activities in tidal mesocosms (Agogué
et al. 2014). Manipulative studies in more controlled environments are necessary to
determine the exact mechanisms of such interactions, but the highly diverse, patchy
and variable nature of microphytobenthic biofilms make such experiments difficult.

Finally, it is worth noting that bacteria can also influence diatoms and their EPS
production. The influences of bacteria on diatoms are diverse and highly dependent
on species and conditions. Bacteria can either increase or hinder diatom growth; they
can modify their adhesion to their substratum, and also modulate the production and
composition of EPS (Bruckner et al. 2008). For example, Bruckner et al. (2008)
isolated Bacteroidetes which, when in co-culture with the diatom Cymbella
microcephala, decreased the concentration of soluble EPS, but also increased the
quantity of bound EPS. During the earlier stages of biofilm formation, there also
seems to be a synergy between diatoms and bacteria in terms of EPS production,
especially for the protein component (Agogué et al. 2014; Orvain et al. 2014); this
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synergy results in the production of a “cooperative”micro-ecosystem (“the biofilm”)
where bacteria and diatoms directly interact.

4 How Direct Microbial Interactions Affect Biofilm Fitness

4.1 Synergistic vs. Antagonistic Effects

Mudflat biofilms are characterized by a complex assemblage of microbial species,
and the interactions between these microorganisms critically influence the develop-
ment and shape of the entire community. In biofilms, interspecies interactions
involve communication, and metabolic cooperation or competition. Interactions
can be synergistic, or antagonistic (such as competition for nutrients, virulence),
which ultimately limits the growth of one or several species. The latter is observed
when the interaction between microbial cells induces a total effect (i.e. organic
matter degradation, primary production) greater than the sum of the individual
effects. Examples include biofilm formation by aggregation through the production
of EPS (metabolic cooperation, Elias and Banin 2012), or coordination to better
utilize nutrients or withstand harsh conditions.

An increase of the fitness of all partners is generally observed as a result of a
synergistic effect. Such cooperation can evolve if the evolutionary fitness of two or
more partners are aligned (Buckling and Brockhurst 2008). For example, the pro-
duction of EPS may not only assist in establishing the biofilm, but also promote
greater biofilm growth than the comparable single-species biofilms, suggesting that
cells not only promote their own adhesion, migration, and growth, but also those of
other microbial species. This was suggested by Lubarsky et al. (2010), who inves-
tigated the engineering effect (i.e. adhesive capacity and cohesive strength of the
biofilm) of microbial assemblages. They discovered that exopolymer concentrations
were significantly greater when bacteria and axenic diatoms were co-cultured,
compared to single cultures. In another study by Hubas et al. (2010), the complexity
of MPB assemblages was identified as a potential bio-stabilization force in marine
sediments. The authors showed that the assemblage complexity, rather than the
presence of any particular organism, strongly impacts biofilm structure, both in
terms of microbial abundance/biomass, and exopolymer content. With increasing
complexity, the number of potential interactions also increases, leading to a general
enhancement of the diversity of trophic links and energy pathways. This is consid-
ered to improve the ability of a given community to withstand external perturbations
(Paine 1969).

As may be understood from the above examples, most biofilm studies examine
mono-species cultures (Elias and Banin 2012); a very limited number of studies involve
actual mudflat biofilms. Interactions in natural communities are far more complex than
those observed under controlled monoculture conditions, and often involve negative
and/or positive feedback loops as well as indirect effects. Together, these processes
influence the complex responses of communities to external perturbation and
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biodiversity losses (Worm and Duffy 2003). In addition, the expression of many genes
in biofilms is ultimately density-dependent and the quorum (i.e. the minimum number
of members of a given species necessary to conduct the function of that group)
modulates the magnitude and direction (i.e. negative vs. positive) of these feedback
loops (see Sect. 4.2). In this context, understanding the interactions in mudflat biofilms
(and thereby, how biofilm diversity affects its general functioning) and whether these
interactions are intrinsically synergistic or antagonistic is genuinely challenging.

4.2 Communication . . .

4.2.1 Communication Between Bacteria

Communication between microbes generally takes the form of quorum sensing (QS),
a social behaviour that enables interactions between the members of the microbial
communities. Quorum sensing relies on the production and release of signalling
molecules called autoinducers, which increase in concentration as a function of cell
density (Camilli and Bassler 2006). The detection of these autoinducers often
involves diffusion back into cells and binding to specific receptors, allowing bacteria
to express specific genes in a coordinated manner (Miller and Bassler 2001; Waters
and Bassler 2005). Biofilm development and QS are closely interconnected pro-
cesses, especially through the production of EPS (Branda et al. 2005; Solano et al.
2014), although the effect of QS may vary in opposite ways (i.e. enhancement or
inhibition), depending on the species considered and the environmental conditions.
Quorum sensing signalling pathways are very complex, and several types of sec-
ondary metabolites have been identified as QS molecules (Keller and Surette 2006).
In Pseudomonas aeruginosa, for example, three complete QS circuits (involving
N-Acyl homoserine lactone signalling molecules), LasI/LasR, RhlI/RhlR and
PqsABCDH/PqsR are involved in the regulation of EPS production, with the LasI/
R circuit hierarchically positioned upstream of the RhlI/R circuit (Solano et al.
2014). The transcription factors LasR, RhlR, and PqsR detect their respective signal
molecules, leading to a feed-forward autoinduction loop and also to either positive or
negative regulation of target gene transcription. An additional level of complexity
arises in microbial assemblages when considering that some quorum-sensing sys-
tems are used mainly for intraspecies communication, while others support inter-
species communication (Bassler and Losick 2006).

The type 2 autoinducers (AI-2) are considered universal and can mediate inter-
species communication, while other signalling molecules such as type 1 autoinducers
(AI-1), are mainly used in intraspecific communication. N-Acyl homoserine lactones
(AHLs or AI-1) are fatty acid amides of variable chain length (C4 to C18) or their
oxygenated derivatives with 3-amino-γ-butyrolactone (N-acyl homoserine lactones),
and their exact composition gives the signal its specificity (Rolland et al. 2016).
Many other types of metabolites have been identified, such as the p-coumaroyl
homoserine lactones (Schaefer et al. 2008), furanosyl diester borate (AI-2, Chen
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et al. 2002), quinolones (Pesci et al. 1999), peptides, and γ-butyrolactones (Onaka
et al. 1995). AI-2s are all derived from a common precursor, 4,5-dihydroxy-2,3
pentanedione (DPD), the product of the S-ribosylhomocysteine (LuxS) enzyme,
which spontaneously cyclicize to produce a collection of stereoisomers that presum-
ably allow bacteria to respond to both endogenic and allogeneic AI-2s.

In nature, a great diversity of QS molecules are found in microbial mats (Decho
et al. 2009, 2010). It is hypothesized that signalling pathways could be modified due
to geochemical and/or biological modifications of the signalling molecules. This
modification could result in a disruption of the intended communication if signals are
no longer recognized, or, alternatively, an activation of another communication
pathway that may result in the expression of a different gene if a modified signal
is able to interact with a different receptor (Decho et al. 2010). There is clearly a lack
of studies in mudflats to validate or invalidate such a hypothesis. As mentioned
above, most studies have dealt with monospecific, or, at best, multispecific labora-
tory biofilms; natural environmental investigations are still very rare (Gerbersdorf
and Wieprecht 2015). The development of this field of study is clearly a major
gateway to the understanding of mudflat biofilm function.

4.2.2 Other Forms of Communication

Bacteria are not the only microbes capable of inter-individual communication. Grow-
ing evidence suggests that diatoms produce cell-to-cell signalling molecules (mainly
pheromones involved in sexual reproduction), which share many features with
quorum-sensing molecules (i.e. hydrophobic, diffusion across cell membranes, and
presumably coordination of gene expression between gametes). Several types of
gamones are produced by freshwater and marine diatoms. Examples include
hormosirene, dictyopterine A, and finavarrene, which are produced by Gomphonema
parvulum (Pohnert and Boland 1996); fucoserratene, which is produced by
Asterionella formosa (Hombeck and Boland 1998); ectocarpene, which is produced
by Skeletonema sp. (Derenbach and Pesando 1986); or yet-unidentified sex phero-
mones (Sato et al. 2011). Benthic diatoms also produce pheromones. In the benthic
pennate diatom Seminavis robusta, pheromones trigger the switch from mitosis to
meiosis in the opposing mating type, coupled with the transcriptional induction of
proline biosynthesis genes, and the release of the proline-derived attraction pheromone
(Moeys et al. 2016). However, there is once again a lack of information from natural
assemblages, and once again, the development of this approach is a major gateway in
the understanding of the functioning of natural mudflat biofilms. For example, is the
migration pattern observed in mudflat biofilms somehow modulated by the production
of signalling molecules? Indeed, epipelic diatoms show partially endogenous vertical
migratory rhythms, which are synchronized with diurnal and tidal cycles (see Sect.
3.1.4), whereas epipsammic diatoms do not (Admiraal 1984; Serôdio et al. 1997). It
has been shown that these different behaviours correspond to different photoregulatory
strategies: the epipelic community of muddy sediments employing both physiological
and behavioural photoprotection, while the epipsammic community of sandy
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sediments uses exclusively physiological mechanisms (Cartaxana et al. 2011). Phys-
iological mechanisms imply the reversible de-epoxidation of pigment diadinoxanthin
(DD) into the energy-dissipating form diatoxanthin (DT), diverting excessive light
energy from photosystem II reaction centres, thereby limiting damage to the photo-
synthetic apparatus (Goss and Jakob 2010). These recent findings in chemical micro-
bial ecology shed new light on how microbes may interact in natural assemblages.
Indeed, we now consider them a social group that responds to environmental stimuli in
a coordinated manner. It is likely that macroscopic manifestation of microbial activ-
ities such as the vertical migration of diatoms, or the development of massive mats of
bacteria visible to the naked eye (Hubas et al. 2013) may be regulated by signalling
molecules.

4.3 . . . and Defence

In biofilms, interspecies interactions involve communication and metabolic cooper-
ation, but also competition for nutrients and space. An increasing number of studies
indicate that benthic microbes do produce defence and virulence factors. In a recent
study, Doghri et al. (2017) demonstrated that benthic diatom EPS may inhibit
biofilm formation in some bacterial strains, while promoting it in others. Colloidal
and bound EPS secreted by axenic Navicula phyllepta cultures were tested for their
effects on the in vitro formation of biofilms by three marine bacteria, including one
from a French Atlantic intertidal mudflat known for its strong in vitro biofilm-
forming ability. Navicula phyllepta-bound EPS synthesized during the stationary
phase specifically inhibited the biofilm formation by the Flavobacterium
sp. bacterial strain, whereas they stimulated biofilm development by two other
bacterial strains. Saccharidic molecules were found to be responsible for these
activities. In addition, diatoms are known to produce a variety of halogenated
compounds, which are involved in allelopathic interactions between competing
species. The production of these compounds is linked to haloperoxidase activity,
and it has been shown recently in the benthic diatom Nitzschia pellucida that this
system may also be involved in diatom-bacteria interactions via the H2O2-dependent
inactivation of a type of quorum sensing (QS) molecule (i.e., N-β-ketoacylated
homoserine lactones | AHLs). In this case, diatoms are responsible for a loss of the
QS activity by cleavage of the halogenated N-acyl chain of the autoinducers (Syrpas
et al. 2014). This observation supports the Decho et al. (2010) hypothesis that
specific microbial activities could modify QS signalling pathways, and result in a
disruption of the intended communication. Microbial interactions in mudflat eco-
systems are thus seen to be extremely complex.

Many diatoms secrete free fatty acids (FFAs) and esters that can act as
antibacterial compounds and influence bacterial community structure. FFAs display
a broad spectrum of activity ranging from growth inhibition (inhibition of enzyme
activity or nutrient uptake) to direct cell lysis (Desbois and Smith 2010). However,
the antibacterial effects of FFAs are frequently observed during bioassay-guided
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fractionation of extracts from a variety of organisms, and no studies to date have
attempted to determine the diversity of FFAs in natural microbial mats (including
mudflats), or the concentration at which they are expected to have a bactericidal
effect. The role of single-cell eukaryotic FFAs against bacteria is poorly known, but
an interesting hypothesis has been proposed by Desbois and Smith (2010). In
microalgae, “scarifying” microbial cells may confer some protection to the whole
population. FFAs released from a microalgal cell that has been damaged by a
pathogen will act on pathogens in the local vicinity, reducing their numbers. Indeed,
fatty acids are abundant in the phospholipids that constitute the cell membrane. If
microalgae are lysed due to the feeding activity of grazers or to bacteria virulence, it
is expected that a large quantity of FFAs are released from the cell membranes by
lipolytic enzymes. It is known that these FFAs are toxic to invertebrate grazers of
diatom epilithic biofilms (Jüttner 2001), but they could potentially offer similar
protection against pathogenic bacteria or viruses.

4.4 The Phycosphere

4.4.1 Definition and Functioning

The phycosphere is a region where EPS-mediated interactions between bacteria and
diatoms take place. The term phycosphere corresponds to a region that is located in
the close vicinity of a microalgal cell or colony. This term was first introduced in the
early 1970s by Bell and Mitchell (1972) as an equivalent of the “rhizosphere” of
terrestrial ecosystems. The concept is that there is a region extending outward from
an algal cell for an undefined distance, in which bacterial growth is stimulated by the
extracellular products of the algae. Since the introduction of this concept, numerous
studies have demonstrated that this high-nutrient environment creates an “attached”
microbiome with phylogenetic groups that are significantly different from the free-
living bacterial populations. However, whether the compositions of the bacterial
communities are strictly species-specific for microalgae (i.e. host-specific) is still
under debate. According to Bruckner et al. (2008), diatoms may be regarded
generally as a microhabitat to which Proteobacteria and Bacteroidetes have partic-
ularly adapted, regardless of whether the diatoms are planktonic or benthic, fresh-
water- or saltwater, or terrestrial. It seems, indeed, that the quality and quantity of
microalgal exudates is the most significant driver in structuring the phycosphere
bacterial diversity (Sapp et al. 2007).

There is also strong evidence that quorum sensing occurs in microbial communities
that inhabit the phycosphere and that long-chain AHLs (more than eight carbons in the
acyl side chain) are the dominant mode of communication in phytoplankton-
associated bacteria, above AI-2 and other signalling molecules (Rolland et al. 2016).
The roles of quorum sensing in the phycosphere are numerous and sometime contra-
dictory. Generally speaking, QS is recognised as an efficient way to regulate the
attachment of cells to a substratum and the development of biofilms through the
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production of EPS molecules as well as the dispersion of the cells, through the
production of tensioactive rhamnolipids (Pasmore and Costerton 2003; Branda et al.
2005; Battin et al. 2007; Flemming et al. 2016), and thereby QS is expected to play a
key role in the colonization of the phycosphere by bacteria. It is also well established
that QS is involved in the biosynthesis of antimicrobial compounds (see Sect. 4.3) and
thus is expected to have a strong impact on the bacterial population, both within the
phycosphere and on the algal host. Various algicides and antibiotics, such as proteases,
have been identified from bacteria that inhabit the phycosphere (Amin et al. 2012;
Rolland et al. 2016). In addition, some algicidal bacteria are also known to enter the
phycosphere and lyse diatoms, e.g. Saprospira spp. induce cell lysis of Chaetoceros
ceratosporum by direct contact. The bacteria use gliding motility to move toward the
diatom and induce lysis via the production of microtubule-like structures (Furusawa
et al. 2003). In response to pathogens, algae produce antibacterial compounds such as
free fatty acids (see Sect. 4.3) or perform quorum quenching (QS interference), which
reduces the virulence (Rolland et al. 2016).

4.4.2 The Concept of Phycosphere in Mudflat Biofilms

Studies dealing with benthic diatoms and their associated microbiome are still very
rare, and the gaps in current knowledge are even more striking for natural biofilms.
In the context of MPB it is worth noting that the secretion of extracellular products is
not limited to the immediate cell neighbourhood, but rather everywhere in the
biofilm, forming a coherent matrix. Thus the question arises if the concept of
phycosphere is entirely applicable to mudflat diatoms (Fig. 4.7). If it is, then we
should expect that bacterial assemblages that develop near microalgae be intrinsi-
cally different in terms of diversity and functioning than those that develop on EPS
bound to sediment particles. Considering that EPS compositions are different
between the different EPS fractions, and that pathogenic bacteria and viruses
develop near the microalgae, it is likely that bacterial assemblages would differ.
Alternatively, transfers of cells, genes or even signalling molecules between both
compartments are possible, and this might reduce the dissimilarity between the
microbial assemblages. In a recent study, Leinweber and Kroth (2015) combined
scanning electron and bright-field microscopy together with Energy-dispersive
X-ray (EDX) spectroscopy to reveal that capsular EPS of the freshwater benthic
diatom Achnanthidium minutissimum developed from fibrillar precursors, and that
bacteria preferentially attach to encapsulated rather than non-encapsulated diatoms.
This supports the idea of the existence of a phycosphere mediated by the capsular
EPS in benthic diatoms. Alternatively, the bound EPS of the biofilm could represent
an extension of the phycosphere: a place where dormant pathogenic bacteria and
viruses are protected in a nutrient-rich environment, awaiting the opportunity to
infect a host.
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5 Conclusion

From the preceding considerations, the diversity of the microphytobenthos (MPB)
and the interactions between microalgae and bacteria are shown to be extremely
complex. The understanding of microbial interaction within natural biofilms is an
emerging field of study inmudflat ecosystems, and the categorization of the microbial
interactions adopted in this chapter (i.e. direct vs. EPS-mediated) is somewhat
artificial, because most small molecules used in communication and defence in
microbial ecosystems could themselves be considered as colloidal or dissolved
EPS. This should invite us to consider that, in the biofilm, EPS plays a central role
as themediator of microbial functions, and thereby the associated ecosystem services.
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Chapter 5
Meiofauna: An Inconspicuous but
Important Player in Mudflat Ecology
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Abstract Due to their inconvenient size and nature (too small for easy whole-
organism work; too large for, and not amenable to, most microbiology techniques),
meiofauna tend to perpetually slip through the cracks of mainstream marine ecology.
The resulting knowledge gap is probably as considerable as the ecological importance
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of this group. In this chapter we first present the available techniques for sampling,
extraction, and preservation of mudflat meiofauna, and then consider their spatial and
temporal dynamics. Although their trophic ecology is obviously of prime importance,
meiofauna influence the mudflat ecosystem through many other types of interactions
which, at least in part, result from their high taxonomic and functional diversity. These
include cryptobioturbation, which has far-reaching effects on sediment characteristics
and stability; microbial grazing and fecal pellet production, which impact mudflat
microbial ecology and nutrient cycling; and meiofauna-macrofauna interactions,
which evolve as the macrofauna grow and develop. An increased awareness of the
roles of meiofauna is essential to a comprehensive understanding of mudflat ecology.

1 Introduction

There is an increasing awareness of the ecological importance of soft-bottom
meiofauna to the marine ecosystem (Watzin 1983; Pati et al. 1999; Danovaro et al.
2007; Nascimento et al. 2012; Schratzberger and Ingels 2018), especially in the
intertidal, where meiobenthic populations are most abundant and productive
(Vranken et al. 1986; Vincx 1996; Giere 2009). In particular, benthic meiofauna
represent an important food source for higher trophic levels, to which more than 75%
of their total production may be transferred (Danovaro et al. 2007). Due to their small
size, high turnover and high abundance, meiofaunal organisms are also efficient
environmental sentinels (Coull and Chandler 1992; Schratzberger et al. 2000;
Moreno et al. 2008a, b; Zeppilli et al. 2015).

Progress in the ecology of mudflat meiofauna has been hampered by the relatively
recent awareness of the ubiquity and diversity of these organisms, the difficulty in
extracting them completely from the sediment (up to the late 1970s), and the inherent
difficulty in studying organisms too small to easily recognize and count (Giere
2009). These difficulties render all the more remarkable Giere’s (2009) seminal
work on sediment meiofauna.

The introduction and generalization of improved extraction techniques (de Jonge
and Bouwman 1977) have rendered the study of meiofauna much more accessible,
but their small size and the difficulty of lower-level taxonomic identification still
hinder progress in ecological research. Although geologically-interesting groups
such as the Foraminifera may have journals specifically devoted to them, a
1980–2011 survey of the papers published in the leading marine ecology journal
Marine Ecology Progress Series showed that the percent of all papers concerning
meiofauna peaked at 6 in 1990, decreasing to a mere 0.4 in 2011, compared to 10–55
for macrofauna papers over the same period. At the time of writing, the percent of
articles concerning meiofauna was 0 for the first six volumes in 2018, while those
concerning macrofauna had increased to almost 80% (including a seabird special
issue; Fig. 5.1). This contrasts with a refreshing recent special meiofauna issue of
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another mainstream marine ecology journal, the Journal of Experimental Marine
Biology and Ecology (Lampadariou et al. 2018).

In this chapter, we will first examine the methods currently available for descrip-
tive and quantitative study of mudflat meiobenthos; the spatio-temporal variability,
trophic and other functional ecology of this living fraction; and finally the ecological
interactions which involve meiofauna in the mudflat habitat. Of the relatively little
that is known of mudflat meiofaunal ecology, most concerns two dominant meta-
zoan taxa: nematodes and harpacticoid copepods. We will thus focus almost exclu-
sively on these two groups.

2 Sampling, Preservation and Extraction Procedures

2.1 Sampling Procedures

Sampling meiofauna on intertidal mudflats is usually performed at low tide and does
not require expensive equipment or sophisticated procedures. Hand coring is a straight-
forward and effective sampling technique. Corers are typically made of Perspex or
another hard, robust and translucent material (Fig. 5.2). When the sediment contains
many hard inclusions such as stones, or when larger sediment depths need to be
sampled,metal corersmay be preferred since these can be hammered into the sediment.
The luer or bottom end of the corer should be beveled and should ideally be inserted in a
nicely vertical orientation into the sediment; corer withdrawal from cohesive sediments
may be facilitated by slightly tilting and rotating the corer during withdrawal. Once the
corer is inserted, it should be closed from the top with an air-tight stopper (Fig. 5.2). In
some cases (e.g. very fine, water-saturated mud sediment), it may be necessary to also
close the corer from below before withdrawal from the sediment. This implies digging
and removing the surrounding sediment until a stopper can be inserted.

Fig. 5.1 Percentage of all
articles in the journal
Marine Ecology Progress
Series concerning
meiofauna and macrofauna,
1980–2011, and in 2018 up
to June. P. Beninger,
unpublished data.
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It is important to be aware that coring may compact and even partly ‘squeeze’
sediments. The use of a piston with which a slight suction on the sediment can be
exerted during withdrawal may counteract this, but this is easier to apply to corers
with a very small diameter (e.g. a sawn-off syringe; Fig. 5.2) than to larger ones
(Somerfield et al. 2005). Withdrawal of corers from the sediment, and of sediment
from the corers, may also cause significant vertical displacement of sediment and,
particularly, interstitial water and fauna. Allowing the sediment to gently slide down
from the corer usually causes fewer such effects than pushing it up through the corer
with a piston. Nevertheless, the latter procedure is much easier to vertically slice a
sediment core; a half-open graded Perspex cylinder can be screwed onto the corer
and a piston pump system can be used to push the sediment upward in a controlled
way. In order to avoid the sediment compaction and porewater drainage resulting
from this procedure, the lower end of the corer can be closed with potter’s clay
(Cleven 1999). This effectively closes the corer from below with a stopper which
perfectly fits the size of the corer and can be pushed up by a piston, and it avoids that
the pressure (and hence compaction) from the piston pump directly acts on the
sediment (Cleven 1999).

While the above procedures are adequate to section sediments in strata of 1–2 cm
thick, and hence to address issues of vertical distribution or migration of meiofauna
(e.g. Steyaert et al. 2001, 2003), very detailed vertical profiles (down to one or a few
mm) have been obtained using a modified corer attached to a micrometer screw
(Joint et al. 1982). Such fine-scale profiles may, for instance, be required when
studying interactions between meioafuna and microalgae in the surface layers of

Fig. 5.2 Sampling equipment for meiofauna field sampling. Perspex hand corers with air-tight
stoppers, a ‘microcore’ with a piston (here simply a sawn-off syringe) and recipients for sample
storage. Photo by Tania Campinas Bezerra.
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mudflats (Warwick and Gee 1984). However, such screw micrometers are extremely
sensitive to blockage by sediment particles and therefore must be kept as clean as
possible. Sampling of surface sediments at sub-millimeter scales can be performed
using a cryolander, allowing undisturbed profiles with a vertical resolution of
ca. 0.1 mm (Wiltshire et al. 1997). This technique has not hitherto be implemented
for meiofauna, but might be of use in reconstructing the fine-scale relation between
microphytobenthic biofilms and the meiofauna feeding on, or living inside them.

Two obvious issues are the preferred size of the corers to be used for sampling,
and the number of replicate samples to be obtained. This obviously depends on the
research question. Meiofauna are typically very patchily distributed at scales of a few
cm2, sometimes even less (Findlay 1981, 1982; Blanchard 1990; Pinckney and
Sandulli 1990; Boldina et al. 2014, and Chaps. 8 and 15). Hence, the relationship
between meiofauna and microalgae or other food sources, or with sediment
microtopography (Sun et al. 1993), may be much better revealed by a larger number
of small samples than by a few larger-sized samples (Moens et al. 1999a). Corers
with a diameter as small as 1 cm may be adequate for such purposes. If the focus is
on a description of community abundance, composition and biodiversity, a smaller
number (preferably no less than 4) of larger-sized samples may be more suitable, or
large compound samples may be collected, homogenised and subsampled to obtain
one replicate (Heip et al. 1985). A very commonly used corer diameter for
meiofauna inventories measures 3.5 cm and covers a surface area of 10 cm2.
Montagna et al. (2017) found no difference in density estimates of nematodes,
copepods and total meiofauna between corers with diameters of 2.2, 3.1, 5.5 and
6.7 cm, but cautioned that the numbers of meiofaunal taxa other than nematodes
were quite low when corer diameter dropped below 5.5 cm, potentially hampering
statistical power of data analyses. Hence, the abundance of meiofauna is another
factor to consider when choosing an optimal sample size. To our knowledge, no
study similar to that of Montagna et al. (2017) has compared meiobenthos diversity
estimates or community composition assessments generated by differently sized
corers. In any case, since the abundance and the patch size of meiofauna may vary
tremendously with factors such as sediment granulometry or habitat type, there is no
universally-suitable corer size for every habitat and research question.

In addition to the above-mentioned considerations concerning corer size, if the
research question entails any aspect contingent on the proper spatial representation
of the meiofauna (spatial distribution, biomass, annual productivity, etc.), the
equally-important question of spatial lag (distance between cores) must be
addressed. Assuming that sampling occurs in linear transects, a sample lag of at
least 5 m should be used, and several replicate samples may be taken at each
sampling station, provided this is done almost simultaneously for all replicates
(Boldina et al. 2014). In turn, the appropriate inter-replicate spatial lag may be
initially investigated and standardized once ascertained. A summary of such a
sampling strategy is provided in Fig. 5.3.
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2.2 Sample Preservation

Optimal sample preservation procedures differ among meiobenthic taxa (Higgins
and Thiel 1988; Somerfield et al. 2005). Soft-bodied taxa in particular require
different preservation procedures than hard- or semi-hard-bodied taxa such as
copepods and nematodes. The latter two taxa can be adequately preserved by
covering the sediment sample with a formaldehyde solution with a final concentra-
tion of 4%. In this way, samples can be stored for up to several years. However, it is
imperative that they are stored in air-tight containers to avoid evaporation, which
would otherwise result in drying of the sample, formation of paraformaldehyde
‘crystals’, and the release of a toxic vapour (formaldehyde is carcinogenic and
should not be inhaled). Formaldehyde polymerization is a normal process but is
counteracted by the addition of methanol in commercial grade formaldehyde
(Bedino 2003). It is nevertheless enhanced by factors such as light (hence long-
term storage of samples in a dark environment is advisable) and pH: as pH decreases,
polymerization increases (Bedino 2003). Therefore, it is also advisable to use
formaldehyde which has been buffered, for instance with borax (Pfannkuche and
Thiel 1988; Garraffoni et al. 2017); a pH no less than 8.2 will at the same time ensure
that organisms with calcified structures remain intact. Some nematode taxa tend to
react to the addition of formaldehyde by curling; if preserved in this position,
important morphological features may be poorly visible. Preserving with hot
(ca 70 �C) formaldehyde usually guarantees that the vast majority of nematodes is

Inter-point distance (cm) : 3, 6, 9, 12, 15, 18, 21, 24

21 cm
24 cm

5 m 5 m 5 m5 m5 m
( spatial lag )

3 cm 6 cm 9 cm 12 cm 15 cm 18 cm 21 cm 24 cm

6 cm3 cm

Fig. 5.3 Example of a mudflat meiofauna sampling protocol, where the research question requires
adequate spatial representation. Sampling stations are separated by 5-m intervals, and different
inter-replicate distances are applied at each sampling station, in order to determine the character-
istics of meiofaunal patchiness. From Boldina et al. (2014), with permission from Elsevier.
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nicely stretched out, but the heating of the formaldehyde increases vaporization and
precautions should therefore be taken to avoid inhalation.

Technically speaking, glutaraldehyde is probably a superior alternative to form-
aldehyde, as it may also effectively preserve protists and soft-bodied meiofauna
(Pfannkuche and Thiel 1988). Although glutaraldehyde penetrates tissues more
slowly, this is not much of an issue with meiofauna-size organismes. Moreover, its
long-term preservation capacity is better than that of formaldehyde (Bedino 2003), it
is not volatile and—although it does pose health risks—it is not carcinogenic.
However, it is considerably more expensive and therefore seldom used for routine
preservation of meio- and macrofauna samples. While a 70–80% solution of ethanol
in glycerol may also adequately preserve harpacticoid copepods (Higgins and Thiel
1988) and—in contrast to aldehydes—DNA (allowing DNA-based community
analyses to be performed), it typically leads to shrinking and discoloration of
nematodes, rendering them even more difficult to identify. Preservation of samples
intended for molecular analyses, e.g. for metabarcoding of meiobenthic communities
(Creer et al. 2016; Fonseca et al. 2017), should avoid the use of formaldehyde.
Freezing at �80 �C, or preservation in ethanol or DESS [dimethyl sulfoxide,
disodium EDTA, and saturated NaCl—Yoder et al. (2006), Beknazarova et al.
(2017)], are the preferred options here.

2.3 Extraction Procedures

2.3.1 Extraction of Preserved Samples

An adequate extraction of meiofauna from the sediments, with which they are
sometimes tightly associated, is a crucial but non-evident task; indeed, as mentioned
above, this has historically been one of the most difficult obstacles to quantitative
meiofauna research. The degree of difficulty of this task depends on factors such as
sediment granulometry and detritus content, but also on the indigenous meiofaunal
taxa, and on whether or not they should remain alive. Here, we restrict ourselves to
the dominant meiofaunal taxa, i.e. nematodes and harpacticoid copepods, acknowl-
edging that the approaches taken may be suboptimal for use in, for instance,
turbellarians, ostracods or foraminiferans. We refer to Higgins and Thiel (1988)
and Somerfield et al. (2005) for an overview of sample preservation and extraction
procedures for other meiofaunal taxa.

When samples have been chemically preserved (see Sect. 2.2), and meiofauna are
therefore dead, elutriation of meiofauna depends mostly on sediment granulometry.
In coarse sediments, or more generally in sediments with only a very small silt-clay
fraction, vigorously stirring the sample with water (e.g. by applying a jet of tap
water) and then decanting it over a suitable sieve after a short (10–30 s) period to
allow sediment particles to settle, may be sufficient to obtain the vast majority of
nematodes and copepods, provided the procedure is repeated up to ten times. When
there is a substantial silt-clay fraction, the same procedure is less than suboptimal
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because of the slow sedimentation of silt, clay and detritus, and because of the often
intricate association of meiofauna with detritus particles or sediment aggregates. The
latter are sometimes hard to sieve out and may conceal some meiofauna. Sediments
that contain many aggregates may therefore be pretreated using sample sonication
(Thiel et al. 1975) and/or incubation and shakingwith Calgon™, a water softening agent
(Barnett 1980), to fragment the sediment aggregates. For sediments with a high silt
fraction, the addition of kaolin powder improves extraction efficiency, because the
kaolin binds silt-clay particles, thus enhancing their sedimentation (Heiner and
Neuhaus 2007; Giere 2009).

The above treatments are only a first step; meiofauna will then have to be
extracted via isopycnic elutriation techniques, which are based on the difference in
the specific density of meiofauna vs. that of most sediment particles (the latter
considerably exceeds the specific density of meiofauna, with the exception of shelled
taxa). Therefore, the sample is thoroughly mixed with a solution which approximates
the specific density of the meiofauna. This can be achieved with sugar (Heip et al.
1974), with chemicals like MgSO4 (Vincx unpubl.), but most commonly and
efficiently with colloidal silica gels such as Ludox™ or Ludox HS40 (Du Pont)
(Heip et al. 1985; Vincx 1996; Du et al. 2009; Xu et al. 2010; Boldina et al. 2014;
Montagna et al. 2017). Whatever the solution used, it is important that it has a
density which equals or only slightly exceeds that of meiofauna. When a sediment
sample is well-mixed and shaken with, for instance, Ludox of the correct specific
density, the heavier sediment particles will slowly sink to the bottom, whereas the
meiofauna will remain suspended in, or float on top of, the Ludox fraction. This
fraction can then be gently poured over a suitable sieve to collect the meiofauna. It is
best to repeat this procedure up to 3 or 4 rinses so as to obtain the vast majority of
meiofaunal specimens in the sample. Extraction efficiency may thus amount to
�97% (Pfannkuche and Thiel 1988; Boldina et al. 2014). Still, Heip et al. (1974)
have argued that each such extraction step yields a fixed proportion of the remaining
nematodes/copepods from the sample, which would allow estimation of the abun-
dance of the whole sample even after a single Ludoxing cycle. In most labs, the
density separation of meiofauna and sediment can be enhanced by centrifugation,
allowing the complete extraction of multiple samples a day. However, even in the
absence of a suitable centrifuge, the procedure still works well; it will only take
considerably more time to ensure that all sediment particles properly sink to the
bottom, and a more delicate handling of the recipient to avoid resuspension of settled
sediment.

It is important to thoroughly rinse sediment samples with tap water prior to
addition of Ludox, since Ludox gels on contact with seawater. This problem is
less prominent when using a different type of Ludox, Ludox® AM (Pfannkuche and
Thiel 1988), but it is nevertheless advisable to routinely wash samples with tap water
prior to Ludoxing. The pre-washing with tap water also removes a considerable
portion of the silt-clay fraction and most of the preservative. When working with
muddy samples, care should be taken not to overload the sieve (which would lead to
spilling of some meiofauna), and gently tapping the sieve from below may prevent
clogging. In addition, it is advisable to check the tap water for presence of
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meiofaunal taxa (particularly nematodes). This can be done by allowing tap water to
run over a suitable sieve for 5–10 min and subsequently checking the contents of that
sieve (Somerfield et al. 2005).

Ludox is most commonly prepared with a specific density of 1.13–1.18 (Heip
et al. 1985; Vincx 1996). The former value is based upon the specific density of the
nematode Enoplus communis (Wieser 1960), wheras slightly higher values take into
account that the Ludox solution can become somewhat diluted by the interstitial
water present in the sediment sample. While it is unlikely that the specific density of
other nematodes would deviate substantially from that of Enoplus, other meiofauna
taxa may have deviant specific densities [shelled taxa such as ostracods and forami-
niferans, for instance, typically have a higher specific density (Somerfield et al.
2005)]. While the above specific density of Ludox efficiently separates meiofauna
from sediments, it does not always separate meiofauna from various types of
detritus. Much of the larger detrital material can be removed by washing samples
through a 1-mm sieve nested on top of the meiofauna sieve, but this procedure also
entails the risk of losing larger meiofauna which are retained on the 1-mm sieve.
Hence, when plenty of detritus is present in the samples, elutriation should be
performed in a solution with a higher specific density. In such cases, Ludox can be
replaced by MgSO4 at a specific density of 1.25 or higher (Vincx, pers. comm.).
While this clearly results in a better separation of meiofauna from detritus, it has not
been rigorously tested to what extent this affects the extraction efficiency of
meiofauna.

The extraction efficiency of meiofauna may be greatly affected by seemingly
small ‘details’. The two Ludox types mentioned above, i.e. Ludox™ and Ludox
HS40, may yield significantly different extraction efficiencies, with the latter
outperforming the former (Du et al. 2009). Since density centrifugation with
Ludox HS40 can be combined with quantitative protargol staining (QPS), which is
commonly used to quantify ciliates and diatoms in sediment samples (Montagnes
and Lynn 1993), a Ludox HS40-QPS protocol can simultaneously yield adequate
estimates of meiofauna, ciliates and diatoms (Du et al. 2009; Xu et al. 2010). The
volume ratio of Ludox to sample is also important: a sample is ideally mixed
thoroughly with at least a fourfold volume of Ludox (Heip et al. 1985; Somerfield
et al. 2005; Giere 2009). However, efficient extraction was also obtained with a
Ludox:sample ratio�2:1 by applying a 5-min vortexing to fluidize the sediment and
create a density gradient in which meiofauna rise to the surface prior to the
centrifugation step (Burgess 2001). Operator experience and performance may
also significantly affect extraction efficiency. Rohal et al. (2018) compared the
performance of two operators who had received the same training and had the
same level of experience. Their extraction efficiencies of muddy samples, while
being almost identical for copepods and several other meiofaunal taxa, differed by as
much as 20% for nematodes of the order Desmoscolecida and by almost 17% for
other nematodes. Furthermore, both operators extracted Desmoscolecida with much
lower efficiency (12–20%) than other nematodes, a result which might be linked to
the prominent presence of non-living particles that stick to the nematode cuticles
(Rohal et al. 2018).
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Mesh size of the sieves used to retain meiofauna (Fig. 5.4) is a more obvious cause
of variation in extraction efficiency between studies. While some laboratories main-
tain a tradition of using a 63-μm mesh, this significantly underestimates meiofauna
abundances compared to smaller mesh sizes (Leduc et al. 2010; Montagna et al.
2017). Although this effect is probably more pronounced for deep-sea than for
intertidal meiofauna, given the typically much smaller body sizes of the former, it
may nevertheless be significant for mudflat meiofauna as well. Moreover, mesh size
will obviously not bias abundance estimates to the same extent for differently sized
organisms; abundances of smaller taxa/individuals (e.g. juveniles) will be consider-
ably more underestimated by coarser meshes than those of larger taxa. As a conse-
quence, assessments of assemblage composition, of size spectra, of adult/juvenile
ratios etc. will be affected by mesh size (Leduc et al. 2010). Most commonly, mesh
sizes of 38–45 μm are used, but for an optimal collection, mesh sizes down to 20 μm
would be better. Themain problem is that when working with muddy sediments, such
fine mesh sizes retain large portions of silt and hence easily become clogged.

On a cautionary note, it is important to realise that Ludox is a silica gel, and that
silica dust is both irritating to skin and respiratory tracts and is also carcinogenic. It is
therefore imperative to avoid any spilling and drying of Ludox, since direct contact
with, or inhalation of the resulting silica dust can be harmful.

2.3.2 Extraction of Live Meiofauna

While meiofauna samples for inventories or monitoring purposes tend to be numer-
ous, and are usually preserved with some chemical fixative for longer-term preser-
vation, experimental studies often require large quantities of live meiofauna.

Some of the above isopycnic elutriation techniques have been used in the past to
obtain living meiofauna as well, and can further be enhanced by first applying a
MgCl2-solution isosmotic with the habitat water to anaesthetise the meiofauna
(Hulings and Gray 1971; Garraffoni et al. 2017). Protocols using sugar and salt
solutions do, however, impose extreme osmotic stress and therefore should be
performed rapidly and with utmost precision to harvest living meiofauna; silica
solutions tend to be toxic to meiofauna. A specific silica gel called Cecasol 40C

Fig. 5.4 A typical sieve
used to retain extracted
meiofauna. Photo PG
Beninger.
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(Sobrep) has proven less toxic (De Ley and Mundo-Ocampo 2004), but in our
experience, substantial species-specific mortality or damage nevertheless occurs.
The same may hold for the silica-sorbitol mixture Percoll (Rzeznik-Orignac et al.
2004), which has been proposed as a very efficient solution for isopycnic separation
of both preserved and living meiofauna (Schwinghamer 1981). It is therefore
doubtful whether an isopycnic separation protocol exists which maintains most
meiofauna alive and active.

Alternative methods exist for the extraction of living meiofauna based on their
behaviour in certain imposed gradients. It is important, however, to realize that none
of these methods will yield a complete or quantitative extraction of meiofauna, and
that most or all are inherently selective: some species/taxa will be extracted in
substantial numbers, whereas others may be largely or completely missed.

For nematodes, most such behaviour-based methods are Baermann-type extrac-
tion protocols which rely on the motility of the organisms to separate them from
sediment and detritus (Baermann 1917; Viglierchio and Schmitt 1983; Gray 1984).
Both funnel- and tray-type deployments are used, the latter probably being more
efficient at extracting substantial volumes of sediment and at avoiding asphyxiation
(Couch 1988; Mangubhai and Greenwood 2004; De Ley andMundo-Ocampo 2004).
Most commonly, sediment is placed on top of a mesh or sieve which in turn is
supported or held in place by various means. One of the simplest and perhaps most
efficient forms consists of a tray with a metal insert; the insert has large pores
(e.g. 0.5 cm diam.) and supports a single or double layer of tissue paper, the edges
of which extend over the edge of the insert and into the tray (Mangubhai and
Greenwood 2004). Sediment is gently spread out over the tissue paper [note that
the thickness of the sediment layer may substantially affect the efficiency of extrac-
tion, and that the type of mesh (here tissue paper) will determine to what extent fine
sediment and detritus particles end up in the tray along with the nematodes], and
aerated habitat water is subsequently poured carefully into the base of the tray, until
the water level touches the mesh from underneath, thus keeping the sediment moist
from below. Nematodes tend to migrate downward through the mesh into the water in
the tray and remain trapped there (Fig. 5.5). Migration can be further enhanced by the
application at the sediment surface of some trigger which the nematodes try to avoid,
such as cold temperature [e.g. the seawater-ice method (Uhlig et al. 1973)], heat
and/or light (Armonies and Hellwig 1986; Couch 1988). However, this may also

Fig. 5.5 Amodified Baermann tray for the extraction of living nematodes from soils/sediments. A:
recipient tray; B: metal or plastic insert with large pores; C: coarse (e.g. 200 μm) and fairly solid
mesh supporting D: single- or double-ply tissue paper; E: thin layer of sediment; F: water of
appropriate salinity. Schematic modified from Fan et al. (2016).
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adversely affect the extraction, because some nematodes easily become immobilized
under such stressful conditions (Moens unpubl.). Addition of a layer of sterile sand or
glass beads in between mesh and sample is advisable for obtaining clean nematode
suspensions when dealing with sediments with a high portion of silt and/or fine
detritus (Uhlig et al. 1973; Rzeznik-Orignac et al. 2004).

Alternatively, many nematodes will also move into a layer of sterile sandy
sediment or glass beads put on top of a muddy sediment sample, particularly if the
sediment is not oxygenated from below (Wu and Moens unpubl.). The bottom line is
that several simple and relatively fast (24–48 h) protocols exist which allow the
extraction of good numbers of living nematodes suitable for experiments, but that
none of these protocols is very efficient or quantitative, and that all are selective:
some nematode species, particularly the more motile ones, will be obtained in good
numbers, while others will not be obtained at all.

Similar principles as for nematodes can be used to harvest large numbers of
harpacticoid copepods, free of sediment and debris, from sediments. However,
different triggers may prove more efficient to induce copepod movement, and
hence different setups may be more practical. Many harpacticoid copepods appear
positively phototactic (in contrast to nematodes) and readily move towards light. In
this way, clean suspensions full of copepods can be obtained within less than 1 h
(Svensson et al. 2010). Once again, it must be stressed that there is as yet no method
which will quantitatively extract all live meiofaunal taxa, or even one of the taxa.
However, this still allows for much descriptive work, and for the instruction of
students, whereas extraction of dead (fixed) meiofauna allows for a great deal of
quantitative research.

2.3.3 Staining

In ecological studies, it is usually necessary to distinguish between live and dead
meiofauna. Since counting live organisms is usually not practical, and in any event
not feasible (due to the possibility of counting the same motile individuals twice), it
is necessary to be able to distinguish, post-hoc, between live and dead individuals at
the time of fixation. Due to lack of motility in fixed specimens, and because most
meiofauna possess some form of cuticle or exoskeleton, many live and dead
individuals are visually indistinguishable. For several decades, the simple, inexpen-
sive Rose Bengal (RB) staining procedure has been used for this purpose (Walton
1952), on the assumption that its protein-staining affinity allowed the ready distinc-
tion between empty exoskeletons and live (at time of sampling) meiofauna. How-
ever, RB-staining proteins may persist for months, or even years, in dead meiofauna,
introducing a source of overestimation bias for live meiofauna, and a concomitant
underestimation of dead meiofauna. The much more laborious QPS staining tech-
nique (Du et al. 2009; Xu et al. 2010) suffers from the same problem. This problem
was progressively recognized (see review by Murray and Bowser 2000); a true vital
staining technique (Cell Tracker Green—CTG) was eventually developed for Fora-
minifera (Bernhard et al. 2006), and later used for nematodes and copepods (Grego
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et al. 2013). Based on the activation of fluorescence after chemical modification of
the marker molecule by an enzyme which is only active in living cells, the CTG
technique very specifically stains live meiofauna. Comparisons with the RB tech-
nique have shown very considerable overestimations of the living fraction in sam-
pled meiofaunal taxa: a nearly 50% mean difference, with extreme values up to 97%
in the case of foraminiferans, and 100–400%mean difference for copepods in anoxic
layers of the sediment (Bernhard et al. 2006; Grego et al. 2013).

To summarize, on the one hand there is a simple and inexpensive technique which
may severely bias estimations of living meiofauna, and on the other hand, there is a
rather more time-consuming technique, involving dark incubation in the presence of
CTG, at the temperature at which the meiofauna were sampled, prior to fixation and
counting. Some authors have continued to use the RB technique, reporting their
results as ‘Live (RB stained)’ rather than ‘Live’ (Caulle et al. 2014). Although such a
semantic sidestep may be valid when the objective is simply to distinguish between
‘dead for a long time’ and ‘live or recently dead’, it is not valid for many ecological
studies.

3 Spatial Distribution

3.1 Large-Scale Horizontal Distribution Patterns
and Intertidal Zonation

At scales of meters to kilometers (mesoscale), the principal drivers of meiobenthos
community patterns comprise mainly physical-chemical properties of the sediment
matrix (e.g., Steyaert et al. 2003), such as salinity, tidal exposure, sediment grain size
and a number of variables (in)directly liked to it, such as oxygenation and physical
disturbance (Hicks and Coull 1983; Heip et al. 1985; Moens et al. 2013).

Salinity is among the main structuring factors in mudflats, with particularly
pronounced effects on meiobenthic species diversity, which tends to increase with
increasing salinity in estuaries (Soetaert et al. 1994, 1995). Oligo- to mesohaline
waters are typically characterized by a lower species diversity, but examples of
Remane’s minimum (Remane 1934) are not common. This concept posits that the
upper salinity tolerance limits of freshwater species are usually very low (well below
a salinity of 10 psu), and the lower tolerance limits of marine species highly variable,
with some species disappearing in mesohaline sediments, while others extend nearly
all the way to the inland freshwater reaches (Heip et al. 1985). Relatively few species
survive in the oligo-mesohaline zone. Moreover, this mid-section of estuaries also
typically exhibits higher salinity fluctuations during each tidal cycle than both the
poly- and oligohaline reaches (Kaiser et al. 2011), a variability which may challenge
the tolerance limits of many species and could therefore lead to a (very) low
diversity. Nevertheless, other environmental factors may affect and modify such a
unimodal diversity-salinity relationship.
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The tidal immersion-emersion cycle also causes significant changes in sediment
temperature, water content, oxygen and hydrodynamics, which generate horizontal
distribution patterns (zonation) (Armonies and Reise 2000; Gheskiere et al. 2004;
Maria et al. 2013a, b) and vertical stratification (Steyaert et al. 2001; Maria et al.
2012).

The impacts of hydrodynamics and low-tide exposure may typically create
opposing disturbance gradients across the intertidal zone. In the lower intertidal,
organisms are often more exposed to wave action, while in the upper intertidal, they
are more prone to suffer from the larger variability in temperature, moisture etc.
during low tide exposure (Armonies and Reise 2000; Kaiser et al. 2011). In the
intermediate intertidal zone, wave action and low-tide exposure are generally more
at equilibrium, resulting in a higher abundance and diversity, particularly on sandy
beaches (Nicholas and Hodda 1999; Armonies and Reise 2000; Gheskiere et al.
2004; Gingold et al. 2010). Such across-shore zonation patterns can be considered
examples of the Intermediate Disturbance Hypothesis (IDH), which postulates that
maximum species diversity occurs at intermediate disturbance levels; here, distur-
bance is not so intense that it eliminates species, but is sufficient to prevent a
dominance of competitive interactions which might otherwise lead to diversity
loss through competitive exclusion (Connell 1978). The processes governing
disturbance-diversity relations are manifold, and may comprise, among others,
hydrodynamic activity, organic enrichment, abiotic stress in the form of reduced
oxygen availability, increased temperature fluctuations etc., but also predator-prey
and competitive interactions. Schratzberger et al. (2009) confirmed IDH-like pat-
terns for various types of sediment disturbance.

From an IDH perspective, mudflats tend to be hydrodynamically sheltered and
are therefore more dominated by competitive interactions, unless other types of
disturbance, like predation, become severe. Whereas diversity exhibits a unimodal
relationship with disturbance under the IDH model, the Intermediate Productivity
Model (IPM; Grime (1973)) similarly predicts a unimodal relationship between
resource availability and diversity. At very low food inputs, resource availability is
simply insufficient to sustain a more diverse community, whereas at very high
inputs, conditions are optimal for a limited number of opportunistic species which
have superior competitive abilities under a particular set of conditions. Highest
diversity is hence to be expected at intermediate levels of food supply.

Mudflats often combine—albeit not necessarily on a year-round basis—a high
productivity of MPB with the deposition of significant quantities of suspended
particulate organic matter, resulting in a high availability of nutritious food. In
addition, the decomposition of much of this organic matter in situ, and the usually
prevailing mild hydrodynamics, often create low-oxygen conditions, even near the
surface of mudflat sediments. This combination of biotic (competition) and abiotic
(hypoxia) factors typically results in a lower species richness in muddy compared to
more sandy intertidal sediments (sensu Folk et al. (1970) ‘sandy mud’ or ‘muddy
sand’). However, due to the high resource availability, total densities of meiofauna in
muddy sediments may substantially exceed those of sandy sediments. Still,
meiobenthic species richness in mudflat sediments is not typically (very) low, except
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under conditions of strong pollution, suggesting that other stressors cause a substan-
tial level of disturbance; these other stressors may be abiotic as well as biotic.

Sediment granulometry is intimately linked with hydrodynamics, with finer-
grained sediments occurring mostly where hydrodynamic impacts are low and
deposition of fines from the water column is enhanced. Finer and coarser-grained
sediments, such as muddy and sandy tidal flat sediments, usually harbor distinct
meiobenthic assemblages: for nematodes and harpacticoid copepods, muddy sedi-
ments tend to be dominated by relatively robust species that can burrow through the
sediment or thrive mostly as sediment dwellers at or very near the surface (Tita et al.
1999), whereas nematodes from sandy habitats comprise a mix of slender species
that move through the interstitial spaces in the sand, and larger and bulkier species,
many of the latter being predators/omnivores (Heip et al. 1985; Tita et al. 1999;
Vanaverbeke et al. 2011; Moens et al. 2013). For harpacticoid copepods, sandy
sediments often comprise a substantial portion of slender, almost vermiform species
(Hicks and Coull 1983). The depositional nature and hypoxic conditions of muddy
sediments often favour non-selective deposit-feeding nematodes, while their prom-
inent MPB biofilms are typically inhabited by high abundances of a limited number
of epistrate-feeding genera (Commito and Tita 2002; Van Colen et al. 2009).

As mentioned above, coarser sediments frequently have a high abundance of
predatory/omnivorous and of very slender species. The latter often comprise selec-
tive deposit feeders; however, general trends in the proportional abundances of this
feeding group are difficult to draw, which is at least in part a consequence of the high
tolerance to hypoxia of a few genera of selective deposit-feeders, such as
Terschellingia and Leptolaimus. Terschellingia in particular is very well-represented
in sediments which range in granulometry from silt-clay rich to medium sandy with a
negligible silt-clay fraction (Materatski et al. 2015; Sahraean et al. 2017), suggesting
its distribution is not so much dependent on granulometry or food availability, but
rather on hypoxia/anoxia, conditions under which these nematodes may benefit from
the disappearance of potential competitors. Alternatively, Terschellingia may thrive
under conditions which favour chemoautotrophic prokaryotic activity, since natural
stable isotope abundances of T. longicaudata from various sediments consistently
reflect the utilization of methane-derived carbon (Vafeiadou et al. 2014; Sahraean
et al. 2017).

3.2 Small-Scale Horizontal Distribution Patterns

At scales of mm to cm (microscale), meiobenthos of intertidal flats often show
aggregated distribution patterns with patch sizes in the order of a few cm in diameter
(Findlay 1981, 1982; Decho and Fleeger 1988; Blanchard 1990; Moens et al. 1999a;
Pinckney et al. 2003; Boldina et al. 2014; Fig. 5.6). Such clustered distribution
patterns may have multiple causes, but the aggregate distribution of food sources is
undoubtedly one of, if not the, most important. Microphytobenthos, for instance,
exhibits aggregate distribution patterns with very similar patch sizes as meiofauna
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(Blanchard 1990; Pinckney and Sandulli 1990; Guarini et al. 1998; Seuront and
Spilmont 2002; Murphy et al. 2008), due to, among other factors, sediment hetero-
geneity and grazing, both of which may be caused, at least in part, by macrobenthic
activity, and to topographic irregularities (Montagna et al. 1983; Decho and Fleeger
1988; Sun et al. 1993; Reise 2002; Braeckman et al. 2011b). Microalgal patchiness
tends to be higher in siltier relative to sandy sediments, pointing to a close link
between food source distribution and sediment type (Sandulli and Pinckney 1999).
The spatial correlation between patches of MPB and of meiobenthos suggests that
both are structured by a common driver, or are causally related. Microphytobenthos
may thus play a role in structuring meiofaunal small-scale spatial distribution and/or
vice versa (Montagna et al. 1983; Decho and Fleeger 1988; Blanchard 1990). Small-
scale patches of food, disturbance and biotic interactions create microhabitats in
space and time, which harbor distinct communities in different successional stages,
thus allowing many different species to coexist at very small scales (e.g., Gallucci
et al. 2008). Nematodes and copepods thus exhibit a characteristic patchiness and
patch size, but patch size can become attenuated in nematodes by disturbance such as
mudflat clam digging, while it remains largely unaffected in the more motile
harpacticoid copepods (Boldina et al. 2014; Fig. 5.6).

In addition to food patchiness, microtopographic irregularities, generated by
waves and currents (see Chap. 8), or by the activity of macro-/megafauna, may
contribute substantially to meiobenthic patchiness (Sun et al. 1993; Reise 2002).
Meiobenthos can, for instance, accumulate in depressions or around biogenic struc-
tures due to the aggregation of food sources and/or to the reduction in hydrodynam-
ics (Findlay 1981; DePatra and Levin 1989; Sun et al. 1993). In contrast, disturbance
due to bioturbation and/or predation can locally reduce meiofauna densities
(Ólafsson and Elmgren 1991; Schratzberger and Warwick 1999; Danovaro et al.
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Fig. 5.6 Omnidirectional spatial autocorrelogram using 10 equidistant classes for nematode
densities at a mudflat site impacted by clam digging and at an unimpacted reference site. Moran’s
I is a measure of similarity (here, in nematode density). The correlogram shows strong aggregation
for the non-impacted site and attenuated aggregation (only significant autocorrelation in distance
class 1) for the disturbed site. Significant values are represented by solid symbols; non-significant
values are represented by empty symbols. From Boldina et al. (2014), with permission from
Elsevier.
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2007). The combined results of all these small-scale drivers cause a dynamic mosaic
of patches (Gallucci et al. 2008), which is typically more pronouced in muddy
sediments, whereas in more exposed sediments, hydrodynamics are a homogenizing
factor that overrides part of this small-scale patchiness (Boeckner et al. 2009;
Gingold et al. 2010).

3.3 Vertical Distribution Patterns

In addition to the horizontal patchiness in meiofaunal spatial distribution described
above, meiofauna abundances also show vertical variability in the sediment. These
vertical patterns are generally related to oxygen gradients, to the distribution of food,
to hydrodynamics and to biological interactions (see Sect. 5.2). Hydrodynamics in
turn affect oxygen gradients and food distribution in a dynamic way related to the
tides. Hence, while the main vertical distribution patterns in intertidal flats are fairly
general, they often exhibit significant shifts over the course of a tidal cycle.

First of all, it is important to state that abundances of meiofauna in muddy
sediments exhibit much more marked depth profiles than those in coarser sediments
(Moens et al. 2013; Wetzel et al. 2001; Steyaert et al. 2003). Approximately three-
quarters of the nematodes, and virtually all of the harpacticoid copepods, are confined
to the upper 2 cm in muddy tidal flat sediments, whereas in sandier sediments,
nematode abundances can be much more evenly distributed over a depth of several
cm, and even down to 50 cm or more on reflective beaches (Renaud-Debyser 1963).
These depth profiles resemble the vertical profiles of oxygen and redox potential in
the upper centimeters of sediment, although free oxygen in muddy sediments is
usually confined to an even thinner upper layer than that where nematodes abound.
Perhaps more important to many meiofauna than the mere concentration of freely
available oxygen, is the presence of sulfide ions, generated in the underlying reduced
sediment layer (Gray 1981). Sulfide ions are toxic to most aerobic species, and
especially to harpacticoid copepods (Wetzel et al. 2001), although exceptions exist,
perhaps using quiescence to survive periods of elevated sulfide concentrations (Vopel
et al. 1996). Together with the presumed comparatively higher trophic dependence of
copepods on microphytobenthos (MPB) (see Sects. 4.1 and 4.2), this may explain a
second general observation: harpacticoid copepods usually exhibit steeper vertical
profiles than nematodes (Wetzel et al. 2001). The smoother vertical profile of nematodes
may also be due to their generally greater tolerance of extended periods of anoxia, as
well as of elevated sulfide levels (see below). Nevertheless, the redox potential discon-
tinuity (RPD) layer marks the lower limit of the depth distribution of many species.

The redox potential discontinuity (RPD) lies deeper in coarser sediment, whereas
in finer sediments it can be restricted to the first centimeters or even millimeters.
Although the RPD layer represents an ecological barrier, many nematode species
tolerate hypoxic or anoxic conditions and occur below the RPD layer (Fenchel and
Riedl 1970; Ott and Schiemer 1973). These species show adaptations that allow
them to survive or even thrive in anoxic environments. For instance, the elongation
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of the body, typical of some species living in the deeper layers, is probably related to
the increase in the ratio of body surface area to body volume, which facilitates the
epidermal absorption of oxygen (Jensen 1986; Soetaert et al. 2002) as well as of
dissolved organic matter as an additional food source (Schiemer et al. 1990; Soetaert
et al. 2009). In addition, an elongated body may increase mobility, facilitating short
‘oxygen replenishing’ excursions from the anoxic to the oxic layer (Fonseca et al.
2007; Gallucci et al. 2008; Vanreusel et al. 2010). Physiological adaptations, such as
the presence of elemental sulphur granules accumulated in the epidermis, have also
been observed in some nematode species (Thiermann et al. 2000). Such elemental
inclusions in the epidermis may temporarily reduce the concentrations and toxic
effect of H2S, while also providing an energy resource for later oxidation under oxic
conditions (Thiermann et al. 2000).

At the Molenplaat tidal flat in the Schelde Estuary, SW Netherlands, variation in
sediment granulometry controlled nematode abundance and assemblage composition
in the upper sediment layers (2–3 cm). Beneath that depth, nematode assemblages
were very similar, irrespective of sediment granulometry, suggesting that other
environmental features determine nematode assemblage abundance and composition
(Steyaert et al. 2003; Fig. 5.7). Given that even at the sandiest site on this tidal flat,
free oxygen is usually confined to the uppermost centimetre of sediment (Herman
et al. 2001), and the position of the RPD layer is no deeper than at 2–3 cm, it is
plausible that the deeper-living nematofauna is shaped by its tolerance to hypoxia and
related biogeochemical conditions. In the sandy sediment, a clear vertical segregation
of nematode species occurred, with a surface-dwelling assemblage dominated by
large predatory nematodes (mainly Enoploides longispiculosus) and a deeper-living
(beneath 2 cm) assemblage dominated by deposit feeding and epistrate feeding
species (Fig. 5.7, site 3) (see Sect. 4.1 for explanation on nematode feeding types).
Species interactions (mainly predator-prey) are believed to cause this segregation,
which is—moreover—dynamic over the course of the tidal cycle (see Sect. 5.2). In
the siltiest sediments, a large majority of nematode species were confined to the upper
1.5 cm of sediment, with a sharp decline in both density and diversity deeper down
(Fig. 5.7, site 1). Such a pattern is reminiscent of typical oxygen/sulphide dominated
depth distributions (Steyaert et al. 2003). At intermediate conditions of hydrodynam-
ics and sediment granulometry, an intermediate vertical pattern of nematode assem-
blage diversity and composition was obtained (Fig. 5.7, site 2).

The vertical oxygen concentration gradient in intertidal sediments is profoundly
influenced by currents and tides, but at the same time modified by other meio- and
macrobenthic organisms through processes such as the construction of tubes, bio-
turbation etc., which alter patch-scale hydrodynamics and physical-chemical gradi-
ents of the sediment (e.g., Callaway 2006, and see Chaps. 2, 3, and 10). These
processes and structures transport oxygen deeper into the sediment, thereby produc-
ing a three-dimensional mosaic of oxygenated and sulfuric microhabitats (Reise
1981; Wetzel et al. 1995; Tita et al. 2000).

Nematode vertical distribution may also be controlled by the interstitial water
drainage and by abrupt changes in abiotic conditions during sediment emersion at
low tide. Many nematodes are sensitive to low sediment water content (Jansson
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1968; Gallucci et al. 2005), and migrate to deeper layers during low tide, returning to
the surface as the rising tide re-establishes more favourable sediment conditions
(McLachlan et al. 1977; Steyaert et al. 2001). Still other species migrate upwards
during low tide and downwards during submersion (Steyaert et al. 2001; Maria et al.
2012). This counter-intuitive behaviour may present several advantages: increased
diatom production and biomass accumulate at the sediment surface during tidal
exposure (Guarini et al. 1997), resulting in high food availability to upward-
migrating grazers, as well as a reduced predation risk if predatory nematodes
(e.g. Enoploides longispiculosus) are among the downward-migrating species
(Gallucci et al. 2005).
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Fig. 5.7 Abundance, species diversity (expressed as richness (N0) and the exponent of the
Shannon-Wiener diversity (N1) and feeding-type composition of nematode assemblages at three
stations on the Molenplaat tidal flat in the Schelde Estuary. Site 1 is a muddy sediment, site 3 a fine
to medium sandy sediment devoid of silt, and site 2 has intermediate hydrodynamic and
granulometric characteristics. From Steyaert et al. (2003), with permission from Elsevier.
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Stochastic factors may also induce nematode vertical migrations. For example,
heavy rainfall on exposed mudflats may cause rapid, considerable changes in
salinity, stimulating the downward migration of more osmotically-sensitive species
(Steyaert et al. 2001). The same result may be observed in response to strong
currents or waves. On the other hand, the upward migration of opportunistic
nematode species, such as Sabatieria sp., may be triggered by the deposition of a
phytoplankton bloom on the sedment surface (Franco et al. 2008).

3.4 Temporal Variability in Meiofauna Communities

Mudflat meiofaunal assemblages can exhibit temporal fluctuations in abundance
and/or community composition on scales of hours to years (Coull 1986; Eskin and
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Coull 1987; Steyaert et al. 2001; Nicholas 2001; Maria et al. 2012), although some
studies have found a lack of any clear temporal pattern (Warwick and Buchanan
1971; Juario 1975). Most studies on marine meiofauna assemblages have focused on
seasonal fluctuations (McIntyre and Murison 1973; Gourbault et al. 1998; Nicholas
and Hodda 1999; Nicholas 2001; Albuquerque et al. 2007; Liu et al. 2008; Venekey
et al. 2014). Long-term (i.e. year-to-year) (Coull 1985, 1986; Eskin and Coull 1987;
Li et al. 1996; Riera et al. 2011) and very short-term (i.e. hours) (Boaden and Platt
1971; Steyaert et al. 2001) variation have received only limited attention.

3.4.1 Climatic Factors

Among the main causes of seasonal variation in meiofauna assemblages are climatic
factors such as temperature, precipitation and their impacts on salinity, and factors
related to food availability. Temperature can affect meiofauna abundances directly,
e.g. by dehydration, and indirectly, e.g. by its effects on the growth and abundance of
food items such as bacteria and diatoms (Harris 1972a, b), and/or by affecting the
depth of the RPD layer in sediments (Dye 1983). Temperature can also affect
interspecific interactions such as predation and competition (Moens et al. 2000; De
Meester et al. 2015b). Although a considerable number of studies have investigated
effects of temperature on aspects of the life cycle of nematodes and harpacticoid
copepods, such studies usually incubate test organisms under different constant
temperature regimes. Effects of temperature fluctuations have only rarely been
considered, even though benthic organisms in intertidal sediments often experience
large temperature variation on a tidal or daily basis, especially in the most superficial
sediments.

De Meester et al. (2015b) compared the fitness of three cryptic species of the
nematode Litoditis spp. in monospecific cultures as well as in mixed culture, under a
constant temperature of 20 �C and a fluctuating temperature regime with daily
temperature variations between 15 and 25 �C. Although temperature regime had no
significant effect on the fitness of any of the three species in monospecific culture, it
did affect interspecific interactions. Vafeiadou et al. (2018) subjected a temperate and
a tropical intertidal meiofauna community to two elevated-temperature regimes, one
a constant elevated temperature, the other a regime with daily fluctuations, compris-
ing a few hours of (very) high temperature. Both regimes affected the temperate
meiofauna assemblage, while the tropical assemblage was only affected by the
fluctuating temperature regime. Different meiofauna taxa exhibited somewhat differ-
ent responses to the imposed temperature regimes.

Other climatic factors such as precipitation can also cause temporal fluctuations in
meiofauna assemblages at both seasonal and very short time scales. Seasonal
nematode density may, for instance, be affected by rain cycles (Venekey et al.
2014). On a completely different time scale, short episodes of heavy rainfall, such
as a strong shower during low-tide exposure, may cause vertical migrations of
nematodes in sediments (Steyaert et al. 2001).
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Precipitation can in turn affect salinity. Salinity fluctuations can generally be
linked with seasonal cycles of precipitation (Paranhos and Mayr 1993). However, in
intertidal habitats, and particularly so in sandier sediments, there can also be
considerable short-term variability in salinity, both in direct relation to the tides
[e.g. because of the higher specific density of more saline water, bottom-water layers
and interstitial water tend to have slightly higher salinities (Kaiser et al. 2011)], and
indirectly through episodic events such as the above-mentioned heavy rainfall
during low-tide exposure (Steyaert et al. 2001).

3.4.2 Food Availability and Predation

Food availability is a major driver of temporal variation in nematode assemblages
(Heip et al. 1985; Moens et al. 2013). Because microphytobenthos and settling
phytoplankton, as well as the bacteria growing on these carbon sources, often exhibit
pronounced seasonal peaks in productivity, food availability for meiofauna can have
clear seasonal patterns, and the abundances of total meiofauna and/or of specific
taxonomic or functional groups may follow a similar pattern (e.g. Austen and
Warwick 1995; Kendall et al. 1995; Li et al. 1996; Ólafsson and Elmgren 1997).
If food availability in the form of MPB and/or deposited phytoplankton is a major
driver of temporal variability in meiofauna abundance in tidal flats, one might expect
generally more pronounced seasonal patterns in muddy sediments, where both the
build-up of MPB and the accumulation of deposited suspended matter are much
stronger than in sandier sediments.

Interestingly, while there is relatively limited evidence for a stronger seasonality
in meiofauna communities on muddy compared to sandy sediments, a higher year-
to-year variability of meiofauna and nematode communities in finer sediments has
indeed been observed (Coull 1985, 1986; Eskin and Coull 1987; Sahraean and
Moens 2018). These longer-term studies have suggested that assemblages in finer
sediments are largely controlled by biological interactions—both bottom-up and
top-down—whereas those in sandier sediments are predominantly determined by
hydrodynamics. Top-down controls include predation by ‘macrofauna’. For
instance, Coull (1985, 1986) found no recurrent patterns other than seasonal ones
in an 11-year study on the abundances of meiofauna higher taxa in two intertidal
sites, a muddy and a sandy one. However, the between-year variability observed in
the muddy site was much larger and generally well-correlated with that in the
abundance of juvenile spot, a fish species known to prey on harpacticoid copepods
and perhaps other meiofauna (Smith and Coull 1987). In turn, Li et al. (1996) found
a significant correlation in fortnightly and monthly variability in nematode biomass
with the abundance of mainly deposit-feeding macrobenthos; this effect was selec-
tive, in that it mostly affected large-sized predatory and omnivorous nematodes,
whereas other feeding types varied more with proxies of primary productivity.
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4 Trophic and Functional Ecology

4.1 Trophic Diversity of Meiofauna

At the higher-taxon level, marine nematodes can consume a wide array of resources,
including prokaryotes, auto/mixo- and heterotrophic protists, and various benthic
invertebrates, including other nematodes (Moens and Vincx 1997; Moens et al.
2004). Consumption of some potential food sources, like fungi—known to be eaten
by many terrestrial and some freshwater nematodes—and dissolved organic matter,
has hitherto been poorly documented (Moens et al. 2004). Essentially the same range
of food sources can be consumed by harpacticoid copepods (Hicks and Coull 1983).
Despite this wide range of trophic sources, there seems to be an (admittedly incon-
clusive) consensus that benthic and/or deposited planktonic microalgae are a major
food source for a majority of mudflat copepods (Buffan-Dubau et al. 1996; Buffan-
Dubau and Carman 2000; Cnudde et al. 2015), although debate remains as to whether
most species obtain microalgal carbon directly or indirectly (see Sect. 4.2). Never-
theless, anecdotal observations exist of harpacticoid copepods feeding on flagellates,
ciliates (Rieper 1985; Reiss and Schmid-Araya 2011), nematodes (Lehman and Reid
1992) or even on their own offspring (Dahms and Qian 2006).

Because of the paucity of adequate species-level information on feeding behav-
iour and resources of a majority of meiobenthos species, nematologists have tradi-
tionally assigned species to feeding types or guilds based on mouth morphology and,
to a lesser extent, pharyngeal musculature, using a feeding-type classification pro-
posed by Wieser as early as 1953 (Fig. 5.8). Wieser distinguished no more than four
feeding types, with a primary subdivision between nematodes with and without
‘buccal armature’, each of these two groups then further being subdivided in two.
Buccal armature refers to the presence of a tooth or teeth, onchia, denticles, mandi-
bles or other sclerotised structures. In Wieser’s (1953) classification, nematodes
without a buccal armature are labeled deposit feeders; the size of the buccal cavity is
then suggested to reflect the degree of feeding selectivity. Thus, marine nematodes
without a buccal armature and with only a tiny mouth opening are considered
selective deposit feeders, whereas nematodes with larger buccal cavities are termed
non-selective deposit feeders. The logic behind this distinction is that a sediment
matrix contains many more inedible than edible particles. Nematodes with a spa-
cious mouth may benefit from a foraging strategy in which they display only limited
selectivity, as they are capable of ingesting sufficient amounts of particles to deal
with a substantial proportion of inedible material. Moreover, they are able to locate
feeding spots where suitable food is plentiful, and may thus limit ingestion of
inedible particles by choosing optimal feeding patches (Moens et al. 2006).

Nematodes with very small buccal cavities, by contrast, should avoid uptake of
non-nutritious particles, since they are limited in the amount of particles they can
process. While this mouth-size-based distinction between selective and non-selective
deposit feeders looks arbitrary, the relative abundances of these two groups indeed
often behave differently (e.g. Thistle et al. 1995; Vincx 1989; Smol et al. 1991),
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indicating they have at least partly different ecological requirements. However,
selective feeding is probably the rule rather than the exception in most nematodes
(Moens et al. 2004) and harpacticoid copepods. For example, harpacticoid copepods
and nematodes are able to discriminate between different diatom or bacteria species,
sizes or growth phases (Lee et al. 1977; Van den Berghe and Bergmans 1981; Rieper
1982; Moens et al. 1999b, 2014; Azovsky et al. 2005; De Troch et al. 2006, 2012).

The other two guilds in Wieser’s (1953) feeding-type classification bear sclero-
tized structures like teeth, onchia, denticles or cuticular ridges in their stoma with
which they can pierce, crack, or rupture prey items. Epistratum feeders can scrape
bacteria or microalgae from a substratum, such as a sand grain, using a partly
evertible tooth, or use that same tooth to puncture or crack food cells which they
will then empty by sucking movements of their muscular pharynx (Jensen 1982;
Moens and Vincx 1997). Predators or omnivores have larger mouth openings with
more prominent teeth, onchia, and/or jaw-like mandibles that can pierce, tear or
‘harpoon’ and ingest a prey (often invertebrates) (Moens and Vincx 1997; Fonseca
and Gallucci 2008). Some predators use a largely hollow dorsal tooth, on the top of
which opens a glandular outlet, and observations suggest that such nematodes pierce
their prey to inject paralyzing or lethal secretions (Moens and Vincx 1997).

Fig. 5.8 Illustrations of the four feeding types of Wieser (1953), based on mouth morphology. (a)
Oncholaimus sp. is a predator/omnivore with a spacious buccal cavity with two prominent teeth. (b)
Ptycholaimellus sp. is an epistrate feeder with a relatively small buccal cavity and a tooth to crack or
puncture microalgal cells. (c) Daptonema sp. is a non-selective deposit feeder with a spacious
mouth opening without any ‘buccal armature’ like teeth. (d) Terschellingia sp. is a selective
deposit-feeder with a tiny, unarmed buccal cavity. All four genera shown here are common
inhabitants of mudflats. Scale bar ¼ 20 μm for all photos, courtesy of Tania Campinas Bezerra.
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Several alternative feeding-guild classifications have more recently been pro-
posed—the one by Moens and Vincx (1997) being based on actual observations of
the feeding behaviour of living nematodes—but the ease of trophically classifying
nematodes based entirely on a few easily observable morphological characters
remains attractive to many researchers. However, an important limitation of Wieser’s
(1953) and other feeding-type classifications is that they counter-intuitively funnel
the high marine nematode species diversity into a very limited trophic diversity.
Equally problematic from a modeling and an ecosystem functioning point of view, is
that the proposed feeding guilds mostly reflect a way of feeding, rather than
delineating resource use (Moens et al. 2004). For instance, both non-selective
deposit feeders and epistrate feeders may to a large extent graze on the same benthic
microalgae, but in a different manner. Predators/omnivores may be highly flexible
feeders that can switch to predation on heterotrophic protists (Hamels et al. 2001) or
even to herbivory (Franco et al. 2008; Moens et al. 2014) or bacterivory (Moens et al.
1999c), depending on resource availability (Fig. 5.9). The feeding-guild classifica-
tions often draw an all- too rigorous picture of nematodes as belonging in a single
box with one feeding ecology label on top. In reality, a majority of mudflat
nematodes may be flexible feeders that can switch between different feeding
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Fig. 5.9 The predatory/omnivorous (sensu Wieser 1953) or predatory (Moens and Vincx 1997)
nematode Enoploides longispiculosus. (a) Adult male with fairly intact prey nematode in the
midgut; (b) midgut section of the same specimen; (c) close-up of the head region, including
mouth with teeth and jaw-like structures; (d) detail of midgut section with diatom cell ingested
whole. Photos courtesy of Tania Campinas Bezerra.
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strategies and resources, depending on availability (Moens et al. 2004) and/or on
competitive interactions with other consumers. It is nevertheless important to note
that some general trends about the abundance of each feeding type in different
marine habitats exist, indicating that the proposed feeding types are not entirely
meaningless groupings (Moens et al. 2013).

In harpacticoid copepods, clear links between the morphology of the mouth parts
and the mode of feeding or resource types used have not been established. Hence, no
similar feeding type classifications as in nematodes exist. Harpacticoid copepods are
more commonly classified ‘functionally’ on the basis of their body shape and size
into phytal, epibenthic and the usually more slender mesopsammic or interstitial
forms (Noodt 1971) (Fig. 5.10).

In conclusion, our knowledge concerning the feeding ecology of meiobenthos is
still very much a mixture of generalizations at the level of higher taxa and/or feeding
guilds, and of anecdotal information for selected species. A comprehensive overview
of which species consume which resources is largely lacking, and this is all the more
true when it comes to quantitative information on feeding rates, a knowledge gap
which hampers accurate inclusion of meiofauna in benthic food web models. More-
over, when qualitative and/or quantitative information is available for particular
species, it is usually restricted to a limited set of experimental data, and can therefore
not be readily extrapolated or generalized (Moens et al. 2006). Another consequence
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Fig. 5.10 Examples of ‘typical’ body shapes of benthic harpacticoid copepods. (a) the (epi)benthic
Microarthidion littorale; (b) the epibenthic Tisbe furcata; (c) the interstitial/mesopsammic
Ectinosoma dentatum. Photos courtesy of Thibaud Mascart and Marleen De Troch.
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of our lack of species-level knowledge on meiobenthos feeding habits, is that the
importance of resource selectivity as a structuring factor for the often species-rich
communities remains a matter of debate. From the above, it is clear that meiofaunal
trophic ecology is a pressing research need in the field of marine biology as a whole,
and in mudflat ecology in particular.

4.2 Resource Utilization and Trophic Position

4.2.1 Microphytobenthos

Several studies using natural stable isotope ratios of carbon and nitrogen, sometimes
complemented with fatty acid profiles, have provided compelling evidence that the
main basal carbon source fueling nematodes and harpacticoid copepods on intertidal
flats is microphytobenthos (MPB). This pattern is more pronounced in sediments
with higher sand content (Moens et al. 2002, 2005a; Rzeznik-Orignac et al. 2008;
Cnudde et al. 2015). Despite a MPB biomass which is easily one order of magnitude
higher in muddy sediments, primary productivity may be very comparable in silty
and in more sandy sediments (Middelburg et al. 2000; Herman et al. 2001). The
latter, then, have a much higher turnover rate, mainly as a consequence of hydrody-
namics and more efficient grazing by macrofauna (Herman et al. 2001). Nematodes
and some harpacticoid copepods in sandy intertidal sediments can have almost
purely MPB-based isotopic signatures, whereas those of mudflats typically have
some—albeit limited—influence of deposited phytoplankton, a trend which becomes
more pronounced as mudflats are more sheltered or have features, such as the presence
of vegetation, that enhance deposition of suspended particulate organic matter (Moens
et al. 2002, 2005a; Cnudde et al. 2015). Nevertheless, meiobenthos from sandy sedi-
ments may also utilize freshly settled phytoplankton to a significant extent (Maria et al.
2011; Evrard et al. 2012), even though a comparative study on a sandy beach found a
systematic preference for microphytobenthos over deposited phytoplankton across
Nematoda, Harpacticoida and Turbellaria (Maria et al. 2011).

While MPB is undoubtedly a crucial carbon source for many mudflat meiofauna
(Moens et al. 2005a; Rzeznik-Orignac et al. 2008), debate remains as to the
pathways by which MPB carbon is transferred to meiofauna. For example, only a
fraction of the most abundant mudflat nematode and harpacticoid copepod species at
the Paulina tidal flat in the Schelde estuary, SW Netherlands, have stable N isotope
ratios that convincingly reflect herbivory and hence direct grazing on MPB (Moens
et al. 2005a, 2014; Cnudde et al. 2015). Others have δ15N values which are
intermediate between primary and secondary consumers, suggesting they are either
omnivorous (i.e. feeding on resources belonging to different trophic levels) or more
generalist consumers, and a substantial portion of nematodes are secondary con-
sumers (i.e. predators) (Moens et al. 2005a). The latter seem to be more prominent in
sandy than in muddy sediments, which agrees well with the generally higher
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prominence of large-bodied, supposedly predatory or omnivorous nematodes in
sandy compared to muddy sediments (Moens et al. 2013; see also Sect. 5.2).

A higher-than-expected trophic level fractionation of stable N isotopes between
MPB and supposedly diatom-feeding nematodes and harpacticoid copepods may
indicate that part of the MPB carbon flows to meiofauna through a trophic interme-
diate (Moens et al. 2014; Cnudde et al. 2015), such as bacteria or heterotrophic
protists. Prokaryotes are the principal decomposers of organic matter in most aquatic
sediments (Mostajir et al. 2011), yet transfer of prokaryotic biomass up the food
chain may generally be limited on mudflats (Van Oevelen et al. 2006c). An in situ
pulse-chase experiment on a mudflat demonstrated that a nematode-dominated
meiobenthos community grazed ca. 3% of bacterial carbon production, while bac-
terial biomass in turn accommodated no more than 6% of the nematodes’ carbon
requirements (Van Oevelen et al. 2006a, b). Nevertheless, specific nematode and
copepod species may thrive on bacteria as their main food (see below, this section).

Based on the high abundances of meiofauna in intertidal sediments and on their
generally fast biomass turnover when compared to most macrofauna (Kuipers et al.
1981; Coull 1999), as well as on grazing rate estimates from radiotracer or other
feeding experiments (Montagna and Yoon 1991; Montagna 1995; Rzeznik-Orignac
et al. 2003), it has been repeatedly argued that meiofauna are important in benthic
carbon flows. By contrast, several more recent tracer experiments using stable
isotopes suggest that nematodes process only negligible fractions of MPB and of
freshly-settled phytoplankton (Middelburg et al. 2000; Van Oevelen et al. 2006c;
Urban-Malinga and Moens 2006; Franco et al. 2008). There is clearly an important
challenge in reconciling these seemingly conflicting results, and in improving
approaches for obtaining reliable estimates of the metabolic activity of meiofauna
under field conditions (see e.g. Braeckman et al. 2013).

4.2.2 Bacteria

Harpacticoid copepods may complement their algal diets with bacteria (Dahms et al.
2007; Cnudde et al. 2015), some of which may be obtained from the copepod’s own
fecal pellets as part of a sort of gardening process (De Troch et al. 2009, and see
Chap. 4). However, in an experimental study on four mudflat copepod species,
Cnudde et al. (2013c) concluded that bacterial uptake was mostly through
co-ingestion of cells that were attached to other food particles like diatoms; in a
follow-up study with two of these four copepod species, the same authors demon-
strated that bacteria in their own right represent a low-quality food for harpacticoids
(Cnudde et al. 2013a). Nevertheless, natural stable isotope and fatty acid signatures
of some species, particularly the slender and small interstitial species living in more
sandy sediments, indicate an important contribution of bacteria to their nutrition
(Cnudde et al. 2015).

While strictly or mainly bacterivorous nematodes and harpacticoid copepods in
intertidal habitats are often prominently present in organically (particularly with
vascular plant or macroalgal litter) enriched habitats such as salt marshes (Van den
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Berghe and Bergmans 1981; Warwick 1987), the importance of bacteria as a food
source to most truly benthic species inhabiting bare tidal flat sediments remains to be
established. A variety of nematode and copepod species are capable of feeding on
bacteria, either purposely or through accidental co-ingestion with other food parti-
cles, but whether and to what extent they depend on bacterial carbon remains to be
assessed.

Bacterial-feeding meiofauna can significantly shape bacterial communities
through selective grazing, influencing the relative abundances of the different
community members (De Mesel et al. 2004, 2006). Such effects are species-specific
(De Mesel et al. 2004) as well as diversity-dependent (De Mesel et al. 2006)
(Fig. 5.11).

Other intricate meiofauna-bacteria interactions include ecto- and endosymbioses,
which have been well-documented for a few marine nematode species (Polz et al.
2000; Bayer et al. 2009), but also the presence of a diverse gut microflora (Derycke
et al. 2016). The sum of gut microflora, symbionts, and (remnants of) ingested
bacteria is the microbiome of an organism, and these microbiomes can be highly

Fig. 5.11 Non-metric multidimensional scaling ordination (nMDS) of the bacterial communities
developing in microcosms, to which different bacterivorous nematode species have been added.
Letters and symbols refer to the inoculated nematode species: Diplolaimelloides meyli,
Diplolaimelloides oschei and Diplolaimella dievengatensis belong to the family Monhysteridae,
order Monhysterida, while Panagrolaimus paetzoldi belongs to the Panagrolaimidae, order
Rhabditida. Numbers refer to the duration (in days) of the experimental incubation. The closer
two samples are in the ordination plot, the more similar their bacterial communities. Results show
that while control samples without nematodes loosely cluster near the top of the ordination plot,
without any clear pattern, all nematode treatments display a bacterial succession with time of
incubation, leading to communities that differ increasingly from the initial inoculum to the end of
the experiment. In addition, the very limited overlap between nematode treatments demonstrates
that each nematode species has its own, species-specific impact on the bacterial community
composition. This experiment illustrates that nematodes affect bacterial community structure and
do so in a species-specific manner, even for very closely related species (the three Monhysteridae),
suggesting that functional redundancy among species is limited. Figure from DeMesel et al. (2004),
with permission from Wiley Publishers.
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species-specific in marine nematodes (Derycke et al. 2016). Nevertheless, Schuelke
et al. (2018) did not find consistent differences in microbiomes among nematodes
belonging to the different feeding types discussed in Sect. 4.1.

A special trophic relationship between meiofauna and prokaryotes is the use of
methane-derived carbon by specific nematodes [e.g. Terschellingia longicaudata
(Vafeiadou et al. 2014)] and harpacticoid copepods [e.g. members of the family
Cletodidae (Cnudde et al. 2015)] from intertidal and shallow subtidal sediments.
While such relationships have previously been established in nematode species from
specific habitats such as methane seeps (Van Gaever et al. 2009), mangroves
(Bouillon et al. 2008), seagrass beds (Vafeiadou et al. 2014), and sediments of
saltmarshes (Cnudde et al. 2015), they also occur in mudflats (Moens et al. 2011).
Terschellingia longicaudata, for instance, is found in nearly all of these habitats, and
its natural stable isotope signatures of carbon and nitrogen consistently mirror the
use of chemoautotrophic bacteria that utilize methane as a carbon source (Moens
et al. 2011; Vafeiadou et al. 2014) (Fig. 5.12). It remains unclear whether such
relations reflect selective grazing on chemoautotrophic bacteria, the presence of
chemoautotrophic symbionts (such as sulphide oxidizing bacteria in Astomonema
and Parastomonema spp. (Austen et al. 1993; Musat et al. 2007; Tchesunov et al.
2012), or yet another type of meiofauna-bacteria interaction.
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Fig. 5.12 Dual stable isotope plot of total nematodes, of a range of nematode genera, and of the
canuellid copepod genus Sunaristes from a tidal mudflat in the Mira Estuary, SW Portugal. Note the
strongly depleted δ13C and—to a lesser extent—δ15N values of Terschellingia longicaudata, which
are indicative of this species’ dependence on methane-derived carbon (chemoautotrophic path-
ways). Figure from Vafeiadou et al. (2014), open access.
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4.3 Functional Roles of Meiofauna in Mudflat Sediments

4.3.1 Cryptobioturbation

Trophic structure and diversity (Sects. 4.1 and 4.2) are but two characteristics that
may influence the roles of meiofauna in the functioning of marine sedimentary
ecosystems such as mudflats. Other aspects, such as the motility and (micro)biotur-
bation capacity of meiofaunal organisms also come into play.

In more sandy sediments, many harpacticoid copepod and nematode species may
most easily move through the interstitial spaces, thus leaving no or only a very
limited impact on the porosity, structure or other features of the sediment. Other
harpacticoid copepod species, and particularly those in muddy tidal flat sediments,
live epibenthically and/or are confined to the upper 1 cm of the sediment. By
contrast, larger nematode species are common in sandy as well as in muddy
sediments, where they burrow and vertically migrate in sediments, activities which
probably reduce predation by macrofauna (Leduc and Probert 2009) and can be
collectively referred to as micro- or cryptobioturbation (Giere 2009). Cryptobioturbation
has been shown to enhance oxygen and nutrient cycling and, in turn, the mineralization
of detritus (Alkemade et al. 1992b; Schratzberger and Ingels 2018). Cryptobioturbation
of the very top layers of sediments by various meiofauna, from harpacticoid copepods
and nematodes to unicellular foraminiferans, was first brought to light in a landmark
paper by Cullen (1973), visualizing the loosening effect of meiobenthic activity on the
surface layer of sediment. Indeed, the movements of meiofauna increase sediment
porosity, while other activities such as feeding and mucus production (see below) lead
to particle fragmentation (Aller and Aller 1992) and a modified sediment structure
(Cullen 1973; Gerlach 1978), respectively.

Cryptobioturbation is now well-recognized as a process with consequences for
the fluxes of oxygen and nutrients, which in turn impact microbial populations and
hence key ecosystem functions such as organic matter decomposition, nutrient
regeneration, and more generally biogeochemical cycles. Nevertheless, whether
and to what degree this process is quantitatively important in mudflat sediments
remains under debate. Cryptobioturbation by meiofauna (particularly nematodes,
juvenile bivalves and polychaetes) can more than double solute transport rates in
marine muds; 20–40% of this increase can be attributed to an increased sediment
porosity, the remainder probably to biologically-induced fluid motion and three-
dimensional diffusion (Aller and Aller 1992). Indirectly, cryptobioturbation
enhances aerobic decomposition and associated processes, such as nitrification
(e.g., Alkemade et al. 1992b; Rysgaard et al. 2000; Bonaglia et al. 2014). The
mineralization rate of dead Spartina anglica leaves, for instance, increased by up
to 300% in the presence of bacterial-feeding monhysterid nematodes (Findlay and
Tenore 1982; Alkemade et al. 1992a).

Although the process of cryptobioturbation and its consequences are well-
recognized by meiobenthologists, it appears to be a comparatively recent insight
among geologists, who after documenting the occurrence of cryptobioturbation in
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Pliocene sediments, pose the question ‘ . . .how pervasively altered are other sedi-
ments presently assumed to lack animal influence and how far into the geological
record does this influence extend?’ (Löhr and Kennedy 2015).

4.3.2 EPS Production

A microcosm experiment with bacterial-feeding nematodes, bacteria and diatoms
demonstrated that nematodes may also enhance the production of extracellular
polymeric substances (EPS; i.e. mucus composed of colloidal carbohydrates and
proteins) by stimulating bacterial and/or diatom population growth (Hubas et al.
2010), perhaps as a result of the release from nitrogen limitation of these micro-
organisms through the enhanced cycling of nitrogen by the nematodes’ excretion of
ammonium (Hubas et al. 2010; Gaudes et al. 2013). An enhanced EPS production,
particularly by MPB, improves sediment stability on intertidal mudflats (Lucas et al.
2000; Widdows and Brinsley 2002), which in turn may affect a number of other
organisms [e.g. the settlement of larvae of macrobenthos (Van Colen et al. 2009)]
and ecosystem processes (Herman et al. 2001; Widdows and Brinsley 2002, and see
Chaps. 2, 8, 10). Recently, a natural nematode assemblage from an intertidal flat was
also demonstrated to significantly stimulate the productivity and affect the species
composition of an artificial 4-species MPB biofilm, whereas an opposite impact was
observed on the productivity of a monospecies biofilm (D’Hondt et al. 2018). This
suggests that both trophic and non-trophic mechanisms may be at play, and that
generalizations about the effects of meiofauna on MPB biofilms and their associated
ecosystem functions will be difficult to make.

In addition to microbioturbation, the caudal and/or oesophageal glands of many
nematode species produce sticky mucus secretions (Riemann and Schrage 1978) that
can facilitate nematode attachment (or that of their eggs) to sediment or algal
surfaces and that may serve as a trap for bacteria, microalgae and detritus (mucus-
trap-hypothesis; Riemann and Schrage 1978; Warwick 1981), which in turn can
serve as food (i.e. gardening), as producers of dissolved organic matter (Riemann
and Helmke 2002) or, in the case of detritus, as a component of temporary or
permanent tubes in which nematodes may reside (Nehring 1991; Nehring et al.
1990). Tube-building also occurs in a variety of harpacticoid copepods, and may
affect the interactions between different species of meiobenthos (Chandler and
Fleeger 1987). In addition, laboratory experiments have demonstrated that the
bacteria that colonize nematode tracks covered with mucus are not just a random
subset of bacteria from the surrounding sediment (Moens et al. 2005b) (Fig. 5.13);
hence, mucus secretion may be yet another way—in addition to selective grazing
and N cycling—through which meiofauna can affect microbial community compo-
sition and diversity (De Mesel et al. 2004, 2006).

The roles of meiofauna in sediment stabilization/erosion are conjugated with
those of the other living mudflat components (Fig. 5.14). As is emphasized in
Chaps. 2, 4, 8, and 10, sediment stability is a crucial determinant of mudflat ecology,
so the importance of this function cannot be underestimated.
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4.3.3 Fecal Pellets

In planktonic food webs, calanoid copepods channel approximately a third of
ingested carbon to their fecal pellets, and an additional fraction to dispersed amor-
phous particles lacking the peritrophic membrane characteristic of copepod fecal
pellets (Turner 2002; Olesen et al. 2005). The pellets and amorphous particles are
colonized and decomposed by bacteria, which in turn are consumed by heterotrophic
protists, thus shunting back part of the ‘lost’ organic matter to the food web. The
fecal pellets are bacterial ‘hot spots’ in terms of activity and abundance (Jacobsen and
Azam 1984; Thor et al. 2003). As such, copepod fecal pellets and their subsequent
bacterial degradation contribute significantly to the energy flow and nutrient cycling
in pelagic ecosystems. A similar process of fecal pellet recycling may occur in the
benthos, where the fecal pellets of benthic copepods are rich in internal and external
bacteria (De Troch et al. 2010; Cnudde et al. 2013b) (Fig. 5.15) and can even be
grazed by harpacticoids (De Troch et al. 2009; Møller et al. 2011). Some nematodes

Fig. 5.13 (a) Nematodes and bacteria have been inoculated in the centre of Petri dishes with an
agar medium. The tracks where nematodes have been crawling on or in the agar are clearly visible
by the bacterial growth on the mucus left behind by the moving nematodes. Photo coutesy Giovanni
dos Santos. (b) Multidimensional scaling (MDS) of bacterial community composition (based on
presence/absence data) in inocula (centre of the dishes), artificial tracks and nematode tracks after
48, 96, 144 and 192 h. Example of a treatment with the nematode Adoncholaimus fuscus and a
bacterial inoculum derived from a fine-sandy sediment at the Paulina tidal flat, SW Netherlands.
From Moens et al. (2005b), with permission from Inter-Research.
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also produce fecal pellets, but these disintegrate more readily (Moens unpubl.).
However, both copepod and nematode faeces may enrich the sediment in particulate
and dissolved organic matter, and may thus affect microbial activity and community
composition (Cnudde et al. 2013b).

4.3.4 Functional Diversity

Species composition and diversity play a crucial role in ecosystem functioning (e.g.,
Cardinale et al. 2012). Marine meiofauna can be very diverse at a local scale, and

Sediment stability
The cohesion of sediments and their capacity to resist erosion is an important feature in habitats
generally constrained by strong physical and geochemical gradients such as marine sediments
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Fig. 5.14 Conceptual diagram recapitulating meiofauna-mediated effects on sediment stability.
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Fig. 5.15 Harpacticoid fecal pellets obtained after feeding diatoms to harpacticoids in the laboratory:
(a) light microscopic image of fecal pellets from the harpacticoid Paramphiascella fulvofasciata,
enclosed by a peritrophic membrane (arrows) (De Troch et al. 2009), and (b) SEM image of fecal
pellets from Platychelipus littoralis (with permission, Cnudde 2014).
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typically comprise multiple species from each trophic or functional group (see
above). Theoretically, such ‘confunctional’ species might share the same function
and hence be interchangeable or functionally redundant, but empirical evidence
suggests only limited functional overlap (De Mesel et al. 2004, 2006; Dos Santos
2009; Gingold et al. 2013). Laboratory experiments at low species diversity indicate
that species contribute idiosyncratically to ecosystem functioning as a consequence
of intricate species interactions (see Sect. 5.1), but microcosm experiments with
higher numbers of nematode species (up to 25) indicated that nematode species
richness has a positive influence on microbial activity (Dos Santos 2009).

4.4 Functional Roles of Meiofauna in Mudflat Sediments:
The Case of N Cycling

4.4.1 N Sources and Cycling

Faunal effects on solute fluxes, MPB biofilms and particle reworking in mudflats can
significantly influence key ecosystem services. In macrotidal coastal areas, intertidal
sediments can cover huge surface areas, and are sites of intense primary production
and nutrient cycling. The discovery of denitrification under oxic conditions in
intertidal sediments (Gao et al. 2010, 2012) underscores the importance of these
zones in coastal N cycling and their buffering role (Burgin and Hamilton 2007;
Gruber and Galloway 2008). Human activities have caused a sharp build-up of fixed
nitrogen (N) in the environment (Leach et al. 2012), a substantial share of which
enters coasts and estuaries, leading to a tenfold increase of coastal N levels over the
past century (Galloway et al. 2004; Paerl 2006). This in turn can cause severe
eutrophication (Rabalais et al. 2009), shifts in community composition and hypoxia
(Conley et al. 2009). Coastal areas, however, also act as buffer zones (Burgin and
Hamilton 2007; Gruber and Galloway 2008), as they are sites of intense N respira-
tion processes such as denitrification, which may counter the increased N load
(Galloway et al. 2004; Marchant et al. 2014). It has been estimated that denitrifica-
tion in coastal shelf sediments accounts for up to 44% of total global denitrification
(Seitzinger et al. 2006).

Nitrogen cycling in intertidal sediments is driven by a diverse assemblage of
mostly heterotrophic microorganisms (Kjellin et al. 2007). Retention or removal of
N from the sediment is mainly controlled by the rates of three processes: denitrifi-
cation (DNF) and anaerobic ammonium oxidation (anammox, AMX) remove N
from the sediment, whereas dissimilatory nitrate reduction to ammonium (DNRA)
preserves reactive N in the system (Brandes et al. 2007). DNF is a NO3

- reduction
process whereby NO3

� is reduced to the gaseous compounds nitrous oxide (N2O) or
dinitrogen (N2), while AMX is the anaerobic oxidation of NH4

+ to N2 by reduction
of NO2

� (Herbert 1999). When DNRA processes exceed DNF, eutrophication is
enhanced (Burgin and Hamilton 2007). In light-replete intertidal and adjacent
shallow subtidal coastal sediments, the presence of phototrophic biofilms may
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impact N cycling through changes in oxygen levels and competition for nutrients
(Porubsky et al. 2009).

4.4.2 Meiofaunal Modulation of N Cycling

In coastal food chains, benthic meiofauna not only provide key links between
primary producers and higher trophic levels (Gee 1989; Coull 1990; Danovaro
et al. 2007), but may also play an important role in N cycling. Bonaglia et al.
(2014) found that an increase in meiofaunal abundance led to stimulation of DNF,
and attributed this to meiofaunal bioturbation. Stock et al. (2014) observed that
intertidal benthic copepods stimulate DNRA and negatively impact DNF, and
suggested this is mediated by copepod excretion products. The observed differences
may be caused by different contexts, but are most likely also due to the fact that
meiofauna can affect the N cycle through different mechanisms. First, by analogy
with macrofauna, bioturbation could enhance transport of nutrients and oxygen into
the sediment and thus stimulate coupled nitrification-DNF (Bonaglia et al. 2014;
Stock et al. 2014). Second, meiofauna excretion can potentially impact the N cycle.
Copepod excretions contain high amounts of labile carbon (Frangoulis et al. 2005),
which can stimulate DNRA over DNF and AMX (Bonaglia et al. 2014; Stock et al.
2014). Nematode excretions contain N mostly as NH4

+ and dissolved organic N
(Ferris et al. 1998), which may stimulate nitrifiers and denitrifiers (Bonaglia et al.
2014). In addition, as mentioned above, nematodes often leave mucus trails which
can affect microbial community composition and biofilm formation (De Mesel et al.
2004; Moens et al. 2005b; Hubas et al. 2010). Third, meiofauna can also directly or
indirectly impact the N cycle via grazing on bacteria and MPB, respectively.
Meiofaunal grazing rates may on average amount to 1% of MPB and bacterial
biomass per hour (Montagna 1995). Perhaps more importantly, nematodes can affect
bacterial community composition even at low grazing pressure (De Mesel et al.
2004). Bacterivory may thus influence microbial community composition and may
stimulate bacterial activity (De Mesel et al. 2003, 2004, 2006; Näslund et al. 2010).
This in turn could also impact the N cycle.

5 Interactions Among Meiofauna and Among Meio-
and Macrofauna

5.1 Competition, Facilitation and Inhibition Among
Meiofauna

As mentioned previously (Sect. 4.3.4), laboratory experiments on the effects of
bacterivorous nematodes on organic matter decomposition demonstrate that—at least
at low species diversity—both species richness and species composition affect

126 T. Moens and P. G. Beninger



ecosystem functioning, but in a largely unpredictable way (De Mesel et al. 2006; De
Meester et al. 2016). Such idiosyncratic diversity-ecosystem functioning relationships
are largely a consequence of horizontal species interactions, including resource and
interference competition sensu lato, and facilitation (Fig. 5.16). The rhabditid nematode
Litoditis marina, for instance, facilitates population growth of Monhysteridae in micro-
cosms where bacterial densities exceed optimal conditions for the Monhysteridae (Dos
Santos et al. 2009). Many Rhabditidae are extreme colonizers which abound only under
highly-enriched conditions (Bongers and Ferris 1999), characterised by explosive
bacterial growth, whereas Monhysteridae enter somewhat later in the succession of
decomposition-associated bacterivores. The rapid population growth rate and high
per-capita grazing of L. marina suppress bacterial abudances in microcosms, thus
creating conditions which are better suited for the Monhysteridae (Dos Santos et al.
2009). Facilitative interactions have also been observed among cryptic species of
L. marina (this morphospecies is actually a complex of multiple cryptic species, local
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Fig. 5.16 Effects of single species and of combinations of species of bacterivorous nematodes on
the decomposition rate of macroalgal (Fucus vesiculosus) detritus in a microcosm experiment,
expressed as % deviation from a control treatment without nematodes. LM Litoditis marina, HD
Halomonhystera disjuncta, DM Diplolaimelloides meyli. Treatments LM and HD contained a
single nematode species, treatment LM + HD contained two, and treatment LM + HD + DM
three nematode species. Litoditis marina has a generation time of 4 days and produces several
hundred progeny per female. It also has high grazing rates on bacteria. However, its populations
start to collapse after 2–3 weeks in microcosms. As a consequence, it already had a strong impact on
decomposition rate after 1 week of incubation, an effect which decreased from the third week
onwards. Halomonhystera disjuncta and Diplolaimelloides meyli are confamiliar species belonging
to the Monhysteridae. Their generation times are 2.5–4.5 times longer than that of L. marina, and
they produce ca. one-third the number of progeny of that species. However, they can maintain high
population densities for several months in microcosms. Halomonhystera disjuncta did not repro-
duce in the monospecific treatment, but did reproduce at high rates in the presence of L. marina, as a
consequence of facilitation by L. marina, and resulting in an additive effect on algal decomposition
from the second week of incubation onwards. Addition of D. meyli eliminated the effect of
H. disjuncta on decomposition, because both monhysterid species strongly competed with each
other, resulting in very low monhysterid abundances in the three-species treatment. These results
demonstrate intricate species interactions which very much depend on the exact combination of
species used; they also show that such interaction effects can have significant repercussions for
ecosystem functioning. Data from Moens and Quintelier (unpubl.).
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co-existence of several cryptic species being the rule rather than the exception)
(De Meester et al. 2015a, b).

Competitive interactions among meiofauna are probably the dominant
meiofaunal relations. Resource competition among harpacticoid species has not
been demonstrated directly, but evidence for resource and/or habitat partitioning
among harpacticoid copepod species exists (Pace and Carman 1996; Guisande et al.
2002; De Troch et al. 2003, 2005; Evrard et al. 2012). Van den Berghe and
Bergmans (1981) suggested that the differential exploitation of photoautotrophs
and bacteria among some co-occurring Tisbe sibling species can drive coexistence.
Moreover, interference competition among some species of harpacticoid copepods
exists (see below).

Competitive interactions have been well-studied in the same cryptic species complex
of Litoditis marina (De Meester et al. 2011, 2015a, b) and among Monhysteridae
(De Mesel et al. 2006; Dos Santos et al. 2009; Dos Santos and Moens 2011). In the
former, competitive loops or ‘rock-paper-scissor’ dynamics exist, where species A is
competitively stronger than species B, species B can outcompete species C, and species
C in turn is competitively superior to species A. Depending on the precise combination
of species and on the presence of dispersal opportunities, this may lead to a competi-
tively intransitive network where all species can co-exist in a kind of dynamic mosaic
(De Meester et al. 2015a; De Meester 2016). In the absence of dispersal options, many
combinations lead to the complete exclusion of one or more species (De Meester et al.
2011). In Monhysteridae, asymmetric competition is the rule rather than the exception.
Competition for food and space cannot explain the observations of the microcosm
experiments, hence the precise mechanism of competition remains unknown
(De Mesel et al. 2006; Dos Santos et al. 2009; Dos Santos and Moens 2011). It is
possible that monhysterid nematodes use allelopathy or some other type of inhibitory
interactions with closely-related species.

Interference competition and facilitation have also been observed among
burrowing species of tidal flat harpacticoid copepods. The tube structures generated
by the abundant Pseudostenhelia wellsi facilitated colonization by two other species,
yet inhibited that of a fourth species in the assemblage (Chandler and Fleeger 1987).
The observed interactions and underlying mechanisms were highly species-specific,
rendering generalizations about how one species will affect the colonization by
others problematic. Such predictions would likely become even more problematic
if priority effects were taken into account. Priority effects occur when a species
obtains a competitive advantage from the timing of its arrival in a certain habitat
patch; early-arriving species may even monopolize resources (De Meester et al.
2002). To our knowledge, priority effects have not been studied in meiofauna
assemblages. Nonetheless, the order of arrivals in habitat patches is not a purely
deterministic process, but is likely heavily affected by chance. Given the highly
species-specific nature of interactions among meiofauna, and the stochasticity of
dispersal and colonization processes, predictions about the species composition of
meiofauna in novel habitat patches are bound to fail, yet certain more general
predictions about the diversity and composition at higher taxonomic levels (from
family upwards) may be possible (Gallucci et al. 2008).
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5.2 Predation Among Meiofauna

Predation can shift competitive (dis)equilibria among meiofaunal species. Dos
Santos and Moens (2011) demonstrated that the predacious nematode Enoploides
longispiculosus stabilized coexistence between two mutually-competing congeneric
Monhysteridae by preying on both, albeit with a preference for the competitively
inferior species. Intuitively, one would then expect that the sum of competition by a
dominant competitor, and of predation, would lead to the exclusion of the weaker
competitor. However, when the preferred prey became rare, and because the predator
selected only adults and larger juveniles, most of the predation was directed towards
the dominant competitor, alleviating competitive pressure on the weaker competitor and
resulting in more balanced abundances among the two competing Monhysteridae (Dos
Santos and Moens 2011).

Predation is a very common interaction among meiofauna. Nematode communi-
ties typically comprise several predacious or omnivorous species. Particularly in the
more sandy sediments, their proportional abundances may be high, and they may
exert strong top-down control on both total abundances and community composition
of their (mostly nematode) prey (Moens et al. 2000; Gallucci et al. 2005) (Fig. 5.17).
The typically higher abundance of predacious nematodes in sandy sediments may
reflect the greater difficulty of finding and catching prey invertebrates in muddy
compared to sandy sediments (Gallucci et al. 2005) (Fig. 5.18).
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Fig. 5.17 Abundances of the predacious nematode Enoploides longispiculosus (closed symbols)
and of other nematodes, which are potential prey for E. longispiculosus (open symbols) across
18 sampling stations at the Paulina intertidal flat in the Schelde Estuary, SWNetherlands. There was
a inverse correlation (Pearson R ¼ �0.76, p < 0.001) between both, suggesting that abundances of
other nematodes may be top-down controlled by predatory species. New figure using data from
Gallucci et al. (2005).
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Other predacious meiofauna, such as turbellarians (Martens and Schockaert
1986), (some) tardigrades (Sanchez-Moreno et al. 2008) and harpacticoid copepods
(Kennedy 1994; Seifried and Durbaum 2000), as well as Foraminifera (Dupuy et al.
2010), nematophagous fungi (Moens unpubl.) and predacious as well as deposit-
feeding macrofauna (see below), may further add to such top-down controls. Pre-
dacious turbellarians and tardigrades also tend to be more abundant in sandier
sediments (Martens and Schockaert 1986; Higgins and Thiel 1988), whereas preda-
cious Foraminifera have hitherto mostly been documented from silty sediments
(Dupuy et al. 2010).

Predation among meiofauna may not only have significant top-down effects on the
abundances and composition of the local prey assemblages, it may also affect their
vertical distribution patterns within the sediment (Steyaert et al. 2001; Maria et al.
2012, 2018). In medium sandy sediments in the Schelde Estuary (SW Netherlands),
for instance, the predacious Enoploides longispiculosus is one of the dominant

Fig. 5.18 Grain size effects on the abundance and predation rate of the predatory nematode
Enoploides longispiculosus. Left panel: results of a predation experiment in closed microcosms
(reported as number of missing prey individuals after a 24-h inoculation with E. longispiculosus),
demonstrating highest predation rates in fine sandy sediments with grain sizes of 180–250 μm and
near absence of predation in finer and coarser sediments. Right panel: bubble plots of
E. longispiculosus abundance (top) and proportions of very fine, fine and medium sand, based on
data of 18 sampling sites at the Paulina tidal flat in the Schelde Estuary, SW Netherlands. The
abundance of E. longispiculosus is positively related to the fine sand fraction and negatively to the
very find sand (and mud) fraction. New figure using data from Gallucci et al. (2005).
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nematode species in the upper 2 cm (Steyaert et al. 2001; Gallucci et al. 2005). Over
the course of a tidal cycle, this species migrates to the surface at high tide, and
repositions itself about 1 cm deeper when exposed during low tide (Steyaert et al.
2001), perhaps avoiding the dessication of the surficial layer of these permeable
sediments (Gallucci et al. 2005). Interestingly, some of its most abundant prey
nematode species display an opposite vertical migration behaviour (Steyaert et al.
2001), allowing them to feed at the surface during low tide, where their preferred food
source, i.e. epipelic diatoms, are then most abundant, while at the same time avoiding
heavy predation pressure by Enoploides (Gallucci et al. 2005). It is plausible that such
predator-prey interactions contribute in many ways to abundances and composition of
meiofaunal assemblages, but such impacts are likely more prominent in the more
sandy sediments (see also Maria et al. 2012).

It should be noted that a substantial proportion of meiofaunal-sized organisms are
not actually meiofauna, but rather inactive stages of planktonic organisms (52% by
number in a coastal lagoon of the North Adriatic). These organisms are collectively
referred to as inactive temporary meiobenthos (Pati et al. 1999). They constitute an
easily-accessed and potentially major food source; although assimilated by some
benthic macrofauna (Karlson and Viitasalo-Frösen 2009), it is not yet known to what
extent they are preyed upon by meiofauna. Similarly, settling larvae of a variety of
macrobenthic species fall within the meiofauna size range, and can be preyed upon
by permanent members of the meiofauna (Watzin 1985, see Sect. 5.3). It is clear that
predation by, and on, meiofauna is common and quantitatively significant, yet its
real importance as a structuring factor in benthic communities requires considerably
more research effort.

PCR-based techniques may contribute to the elucidation of yet unknown or
unquantified meiobenthic trophic relationships. Recent advances in the technique,
using prey-taxon-specific primers, have allowed workers to identify species-level
trophic relationships, despite the high predator-sequence ‘noise’ in the data. A
combination of ecosystem-level diagnostic PCR, as well as next-generation sequenc-
ing (NGS) for detailed analyses of specific relations, offers a promising future for the
investigation of meiofaunal trophic relationships (Maghsoud et al. 2014).

5.3 Macrofauna: Meiofauna Interactions

Through direct targeting, indiscriminate scavenging, or incidental uptake, mudflat
meiofauna are potential prey to a variety of endo-, epi- and hyperbenthic
macrofauna, from juvenile and adult fish, birds and crustaceans (e.g. Schratzberger
and Warwick 1999; Carpentier et al. 2014), to predatory and deposit-feeding poly-
chaetes and even suspension feeders that can intercept resuspended meiofauna from
the water column (Coull 1999). Macrofauna can reduce the abundance of meiofauna
through predation and disturbance (e.g. Hedqvist-Johnson and Andre 1991; Aarnio
et al. 1998). It has been estimated that more than 75% of total metazoan meiofaunal
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production is transferred to higher trophic levels through macrofaunal predation on
meiofauna (Danovaro et al. 2007).

Important though it may be, predation is but one of the mechanisms through
which macrofauna can affect meiobenthic communities. Other interactions include
competition (both resource and interference competition) and facilitation. Bioturba-
tion and bio-irrigation by macrobenthos (Meysman et al. 2006; Schratzberger and
Warwick 1999) alter the vertical distribution of organic matter (Graf 1989; Levin
et al. 1997; Braeckman et al. 2011a) and the distribution and fluxes of oxygen and
toxic metabolites in sediments (Kristensen and Kostka 2005). In addition to affecting
direct transport of solids and solutes, these macrofaunal activities also stimulate
biogeochemical processes along their burrow walls (Mermillod-Blondin et al. 2004),
which may alter and/or stimulate the microbial community (Kristensen and Kostka
2005). Burrows, tubes (e.g., polychaete tubes) and other physical structures can
provide shelter from predation (Zühlke et al. 1998), but macrofaunal activity such as
bioturbation may also create interference competition (Austen and Widdicombe
1998; Schratzberger and Warwick 1999) as well as direct competition for shared
food resources (Ólafsson et al. 1993; Braeckman et al. 2011a, b).

Despite these predation- and disturbance-related negative effects on meiofaunal
populations and communities, macrofauna may also enhance meiofaunal abundance
and diversity (Ólafsson et al. 1990; Austen et al. 1998). For example, in situations
where macrobenthos activities affect food availability, meiofauna abundance and
diversity may increase, and/or vertical distribution in the sediment may shift
(Warwick et al. 1986; Austen and Widdicombe 1998; Austen et al. 1998; Dashfield
et al. 2008; Braeckman et al. 2011a, b).

The outcome of macrofauna-meiofauna interactions on meiobenthic community
structure and abundance is context-dependent. For example, macrofaunal impacts on
meiobenthic communities are likely more prominent in sheltered muddy sediments
than in exposed tidal flats with more permeable sandy sediments, where meiofauna
may be more structured by hydrodynamic forces (Coull 1985, 1986; Warwick et al.
1997; Vanaverbeke et al. 2011). The very few studies that have investigated long-
term dynamics of meiofaunal abundance, biomass and/or community composition,
have concluded that the abundance of macrofauna (deposit-feeding macrobenthos in
one study, fish feeding in the benthic boundary layer in another) was the principal
driver of the between-year meiofaunal variation, particularly in muddy sediments
(Coull 1985, 1986, Li et al. 1996; see Sect. 3.4.2).

Most of the meiofauna-macrofauna interactions considered to this point have
been macrofauna-dominated, i.e. top-down, especially with respect to predation. It is
all too easy to forget that the early life stages of benthic macrofauna are in the same
size range as adult meiofauna, opening a myriad of additional possibilities for
macrofauna-meiofauna interaction. The effect of sediment-dwelling meiofauna on
co-occurring macrofaunal early life stages has been reported to be large enough to
significantly structure the macrobenthic community (Watzin 1983). This is obvi-
ously an effect of major importance for our understanding of macrobenthic recruit-
ment and community structure, but it has received only very limited attention
(Watzin 1983, 1985) and is just another example of the unrecognized importance
of meiofauna in the mudflat ecosystem, and in the marine ecosystem as a whole.
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6 Conclusion: The Future of Mudflat Meiofauna Research

Given the little we know aboutmudflatmeiobenthology, it is tempting to positively spin
this knowledge chasm by saying that the future holds enormous research potential.
Despite our feeble understanding of the basic biology and ecology of meiofauna, it is
likely that such research will be prioritized toward ‘hot’ topics such as the effects of a
warming, acidifying biosphere (Meadows et al. 2015; Zeppilli et al. 2015), which
appear to affect muddy-sediment meiofauna communities more than those in sandier
sediments (Ingels et al. 2018), and harpacticoid copepods in particular (Sarmento et al.
2017). As with all branches of ecology, the danger is in focusing too narrowly on
‘problem-solving’, rather than on basic understanding of the system, without which the
most important problems cannot be solved in any event. On the other hand, we cannot
wait until we have understood the system completely, because the pressing environ-
mental problemswill have all snowballed by then.Mudflatmeiobenthology is definitely
a discipline in which researchers have ‘miles to go before [they] sleep’ (Frost 1923).
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Abstract Mudflats provide a suitable habitat for a functionally diverse invertebrate
macrofauna community that can cope with the high variability in sediment physico-
chemical conditions associated with the tidal regime. The most commonmacrofaunal
taxonomic groups are annelids, molluscs and crustaceans. Macrofauna are usually the
link from primary producers, meiofauna, and detritus to higher trophic levels like
wading birds and epibenthic fish that forage in mudflats. Behavioral activities related
to macrofauna feeding, burrowing and respiration alter biogeochemistry and mudflat
sediment dynamics and are thus of paramount importance for the cycling of energy
and matter in mudflats from estuaries, mangroves and coastal lagoons. Variability in
abiotic and biotic interactions structures macrofauna communities in space and time
and hence defines the influence macrofauna has on the diversity and functioning of
the wider ecosystem through direct and indirect interactions.
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1 Introduction

Technically, invertebrate benthic macrofauna are defined as benthic invertebrates that
live in or on the bottom substrate of a water body and that are retained on a sieve with
a mesh size of 0.5 or 1 mm after the sediment passed through. This operational mesh-
size convention can however vary and the relatively small size of manymacrofauna in
organically enriched mudflat sediments has prompted mudflat ecologists to often use
300–500 μm mesh-sized sieves to collect macrofauna; others refer to macrofauna as
being those readily visible with the naked eye, such as gastropods and bivalves.

Benthic macrofauna are divided into two categories depending on their habitat:
infauna (or endofauna) live in the sediment and epifauna lives on top of the sediment
or attached to other fauna, like mussels. Categorisation into epi- or infauna can,
however, be challenging, as some species like tubeworms live between both realms
(here the term ‘hemibenthic’ has been used—Le Pennec et al. 1995), and infaunal
species are often well-connected to the water column. Mudflats harbor relatively low
taxonomic diversity of macrofauna, compared to other coastal soft-sediment habitats,
but, in contrast, population biomass is often high. The accessibility of mudflats during
low tide, together with the relatively sedentary life habit, tractable size and generally
fast response time of macrofauna species to environmental change has facilitated
empirical testing of the mechanisms that govern distribution of macrofauna in space
and time, and the impact macrofauna has on other biotic and abiotic properties of the
mudflat habitat.

1.1 Overview of Mudflat Macrofaunal Groups

Annelids (polychaetes and oligochaetes), molluscs (bivalves and gastropods) and
amphipods generally comprise the majority of macrofauna species that inhabit
mudflat sediments, with annelids typically outnumbering the other taxonomic
groups, whereas molluscs often form the majority of the biomass (Ysebaert et al.
2003). Other groups that are frequently encountered are mud shrimps, crabs, nemer-
teans, isopods, chironomid larvae, and sessile epifauna such as ascidians and barna-
cles attached to (dead) shells or occasional rocks. A wide array of diverse biological
and functional traits characterises mudflat macrofauna. Due to this high functional
diversity, macrofauna communities modulate many ecosystem processes at different
spatial scales, thereby influencing overall ecosystem functioning. For example,
macrofauna plays an important role in benthic remineralisation processes, both
directly as an important component in the mudflat food web (Sect. 3.1), and indirectly
through its structuring role on the sediment community via e.g. bioturbation and
bio-irrigation activities (Sect. 3.2).
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1.2 The Epifaunal vs Infaunal Life Habit

Due to their different locations, epifaunal and infaunal macrobenthic animals face very
different environmental conditions. While infauna are always surrounded by moist
sediment, epifauna have developed hard exoskeletons such as shells (molluscs) and
carapaces (crustaceans), which modulate heat exchange and help to cope with desic-
cation and variability in external osmolarity during low tide. On the other hand,
mudflat infauna face low oxygen and high hydrogen sulphide concentrations, except
in the upper few mm of sediment (see Chaps. 2 and 3), and deeper when burrows
facilitate water flow into the sediment. Many infauna have specialized adaptations
which maintain aerobic respiration at low oxygen concentrations (e.g. Giere 2006 and
references therein). Hemoglobin in the blood (responsible for the bright red coloration
of e.g. oligochaetes and capitellid polychaetes) facilitates transportation of oxygen,
while ventilation of burrows through active pumping of oxygen-rich seawater
(bio-irrigation; Sect. 3.2) also allows infauna to oxygenate their habitat. Furthermore,
infaunal species have often developed sophisticated feeding apparatuses like robust
elongated antennae (e.g. Corophium volutator) or long siphons (e.g. Limecola
balthica, Scrobicularia plana), allowing them to reach out across the mud to graze
on deposited organic matter and/or intercept plankton from the water column (Sect.
3.1).

1.3 Sampling Procedures

Collection of sediment through coring is the most commonly-used technique to
sample infauna. Although most mudflat infauna live in the upper 10–15 cm of
sediment at all times, burrowing depth generally varies with size, season (deeper
in winter), and in the presence of predators (e.g. Esselink and Zwarts 1989;
Flynn and Smee 2010). Some species, such as the subsurface polychaete feeder
Heteromastus filiformis and the lugworm Arenicola marina also occur abundantly in
deeper layers. Once the specific spatial lags are known (see Chap. 15), sampling of
surfaces of 70–180 cm2 to a depth of 15 cm is usually adequate to quantitatively
collect macrofauna, although core properties might differ depending on the species
of interest. Infauna is typically extracted from the sediment through wet-sieving or
sieving after fixation, over a 300 μm–1 mm mesh. In addition, specific sampling
devices have been used for the targeted collection of lugworms (i.e. bait pump, see
Chap. 13), cockles and hard clams (i.e. hand raking, e.g. Peterson et al. 1983;
Kaiser et al. 2001, and see Chap. 13).

Remote sensing techniques have been used to determine distribution and surface
coverage of dense aggregations of tidal flat sessile epifauna in a non-destructive
manner, e.g. mussel beds (e.g. Nieuwhof et al. 2015) and tube-building polychaetes
(Alves 2017). Quadrats of 0.25–0.5 m2 are commonly used to estimate density of
these aggregations (e.g. Alves et al. 2017). Similarly, densities of faecal mounds at
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the sediment surface have been quantified and used as proxies for densities of deep-
living macrofauna (e.g. Cadee 1979; Reise et al. 2001; Boldina and Beninger 2014).
Epifauna are typically collected through coring, as well as beam trawling during
ebbing tides (De Smet et al. 2015), or collection of dispersing fauna by fyke- and
block nets (e.g. Hampel et al. 2004). Due to spatial aggregation at multiple scales, the
question of sampling strategy is crucial. An overview of this aspect, as well as of the
quantitative treatment of such data, is presented in Chap. 15.

2 Spatio-Temporal Dynamics

Mudflat macrofauna density and distribution display great variability in space and
time (e.g. Kraan et al. 2009) as a result of biological and physical effects that play at
multiple scales. In addition to the natural interplay of biotic and abiotic interactions,
human impacts such as fishing disturbance, trampling and pollution have influenced
macrofauna distribution at different spatial and temporal scales (e.g. Essink 2003;
Rossi et al. 2007; Boldina and Beninger 2013, 2014; Beninger and Boldina 2014).

2.1 Spatial Distribution: Intertidal Zonation and Small-Scale
Patchiness

The macrofauna species occurring on mudflats generally have a wide geographical
range and are rarely strictly confined to mudflats. Some of the most dominant
mudflat species can be found in sandier sediments or below the low water mark
(Ysebaert et al. 2000), although generally in lower abundances, compared to mud-
flats (Fig. 6.1). Despite the strong gradients in, e.g., pore water salinity, temperature,
and oxygen related to sediment organic loading and associated with temporal
fluctuations in inundation regime and climate, mudflats thus provide a suitable
habitat for some macrofauna species.

Spatial variability in macrofauna community structure occurs in mudflats, but
distribution patterns depend on variability in site-specific abiotic and biotic condi-
tions. Zonation patterns are often related to the hydrodynamic regime, sediment type
and sediment transport processes (van der Wal et al. 2008), dynamics in food supply
(especially microphytobenthos, MPB—Guarini et al. 1998; Seuront and Spilmont
2002; Murphy et al. 2008; Chapman et al. 2010) and epifaunal predation pressure.
For example, shifts in the deposit-feeder community toward a lower dietary depen-
dency on benthic microalgal carbon and a deeper living position were found to
correspond to a gradient of coarsening of the sediment and greater exposure to
hydrodynamic stress, with distance from the high water mark, in an estuarine
mudflat in the Netherlands (Van Colen et al. 2010a). Sediment resuspension in the
low intertidal seems thus to impede a surficial living habit, whereas the high standing
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stock of benthic microalgae in muddy sediments (Van de Koppel et al. 2001) likely
supports the dominance of surface deposit-feeders in the high intertidal community.
A comparison of mollusc distributions at different mudflats in NW Europe showed
that maximum densities for the mudsnail Peringia (Hydrobia) ulvae—an important
grazer on benthic microalgae—are generally found at the highest tidal levels
(Bocher et al. 2007).

Hydrodynamics also determine zonation patterns of surficial living suspension
feeders, like the edible cockle Cerastoderma edule, that typically concentrate in the
areas where bottom shear stress is relatively low, and submersion time is sufficient to
feed long enough tomeet energetic requirements. Such conditions are often present in
the mid-intertidal area of mudflats (Herman et al. 2001). Biotic interactions can also
determine the zonation of macrofauna. For example, Flach (1992) demonstrated that
densities of a typical high-intertidal species, the mud shrimp (actually an amphipod)
Corophium volutator, increase in lower intertidal areas where the lugworm Arenicola
marina and Cerastoderma edule were locally removed, whereas transplantation of
both species into the high intertidal decreased mud shrimp numbers in that zone.
Furthermore, long-term monitoring in the Dutch Wadden Sea showed that the
upper limit of Corophium volutator distribution is determined by the duration of
inundation with upward and downward migration in periods with higher and lower-
than-average water levels, respectively (Beukema and Flach 1995), illustrating the
role of abiotic factors in setting the upper intertidal limit of this species.

Fig. 6.1 Average density of the polychaetes Hediste diversicolor (blue), and Heteromastus
filiformis (red), and the gasteropod Peringia (¼ Hydrobia) ulvae (green) in the mudflat and sandflat
of Paulinapolder, Westerschelde estuary (SW the Netherlands) during four sampling campaigns.
Error bars are 95% confidence intervals. Data: S. Mestdagh, University of Ghent.
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Macrofauna distribution on a mudflat can also be life-stage dependent. Well-known
examples include post-settlement dispersal events of clams (e.g. Hunt 2004), like the
Baltic tellin Limecola (Macoma) balthica that uses active dispersal through byssal
thread drifting during high tide to migrate from the settling area in the low intertidal to
the high intertidal (Hiddink et al. 2002a). This process is thought to reduce high
predation pressure from brown shrimps Cragnon cragnon (Hiddink et al. 2002b, c) in
the low intertidal. Furthermore, sediment stabilization by microphytobenthos (see
Chaps. 2, 8, 10) in the high intertidal might facilitate recruitment and growth for
juvenile L. balthica that rely predominantly on benthic microalgae for their diet (Van
Colen et al. 2010b). Other frequently-encountered mudflat macrofauna species that
display water column dispersal are Hediste spp. (Aberson et al. 2011), Corophium
volutator (De Backer et al. 2010) and Peringia ulvae (Armonies and Hartke 1995).
Dispersal of these species is not confined to the juvenile recruits, and swimming
activity can be restricted, e.g. to nocturnal spring tide periods for Corophium volutator
(Drolet and Barbeau 2009a).

In addition to the macrofauna zonation patterns related to larger-scale environ-
mental structuring, distinct small-scale patchiness is prevalent in mudflats (Boldina
and Beninger 2013, 2014; Beninger and Boldina 2014). Habitat heterogeneity
(e.g. sediment composition—Huxham and Richards 2003), modulated by biotic
interactions and associated with local perturbations, biogenic habitat structuring
features and local interactions of spatial self-organisation, e.g. diatom-sediment-
benthos feedbacks (see Chap. 8), are some of the common mechanisms that govern
small-scale distribution of macrofauna. For example, eutrophication-induced drifting
algal mats that deposit on tidal flats represent a local resource subsidy for macrofaunal
consumers. However, effects may vary from positive to negative depending on mat
thickness. In an 8-week study, Green and Fong (2016) empirically demonstrated that
thin mats of 0.5 cm yield a higher diversity of macrofauna by supporting surface
feeding and burrowing detritivores as compared to thicker mats (1.5 and 4 cm) that
created anoxia and promoted pore water sulphide conditions under which capitellid
polychaetes thrived. Interactions between the frequency of such perturbations and
subsequent recovery processes will ultimately generate small-scale patchiness. The
creation of feeding pits and mounds by callianassid shrimps, shore crabs and rays are
other examples of biotic perturbations that create local heterogeneity in the commu-
nity via physical disturbance and sediment resuspension, direct consumption of
macrofaunal prey, or indirect mechanisms such as the entrapment of food in the
pits. Effects on the macrofauna community depend on disturbance—recovery
dynamics, but generalization is difficult as responses are species-specific and may
differ between life stages (e.g. Zajac 2004). Furthermore, rates of pit creation, infilling
and recolonization by fauna can be rapid in less-muddy tidal flats (e.g. Thrush et al.
1991), so that distribution patterns of long-lived macrofauna can be smoothed out.

In general, mudflat surface features are a structuring agent of macrofauna com-
munity small-scale distribution. Anibal et al. (2007) showed that the epifaunal
community in the Ria Formosa tidal lagoon was more diverse and had higher
biomass in local depressions of the mudflat, compared to adjacent elevated areas
that have less deposition of organic matter, experience stronger currents during high
tide and are longer exposed to wind and solar radiation during low tide. Another
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example is the aggregated distribution of Corophium volutator in tide pools in the
Bay of Fundy, Canada (Drolet and Barbeau 2009b). Particularly patches of living
biogenic structures like mussel beds, tube-building polychaete reefs, seagrass
meadows or tussocks of marsh plants can considerably alter local topography in a
bare mudflat via their influence on fine sediment dynamics (e.g. Bouma et al. 2009).
These aggregations are also prime examples of ecosystem engineers that go on to
affect macrofauna indirectly through the modulation of resources (see Chap. 10).

2.2 Seasonal and Interannual Dynamics

Strong interannual fluctuations in invertebrate macrofauna are commonplace for
individual species; however, the total macrobenthic biomass fluctuation is less
pronounced (Beukema et al. 1993). Macrofauna species are generally present
throughout the year, although distinct seasonal differences in population abundance,
size classes and biomass related to population demographics (i.e. recruitment and
mortality) occur. Ysebaert (2000) studied seasonal dynamics for some of the most
common macrofauna infaunal species in temperate estuarine mudflats on a monthly
basis between March 1993 and August 1994. He found a general pattern of an
increase in abundance during the period of temperature rise in late spring and early
summer, followed by a decrease towards winter that can either occur rather rapidly
or more gradually, depending on the species and mudflat. Rising temperatures do
trigger spawning but moments of peak abundances differed between species
(Fig. 6.2). In contrast to relatively sedentary species (e.g. Limecola balthica,
Heteromastus filiformis), temporal population dynamics in Hediste diversicolor
differed more between nearby locations (Fig. 6.2), illustrating the role of dispersal
processes in regulating the rise and fall of local population abundances for mobile
species. In general, patterns in biomass resembled the seasonal pattern in abundance,
indicating that biomass variability mainly relates to recruitment and successive
disappearance of the newly-settled individuals, except in mudflats where biomass
of larger long-lived species like cockles and clams are more dominant than the
influence of juvenile growth.

Several juvenile cohorts can be present during the season of recruitment for some
species (e.g. Barbeau et al. 2009) and recruitment success can differ between years
(see e.g. Scobicularia plana in Fig. 6.2). Another example is the lower recruitment of
typical mudflat bivalve species such as Limecola balthica, Cerastoderma edule, and
blue mussel Mytilus edulis after mild winters. Based on a 30-year data series,
Beukema and Dekker (2014) demonstrated that this trend was inversely related to
the density of shore crabs Carcinus maenas and Cragnon cragnon in the period
preceding recruitment, since abundances of both epibenthic predators were higher in
springs after mild winters. In addition to predation by crustaceans and wading birds
(see Chaps. 8 and 12), natural winter mortality and episodic extreme weather
conditions such as heat waves and floods (e.g. Grilo et al. 2011) or infections by
parasites (see Chap. 9) are some of the mechanisms that can govern decreases in
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population abundances at seasonal and shorter time scales (Beukema et al. 1993;
Zwarts and Wanink 1993). Mortality related to food shortage seems unlikely, given
the flexible reliance on highly-abundant sources of dead and live organic matter in
mudflat sediments (Sect. 3.1). Rather, short-term enhancement in food nutritional
value has been related to the stimulation of population growth during several periods
of the year (Rossi et al. 2001 and references therein).

Fig. 6.2 Monthly variation in abundance of Scrobicularia plana (yellow), Limecola balthica
(grey), Hediste diversicolor (green), Corophium volutator (red), and Heteromastus filiformis
(blue) on two mudflats (Paulina and Groot Buitenschoor) in the Westerschelde estuary, SW the
Netherlands. After Ysebaert (2000).
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3 Trophic and Functional Ecology

3.1 Resource Utilization and Trophic Position

A variety of trophic guilds can be found in mudflat macrofauna communities,
including herbivore grazers, suspension feeders, predators, scavengers, and deposit
feeders. Although some motile predators may greatly impact ‘easy target’ adult
macrofauna during high tides (e.g. Yap 1977), in general, mudflat macrofauna is
chiefly composed of deposit feeders (e.g. Van Colen et al. 2010a) that obtain their
nutritional intake from the organic fraction of the sediment, including microbial
organisms that provide essential proteins, fatty acids and vitamins. Reconstruction of
carbon pathways, stable isotope signatures and tracer data confirms that deposition
of detritus from the water column and subsequent assimilation and respiration by
bacteria dominates the mudflat infaunal foodweb, but also that detritivory of
macrofauna can be negligible due to high selective feeding on microphytobenthos
and pelagic primary production (Van Oevelen et al. 2006). Based on food labeling
studies and the natural abundance of stable isotope ratios of carbon and nitrogen,
Herman et al. (2000) confirmed the importance of microphytobenthos as a food
source for surface deposit feeders and the almost exclusive contribution of pelagic
algae to the diet of suspension feeders such as Cerastoderma edule and the soft-shell
clam Mya arenaria (despite significant resuspension of diatoms at the study site).
The epibenthic grazer Peringia (¼ Hydrobia) ulvae relies almost exclusively on
microphytobenthos (Fig. 6.3, and see Chap. 8), while food selectivity in other
species can be more flexible in space and time. For example, Rossi et al. (2004)
showed ontogenetic variation in the diet of Limecola balthica, with small juveniles
feeding entirely on microphytobenthos, and larger individuals gradually feeding
more on phytoplankton.

Some species may alter their feeding mode according to the available food
sources; the omnivorous polychaete Hediste diversicolor is capable of filter-feeding
by pumping water and trapping suspended food particles in a mucous net secreted at
the entrance of its burrow (Riisgard 1991), and also of deposit-feeding and direct
consumption of infauna (i.e. predation). Aberson et al. (2016) showed that at
sewage-polluted sites in three estuaries in SE England, Hediste sp. mainly consumed
microphytobenthos, sediment organic matter and filamentous macroalgae, while at
more pristine sites it relied more on suspension-feeding and consumption of the
cordgrass Spartina anglica. Hediste sp. consumption of infauna can also be
considerable. Hiddink et al. (2002b) calculated from stomach contents and field
experiments that Hediste sp. consumption of settled juvenile Limecola balthica in
the eastern Dutch Wadden Sea is greater than that of other epibenthic predators, such
as shore crabs and brown shrimps. Sessile epifauna, on the other hand, are generally
suspension-feeders. Active suspension-feeders such as Mytilus edulis pump water
and food particles over their gills while other species, such as Lanice conchilega, are
known to passively trap suspended food particles.
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Although most studies of macrofaunal trophic ecology concern adult animals, it
should be kept firmly in mind that the young stages of macrofauna are often in the
same size range as the co-occurring meiofauna. This puts them in an entirely
different trophic network (see Chap. 5).

3.2 Bioturbation, Bio-Irrigation and Mucus Production

Macrofauna rework and relocate sediment particles through burrow construction and
maintenance, ingestion and defecation. This ecosystem process, known as biotur-
bation, causes changes in the sediment matrix structure by altering sediment grain
size distribution (Meysman et al. 2006 and references therein). In general, the way
particles are displaced depend on the life style and feeding type of the species.
Biodiffusors mix sediments homogeneously over short distances and include epi-
faunal species, gallery burrowers and surficial living infauna. Montserrat et al.

Fig. 6.3 Crawling tracks of
Hediste diversicolor (a) and
Peringia ulvae (b) grazing
on microbial biofilm (brown
patches). Scale bars are
1 cm. Photo credits: C. Van
Colen (a) and P. Beninger
(b).
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(2009) empirically demonstrated that bioturbation by Cerastoderma edule renders
the sediment surface less muddy through resuspension of selectively mobilised fine
particles. Upward conveyers like Heteromastus filiformis and Arenicola marina feed
at depth in the sediment and deposit ‘waste’ at the surface (Fig. 6.4). The amount of
deep sediment that is moved to the surface is impressive. For example, rates of
sediment turnover by Arenicola and Heteromastus populations of respectively 4 l
and 0.3 l per m2 per day have been observed during periods of peak abundance,
resulting in a complete mixing of the sediment down to a depth of about 40 and 4 cm
annually (Cadee 1976, 1979). In contrast, downward conveyers like e.g. the spionid
Pygospio elegans ingest particles at the surface and egest ‘waste’ deep(er) in the
sediment. A last type of bioturbation is regenerator reworking, performed e.g. by
fiddler crabs (Uca spp.) that dig and maintain burrows in the sediment by trans-
ferring particles from depth to the surface. Collapse of burrow walls or infilling of
surface sediments replace the excavated sediment. This physical process contributes

Fig. 6.4 Faecal casts of
Arenicola marina, heaps of
faecal pellets of
Heteromastus filiformis,
dead shell fragment (a).
Shells serve as an
attachment substratum for
epifauna—and flora,
e.g. anemones and Ulva spp.
(b). Scale bars are 1 cm.
Photo credits: C. Van Colen
(a) and P. Beninger (b).
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to about one fifth of the total sediment mixing rate mediated by Corophium volutator
(De Backer et al. 2011).

Bioturbation influences the porosity of the water-saturated mudflat sediments,
and therefore the exchange of pore water, between the sediment and the water
column. Furthermore, macrofauna irrigate their burrows with overlying water during
respiration and feeding, which further affects the biogeochemistry and exchange of
solutes between the sediment and water column. Dominant irrigators of mudflat
sediments are the gallery biodiffusors Hediste diversicolor and Alitta virens and the
more shallow-living regenerator Corophium volutator.

Bio-irrigators often produce mucus that bind sediment grains and reinforce burrow
structure, allowing sustained irrigation (Fig. 6.5). Mucus production is also used for
feeding (e.g. Hediste spp.) and, in gastropods like the periwinkle Littorina littorea and
Peringia ulvae, for locomotion (Fig. 6.3b). Interestingly, while pedal mucus produc-
tion in gastropods is energetically expensive, studies show that snails following
recently laid trails can save energy and that adherence of organic matter can probably
facilitate microbial growth and thus macrofauna (including snail) food supply (Davies
and Beckwith 1999; Davies and Blackwell 2007). Because the macrofauna-mediated
displacement of particles and water in sediments is tightly coupled, and often
performed simultaneously, Kristensen et al. (2012) recently proposed to define
macrofauna bioturbation as all processes that directly and indirectly affect the sedi-
ment matrix, including both particle reworking and burrow ventilation, and to consider
the effects of bioturbation on other species and associated process within the concep-
tual framework of ecosystem engineering (see Chap. 10).

Fig. 6.5 U-shaped burrows of Corophium volutator (a) and burrows of Hediste diversicolor (b).
Scale bars are 1 cm. Photo credits: C. Van Colen.
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4 Integrated Benthic Faunal Ecology

Benthic macrofauna form a central part of the mudflat ecosystem network, and
interactions with the biotic and abiotic environment determine their spatio-temporal
dynamics, as well as their impact on ecosystem functioning. Both a long history of
experimental approaches, including caging, defaunation and density manipulations
(Fig. 6.6), and the development of dedicated incubation chambers, flumes, and fine-
scale measuring tools (e.g. microelectrodes and optodes) to quantify ecosystem
processes, have shed light on the mechanisms underlying mudflat ecosystem func-
tioning. In particular, this is true of macrofauna—meiofauna interactions, and

Fig. 6.6 Macrofauna experimental approaches on tidal mudflats: Application of inert colored
particles (luminophores) to track macrofauna impact on surface sediment mixing in the
Oosterschelde estuary, the Netherlands (a). (Dis)appearance of dense microbial biofilms after
experimental macrofauna exclusion and subsequent colonization in the Westerschelde estuary (b,
c). Manipulation of incident light regime in the Schelde estuary, the Netherlands (d). Photo credits:
C. Van Colen.
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macrofaunal biodiversity effects on ecosystem functions, such as biogeochemical
cycling and sediment transport.

Apart from the carnivorous species, macrofauna are located in the middle region of
the trophic pyramid, relying generally on freshly-produced carbon or detritus for their
diet, while being preyed upon by wading birds (see Chap. 12), fish and larger crusta-
ceans (see Chap. 8). Consequently, both top-down and bottom-up interactions determine
the stability of benthic macrofaunal populations, in addition to interactions within their
own community. For example, the development of dense microphytobenthic biofilms
after experimental disturbance (Fig. 6.6b) has been shown to be instrumental in medi-
ating settlement choice of juvenile macrofauna and in facilitating growth and persistence
of the colonizing populations, inducing community divergence at the long-term (Van
Colen et al. 2009, 2010b, c).

Both direct and indirect interactions determine the structuring effect that
macrofauna has on meiofauna populations and communities (Chap. 5). A well-
documented biotic interaction between both infaunal size classes is the predation
on meiofauna by carnivorous macrofauna, either directly or as ‘bycatch’ during
deposit feeding or suspension feeding (Coull 1999). Direct physical interference
from bioturbation represents another interaction between both groups
(e.g. Schratzberger and Warwick 1999). Probably the most common ways that
macrofauna activities influence meiofauna are related to the above-mentioned engi-
neering effects of bioturbation and bio-irrigation. Both activities not only extend the
surface area of the sediment-water interface for solute exchange, but also stimulate
biogeochemical processes along the macrofauna burrow walls (Fig. 6.7), which may
alter the microbial community (Mermillod-Blondin et al. 2004; Kristensen and
Kostka 2005), and hence diversify the menu for meiofauna. Furthermore,
macrobenthic faecal casts (Fig. 6.4a) stimulate bacterial activity, due to a higher
concentration of organically enriched fine particles (Reise 1985), in a similar way as
gastropod pedal mucus does. The intermediate disturbance hypothesis (Connell
1978) has been frequently advanced to explain increased meiofauna abundances
and diversity close to macrofaunal feeding or locomotion tracks.

Attempts to link mudflat benthic biodiversity to ecosystem functioning revealed
that these relationships are very complex, context-dependent and may depend more
on the density and presence of functional groups or species identities than on species
richness or diversity (see e.g. Bolam et al. 2002). For example, Corophium volutator
and Hediste diversicolor that construct and ventilate burrows increase solute trans-
port, oxygen consumption and release of nutrients from the sediment more than
shallower-living species such as Peringia ulvae, Cerastoderma edule and Limecola
balthica that only effect particle reworking in the top few mm (e.g. Raffaelli et al.
2003; Mermillod-Blondin et al. 2004). Nevertheless, such surficial disturbance of the
sediment bed is important in mediating biogeochemical cycling (Michaud et al.
2006), and inducing sediment erodibility and microalgal resuspension (Orvain et al.
2004) that all can have cascading effects on other mudflat biota (e.g. Reise 1983;
Van Colen et al. 2013). Finally, the environmental context modulates the outcome of
ecosystem interactions in which mudflat benthic invertebrates are involved. For
example, enhanced concentrations of suspended solids were shown to increase the
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bioturbation activity of Cerastoderma edule in laboratory incubations (Ciutat et al.
2007), and the strongest interference effects of this species on other macrofauna were
found in periods with the highest suspended solids (Van Colen et al. 2013).

5 Conclusion

Invertebrate macrofauna play a pivotal role in mudflat ecosystem functioning,
through trophic and non-trophic interactions associated with the functional traits of
the often highly-abundant organisms. Decision-making in ecosystem-based man-
agement of these highly-valued habitats (Barbier et al. 2011) should therefore be
supported by a solid understanding (and prediction) of macrofauna distribution
patterns in space and time, complemented with mechanistic insights into the

Fig. 6.7 Star-shaped
surface traces (a) and
subsurface oxidized
microenvironments along
siphon tracks (b) associated
with deposit feeding of
Scrobicularia plana. Scale
bar is 5cm in (a) and 1 cm in
(b). Photo credits: C. Van
Colen.
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functional roles of macrofauna that contribute to ecosystem goods and service
delivery. Such knowledge is particularly indispensable in tidal mudflats which
are—due to their location between land and sea—at the frontline of the current
rapid environmental change associated with multiple pressures.
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Chapter 7
Bivalve Chemosymbioses on Mudflats

Suzanne C. Dufour
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Abstract Mudflat sediments are typically enriched in reduced sulfur compounds,
which can fuel bacterial chemoautotrophic production. Symbiotic associations between
marine bivalves and chemolithoautotrophic, sulfur-oxidizing bacteria are common in
sulfur-rich marine habitats, and the presence of infaunal chemosymbiotic bivalves in
mudflats is reviewed herein. Chemosymbiotic bivalves from the families Lucinidae,
Solemyidae and Thyasiridae have been reported to inhabit intertidal sediments, espe-
cially within, or near seagrass beds or mangroves; of the three families, the Lucinidae
can be particularly abundant. Chemosymbiotic bivalves can alter chemical conditions
in sediments, influence carbon and sulfur cycles, and provide a food source to inver-
tebrates, birds and humans. In general, chemosymbiotic bivalves are uncommon in
mudflats, despite the abundance of reduced sulfur, and reasons for their relative paucity
in intertidal sediments are discussed.
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1 Sulfide Production and Chemosynthesis

Mudflats may occupy extensive portions of the world’s coastlines, where they often
border vegetated intertidal environments (salt marshes and mangroves), as well as
subtidal seagrass beds. Due to their location, mudflats often receive organic matter
from a range of sources, with exports from adjacent vegetated, terrestrial and marine
environments supplementing autochthonous production from microphytobenthos,
macroalgae and bacteria (Cammen 1991; Sundbäck et al. 2000; Cook et al. 2004).
Organic matter is often abundant in mudflats, fueling microbial respiration and
generating the chemical conditions that characterize mudflat sediments.

Compared to intertidal sediments with coarser substrates, mudflats have low
permeability, limiting the depth to which oxygen can diffuse into the sediment
matrix. Oxygen is the most favorable electron acceptor for microbial respiration
and is rapidly consumed during organic matter degradation; in muddy substrates
with low permeability, the oxic surface layer of sediments may be on the order of
millimeters (Kristensen 2000). Beneath the oxic surface, sediments are anoxic, and
organic matter breakdown proceeds anaerobically. Sulfate is the major electron
acceptor for respiration in anoxic sediments, a process which leads to the accumu-
lation of reduced sulfur compounds such as dissolved sulfides, thiosulfate, elemental
sulfur and iron sulfides (Howarth 1984; see also Chaps. 2, 3, 8) Sulfides are toxic for
many animals, but are energy-rich substrates for chemolithoautophic bacteria near
the oxic-anoxic interface (Kristensen 2000). Chemolithoautotrophic production may
constitute a major pathway for energy production in coastal marine sediments
(Howarth 1984).

Many invertebrates have evolved highly specialized symbioses with
chemolithoautotrophic, sulfur-oxidizing bacteria, where hosts derive nutrients from
bacterial symbionts living within or at the surface of their tissues or bodies (Dubilier
et al. 2008). Chemosymbioses were first discovered in 1977 at deep-sea hydrother-
mal vents, and most of the research on chemosymbiotic animals has centered around
inhabitants from vents and cold seeps. However, many other marine habitats contain
sulfide-oxygen interfaces and can support chemosynthesis, and it has been noted that
the most widespread sulfidic habitat is the anoxic zone of shallow marine sediments
(Fenchel and Reidl 1970; Stewart et al. 2005). Infaunal chemosymbiotic bivalves
from three families have been reported to inhabit mudflats, and their biology,
ecological, and economical importance are reviewed herein. Rather than being a
comprehensive survey of all known chemosymbiotic bivalves, representative exam-
ples have been chosen from each family. Most chemosymbiotic bivalves inhabiting
mudflats are seagrass bed or mangrove inhabitants that can also colonize marginal,
non-vegetated sediments, rather than being restricted to mudflat environments.
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2 Survey of Chemosymbiotic Bivalves in Mudflats

2.1 Lucinids

The family Lucinidae is the most diverse family of chemosymbiotic bivalves,
comprising approximately 500 living species (Taylor and Glover 2006). All species
examined within the family establish symbioses with sulfur-oxidizing bacteria, and
many authors consider that all living species are chemosymbiotic (Taylor and Glover
2006). The family has a wide geographic and habitat distribution: some lucinid
species are deep-water inhabitants, colonizing shelf and slope sediments (Taylor
et al. 2014) or cold seeps (Salas and Woodside 2002), while many others inhabit
substrates at shallower depths, predominantly in the tropics (Taylor and Glover
2000; van der Heide et al. 2012). In the past few decades, a considerable effort has
been directed at describing lucinids from tropical regions, notably the Indo-Pacific,
and numerous new species and some new genera have been described (e.g. Glover
and Taylor 2001, 2007; von Cosel 2006; Glover et al. 2008).

In shallow water and the intertidal zone, lucinids are often found at high densities
among the roots and rhizomes of seagrasses (Allen 1958; Jackson 1973; Barnes and
Hickman 1999; van der Heide et al. 2012; van der Geest et al. 2014) or mangroves
(Oliver 1986; Frenkiel et al. 1995; Lebata 2001; Glover et al. 2008; Meyer et al. 2008;
Zabbey et al. 2010), with only a few species found in non-vegetated sediments (Glover
et al. 2008). The latter species occur, often in high abundance, in organic-rich outer
fringes of mangroves (e.g. Anodontia philippiana and Austriella corrugata, Taylor
and Glover 2000; Indoaustriella plicifera, I. lamprelli, I. dall and I. scarlatoi, Glover
et al. 2008) or in the vicinity of seagrass beds (Lucinella divaricata, Herry and Le
Pennec 1987, Loripes lucinalis, Petersen et al. 2016). Some lucinids were described as
inhabiting (presumably non- or sparsely-vegetated) intertidal mud, fine sand or muddy
sand (e.g. Pillucina spp., Glover and Taylor 2001; Lucinoma borealis, Allen 1958;
Dando et al. 1986; Southward 1986; Herry et al. 1989; Lucina floridana, Distel and
Felbeck 1987; Linga pensylvanica, Gros et al. 1996); some such locations may consist
of mudflats. The species P. pacifica was specifically reported to occupy mudflats
(Glover and Taylor 2001).

Lucinids form symbiotic associations with sulfur-oxidizing gammaproteobacteria,
maintained intracellularly within specialized cells in the abfrontally-expanded
‘bacteriocyte zone’ of gill filaments (Fisher 1990; Duperron et al. 2013). Lucinid
symbionts are acquired from free-living populations in their sedimentary environment
(Gros et al. 2003). Symbiont acquisition is initiated at the juvenile stage, following
metamorphosis (Gros et al. 1996), and can also take place in adults (Gros et al. 2012).
Lucinid species associate with one or, in some species, a few symbiont phylotypes
(Ball et al. 2009). Three closely related species of symbionts, each comprised of
multiple haplotypes, have been described from lucinids sampled worldwide; host-
symbiont associations reflect habitat type rather than co-evolution (Brissac et al.
2011). Two lucinid symbiont species may be specialists of mangrove swamps (Brissac
et al. 2011).
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Lucinids are dependent upon their symbionts as a source of fixed carbon (Spiro
et al. 1986) but retain the ability to suspension-feed; they have both hypertrophied
gills with a large number of bacteriocytes and a fully functional digestive tract
(Le Pennec et al. 1995a). Seston is considered to be nutritionally important to
many chemosymbiotic bivalves, with seasonal peaks in phytoplankton regulating
host growth and reproductive cycles (Le Pennec et al. 1995b; Le Pennec and
Beninger 2000), even in tropical lucinids from seagrass covered intertidal flats,
where seasonal changes are less pronounced than at higher latitudes (Loripes
lucinalis, van der Geest et al. 2014). Lucinids may also obtain fixed nitrogen from
their symbionts, as demonstrated in Loripes lucinalis sampled from mudflats adja-
cent to seagrass beds (Petersen et al. 2016).

2.2 Solemyids

Solemyids (order Solemyida) contain approximately 25 species (Roeselers and
Newton 2012) and belong to what is generally considered to be the most ancient
group of living bivalves, the Protobranchia (Healy et al. 2017). Solemyids are
entirely infaunal, found in sediments with a high silt/clay fraction, including in the
intertidal zone (Zardus 2002); they can be particularly abundant in seagrass beds
(Stanley 1970; Rainer and Wadley 1991). Solemya velum, the best studied among
the solemyids, lives within or near intertidal or subtidal beds of Zostera marina, from
Nova Scotia to Florida (Roeselers and Newton 2012), and is one of the few
protobranchs living intertidally (Zardus 2002), including in mudflats.

All solemyids examined have a gut that is either reduced (e.g. Solemya velum; Reid
and Bernard 1980, S. parkinsoni; Owen 1961) or absent (e.g. S. reidii; Reid 1980), and
hypertrophied gills that maintain large populations of intracellular, sulfur-oxiziding
chemoautotrophic symbionts (Cavanaugh 1985; Zardus 2002; Scott 2005; Stewart and
Cavanaugh 2006); some derive additional nutrients by suspension-feeding (Krueger
et al. 1992). Different symbiont species associate with a single, distinct species of
gammaproteobacteria (Stewart and Cavanaugh 2006), which may form heterogeneous
populations within a host (Russell and Cavanaugh 2017).

Solemyids are notable in their extensive reliance upon symbiont-derived nutri-
ents; the latter were estimated to meet up to 98% of host carbon requirements in
Solemya velum sampled from subtidal sediments (Conway et al. 1989). In the same
species, symbionts are transmitted vertically, via oocytes (Krueger et al. 1996) and
through frequent horizontal transmission events (Russell et al. 2017). Unlike other
solemyids, which produce free-swimming pericalymma larvae (Zardus 2002), there
is no planktonic stage in S. velum: embryos develop in negatively buoyant, benthic
gelatinous capsules, and juveniles burrow directly in sediments after hatching
(Gustafson and Lutz 1992). However, postmetamorphic solemyids are able to
swim (Drew 1900; Yonge 1939) and S. velum has been observed to be periodically
common in meroplankton samples (Williams and Porter 1971). Nevertheless,
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dispersal in S. velum is likely limited given the observed geographic subdivision of
host and symbiont populations (Russell et al. 2017).

2.3 Thyasirids

The family Thyasiridae (Super-Family Thyasiroidae) contains approximately
100 described species, most of which measure less than 10 mm in shell length
(Taylor et al. 2007). The family has a global distribution but is mainly restricted to
colder waters: although they may be found intertidally at high latitudes, thyasirids
are most common in the deep-sea (Payne and Allen 1991). Some species in the
family establish symbioses with chemoautotrophic, sulfur-oxidizing bacteria while
others are asymbiotic (Dando and Southward 1986; Southward 1986; Dufour 2005).
Symbiotic thyasirids are mixotrophs and vary in their degree of dependence upon
their symbionts as a source of nutrients (Dando and Spiro 1993). Thyasirid symbi-
onts are extracellular, maintained among microvilli at the apical end of gill epithelial
cells, with the degree of abfrontal expansion of gill filaments varying among species
(Southward 1986; Dufour 2005). The symbionts of thyasirids are acquired from
surrounding sediments (Dufour et al. 2014) and host individuals may host mixed
symbiont populations, consisting of more than one bacterial phylotype (McCuaig
et al. 2017).

Chemosymbiotic thyasirids can colonize a range of sediment types and are often
found in organic-rich substrates (Taylor et al. 2007). Very few thyasirid species were
reported from mudflats: Thyasira flexuosawas sampled from the level of the extreme
low water spring tide in the Salcombe estuary, UK (Dando and Southward 1986),
and T. gouldi was occasionally found intertidally at various locations along the
eastern coast of Greenland (Ockelmann 1958).

3 Ecological Importance

All chemosymbiotic bivalves that colonize mudflats are infaunal and share physio-
logical and behavioural traits that can impact their sedimentary habitats. The eco-
logical consequences of chemosymbiotic bivalve burrowing and bioirrigation in
mudflats are briefly discussed below, along with some examples of how these
bivalves can subsidize higher trophic levels. Finally, an overview of the human
harvesting of tropical chemosymbiotic bivalves is presented.
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3.1 Bioturbation and Bioirrigation

Lucinids, solemyids and thyasirids are relatively slow, deep burrowers that lack an
inhalant siphon and maintain contact with overlying water through mucus-lined
inhalant tubes (Fig. 7.1); solemyids and some lucinids lacking an exhalant siphon
also form exhalant tubes (Allen 1953; Frey 1968; Stanley 1970; Dando and South-
ward 1986). Examined specimens from the three taxa also produce biogenic struc-
tures that radiate from the ventral edge of the shell and presumably act as sulfide
wells (Stanley 1970; Dando et al. 1985; Dufour and Felbeck 2003). Altogether, the
sedimentary structures formed by lucinids, solemyids and thyasirids are permanent
or semi-permanent, and the amount of sediment mixing induced during burrow
formation and maintenance is likely to be minimal, consisting mainly of the
downward-conveying of particles through inhalant tubes along with some surficial
reworking (Queirós et al. 2013). The biogeochemical consequences of irrigating the
structures constructed by those bivalves are probably of greater ecological impor-
tance than sediment reworking (bioturbation) in itself, although this has not been
directly studied.

Stanley (1970) performed detailed observations of burrowing behaviours in a
wide range of bivalves from the Western Atlantic, including the lucinids Codakia
orbicularis and Anodontia alba from intertidal seagrass beds, Phacoides pectinatus

Fig. 7.1 Biogenic structures of infaunal chemosymbiotic bivalves, with arrows showing the
direction of water flow. (a) Lucinids construct a mucus-lined inhalant tube (it) and pedal tracts
(pt). Exhalant current is through a siphon (s) in many species. (b) Solemyids construct U or Y
shaped burrows. (c) Thyasirids have a single inhalant tube (it) through which water flows in both
directions, as well as branched pedal tracts (pt). Bacteria-housing gills are in pink, and the foot is in
beige. Modified from Stanley (2014), Stewart and Cavanaugh (2006), Zanzerl and Dufour (2017).
Not to scale.
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from intertidal muds and a protected pond near mangroves, and Divaricella
quadrisulcata from moderately exposed, sparsely vegetated intertidal flats. Lucinids
either remained close to the sediment surface (2–5 cm depth for C. orbicularis of
<9 cm in shell length), or burrowed to depths between 5 and 20 cm; notably, larger
P. pectinatus (5–7 cm in length) were found 50 cm below the sediment surface in
muddy peat near mangroves (Stanley 1970). Once buried, lucinids constructed
nearly vertical, mucus-lined inhalant tubes, as well as a posterior exhalant tube,
using their vermiform foot. Additionally, pedal probing marks were noted beneath
the ventral shell margin for C. orbicularis, P. pectinatus (Fig. 7.1a; Stanley 1970),
and for Lucinoma borealis (Dando et al. 1986). In the latter species, sediment
surrounding the inhalant tubes becomes visibly oxidized as oxygen from the inhalant
stream diffuses into surrounding porewater (resulting in a cone of paler sediment),
and the animal frequently forms a new inhalant tube to access additional reduced
sulfur (Dando et al. 1986).

Solemyids can also be deep burrowers: burrowing depths of 50 cm or more were
recorded for S. parkinsoni sampled from sandy mud near low water spring tide
(Owen 1961). S. velum observed in tidal flats commonly burrow to a depth of 7–8 cm
(Frey 1968); in the lab, they attained depths of 15–23 cm (Morse 1913). Intertidal
species have been observed to construct Y-shaped burrows (Frey 1968; Stanley
1970), or U-shaped burrows (S. velesiana; Reid and Brand 1987), with the bivalve
ordinarily resting at the bottom of the U-shaped part of the burrow (Fig. 7.1b;
Stanley 1970). Burrow openings to the sediment surface are not always evident
(Yonge 1939; Owen 1961). The upper portions of solemyid burrows act as inhalant
and exhalant tubes, and solemyids are thought to pump oxygenated water from their
resting position down to their mantle cavity, and access reduced sulfur via diffusion
from lower portions of the burrow (Stewart and Cavanaugh 2006).

Chemosymbiotic thyasirids sampled from subtidal regions vary in burial depth,
having been reported both within the upper few cm of cores (Thyasira flexuosa;
Dando and Southward 1986; Dauwe et al. 1998), within the first 8 cm (T. sarsi;
Dando and Southward 1986) as well as at greater than 10 cm depth (T. equalis;
Rosenberg et al. 2007). Thyasirids also use their foot to establish a mucus-lined
inhalant tube (Allen 1958; Dando and Southward 1986), but construct no exhalant
tube. Chemosymbiotic thyasirids, as well as some asymbiotic thyasirids (Zanzerl and
Dufour 2017), establish elongate, ramifying burrows, or pedal tracts, that radiate
within sediments (Fig. 7.1c; Dando and Southward 1986; Dufour and Felbeck 2003).
Thyasirid pedal tracts allow the bivalves to access reduced sulfur in sediments
(Dufour and Felbeck 2003), and their length and number are related to dissolved
sulfide availability (Dufour and Felbeck 2003).

3.2 Biogeochemistry and Nutrient Fluxes

The bioirrigation induced by lucinids and thyasirids clearly impacts sediment chemistry,
and has led some authors to qualify them as ecosystem engineers (Dando et al. 2004;
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Chap. 10). Lucinids and thyasirids (and probably also solemyids—see Stewart and
Cavanaugh 2006) mainly affect sediment biogeochemistry through three pathways: the
oxygenation of sediments around permeable biogenic structures (inhalant tube and pedal
tracts), the enhancement of sulfur oxidation, and the symbiont’s carbon fixation. Where
abundant, chemosymbiotic bivalves can deplete sedimentary sulfides and facilitate
subsequent colonization of sediments by less sulfur-tolerant species (Dando and Spiro
1993; Reynolds et al. 2007). In shallow waters, lucinid-enhanced sulfide depletion was
shown to enhance seagrass production (van der Heide et al. 2012). In a seagrass bed with
abundant Loripes lacteus, the latter played significant roles in carbon cycling, as
chemoautotrophic production was calculated to represent 16% of the total primary
production in that ecosystem (Johnson et al. 2002).

Where lucinids inhabit sulfidic sediments (as in many seagrass beds), they may
lead to significant decreases in porewater sulfide concentration (Reynolds et al.
2007). Elsewhere, such as in the Salcombe Estuary, UK, lucinids occur in sediments
with little to no measurable sulfide or thiosulfate, as reduced sulfur is bound to
metals such as iron or manganese (Dando et al. 1986). At this site, the lucinid
Lucinoma borealis lives intertidally near seagrass beds and obtains reduced sulfur
species by mining iron-bound sulfides from surficial sediments: as oxygenated water
is pumped into the mantle cavity through the inhalant tube, iron-bound sulfides are
chemically oxidized into forms that can be used by the symbionts (Dando et al.
1994). The thyasirid Thyasira sarsi can also mine unsoluble sulfides from sediments
surrounding its permeable inhalant tube (Dando et al. 2004).

In thyasirids, the oxidation of near-burrow sediments is not restricted to the
inhalant tube. Observations of pH distributions around the biogenic structures of
Thyasira sarsi using optodes have revealed the presence of steep pH gradients
(indicative of zones of active redox cycling) around both the inhalant tube and
pedal tracts (Hakonen et al. 2010). Therefore, sediment oxidation and associated
sulfur cycling may occur in a greater volume of sediment than solely around the
animal’s inhalant tube.

Bioirrigation of the inhalant tube and pedal tracts of infaunal chemosymbiotic
bivalves, combined with the secretion of a mucus lining, may enhance the productivity
of microbes (particularly sulfur-oxidizers) around the burrow lining, as observed for
other burrowing invertebrates (Papaspyrou et al. 2006; Vasquez-Cardenas et al. 2016).
This microbiota may serve as a supplementary source of food to those bivalves
(Zanzerl and Dufour 2017), and enhance the food supply for other meiofauna and
macrofauna.

Some chemosymbiotic bivalves may also play important roles in nitrogen
cycling. Recently, the symbiont of Loripes lucinalis was shown to be capable of
nitrogen fixation, and it was suggested that these chemosymbionts may contribute
new nitrogen to their ecosystems (Petersen et al. 2016). The increased seagrass
production associated with lucinid presence (van der Heide et al. 2012) may
therefore be related not only to sulfur removal, but also to nitrogen provisioning
via symbiont metabolism (Petersen et al. 2016). Mudflat ecosystems might also
benefit from those ecosystem functions related to chemosymbiotic bivalves, espe-
cially where they occur at high densities.
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3.3 Food Source

Intertidal-dwelling chemosymbiotic bivalves may serve as an important food source
for specialist predators, including species of commercial importance. In seagrass
beds off Australia, solemyids constituted up to 22% of nutrients required by juvenile
rock lobsters, Panulirus cygnus (Rainer andWadley 1991), and similarly, the lucinid
Codakia orbicularis from seagrass meadows contributed approximately 20% of the
nutrient needs of the Caribbean spiny lobster Panulirus argus (Higgs et al. 2016).
C. orbicularis are also commonly preyed upon by Sinum spp. moon snails (Higgs
et al. 2016), and lucinid shells showing obvious signs of gastropod predation have
been noted elsewhere (Johnson et al. 2002; Rattanachot and Prathep 2015). In
mangrove swamps of the Niger Delta, the lucinid Keletistes rhizoecus is preyed
upon by the African mud crab Panopeus africanus (Zabbey et al. 2010).
Molluscivorous birds were also shown to consume chemosymbiotic lucinids.
Loripes lucinalis, an abundant inhabitant of seagrass beds, is a food source for
large flocks of Red Knots in the Banc d’Arguin, Mauritania (van Gils et al. 2012),
despite the fact that the lucinid is mildly toxic to the bird due to its sulfide content
(van Gils et al. 2013). Some shallow-water chemosymbiotic bivalves can therefore
be important prey items, especially where they occur in high abundance. However, it
is important to note that the aforementioned bivalves show a clear preference for
seagrass habitats, and it remains unclear whether the more sparse chemosymbiotic
fauna of unvegetated mudflats make a considerable contribution to the diet of any
predators.

Some chemosymbiotic bivalves are also an important source of food and income
for humans. Anodontia edentulata (A. philippiana, see Taylor and Glover 2005) has
a wide distribution in mangroves and adjacent mudflats in the Indo-West Pacific, and
is harvested in central and southern regions of the Philippines, where it is a valuable
and highly prized delicacy (Lebata 2000, 2001), with alleged aphrodisiac qualities
(Primavera et al. 2002). The species burrows up to a meter deep in sulfidic muds
around mangroves, and harvesting is performed using a blade or bare hands follow-
ing the localization of the inhalant tube aperture, or, more destructively, by digging
trenches in mangrove stands (Fig. 7.2; Primavera et al. 2002). The large lucinid
Austriella corrugata, an inhabitant of mangrove muds and bordering sediments, is
also commercially harvested in the Philippines (Glover et al. 2008). On the coast of
Bahia (Brazil), the lucinid Lucina pectinata (¼ Phacoides pectinatus) inhabits
mangrove channels and stands, and forms an important source of income to local
shellfish harvesters (Rondinelli and Barros 2010). Codakia orbicularis is also
consumed in the Caribbean and South America (Berg and Alatalo 1984). Lucinids
have been reared from larvae (Gros et al. 1997, 1999) and show potential for
aquaculture: larger, valuable species could be cultivated in tidal channels or man-
groves, with economic benefit to coastal communities (Berg and Alatalo 1984;
Christo et al. 2016).
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4 The Paradox of Chemosymbiotic Bivalve Rarity
in Mudflats

Considering the extensive degree of sulfate oxidation in mudflat sediments (Stewart
et al. 2005), as well as the ubiquity of chemosymbioses among meiofaunal mudflat
inhabitants (Chap. 5), a greater diversity and abundance of chemosymbiotic bivalves
might be expected to inhabit non-vegetated mudflats, particularly outside the tropics.
However, most chemosymbiotic bivalves reported from non-vegetated habitats appear
to prefer sandy mud to the finer particles that characterize mudflats. Most intertidal-
dwelling chemosymbiotic bivalves are associated with the roots and rhizomes of
marine angiosperms, which provide them with key benefits: protection from predation,
sediment stabilization and the modulation of sedimentary chemical conditions (Stanley
2014).

Dense root and rhizome mats may inhibit lucinid predation (Stanley 1970),
although Caribbean spiny lobsters living closer to dense seagrass beds assimilated
more lucinid-derived carbon than those living near sparse seagrass beds (Higgs et al.
2016). Periodic emergence during low tide may deter some predators (e.g. gastropods
and crustaceans) that prefer subtidal areas: in the Caribbean, the percentage of lucinid
shells drilled by naticids increased with distance to shore (Jackson 1972). In contrast,
molluscivorous Red Knots successfully forage on Loripes lucinalis living in intertidal
seagrass beds (van Gils et al. 2012).

Fig. 7.2 (a) Harvesting of the mangrove lucinid Anodontia philippiana in Guimaras, Philippines.
(b) Blades used for digging in mangrove mudflat. Reprinted by permission from Springer Nature,
Wetlands Ecology and Management, Collection of the clam Anodontia edentula in mangrove
habitats in Panay and Guimaras, central Philippines. J.H. Primavera, M.J.H.L. Lebata,
L.F. Gustilo, J.P. Altamirano (2002).
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Perhaps more important than a possible refuge from predation is the physical and
chemical stabilization created by seagrass and mangrove roots and rhizomes. Sedi-
ments in seagrass and mangrove habitats are fine and cohesive, facilitating the
establishment of the chemosymbiotic bivalve burrows. In contrast, some mudflat
sediments are thixotrophic and not conducive to infauna that form permanent or
semi-permanent burrows (Dashtgard et al. 2008). Seagrass and mangrove habitats
also show lower degrees of bioturbation than do mudflats populated by burrowing
crabs or other fauna that can disrupt burrows (Stanley 2014). Marine angiosperms also
offer some protection against disturbance events such as storms, which could
resuspend some of the less deeply buried chemosymbiotic bivalves.

Sediments around the roots and rhizomes of marine angiosperms are reduced and
sulfide-rich due to their high organic matter content and low permeability, but may
show a higher redox potential than surrounding bare sediments due to the release of
oxygen by seagrass roots (Marbà et al. 2010). Seagrasses, lucinids and their symbi-
onts were described as forming a three-stage symbiosis, where seagrasses benefit
lucinids by stimulating sulfide production in sediments as well as by releasing
oxygen through the roots, and lucinids enhance seagrass productivity by decreasing
sedimentary sulfides (van der Heide et al. 2012); mangroves and lucinids likely show
a similar relationship (Stanley 2014). In contrast, sediments in non-vegetated mud-
flats lack a similar capacity to modulate sedimentary sulfides and can experience
fluctuating conditions that are more difficult to tolerate, even for chemosymbiotic
bivalves. This was observed when a period of drought that led to seagrass mortality
disrupted the lucinid-seagrass mutualistic feedback loop, to the detriment of lucinids
(de Fouw et al. 2016).

Mutualistic relationships between marine angiosperms and chemosymbiotic
thyasirids or solemyids have yet to be demonstrated, and additional factors may
explain their rarity in mudflats. Most chemosymbiotic thyasirids are smaller than
lucinids and solemyids, and burrow less deeply (generally to a depth of 8–9 times
their shell length; Kauffmann 1967). For this reason, they may be relatively sensitive
to sediment disturbance events (for example, due to high winds coinciding with
spring tides; Dando and Southward 1986) and an associated deepening of the anoxic
layer within the sediment column. Additionally, thyasirids are sensitive to elevated
sulfide levels: population collapses have been attributed to rising concentrations in
porewater sulfide (Dando and Southward 1986). The more dynamic physical and
chemical conditions present in mudflats are therefore challenging to thyasirids, and
this may explain their relative paucity in such habitats. Solemyids are capable of
swimming and may be able to relocate when conditions are unfavorable (Stewart and
Cavanaugh 2006).

Away from the physical and chemical protection afforded by seagrasses and
mangroves, mudflat conditions are probably too dynamic for most chemosymbiotic
bivalves. The most successful chemosymbiotic bivalve inhabitants of mudflats
appear to be the large, deeply burrowed lucinids found in organic-rich sediments
around mangroves (e.g. Phacoides pectinatus), where seasonal changes are less
pronounced than at higher latitudes.
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Abstract Apparently featureless ‘flat’ mudflats actually present striking biological
patterning beneath the sediment surface, and even slight physical patterning by
sediment ripple marks also leads to biological patterning of the surficial biofilm.
The more topographically-complex hummock-forming mudflats are characterized
by even more striking physical and biological patterning. In this chapter we first
consider how the sediment-microbe association resists wave- and current-induced
erosion, creating within-sediment structure (microbially-induced sedimentary struc-
tures, MISS). These structures may eventually succumb to high-energy erosion,
creating superficial irregularity. We then describe how microbial and physical
processes conjugate to form the spatially-complex, transitory hummock patterns.
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Finally, we summarize the biological patterning which emerges from the sedimen-
tary structure and pattern on both flat and hummock mudflats.

1 Introduction

Although many mudflats are indeed ‘flat’, others are characterized by a low-grade
topography; and while many mudflats are ‘all-mud’, others have mixed-sediment
beds. In this chapter, we will see how the opposing forces of cohesion and erosion
may create sedimentary structure and patterning, and how physical forces and
sedimentary parameters may influence biological patterning on mudflats.

Casual examination of ‘flat’mudflats gives an impression of relatively featureless
mud, punctuated by seemingly random lugworm fecal casts (Fig. 8.1); however,
even here, organism spatial patterns are, in fact, strikingly pronounced, over a wide
range of spatial scales and organism sizes (Chapman 2000; Wahl et al. 2005;
Rodrigues et al. 2006; Boldina and Beninger 2013, 2014; Boldina et al. 2014;
Beninger and Boldina 2014). These patterns may initially organize as a passive
consequence of external abiotic conditions (current velocity, sediment particle size),
and also contribute to their own establishment (secretion of extracellular polymeric
substances EPS, self-organization, behaviour) as well as influence the patterns of
other organisms (e.g. through grazing or sediment stabilization—Rietkerk and van
de Koppel 2008). A mudflat can thus be viewed as a dynamic, evolving landscape of
juxtaposed sedimentary and living patterns. This chapter will focus on the genesis,
maintenance, and interactions of both physical and biological patterns in this
landscape.

Fig. 8.1 General view of a
fine-sediment mudflat,
showing ripple marks and
numerous lugworm
(Arenicola marina) fecal
casts. Scale indicates
foreground. Le Gois,
France. Photo P. G.
Beninger.
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2 The Players and Their Roles: Biofilms, Microbial Mats,
Sediment and Hydrodynamics

When considering the forces and protagonists at play in the formation of sedimen-
tary structures on mudflats, it helps to have a clear understanding of what they are.
The following terms have been defined in Chap. 1: biofilm, microphytobenthos, epi-
and endobenthic microbial mats, epipelic, endopsammic.

2.1 Biofilm Composition and EPS Secretion

From the previous chapters in which biofilms and microbial mats were discussed in
varying detail (Chaps. 1, 3 and 4), it is clear that much mudflat ecology cannot be
understood without a grounding in this subject. Microorganisms have been forming
biofilms for nearly 3.5 billion years, plying an ancient skill for colonization and
organization on moist surfaces (Hall-Stoodley et al. 2004; Noffke et al. 2013a, b).
From a physical perspective, biofilms are considered hydrogels (extremely hydrated
polymer gels), characterized by a high viscoelasticity, allowing them to be stretched
in the direction of flow (Stoodley 2016). From a biological perspective, a biofilm is a
complex composite, comprising microbial cells embedded in a matrix of EPS, itself a
complexmixture of proteins, polysaccharides, and nucleic acids, along with sediment
particles and precipitates (Stal 2010). A high degree of cooperation is evident in the
community, changing behaviors and metabolic activities as a function of the require-
ments of the entire biofilm (Noffke et al. 2013b; Hall-Stoodley and Stoodley 2002).
Biofilms integrate the metabolic processes of prokaryote (cyanobacteria, hetero-
trophic bacteria, archaea) and microbial eukaryote (diatoms, dinoflagellates, proto-
zoa, fungi) genomes to create a hologenome; the community itself is a holobiont
(Zilber-Rosenberg and Rosenberg 2008).

Biofilms generate two broad types of EPS: colloidal EPS, which is used as a
trophic resource by different micro-organisms (e.g. heterotrophic bacteria), and
bound EPS, secreted as the mucilaginous slime coating the cells (Underwood and
Paterson 2003; Fernández et al. 2016). Colloidal EPS concentrations in sediments
are directly related to epipelic diatom biomass (Madsen et al. 1993), but this
predictable relationship is not apparent in mixed assemblages such as mats of
cyanobacteria and diatoms of the supratidal zone (Underwood 1997; Underwood
and Smith 1998). Nevertheless, measurement of the colloidal carbohydrate fraction
is a useful operational proxy for microbial EPS (Underwood et al. 1995). EPS
exudation in benthic diatoms occurs mostly during daytime and emersion (Stal
and de Brouwer 2005), as the production of EPS serves a protective function against
external environmental stressors such as desiccation and UV-light exposure
(Fig. 8.2), and is either a result of their migration (influenced by inundation), an
imbalance between photosynthesis and growth potential, or both (Stal and de
Brouwer 2003; Stal 2010). EPS plays important roles in diatom and cyanobacteria
motility/vertical migration, cell/substratum adhesion, sediment stabilization, and in
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buffering dehydration, salinity extremes, and metal toxicity (Decho 2000; Steele
et al. 2014). Tidal cycle and light are the main factors regulating EPS secretion,
which increases during epipelic diatom vertical migration (Ubertini et al. 2015); EPS
secretion is also influenced by other environmental conditions (Underwood et al.
2004; Pierre et al. 2014).

2.2 Formation and Development of Biofilms
and Microbial Mats

Strictly speaking, any solid surface in a humid environment will be colonized by
microbes; these organisms and their secretions constitute a biofilm. On mudflats,
such biofilms develop first on the surfaces of sediment grains, eventually forming
endobenthic or epibenthic microbial mats; on the sediment surface, transient
epibenthic biofilms may develop within hours of emersion (Chap. 1). As will be
discussed below, it is the microbial mats which are most important in stabilizing
mudflat sediment, leading to within-sediment patterning, as well as to superficial
features when the stabilized sediment is nonetheless eroded by sudden strong shear
forces.

2.2.1 Biofilms

The main metabolic process in mudflat biofilms and microbial mats is oxygenic
photosynthesis (van Gemerden 1993; Stolz 2000). Through this primary production,
the embedded diatoms and cyanobacteria contribute significantly to the matter and

Fig. 8.2 A multilayered epibenthic microbial mat consisting of cyanobacteria (thin dark green
layer) atop the oxic (brown) and anoxic (black) sediment layers. The microbial mat is covered by a
thick gelatinous EPS layer secreted by light-coloured diatoms on the top of the sediments (often
simply termed ‘biofilm’ by ecologists). Note the entrapped gas bubbles in the EPS matrix, a product
of photosynthesis and microorganism respiration (Cuadrado et al. submitted).
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energy flow of mudflats (Miller et al. 1996; Underwood and Kromkamp 1999; Pan
et al. 2013); the primary remineralizers of organic matter are heterotrophic pro-
karyotes (Van Colen et al. 2014, and see Chaps. 2, 3).

The general formation and cycle of biofilms has been described by Hall-Stoodley
and Stoodley (2002), Hall-Stoodley et al. (2004) and Stoodley (2016). On mudflats,
biofilm formation initiates via the attachment of a variety of free-floating planktonic
bacteria, or detached biofilm clumps, to sediment particles. The proteins of the
secreted EPS play a critical role in the earliest stages of biofilm fixing to the substrate
(Ubertini et al. 2015). The colonies then grow and mature into a structured commu-
nity, from which the apical regions may detach under mechanical stress, continuing
the cycle (Stoodley et al. 1999). The details of this evolution begin with the growth
of microphytobenthos (MPB) around individual sediment grains (which become
trapped in the EPS matrix), and continues with its expansion to the closest grains,
ultimately forming a laterally-contiguous, cohesive organic layer (Fig. 8.3).

2.2.2 Microbial Mats and Microbially-Induced Sedimentary Structures
(MISS)

In a nutrient-rich sediment environment (e.g. mudflats), the microbial consortia
which evolve within biofilms form complex and multilayered microbial mats that
grow by accumulation of EPS, empty cyanobacterial sheaths (which are resistant to
degradation) and mineral deposition (Fenchel and Kühl 2000; de los Ríos et al. 2004;
Kaźmierczak et al. 2015). In this way, a biologically-diverse laminated sedimentary
community builds up. Biofilm morphology and behavior under different hydrody-
namic conditions has been described by Stoodley et al. (1999), while the evolution of
the physiological state of phototrophic biofilms has been documented by Wolf
(2007), showing that a mature phase was reached after approximately 13 days.

Microbial mats are advanced biofilms, growing within the sediment, in which
filamentous cyanobacteria have been recognized as the most successful components

Fig. 8.3 A torn, cohesive
biofilm which developed on
top of underlying sediments.
The crinkles of the biofilm
show its characteristic
cohesiveness. Photo DG
Cuadrado, inner Bahia
Blanca Estuary, Argentina.
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(Neu 1994; Gerdes 2007). Horizontal physicochemical gradients allow the growth of
different functional groups of bacteria and algae entangled within, and contributing
to, the EPS matrix (Fig. 8.4). Consequently, a wide spectrum of metabolic processes,
carried out by the large diversity of species within microbial mats, results in coupled
reduction/oxidation reactions that support robust biogeochemical cycles (Visscher
and Stolz 2005, and see Chaps. 2 and 3 for detailed account).

Epibenthic and endobenthic microbial mats develop under the particular tidal
conditions of the mudflat. Epibenthic mats are dominated by the filamentous cya-
nobacterium Microcoleus chthonoplastes, which forms a coherent sedimentary
microbial network, as well as a matrix of abundant EPS, covering the sediment
surface (Cuadrado et al. 2011 and Fig. 8.5a). The high EPS production protects the
underlying microbes during long periods of emersion. The dominant microbe in
endobenthic microbial mats is the filamentous cyanobacterium Oscillatoria sp.,
forming a network that interweaves the grains like an organic carpet, developing
in the sediment but not on top of it (Fig. 8.5b), in contrast to epibenthic mats.
Sediment composition plays a dominant role: cyanobacteria-dominated microbial
mats grow preferentially on quartz-rich fine sands.

Microbial mats do not occur in the almost continuously–inundated lower inter-
tidal zone, although biofilms obviously colonize the sediment particles (Noffke
2010). These latter biofilms provide a degree of biostabilization, without forming
true sedimentary structures.

Fig. 8.4 Cross-section through tidal flat sediments from the inner Bahia Blanca Estuary. (a)
Striation due to metabolic and sedimentation processes. The black color is probably due to
sulfate-reducing bacteria. Note the cohesive aspect of the sediment at the bottom of the profile.
(b) Detail of the top layer, composed of filamentous cyanobacteria (green) growing within the
sediment, covered by a very thin biofilm of diatoms (brown). Photo DG Cuadrado, middle Bahia
Blanca Estuary, Argentina.
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Although benthic microorganisms can build several types of organo-sedimentary
structures called microbialites, the ones that are most important for mudflats are the
microbially-induced sedimentary structures (MISS; Noffke et al. 2001; Noffke and
Awramik 2013). Microbial mats may generate MISS through the processes of
baffling, trapping, and biostabilization, over long periods of time. Such structures
are often laminar (Fig. 8.6), and may be created either through successful
biostabilization of the sediment (perfectly laminar structures), or to the erosion and
displacement of microbial mats. Although yet poorly-understood, what is known of
these processes will be described below.

Fig. 8.5 Diagram showing the development of microbial mats, depending on degree of mudflat
inundation [modified from Noffke (2010)]. (a) Epibenthic microbial mat. Coherent network
covering grains on top of the sedimentary surface by the presence of filamentous cyanobacteria
and abundant EPS secretion, forming a slippery surface. Sediment grains cannot be moved by
ordinary water movement. (b) Endobenthic microbial mat. A network is formed by filaments
extending through the sediment grains, forming a rough sedimentary surface. Water can move
the sediment grains. When present, surficial biofilms grow atop these mats. Original schematic,
D. Cuadrado.
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2.3 Water Flow, Shear Stress, and the Inhibition/Generation
of Sedimentary Surface Structure

In the mid-1990s, it became evident that microbial mats played a role in stabilizing
mudflat sediments (Yallop et al. 1994). In the following sections, we will describe
how the opposing forces of water flow and microbe-induced sediment stabilization
produce a cohesive sedimentary environment which provides infaunal protection
from much of the wave- and tidal current energy, and how the first superficial
sedimentary features are formed under high-energy conditions.

Fig. 8.6 Laminated microbial mats in a vertical sedimentary core, interpreted as different energy
levels occurring in a modern tidal flat [modified from Cuadrado et al. (2013)]. Dark layers, “m”,
indicate the microbial mat colonization during latencies (calm conditions), while sand layers
(lighter-coloured) indicate high-energy conditions. Note that vegetation (dashed lines) is located
at the limits of the sand layer (stalks of Spartina sp. projecting from the sediment core at red
arrows), above the microbial mat. The thickness of each layer is not proportional to the depositional
interval; the microbial mats (m) form over several days or months, whereas the sand layers
(representing storm events) require only a few days. Photo DG Cuadrado.
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2.3.1 How Biofilms and Microbial Mats Stabilize Sediment

Microphytobenthos is an important biogeomorphological determinant of sediment
stabilization, influencing the sediment erosion threshold and transport. Erodibility is
defined as the erosion threshold or sediment bed shear stress needed to erode the
surface of the bed (Andersen and Pejrup 2011); MPB has been shown to reduce
erodibility and provide sediment stabilization (Neumeier et al. 2006), primarily
through EPS secretion (Stal 2010). More recently, it has been proposed that organ-
isms may “work together” in altering the erosion threshold of sediment habitats,
giving rise to “cooperative ecosystem engineering” (Passarelli et al. 2014, and see
Chap. 10). Such processes may be astonishingly rapid and effective (Stoodley et al.
2002; Lubarsky et al. 2010).

Experimental studies on intertidal mudflat biofilms have shown that the critical
thresholds of biofilm resuspension differ for different groups of microorganisms
(Dupuy et al. 2014). Free, unattached microorganisms (e.g. viruses, bacteria, and
some nanoflagellates) are resuspended at weak flow speeds (u*crit< 2 cm s�1), while
microphytobenthos (i.e. phototrophic microbes, including nanoflagellates and
attached bacteria) are resuspended at higher flow speeds (u*crit > 3 cm s�1). Small
diatoms (<60 μm) are resuspended at 3–5 cm s�1, while speeds up to 5.5–6.5 cm s�1

are required for the resuspension of larger diatoms (>60 μm).
Several studies on sediment erodibility have been performed on homogeneous

sandy (Friend et al. 2008) or muddy sediments (Tolhurst et al. 2008). However,
under “real world” conditions, most sediments consist of a mixture of sand and mud;
when the mud fraction is greater than 30%, the mixture behaves as fully cohesive.
The biofilms formed on such high-mud sediments constitute a weaker stabilizing
matrix, compared to those on more sandy sediments (sensu ‘sandy mud’, Folk et al.
1970); biofilm age also significantly affects the erosion critical threshold for
resuspension (Ubertini et al. 2015).

It is common for paleo-hydraulic geologists to use Hjülstrøm’s (1935) or
Shields’s (1936) diagrams in order to estimate the velocity needed to initiate grain
movement in a unidirectional flow, as well as the development of sedimentary
structures. However, a cautionary note when applying these models is that they are
derived from experiments with sterile, unconsolidated sediments. Contemporary
sediment transport studies take into account the significant influence of biofilms
and microbial mats on the sediments. The inoculation of quartz sand with biofilm-
forming cyanobacteria inhibits the production of ripples or dunes observed in sterile
sediments. The microbial colonization of sediments affects the critical shear stress
(the force necessary for the initiation of sediment motion), which initiates the erosion
of the bed surface, and nearly doubles the flow velocity required to produce the
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traditional sequence of sedimentary bedforms (Hagadorn and McDowell 2012). This
issue was also recently addressed by Fang et al. (2014) who experimentally calcu-
lated incipient motion and applied the mathematical theory of water waves to
sediments colonized by biofilms, using dimensional- and force analysis, for sliding
and rolling conditions, respectively.

Field studies have shown the effects of tidal currents acting on a sedimentary flat
colonized by microbial mats, from erosion and deposition (mainly for suspended
sediments), to latencies (i.e. periods with no- or very low rates of sediment
reworking, Fig. 8.6).

2.3.2 Extent of Sediment Stabilization

During latencies, microbiota develop epibenthic and endobenthic mats, as discussed
above. Low sedimentation (and thus low energy levels) are necessary
for cyanobacteria to move upward towards the newly-deposited sedimentary surface.
Once formed, however, the microbial mat can withstand increased energy levels
during severe storms (Fig. 8.7). Microbial mats counteract erosion to varying
extents, depending upon the type of mat that develops (Noffke 2010). Although
both epibenthic and endobenthic microbial mats protect the sedimentary surface

Fig. 8.7 Shield’s diagram showing the shear stress (included in Θ) required to initiate sediment
grain movement (U*Dm/v, i.e. sediment transport). Grey dots represent shear stress required to
initiate sediment movement in endobenthic microbial mats; black dots correspond to the shear stress
required to initiate sediment movement in epibenthic microbial mats. Red squares are the maximum
values of shear stress generated by wave activity over epibenthic microbial mats. The force required
to move the microbially-colonized sediments (points) is greater than that required for sterile
sediment (curves). Modified from Cuadrado et al. (2014).
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from erosion, their effects on water frictional forces are different. The epibenthic
microbial mat has a slippery surface (probably due to abundant EPS, Fig. 8.2),
which induces a ninefold increase in the erosion threshold, even reaching values up
to 12 times in comparison to sterile sediments (Noffke 2010). Conversely, the
endobenthic microbial mat produces a rougher sedimentary surface, turning the
smooth, laminar water flow into a turbulent flow, increasing the sediment erosion
threshold only 3–5 times (Cady and Noffke 2009). Re-deposition is also affected by
the suspended sediment association with viscous EPS or biofilm, staying in suspen-
sion longer than unbound sediment grains due to their increased Reynold number
(Jørgensen 1994; Noffke and Krumbein 1999; Noffke 2010).

The remarkable degree of sediment bed stabilization conferred by the presence of
microbial mats was recently demonstrated for a storm event (Cuadrado et al. 2014).
This study considered the calculated horizontal wave orbital velocity using linear-
ized Airy wave theory, as well as the bed shear stress that was calculated for the
wave data. The maximum values of wave orbital velocity ranged between 0.55 and
3.6 m s�1, and bed shear stress produced by the waves (τw) ranged from 0.7 to 11.6
Nm�2. The value of Shields’ parameter (θ) generated by the waves was then
compared with tidal current shear stress measured on endo- and epibenthic microbial
mats (Fig. 8.7). The calculated storm-generated wave shear stress was greater than
that recorded for tidal currents over biostabilized sediments, and this stress produced
the overturned pieces of colonized sediments, called ‘flip-over microbial sedimen-
tary structures’ (Fig. 8.8).

2.3.3 The Role of Microbial Mats in the Generation of Low-Grade
Geomorphic Structures Under High-Energy Conditions

The study of microbial mats can yield important information about the sedimentary
processes and hydraulic dynamics during storm events. Such a study was performed
on the supratidal zone of a mudflat colonized by microbial mats in the Bahía Blanca
estuary (Cuadrado et al. 2013). Evidence of the increased energy acting on the flat
was left in the form of new microbial sedimentary structures, and the alteration or
destruction of others. Due to prolonged aerial exposure of the supratidal zone
between spring tides, and the subsequent desiccation of the microbial mats and the
underlying sediment, shrinkage cracks may appear. Successive low-energy inunda-
tion may promote the covering of the polygonal cracks by mat overgrowth
(Fig. 8.8a). Sometimes the cracks are re-filled with sediment before mat overgrowth
occurs (Eriksson et al. 2007). In other cases, when the supratidal zone is inundated
during storms, high wave- and tidal current-energy may rip the mat and create new
sedimentary structures based on flipped-over mats (Fig. 8.8b). The same process can
further fragment the mat into microbial chips that are transported by currents and
scattered across the mudflat, where they may be recolonized (Fig. 8.8c). The erosion
caused during transport may be inferred from the rounded edges of the microbial
chips. Thick flipped-over mats are indicative of the highest energy levels generated
by waves and currents over the mudflat (Fig. 8.8d).
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On mudflats with a high sand content, under prolonged high-energy and high-
inundation conditions, such as during spring tide storms, microbial-mat sediment
stabilization can also generate new sedimentary structures. Under such conditions,
the supratidal zone may be inundated for several days during high tides, and the
cohesive microbial mat may actually detach from the underlying sandy sediment,

Fig. 8.8 Microbially-induced sedimentary structures (MISS) on a tidal flat in the inner Bahía
Blanca Estuary, Argentina. (a) Sealed shrinkage cracks after inundation of the flat. Note bulging
bubble (arrows), formed through microbial metabolic activity. (b) Epipelic diatom colonization on
surface sediments in the supratidal zone; white arrows show typical halophyte angiosperms
Sarcocornia spp. Wave action has ripped off parts of the mat, exposing the underlying sediment
(red arrows). Note some borders upturned by desiccation (inset). (c) Microbial mat chips newly
attached to the sediment, and recolonized by a thin biofilm. (d) Thick microbial mat dislodged by
high wave-energy acting on the flat. Some flipped-over sedimentary structures were formed
(arrows). These sedimentary structures reflect high energy events (storms) acting on the mudflat.
Photos DG Cuadrado, inner Bahia Blanca Estuary, Argentina.
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which is so water-saturated that it behaves like a confined aquifer (Fig. 8.9). The
water column and waves superimposed on the cohesive microbial mat increase the
total pore water pressure on the sediment below, generating liquefied sand. Under
these conditions, the microbial mat behaves like a flexible seal moving over liquefied
sand, bearing the pressure of the water column and waves. Characteristic microbial
sedimentary structures may be generated by such processes (Cuadrado et al. 2014).

2.3.4 ‘Deep Time’ Understanding of MISS

Experiments in the modern and geological surveys in the fossil have shown that
currents in the ‘optimum’ range for MISS formation are between 2 and 20 cm s�1.
Microbially-induced sedimentary structures may evenually fossilize, with the lithi-
fication of the organic components (Krumbein 1979; Schultze-Lam et al. 1996;
Noffke 2010; Schieber et al. 2007).

Perhaps the most familiar fossil microbialites are the stromatolites, such as the
emblematic structures exposed in the supratidal of Shark Bay, Australia. It is of the
utmost importance to understand that, apart from being generated by microbial mats,
stromatolites have nothing in common with mudflat MISS. The former are mainly
warm-water structures formed from carbonate precipitation processes over many
years; the latter are siliclastic, depositional structures which can form over the course
of a single year or less and are found in cooler waters (Noffke et al. 2002; Noffke and
Awramik 2013).

Fig. 8.9 Liquefied sand
beneath a microbial mat.
The photograph was taken
after a severe storm event
during which the supratidal
zone was inundated twice
per day for several days
(Cuadrado et al. 2014, photo
DG Cuadrado).
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3 Genesis and Maintenance of Transitory Large-Scale
Three-Dimensional Patterns

We have shown that superficial sedimentary structure is intimately related to the
biological community within the mudflat. In addition to the micro-topographic
structures detailed above, large-scale, transitory three-dimensional patterning may
occur on mudflats though the interplay of sedimentary erosion caused by tidal
currents and waves, and erosion resistance caused by microbial mats and surficial
biofilms (Weerman et al. 2010). Such transitory sedimentary features, called hum-
mocks, provide a three-dimensional complexity (Fig. 8.10), within which both
geomorphological and biological patterns may emerge, as detailed below.

Transient epibenthic biofilms show a preference for the summits of mudflat
topographical features, even on low-grade ripple marks (Fig. 8.11). Epipelic diatoms
are also found in high densities on top of mudflat hummocks, dispersed over large
mudflat areas (Noffke and Krumbein 1999; Blanchard et al. 2000; de Brouwer et al.
2000; Whitehouse et al. 2000; Lanuru et al. 2007, and Fig. 8.1, Chap. 1), while
densities are much lower in the depressions (Weerman et al. 2010). These patterned
landscapes can persist for months or years, showing seasonal variations
corresponding to variations in the diatom biofilms atop the hummocks. The genesis
and maintenance of such patterned mudflat landscapes are described below.

3.1 Hummock Formation

A number of recent studies on pattern formation in diatom biofilms provide insight
into the mechanisms involved in the formation of mudflat hummock patterns
(Weerman et al. 2010, 2011a, b). These studies highlight the emergence of spatial
self-organization processes resulting from the interplay of diatom growth, reduction
in sediment erosion, and drainage of tidal water (Noffke and Krumbein 1999;
Carling et al. 2009; Weerman et al. 2010). As mentioned above, microphyobenthic
biofilms grow preferentially on elevated sediment; by excreting EPS, microalgae and
bacteria can both incorporate fine-grained particles into the biofilm matrix, and
solidify the nascent three-dimensional structure (Yallop et al. 1994; Paterson 1995;
de Brouwer et al. 2000; Lubarsky et al. 2010; Stal 2010). The formation of the
biofilm also protects the diatoms themselves from (re)suspension, lowering their
local losses, and can provide crucial nutrients for growth (Van de Koppel et al.
2001), thereby creating a positive feedback where increased diatom biomass leads to
enhanced net sediment deposition.

The local accumulation of sediment beneath the diatom biofilms can have impor-
tant implications for the drainage of seawater that remains on the mudflat at low tide.
Diatom biofilms and epibenthic mats that are elevated above the average sediment
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Fig. 8.10 Mixed-substrate
mudflat, with hummocks
and pools. (a) overview; (b)
Detail showing
microphytobenthos (MPB)
in pool; (c) detail showing
pool with exposed rocks.
Note markings on hummock
crests in (b) and (c). Photos
PG Beninger, La Bernerie,
France.
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level will become slightly more dry compared to the biofilms that sit in local
depressions. This reduction of the remaining water level will consolidate the mat,
making it more resistant to erosion (Blanchard et al. 2000). Hence, an additional
positive feedback is created where increased elevation improves drainage, stimulating
diatom growth, further reducing erosion, and thus increasing elevation. More water
remains in the depressions at low tide, which loosens the biofilm, dissolves EPS, and
increases erosion, leading to an even deeper low-tide water layer. Using a mathemat-
ical model, Weerman et al. (2010) showed that this feedback can create a regularly
patterned landscape of diatom-covered hummocks, and water-filled, bare depressions
that form a typical drainage network. Similar morphological patterns, called erosional
remnants and pockets, arise from the same sediment—microbiota interactions in sandy
intertidal settings (Noffke and Krumbein 1999). The quantification of erosional
remnants and pockets showed that such surface morpholgies are the result of
biostabilizing microbial mats. The mats grow especially well in ripple valleys,
where they baffle and trap sediment and bind it into the mat matrix. Consequently,
the ripple marks appear smaller and the ripple index is modified. The sedimentary
modifications generated by the microbiota in such sandy tidal settings are expressed as
the modification index (MOD-I, Noffke and Krumbein 1999).

Increased erosion in the sediment depressions can lay bare underlying stones,
resulting in a mixed-sediment, hummock-patterned mudflat (Fig. 8.10b). This self-
organization process that emerges from the consolidating effect of the biofilms leads
to the formation of a physical landscape of hummocks and hollows that not only
allows for increased diatom biomass, but also promotes the capture of sediment
throughout the mudflat (Weerman et al. 2010), affecting the entire mudflat landscape
and ecosystem.

In mudflats with a higher sand content, the pattern of erosional remnants fluctu-
ates in correspondence to the seasons: in summer the MOD-I (based on the surface
morphologies) shows a high influence of microbial activities on the sedimentary
processes; in winter, this influence is much less. However, in the lower supratidal

Fig. 8.11 Ripple marks on
sediment surface with
associated MPB surface
biofilm. Foreground scale
indicated. Photo
P.G. Beninger, La Bernerie,
France.
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zone, the MOD-I remains almost unaffected, proving that here the influence of
epibenthic microbial mats remains strong through the entire year (Noffke and
Krumbein 1999). Hummock patterns may persist for several years on these more
sandy tidal flats, whereas those found in the finer-sediment Westerschelde estuary
and Wadden Sea (Netherlands) are seasonally formed (Noffke and Krumbein 1999;
de Brouwer et al. 2000; Weerman et al. 2011b). In winter, when diatom production is
limited, there is little control by diatom biofilms on sediment properties, and the
mudflat is bare and flat (Fig. 8.12a). Between April and June, a strongly patterned
biofilm develops, with the accompanying hummock landscape Fig. 8.12b). When
the temperatures increase during late spring, a sudden collapse in diatom densities is
observed (Fig. 8.12c). This abrupt demise of the diatom population coincides with
increased numbers of benthic grazers such as Corophium volutator, Macoma
baltica, and Hydrobia ulvae (Weerman et al. 2011b). Although increased grazing
certainly contributes to the collapse in the biofilms, calculations reveal that herbivore
number may not be sufficient to consume all of the diatom biomass; field

Fig. 8.12 Seasonal topographical mudflat patterning in the Westerschelde estuary andWadden Sea
(Netherlands). (a) winter, low MBP density (x), little effect on sediment topography; (b) Spring,
proliferation of MBP on elevated sediments, enhancing sediment stabilization through EPS secre-
tion; (c) summer grazing removes and fragments MBP, rendering it more susceptible to peeling
from wave action (arrow); (d) less-stable sediment leads to recession of hummock formations in late
summer-fall. Schematic PG Beninger.
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observations suggest the presence of a strong feedback between diatom growth and
sedimentation. In April, when diatom densities are at their highest and the tidal flat is
clearly patterned, there is a clear correlation between diatom densities and sediment
elevation (Weerman et al. 2012). In May, this relation is greatly diminished, and the
patterns rapidly degrade. This suggests that the loss of diatom-sedimentation feed-
back may amplify the disruption caused by benthic grazers, explaining both the
dramatic decline of the diatom population, and the mismatch between potential
grazing and observed diatom losses. Most of the epibenthic biofilms are likely
dislodged by waves after the biofilms are fragmented by the epifaunal herbivores
(Fig. 8.12d).

3.2 Seasonal Biofilm Spatial Dynamics

Weerman et al. (2012) highlighted that the epibenthic biofilm patterns changed from
regular, at the peak of diatom densities, to increasingly fractal as biofilm degradation
commenced. The term “fractal” here implies that patches do not have a characteristic
size (as is the case with perfectly regular patterns), but follow a power law patch size
distribution, in which small patches are very abundant, but patches become less
numerous as their sizes increase. It appears that emerging epibenthic biofilm patches
are abundant, but that most are lost before they can become a biofilm of any
significant size. What are the underlying processes that create this bottleneck to
epibenthic mat establishment? A clue was proposed by Seuront and Spilmont
(2002). Similar to Weerman et al. (2012), they implicated power law patch size
distributions, and proposed that these can be explained by the “self-organized
criticality” concept (Bak et al. 1987; Pascual and Guichard 2005). Self-organized
critical systems are governed by slow buildup of patches, increasing vulnerability of
patches as they become bigger, followed by fast patch collapse. Although Seuront
and Spilmont (2002) did not pinpoint a specific process of patch collapse, it is likely
that once the biofilms become bigger, they become more vulnerable to wave action
that peels the biofilms from the sediment (Fig. 8.8). When diatom growth is
insufficient to overcome wave-induced losses, positive feedbacks between diatom
growth and sediment accumulation fail, and very little diatom biomass can accumu-
late. Although this explanation is speculative, similar “criticality” processes linked
to power law patch size distributions have been described for mussel beds on rocky
shores (Guichard et al. 2003). Hence, power-law patch size distributions may be a
general indicator of conditions where biofilms lose their grip on the ecosystem, and a
more dynamic regime emerges.

It should be noted that bioturbators may also decrease the erosion threshold of
mudflat sediments, as has been demonstrated for the cockle Cerastoderma edule
(Li et al. 2017); such activity may be expected to facilitate the formation of
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geomorphological features. These observations once again underscore the interplay
between physical and biological factors in patterning and unpatterning the mudflat
landscape.

4 Higher-Level Biological Patterning

To date, few studies have focussed on fine-scale biological patterning on mudflats,
although it is known that small scales are important sources of biological patterning
(Findlay 1981, 1982; Murphy et al. 2008; Chapman et al. 2010). Indeed, such
patterning is evident even on almost featureless mudflats. As noted above,
microphytobenthos—dominated biofilms may develop preferentially on the slightest
of elevations, such as on ripple marks (Fig. 8.11). Within the sediment, aggregated
spatial distributions have been detected for every macro-infaunal species investi-
gated to date (e.g. Boldina and Beninger 2013, 2014; Beninger and Boldina 2014),
as well as for meiofauna (Boldina et al. 2014, and see Chap. 15). Because they tend
to exclude each other within the perimeters of their feeding areas, deposit-feeders
generally have thinner fine-scale distributions than suspensivores (Flach 1992; Flach
and de Bruin 1993; Flach and Beukema 1994). Isotropic infaunal spatial patterning
appears to be the rule (see Chap. 15); although this aspect has not yet been formally
investigated, the spatial patterns of different infaunal species very probably overlap
to varying extents (Fig. 8.13), depending on sedimentological (e.g. grain profile) and
biological factors (e.g. bioturbation).

As described above, transient epibenthic biofilms grow rapidly on intertidal mudflat
sediments, and epibenthic microbial mats grow in the humid supratidal sediments,
which may be periodically submerged during spring tides. The idea that the biological
patterning on mudflats is due to complex interactions between fauna, microflora, and
sediment was posited by Murphy et al. (2008) with respect to the spatial variability of
the microphytobenthos, and reiterated in Chap. 5. Considering the range of trophic

Fig. 8.13 Hypothetical
juxtaposition of three
isotropic patches belonging
to three different infaunal
species on a flat mudflat.
Schematic PG Beninger.
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levels, it is likely that patterning is due to both ‘bottom-up’ and ‘top-down’ relations
(van der Wal et al. 2008; Chapman et al. 2010). For example, the spatial distribution of
the epibenthic biofilms influences that of infaunal biofilm consumers such as nema-
todes (Blanchard 1990). In mudflats with the complex hummock—depression spatial
patterning described above, the consequent biological patterning of the epibenthic
biofilms is even more striking. In turn, the spatial distribution of the
microphytobenthos influences the biofilm-feeding distributions of such diverse fauna
as the ubiquitous gastropods Hydrobia and Nassarius spp. (Cheverie et al. 2014 and
Fig. 8.14), calidrid shorebirds (Jiménez et al. 2015, and see Chap. 12), mullets at high
tide (Fig. 8.15) (Bruslé 1981; Crosetti and Cataudella 1994; Carpentier et al. 2014 and
Figs. 8.10b, c and 8.16), and their attendant parasite populations (Chap. 9). These
relations are summarized in Fig. 8.16; they all make sense, but should be rigorously
tested through future studies.

Fig. 8.14 Hydrobia ulvae
grazing on MPB. (a) note
absence of MPB where the
small gastropod H. ulvae are
present; (b) detail of
H. ulvae. Photos PG
Beninger, Le Gois, France.
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From the foregoing, as well as from the previous chapters, it is clear that
microbial biofilms and mats are not mere passive constituents of mudflats; rather,
both in contemporary and in paleontological eras, they form the basis of the mudflat
ecosystem, allowing a host of organisms to persist and pattern in what otherwise
could be a hostile, low-productive habitat. Beyond being the basis of the mudflat
food web, biofilm-forming phytobenthic microbes model their habitat by altering
sedimentation, hydrology, and nutrient availability, patterning both the physical and
the biological landscapes in the process. Although understandably arduous, detailed
study of the interplay between physical and biological patterning on mudflats
represents an extremely interesting, and necessary, research goal (Chapman et al.
2010).

Fig. 8.15 Evidence of
mullet (Mullus sp.) feeding
on MPB. (a) totally denuded
hummock crest (H) and
partially-denuded pool (P).
(b) Detail of mullet mouth-
scrape marks (arrow) on
hummock crest. Note
absence of MPB wherever
there are such marks. Photos
PG Beninger, La Bernerie,
France.
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Chapter 9
Ecology of Parasites in Mudflat Ecosystems

David W. Thieltges, Kim N. Mouritsen, and Robert Poulin
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Abstract Mudflats are not only home to large numbers of bivalves, polychaetes,
crustaceans, fish and birds, but also to diverse communities of parasites. In this
chapter, we illustrate and explore how the resulting parasite-host interactions can
affect host populations, communities and food webs in mudflat ecosystems, equal-
ling in importance the effects resulting from other species interactions, such as
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predation and competition. We first give an overview of the distribution and ecology
of typical parasites occurring in mudflat ecosystems. Then we illustrate the main
abiotic and biotic drivers of parasite infection levels in mudflat hosts. Following this,
we conceptualise and illustrate the many direct and indirect effects of parasite-host
interactions on host populations, communities and food webs in mudflat ecosystems.
Finally, we highlight the potential impact of ongoing global changes such as
increasing temperature and species introductions on parasite-host interactions in
mudflat ecosystems. With this condensed overview of the presence and ecological
role of parasites in mudflat ecosystems, we hope to increase the appreciation of the
manifold ecological effects of parasite-host interactions on host populations, com-
munities and food webs of mudflat ecosystems, and to spark further research in this
field.

1 Parasites as Protagonists on Mudflat Ecosystems

1.1 Parasites and Biological Interactions

Species interactions such as competition and predation are well known drivers of the
population dynamics and community structure of organisms inhabiting mudflats.
While competition is mainly limited to high-density situations (Wilson 1991; Jensen
1993; Raffaelli and Hawkins 1999), predation by typical mudflat predators such as
crabs, fish and birds seems to be a universal biotic structuring factor on mudflats
(Reise 1985; Wilson 1991; Kaiser et al. 2011, see Chaps. 5, 6, 12). Although the
power of species interactions in shaping mudflat community structure and dynamics
is generally acknowledged, other species interactions have received much less
attention in this respect. Among these are parasitic interactions, i.e. interactions
between parasites and their hosts. In this type of interaction, one partner (the
parasite) gains a benefit while the other (the host) suffers from negative effects.
The benefit is usually a trophic one as parasites feed on their hosts’ tissue or
pre-digested gut content. The negative effects for hosts can be manifold and range
from various sub-lethal effects to mortality.

With their positive-negative dichotomy, parasite-host interactions resemble
predator-prey interactions in which the predator gains a benefit and the prey suffers
from a negative effect in the interaction (Raffel et al. 2008; Lafferty and Kuris 2002).
However, predators differ from parasites in respect to size (predators are usually
larger than their prey while parasites are usually smaller) and the number of victims
attacked (predators typically attack more than one victim over their life cycle, while
parasites usually attack only a single victim per life-cycle stage; Lafferty and Kuris
2002). Under this definition, blood-sucking animals such as mosquitos, leeches or
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lampreys are considered to be micropredators as they feed on more than a single
victim during a life cycle stage (Lafferty and Kuris 2002). However, broader
definitions of parasitism would subsume them under parasites (Combes 2001).
Further definitional distinctions into sub-categories of the term ‘parasite’ exist.
Based on the impact on their hosts, some authors have suggested that typical para-
sites such as helminths feed on a single host without necessarily killing it while for
parasitoids the killing of the host is an inevitable part of the life cycle (Lafferty and
Kuris 2002). Finally, parasites are often divided into two groups, microparasites and
macroparasites, which, apart from size, are distinguished by their reproductive dyna-
mics: the descendants of microparasites (e.g. protozoans such as Toxoplasma and
Plasmodium spp.) may continue to infect the host, as well as being transmitted to
other hosts, whereas the descendants of macroparasites (usually successive larval
stages, e.g. trematodes) leave the host to infect other hosts (Schmid-Hempel 2011).
Although many microparasites may undoubtedly have strong effects on infected
hosts in mudflat ecosystems, we will focus on macroparasites in this chapter, as their
ecology and impacts on mudflat ecosystems are much better understood. We will
also mainly focus on describing the distribution and various ecological effects of
parasites on ‘wild’ hosts in mudflat ecosystems and thus exclude more applied issues
of diseases in aquaculture settings such as mussel, oyster or shrimp culture in
mudflat ecosystems. In general, we do not intend to provide an exhaustive review
of the topic but instead we aim to sketch the broader picture and highlight some
active current and future research fields.

1.2 Parasites Occurring in Mudflat Ecosystems

Mudflat ecosystems harbour a large variety of parasites (Fig. 9.1). Recent studies
that include parasites in food web analyses give an idea about the typical compo-
sition of parasite communities in mudflat ecosystems (Table 9.1). These parasite-
inclusive food webs do not cover all types of mudflats, but showcase a sub-set of
mudflat ecosystems such as mudflats in estuarine salt marshes (Carpinteria, Bahia
Falsa, Estero de Punta Banda) and shallow water ecosystems (Flensburg Fjord),
mudflats behind back-barrier islands (Sylt tidal basin) and in large tidal inlets (Otago
Harbour). The dominant parasite group in these mudflat ecosystems are trematodes,
followed by other helminths such as nematodes, cestodes and acanthocephalans, and
a variety of other parasitic groups (Table 9.1). The various parasite species in these
food webs constitute between 16 and 76% of the richness of free-living (host)
species, indicating that parasites contribute significantly to the biodiversity of
mudflat ecosystems.

Although the parasite inventories from these six mudflat food webs give an idea
about the general composition of parasite communities in mudflat ecosystems, they
are far from being complete, since some host groups such as birds are notoriously
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understudied. Further complications arise from the fact that some host groups
(e.g. fish and birds) are often transient components of the local food web that carry
parasites acquired elsewhere, and therefore do not necessarily cycle within the local
web. In addition, parasite-inclusive food web studies have so far mainly considered
macroparasites; however, there is most likely also a large diversity of microparasites
in mudflat ecosystems that awaits exploration (Thieltges et al. 2013a). Hence, the
presently known diversity of parasites in mudflat ecosystems is likely to increase
with future research efforts.

Fig. 9.1 Examples of metazoan parasites occurring in invertebrate hosts living on mudflats. (a)
Free-living cercarial stage of the trematodeMaritrema subdolum (length including tail ca. 340 μm);
(b) cystacanth stage (with everted proboscis) of the acanthocephalan Plagiorhynchus allisonae
(trunk length ca. 2.5 mm) from the amphipod Transorchestia chiliensis; (c) sac-like externa of the
rhizocephalan barnacle Sacculina carcini underneath the pleon of an infected shorecrab Carcinus
maenas (ca. 6 cm carapax width); (d) metacercarial stages of the trematode Acanthoparyphium
sp. (380–470 μm diameter), encysted in the foot tissue of the New Zealand cockle Austrovenus
stutchburyi; (e) pea crabs Pinnotheres novaezelandiae (ca. 8–16 mm carapax width) collected from
inside green-lipped mussels Perna canaliculus; (f) white mesh-like structure of the sporocyst stages
of the trematode Prosorhynchus squamatus infecting the gonads and hepatopancreas of a blue
musselMytilus edulis (ca. 4 cm shell length) (Published with kind permission of (a), (c), (e):© Kim
N. Mouritsen 2018; (b) © Bronwen Presswell 2018; (d) © Tommy Leung 2018; (f) © Tabea
Stier 2018. All Rights Reserved).
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1.3 Parasite Life Cycles

A common feature of many parasites occurring in mudflat ecosystems are their
complex life cycles, i.e. they sequentially infect several different host species over
their life cycle. For example, the dominant trematodes typically have a three-host life
cycle (Figs. 9.1 and 9.2; Galaktionov and Dobrovolskij 2003). Fish, birds or marine
mammals, depending on the trematode species, serve as definitive hosts of the adult
stages of the parasites. Here, the parasites reproduce sexually and release eggs that
leave the host via its faeces. From the eggs, ciliated larvae called miracidia hatch and
infect a first intermediate host, which is usually a gastropod and sometimes a bivalve.
In the first intermediate host, clonal reproduction by asexually reproducing
intramolluscan stages (sporocysts and rediae) leads to the production of a second

Table 9.1 Composition of parasite communities in six functionally different mudflat ecosystems
based on parasite richness of typical taxonomic groups

Sylt
Tidal
Basin

Otago
Harbour Flensburg

Carpinteria
Salt Marsh

Bahia
Falsa

Estero de
Punta Banda

Total host
richness

116 117 60 92 101 123

Invertebrates 66 93 48 39 47 59

Fish 21 7 12 11 13 19

Birds 29 17 8 42 41 45

Total parasite
richness

35 19 46 60 53 76

Trematodes 27 13 27 30 34 39

Nematodes 1 2 10 5 4 7

Cestodes 1 3 6 4 8

Acanthocephalans 1 2 2 2 2 4

Monogeneans 1 1 2

Crustaceans 4 2 1 4 3 4

Rhabdocoelans 1 1

Myxozoans 1

Nemerteans 1 1

Microsporidians 1

Protists 2 7 5 9

Viruses 1 1

Parasitic plants 2

For comparison, total species richness of free-living (metazoan) host species and of major taxo-
nomic groups are also given for each food web (excluding basal groups and bacteria, zooplankton
and meiofauna). Data based on Hechinger et al. (2011), Mouritsen et al. (2011), Thieltges et al.
(2011), and Zander et al. (2011)
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free-living stage, the cercariae, which are released into the environment in large
numbers. After a short free-living dispersal period of usually less than 24 h, the
cercariae infect a second intermediate host, an invertebrate or fish, depending on the
trematode species. Here, most cercariae encyst as metacercariae, and await ingestion
of the second intermediate host by a definitive host, before closing the life cycle via
trophic transmission. While the standard trematode life cycle consists of three
consecutive hosts, variations on the theme exist, with abbreviations as well as
extensions of the life cycle (Poulin and Cribb 2002; Galaktionov and Dobrovolskij
2003). Complex life cycles, including the use of one or several intermediate hosts,
and a definitive host, also exist in other types of marine parasites such as nematodes,
cestodes and acanthocephalans (see Rhode 1993, 2005). The existence of this com-
plexity of life cycles is puzzling and their selective benefits are still debated;
increased transmission and survival are, among other benefits, thought to underlie
the evolution of these complex life cycles (Poulin 2007).

Although complex life cycles prevail in mudflat ecosystems, there are also
parasites that have simple life cycles in which a free-living infective stage released
from infected hosts infects another host individual of the same species. For example,
the rhizocephalan parasite Sacculina carcini infects shore crabs Carcinus maenas, in
which it grows internally and develops a visible external sac-like structure below the
abdomen of the host (the so-called externa), from which infective stages are released
and infect a new crab host (Figs. 9.1 and 9.2; Høeg 1995; Høeg and Lützen 1995).

a) Complex life cycle
Trematodes Rhizocephalans

Simple life cycleb)

Fig. 9.2 Examples of typical life cycles of parasites occurring on mudflats. (a) Complex life cycle
of a trematode parasite, including three sequential host species (one definitive host and two
intermediate hosts). Host specificity is usually highest in 1st intermediate hosts and lower in 2nd
intermediate and definitive hosts. Transmission occurs via a free-living infective stage or via trophic
transmission when definitive hosts consume infected prey. (b) Simple life cycle of rhizocephalan
parasites (e.g. Sacculina carcini) infecting other crabs horizontally via a free-living infective stage,
released by infected crabs (Published with kind permission of © David Thieltges 2018. All Rights
Reserved).
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Other marine parasites with simple life cycles are shell-boring polychaetes such as
Polydora ciliata, or monogenean flatworms infecting fish (Buschbaum et al. 2007;
Rhode 2005).

1.4 Hosts Affected in Mudflat Ecosystems

Due to the complex life cycles of many parasites, a single parasite species usually
affects several very different host taxa during its life, ranging from invertebrates to
vertebrates. In addition, if host specificity is low, the same parasite species can infect
several different host species at a given life cycle stage. Overall, this results in most
free-living species inhabiting mudflats being infected by at least one parasite species.
However, not all of these free-living species will serve as hosts to parasites to the
same degree, due to host specificity issues or other ecological processes. For
example, at the host species level, the mean number of trematode species that can
be found in populations of snail first intermediate hosts in mudflat ecosystems varies
widely among host species from 1 to 12.7 (Poulin and Mouritsen 2003). There may
also be gastropod species that do not serve as hosts for trematodes at all
(Pechenik et al. 2001). Likewise, the mean infection prevalence (the proportion of
hosts infected) of the same trematodes in populations of gastropods varies widely
among gastropod host species (Poulin and Mouritsen 2003), indicating varying
general suitability as hosts among gastropod species.

The same pattern can also be observed within single mudflat ecosystems. For
example, the number of parasite species infecting gastropods and bivalves varies
widely among host species in a back-barrier islands mudflat ecosystem in German/
Danish coastal waters (Fig. 9.3a). Similarly, the number of parasite species infecting
crustaceans in a large tidal inlet in New Zealand varies among host species
(Fig. 9.3b). In addition, the mean infection intensity (no. of parasites per infected
host) of individual parasite species also differs strongly among and within host
species (Fig. 9.3b), indicating that not all hosts are evenly suitable to all parasite
species. In general, this suggests that some host species will be more likely to be
affected by specific parasite species than others. In addition to among-host species
differences in parasite richness and infection levels, there is often also considerable
within-host species variation, since the spatial heterogeneity of infections is fre-
quently high in hosts inhabiting mudflats, even within the same mudflat ecosystem
(e.g. Hechinger and Lafferty 2005; Fredensborg et al. 2006; Thieltges and Reise
2007). This heterogeneity extends to even smaller scales, as not all individuals of the
same host species in the same locality will be equally infected, leading to the almost
universal phenomenon of parasite aggregation among hosts, generally observed in
parasite-host interactions (Shaw and Dobson 1995). This suggests that not only
different host species will be affected by parasitism to a different degree, but also that
single host individuals may experience very different exposure to parasites,
depending on the locality and other factors. We further discuss some of the under-
lying mechanisms below.
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While the general degree to which molluscs and crustaceans are affected by
parasites in mudflat ecosystems is relatively well known (Lauckner 1980, 1983;
Poulin and Mouritsen 2003; Thieltges et al. 2009a, b, c), we know much less about
parasite infection levels in other host groups. Polychaetes are one of the dominant
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Fig. 9.3 Examples of parasite richness and infection intensities among typical host groups
inhabiting mudflat ecosystems. (a) Parasite richness of different groups of parasites (shell boring
polychaetes, intestinal copepods, nematodes and turbellarians, and trematodes in their first or
second intermediate host life cycle stages) in gastropods and bivalves from a back-barrier island
mudflat ecosystem in German/Danish coastal waters (Thieltges et al. 2006). (b) Mean infection
intensity (no. of parasites per infected hosts) of four parasite taxa (two trematodes: Maritrema
novaezealandensis andMicrophallus sp., one acanthocephalan species group: Profilicollis spp. and
one nematode: Ascarophis sp.) infecting crustaceans of different taxa in a large tidal inlet in
New Zealand (Koehler and Poulin 2010). Redrawn from Thieltges et al. (2006) and Koehler and
Poulin (2010).
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taxa on mudflats, but have not been studied intensively with respect to parasites.
They are known to serve as intermediate hosts, not only for trematodes, but also for
nematodes and cestodes (see Peoples 2013 for a recent review); however, little is
known about infection levels of polychaetes in mudflat ecosystems (but see Peoples
et al. 2012). Fish inhabiting mudflats serve as intermediate and definitive hosts for
parasites with complex life cycles such as trematodes and other helminths, which are
acquired via trophic transmission from intermediate hosts (Thieltges and Poulin
2016). Although the parasitology of marine fishes is relatively well known, the
specific parasite communities and infection intensities of fishes inhabiting mudflats
are less well studied, apart from scattered reports on specific fish host or parasite
species (e.g. Groenewold et al. 1996), and from a very limited number of broader
studies on entire mudflat ecosystems such as Californian estuarine salt marshes
(Kuris et al. 2008). This results from the fact that fish parasitological studies usually
focus on offshore or deeper coastal waters, and rather on commercially than eco-
logically relevant species. In addition, it can be difficult to link parasites found in fish
with specific habitats, because many coastal fish species often only occur tem-
porarily on mudflats (Horn et al. 1999). Hence, besides being infected with parasites
locally acquired via trophic transmission, fish hosts caught on mudflats will also
harbour other parasites such as parasitic copepods (e.g. Koch et al. 2014) that they
acquired elsewhere, which complicates linking parasites to specific mudflat habitats.
Finally, the least-studied host group with respect to parasites (mainly due to ethical
constraints in conducting invasive parasitological surveys) are birds, which use
mudflats mainly as feeding grounds (Chap. 12). They serve as definitive hosts to
the majority of trematode parasites occurring in mudflat ecosystems, and they
acquire them via trophic transmission (Thieltges and Poulin 2016). However, little
is known about the actual infection levels in birds in specific mudflat ecosystems,
apart from local studies on single host and/or parasite species (e.g. Latham and
Poulin 2002; Kuris et al. 2008). In addition, like fish, most birds also use mudflats
only temporarily, e.g. at stop-overs during their annual migrations, so that their
parasite faunas are likely to be composed of parasite species acquired in different
habitats (Gutiérrez et al. 2017).

2 Drivers of Infection Levels

2.1 Biotic Factors

Because parasites, by the nature of their life style, depend on their hosts for a living,
the presence of parasites depends on the presence of their hosts. Hence, host
diversity and abundance usually drive parasite richness and infection levels. This
relationship can be observed on large regional, as well as on small local spatial
scales. For example, the diversity and prevalence of trematodes infecting a common
gastropod species (serving as first intermediate host) which inhabits mudflats
depends on the presence and abundance of bird definitive hosts (which are the
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upstream hosts in the parasites’ life cycles) on regional scales (Fredensborg et al.
2006). Likewise, the same relationship can also be observed on small local spatial
scales such as in intertidal mud channels and pans within a single estuarine salt
marsh ecosystem (Hechinger and Lafferty 2005). Similar relationships have also
been observed in second intermediate hosts of trematodes. For example, the infec-
tion intensity of metacercarial stages of trematodes in cockles (Cerastoderma edule),
which serve as second intermediate hosts for the parasites, is positively correlated
with the abundance of snail first intermediate hosts in the field (Thieltges and Reise
2007), and with densities of infected snails in field experimental settings (Thieltges
2007).

It is not just the upstream hosts in the complex life cycles of parasites, but also the
receiving hosts themselves which can affect parasite richness and infection inten-
sities. Host body size is a host trait that is generally positively correlated with both
parasite diversity and infection intensity, as larger hosts provide more space and
niches for parasites (Poulin 2007; Kamiya et al. 2014). In addition, larger hosts are
also often older hosts, and may thus have accumulated parasite infections over a
longer exposure period, resulting in higher infection levels in larger and older host
individuals. In some cases, the effect of age or exposure time may be a stronger
factor than host body size. For example, experimental exposure of cockles
(Cerastoderma edule) of different body size, showed that exposure time was a
much stronger determinant of trematode infection levels than body size (Thieltges
2008). Host body size can also be important in cases where it co-varies with the
general infection suitability of the host. For example, trematodes that use gastropods
as first intermediate hosts mainly infect mature snails, since they depend on the
gonadal tissue of the snails (Galaktionov and Dobrovolskij 2003). This results in
infection thresholds in snails, with small juvenile snails usually being uninfected,
and thus produces a typical skewed size-class distribution of infections in gastropod
hosts (see e.g. review by Lauckner 1980). Besides the traits of individual hosts, it can
also be the density of all conspecific hosts at a specific location that can affect
parasite infection levels. Usually, parasite infection intensities and host density are
positively correlated, as a result of basic epidemiological mechanisms (Poulin 2007;
Kamiya et al. 2014). However, in mudflat ecosystems, host density can also have a
negative effect on infection intensities of individual hosts, in cases where free-living
infective stages are diluted by conspecific downstream hosts. This can, for example,
be observed in second intermediate hosts of trematodes where high densities of hosts
lead to lower infection intensities in individual hosts in field observational and
experimental settings (Mouritsen et al. 2003; Thieltges and Reise 2007).

Besides the upstream hosts and the hosts themselves, organisms that do not serve
as hosts can also affect parasite infection levels. At first sight, this sounds counter-
intuitive, but there are various ways by which non-hosts can affect parasite infection
levels. A particularly well-studied mechanism in this respect is the interference of
non-hosts with the transmission of infective stages of parasites (Thieltges et al.
2008a; Johnson and Thieltges 2010). For example, many organisms inhabiting
mudflats are capable of interfering with the transmission of the free-living infective
cercarial stages of trematodes, either by preying on cercariae (e.g. crabs, shrimps,
amphipods, anemones, bivalves) or by constituting a physical obstacle such as algae
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(Thieltges et al. 2008b; Hopper et al. 2008; Welsh et al. 2014). This transmission
interference does not only reduce the number of infective stages in the environment,
but also leads to reduced infection intensities in the downstream hosts in experi-
mental settings (Thieltges et al. 2008b, 2009d). Such a transmission interference by
non-hosts may be common in mudflat ecosystems, as recent food web studies using
parasite-inclusive webs indicate that predation on free-living infective stages
accounts for 10–20% of the total number of trophic links in the six food webs
mentioned above (Table 9.1; Thieltges et al. 2013b).

2.2 Abiotic Factors

Infection levels in mudflat hosts are further mediated by a variety of abiotic factors.
They affect both parasites and hosts, as well as their interactions, often resulting in
complex net effects of environmental drivers on infection levels. Best studied in this
respect is the effect of temperature on trematode infections in second intermediate
hosts, such as bivalves and crustaceans, which are infected via free-living cercarial
stages released from first intermediate gastropod hosts (Fig. 9.4). The production and
release of cercarial stages is generally strongly positively correlated with temper-
ature (Poulin 2006), a pattern also commonly observed in parasites occurring on
mud flats (e.g. Mouritsen 2002a; Thieltges and Rick 2006; Studer et al. 2010; see
also Chap. 15). At the same time, infectivity of cercariae (i.e. the successful infection
of the down-stream second intermediate host) increases with temperature, while the
longevity of cercarial stages decreases (e.g. Thieltges and Rick 2006; Studer et al.
2010). Temperature can also influence infection levels of host species, e.g. by
stressing hosts and compromising immunity and thus increasing susceptibility, or
by increasing parasite-induced host mortality (Lafferty et al. 2004; Harvell et al.
2009). Finally, temperature may also affect the development and survival of para-
sites in their second intermediate hosts, potentially compromising future infectivity
with respect to the definitive hosts.

Potentially, temperature can have very different effects at different stages of
parasite transmission. This is illustrated by a study from Studer et al. (2010) on
temperature effects on the transmission of the trematode Maritrema novaezealand-
ensis from its first intermediate host, the mud snail Zeacumantus subcarinatus, to its
second intermediate host, the amphipod Paracalliope novizealandiae (Fig. 9.4). A
series of laboratory experiments that decomposed the different transmission stages,
showed that parasite transmission and host mortality were very slight at low tem-
peratures (<20 �C), while at intermediate temperatures (20–25 �C), parasite trans-
mission peaked, and amphipod hosts showed increased mortality. Finally, at the
highest temperatures (�30 �C), amphipod mortality was very high while parasite
transmission was strongly reduced, due to both low numbers of infective stages
being released, and low infectivity. Hence, temperature had very different effects on
the different stages of the infection process, and the second intermediate amphipod
host turned out to be the particularly vulnerable part. Similar complex temperature
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effects probably exist in other parasite-host systems on mudflats (and elsewhere),
but this largely remains to be studied.

Independent of temperature, the presence of water is of high importance for the
dispersal of the free-living infective stages of trematodes. Hence, on mudflats trans-
mission will generally take place only during high tide, or in the residual water of
pools and puddles remaining at low tide. Such small water bodies probably serve as
hotspots for infections, since they may warm up considerably during low tide in the
summer, and trigger the temperature-induced mechanisms discussed above
(Studer and Poulin 2012). The resulting positive effect on transmission is exempli-
fied by experimental observations that cockles (Cerastoderma edule) exposed over
several months in shallow tidal pools on a mudflat in the German Wadden Sea
showed 43–73% higher infection intensities with trematode metacercarial stages,
compared to cockles exposed outside the pools (Thieltges and Reise 2007).

In addition to the presence of water, the chemical properties of water can affect
parasite transmission. Waterbody salinity is known to vary considerably on mudflats
due to riverine freshwater input, surface runoff, or rainfall. Experimental studies in

T Parasite
Production

Parasite
Survival

Parasite
Infectivity

Host
Susceptibility

Host
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Parasite
Development

16°C + +++ + + +++ +
20°C ++ ++ ++ + ++ ++
25°C +++ ++ +++ + ++ +++
30°C ++ + ++ + - -
34°C + + + - -

Fig. 9.4 Conceptual illustration of the effect of temperature on different stages in the transmission
process of a trematode species from its first intermediate gastropod host over the free-living
cercarial stages to the second intermediate host and subsequent parasite development in the host.
The table shows the direction and strength of temperature (T) effects on the different stages of the
transmission process in laboratory experiments with the trematode Maritrema novaezealandensis,
which uses the mud snail Zeacumantus subcarinatus as its first and the amphipod Paracalliope
novizealandiae as its second intermediate hosts. Data based on Studer et al. (2010). (Published with
kind permission of © David Thieltges 2018. All Rights Reserved).
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New Zealand with the trematode Philophthalmus sp., which uses the snail Zea-
cumantus subcarinatus as first intermediate host, showed that cercarial production,
encystment success (the parasite has a resting stage in the environment), and the
survival of cysts were reduced under long-term (6–12 weeks) exposure to lower
salinities of 25 or 30 psu, compared to the normal salinity of 35 psu (Lei and Poulin
2011). Such effects of salinity on trematode transmission may further be mediated by
temperature. For example, Mouritsen (2002a) reported that salinity effects in the
trematode Maritrema subdolum, which infects the mud snail Hydrobia ulvae, only
occurred at certain temperatures in short-term (12 h) exposure experiments.

Another chemical property of water that can affect parasite transmission in
mudflat ecosystems is the pH of the water, a property that has gained increasing
interest in the contest of the expected future ocean acidification (MacLeod and
Poulin 2012, see also below), but that can also vary considerably in the coastal
waters of today (Melzner et al. 2013). Experimental studies with the trematode
Martitrema novaezealandense have shown that cercarial survival decreases with
decreasing pH of the seawater medium (MacLeod and Poulin 2015). However, the
infection success in second intermediate amphipod hosts (Paracalliope novi-
zealandiae) is actually highest under low pH conditions, which may result from
negative effects of low pH on the hosts, leading to increased susceptibility (Harland
et al. 2015). These examples show that we are far from understanding the full range
of effects of biotic and abiotic drivers on parasite infections levels in hosts inhabiting
mudflats. However, they illustrate that these effects may often differ between
different stages of the transmission process, and also between parasites and hosts,
and that the different biotic and abiotic drivers may often interact.

2.3 Large-Scale Drivers and Biogeography

Some of the biotic and abiotic factors discussed above also act on larger spatial
scales and shape biographical patterns of parasites inhabiting mudflats. Like on
smaller spatial scales, the presence and abundance of hosts is pivotal for the
existence of parasites on large biogeographical scales, as illustrated by a study that
investigated metacercarial trematode infections in the New Zealand cockle Austro-
venus stutchburyi along the entire coastline of New Zealand (Studer et al. 2013b).
The prevalence of parasites in the first intermediate host at the respective sampling
sites proved to be the strongest determinant of infection intensities, besides the
size of the cockle’s foot (the parasites encyst mainly in the foot tissue).

Temperature is also expected to drive large-scale distributional patterns of para-
sites, resulting in latitudinal gradients in parasite species richness and infection
intensity (Kamiya et al. 2014). Given the strong effects of temperature on trematode
transmission, onewould expect higher infection levels at higher average temperatures
occurring at lower latitudes. However, this pattern may actually not be very strong in
hosts inhabiting mudflat ecosystems. For example, Studer et al. (2013b) did not find a
significant latitudinal gradient in trematode infection intensity in the New Zealand
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cockle Austrovenus stutchburyi along the coast of New Zealand, although there was a
strong seawater temperature gradient from the North to the South. Large-scale
patterns in parasite richness also do not universally follow the expectation. For
example, when aggregating local host population data into larger geographical
regions, Galaktionov (2017) found a decrease in trematode richness with increasing
latitude in gastropod hosts (Littorina spp. andHydrobia spp.). However, on the scale
of local host populations, Thieltges et al. (2009a) did not find a latitudinal gradient in
trematode infections ofmud snailsHydrobia ulvae along the European Atlantic coast,
nor did they find any robust latitudinal gradient in the infection prevalence of
periwinkles Littorina littorea. Other studies have even reported latitudinal patterns
opposite to the expectation. For example, Torchin et al. (2015) found that trematode
species richness and prevalence actually increased with latitude in the Pacific horn
snailCerithideopsis californica and the Atlantic horn snailCerithideopsis pliculosala
along the coasts of North and Central America. These examples suggest that infection
levels in individual hosts are more strongly affected by local factors, such as those
emphasised above, than by large-scale temperature gradients.

This rule of thumb may also be true for latitudinal gradients involving across-
species comparisons, i.e. studies based on data of parasite richness and infection
intensity from different host species. In this case, latitude is not only a correlate for
temperature but also serves as a general proxy for evolutionary rates which are
considered to be higher at lower latitude due to increased solar influx (Willig et al.
2003; Turner et al. 1987; Cardillo 1999). Based on this, one would expect not only
higher infection intensities, but also higher parasite species richness at lower lati-
tudes. Indeed, in some cases, this pattern has been observed. For example, trematode
species richness, mean prevalence, and mean intensity in marine amphipod hosts
decrease with increasing latitude (Thieltges et al. 2009c). However, other across-
species comparisons have failed to find such a latitudinal pattern. For example,
Poulin and Mouritsen (2003) did not detect an effect of latitude across gastropod
host species (but they found an effect at the sample level, i.e. when individual
samples from locations were analysed). Likewise, Gutiérrez et al. (2017) did not
detect any effect of latitude on parasite richness across shorebird species which often
use mudflats as feeding grounds. These findings are in line with a recent meta-
analysis on drivers of parasite richness, including terrestrial and freshwater environ-
ments (Kamiya et al. 2014), which emphasises that drivers of large-scale patterns in
parasites of mudflats still remain to be identified.

3 Effects of Parasites on Mudflat Hosts and Ecosystems

3.1 Direct Effects on Individual Hosts and Host Populations

By definition, parasite-host interactions result in negative effects on infected hosts.
These direct negative effects are inflicted on individual hosts, but they can also have
knock-on effects on host populations. This is best illustrated in the case of parasite-

226 D. W. Thieltges et al.



induced mortalities of infected hosts (Fig. 9.5a). Mortality induced by many para-
sites is intensity-dependent, i.e. host mortality increases with the infection intensity
of a parasite (Fredensborg et al. 2004). If parasite infection levels are relatively high
in a host population, this can result in the mortality of many infected hosts, and this
in turn can affect the size and dynamics of the host population. For example, heavy
trematode infections in populations of the amphipod Corophium volutator on
mudflats have been reported to lead to significant decreases in population size, or
even local extinction (Meissner and Bick 1997; Jensen and Mouritsen 1992). Such
parasite-induced mortalities often coincide with other environmental stressors. In
particular, temperature stress has been reported to be associated with mass mortal-
ities of infected hosts. For example, in the amphipod C. volutator, mass mortalities
of amphipods in the field have been associated with coinciding high temperatures,
and elevated infection levels with trematode metacercariae (Jensen and Mouritsen
1992). In addition, laboratory experiments have confirmed the link between

Direct effects on mudflat hosts and populations

Indirect effects on mudflat communities

a)

b)

Parasite-induced mortality Sub-lethal effects

Density-mediated Trait-mediated

Reduced
reproduction

P P

PP

Fig. 9.5 Conceptual diagram illustrating direct and indirect effects of parasites on mudflat hosts,
populations and communities. (a) Direct effects of parasites (P) include parasite-induced mortality
and sub-lethal fitness effects such as reduced host reproduction on infected individual hosts which
can have knock-on effects on host population sizes. (b) Indirect effects of parasites on mudflat
communities occur when parasites alter the density (density-mediated indirect effects) or morpho-
logical, physiological or behavioural traits (trait-mediated indirect effects) of infected hosts such as
the burrowing ability of cockles. In turn, this can affect other organisms living on mudflats, and
ultimately affect community composition. For details, see text (Published with kind permission of
© David Thieltges 2018. All Rights Reserved).
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temperature stress and increased host mortality in infected amphipods (Mouritsen
and Jensen 1997; Jensen et al. 1998; Meissner and Bick 1999; Larsen and Mouritsen
2014). Temperature stress does not only elevate host mortality in crustaceans, but
has also been reported to increase mortality in infected gastropod (McDaniel 1969;
Tallmark and Norrgren 1976) and bivalve hosts (Thieltges 2006a). However, in
some cases, the resistance of trematode-infected gastropods to temperature stress and
prolonged exposure is not different from that of non-infected ones, or is even higher
(Riel 1975; Sousa and Gleason 1989; Berger et al. 2001; Bates et al. 2011). Besides
temperature, other environmental stressors may also elevate parasite-induced mor-
tality. For example, oxygen depletion reduces the survival of juvenile bivalves
infected with metacercarial stages of trematodes (Wegeberg and Jensen 1999).
Likewise, desiccation can lead to higher mortality in hydrobiid snails infected with
trematodes (Jensen et al. 1996).

Instead of inducing direct host mortality, parasites can also have more subtle
sub-lethal effects on hosts living on mudflats. Such sub-lethal effects on individual
hosts may also have knock-on effects on host populations, just like the ones
observed in the case of parasite-induced mortality. A good illustration for this is
provided by the ubiquitous trematodes that can be found in many gastropods living
on mudflats (Fig. 9.5a). These trematodes infect the gonadal tissue of their hosts and
usually lead to partial or total castration, which strongly reduces the life-time fitness
of infected individuals (Lauckner 1980; Huxham et al. 1993; Mouritsen and Jensen
1994). In host species that have pelagic larvae for dispersal, even the castration of the
majority of individual hosts in a local population may not affect the size of the
population much, since larval stages originating from elsewhere can supply the local
recruitment. However, in host species that have direct development, parasitic cas-
tration of a large proportion of the host population may significantly lower local
population size. Indeed, such population-level effects of parasite infections have
been observed in several gastropod species with direct development (Lafferty 1993;
Sokolova 1995; Fredensborg et al. 2005). Similar population-level effects have also
been suggested in the case of the direct-developing amphipod C. volutator, in which
metacercarial stages of trematodes reduce the brood size of infected females, which
in turn likely reduces local abundance of the amphipods (Bick 1994; McCurdy et al.
1999).

Besides host castration and reduced reproduction, other sub-lethal effects of
parasites that have been observed in typical mudflat hosts include, among others,
changes in growth rates of molluscs, both in a positive (Mouritsen and Jensen 1994;
Probst and Kube 1999) and negative direction (Mouritsen et al. 1999; Thieltges
2006b; O’Connell-Milne et al. 2016), reduced condition of bivalves (Wegeberg and
Jensen 2003; Stier et al. 2015; O’Connell-Milne et al. 2016), reduced filtration rates
in bivalves (Stier et al. 2015), morphological changes such as the shape and
ornamentation of shells in gastropods (Hay et al. 2005; Thieltges et al. 2009e),
behavioural changes such as impaired burrowing ability in bivalves (Lauckner 1983;
Thomas and Poulin 1998) and potential changes in animal personality such as
reduced boldness in infected snails (Seaman and Briffa 2015). Many of these
sub-lethal direct effects may also trigger knock-on effects on host population sizes
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and dynamics, and some of them may also trigger further indirect effects on other
organisms and eventually affect entire mudflat communities, as discussed below.

3.2 Indirect Effects on Host Communities

Many of the direct effects that parasites inflict on their hosts can also lead to indirect
effects on other species living next to the infected hosts, and ultimately affect entire
mudflat communities. These indirect effects occur when parasites either alter the
density of infected hosts (density-mediated indirect effects), or change morpho-
logical, physiological or behavioural traits of infected individuals (trait-mediated
indirect effects; see Hatcher et al. (2006) and Hatcher and Dunn (2011) for a detailed
account of indirect effects of parasites in general).

Density-mediated indirect effects of parasites are closely linked to the parasite-
mediated mortalities discussed above. These mortalities can trigger indirect effects,
particularly in host species that have strong impacts on local habitats and commu-
nities themselves. For example, parasites that affect ecosystem engineers (organisms
that create or modify habitat for other organisms—Jones et al. 1997; see Chap. 10)
may trigger particularly strong indirect effects on local communities (Thomas et al.
1999). A good example for this is the parasite-induced mortality of the amphipod
Corophium volutator discussed above (Fig. 9.5b). With their tube-building activity,
these amphipods can stabilise the sediment and lead to a typical mudflat topography
of subtle hummocks and shallow puddles (Mouritsen and Poulin 2002). A parasite-
induced mass mortality event of the amphipods on a mudflat in the Danish Wadden
Sea lead to increased erosion, which altered the sediment grain size composition, and
ultimately turned the mudflat topography into a flat surface (Mouritsen et al. 1998;
Mouritsen and Poulin 2002). In turn, this change in habitat condition affected other
organisms on the mudflat, leading to altered composition and abundance of
macrofauna (Jensen and Mouritsen 1992; Larsen et al. 2011, and see Chap. 10).
Similar indirect effects are likely to result from other parasite-induced host mortal-
ities, but to date we lack information on the extent of such density-mediated indirect
effects of parasites in mudflat ecosystems.

Examples for the other type of indirect effects induced by parasites, the so-called
trait-mediated indirect effects, are also known from mudflat ecosystems. One of the
prime examples comes from mudflats in New Zealand where the New Zealand
cockle Austrovenus stutchburyi is infected by the trematode Curtuteria australis
and other closely-related trematode species (Fig. 9.5b). These parasites infect the
foot of the cockles, and compromise the burrowing ability of infected individuals,
which normally live 1–2 cm beneath the sediment surface, so that infected cockles
end up laying on the sediment surface (Thomas and Poulin 1998; Mouritsen 2002b).
This behavioural alteration of the cockle is considered to be adaptive for the
parasites, as it increases predation by birds, which serve as definitive host for the
trematodes (Thomas and Poulin 1998). Besides increasing transmission for the
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parasites, the parasite-induced surfacing of cockles also indirectly affects other
organisms. The cockles laying on the sediment surface change the local near-bed
hydrodynamics and sedimentation rates by being obstacles, and they no longer act as
bioturbators of the sediment. Together, these effects lead to an increase in general
macrobenthic species richness and a higher abundance of many macrobenthic taxa
and functional groups (Mouritsen and Poulin 2005). The parasite-induced surfacing
of cockles has further been linked with changes in primary and secondary production
on mudflats (Mouritsen and Poulin 2006). Similar trait-mediated effects have been
observed in the mudsnail Hydrobia ulvae which serves as first intermediate host to a
range of trematode species. Field experiments indicated that infected snails indi-
rectly alter the abundance and composition of primary and secondary producers via
direct effects of parasite infections on the snails’ grazing behaviour (Mouritsen and
Haun 2008). Other morphological, physiological or behavioural traits of hosts that
are induced by parasites in infected hosts are likely common in mudflat ecosystems
but, as in the case of density-mediated indirect effects, the extent and relevance of
these indirect effects for mudflat ecosystems have yet to be determined.

3.3 Effects on Food Chains, Food Webs and Ecosystem
Energetics

The various impacts of parasites on their hosts can also affect food chains, food webs
and ecosystem energetics in mudflat ecosystems (Lafferty et al. 2008). One way of
doing so is that parasites can mediate the strength of trophic interactions and thus
alter the flow of energy in food chains. For example, trematode infections in
periwinkles (Littorina littorea) can reduce the grazing activity of infected snails,
so that they consume only about 2/3 of the macroalgal biomass compared to
uninfected snails, thus altering the interaction strength between primary and second-
ary consumers (Clausen et al. 2008). Likewise, parasites can also mediate the
interaction strength between secondary and tertiary consumers. Periwinkles
(L. littorea) are often infected with the shell-boring polychaete Polydora ciliata.
Infected snails have weaker shells caused by the burrowing activity of the worms,
and this affects predation of snails by shore crabs (Carcinus maenas), a typical
predator on mudflats along the North East Atlantic coast. Experiments have revealed
that crab predation rates on infected snails are almost five times higher than on
uninfected individuals (Buschbaum et al. 2007). Similar effects of increased preda-
tion by crabs on P. ciliata-infected hosts have also been observed in blue mussels
Mytilus edulis (Ambariyanto and Seed 1991; Kent 1981). In some cases, such
increased predation on infected individuals is associated with increased transmission
of parasites to down-stream hosts if the predator serves as a host for the parasite. If
the increased predation on infected hosts results from behavioural or other trait
changes induced by the parasite, this is often considered to be an adaptive host
manipulation by the parasite, as it increases its transmission (Poulin 2010). As
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parasite manipulation of host behaviour may be common in tropically transmitted
parasites such as the ubiquitous trematodes occurring on mudflats, parasites may
often alter the interaction strength between predators and infected prey in typical
mudflat food chains. However, such parasite—mediated alterations of trophic inter-
actions and energy flows are not well-studied in mudflat ecosystems to date.

Besides mediating trophic interaction strength between predators and their
resources in food chains, parasites may also act as a resource themselves (Johnson
et al. 2010). One of the ways in which this can occur, is that the many free-living
infective stages produced by parasites may be utilised by non-hosts as a resource. In
particular, the production of cercarial stages of trematodes is known to be substantial
in mudflat ecosystems (Kuris et al. 2008; Thieltges et al. 2008c), and many organ-
isms that do not serve as host for these parasites are known to prey on these stages
(Thieltges et al. 2008a, b; Welsh et al. 2014). Studies on parasite-inclusive food
webs indicate that this predation on infective stages may be common, as this link
type comprises 10–20% of the total number of trophic links in food webs of mudflat
ecosystems (Thieltges et al. 2013b). However, whether the consumption of infective
stages significantly contributes to the diet of consumers in mudflat ecosystems is
largely unknown. Another mechanism through which parasites can become a
resource themselves, is when parasites are consumed by a predator together with
their host but when the predator is not a suitable host for the co-ingested parasites.
This so-called concomitant predation of parasites is not well understood but studies
on parasite-inclusive food webs indicate that it may actually be very common, as
about 60–70% of the trophic links in food webs of mudflat ecosystems are concom-
itant predation links (Thieltges et al. 2013b). Besides potentially contributing addi-
tional nutritional value to predators in some cases, this type of predation on
parasites may also have important consequences for parasite population dynamics
(Lafferty et al. 2008). However, the magnitude and relevance of parasites as
resources in mudflat food webs remain to be investigated.

Besides affecting predation strength and potentially serving as a resource to
predators, parasites can also affect the general structure and topology of entire
food webs (Lafferty et al. 2008; Dunne et al. 2013). When parasites are integrated
into topological food webs, i.e. food webs that denote the presence or absence of
trophic interactions but do not include information on interaction strength or energy
flow, they generally increase food web size and the density of trophic interaction
links (connectivity; Lafferty et al. 2008; Dunne et al. 2013). Many of these topo-
logical changes are probably not unique to parasites, but simply result from the
addition of species to the webs (Dunne et al. 2013). However, the predation on
parasites by predators discussed above seems to result in unique contributions to
food web motifs, i.e. patterns of small interactive units of food webs (Dunne et al.
2013; Cirtwill and Stouffer 2015). However, it is largely unknown whether these
changes in food web structure in topological webs, that denote only absence or
presence of trophic interactions, also affect energy flows in food webs. The standing
stock of some parasite groups can be high in mudflat food webs, e.g. the biomass of
trematodes in gastropods equals that of birds in Californian estuaries (Kuris et al.
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2008). However, the contribution of parasites to the flow of energy through
entire food webs remains to be unravelled.

4 Parasites and Global Change

4.1 Species Invasions

Mudflats face a multitude of challenges in the course of ongoing global changes
which also have repercussions for parasites and their hosts in mudflat ecosystems.
Among these challenges are biological invasions. In marine ecosystems such as
mudflats, species are mainly introduced via ballast water from large ships and by
aquaculture practices such as oyster farming (Grosholz 2002; Bax et al. 2003, see
also Chap. 14). Many introduced species do not spread much and remain at relatively
low population levels, whereas others become invasive, disperse widely and cause
considerable impacts on native ecosystems (Grosholz 2002, see also Chap. 11).
Parasites can have various roles in the invasion process, and on the impacts of
invasive species in mudflats and other marine ecosystems (see Goedknegt et al. 2016
for a recent review). First of all, invasive species are often released from parasite
infection pressure in their recipient ecosystems and this may facilitate the establish-
ment and spread of invasive species. Such a release from parasites results from the
fact that introduced species often lose all or most of their own native parasites in the
course of the introduction, due to various invasion barriers. For example, parasites
may not survive the transport stage or do not find suitable intermediate and definitive
hosts in the new environment (Torchin et al. 2003; Blakeslee et al. 2013). The
resulting low parasite burden may give the invader a competitive benefit over native
competitors, and thus facilitate its establishment and spread (Torchin et al. 2003;
Blakeslee et al. 2013). However, once arrived in a new environment, invasive
species may acquire local native parasite species. This may reduce their initial
competitive advantage, but it may also affect native hosts of the parasites if the
parasite species’ population size is amplified by the invasive species, resulting in
greater infection levels in native species (parasite spillback—Kelly et al. 2009).
Invasive species may also co-introduce parasites which can affect native host species
as well (parasite spillover—Prenter et al. 2004; Kelly et al. 2009). For example,
Pacific oysters (Crassostrea gigas) that have been introduced to Europe for aqua-
culture purposes have co-introduced an intestinal parasitic copepod (Mytilicola
orientalis) which has spilled over to native mussels, cockles and Baltic tellins
(Goedknegt et al. 2017) and which has negative effects on host condition
(Goedknegt et al. in review).

While such parasite spillover effects have negative effects for native host species,
invasive species such as the Pacific oyster can also have positive effects on native
hosts, by reducing their infection levels with native parasites. They can do so by the
transmission interference mechanisms discussed above. For example, Pacific oysters
are very efficient filter feeders, and can remove cercarial stages of trematodes from
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the water above mudflats (without becoming infected themselves), and thus reduce
infection levels in native hosts such as mussels (Thieltges et al. 2009d).
Other invasive species can also interfere with parasite transmission on mudflats
(Welsh et al. 2014), but our understanding of the full range and magnitude of the
effects of invasive species on parasites and their hosts in mudflat ecosystems is still
very limited. With the globally increasing number of species introductions to
coastal ecosystems, this will be an important future research field.

4.2 CO2 Double Trouble: Temperature Increase and Ocean
Acidification

Other global challenges affecting mudflat ecosystems include the effects of anthro-
pogenic emissions of carbon dioxide (CO2) which have increased atmospheric CO2

levels by nearly 40% since the beginning of the industrial revolution (Salomon et al.
2007). The resulting effect on marine ecosystems is twofold: an increase in seawater
temperature, and an increase in pH, due to the dissolution of CO2 in seawater,
leading to a phenomenon called ocean acidification (Doney et al. 2009; Orr et al.
2005; Hoegh-Guldberg and Bruno 2010). Based on the strong temperature-
dependency of many parasite transmission processes such as in trematodes, a
potential increase in infection levels under increasing water temperatures has been
suggested (Poulin 2006; Poulin and Mouritsen 2006). For some host species that are
sensitive to temperature stress and parasite infections, future temperature increases
may thus have strong impacts on host population dynamics. For example, population
dynamic modelling of trematode infections in amphipod hosts suggest strong pop-
ulation declines, and even local extinction at future elevated temperatures in mudflat
ecosystems in Europe and New Zealand (Mouritsen et al. 2005; Studer et al. 2013a;
Fig. 9.6).

However, in other host species increased temperatures may offset negative effects
of infections. For example, periwinkles (Littorina littorea) show reduced feeding
rates when infected with trematodes at normal summer water temperatures (18 �C),
but at elevated temperatures that are predicted to occur under climate change (21 �C),
feeding rates did not differ between infected and uninfected periwinkles (Larsen and
Mouritsen 2009). In other cases, increased temperatures may not lead to elevated
infections levels in hosts in the first place as, for example, observed in cockles
infected with trematode metacercariae where cercarial emergence is limited during
hot days (de Montaudouin et al. 2016). Many trematode species may also exhibit a
relatively high acclimation capacity, so that cercarial development, emergence and
survival, as well as the survival of miracidia, will not be much influenced by
temperature across a rather broad range of optimal temperatures (Morley 2011,
2012; Morley and Lewis 2013, 2015). Hence, the actual effects of climate change
on parasites and their hosts will not be universal, but will most likely be parasite- and
host-specific.
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Parasites and hosts will not only be affected by temperature, but also by other
environmental stressors, which may result in complex interactions. For example, a
multifactorial experiment on the survival of cercariae of the intertidal trematode
Maritrema novaezealandensis identified significant interactions among temperature,
salinity and ultraviolet radiation (Studer and Poulin 2013), suggesting that the effects
of future temperature increases on parasite-host interactions on mudflats will most
likely be driven by a complex interplay of factors, rather than by simple temperature
effects. Similar caveats with respect to predictions of future parasite infection levels
on mudflats also apply to the effect of ocean acidification on marine parasites and
their hosts. Here, the effects of increased seawater pH on parasites and their hosts
also seem to be species-specific, and also interacting with other factors, such as
temperature and salinity (Koprivnikar et al. 2010; MacLeod and Poulin 2015, 2016).
Hence, more research will be necessary to characterize the complex interplay of
major drivers of infection levels, and the resulting impacts on hosts in specific
parasite-host interactions, to allow realistic predictions of changes in parasite infec-
tion levels under future temperature increases and ocean acidification.

Besides invasive species, temperature increases and ocean acidification, coastal
mudflat ecosystems face other human-induced challenges such as habitat degrada-
tion, eutrophication and overfishing (see Chaps. 13 and 14). We do not know much
about the impact of these various stressors, and more research will be needed to
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Fig. 9.6 Model simulation output of annual population fluctuations (density m�2) of the amphipod
Paracalliope novizealandiae infected with the trematode Maritrema novaezealandensis under
various climate change scenarios: current conditions (+0 �C; black line), an increase in the mean
temperature of 0.6 �C (dark grey line), and an increase of 0.7 �C (light grey line). Shown are the
simplified population trajectories predicted for the first 10,000 days (�27 years) of 80-year model
runs. Data based on Studer et al. (2013a).
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identify and quantify their effects on parasite-host interactions in mudflat
ecosystems.

5 Conclusion and Outlook

In this chapter, we have illustrated and explored the many ways in which parasite-
host interactions can affect host populations, communities and food webs in mudflat
ecosystems, equalling in importance similar effects resulting from other species
interactions such as predation and competition. However, although our knowledge
of the ecology of parasites in mudflat ecosystems has grown considerably during the
last two decades, there are still many aspects that await further investigation, as we
have pointed out throughout the chapter. Possibly the greatest challenge preventing
the full inclusion of parasites in ecological studies of mudflat ecosystems is, as we
also stressed with respect to meiofauna in Chap. 5, the reluctance of marine
ecologists to investigate small organisms whose identification and quantification
have traditionally required expert taxonomical expertise. However, modern tools can
facilitate rigorous studies of parasite diversity and abundance for
non-parasitologists. For example, environmental DNA, or eDNA, approaches can
allow the detection of parasite species and the estimation of their relative abundance
with a non-invasive method based on samples of water or sediment (Bass et al.
2015). Similarly, in the future, the establishment of DNA barcode databases could be
used for the quick and easy identification of multiple parasite taxa by non-experts,
without the need for detailed morphological examinations (Leung et al. 2009). The
rapidly-decreasing costs of gene sequencing should make such new technologies
very attractive for future parasite-inclusive studies of mudflat ecosystems.
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Abstract Ecosystem engineers play a fundamental role in the creation, maintenance
and transformation of habitats in tidal flats. Highly diverse in terms of size, phylo-
geny, and effect on their environment, they can facilitate or hinder a number of
organisms, but generally have a positive influence on both the abundance and the

C. Passarelli (*)
University of Essex, School of Biological Sciences, Colchester, UK

C. Hubas
Muséum National d’Histoire Naturelle, UMR BOREA, MNHN-CNRS-UCN-UPMC-IRD-UA,
Station Marine de Concarneau, Concarneau, France

D. M. Paterson
Sediment Ecology Research Group, Scottish Oceans Institute, School of Biology, University of
St Andrews, St Andrews, UK

© Springer Nature Switzerland AG 2018
P. G. Beninger (ed.), Mudflat Ecology, Aquatic Ecology Series 7,
https://doi.org/10.1007/978-3-319-99194-8_10

243

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99194-8_10&domain=pdf


diversity of mudflat organisms. The magnitude of the engineering effect is, however,
largely dependent on the biotic and abiotic environment of the engineer. In parti-
cular, stressful habitats such as mudflats host a large number of ecosystem engineers;
understanding interactions between them, and how they vary with abiotic variables,
is therefore of crucial importance, to evaluate how ecosystem engineers affect
benthic communities and ecosystem functioning. Such understanding will also
help human populations which benefit from mudflat organisms and/or functioning
(i.e. which derive ecosystem services from them), to maintain and manage the
sustainably of tidal flats, in a way which maintains human health and well-being.

1 Introduction

Despite being stressful environments, with little apparent complexity, tidal flats host
a large diversity of organisms, in the sediment, on the sediment and above the
sediment. Along with morphological, physiological, and behavioural adaptations
necessary to survive in such systems, numerous organisms benefit from facilitative
interactions with other organisms. These non-trophic interactions promote the settle-
ment or development of at least one species, without negatively affecting the other;
for instance, through modification of habitat or reduction of an environmental stress.
Facilitation is being increasingly recognised as an important mechanism that
explains assemblage formation and composition and ecosystem functioning, espe-
cially in stressful habitats such as the intertidal. (Bertness and Leonard 1997).

Research on facilitation by habitat modification was stimulated in 1994, when
Jones and colleagues proposed the concept of ecosystem engineering to describe the
creation, maintenance and transformation of habitat by organisms (Jones et al.
1994). This concept has received considerable attention since then, with more than
2600 papers citing this founding article, 1100 of them published in the last 4 years
(Web of Science 2017). Research has focussed on the identification of ecosystem
engineers and the characterisation of their effects, the modelling of engineering
effects, the interactions of engineers with their biotic and abiotic environment, or
between several engineers, as well as the implications of engineering effects in terms
of ecosystem functioning, goods, services, and management.

Sediment reworking organisms were suggested to be a good example of eco-
system engineers, due to their strong impact on sediment properties, and therefore on
associated communities and ecosystem functioning (Jones et al. 1994). In intertidal
flats, the exclusion of one bioturbator species such as the lugworm A. marina has
indeed been shown to have diverse sediment-mediated effects on benthic commu-
nities (Volkenborn et al. 2009). Coastal systems host a striking diversity of eco-
system engineers (see e.g. Passarelli et al. 2014), most of them affecting the sediment
(Reise 2002), either directly (e.g. construction and maintenance of burrows by
Hediste diversicolor) or indirectly (e.g. modification of hydrodynamics by surface-
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protruding tubes built by the sandmason worm Lanice conchilega). In addition to
their effects on sediments, ecosystem engineers of tidal flats also constitute a major
source of hard substrate, necessary for the recruitment of several species (such as
algae, Thomsen et al. 2010), and as the main provider of habitat complexity
(Zühlke et al. 1998; Bouma et al. 2009). Therefore, ecosystem engineers are
key drivers of the diversity and functioning of mudflats.

Human populations derive numerous benefits from tidal flats, some quite obvi-
ous, such as the provision of fish and shellfish, and some less known, such as nutrient
recycling. However, these services may be altered when the biotic and/or abiotic
environment of ecosystem engineers change, leaving the system in a different func-
tioning state that it used to be. Understanding how ecosystem engineers modify
biodiversity and ecosystem functioning, how they interact with their environment,
and what are the consequences of such interactions on mudflats, is thus essential in
order to maintain the provision of ecosystem services to human populations.

In this review, we will first analyse how the diverse ecosystem engineers that
inhabit mudflats influence their diversity and functioning, at different time and space
scales. We will then assess how the biotic and abiotic environment of ecosystem
engineers alter their abundance and effects on ecosystems, with a special focus on
interactions between ecosystem engineers. Finally, we will review the variety of
ecosystem services provided by mudflats and their ecosystem engineers, and discuss
consequences for coastal management.

2 Diversity of Ecosystem Engineers in Mudflats

2.1 Engineers vs. Non-engineers

Ecosystem engineering may have a longer history than many other ecological
interactions, such as predation or competition. The early and abiotic conditions on
the newly formed planet Earth did not last for long and in geological terms life
evolved very rapidly (Dodd et al. 2017) with the first evidence of life almost 4 billion
years before present, not long, geologically speaking, after the formation of the planet
(4.6 billion years). Life immediately began to have an effect on the new planet, and
while it took some time for the complete change in atmospheric conditions (from
anoxic to oxic) as a result of microbial metabolism (Catling and Claire 2005), much
earlier indications of life are present. Earlymicrobes created structures, laminations in
sediments, akin to modern day biofilms, and those laminations were preserved in the
fossil record as stromatolites (Krumbein et al. 2003, see Chap. 8). This may be the first
organismal engineering activity (Paterson et al. 2008) that we can recognise.

This example highlights two issues: (1) ecosystem engineering is not new; and
(2) an organism does not have to be large and charismatic to influence the environ-
ment; a large number of small ones may be equally, or more, important
(Boogert et al. 2006). However, that is not to say that a single isolated bacterium
does not influence its surroundings, but is this ecosystem engineering? This is a
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question of scale and so it is to some extent arbitrary to decide “how much effect
must be created before the effect is recognised as ecosystem engineering”, which
may be very much a question of context and perspective. A relevant example is the
secretion of extracellular polymeric substances (EPS) from bacteria and
microphytobenthos. A microbial mat is easily recognised as having an engineering
impact whereas a single diatom cell may not, but the single cells still secrete polymer
and will stick local grains together, albeit the effect is on a very small scale
(Fig. 10.1). However, since the effect is measurable, is it ecosystem engineering?
The reality is that all living organisms alter their environment to some extent; it
would be incredible if they did not, but there is a wide variety of impact ranging from
almost quiescent “deep bacteria” (Whitman et al. 1998) with extremely slow metab-
olism, to the obvious and rapid activity of bowerbirds. We apply the term ecosystem
engineering to those cases where the effect is deemed significant from a human
perspective. This may recognise very large-scale effects more easily, beaver dams
and coral reefs, but may miss less obvious examples such as biogeochemical
pathways supplying nutrients. All organisms are capable of ecosystem engineering;
the recognition of the process is a function of scale, knowledge and perceived
importance.

Some examples of commonly recognised ecosystem engineers in mudflat can be
found in Passarelli et al. (2014).

2.2 Classification of Ecosystem Engineers

When Jones and colleagues proposed the concept of ecosystem engineering in 1994,
they immediately defined 2 types of ecosystem engineers: on one hand, autogenic
engineers that transform the environment through their own physical structure,

Fig. 10.1 Small-scale ecosystem engineering by cyanobacteria Oscillatoria spp. (left) and the
polymers produced by diatoms Cylindrotheca gracilis (right, black arrow to diatom, polymers
stained with Alcian blue; from culture: f/2 Guillard in artificial seawater at 25 PSU). Scale bars:
100 μm.
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where the engineer remains part of the engineered environment; e.g. submerged
macrophytes, such as Zostera species, whose leaves modify hydrodynamics
(Fonseca et al. 1982), sedimentation (Ganthy et al. 2013), light (van der Heide
et al. 2007), and many other parameters (Lee et al. 2001). On the other hand,
allogenic engineers alter their environment by transforming other material from
one state to another; e.g. burrowing macrofauna rework sediment (Meadows and
Meadows 1991), alter its stability (Meadows et al. 1990), and pump oxygen into the
sediment (Forster and Graf 1995).

Jones and colleagues also proposed subcategories, as illustrated in Fig. 10.2 with
examples from tidal flats; an ecosystem engineer can alter its environment by
different actions and therefore belong to different categories and subcategories.
Ecosystem engineers can directly create a habitat for other organisms, either by
their own growth (autogenic engineers, case 1) or by transforming a living or
non-living material (allogenic engineers, case 2); for instance, the sand mason
worm Lanice conchilega oxygenates sediments by piston pumping (Forster and
Graf 1995). Oxygenated subsurface sediment can thereafter be colonised by diverse
organisms (Reise 2002). Another mechanism of action of ecosystem engineers is the
modulation of resource flow to other organisms (cases 3 and 4). For instance, tube-

Fig. 10.2 Autogenic and allogenic ecosystem engineering: diverse mechanisms of action.
Figure adapted from Jones et al. (1994), with examples from mudflats. The hourglass symbol
shows potential point of modulation. Case 1 was initially excluded from ecosystem engineering by
Jones et al. (1994), but subsequently proposed to be included (Jones et al. 1997); it is however worth
noting that the provision of trophic resource (organism in state 2 as a food source) is not ecosystem
engineering.
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building polychaetes modify, through their tubes, water flow at sediment surface,
and therefore access to nutrients for benthic organisms (Luckenbach 1986; Zühlke
et al. 1998). Seagrasses, shells, and faecal casts of Arenicola marina have similar
effects (Friedrichs et al. 2009). Finally, Jones et al. (1994) separate in different
categories engineers that modulate the effect of “powerful abiotic control”, such as
fires or hurricanes. Organisms which stabilise the sediment either directly or indi-
rectly (case 5 and 6), therefore preventing sediment erosion by storms, can be
attributed to these categories.

Beyond their interest to illustrate the diverse possible mechanisms of ecosystem
engineering, these categories serve to illustrate general patterns for certain groups of
ecosystem engineers. For example, organisms modifying water flow at the sediment
surface are highly diverse in terms of phylogeny; examples include tube-building
polychaetes (Zühlke et al. 1998) and amphipods (Rigolet et al. 2014), seagrasses
(Fonseca et al. 1982), kelps (Eckman et al. 2003), snails and shells, and even faecal
casts by the lugworm Arenicola marina (Friedrichs et al. 2009). Yet, their actions on
sediment have been shown to be primarily dependent on the density of the structures
(Friedrichs et al. 2000), with an increase of the flow toward the sediment and
sediment destabilisation by the turbulent flow at low density; while a higher density
of structures limits water flux into sediment, and therefore increases sediment
stability. The size and shape of the structures still influence the exact flow (Friedrichs
et al. 2009). Functional classes of ecosystem engineers have been proposed to take
these similarities into account (Berke 2010).

The different mechanisms of ecosystem engineering also have consequences on
the persistence of the effect after the death of the engineer. For example, following
the same case of organisms building biogenic structures, leaves of Zostera marina
will stop having an effect on water fluxes as soon as the leaves die, are carried away,
or eaten. On the other hand, tubes built by polychaetes can survive the worms
themselves (Zühlke 2001). On a larger spatial and temporal scale, oyster reefs can
become accreted, and deeply modify the assemblages of organisms in the surround-
ing environment (Lejart and Hily 2011), even after the death of the oysters
(Summerhayes et al. 2009). The persistence of the engineering effect after the
engineer’s death is dependent upon the persistence of its remains for autogenic
engineers; for allogenic engineers, which modify other materials, the effects are
more likely to last after the death of the engineer (Hastings et al. 2007). However,
because the maintenance of the “engineered” state might require constant action
from the engineer, the persistence of the effect might be short-lived (Reise 2002).

In the specific case of mudflats and coastal sediment, Bouma et al. (2009)
proposed that autogenic and allogenic ecosystem engineers have inverse effects on
epibenthic (which live on the mud or near the mud surface) and endobenthic
communities (which live in the mud; e.g. A. marina). Autogenic, principally epi-
benthic ecosystem engineers, such as Spartina anglica, create a complex epibenthic
habitat, increasing the density of organisms in this habitat at the expense of endo-
benthic organisms. On the other hand, the numerous allogenic engineers that rework
the sediment (see e.g. Meadows et al. 2012), creating burrows and oxygenating
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otherwise anoxic habitats, facilitate other infauna, and therefore increase the diver-
sity of endobenthic organisms.

The diversity and composition of infaunal assemblages are largely controlled by
the sediment stability, itself being strongly dependent of biofilm-forming micro-
organisms (see Chap. 8).

2.3 Case Study: Biofilms and Sediment Stabilisation

A careful review of the literature would unearth a number of relevant studies that
expand knowledge on the effects of biofilms on sediment behaviour, but the general
realisation that biological mediation must be considered when working with, or
predicting or modelling natural sediment behaviour (Black et al. 2002; Murray et al.
2002), has been slow to take hold. This might seem surprising, since the early studies
of biogenic stabilisation were often quite clear and convincing (Manzenrieder 1983;
Paterson and Black 1999). Perhaps the real problem was how to communicate this
research in a way that was meaningful to different interest groups. For example, a
physical modeller might ask for the erosion threshold of an intertidal flat, in order to
prepare a suitable model. The standard way of deriving this would be to measure
grain size and then predict an erosion threshold from a known relationship developed
in the laboratory (e.g. Shields criterion, Shields 1936, and see Chap. 8). This is
almost always wrong; even ignoring the sedimentological context of the natural
spatial variability of sediment distribution and particle mixing, the biology is
missing. Using hydrodynamics and sediment geotechnics in an ecological context
can create inroads to further development between the two disciplines.

An early study by Dade et al. (1990) was prescient. These workers incubated
bacteria on sand, and measured their effect on the erosion threshold; in addition, they
also extracted the polymer they considered to be the “active” agent of the biological
stabilisation, from a similar culture of bacteria, and tested the effect of this polymer
on sand behaviour. The results were informative. The bacteria stabilised the bed
more effectively than the polymer on its own but both tests were more stable than the
control sand (Fig. 10.3). From this, we might expect that it would be possible to
incorporate in the model a “proxy” for biological stabilisation, perhaps by determin-
ing the concentration of extracellular polymeric substances (EPS); however, this has
proven difficult.

Dade’s early results may also help explain why this is the case. The natural
population of bacteria is more effective than the polymer on its own. There may be
several reasons for this. The extracted polymer is no longer in the same molecular
conformation as the EPS mixture formed under natural conditions. In addition, the
bacteria may secrete some polymers randomly, but also some in a much more
targeted manner, such as attached to surfaces, essentially creating networks of
polymer strands and bridges, which are unlike the extracted material being added
uniformly to a clean substratum. It is therefore unsurprising that the growth of a
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biofilm imparts more structure and is more effective at binding material. Even if this
were not a limitation, biogenic effects would still be subject to the natural variability
of biological systems; moreover, the spatial patchiness and variability of biofilm
formation is well-known, and also applies to other EPS producers such as diatoms
(Jesus et al. 2005). Defew et al. (2003) showed that a multivariate and often site-
specific approach would be required to predict the influence of biogenic effects of
sediment stability, and while developments in spatial analysis, molecular tools and
advances in remote sensing may all offer new opportunities, there is still a void in
terms of communication and research using natural systems to address this short-
coming. This requires an interdisciplinary approach (Malarkey et al. 2015), to better
integrate increasing knowledge of biogenic stabilisation with modelling platforms
capable of incorporating biogenic effects.

2.4 Influence of Ecosystem Engineers on Biodiversity
and Ecosystem Functioning

Ecosystem engineers influence both the abundance, and, because their effects are
species-specific, the composition of surrounding assemblages. For example, species
which stabilise sediment tend to facilitate the recruitment and growth of organisms
that rely on sediment stability, while they exclude organisms having a contrary effect

Fig. 10.3 Schematic representation of the effect of clean sand, extracted polymer, and biofilm
development on sediment erosion threshold (after Dade et al. 1990). Scale bars: clean sand 50 μm;
others 100 μm.
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(Woodin and Jackson 1979). Also, a single ecosystem engineer species can affect
assemblages of organisms of very different sizes and habitats; for instance in
mudflats, Lanice conchilega influences the recruitment and development of micro-
organisms, meiofauna, and macrofauna (Passarelli et al. 2012b), as well as associ-
ated epibenthic and fish populations (Rabaut 2009).

A good example of an effect at multiple levels comes from the experiments of
Volkenborn and colleagues, who excluded the lugworm Arenicola marina from
400 m2 plots during 3 years. This exclusion led to the accumulation of fine particles
and organic matter in the sediment, eventually modifying its chemical and physical
properties, and also altering the growth of microphytobenthos, as measured by
chlorophyll concentrations (Volkenborn et al. 2007). Exclusion also increased the
abundance of ragworms Hediste diversicolor, which benefited from reduced com-
petition, while Scoloplos armiger were negatively affected by the change of sedi-
ment chemistry (Volkenborn and Reise 2006). Exclusion of A. marina also
benefitted other macrofaunal species such as clams and tube-building polychaetes,
as well as some algal species who settled on the tubes (Volkenborn and Reise 2007;
Volkenborn et al. 2009). These authors pointed out that such engineering effects
were highly dependent on time, space, and on the recruitment success of A. marina
(Volkenborn and Reise 2007).

For individual species, the effect of ecosystem engineers can be either positive or
negative, so there is no reason to assume that the net effect of an engineer on
biodiversity will always be positive at a patch scale (Jones et al. 1997). However,
ecosystem engineers who increase the complexity of a habitat tend to have a positive
effect on the diversity, while those who render the habitat more homogenous
decrease it (Crooks 2002; Cruz Sueiro et al. 2011). This is because transforming
simple habitats into complex ones creates additional niches (Bell 1985), and can also
provide refuge from predators (Woodin 1978; Bouma et al. 2009).

Given that engineering effects are highly dependent on time and space,
non-engineered habitats, engineered habitats and previously engineered habitat
will coexist at a larger temporal and spatial scale. By increasing the patchiness of
habitats, the engineer will generally increase diversity at a landscape scale (Jones
et al. 1997; Volkenborn and Reise 2007). This is especially true since the effect of
engineers on associated assemblages can change after their death and during the
degradation of their structures (Summerhayes et al. 2009).

Ecosystem engineers usually facilitate their own recruitment, especially beyond a
given threshold (Bouma et al. 2009). When settled, organisms then modify their
environment, which attracts new species. Mudflats are highly dynamic systems, and
as such they are stressful for many organisms. Ecosystem engineers can reduce the
magnitude of variations of physical and chemical parameters, facilitating the settle-
ment and growth of other species, therefore acting as foundation species (Altieri
et al. 2007). The creation of this new habitat, however, can be made at the expense of
another (Bertness 1984).

Indeed, the combination of thresholds and positive feedback mechanisms make
possible the coexistence of several stable states (Wilson and Agnew 1992; van der
Heide et al. 2007; Bouma et al. 2009). This can be illustrated by the seagrass Zostera
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marina, which reduces nutrient concentration in the water column, and softens the
current and wave action. Both mechanisms decrease turbidity, which facilitates the
development of the seagrass, and its associated assemblages. If the population of
Z. marina decreases, e.g. following a disease, the turbidity will remain high; this will
hinder the development of the seagrass. The threshold for the survival of a popu-
lation seems to be around 1000 shoots per square meter (van der Heide et al. 2007).

Any biotic or abiotic variable able to modify the abundance of an ecosystem
engineer is therefore likely to have a large influence on the abundance, composition
and diversity of the communities.

2.5 Evolutionary Perspective of Ecosystem Engineering

Since Charles Darwin first presented the theory of evolution to the world (Darwin
1859) evolutionary science has itself evolved considerably (Laland et al. 2014). The
mechanisms of evolution are under increasing scrutiny as the science of molecular
genetics increases in sophistication, allowing the interrogation of genes and genomes
at a speed and resolution that was until recently unthinkable (Hall 2007). There are
also many discussions in terms of evolutionary theory trying to explain how the
pressures that lead to evolutionary change can be classified and modelled. Eco-
system engineering is a relevant example. It is understood that the activity of
ecosystem engineers alters the environment, and one school of evolutionary thought,
presented under the “Extended Evolutionary Synthesis” (EES) theory (Extended
Evolutionnary Synthesis 2016), suggests that the activity of the engineer in changing
the environment should in itself be recognised as a distinct evolutionary pressure.
EES proposes that engineering activity significantly alters the evolutionary trajectory
of organisms exposed to the effect (Fig. 10.4). A classic example would be bacteria
evolving in a soil that has been bioturbated by earthworms, but there are many other
examples. This hypothesis is described under the theory of “niche construction”
(Odling-Smee et al. 2003), an evolutionary partner to ecosystem engineering.

Even greater complexity can be imagined when aspects such as “cooperative
ecosystem engineering” as proposed by Passarelli et al. (2014) are considered. There
is no restriction on this activity that suggests cohorts of organisms may provide
similar pressures or effects. In addition, species may also interfere with one another
diluting selective pressures. As noted earlier, the first evidence of life on earth are
laminated structures preserved in rock arising from the activity of bacterial biofilm
assemblages. This early ecosystem engineering creates more stable sedimentary
gradients, potentially driving evolutionary change (Paterson et al. 2017). Although
this hypothesis is contested by many evolutionary biologists (Laland et al. 2014), it
is clear that ecosystem engineering does have a significant impact on the local
environment of both the engineers and of cohabiting species, and the theory of
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niche construction is worthy of consideration, emphasising the evolutionary impor-
tance of ecosystem engineering.

3 Mudflat Ecosystem Engineers in Their Biotic and Abiotic
Environment

3.1 Ecosystem Engineers and Interaction Webs: Example
of Sediment Stabilisation by Biofilms

Shortly after proposing the concept of ecosystem engineers, Lawton and Jones
(1995) suggested that engineering effects have their place in larger interaction
webs, which would combine both trophic and non-trophic interactions. Engineers
are indeed themselves organisms which undergo variations of their biotic and abiotic
environment, which can influence their abundance and densities, and thus their
engineering effect. More recently, Hastings et al. (2007) proposed that integrating
non-trophic, engineering interactions into food webs was especially important when

Fig. 10.4 Simplified schematic representation of the niche construction theory. 1: environmental
pressures. 2: biotic pressures. 3: alteration of local environment by ecosystem engineering. Engi-
neering activity (e.g. bioturbation by Hediste diversicolor) alters the local environment for other
organisms, altering their evolutionary trajectory.
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the time and spatial scale at which these interactions occur is very different from the
scale at which trophic interactions occur. Our previous example of biofilms and
sediment stabilisation, illustrates the need to build interaction webs when trying to
assess the magnitude or dynamics of an engineering effect (Fig. 10.5).

A first point is that biofilms are a trophic resource for consumers, such as the
amphipod Corophium volutator (Daborn et al. 1993; Hagerthey et al. 2002) and the
common mud snail Hydrobia ulvae (Andersen et al. 2002; Hagerthey et al. 2002).
The selective-feeding C. volutator has a strong influence on biofilms, both reducing
biomass and altering the composition of the microphytobenthic assemblage; on the
other hand, the unselective grazer H. ulvae reduces microphytobenthic biomass but
does not affect the composition of the assemblage (Hagerthey et al. 2002). These
consumers are therefore likely to have contrasting effects on the biofilm’s engineer-
ing capacity (Andersen et al. 2002). Also, Daborn et al. (1993) demonstrated that,
when C. volutator is consumed by migratory birds, an “ecological cascade” takes
place where birds, by feeding on the amphipods, decrease the consumption of
biofilms and therefore increase sediment stabilisation. The development of biofilms
is also controlled by various abiotic parameters, such as nutrients or light. A good
example is the bioadvective gardening by the lugworm A. marina, i. e. the transport
of nutrients from depth to surface, where they become available for
microphytobenthos (Chennu et al. 2015).

To complicate the picture even more, diverse types of interactions can take place
between the same two engineers. For example, C. volutator feeds on biofilms, but

Fig. 10.5 Interaction networks around biofilms and sediment stability, detailing trophic (black
arrows) and non-trophic (through action on abiotic factors) interactions in the examples discussed in
Sect. 3.1.
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also mitigates the effect of temperature on biofilm development (Hagerthey et al.
2002). The ragworm Hediste diversicolor feeds on biofilms as well, but this worm
also reworks sediment and potentially increases the recycling of nutrients, therefore
stimulating the growth of biofilm (Passarelli et al. 2012a). Therefore, considering the
trophic links alone might lead to conclude that H. diversicolor will have a negative
impact on sediment stabilisation by biofilms (Passarelli et al. 2014), while in fact the
worms can stimulate biofilm growth and the engineering effect (Passarelli et al.
2012a). With that in mind, it seems necessary to understand the various trophic and
non-trophic interactions on ecosystem engineers with their environment if we are to
estimate the magnitude of engineering effects and their variability in space and time.

3.2 Effects of Abiotic Parameters on Ecosystem Engineers,
and Consequences for Mudflats

Numerous environmental variables alter the development of ecosystem engineers,
and through them their associated communities. This can be a seasonal effect in the
case of Lanice conchilega, as these sand-mason worms can suffer massive mortal-
ities in winter, causing a change in sediment properties (Alves et al. 2017). Bateman
and Bishop (2017) used a meta-analysis to decipher the factors contributing to the
variations of the engineering effects of bivalves on the assemblages of epifauna and
infauna. They conclude that even if some engineers, such as oysters, generally had a
large effect compared to others, the magnitude of the engineering effect was very
variable, and also deeply affected by environmental context. Human actions can also
modify habitat, and through them the development of engineers. For example,
recreational clam-digging activities deeply alter the distribution of the lugworm
Arenicola marina (Boldina and Beninger 2014), an ecosystem engineer known to
have major effect on sediment properties and macrofaunal communities
(Volkenborn and Reise 2006; Volkenborn et al. 2009). Global changes in temper-
ature will also affect the biogeographic range of engineers (Wethey et al. 2011) and
therefore the functioning of ecosystem. Finally, massive pollution events can have
in-depth consequence for the composition and functioning of coastal systems: for
example, the Deepwater Horizon oil spill in US led to large loss of oysters
Crassostrea virginica, which in turn led in the destruction of fish habitat, reduced
nutrient recycling and increased sediment erosion (Powers et al. 2017).

Ecosystem engineers modify the abiotic parameters of the habitat in which they
live, therefore potentially facilitating their own development (positive feedback;
Bruno et al. 2003). These mechanisms will influence the population dynamics of
the engineers, either keeping the population below a certain density in the case of
negative feedbacks, or increasing densities above a certain threshold, which then
facilitates the survival of the population. These feedbacks also mean that “switches”
between two alternative states can happen, following a perturbation (Wilson and
Agnew 1992). For example, diatom biofilm development on mudflats enhances the
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accumulation of silt, which stabilises the sediment and further stimulates diatom
development (Van De Koppel et al. 2001). If the biofilm is disturbed by an external
perturbation, the sediment might be eroded, which will further reduce diatom
development. Such switches have been demonstrated with Zostera marina, whose
recovery after a disease was hindered by the increase of turbidity prompted by their
own death (van der Heide et al. 2007).

The action of ecosystem engineers on their habitat can also facilitate the recruit-
ment of better competitors, which will then tend to limit the development of these
ecosystem engineers (negative feedback; Bruno et al. 2003). This can lead to stable
equilibrium between ecosystem engineers and better competitors, which highlights
the possible interplay between abiotic and biotic variables in explaining the magni-
tude of engineering effects.

3.3 Interactions Between Ecosystem Engineers

Ecosystem engineers are involved in numerous interactions with other organisms,
such as trophic links. Engineering and trophic interactions are starting to be inte-
grated in models (Kéfi et al. 2012; Sanders et al. 2014), showing that the net effect of
one engineer species will depend on its direct engineering effects, its direct trophic
influence, and any positive or negative feedback on the engineer itself (Sanders et al.
2014). Ecosystem engineers are also involved in other types of interactions such as
parasitism and competition (Jones et al. 1997), such as the mutual exclusion of
sediment stabilising and sediment destabilising species (Woodin and Jackson 1979).
Also, the trophic interactions in which ecosystem engineers are engaged are them-
selves dependent on abiotic factors; for example, shade alters the predation of the
clam Macomona liliana by eagle rays, and therefore their engineering effect on the
meiofaunal community (Van Colen et al. 2015).

Ecosystem engineers can also interact among themselves, which can deeply
modify their effects on communities. Such interactions can happen when ecosystem
engineers act as foundation species, creating habitat for other organisms (Altieri
et al. 2007), including other ecosystem engineers. Thomsen et al. (2010) proposed
the concept of habitat cascade to describe these interactions where a basal habitat
former, by its engineering effect, stimulates the development of an intermediate
habitat user and former, which in turn engineers habitat for a focal group of
organisms. For example, hard substrate for algal settlement is rare in soft-bottom
tidal flats; yet, shellfish and tube-forming polychaetes, such as Diopatra cuprea
(basal habitat formers), provide suitable substrate for the recruitment of seaweeds,
such as Gracilaria spp. (intermediate habitat former), which will provide habitat to
epibionts (Thomsen et al. 2010). Similarly, the modification of the habitat of the
clam Anadara trapezia by Caulerpa taxifolia influences the burial depth of the clam,
which increases the substrate available for epibionts, thereby enhancing their diver-
sity (Gribben et al. 2009). Also, tube-building polychaetes can take advantage of the
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absence of the bioturbator A. marina following an experimental exclusion; their
tubes then provide substrate for algae, which in turn increases the settlement of
byssus-drifting bivalves (Volkenborn et al. 2009).

Species facilitated by engineers can also associate with them, further modifying
the environment (Alvarez et al. 2015). And in non-hierarchical interactions, the net
effect of two species of ecosystem engineers might differ from the sum of individual
effects. For example, Boyer and Fong (2005) manipulated, in a saltmarsh, the
density of the snail Cerithidea californica, which tends to increase microalgal
cover, and that of the crab Pachygrapsus crassipes, which slightly decreases
it. When these two engineers were put together, surprisingly, the microalgal cover
disappeared. More recently, Eklöf et al. (2011) investigated the counteracting effects
of Zostera noltii, which stabilises sediment, and the lugworm Arenicola marina,
which destabilises sediment by bioturbation. They cleared patches of Z. noltii and
added lugworms to some of the cleared patch, expecting A. marina to reduce
recolonization by the seagrass. They did not observe such an effect, until an
unplanned disturbance (possibly strong hydrodynamics) increased the size of the
cleared patches; then, they demonstrated that the presence of the worm decreased the
threshold-size of the patch necessary to prevent the recolonization by the seagrass.
They concluded that the interaction between counteracting engineers could influence
the response of ecosystems to disturbance.

The effect of two ecosystem engineers can also be synergistic, meaning that their
combined effect will exceed the sum of their individual effect. For example, we
investigated the effect of Lanice conchilega and microphytobenthos on sediment
stability (Passarelli et al. 2012b). At high tube density, the tube-building polychaete
modifies sediment properties (e.g. grain size) by altering water flow at the sediment
surface. Microphytobenthos produces extracellular polymeric substances (EPS) that
bind and stick the sediment particles together. The resulting effect of both engineers
together is a significant increase in sediment surface adhesion, a proxy for sediment
stability (Passarelli et al. 2012b). We proposed the term of cooperative ecosystem
engineering to describe this synergistic interaction (Passarelli et al. 2014).

Caliman et al. (2011) demonstrated similar synergistic effects of three
bioturbators on nutrient fluxes at the sediment/water interface, mainly driven by
complementarity between the species (nymphs of Campsurus melanocephalus,
adults of Heteromastus similis and Heleobia australis). However, synergistic effects
were only apparent when the volume of sediment available for bioturbation was
above a certain threshold. This shows that interactions between ecosystem engineers
can themselves be dependent on other factors, which makes the picture even more
complex. Eklöf et al. (2015) demonstrated that interactions between ecosystem
engineers (seagrass and lugworm), in concert with abiotic conditions, dictate the
distribution of engineers and associated communities.

Understanding these interactions is of crucial importance if we are to understand
how ecosystem engineers will influence their environment in the future, and what the
consequences for human populations are.
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4 Importance of Mudflats Ecosystem Engineers for Human
Populations: Ecosystem Services

4.1 Definition and Examples of Ecosystem Services

The most commonly-accepted definition of ecosystem services (or ecological ser-
vices) is that of the Millennium Ecosystem Assessment (MEA 2003), which states
that it refers to the benefits that humans derive from ecosystems. The idea that
notions such as biodiversity and ecosystem services could be assessed in environ-
mental and economic terms emerged in the 1970s–1980s, and was further popular-
ized by the MEA. The main postulate was clearly anthropocentric, as it stated that
monetary valuation should help society to familiarise itself with abstract ecological
concepts of biodiversity that are mostly regarded as meaningless or
non-understandable by the general public. Since then, policy makers have increas-
ingly recognised the role of environmental valuation for environmental management
and conservation purposes; and the number of economic studies seeking to value
biodiversity has increased simultaneously. Research effort has increased in all fields,
including the marine environment; numerous marine habitats, species, or ecosystems
services have been studied, and it has been shown that a decline in biodiversity could
result in a change in the provision of goods and services by marine ecosystems,
including reduced resilience and resistance to environmental change, declining
marine environmental health, reduced fisheries potential, and loss of recreational
opportunities (Beaumont et al. 2008).

At around the same time period, mudflats were largely regarded as “unvegetated”
habitats, and therefore considered non-productive, compared with vegetated mud-
flats, such as salt marshes or seagrass beds. It is likely that this restrictive view
contributed to diverting the attention of numerous scientists and economists toward
apparently more diverse and/or endangered habitats/species, until the profile of its
“secret garden” (i.e. microphytobenthos) was raised (MacIntyre et al. 1996; Miller
et al. 1996). In addition, the relationship between diversity of microphytobenthos
and ecosystem function was recognised only relatively recently (Forster et al. 2006).

In the terrestrial ecosystem, vegetative cover is widely considered to play a key
role in regulating and supporting services related to soil retention and prevention of
landslides (Millenium Ecosystem Assessment 2003). De facto, it is difficult to
believe that bare mud contributes to erosion control and therefore coastal protection,
even though microphytobenthos is now considered a major biogeomorphological
player in mudflats (see Chaps. 2, 4 and 8). Its ability to enhance sediment stability
and influence erosion threshold of intertidal sediments, as well as sediment transport,
has been studied extensively (Paterson 1989; Black et al. 2002; Tolhurst et al. 2008;
Gerbersdorf et al. 2009; Lubarsky et al. 2010), and is well recognised (Stal 2010).
Coastal protection is an important ecosystem service, as the cost of coastal erosion is
estimated to reach hundreds of millions of dollars each year in the USA alone (Heinz
Centre for Science Economics and the Environment 2000).
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Based on the framework given by the MEA (Millenium Ecosystem Assessment
2003), we identified the following ecosystem services provided by mudflats
(Table 10.1; Costanza et al. 1997; Markov and Nedkov 2016).

4.1.1 Food Production

Food production includes the vast range of food products derived from plants,
animals, and microbes, as well as materials derived from mudflats. The trophic

Table 10.1 Ecosystem services in the mudflat, and links to ecosystem engineers

Type of ES
Ecosystem service
(ES) Example from the mudflat

Example of mudflat
ecosystem engineers directly
or indirectly involved in ES

Provisioning Food production Fishing, seafood gathering
by hand, aquaculture
(oysters, mussels, shellfish
production)
See also Chap. 13

Microphytopbenthos
(Passarelli et al. 2014)
directly as a food source or
indirectly at the base of the
food web

Genetic resources:
Sources of biologi-
cal material and
products

Genetic variability
between individuals
within a population

All ecosystem engineers

Biochemicals Bioactive compounds Benthic microalgae and
bacteria and their EPS
(Lubarsky et al. 2010)

Regulating Climate regulation Greenhouse gas regulation All ecosystem engineers, for
instance diatoms

Waste treatments/
water purification;
recovery or removal
of nutrients

Nitrogen fixation and
removal, P, Fe, Sulphate
and methane cycle.
See also Chap. 4

Bacterial assemblages of the
sediment

Cultural Recreational
activities

Eco-tourism, fishing (see
Chap. 12), seafood gath-
ering, seabird watching

Emblematic ecosystem
engineers. Ex: honeycomb
worm

Cultural Educational, scientific
value

Emblematic ecosystem
engineers

Supporting Erosion control and
sediment retention;
coastal protection

Biostabilisation of sedi-
ments by microbes

Benthic microalgae and
bacteria and their EPS
(Lubarsky et al. 2010),
engineers forming biogenic
structures

Primary production Benthic microalgae,
seaweeds

Nutrient cycling See Chap. 4 Examples include sulphate-
reducing bacteria, nitrifying/
denitrifying bacteria. . .
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input of mudflat benthic invertebrates (meiofauna, macrofauna) is largely based on
microphytobenthic production. The diet of mudflat fishes (including important
commercial species) depends on their life cycle. In general, larvae and/or juveniles
feed on zooplankton or harpacticoid copepods (Kanou et al. 2004), later switching to
other prey items (e.g. gammaridean amphipods, mysids, polychaetes, detritus,
bivalves and fishes). In some cases, mudflat fishes’ food webs may be supported
predominantly via carbon from adjacent habitats (e.g. macroalgae, seagrasses) and
not in situmeiofauna or MPB (Project 1997; Melville and Connolly 2005). For more
detail on food production, see Chaps. 13 and 14.

4.1.2 Genetic Resources

The genetic variability between individuals within a population of a given species,
corresponds to the diversity of genetic resources for that species. Alternatively, the
genetic variability within a given population in a biological community forms the
genetic resources for an ecosystem. Mudflats are tidally-influenced ecosystems, that
are naturally characterised by strong physical and geochemical gradients, under
varied geomorphological settings, which give rise to a multitude of habitats and
niches. Environment fluctuations can indeed have a direct influence on genetic
interactions among traits, as well as the genetic variance in traits themselves
(Hedrick et al. 1976; Sgrò and Hoffmann 2004). For instance, the diatoms as a
group are characterized by a large variety of sizes and shapes among species, which
allows them a large spectrum of interactions with the environment and of niche
exploitations. Environmental fluctuations in mudflats are thus a potential source of
genome variability; however, few studies have dealt with this issue.

4.1.3 Biochemicals, Natural Medicines, and Pharmaceuticals

Many medicines, bioactive molecules for human health and plant health, biocides,
food additives such as alginates, and biological materials are derived from marine
ecosystems. Marine polysaccharides have been exploited for many years, and are
mainly used as texturing agents in the agri-food and cosmetics industries (principally
hydrocolloids, which increase viscosity and give a gel-like texture; Agasse et al.
2015). For example, those extracted from macroalgae represent 40% of the global
market of hydrocolloids, which is valued at $4.4 billion. Europe represents 30% of
the market (Kraan 2012). The main polysaccharides are alginates, agars and carra-
geenan. More recently, microalgae, bacteria and cyanobacteria have been considered
an interesting source of polysaccharides. Mudflat benthic bacteria and diatoms are
potentially an important source of bioactive molecules for the pharmaceutical
industry, including anti-cancer molecules, antivirals, or functional foods such as
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the polyunsaturated fatty acids of microalgae (eicosapentaenoic acid: EPA,
docosahexaenoic acid: DHA), carotenoids, astaxanthin, beta-carotene, and lutein.

4.1.4 Climate Regulation

Estimates of the annual benthic net production rate obtained through in situ mea-
surements of carbon dioxide fluxes at the benthic community level, have been
proposed for diverse tidal sedimentary systems including mudflats (Migné et al.
2004; Spilmont et al. 2005; Hubas and Davoult 2006; Spilmont et al. 2006; Davoult
et al. 2009). Intertidal muddy sediments are characterized by large fluctuations in
environmental parameters in response to the superimposition of diurnal and tidal
cycles, which induces a variability of both production and respiration processes over
a number of time scales (day, tide, season, year). These systems are generally
considered heterotrophic (i.e. net CO2 degassing; Borges 2005; Migné et al.
2009). Ecosystem engineers, and especially microphytobenthos, play a key role in
regulating CO2 fluxes in these ecosystems. Generally speaking, carbon is fixed by
microphytobenthos and transferred very quickly to heterotrophic bacteria and higher
trophic levels (Middelburg et al. 2000), but there is currently a large gap in
knowledge about the relationships between microbial diversity and C fluxes.

4.1.5 Eutrophication Control

Microphytobenthic biofilms drive and modulate fluxes of carbon (C) and nitrogen
(N) across the sediment-water interface, thus playing a pivotal role in the coastal
filter function, affecting coastal eutrophication and water quality (Hochard et al.
2010).

4.1.6 Cultural Services: Recreation, Aesthetics, Educational, etc.

As pointed out by Rees et al. (2010), the mudflat recreational industry (e.g. fishing,
see Chap. 13 and seabird watching, see Chap. 12) depends directly or indirectly on
the presence of natural marine resources. In their study, the marine leisure and
recreation industry was valued using both monetary and non-monetary methods
(see also Chap. 13). In addition, they showed that the leisure and recreation industry
are dependent on biodiversity.

As can be seen from Table 10.1 and from the numerous examples developed here,
the links between ecosystem engineers and services are numerous (Fig. 10.6); this is
to be expected from the crucial roles of ecosystem engineers in creating and
maintaining habitat in stressful systems such as mudflats. Due to the particular
population dynamics of ecosystem engineers (see Sect. 3.2), driven by numerous
interactions and feedbacks, and to the numerous anthropogenic influences on coasts
and mudflats, the management of populations of ecosystem engineers is both a
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challenge and a necessity, if we are to continue to enjoy the services provided by
these systems.

4.2 Estimation of Service Value and Implications for Mudflat
Management

Decision making, in terms of environmental conservation, becomes political, an
often-uncomfortable truth for conservation scientists and ecologists (Borja et al.
2017). The best available scientific knowledge should feed into political decision-
making, but the economy is also a powerful force in shaping policy. As described
above, one mechanism for realising/emphasising the importance of coastal habitats
is to formalise the valuation of the ecosystem services provided. This supports
economic valuations becoming more holistic, incorporating both direct and indirect
benefits. A detailed review of the methodology is beyond the scope of this chapter
(see Hanley and Barbier 2009), but it is important for the next generation of
ecological scientists to understand the decision-making processes to help make the
best-case possible for management decisions.

Direct economic benefits are relatively straightforward to assess, such as local
fisheries and the benefits in terms of direct financial return (see Chap. 13). Others are
more complex, and include aspects such as the aesthetic and health benefits of
regular outdoor excursions, the denaturing of xenobiotic compounds or the turnover
of nutrients. These services are hard to value because there is often no “market” that
supports the “trade”; the economic valuation then relies on much more abstract
methods such as determining the “willingness to pay” of the relevant human
population for particular outcome. A recent example by Pakalniete et al. (2017)
considered the willingness of Latvian citizens to “pay” for improving the ecological
status of habitats around the Baltic coast. Using highly-structured questionnaires,
and a discrete choice (DC) methodology, based on a proposed increased in taxation
as the suggested funding mechanism, the sample group was supportive of coastal
habitat protection. A similar approach can be applied to less glamorous systems such
as mudflats. However, this type of valuation may also have limitations. The level of
knowledge of the individual making the assessment may affect the outcome, and
charismatic habitats, such as rainforests, may attract higher valuation than less-
charismatic systems such as mudflats, despite delivering similar services. Therefore,
while methods such as DC are not foolproof, and are widely discussed, they are
nevertheless an important step toward promoting the value that society places on
ecosystem services. The more information that can be provided about systems such
as mudflats, the more likely that evidence in support of good management
approaches can be sustained into the future.
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5 Conclusion

Mudflats and other coastal systems are largely impacted by human populations,
which build on and modify the coastline, release nutrients and pollutants into coastal
waters, introduce new species that can become invasive, and collect mudflat organ-
isms for consumption. Because of the crucial roles of ecosystem engineers in
controlling diversity and ecosystem functions in mudflats, understanding how mud-
flat engineers influence and interact with their environment is necessary in order to
guide good management practices that will ensure the provision of ecosystem
services by mudflats in the future.
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Abstract Thousands of marine species have been moved around the globe by
human activities, at increasing rates over the past century. Many of these species
(here termed “alien”) have taken up residence on mudflats. How are mudflats
changing as a consequence of this biological reshuffling? The preceding chapters
document mudflats as productive environments with strong species interactions,
which both shape and are shaped by the physical environment. The same pattern
appears when alien species are added to the system. Attributes of the physical
environment play strong roles in determining the success of different alien species
on mudflats, while many high-impact alien species create biogenic structure and/or
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modify sediment stability. Above-ground habitat complexity from alien vegetation
or reefs can facilitate both alien and native species, but it can also interfere with
infauna and birds that depend on an unimpeded sediment interface or particular grain
size. Most mudflat aliens, however, simply add to the diversity and linkages of native
communities. The biological changes from invasions are occurring within a context
of other global changes, all likely to interact because alien species can be promoted
by anthropogenic hard structure and warming temperatures.

1 Introduction

1.1 Chapter Overview

The story of biological invasions of mudflats bears much in common with the
ecological understanding of biological invasions more generally. Fundamental ques-
tions include how new species arrive, from where, what intrinsic and extrinsic
factors influence their probability of establishment and dynamics of spread, and
how the recipient ecosystem is changed. Frequently, the answers to these questions
bear on management interventions. For example, what practices could be encour-
aged to slow global homogenization, so that not every place on the planet contains
the same suite of common species (Arrival stage)? Does a species have weak links in
its life cycle where interventions could reduce population growth or density
(Increase and spread stage)? When many aliens are present, which ones have the
greatest ecological or economic consequences for management prioritization? Alter-
natively, there remains interest in finding species elsewhere to serve functional roles
that are not presently being met, e.g. following degradation of conditions for native
species (Impact stage). Although these topics are of general concern in invasion
biology, mudflats are particularly interesting from a perspective of biological inva-
sions because:

• Many mudflats are situated in wave-protected embayments close to ports where
propagule pressure figures prominently in establishment of new species. At the
same time infaunal meio- and macro-fauna require specialized identification,
leading to challenges in simply documenting the pace of change.

• Ecosystem transformation, akin to a state shift, can be caused by biological
invasions. Mudflats appear particularly susceptible to such transformation due
to their geomorphological position at the dynamic land-water interface and due to
single ecosystem engineers that add above-ground structure, stabilize or destabi-
lize sediments. After all, mudflats are flat, but species that add extra structural
complexity can live on them.

• Context-dependence emerges in two ways on mudflats: first, because infaunal
and epifaunal communities depend on different habitat attributes, which could
result in one community being enhanced at the expense of the other (context-
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dependence by functional group); and second, because reef-forming species may
have different effects when they aggregate on mudflats than when they colonize
rocky habitats (context-dependence by habitat).

• Although food web disruptions are documented following biological invasions of
other habitats, trophic and competitive effects of alien species on mudflats tend to
be weak or play out at population- rather than community- or ecosystem-levels.

This chapter builds the evidence for each of these ecological concepts, with a larger
goal of determining how the genesis of novel ecosystems through invasion threatens
(or not) the historic functional roles of mudflats. For the purposes of evaluating these
concepts, some examples are included that stretch the definition of mudflat to deeper
and/or sandier sediments. At the same time, many other forces of global change also
contribute to novel ecosystems in low-energy intertidal areas, including warming, sea
level rise, and the hardening of shorelines from anthropogenic structures. These changes
are on the physical end of a spectrum of human impacts, in contrast to biological
invasions, which directly determine the members of the biological community.

1.2 What Is a Biological Invasion, Anyway?

Biological invasions have occurred on mudflats throughout the world. The term
“invasion” has a negative connotation, indicating that something both does not
belong and is disruptive. Yet invasion biology as a discipline treats these topics as
hypotheses, not accusations, asking questions about origin and impact. It is important
to recognize the existence of social values associated with species of different original
range and different functional roles, and also to recognize that these social values are
mutable (Box 11.1). Because of social differences in how species are valued, clear
terminology aids the science of invasion biology. “Status” of a species is attributed by
humans, whereas “traits” are measured (Costello et al. 2015). Invasion “status” thus
emerges in part from societal values and anthropocentric, subjective judgments and is
subject to change over time (Davis and Thompson 2000). Given such caveats,
terminological care is needed to address this chapter’s topic of species occupying
mudflats where they were not historically present. When a species has been moved
outside its native range through human agency, and it has survived and reproduced, it
is typically termed: introduced, alien, non-indigenous, non-native, exotic, or natural-
ized (stage III in the scheme of Colautti and MacIsaac 2004). The choice in this
chapter is to use “alien.”
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Box 11.1 Battling an Alien to Save a Mudflat

Spartina alterniflora in Willapa Bay, Washington, USA (Photo Jennifer Ruesink).

In 2004, despite a decade of control efforts, cordgrass (Spartina alterniflora)
affected about 30% of the intertidal area of Willapa Bay, Washington, and was
continuing to expand through seedling germination and coalescence of patches
undergoing clonal growth (Buhle et al. 2012). At the time, I was collaborating
with a sabbatical visitor from Korea to document the dynamics of a different
alien plant on those mudflats, and most of our interaction with S. alterniflora
was simply to force our way through dense, head-high stands en route to the
lower elevations where we did our field work. My colleague returned to the US
from Korea in summer 2017 for a short reconnaissance trip, on a fact-finding
mission to understand how Korea should respond to their own incipient
invasion. S. alterniflora had recently appeared in three places along the Korean
coast, probably through dispersal from the extensive invasion in China. Only
one population had been possible to dig up and remove. He had heard that the
vast acreage of S. alterniflorawas essentially gone fromWillapa Bay. How had
the social, practical, and ecological challenges been resolved to achieve that
goal?

We heard the story from a variety of perspectives—coordinators of early
control efforts, on-ground soldiers in the search-and-destroy mission, discoverer

(continued)
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Box 11.1 (continued)
of an effective herbicide that led to 99% reduction from 2004–2007, and even a
fellow out collecting burrowing shrimp for bait, which wouldn’t have been
possible if the invasion had proceeded to that portion of the tidal flat. All used
similar language that pitted humans against this transformational plant in a battle
to save the mudflats, primarily for shorebirds and for shellfish aquaculture.
However, numerous lawsuits occurred in parallel with—and sometimes halt-
ing—control, based on other social values against direct application of herbi-
cides in an aquatic environment.

Conflict stemmed from different perceptions about problems from chemical
and biological pollution. Delays were also attributed to the mudflat habitat
itself, where, as one coordinator noted, “We didn’t even know how to walk on
it when we started.” Finally, although the immediate control after 2004 was
rapid through herbicide application at agricultural scales (helicopter and
tracked vehicle), S. alterniflora has not been eradicated from Willapa Bay
and requires on-going investment every year to find scattered shoots hidden in
native marsh and dissected sloughs.

Leading ecologists consider all alien species to have ecological impacts, simply
by virtue of adding a species to a locale (Ricciardi et al. 2013). However, an increase
or decrease in a response variable does not necessarily equate to a positive or
negative effect on the ecosystem, human health, or finance. Indeed, alien spe-
cies—even those at the top of the “Worst” lists—are increasingly recognized for
their systemic influences that simultaneously bolster and impair ecosystem services
valued by humans (Katsanevakis et al. 2014). The terms “invasive” and “invader”
frequently are limited to high-impact populations that change systems in ways
counter to societal values (but see Richardson et al. 2000), or are both widespread
and ecologically dominant (Colautti and MacIsaac 2004). Because such high-impact
species have disproportionate interest from ecologists and the general public, they
form the focus of the present chapter on biological invasions of mudflats.

At what point has an alien species been present so long in a system that it becomes
part of the accepted milieu? This point could be reached ecologically, through
accommodations—changes in abundance or traits—in the species of the recipient
environment. Or it could be part of a new social baseline with which human society
is comfortable. A species’ status as alien is permanent because the criterion depends
on its transportation to that place by or with humans. (Alien status can be missed if
establishment occurred prior to systematic biological surveys at a site, and later
identified by population genetic patterns, e.g. Einfeldt et al. 2014). However, a
species’ status as invasive may be more flexible, as its impacts change over time,
and also as people pass new judgments on the importance of those impacts.
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2 Patterns of Alien Species on Mudflats

2.1 Invasibility of Mudflats

Although earlier chapters in this book certainly show otherwise, a naïve observer
might look at a featureless flat expanse of mudflat and consider it a blank slate, just
waiting to be colonized by something that could change it into a living seascape. Or
on the other hand, perhaps its conditions are too harsh to support any life. These two
perspectives tend towards opposite ends of a spectrum of invasibility, that is,
whether alien species are frequent or infrequent members of mudflat communities.
Here it pays to examine some data. The question about invasibility of mudflats can
be considered in two ways: first, as how many marine alien species can use mudflat
habitat relative to those that cannot; and second, as the alien fraction on mudflats
relative to other marine habitat types.

Among high-impact marine invaders in Europe, 13% use mudflats (11 of 87 taxa;
Fig. 11.1a). In contrast, mudflats are the habitat of a much higher fraction of taxa
established in marine waters of North America (63%; 90 of 142; Fig. 11.1b). This
difference is probably not strictly biogeographic, but rather reflects that the European
list ranks by impact and the North American list does not. As a consequence, small-
bodied infaunal species that prevail among amphipods, copepods, and worms aug-
ment the fraction of total aliens on mudflats, but not the high-impact species. In some
cases, simply identifying mudflat aliens is a challenge, given a hidden infaunal
position, small body size, and superficially-similar morphologies. For example,
polychaete experts from Japan collected worms from eastern Pacific mudflats in
order to study the unusual life history strategy of Hediste (Nereis) limnicola, only
to find that these worms actually displayed the distinct reproductive structures of
H. diversicolor, a familiar Japanese species (Nishizawa et al. 2014). Subsequent
molecular evaluation showed that H. diversicolor was well established in
U.S. estuaries spanning more than 1000 km, likely from multiple source populations
(Japanese and U.S. haplotypes intermingled at branch tips in the cladogram) and with
on-going genetic exchange within the alien range (little population genetic structure;
Tosuji and Furota 2016). This cryptic invasion evidently escaped notice for many
years due to the morphological similarity of the native and alien species.

When infaunal species are difficult to distinguish, this raises challenges for both
enumerating alien species and determining their effects. A separate challenge
emerges for other species, especially those above the sediment surface, whose use
of mudflats is conditional on patches of vegetation or hard structure. Such species add
as much as one-quarter to one-third of total aliens to mudflat habitats (Fig. 11.1).
Similarly, among high-impact macroalgal invaders worldwide, few attach directly to
soft sediments and therefore would primarily occur in mudflat habitats with inter-
spersed hard structure (Davidson et al. 2015).

While many marine aliens appear on mudflats, and some have high impacts, a
different type of study is necessary to assess representation of aliens relative to native
species. Substantial evidence exists for a high fraction of aliens within estuaries in
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comparison to other marine habitats (Priesler et al. 2009). European estuaries contain
proportionally more alien species (1:5 alien:native) than open coasts (1:20) or
marine waters (1:40; Reise et al. 2006). The possible explanations for invasibility
of estuaries include propagule pressure, because many human activities occur in
these wave-protected embayments. For example, the number of ship-vectored spe-
cies increases with shipping traffic across regions of Europe (Gollasch 2006).
Additionally, estuaries may be more invasible due to environmental filters including
habitat match and interactions with resident species, or from low native diversity
(Reise et al. 2006). However, estuaries consist of a variety of habitats in addition to
mudflats (i.e. pelagic, anthropogenic hard structure). Within a northeastern Pacific
estuary, aliens represented 52% of species on hard substrate, but only 21% of species
on soft sediment; the difference was even more striking for sessile taxa (Wasson
et al. 2005). This indicates that some aliens capitalize on a critical habitat match of

Fig. 11.1 Compilation of alien marine species occupying different habitat types. (a) Subset (43) of
87 high-impact aliens in Europe. In addition to the 43 taxa displayed in the figure, several other
animal taxa contained no species documented in mudflat habitat: ascidians (7 species), bryozoans
(3), cnidarians (8), ctenophores (3) and fish (11). High impact was determined from experiments,
correlations, or expert judgment, out of 110 species screened (Katsanevakis et al. 2014). (b) Marine
and estuarine species established in North America (Fofonoff et al. 2017). Taxa not known to be
established (only found once) were omitted from consideration here. “Other” habitat refers to rock,
sand, subtidal, pelagic, and shallow marsh habitats, as well as fouling organisms if they do not occur
in biogenic habitats (vegetation or reefs) that can form on mudflats.
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hard substrate, such as docks, floats, and armoring, in their invasion of estuaries.
Generally, these hard structures placed in marine environments by people, termed
“ocean sprawl”, disproportionately promote alien species (Firth et al. 2016).

2.2 Traits Underlying Mudflat Transformation

For some time, mudflats have been recognized as a habitat where species that modify
abiotic conditions play stronger ecological roles than through traditional food-web
linkages (Reise 2002). Mudflats are flat and muddy. Logically, this sets the stage for
organisms to reshape mudflats by adding structure or by changing properties of the
sediment. Throughout other chapters in this book, native species received consider-
ation as ecosystem engineers that nevertheless maintained a superficial sense of
mudflat, e.g. infauna and biofilms that change grain size or stability. However, as
noted in the typology of Reise (2002), mudflats also undergo transitions to other
biogenic habitats consisting of emergent structure such as reefs, seagrass, or salt
marsh. These transitions are addressed in the present chapter when due to alien
species, even though they arguably include a state that is no longer a mudflat.

Mudflats share features with other land-water interfaces that make them suscep-
tible to major geomorphological change by alien species (Fei et al. 2014). Mudflats,
along with unstable dunes and braided river systems, are inherently dynamic places
where physical factors frequently reshape landforms. When organisms are in place
that modify the consequence of these physical factors, landscape metamorphosis can
occur; that is, a state shift in the dominant processes. The transition of mudflat to salt
marsh by alien Spartina alterniflora provides one such example (An et al. 2007).
Oyster reefs also change community structure and functioning of their environment
(Ruesink et al. 2005). Reciprocally, the burrowing activities of an alien isopod in
high marsh can remove sufficient sediment to transition these habitats to mudflat
(Talley et al. 2001).

Figure 11.2 summarizes five different transitions that mudflats may undergo due
to functionally-distinct aliens, having different traits. These transitions are aligned
with several other schemes previously presented in the literature (Reise 2002; Fei
et al. 2014). Near the top of the figure are transitions in which alien species produce
or accumulate material. Near the middle of the figure are transitions to alien species
that remove sediment due to the structure or activities of organisms, e.g. through
scour around widely-spaced structure or through burrowing or deposit-feeding
organisms in mudflats. Novel food web interactions are depicted near the bottom
of Fig. 11.2. Each of the five transitions is reviewed in Sects. 3.1, 3.2, 3.3, 3.4 and
3.5 of this chapter.
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2.3 General Scheme for Understanding Impact

Three major factors have been advanced to explain variation in impact across inva-
sions (Ricciardi et al. 2013). First, impact may increase with how well adapted an alien
species is to the abiotic environment, because a better match is likely to increase both
the local abundance and the geographic range, two key parameters in calculating
invasion impact (Parker et al. 1999). In the case of mudflats, examples of matching
between organism traits and abiotic environment could include grain size or salinity,
well known to result in different infaunal communities (Wieser 1959; Hewitt et al.
2005). Second, impact may increase with the number of individuals introduced, in part
reflecting a positive relationship between alien abundance and propagule pressure
(Lockwood et al. 2005), but also because multiple introductions might come from
different source populations and therefore reshuffle genetic traits in ways that enable
the success of an alien species. Here, an example might be the invasion of Chinese
mudflats by S. alterniflora (cordgrass), which can be traced to source populations that
differ in water temperature, tidal regime, and salinity tolerance (An et al. 2007). The
third general factor underlying impact is whether an alien species plays a novel
ecological role or occupies a previously unoccupied niche (Ricciardi et al. 2013).
Accordingly, alien species would be expected to have high impacts on mudflats for the
same reasons that native species can shape this habitat—as ecosystem engineers that
modify above-ground structural complexity or the stability and grain size of sedi-
ments; and as top-down predators foraging on infaunal species (Wilson 1990; Reise
2002). Alien species that simply replace roles of existing species might have compet-
itive effects on that species but would be unlikely to transform the system as a whole;

Fig. 11.2 Conceptual outline of processes potentially changed by alien species on mudflats.
Arrows represent state changes caused by invaders of different types, including those that change
physical structure, sediment disturbance, or trophic connections (left-hand terminology). Trophic
changes occur when aliens add new prey resources or are predators. Predators can also be a source
of disturbance of mudflat habitats, along with alien species that are bioturbators and therefore
influence sediment stability and chemistry. Typically, organisms involved in bioturbation will
increase bioerosion, and reciprocally, those involved in bioconstruction will increase bioprotection
(Fei et al. 2014).
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that is, high-impact invasions of mudflats modify the whole community or ecosystem,
while similar native species could exhibit population-level responses but dampen
emergent change.

Experiments in marine systems have overall confirmed that impacts increase with
alien abundance and can be linked to functionally-distinct traits. Across 88 field
experiments, manipulations of alien density led to linear increases in a variety of
ecological responses, and manipulations of different alien species showed “unique”
effects (Thomsen et al. 2011). However, in contrast to species-specific effects, few
tests have been set up to examine the impacts of the same alien across different
contexts (abiotic conditions or resident biota; Thomsen et al. 2011). Such a gap
raises the profile of comparisons of reef-forming species on rocks vs. self-recruiting
within a mudflat habitat.

Although novel traits contribute to invasion impact, these impacts may fall
disproportionately on particular trophic levels or functional groups. Across field
experiments in marine systems, the presence of a sessile alien species weakly
reduced the diversity of other sessile species, but strongly increased the diversity
of mobile species (Thomsen et al. 2014). Few of the studies in this review came from
soft sediments, but the principle can be logically extended to invasions of mudflats.
The arrival of novel structure-formers would be expected to increase diversity and
abundance of epifauna, given distinct functional positions. However, functional
types differ in their mobility within sediments, and large community-level impacts
on infauna might arise from alien species that markedly changed sediment stability.
Although sediment stabilization is generally considered facilitative and destabiliza-
tion inhibitory (Reise 2002), stabilization achieved through emergent reefs or veg-
etation might act through space competition and negatively affect infaunal diversity.

This conceptual overview has highlighted that mudflats may be particularly
susceptible to ecosystem transformation by alien species because of the spatial
position in a dynamic land-water margin, and additionally suggests how impacts
could follow from functional traits:

• Facilitation: Alien vegetation that adds above-ground structure to mudflats
should augment epifaunal biodiversity but reduce infaunal taxa. Vegetation
could participate in a habitat cascade (indirect effect in which one species
facilitates another structure-forming species, which is used as habitat by other
species) if it requires attachment to biogenic hard surfaces such as shell or tubes in
mudflats.

• Context-dependence and non-linearity: Reef-forming species should have larger
effects on community structure in mudflats relative to rocky environments,
providing examples of context-dependence of invasions that depend on surround-
ing abiotic conditions. Within mudflats, small amounts of hard structure could
protect infauna from predation, but this facilitation could disappear at high reef
density as the abiotic conditions in the sediment are altered; thus reef-forming
species are expected to have nonlinear impacts in mudflats.

• Food web resilience: Whole-community impacts of alien species that recapitulate
existing roles are less likely than for those with novel traits on mudflats, therefore
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impacts through trophic interactions or resource competition may be weak. Weak
trophic interactions from alien species could also emerge if alien predators are not
suited to mudflats but rather associate with structure, or if alien prey are kept in
check through biotic resistance by generalist native predators. Key
non-consumptive effects in mudflats, such as burrowing depth of bivalves, also
decouple predators and prey.

Some empirical evidence supports each of these connections, interwoven into the
five types of mudflat invaders reviewed in Sects. 3.1, 3.2, 3.3, 3.4 and 3.5 (Fig. 11.2),
yet many opportunities remain for future ecological research, especially under
combined homogenization of biota and physical placement of hard structures
through ocean sprawl.

3 Impacts to Mudflats from Aliens with Different
Functional Traits

3.1 Vegetation

Invasion of mudflats by vegetation alters above-ground structural complexity and
tends to stabilize sediment through bioconstruction (Fig. 11.2). Because flowering
plants can take root in soft sediments, a clear mechanism exists for a mudflat to
transition to a salt marsh or seagrass bed, if a novel plant species arrives with the
capacity to use a zone containing no locally-adapted plant. Some mudflats have an
“empty niche” for intertidal vegetation. For example, S. alterniflora (cordgrass) is
typically a low marsh species, adapted to saltwater inundation every day. However,
Pacific Ocean coastlines (Washington State, USA, and China) do not naturally have
a plant that survives under low marsh conditions; rather, salt marshes exist primarily
above mean higher high water. As such, S. alterniflora arrived in a region where no
other rooted plants existed in conditions that suited it, and it was able to occupy tens
of thousands of hectares (An et al. 2007; Strong and Ayres 2013). In a case reversing
the relative alien and native intertidal zones, alien dwarf eelgrass (Zostera japonica)
from the western Pacific Ocean occupies mudflat above native eelgrass in the eastern
Pacific (Ruesink et al. 2010). Z. japonica is damaged by desiccation, but has a
flexible morphology that remains in contact with the sediment and therefore moist at
low tide (Shafer et al. 2007), while its distribution down-slope is limited by compe-
tition from the larger, native congener (Hannam and Wyllie-Echeverria 2015).

Because the establishment of vegetation is sensitive to existing sediment stability,
bioturbators may prevent a transformation from mudflat to vegetated habitat, as by
H. diversicolor (annelid worm) precluding alien Spartina anglica (cordgrass;
Emmerson 2000) and Neotrypaea californica (burrowing shrimp) interfering with
alien Z. japonica (Dumbauld and Wyllie-Echeverria 2003). Such resistance to
invasion acts through trophic group amensalism (Woodin 1976), in which the
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adult organisms present at a site are positively self-reinforcing and prevent the
settlement of different organisms.

3.1.1 Comparison of Epifaunal and Infaunal Responses to Alien
Vegetation on Mudflats

Alien vegetation often increases epifaunal diversity and abundance, as a consequence
of above-ground surface area and resources, but can have opposite effects on infauna.
This differential response of above- and below-ground organisms has been identified
following invasion of Caulerpa taxifolia (macroalga), typically studied in shallow
subtidal soft-sediment environments. Relative to uninvaded areas, C. taxifolia con-
tains more individuals and species within its structure, but fewer within the sediment
where the macroalga competes for space and/or makes conditions more stressful
(McKinnon et al. 2009; Gribben et al. 2013). Detrital material fromC. taxifolia can be
transported away from invaded areas, and when it is deposited on intertidal mudflats,
acts to reduce infaunal diversity and abundance (Taylor et al. 2010). The brown alga
Sargassum muticum has been studied as an alien species in rocky shallow subtidal
environments (Engelen et al. 2015), on oyster reefs within soft sediment (Lang and
Buschbaum 2010), and in intertidal seagrass beds, where it can attach to shell or clam
siphons (White and Orr 2011). In all systems, epifauna respond positively to
S. muticum, but it can displace other space occupants. Among macrophytes with
more obvious intertidal mudflat distributions, alien Spartina spp. (cordgrass) tends to
have negative effects on infauna overall, while shifting the infaunal community
composition from suspension-feeders and grazers, to deposit-feeders and detritivores
(Levin et al. 2006; Neira et al. 2007). In contrast, distinct above- and below-ground
effects are less apparent for dwarf eelgrass (Z. japonica). Its associated community
has so far been sampled with sediment cores, which show elevated faunal diversity
and abundance relative to unvegetated mudflats (Posey 1988; Ferraro and Cole
2012). Nevertheless, Z. japonica can reduce productivity of a suspension-feeding
clam, concordant with reduced water flow (Tsai et al. 2010).

3.1.2 Habitat Cascades Involving Alien Vegetation on Mudflats

Given the ability to facilitate species by providing habitat, alien vegetation may also
serve as an intermediate species in a habitat cascade. Habitat cascades involve two
facilitative interactions, in which an initiator species provides a surface for attachment
of an intermediate (transmitter) species, which then creates space and resources for
additional (receiver) species (Thomsen et al. 2010). On mudflats in particular, small
amounts of hard structure provided by clam siphons, tubes, shell, or gravel may
enable establishment of macroalgae, whereas soft sediments provide little anchorage
for holdfasts. Macroalgae then provide structure and/or resources that increase
epifaunal abundance and diversity. The case of the widespread alien macroalga
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Gracilaria vermiculophylla, which inspired the concept of habitat cascades, is
presented in Box 11.2.

Box 11.2 Alien Alga on Mudflats

Gracilaria vermiculophylla in Hood Canal, Washington, USA (Photo credit: Jennifer
Ruesink).

Gracilaria vermiculophylla, a red alga with many alien populations on
mudflats worldwide, inspired the development of the concept of habitat
cascades (Thomsen et al. 2010). Although G. vermiculophylla can attach to
any small hard surface on mudflats, and even persist as drifting material, its
role in the habitat cascade emerges when the initiator species, a tubeworm
inhabiting mudflats of eastern North America, actively decorates its tube.
Diversity and abundance of epifauna are weakly augmented by tubes alone,
but strongly increased with G. vermiculophylla (Thomsen et al. 2010). Indeed,
even relatively low cover of G. vermiculophylla can dramatically increase the
abundance and richness of epifaunal and nekton species compared to sur-
rounding mudflat (Ramus et al. 2017).

By combining fragments of G. vermiculophylla from different genets, manip-
ulations of genotypic diversity are possible. Diversity confers higher primary
productivity in the mid-intertidal (but not lower intertidal) zones, but the facilita-
tive effect of G. vermiculophylla on epifauna was consistent regardless of

(continued)
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Box 11.2 (continued)
genotypic diversity (Gerstenmaier et al. 2016). Experiments have also been set up
to compare G. vermiculophylla and structural mimics, testing whether epifauna
respond solely to structure or require the living alga. The latter appears to be
important, as structural mimics ofG. vermiculophylla do not generate an identical
epifaunal community to the alga itself (Byers et al. 2012). However, at least one
amphipod simply uses G. vermiculophylla as habitat, without consuming it
directly (Wright et al. 2014). Within the three-part habitat cascade, the tubeworm
also consumes some of the epifauna, which makes the interaction between the
tubeworm and G. vermiculophylla mutualistic—the red alga receives a place for
anchorage and growth, and the tubeworm acquires additional prey (Kollars et al.
2016).

3.2 Reefs

Alien species explored in this section fall in the category of those that form hard
external structures, especially protruding above the sediment and/or persisting at the
sediment surface after the death of the living organism. Charles Elton (1958)
provided an early warning about such species in his landmark book on biological
invasions, through his identification of Pacific oysters (Crassostrea gigas) as a
globally-transported species, able to reach high density and dominate space, while
also vectoring additional aliens. Conceptually, the framework for impacts of such
alien species is well-developed (Fig. 11.3). Any species that increases the structural
complexity of a habitat is likely to augment the diversity and abundance of other
species, whereas species that decrease structural complexity will accordingly reduce
diversity and abundance (Crooks 2002). When reefs form in soft sediments, the
change is not just quantitative (increased surface area), but also qualitative (hard
added to soft). This qualitative change in habitat type promotes different types of
associated species relative to mudflat, not just overall higher abundance and diver-
sity from surface area considerations (Fig. 11.3). In keeping with the facilitative
interactions described earlier for habitat cascades, hard structure created by alien
species often increases richness and abundance of associated organisms, both sessile
and mobile (Heiman and Micheli 2010). However, when other alien species are
better able to use such habitat than are native species, invasional meltdown occurs, in
which the establishment of one alien species increases subsequent invasibility
(Simberloff and von Holle 1999).

Not all reefs consist of molluscs, and not all molluscs build reefs. However, the
role of molluscs as shell-forming ecosystem engineers in soft sediments is well
known. Sousa et al. (2009) summarized 24 examples of alien marine molluscs,
spanning a range of habitats, but disproportionately noted in mudflats, due to
seven infaunal clam species and 10 mussel and oyster species able to build up on
soft sediments through settlement on or near adults. Molluscs that have shells above
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Fig. 11.3 Alien species that form biogenic structure may have context-dependent effects on
mudflat communities. In (a), structure-forming aliens on mudflats could increase richness and
abundance due to both surface area and a novel (hard) surface type. In (b), structure-forming aliens
on mudflats could benefit above-ground more than below-ground communities. In (c), mudflat
communities could be protected from surface-feeding predators when structure-forming aliens
occur at low density, but could be impaired by a high-density layer impeding connections to the
sediment surface. Photograph shows Crepidula fornicata shells washed up on the supratidal fringe
from the adjacent mudflat, La Bernerie, France (Photo PG Beninger).
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the sediment may contribute both complexity and surface area, thus augmenting
habitat for other species (Gutierrez et al. 2003; Sousa et al. 2009). In addition to the
surface area of reefs, biodeposits from reef-forming organisms increase the resource
base for deposit-feeders. Careful experimental designs involving both live organisms
and structural mimics are critical to resolving the relative importance of energy and
structure in responses to reefs (Novais et al. 2015).

3.2.1 Context-Dependence by Invaded Habitat

Reef-forming species often have the capacity to settle on conspecifics, thereby
building up on soft sediments, or on other hard surfaces. Accordingly, a major
ecological lesson from studies of reef-forming species is in regard to their context-
dependence—do they have similar impacts when in soft sediments vs. hard sub-
strates, or in comparison to native shellfish beds (Fig. 11.3)? Generally, reefs formed
on soft sediments change the ecosystem more than on rock, which is documented in
Box 11.3 for Pacific oysters and in Box 11.4 for the tube-building serpulid poly-
chaete Ficopomatus enigmaticus. However, relative to native mussels, reefs of alien
Pacific oysters have similar facilitation of epifauna, as well as infauna in adjacent
sediments (Box 11.3, Kochmann et al. 2008; Green and Crowe 2014).
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Box 11.3 Pacific Oyster Reefs

Pacific Oyster Reefs in Willapa Bay, Washington, USA (Photo credit: Jennifer Ruesink).

For the Pacific oyster (Crassostrea gigas), novel functions are more dra-
matic in soft- than hard-substrate environments, and where native reef-formers
are absent (Padilla 2010; Troost 2010). In a comparative study of communities
associated with oysters on rocks and on mudflats, diversity and abundance of
associated fauna were higher with oysters in both substrate types (Lejart and
Hily 2011). However, the modification of the associated community was
greater on mudflats, where 41% of oyster-associated species were not gener-
ally found in that habitat, than on rocks, where only 16% were atypical of the
habitat. The results are consistent with oysters adding structural complexity
(and some fine biodeposits) on rocks, and adding both novel substrate and
structural complexity on mudflats. Additionally, the overall increase in abun-
dance and diversity in response to oysters on mudflats, even amongst infauna,
coupled with little evidence in this study of physicochemical modification
(Lejart and Hily 2011), indicates that habitat complexity (promoting diversity)
outweighed competitive exclusion.

Other studies of context-dependence of Pacific oysters have compared their
effects when added to mudflats or added to native mussel beds (which also
occur on mudflats in European study regions). Kochmann et al. (2008) created

(continued)
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Box 11.3 (continued)
large (4 m diameter) rings of bivalves on mudflats in the northern Wadden Sea,
and analyzed the organisms in the sedimentary centers of these rings, with
treatments involving oysters alone, native blue mussels alone, a combined
mussel-oyster treatment, and no addition. Treatments in which oysters were
combined with native mussels were similar to mussels alone, whereas treat-
ments in which oysters were added to mudflat had strong facilitative effects on
epifaunal abundances and on many infauna as well. Here, all the bivalve
treatments increased organic content and reduced particle size relative to
mudflat. Green and Crowe (2014) manipulated oysters across a range of
cover on mudflats and on mussels in Ireland. Effects on diversity and abun-
dance (combined epifauna and infauna) increased with oyster cover on mud-
flats but was similar regardless of oyster cover on mussels (declining at the
highest oyster cover in mussels), thus suggesting that oysters were functionally
similar to native mussel beds on mudflats. Accordingly, community structure
converged with mussel beds as oysters were added at higher cover (Green and
Crowe 2014). However, ammonium concentration in sediment, as well as flux
from sediment, was greatest at intermediate cover of oysters added to either
mussel beds or directly to mudflats (Green et al. 2013).

Context-dependent effects of Pacific oysters have been documented even at
within-patch scales. When native blue mussels are positioned at the top of
oyster reefs, they experience detrimental effects from both predation and
competition from barnacles that live on their shells. However, within the
oyster reef matrix, predation rates decline (Eschweiler and Christensen
2011), and mussel shells host fewer barnacles (Buschbaum et al. 2016).

Part of the context-dependence of Pacific oysters also reflects different
human values. People may appreciate the ecosystem functions related to
production (commercially-valuable in aquaculture) and regulation (biofilter
that could improve water quality), but not the habitat transformation of
mudflats to sharp, emergent reefs (Herbert et al. 2016).
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Box 11.4 Tubeworm Reefs

Ficopomatus enigmaticus Reefs in Elkhorn Slough, California, USA. Photo credit:
Kimberly Heiman.

Ficopomatus enigmaticus, a widespread reef-forming tubeworm, illustrates
the transformative role of alien species creating hard structure on mudflats.
These tubeworm reefs often harbor higher abundance and diversity of inver-
tebrates than in surrounding unstructured habitat (McQuaid and Griffiths
2014; Heiman and Micheli 2010), although in a U.S. Pacific coast estuary,
much of this community was alien, and few organisms withstood conditions
under the reefs (Heiman and Micheli 2010). In comparison to native oyster
beds, F. enigmaticus had a similar community of native species, but substan-
tially more aliens (Heiman et al. 2008). In Argentina, reefs of F. enigmaticus
within soft sediment promote red algae but not green algae, which are instead
found on pieces of shell (Cielo-Bazterrica et al. 2012). The reef effect on green
algae is probably indirect, via augmented herbivore density on reefs. Similarly,
these grazing crabs exert top-down control on the benthic primary production
near reefs, which would otherwise be enhanced by organic matter from worm
biodeposits (Bruschetti et al. 2011). However, much of the reef effect on
nearby sediment can be attributed to structural addition above the sediment,
rather than the biological activity of F. enigmaticus (Schwindt et al. 2004).
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Although properly an example of alien macrophyte, Sargassum muticum supports
the principle that the same species has different effects across contexts that depend
on the novelty of the role it plays. S. muticum on rocky shores shared an epifaunal
community with other native macroalgae, but when surrounded by sand, it enhanced
epifaunal diversity in a manner that differed from a native macroalga in that habitat
(Buschbaum et al. 2006).

3.2.2 Nonlinearities in Shell Effects

For infauna, shell material could serve as a structural impediment to epibenthic
predators, so an initially positive relationship might be expected between infaunal
abundance and alien shell-formers. Yet the complete occupation of mudflats by reef-
formers can exclude infauna due to transformation of sediment stability, grain size,
or chemistry, or through direct space competition (Heiman and Micheli 2010;
Fig. 11.3). These links set up opportunities for non-linear effects in which low
cover of reef-building organisms enhances typical mudflat species, but these are
reduced or excluded as reefs reach 100% cover. Several examples of such non-
linearities in shell effects have been documented. The exclusion of native seagrass
from soft sediments by alien oysters occurs at a threshold shell cover around 20%
(Wagner et al. 2012). Pacific oysters generated a unimodal relationship between the
diversity of associated species and oyster cover when fouling mussel beds in soft
sediments (Box 11.3, Green and Crowe 2014). Large shells, which wash in from
deep offshore populations of a gastropod alien to Australia, enhance infaunal
abundance at moderate but not high shell cover, possibly by modifying the ability
of alien crabs (Carcinus maenas) to consume native clams (Nicastro et al. 2009).
Despite these examples, the evidence of nonlinearities in shell effects is less com-
pelling than the conceptual framework might suggest. Indeed, impacts of alien
marine species increase linearly with density in experiments that involve treatments
beyond simple presence/absence (Thomsen et al. 2011). A particular focus on
gradients of shell and infaunal response will be needed to clarify the prevalence of
nonlinearities.

3.3 Bioturbators

While vegetation and reefs tend to stabilize sediments, some alien species have an
opposite influence through traits of higher mobility or deeper activity relative to
native infaunal species (Fig. 11.2). When the Atlantic bamboo worm (Clymenella
torquata) reaches high density on Pacific mudflats, the sediment becomes “spongy”
and may displace on-bottom aquaculture (Mach et al. 2012). A strong rationale
underlies an expectation for alien bioturbators to influence fundamental sediment
properties, such as organic content and aerobic depth, and accordingly infaunal
community structure, but empirical studies of ecosystem-level effects appear sparse,
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relative to vegetation and reefs. For example, among the alien molluscs reviewed by
Sousa et al. (2009), none of the seven clam species, which could exert part of their
influence through bioturbation, showed empirical evidence of impact. Since that
review, bioturbation potential (calculated from abundance and species’ traits) was
evaluated at three sites across Europe where Manila clams (Tapes [synonyms
Venerupis and Ruditapes] philippinarum) are established. Alien clams were
among the top contributors in the community, but generally not as influential as
native species. Further, environmental factors such as macroalgal mats influenced
whether the calculated bioturbation potential linked well to observed mixing depth
(Queiros et al. 2011). Thus, two issues—existing traits in the native community, and
context dependence in the link from community structure to ecosystem function—
could decouple an alien bioturbator from any change in mudflat functioning.

Analyses may also use the identity, turnover, or dispersion of the traits themselves
as descriptors of ecosystem change. Subtidal soft sediments in the Baltic Sea were
invaded by the polychaete Marenzelleria spp. since the 1980s. These worms have
modified the functional traits represented by infaunal communities at some sites due
to their deeper burrowing depths (Hewitt et al. 2016). Native species, especially
longer-lived species with hard shells, have traits that are now less prevalent in
infaunal communities (Weigel et al. 2015). Trait dispersion (range of functionally-
distinct types) has generally increased, but also shifted due to replacement of
functional traits in the native assemblage by those of a distinct and abundant invader
(Weigel et al. 2015).

Among alien bioturbators are some taxa whose activities can remove vegetation,
and lead to an expansion of mudflats along a vegetated border. Alien green crabs
(C. maenas) were particularly abundant in Casco Bay, Maine, USA during a rapid
decline in eelgrass, and prevented reestablishment of transplants (Neckles 2015).
Green crabs are not primarily herbivorous but can uproot shoots while foraging for
benthic prey. Alien isopods (Sphaeroma quoianum) invaded estuaries of the north-
eastern Pacific Ocean about a century ago, where they have become much more
abundant in marsh banks than in their native range (Davidson et al. 2008). Their
burrowing activities can lead to marsh erosion and loss of vegetation, and conse-
quently a transition to mudflat (Talley et al. 2001).

Bioturbation may be reduced by alien parasites of native bioturbators. This link has
been drawn from infection to population decline, but has not yet been linked to a change
in sediment properties. Following the appearance of a castrating parasite (bopyrid isopod
Orthione griffenis), native burrowing shrimp declined in several estuaries of the
U.S. Pacific coast (Griffen 2009; Chapman et al. 2012). A similar precipitous decline
occurred for one species in a diverse crab community (Eurypanopeus depressus), which
is preferentially infected by the alien rhizocephalan barnacle, Loxothylacus panopei
(Eash-Loucks et al. 2014).

A clear example of species-level effects on sediment properties comes with a
twist, which is that the amphipod (Corophium volutator) was not known to be
alien before recent genetic analyses (Einfeldt and Addison 2015). On a tideflat in
the Bay of Fundy, C. volutator decreases sediment stability through grazing benthic
diatoms that would otherwise glue sediment together (Daborn et al. 1993). The
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evidence for the ecological role of amphipods comes from the observed increase in
sediment stability during shorebird migration, which reduced both the density of
amphipods and their activity at the sediment surface at low tide (Daborn et al. 1993).

3.4 Trophic Interactions

In a predator-prey interaction on a mudflat, an alien species may constitute the
predator (usually crabs or gastropods) or prey (usually bivalves or worms). Given
that soft-sediment community structure can respond strongly to top-down effects of
mobile consumers (Wilson 1990; Reise 2002), alien predators would be predicted to
constitute a high-impact functional group. While this prediction may be generally
accurate for alien marine predators, it was surprisingly difficult to find evidence for
their top-down effects on mudflats. Primarily this lack of evidence stems from
predators being tested in structurally-complex habitats such as shell, boulders, or
vegetation, and so results cannot necessarily be extrapolated to mudflats in the
absence of such structure. Alien Rhithropanopeus harrisii has colonized complex
structure but not mudflats in the Baltic Sea (Turoboyski 1973; Nurkse et al. 2015).
Similarly, alien Hemigrapsus takanoi occupy structured habitats in the Wadden Sea,
where they appear to displace native crabs (van den Brink et al. 2012; Landschoff
et al. 2013).

Green crabs, which occupy a variety of substrate types in both their native and
widely-introduced range, provide some of the best examples of strong pairwise
effects reducing abundance of native species where it has invaded, as well as
controlling alien species where it is native (Box 11.5). Although green crabs are
generally found to consume easily-accessed prey on the small end of a body size
spectrum, another crab species (Charybdis spp.) removes large-bodied prey from
subtidal soft sediments in New Zealand (Townsend et al. 2015). The arrival of the
alien gastropod Euspira fortunei in Japan was followed by declines in native clams on
mudflats (Sato et al. 2012), whereas the alien gastropod Rapana venosa in the
Adriatic Sea prefers alien over native bivalves (Munari and Mistri 2011). Thus the
community-level consequence of alien predators on mudflats will depend on species-
specific preferences for prey of different sizes or taxa.
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Box 11.5 Alien predator on mudflats

Carcinus maenas in Washington State, USA (Photo credit: P. Sean McDonald).

Green crabs (Carcinus maenas) are alien predators in eastern and western
North America, Australia, South Africa, and eastern South America, and they
also interact with several alien prey species in their native range in Europe.
C. maenas or hybrids with C. aestuarii are present in Japan. C. maenas
occupies a wide variety of intertidal and subtidal habitats in Europe and eastern
North America, but has a restricted habitat range in western North America and
Australia (intertidal soft sediments) and South Africa (rocky embayments).
Recruits typically occur in structured habitats, and post-moult adults may be
restricted physiologically to subtidal zones, but at intermediate ontogenetic
stages, individuals forage with the tides across soft sediment environments
including mudflats. Green crabs are dietary generalists, documented to con-
sume more than 150 plant and animal prey (Cohen et al. 1995). From feeding
trials involving shelled prey, crabs disproportionately consume items that are
smaller than their own body size and with relatively thin shells (Mascaro and
Seed 2000a, b; Miron et al. 2005). Alien C. maenas reduces the density of
infaunal bivalves intertidally (Grosholz et al. 2000), and evidence exists of
subtidal impacts on some species (Ross et al. 2004, 2006). However, some
clams increase their burial depth in response to green crabs, thus avoiding
consumption (Whitlow et al. 2003; Whitlow 2010).

Where it is alien in western North America, C. maenas displaces native
juvenile crabs from shelter (McDonald et al. 2001), but where it is native in
Europe, C. maenas is displaced from shelter by alien crabs (van den Brink
et al. 2012; Landschoff et al. 2013). Thus, regardless of whether C. maenas is
alien or native, physical structure fosters alien crabs.

(continued)
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Box 11.5 (continued)
Two recent studies of C. maenas in its native range provide examples of

trophic links with alien species beyond pair-wise interactions. Alien oysters
(C. gigas) provide a refuge for small mussels, which would otherwise be
consumed by C. maenas (Waser et al. 2015). Here, the alien oyster alters the
direct interaction between two native species. In the second example, either
crabs or trophic amensalism served to reduce density of an alien clam, but
these effects were not additive. Alien surf clams (Ensis directus) experienced
strong top-down control from native predators (including C. maenas) in the
Dutch Wadden Sea, such that the inhibition of these clams by sediment-
stabilizing species was only evident under predator exclusion treatments
(Van der Heide et al. 2014). These examples both show that trophic interac-
tions on mudflats are intertwined with physical aspects of sediment stability
and structural complexity (Reise 2002).

3.4.1 Biotic Resistance

When native predators limit the density of alien prey, this constitutes a form of biotic
resistance (Papacostas et al. 2017). Alternatively, if negative interactions are more
prevalent in the native than alien range, a species may become an abundant invader
due to enemy release. Reports from the literature strongly support biotic resistance
by predators on mudflats (Table 11.1). Cases in which an alien initially “booms,” but
subsequently is kept at low density by predation, may imply a time lag in which
predators learn or adapt to use a novel resource (Palacios et al. 2000). When
predators are examined individually, they can exhibit large intraspecific variation
in feeding preferences, providing a potential mechanism for top-down impact to
change over time. For example, predation on alien crabs (Petrolisthes armatus) is
presently expected to be weak, given that only 14% of native crab individuals
specialized on this diet item in feeding trials (Pintor and Byers 2015).

In addition to top-down control from predators, biotic resistance could derive
from native parasites that infect a novel alien host species. Mudflats provide a habitat
for several of the alien marine invertebrates whose parasites are best known,
including green crabs, Pacific oysters, and mudsnails (Goedknegt et al. 2016).
However, the number of pathways by which alien species benefit from parasites
exceeds the one pathway for biotic resistance, which is to acquire a new parasite at
the site of introduction. Alien hosts may escape their own parasites, fail to serve as a
suitable host for specialist parasites in the new range, or carry generalist parasites
that harm native species (Goedknegt et al. 2016).

Biotic resistance has been demonstrated experimentally through improved sur-
vival of alien prey in predator-exclusion treatments (Table 11.1). Additional studies
capitalize on natural variation in predator density. For instance, the southern limit of
alien C. maenas on the U.S. Atlantic coast abuts the range of native blue crabs.
Mortality of tethered C. maenas was much more rapid when they were moved to
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areas with blue crabs than in the present range (DeRivera et al. 2005). The nearly
complete exclusion of mussels Arcuatula (previously Musculista) senhousia from
the ocean end of Mission Bay, California, was determined experimentally to be due
to predation from native lobsters and snails, which did not occur up-estuary (Cheng
and Hovel 2010). Such transplant studies, carried out along environmental gradients
such as tidal elevation and salinity, suggest a role of predation by native species in
determining alien range, in addition to local density.

3.4.2 Bird Response to Alien Species on Mudflats

Mudflats have high ecological value to birds, especially as foraging habitats for
migratory waterbirds (Chap. 12). The extent to which alien species could provide a
bottom-up enhancement of higher trophic levels such as birds has not been well
characterized, but would depend on its being an abundant, accessible, high-quality
resource. It appears, for example, that shorebirds forage sufficiently on alien amphi-
pods to reduced their density at a migration stopover in the Bay of Fundy (Daborn
et al. 1993). However, most research examining bird response to aliens on mudflats
focuses on interactions mediated through vegetation or reefs (Table 11.2). Since
these structurally-complex habitats often contain denser invertebrates, they can
provide resources to birds able to forage in that structure. However, shorebirds
generally are reduced or excluded following these habitat transformations. Alien
invertebrate consumers could also reduce resources used by birds on mudflats. In an

Table 11.1 Predator-prey interactions involving alien bivalves consumed by native predators on
mudflats

Predator taxon Bivalve prey
Study
location Impacts References

Metacarcinus
(previously
Cancer)
productus
(crab)

Tapes
philippinarum,
Nuttallia obscurata,
Mya arenaria
(alien); also
Protothaca
staminea (native)

North
American
Pacific
coast

Clam mortality
declines with larger
grain size, thicker
shells, and deeper
burial

Smith et al.
(1999), Byers
(2002, 2005),
Dudas et al.
(2005) and
Ruesink et al.
(2014)

Carcinus
maenas (crab),
Crangon
crangon
(shrimp)

Ensis directus Dutch
Wadden
Sea

Top-down effects Van der Heide
et al. (2014)

Panuliris
interruptus
(lobster),
Pteropurpurus
festiva
(gastropod)

Arcuatula
senhousia

California,
USA

Top-down effects
primarily at outer,
not inner, bay;
weaker effects at
higher mussel
density

Kushner and
Hovel (2006) and
Cheng and Hovel
(2010)
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experimental study on dunlin (Calidris alpina), captured individuals were caged on
mudflats that had previously been manipulated through the presence/absence of alien
green crabs. The presence of C. maenas in Bodega Harbor reduced the prey available
to shorebirds in these field experiments (Estelle and Grosholz 2012).

The diversity of bird responses to alien species on mudflats can complicate
management. The removal of S. alterniflora from San Francisco Bay (western
U.S.) was recently halted when it was discovered that an endangered bird (clapper
rail) was using alien cordgrass as nesting habitat. In contrast, shorebirds were likely to
benefit from the transformation back to mudflat (Casazza et al. 2016).

3.4.3 Non-Consumptive Effects

Predators influence their prey not simply through mortality, but also because prey
may respond to the risk of predation by modifying structural, chemical, or behavioral
traits. On mudflats, behavioral responses related to vertical distribution enable prey
to change their risk of being consumed, especially by predators foraging from the
surface. For instance, native clams (Mya arenaria) bury deeper when alien green
crabs (C. maenas) are present, which reduces mortality from crabs (Whitlow 2010).
Alien mussels (A. senhousia) behaviorally reduce their predation risk by responding
to chemical cues from native predators (Castorani and Hovel 2016).

The strength of trophic interactions following establishment of alien species
depends on the ability of species with no recent shared evolutionary history, to
recognize each other as potential predator or prey. Further, even if a new species can
be detected, a native species may not mount an appropriate behavioral response,
i.e. to be able to catch and consume prey or to avoid a predator. These principles

Table 11.2 Response of birds to alien species on mudflats

Alien taxon
Study
location Bird response References

Carcinus maenas
(crab)

US west
coast, N Am
east coast

Depends on whether birds
consume green crabs, or the
prey of green crabs

Estelle and Grosholz
(2012) and Wong and
Dowd (2014) (model)

Spartina alterniflora
(cordgrass)

US west
coast, China

Salt marsh nester improved Casazza et al. (2016)

Shorebirds reduced use for
foraging or high-tide roosting

Ge et al. (2009) and
Patten and O’Casey
(2007)

Ficopomatus
enigmaticus (reef-
forming polychaete)

Argentina Suitable for roosting,
enhanced prey density

Bruschetti et al. (2009)

Crassostrea gigas
(reef-forming
oyster)

Wadden Sea Oystercatcher and curlew
feeding improved in uncon-
solidated reef

Markert et al. (2013)

Zostera japonica
(seagrass)

British
Columbia,
Canada

Waterfowl diets include large
fractions of alien eelgrass

Baldwin and Lovvorn
(1994)

296 J. Ruesink



apply whether the combination involves alien predator and native prey, or vice versa.
A key test of these ideas would be whether alien prey have less appropriate induced
defenses than native prey, and what information is used to detect predation risk.
Among seven mudflat-associated snail species, aliens used general risk cues (dam-
age to conspecifics), but natives used specific cues from a threatening predator, in
mounting avoidance behavior (Grason 2017). Overall, these results support the
logical idea that coevolutionary history matters for the type of information used in
trophic interactions. Successful aliens may disproportionately use general, rather
than species-specific, information to gauge risk in their environment.

3.5 Competition from Soft-Sediment Invaders: Mixed
Evidence

Competition is generally considered weak on mudflats due to the three-dimensional
structure (when we include the sediment, and relative to space competition on rocky
shores), regular delivery of phytoplankton or detrital resources, and predation
limiting species densities (Wilson 1990). In contrast, trophic group amensalism
can result in different dominant taxa on mudflats, mediated through substrate
stability or adults preventing settlement of heterospecifics (Woodin 1976). Several
taxa of alien molluscs have been tested for their capacity to compete with natives,
and results span the range from no effect, to competition eliminating native species
(Table 11.3). In some cases, the species interact not just through resource competi-
tion but because they share a predator or parasite (Bidegain and Antonio Juanes
2013; Castorani and Hovel 2015), or the alien includes eggs or juveniles of the native
species in its diet (Race 1982). The slipper limpet Crepidula fornicata reaches high
densities in its invaded range in western Europe, but experimental tests of compe-
tition with other suspension-feeders have shown little impact, and instead the alien
species could benefit other bivalves by preventing harmful algal blooms, intervening
with predators, and serving as a sink for parasites (Thieltges et al. 2006). If
competition from alien species often seems unimportant on mudflats, this aligns
with its lower position in a hierarchy of interactions among native species, as well as
with a general perspective that marine aliens tend to increase local diversity, rather
than causing extirpations (Reise et al. 2006).
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Table 11.3 Tests of competition from alien species on mudflats

Alien taxon
Responding
taxon

Study
location Impacts References

Ilyannassa
obsoleta
(gastropod)

Cerithidia
californica
(gastropod)

California,
USA

Native absent from mud-
flats invaded by alien,
restricted to marsh (O)

Race (1982)

Batillaria
attramentaria
(gastropod)

Cerithidia
californica
(gastropod)

California,
USA

Resource competition
(E); population growth
higher for alien than
native (M)

Byers (2000)
and Byers and
Goldwasser
(2001)

Tapes
philippinarum
(clam)

Ruditapes
decussatus
(clam)

Spain No effects on growth or
survival, but predators
affected high-density
treatment (E)

Bidegain and
Antonio Juanes
(2013)

Tapes
philippinarum
(clam)

Other infauna British
Columbia,
Canada

Negative correlation (O) Bendell (2014)

Arcuatula
senhousia
(mussel)

Native infaunal
bivalves

California,
USA

Reduced abundance and
growth, also apparent
competition from
attracting shared
predators

Castorani and
Hovel (2015)

Arcuatula
senhousia
(mussel)

Tapes decussatus
(native clam),
T. philippinarum
(alien)

Italy No effects on growth or
survival (E)

Mistri (2004)

Crepidula
fornicata
(gastropod)

Crassostrea
gigas (alien
oyster)

France Seasonal trophic overlap
(O); no effects on growth
or survival (E)

de
Montaudouin
et al. (1999)
and
Decottignes
et al. (2007)

Cyclope
neritea
(gastropod)

Nassarius
reticulatus
(gastropod)

France Different substrate pref-
erences; shared carrion
resource probably not
limiting (O)

Bachelet et al.
(2004)

Marenzelleria
viridis
(polychaete)

Polychaetes and
other fauna

Odense
fjord,
Denmark

In 25-year time series,
Hediste diversicolor was
less common, and
Arenicola marina more
common after invasion
(O)

Delefosse et al.
(2012)

O observational, E field experiment,Mmodel. Responding taxon is native unless specifically noted
as alien
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4 Novel Ecosystems: Interactions of Biological Invasions,
Other Global Changes, and Evolutionary Change

In this chapter, alien species have been examined piecemeal by functional type for
their effects on mudflats. Yet the rate of introduction of alien species to coastal
environments is a global deluge (Ruiz et al. 2000), opening up the possibility for
either cumulative or non-additive effects of bioinvasions. At the same time, mudflats
are undergoing two other global changes anticipated to foster invasions—hardened
anthropogenic habitats (ocean sprawl, particular to erosive and developed coasts)
and climate warming (as a general global change). As both the complement and traits
of species change, mudflats are becoming novel ecosystems, consisting of combi-
nations of species in spatial arrangements not previously in existence.

4.1 Ocean Sprawl and Climate Change Fostering Invasions

The greatest change that occurs to mudflats is their wholesale conversion through
diking or filling to provide terrestrial space for the expansion of human activities.
Reclamation is estimated to have reduced tidal flats in the Yellow Sea, Asia, by 65%
over a half century (Murray et al. 2014). In China specifically, 200,000 ha of salt
marsh have been reclaimed for terrestrial use (An et al. 2007), and lower mudflats have
disappeared from the invasion of cordgrass (S. alterniflora; 40,000–112,000 ha),
which was intentionally planted until the mid-1980s, for its engineering capacity to
form habitat and protect shorelines (An et al. 2007; Strong and Ayres 2013). Mudflats
frequently occur under wave-protected conditions in natural harbors, and as people
build shipping channels, docks, and buildings, mudflats disappear. About 20% of the
world’s coastline consists of soft sediment, and 10% of the coastline of Europe and the
US has been artificially hardened (Firth et al. 2016). This loss of mudflats from
reclamation and hardening could be compounded by sea level rise, as the present
intertidal zone drops below the rising water, which often is prevented from flooding
new area because of built features that wall off the water. In some areas, however, sea
level rise could initially lead to the expansion of mudflats as marshes are flooded.

Ocean sprawl forms novel marine habitat, unless accompanied by filling that
moves space out of the ocean altogether. With some exceptions, diversity and
composition are depauperate on artificial relative to natural hard substrates, and
artificial surfaces are disproportionately colonized by alien species (Firth et al.
2016). Such hard structures also replace soft sediments and their ecological com-
munities, while additionally creating a new border with soft sediment, which can be
influenced through modified water motion, foraging by predators associated with
structure, and organic materials produced by fouling organisms that accumulate in
soft sediments nearby (Heery et al. 2017).

Ocean sprawl generates an unmistakable shift in mudflat communities due to hard
substrate, which likely also fosters invasion. In contrast, the role of climate warming
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in invasion is more speculative. Some evidence exists for marine aliens to benefit
relative to native species as water warms (Stachowicz et al. 2002; Sorte et al. 2010,
2013). This pattern could emerge if the life histories of alien species tend toward
r-selected, where a thermal increase accelerates reproductive processes. Or the
pattern could reflect generalist species with wide thermal tolerances that tend to be
transported. Several mudflat invaders, whose poleward expansion was previously
thought to be constrained by low temperatures, have become established or reached
higher density in concert with warming. These species include cordgrass (S. anglica)
in the Wadden Sea and eastern North Sea (Loebl et al. 2006; Nehring and Hesse
2008) and a barnacle (Austromineus modestus) that uses shell and reefs as substrate
within intertidal soft-sediment habitats in the eastern North Sea (Witte et al. 2010).
Pacific oysters may benefit both from warmer summers, due to water temperatures
necessary for larval development, and warmer winters (Diederich et al. 2005;
Dutertre et al. 2010; Herbert et al. 2016; Valdez and Ruesink 2017). Warming
could also increase the per capita effects of poikilothermic species; for instance,
alien bioturbators burrow faster at projected higher temperature (Davidson et al.
2013).

4.2 Evolution After Invasion

Climate warming is not the sole explanation for alien species to exceed their
distribution based on prior abiotic limiting factors. A second possibility depends
on adaptation to novel conditions. Few tests of evolution after invasion have been
carried out for mudflat species, although rapid contemporary evolution has been
documented for native and alien species in other habitats (Westley 2011). Pacific
oysters (C. gigas) now spawn at northern latitudes where temperature constraints
were expected to prevent establishment (Wrange et al. 2010). Although warmer
summers provide a partial explanation, capacity for larval development under cooler
temperatures may also contribute. Pacific oysters also show evidence of rapid
adaptation to local strains of a pathogen, based on their capacity to survive exper-
imental infection by their local pathogen strain while suffering mortality from a
strain from another part of their introduced range. Larvae derived from crosses of the
two oyster populations were resistant to all pathogen strains, which implies that
mixing propagules from different sources could result in more successful invasion
(Wendling and Wegner 2015). Cordgrass (S. alterniflora) was introduced to China
from several parts of its native range, where populations had different thermal and
salinity tolerances (although these ecotypes have not been determined to have a
genetic basis; An et al. 2007). Mixing propagules from different source populations
has the potential to provide genetic variability from which highly-adapted lineages
emerge, which could contribute to exceptional growth and expansion fates of
S. alterniflora in China (An et al. 2007; Strong and Ayres 2013). An open challenge
is to understand how contemporary evolution shapes species traits and interactions in
novel ecosystems.
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4.3 Cumulative Role of Alien Species

As alien species accumulate, they have the potential to interact with the recipient
system in new ways. More species might have cumulative impacts, but it is also
possible that some aliens mitigate the effects of others. For instance, two alien
species in a trophic cascade could protect native prey. As a possible example, an
alien seaslug (Philine orientalis) consumes crabs including alien C. maenas, which
is, in turn a predator of native clams. P. orientalis reduced feeding by crabs in
laboratory studies (but not under relative abundances typical in the field; Newsom
and Williams 2014). In contrast, positive interactions among alien species could
augment impact, such as by alien hornsnails (Batillaria attramentaria) that promote
cover of a habitat engineer (alien eelgrass Z. japonica; Wonham et al. 2005).

The functioning of mudflats for nutrient cycling, energy transfer, and sediment
dynamics appears quite resilient to most alien species, except those that form
emergent structure through vegetation or reefs (Fig. 11.2). Mudflats of the future
will still contain worms, bivalves, crustaceans, and other taxa whose traits suit them
to life in a particular physicochemical environment governed by grain size. Open
questions remain about the consequences of different scales of heterogeneity of
structure on and around mudflats. Research is needed to support rational engineering
of coastal structures and living shoreline design to protect against erosion, but also in
regard to potential non-linearities associated with mosaics of alien species forming
biogenic habitat on mudflats, and methods to prevent wholesale conversion. As
Reise (2002) stated so elegantly, the interface of biology as driver of and response to
the physical environment “provides sediment ecology with a salient subject which
can be studied particularly well in marine coastal sediment communities.” When
such ecological processes are associated with alien species, they raise the importance
of mudflats for testing general concepts in invasion biology, but also highlight the
critical role of coastal planning and management to achieve on-going resilience.
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type for shorebirds, offering a multi-dimensional matrix of feeding opportunities
through space and time. Shorebirds have evolved a spectrum of foraging modes with
associated morphologies, and sensory and physiological adaptations which exploit
these foraging opportunities. Although shorebirds are mud specialists and sentinels
of mudflat ecosystem functioning, they have not yet been well integrated into the
“mud club”. In this chapter, we highlight the key roles shorebirds play in food webs,
and in physical and chemical processes within mudflat ecosystems. We illustrate
how shorebird distribution and behaviour provides a mirror of mudflat ecology
because their foraging behaviour reflects the underlying ecological conditions,
including temporal and spatial patterns in food/community structure in and across
mud. In particular, shorebirds may be important indicators of essential fatty acid
production by diatoms in epibenthic biofilm fields covering muddy intertidal flats,
especially in estuaries. We conclude by highlighting the major challenges facing
shorebirds today and call for a paradigm shift in shorebird conservation, based on
recreating and restoring intertidal mud ecosystems.

1 Introduction

In this chapter, we will discuss the role of shorebirds, or waders (order Charadriifomes)
in mudflat ecology. Exposed intertidal mudflats provide critical habitat for shorebirds for
roosting, and more particularly, for foraging. Spectacular numbers of shorebirds con-
gregate on mudflats at different stages in their annual cycles, with many mudflats and
estuaries supporting >100,000 shorebirds annually (Fig. 12.1).

Mudflats are important feeding areas to shorebirds for various reasons. Mudflats
tend to be productive, offering a wide diversity and high abundance of potential
food. In addition, mudflats remain accessible in winter, even after interior wetlands
at similar latitudes have become inaccessible, both due to the lower freezing point of
sea water, and the relatively warmer ambient temperatures in coastal compared to
inland areas (Warnock et al. 2002).

As has been repeatedly demonstrated in this book, while mudflats appear decep-
tively simple, uniform and barren from the shore, the realities of mud are physically,
chemically and biologically complex. The biotic communities of mudflats populate a
three-dimensional mosaic subjected to alternating periods of exposure and inunda-
tion by tides in addition to seasonal cycles (Whitlatch 1977; Martini and Wanless
2014). Tides limit shorebird distributions by making areas of mudflat inaccessible
during flood and ebb tides every lunar day (24 h 50 min), and also shape shorebird
distributions through their effects on the distribution of food (see Chaps. 5, 6 and 8).
In this chapter, we will discuss the central role of shorebirds in mudflat ecosystems,
including their role as primary consumers of intertidal epibenthic biofilms (Kuwae
et al. 2008, 2012).
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2 Shorebird Foraging Modes and Diets

Shorebirds that forage on intertidal mudflats face the challenges of locating and
extracting food at sufficient rates, without ingesting excessive amounts of sediment
within a tidal cycle. Several broad categories of foraging mode have been described,
with individual species usually exhibiting more than one mode, depending on habitat,
season and prey availability (van de Kam et al. 2004; Colwell 2010). Epifaunal prey
visible on the surface are captured by pecking (Zweers and Gerritsen 1997), while
prey suspended in shallow water are taken up the bill via surface tension transport
(Rubega 1997) or bill sweeping (Moreira 1995; Barbosa and Moreno 1999). Shore-
birds can capture buried prey by probing their bills into the sediment (Zweers and
Gerritsen 1997). These modes each target a range of invertebrate taxa and sometimes
the rhizomes of marine plants such as seagrasses (Robin et al. 2013). The fifth, most
recently discovered foraging mode, biofilm grazing, targets an entirely distinct food
source at the base of the food chain that was previously thought accessible only to
invertebrates and fish (Kuwae et al. 2008, 2012).

2.1 Functional Morphology, Digestion and Physiology

For shorebirds, life on mudflats is associated with a suite of morphological and
physiological adaptations. Shorebirds are characterized by having relatively long,
slender legs compared to other birds (Johnsgard 1981; Barbosa and Moreno 1999),
which allow them to wade while foraging without wetting their body feathers. In

Fig. 12.1 Mudflats that annually host >100,000 shorebirds illustrated with solid blue circles. Data
taken from summary Table in Butler et al. (2001). The four study areas highlighted as case studies
are indicated with red open triangles. Map created in R v3.3.3 (R Development Core Team 2017)
using the ‘rworldxtra’ library.
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general, shorebird feet exhibit a similar arrangement of toes, with three forward facing
digits and one backward facing digit, and many species exhibit partial or complete
webbing between the toes (Johnsgard 1981). Both of these foot characteristics facil-
itate walking on mudflat surfaces but do not appear to be associated with particular
foraging modes (Barbosa and Moreno 1999).

Other aspects of morphology (e.g., body size, eye size and placement, bill and
tongue structure) and physiology (e.g., digestive organ size, enzyme activities) show
clear associations with the specific foraging modes described in the previous section
(Table 12.1). Shorebirds specialized in visual hunting of surface or shallowly buried
prey (e.g., Charadriidae, see Fig. 12.2) tend to have short bills, and large, frontally
positioned eyes with high visual acuity and a broad binocular field (Martin 2007). In
comparison, shorebirds that forage on buried prey (e.g., Scolopacidae) cannot locate
prey by sight. Their eyes are set higher in the skull, resulting in a narrow binocular
field and maximizes their ability to detect approaching predators (Martin and Piersma
2009). Also, their bills are longer, more robust (Martin and Piersma 2009), and
contain receptors (Herbst and Grandry corpuscules) that can detect changes in
pressure, and are used to locate invertebrates within the sediment (Gerritsen and
Meiboom 1986). Some probing foragers specialize on ‘soft’ food items, such as
lugworms, while others may specialize on ‘hard’ food items, such as molluscs (van de
Kam et al. 2004; Colwell 2010). Red knots, Calidris canutus, are particularly
specialized in locating small hard objects in wet soft sediments by sensing the
deviations from a spherical pressure field built up around a probing bill (Piersma
et al. 1998; de Fouw et al. 2016). Molluscivoran shorebirds that swallow their prey
whole, such as red knots, possess large, muscular digestive organs (e.g., the gizzard, a
muscular stomach), effective in both crushing shells and processing large volumes of
indigestible materials (Piersma et al. 1993; Battley and Piersma 2005b).

In contrast to the morphological adaptations for shorebirds foraging on invertebrates,
epibenthic biofilm feeding depends primarily on tongue microstructure rather than bill
macrostructure. Intertidal epibenthic biofilm is a thin, matrix-enclosed community of
microphytobenthos (MPB), bacteria, and organic detritus bound together and adhered to
the sediment surface by copious amounts of extracellular polymeric substances (EPS)
(Stal 2003; Underwood and Paterson 2003, and see Chaps. 2, 3, 4, 5, 8 and 10). Diatoms
within the biofilm afford easily digestible energy as well as a rich source of omega-3
fatty acids, particularly in their blooming phase (Duerksen et al. 2014; Stonik and Stonik
2015). Keratinized lateral spines coated in mucus along the edges and at the tip of the
shorebird tongue are used to rapidly dab biofilm off the sediment surface, while
backwardly-directed maxillary denticles on the tongue prevent biofilm boli from slip-
ping forward out of the bill (Elner et al. 2005). Biofilm feeding appears most prevalent in
“peeps” (Kuwae et al. 2008; Beninger et al. 2011; Quinn and Hamilton 2012; Jiménez
et al. 2015), the smallest of the shorebirds, and in stints (Lourenço et al. 2017), but all
shorebirds, including plovers, appear functionally able, and likely, to graze biofilm
(Kuwae et al. 2012). Because biofilm is an easily digested food source (Duerksen
et al. 2014; Stonik and Stonik 2015), large digestive organs are not a prerequisite
(Kuwae et al. 2012). However, biofilm feeders likely require specific enzymes to process
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the omega-3 fatty acids that comprise a major component of diatomaceous biofilms
(Duerksen et al. 2014; Stonik and Stonik 2015).

Although there has not been a detailed cataloguing of shorebird species that use
surface tension transport to move small prey items up the bill, this foraging mode is
commonly used in phalaropes and avocets (Rubega and Obst 1993; Rubega 1997)
(see Fig. 12.3). Surface tension transport requires only the ability to modulate gape
size, and a needle-shaped bill. The needle-shaped bill results in an increase in contact
area and reduction in the free surface area of water drops in a proximal to distal
direction along the bill, which facilitates the transport of droplets up the bill (Rubega
and Obst 1993; Rubega 1997). As this bill shape is almost universal among shore-
birds, surface tension transport is likely also widespread (Rubega 1997), and may
represent an opportunistic foraging mode as opposed to a true specialization.

Fig. 12.2 Ringed plovers
(here capturing a
polychaete) exhibit the
typical morphology of
visual foargers; large,
frontally located eyes and
short bills. Photo by Jan van
de Kam.

Fig. 12.3 An avocet with
prey enveloped in a water
droplet at the tip of the bill.
Photo by Jan van de Kam.
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2.2 Flexible Foragers

The morphological and physiological adaptations required by the alternative forag-
ing modes and diets do not constrain shorebirds to any single mode. Seasonal shifts
in foraging mode and diet occur as a result of changes in the availability of
alternative food types (Beukema et al. 1993) as well as fluxes in the demand for
particular nutrients. Red knots (Calidris canutus islandica) are an excellent example
of such foraging plasticity across their annual cycle. Red knots feed primarily on
hard-shelled molluscs during the non-breeding season in the Dutch Wadden Sea in
Northwestern Europe and, consequently, have large digestive organs including the
gizzard, which process these prey (Battley and Piersma 2005a). However, during the
breeding season in the Canadian High Arctic, they feed on superabundant arthropod
prey, which are of higher digestive quality. Consequently, their gizzards atrophy,
becoming a fraction of their winter gizzard mass (Vézina et al. 2012). On return to
the non-breeding grounds in late summer, peaks in the availability of the common
shrimp (Crangon crangon), a high quality food item, allow red knots to continue
pecking for surface prey and to maintain relatively small digestive organs until
autumn, when the availability of these prey types decline and knots resume feeding
on low digestive quality bivalves (van Gils et al. 2005).

Western sandpipers (Calidris mauri) also exhibit a high degree of flexibility in
the use of alternative foraging modes and diets (Elner and Seaman 2003). Females,
the longer-billed sex, have a higher use of probing compared with males (Mathot and
Elner 2004), and also winter in more southerly regions where buried prey are
relatively more abundant (Mathot et al. 2007). Yet in both males and females,
epibenthic biofilm grazing peaks during northward migration at stopovers such as
the Fraser River Delta, British Columbia (Beninger et al. 2011) (see also Sect. 4 in
Chap. 8). This peak in biofilm use coincides with a period in the annual cycle of
migrant shorebirds when deposition of nutrient stores (both fat and protein) is critical
for making long-distance flights between successive stopover sites (Piersma et al.
2005; Guglielmo 2010).

3 Shorebirds as Sentinels

Shorebirds depend on mudflats, and exhibit a suite of morphological and physiolog-
ical adaptations which aid in efficiently locating and exploiting the foods mudflats
have to offer [see above and review in van de Kam et al. (2016)]. Given their evolved
relationship with mudflats, what, if anything, can careful observation of habitat use
and foraging decisions by shorebirds teach us about mudflats? It turns out, quite a bit.
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3.1 Shorebird Distributions

Shorebirds integrate information on multiple fitness-relevant parameters when
selecting habitat, including the distribution and abundance of food, predators, and
competitors (Piersma and Lindström 2004; Escudero et al. 2012). This occurs on
‘contemporary’ time scales, yet current shorebird distributions may also reflect
competitive processes that have their origin in ‘deep time’ (Bom et al. 2018). With
a solid understanding of their biology, the distribution of shorebirds can provide
clues about the positioning of these factors (Piersma and Lindström 2004). For
example, global patterns of shorebird distributions may provide a coarse proxy for
global patterns of mudflat productivity (Butler et al. 2001). Mudflats require partic-
ular combinations of geological, physical and chemical conditions to form (see
Chap. 2), and there are some seventy-nine intertidal mudflat areas worldwide with
surface areas of over 5000 hectares (Deppe 1999). However, shorebirds are not
found in equal densities across all available mudflats. Shorebirds are generally found
in areas where species-specific food availability is highest, moderated by additional
factors such as their own risk of predation by falcons (Zwarts and Wanink 1993;
Ydenberg et al. 2002; van de Kam et al. 2004; Quaintenne et al. 2011; Piersma
2012).

Within sites, the behaviour and distribution of shorebirds also provide clues about
local conditions (Folmer et al. 2012; Folmer and Piersma 2012). For example, the
use of different zones in the intertidal reveals information about the distribution of
food resources in general, and differences in the distributions of shorebirds known to
specialize on different types of prey provide clues about differential distributions of
prey types (Duijns et al. 2014, 2015; Bijleveld et al. 2016).

As mudflats are tidally-structured environments, shorebirds can only feed when
the mudflats become exposed and accessible to foraging. Some shorebirds, such as
dunlin (Calidris alpina) or redshank (Tringa totanus), will begin feeding almost the
moment the upper intertidal area begins to be exposed, while other shorebirds, such
as oystercatchers (Haemotopus ostralegus) and curlew (Numenius arquata), tend to
wait longer on the falling tide before beginning feeding (van de Kam et al. 2004).
Readers with some knowledge about shorebirds will realize that dunlin and redshank
are small shorebirds, while curlew and oystercatcher are large, and as detailed above,
smaller birds eat smaller prey. The timing of feeding of small shorebirds relative to
large shorebirds on the falling tide reflects the spatial distribution of their preferred
prey (van de Kam et al. 2004; Piersma et al. 2017), as well as limitations in their
ability to access prey at different times based on their morphology (e.g., leg and bill
length) and water depth. The larger prey preferred by oystercatchers and curlews
occur mainly low in the intertidal zone, while the most important food for small
shorebirds such as dunlin and redshank are found higher in the intertidal area.

The movement of shorebirds across the intertidal areas as they become exposed,
also integrates information on the distribution of resources. However, food is not the
only factor shaping foraging decisions. Shorebirds must also avoid predators. For
many shorebirds, the upper intertidal area is the most dangerous during daytime
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foraging, because common shorebird predators, notably peregrine falcons (Falco
peregrinus), sparrowhawks (Accipiter nisus) and merlin (Falco columbarius), have
the greatest attack success when they are able to fly low over marsh vegetation,
concealing their approach (Page and Whitacre 1975; Lazarus and Symonds 1992;
Cresswell 1993; Dekker and Ydenberg 2004; Quinn and Cresswell 2004; van den
Hout et al. 2014, 2017). If predation danger declines moving down the intertidal
zones, we can predict how shorebirds should use the mudflat under different
scenarios of resource distribution (Fig. 12.4). If appropriate-sized prey are distrib-
uted homogenously across the intertidal, then shorebirds would be expected to
follow the tide as it moves out, because they can reduce predation danger without
any reduction in food availability. Alternatively, if prey abundance is higher in the
upper intertidal, for example because of differences in sediment characteristics or
nutrient availability, then shorebirds would face a conflict between following the tide
(minimizing predation risk), and remaining in the upper intertidal (maximizing
intake rates), and they would be expected to show a peak intensity of mudflat use
reflecting a compromise between avoiding predation and gaining energy (Pomeroy
2006; Fuller et al. 2013; but see also Jiménez et al. 2015).

Fig. 12.4 Two hypothetical scenarios of food distribution along the intertidal (a, c) and the
consequences for predicted shorebird distributions (b, d) if shorebirds are balancing food and
safety. The first scenario (a), with a homogenous distribution of prey relative to the location in the
intertidal predicts shorebird distributions to mirror the safety (b), while the second scenario, where
prey abundance decreases with increasing distance from the shoreline (c), predicts a peak in
shorebird use at intermediate distances from the shore (d).
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Obtaining an overall estimate of mudflat use is challenging when intertidal areas
are so vast as to make it impossible to perform simultaneous shorebird counts across
the full intertidal zone. Nevertheless, just as distribution of shorebirds can be used to
infer local resource conditions, the density of shorebird droppings can be used to
infer the intensity of use of different zones in the intertidal area. Pomeroy (2006)
found that shorebird droppings showed a peaked distribution in the mid-intertidal,
consistent with the scenario where food abundance declined with distance from the
upper intertidal. The invertebrate resource distribution was later confirmed to decline
from the upper to lower intertidal, via benthos sampling (see Fig. 1 in Pomeroy
2006).

If the distribution and behaviour of shorebirds within- and across mudflats reflects
current ecological conditions, then it follows that long-term changes in their distri-
bution and/or behaviour may reflect long-term changes in ecological conditions.
Given our knowledge of the factors driving variation in shorebird numbers, behav-
iour, morphology, and physiology, shorebirds may also serve as sentinels of chang-
ing conditions (Piersma 2003; Piersma and Lindström 2004; Kraan et al. 2009). We
illustrate this notion with two examples.

3.2 Shorebirds as Indicators of Local Prey Changes

When shorebirds are highly specialized on particular prey resources at a site,
changes in the availability of that resource may be mirrored by changes in the
abundance of shorebirds at those sites. For example, the overexploitation of horse-
shoe crabs by humans resulted in catastrophic declines in the rufa subspecies of red
knot (Calidris canutus rufa), which are highly dependent on lipid-rich horseshoe
crab eggs while on stopover in Delaware Bay (USA) to refuel during their northward
migration (Myers 1986; Baker et al. 2004; Niles et al. 2009). Similarly, declines in
the abundance of shellfish in the UK and The Netherlands caused by local shellfish-
eries were associated with declines in molluscivore shorebirds (Piersma 2007; Kraan
et al. 2009; Atkinson et al. 2010; van Roomen et al. 2012). At the same time,
polychaete abundances increased, which was correlated with increases in the abun-
dance of worm-eating waders (van Roomen et al. 2012).

In another example, the initiation of a baitworm harvesting industry in the Bay of
Fundy, Canada, resulted in dramatic changes in foraging efficiency in semipalmated
sandpipers, via its effects on non-target species in the community (Shepherd and
Boates 1999). Areas of sediment that were disturbed by baitworm harvesting had
39% lower densities of Corophium volutator compared with undisturbed areas of
sediment, and juvenile C. volutator were most strongly affected. This translated to a
nearly 70% lower rate of capture of C. volutator by foraging semipalmated sand-
pipers, suggesting that the disturbance of sediment during baitworm harvesting may
have additionally interfered with the use of visual and tactile cues (Shepherd and
Boates 1999). Changes in the abundance and distribution of invertebrates, with
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concomitant shifts in shorebird abundances have also been documented in response
to eutrophication (Alves et al. 2012) and the presence of pollutants (Furness 1993).

3.3 Shorebirds as Integrated Sentinels of Global Change

It is important to recognize that local changes in shorebird abundance or behaviour
do not necessarily reflect changes in local conditions. Many shorebirds cover large
areas of the globe over the course of their annual migratory cycle, and changing
conditions at any one location could have cascading effects throughout their distri-
bution. Perhaps the most striking example of shorebirds as integrated sentinels of
global change comes from long-term studies of red knots at a major non-breeding
site, the Banc d’Arguin, Mauritania.

The canutus subspecies of red knot (Calidris canutus canutus) has been studied
intensively on the Banc d’Arguin for over 30 years. Red knots feed primarily on
molluscs during the non-breeding season, which they consume whole and crush in
their muscular gizzards (Battley and Piersma 2005a). On the Banc d’Arguin, the two
principal molluscs making up their diet are Dosinia isocardia and Loripes lucinalis
(see also Sect. 5.2). As part of a long-term research program aimed at monitoring the
relative consumption of these two prey types, blood samples were collected over a
period of 12 years and stable isotope analyses were used to infer diet. Unexpectedly,
the analyses revealed that red knots were consuming rhizomes of the seagrass
Zostera noltii and further that the relative contribution of seagrass to the diet was
increasing across years (van Gils et al. 2016). More intriguingly, benthos sampling
programs suggested that bivalve prey abundances were stable over the same time
period. If local conditions on the Banc d’Arguin weren’t driving the shift in diet,
what was?

In fact, the changing diet of knots in Mauritania appears to be a cascading
consequence of warming Arctic temperatures (van Gils et al. 2016). Red knots
breed in the High Arctic. They arrive in early spring and must wait until after
snowmelt to initiate their nests. Over the last 30 years, the date of snowmelt has
advanced by an average of 0.5 days per year. Knots have simultaneously advanced
the timing of their northward migration to the breeding grounds, but at only half the
rate of the advancing snow melt (0.25 days per year on average) (van Gils et al.
2016). Consequently, knots are breeding later relative to snow melt dates, which
may be contributing to a mismatch between the timing of chick hatching and the
timing of invertebrate emergence (i.e., trophic mismatch). Such phenological mis-
matches have been proposed to result in decreased body size, due to organisms
receiving suboptimal nutrition during their periods of most rapid growth. Indeed,
knots have also decreased in body size, and more importantly, in bill length, over the
last 30 years (van Gils et al. 2016).

The decrease in bill length may explain the diet shifts observed in Mauritania.
Seagrass rhizomes are found very near the sediment surface, whereas Dosinia and
Loripes are buried below the surface (Fig. 12.5). Thus, the bivalves are less
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accessible to shorter-billed birds, which may explain the recent increase in contri-
bution of seagrass rhizomes to the overall diet of red knots in Mauritania.

4 Ecological Impacts of Shorebirds on Mudflats

Although shorebirds are major players in mudflat communities, and can contribute
substantially to the understanding of intertidal mudflat ecology, to date, they have
more typically been viewed as minor predators of low economic importance, com-
pared to other players such as fish and invertebrates. Most shorebird research has been
conducted with a strong ornithological focus, with only narrow connectivity to other
intertidal mud-related disciplines in biology, ecology and oceanography. Yet shore-
birds occupy a central place in mudflat trophic webs (Piersma 1987; Kuwae et al.
2012), and exert major predatory, physical and chemical impacts on mudflats.

The direct trophic links between shorebirds and primary producers, and
between primary consumers and secondary consumers, reveals more complex tro-
phic relationships than previously thought for shorebirds (Kuwae et al. 2012), and
has provided new insights into community structure of mudflat ecosystems around
the world. For example, direct competition between shorebirds and invertebrates for
epibenthic biofilm could explain why small shorebirds are less abundant in the

Fig. 12.5 Illustration of how decreasing bill length in red knots is associated with shifts in diets. (a)
The proportion of Loripes in the diet is positively correlated with bill length. (b) The most
accessible food to short-billed knots is Zostera seagrass. Figure reproduced with permission from
van Gils et al. (2016).
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African-Eurasian flyways, where they face high competition with other biofilm
grazers (Bocher et al. 2007; Kuwae et al. 2012). In addition, complex food webs
with greater trophic redundancy are generally more resilient, compared with rela-
tively more simple food webs (Hooper et al. 2005). Further work identifying and
modelling the links between food web complexity and ecosystem resilience should
provide critical information for more effective management of shorebird habitats
(Catry et al. 2016).

Does predation by shorebirds reduce prey populations? Observations on foraging
rates of shorebirds, combined with shorebird densities, would suggest that they
almost certainly must. However, detecting depletion of invertebrate prey by shore-
birds is notoriously difficult (Sutherland et al. 2000; van der Meer et al. 2001;
Colwell 2010). Estimating invertebrate abundances is itself challenging, given the
heterogeneous nature of mudflats (both temporally and spatially), combined with the
challenges of accurately identifying and enumerating samples (see Chaps. 5, 6,
8, and 15). In addition, rates of prey removal, though great, may not exceed rates
of prey replacement (e.g., via reproduction) (e.g., Kalejta 1993).

Despite the technical complexities of detecting the predatory impacts of shore-
birds, numerous studies have documented significant depletion of invertebrate prey
by shorebirds, and in some cases, extreme depletion (reviewed in Colwell 2010). For
example, shorebirds in the coastal wetlands of South Carolina during northward
migration reduced both the density and biomass of invertebrates by approximately
50% (Weber and Haig 1997), and shorebirds at staging areas in Massachusetts
during southward migration depleted prey by between 7 and 90%, depending on
the year and prey type (Schneider and Harrington 1981).

Not surprisingly, evidence for prey depletion by shorebirds has more commonly
been detected during migration, a period where increased energy demand couples
with large numbers of shorebirds (sometimes in the hundreds of thousands) passing
through a single site over a very punctuated time period. However, moderate levels
of depletion of invertebrate prey by shorebirds has also been detected on the
non-breeding grounds (e.g., Zwarts and Drent 1981; Zharikov and Skilleter 2003;
Bijleveld et al. 2015). One example of extreme depletion of prey during the
non-breeding season was that of an estimated depletion of Hydrobia and Nereis by
approximately 90% in the Tees estuary, UK, where the intensity of prey depletion
was likely exacerbated by port developments that significantly reduced the foraging
areas available to shorebirds (Evans et al. 1979).

In addition to exerting strong effects on invertebrate numbers and biomass,
predation by shorebirds has substantial physical and chemical impacts on mudflat
ecosystems. Invertebrate grazers on epibenthic biofilm are recognized as important
ecosystem engineers, altering the spatial-self organization of mudflats (Weerman
et al. 2011, and see Chaps. 5, 6, 8, and 10). With grazing rates on epibenthic biofilm
during migration at Roberts Bank in the Fraser River estuary, Canada, estimated at
seven times body mass per day for an individual western sandpiper, and flock sizes in
the tens to hundreds of thousands of shorebirds over a single tidal cycle, western
sandpipers are estimated to be turning over 15 tonnes of sediment per day at this site
(Elner et al. 2005; Kuwae et al. 2008). Thus, bioturbation resulting from biofilm
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grazing by large flocks of shorebirds has the potential to dramatically alter the
physical structure of mudflat ecosystems.

Shorebirds can also have substantial chemical impacts on mudflats. For example,
defaecation by shorebirds on mudflats can be a source of both organic and inorganic
nutrients. Experiments have shown that defaecation by shorebirds can increase
growth rates of diatomaceous biofilms by 20% (Jauffrais et al. 2015) and provide
a route through which both nutrients and toxins move into and out of intertidal
ecosystems (Saint-Béat et al. 2013; St. Clair et al. 2015). Comparisons of trophic
webs and ecosystem functioning at the Brouage mudflats in the Marenne-Oleron
Bay, France, at two different times of year highlight the critical role of shorebirds in
nutrient cycling. Although the overall trophic links were similar both in winter
(when shorebirds are present) and summer (when shorebirds are absent), the overall
ecosystem functioning was enhanced when shorebirds were present, due to their
positive impact on primary productivity via increased nutrient cycling (Saint-Béat
et al. 2013).

5 Case Studies

Shorebirds are found in coastal and estuarine environments on every continent
except Antarctica. Their distributions can be grouped very broadly into three Flyway
systems; the Americas, the Asian-Australasian and the Africa-Eurasia flyways
(Boere and Piersma 2012). Here, we present case studies of shorebird research
from each of the three major flyway systems that illustrate their central role in
mudflat ecosystems and highlight some current conservation concerns.

5.1 Discovering New Trophic Links in Mudflat Food Webs

The intertidal estuarine mudflats, marshes and open soil agricultural field habitats of
the Fraser River Delta, in British Columbia, Canada, constitute what some refer to as
Canada’s most Important Bird Area (IBA) (Butler andVermeer 1994) and a shorebird
stop-over site of global significance (Drever et al. 2014). Roberts Bank, at the
southern arm, has been termed the “ecological crucible” of the delta (Sutherland
et al. 2013), supporting hundreds of thousands of western sandpipers during a three-
week period in April–May, representing most of the global population (Butler et al.
1996; Drever et al. 2014). Despite its multiple conservation designations, the prox-
imity of the Fraser River Delta to the downtown core of the City of Vancouver (30 km
north of the delta), urbanization and other anthropogenic pressures have become
increasingly intense over the past 40 years. Paradoxically, concerns about port
development have resulted in Roberts Bank becoming one of the most intensively
studied shorebird stopover sites in the world, which has shed new light on the role of
shorebirds in mudflat trophic webs.
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Although western sandpipers feed on intertidal mudflats throughout the Fraser
River delta, Roberts Bank has the highest usage (Jardine et al. 2015). While
invertebrate prey are abundant on Roberts Bank during northward migration (Mathot
and Elner 2004), epibenthic biofilm is estimated to account for approximately 50%
of the daily energy budget of western sandpipers on northward migration (Kuwae
et al. 2008; Beninger et al. 2011; Jardine et al. 2015). Northward migration through
the Fraser River Delta coincides with the diatomaceous biofilm blooms, which occur
in spring (Admiraal and Peletier 1980; Sawai et al. 2016) (Fig. 12.6), suggesting that
shorebirds may be specifically targeting biofilm.

Original studies of sandpiper feeding in the upper Bay of Fundy suggested a simple
system with amphipods, Corophium volutator, comprising the single major prey
(Hicklin and Smith 1979, 1984; Gratto et al. 1984; Barbeau et al. 2009) and shorebird
density and foraging behaviour being directly related to Corophium availability (Wilson
1990; Wilson and Vogel 1997). A classic “ecological cascade” was then advocated,
based on shorebird predation onC. volutator grazing on diatoms, and sediment cohesion
properties controlled by mucopolysaccharides secreted by diatoms (Daborn et al. 1993).
Initially, observations of diatoms in semipalmated sandpiper diet were dismissed as
incidental intake resulting from a bill skimming behaviour that was assumed to be
directed towards feeding on ostracods (MacDonald et al. 2012), though more recent
studies have revealed that diatoms in biofilm are also targeted by sandpipers in the Bay
of Fundy (Quinn and Hamilton 2012; Quinn et al. 2017).

While the finding that many shorebirds appear to rely heavily on epibenthic
biofilm as a targeted food source adds increasing levels of complexity to system
understanding, what is uncertain is whether the evolving picture of shorebird diets
represents a more sophisticated knowledge base, or if shorebird diets themselves
have altered in response to system changes over the past four decades (e.g., Shepherd

Fig. 12.6 Western
Sandpiper feeding on
epibenthic biofilm during
breeding migration stopover
on Roberts Bank (British
Columbia, Canada). Photo
Jason Puddifoot.
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et al. 1995). However, the bill and tongue structures associated with biofilm feeding
(see Sect. 2.1) suggests that biofilm has long been an important, if unrecognized,
component of shorebird diets.

5.2 Shorebirds Alter Mudflat Biogeochemistry and Benthic
Communities

The Banc d’Arguin in Mauritania hosts the greatest number and densities of birds
along the Africa-Eurasia flyway (Engelmoer et al. 1984; Campredon 2000). With
more than two million shorebirds in winter (Altenburg et al. 1982), albeit with a
steady decline of some shorebird species since the first counts in 1980 (Oudman
et al. 2017), the Banc d’Arguin is by far the most important wintering site for
migratory shorebirds using the East-Atlantic flyway in terms of numbers (e.g.,
Smit and Piersma 1989). The very large shorebird numbers on a rather small area
of intertidal mudflats (approximately 500 km2) results in very high predation
pressure (Engelmoer et al. 1984; Wolff et al. 1993).

Although globally, high concentrations of shorebirds often coincide with regions
of offshore productivity (Butler et al. 2001), this is not the case for the Banc
d’Arguin. The food web of the Banc d’Arguin intertidal is mainly supported by
local benthic primary production, a combination of seagrass and microphytobenthos,
with much smaller contributions of phytoplankton, macrophytes and epiphytes
(Wolff et al. 1993; Carlier et al. 2015; Catry et al. 2016). Seagrass meadows are
recognized as one of the most productive of marine communities (Fenchel and Riedl
1970; Fisher and Hand 1984). Since a large portion of the plant material produced is
eventually deposited as detritus, the abundance of organic material in the sediment is
usually greater than the oxygen available for its degradation. Hemminga and
Nieuwenhuize (1991) observed that seagrass leaves at Banc d’Arguin remain
trapped in the seagrass beds and decompose in situ. Under such anaerobic condi-
tions, decomposition is accomplished by the activity of sulphate-reducing bacteria,
which can utilize inorganic compounds other than O2 as electron acceptors (Fenchel
and Riedl 1970). This results in hydrogen sulfide being the major inorganic constit-
uent in the sediments of the Banc d’Arguin (van der Heide et al. 2012; van der Geest
et al. 2014).

The hydrogen sulfide, in turn, is metabolized by the (currently) most common
bivalve on the intertidal flats of Banc d’Arguin, Loripes lucinalis (Wijnsma et al.
1999; Honkoop et al. 2008; see Fig. 12.5). Loripes makes use of carbon metabolites
produced by endosymbiotic chemoautotrophic bacteria (van der Geest et al. 2014),
and carbon dioxide, oxygen and hydrogen sulfide are absorbed by the gill and
transported to bacteriocytes harbouring the endocellular sulfur-oxidizing bacteria
(Johnson et al. 1994; Le Pennec et al. 1995). The bacteria oxidize the H2S and use
some of the released energy to fix CO2 in the Calvin cycle. Living close to the
surface, Loripes is able to exploit sufficient sulfide, while at the same time being able

324 K. J. Mathot et al.



to take up enough oxygen, including the oxygen that diffuses from the roots of
seagrasses (Pregnall et al. 1984; van der Heide et al. 2012). The symbiotically-fixed
carbon contributes two-thirds of their carbon consumption (Johnson et al. 1994).

In this ecological context, molluscivoran red knots have been shown to affect the
biogeochemistry of the intertidal sediments and the functioning of the food web.
Because of their dependence on bivalves, red knots reduce competition between the
preferred prey species, i.e., the venerid Dosinia isocardia (van Gils et al. 2013;
Ahmedou Salem et al. 2014; Oudman et al. 2016) and the co-occurring facultative
mixotroph Loripes lucinalis (van Gils et al. 2012). Dosinia is a suspension feeder
that only consumes suspended particulate organic matter. In areas where red knots
were excluded, Dosinia was no longer selectively removed and became dominant
over Loripes. Thus, without predation on Dosinia, stronger competition for
suspended particulate organic matter forced Loripes to rely on energy produced by
endosymbiotic bacteria (van Gils et al. 2012). This reduced sulfide concentrations
and led to lower growth rates of Loripes. As sulfide is toxic to most organisms,
predation by red knots detoxifies the sedimentary environment (van der Heide et al.
2012) and hence facilitates other benthic species.

5.3 Variable Effects of Anthropogenically-Disturbed
Environments on Shorebirds

Spanning 20 degrees of latitude, the 18,000 km Yellow Sea coastline, which extends
beyond China into the Koreas (Koh and Khim 2014; Wang et al. 2014), at least
historically, constituted the largest continuous system of intertidal mudflats in the
world (Healy et al. 2002). The Yellow Sea wetlands support 25% of the global total
of waterbird species (Ma et al. 2014), but are nonetheless subject to intense anthro-
pogenic disturbance (Fig. 12.7). China’s coastal wetlands are heavily exploited for
the polychaetes, bivalves, gastropods and crustaceans living in and on these mudflats
(Melville et al. 2016; Yang et al. 2016). These benthic resources are impacted in
other ways, since most inshore intertidal areas have forms of aquaculture (Li et al.
2011; Yang et al. 2016). Shellfish species of economic importance were introduced
at intertidal mudflats where they did not occur previously (Guo 1999; Leung et al.
2008; Li et al. 2011; Tang et al. 2013), and some of these species are now regarded as
invasive (Du et al. 2010). Young shellfish are routinely collected at one place and
transported to another, and in this way benthic communities both at the mudflats of
origin and destination are changed (Wang and Zhang 1995; H.-B. Peng et al.
unpublished data).

Perhaps surprisingly, human impacts associated with Chinese mudflats and
offshore areas are not always negative for shorebirds (Yang et al. 2016). On the
mudflats on the Luannan coast in Bohai Bay, the small bivalve, Potomocorbula
laevis, the staple food of staging red knots (Yang et al. 2013), appears to be
benefiting from anthropogenic disturbances. Competition between settling juve-
niles and adults has been virtually eliminated by near-complete fishing away of the
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population (for shrimp farming) in late summer and autumn, and an absence of
predation on spat by epibenthic predators such as shrimps and crabs, due to
persistent overfishing in recent decades, has resulted in increased numbers of

Fig. 12.7 Flocks of red knots in Bohai Bay, Yellow Sea, China, an area subject to intense
anthropogenic disturbance, including coastal developments (top panel) and fisheries (lower
panel). Photos by Jan van de Kam.
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Potamocorbula, which now contribute 96% to the total numbers of 17 species.
Thus, overfishing of competing marine mesopredators, in this case, might benefit
staging shorebirds, at least in the short term.

The great importance of the Chinese mudflats for staging shorebirds, including
red knots, during both northward and southward migration, has been established by
multiple studies (Gill et al. 2008; Rogers et al. 2010; Battley et al. 2012; Iwamura
et al. 2013). There is growing concern that habitat loss (Yang et al. 2011;
MacKinnon et al. 2012; Ma et al. 2014; Murray et al. 2014, 2015; Wang et al.
2014; Piersma et al. 2016, 2017), in combination with overfishing, destructive
harvesting of clams, and poisoning by pesticides for clearing unwanted organisms
from mudflats seeded with spat reared elsewhere (Lin and Yuan 2005; Feng and Ma
2012; MacKinnon et al. 2012; Melville et al. 2016), are now negatively impacting
the use by, and indeed the populations of, migrating shorebirds. The coastal wetlands
in China are being filled in and reclaimed at accelerating rates, with the extent of the
land claims increasing from 24,000 ha/year between 1950 and 2000 to 40,000 ha/
year between 2006 and 2010. Over the past two decades, the length of seawall
around the Yellow Sea has increased by a factor 3.4, reaching 11,000 km in 2010,
prompting major conservation concerns (Ma et al. 2014).

Shorebird species that breed in the High Arctic and rely on the Yellow Sea
mudflats to fuel their long-migration have shown the steepest population declines
on their southern non-breeding areas (Amano et al. 2010; Wilson et al. 2011; Studds
et al. 2017). A demographic study on red knots, great knots (Calidris tenuirostris)
and bar-tailed godwits (Limosa lapponica) showed them to have identical patterns
and rates of decline in survival, during the part of the annual cycle encompassing
migration through the Yellow Sea area, a ‘coincidence’ that can only be explained by
their shared use of the Yellow Sea intertidal mudflats (Piersma et al. 2016). Indeed,
without exception, the evidence suggests that coastal shorebirds are currently limited
by the shrinking coastal habitats in East Asia.

6 Conservation

As apparent from this and other chapters of this book, a paradigm shift is taking
place over the ecological values of mud. Survival and recovery of the world’s
shorebird species demands a multidisciplinary scientific approach based on
maintaining and restoring the ecological mechanisms supporting the productivity
of mud. Conservation actions can no longer be left to ornithologists and habitat
managers, however well-intentioned. We need to understand “mud” as a highly
complex ecosystem driven by primary producers generating not only energy but also
pulses of lipids. Shorebirds are but one indicator of compromised mud systems;
commercial fisheries and people who rely on them are also victims, as are tens of
thousands of undervalued invertebrate species.
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6.1 Mud Is Not a “Wasteland”

Mud, the orphan habitat (Chap. 1), is one that few claim worthwhile for conserva-
tion. Generally, mud is regarded as a sticky, foul, pungent wasteland that serves no
purpose, and can be developed with impunity. To the casual observer, unvegetated
intertidal mud hosts sparse aquatic biodiversity compared to more charismatic
habitat types, such as eel-grass and salt marsh (Beck et al. 2001). More perversely,
while low productivity systems such as sandy beaches are prized for recreational and
economic merits (Cooke et al. 2012), mud is frequently downgraded or altogether
ignored in habitat classification schemes (Spurgeon 1999; Barbier et al. 2011). Yet,
ironically, mud is not only productive but more ecologically critical to shorebirds
than any other coastal habitat component.

As an essential medium to many species, the physical area of mud, and its functional
integrity, require protection. In particular, conservation planning needs to incorporate
the surrounding physical, chemical and biological processes supporting diatoms in
epibenthic biofilm and their periodic production of essential fatty acids (Hixson et al.
2015; Colombo et al. 2016). A mudflat without a functional epibenthic biofilm
community has limited value to shorebirds because all shorebirds that feed on mudflats
rely on biofilm either as a direct food source (i.e., biofilm grazers; e.g. Kuwae et al.
2008, 2012; Lourenço et al. 2017; Quinn et al. 2017), or indirectly, as a primary food
source for their invertebrate prey (Christianen et al. 2017). Thus, even for shorebirds
that are not directly grazing biofilm, the epibenthic biofilm community is a critical
component of habitat quality. As an example, mechanical dredging in the Dutch
Wadden Sea is believed to have negatively impacted benthic diatom communities via
sediment disturbance and increased turbidity, with the resultant decrease in benthic
diatoms leading to catastrophic declines inMacoma balthica populations (Piersma et al.
2001; Compton et al. 2016), a major food source for wintering red knots.

Recognizing the broader conservation imperative of mud has the promise of not
only maintaining entire species of migratory shorebirds but by re-creation and
remediation of flats, saving others from extinction. Although shorebirds in them-
selves are important, the broader benefits of restoring mud translate into more
sustainable coastal ecosystems and fisheries (Arts et al. 2009).

6.2 Threats to Mud

Intertidal estuarine mud is an irreplaceable habitat for shorebirds, but it is being
subjected to global-scale replacement and degradation. The combined forces of
global climate change (Struyf et al. 2004), sea level rise (Galbraith et al. 2002),
invasive species (Ruiz et al. 1997, Chap. 11), coastal development (Ma et al. 2014),
destructive fishing and overfishing (Piersma et al. 2001; Lotze et al. 2006, Chap. 13),
and pollution (Kennish 2002), coupled with ignorance in scientific understanding of
mud, pose species-level threats to shorebirds worldwide. For example, the major
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stopover sites along the collapsing Southeastern Asia Flyway have been subject to
intensive coastal development (Ma et al. 2014; Piersma et al. 2017), with rates of loss
of tidal flat ecosystems ranging between 0.5 and 1.8% per year (Murray and Fuller
2015). Reduced biofilm availability and resource quality to migrating shorebirds
could be a contributing cause for these population declines (MacKinnon et al. 2012;
Murray and Fuller 2015; Clemens et al. 2016; Piersma et al. 2016; Taylor et al.
2016). Similarly, predicted declines in lipid production at a global level as a
consequence of climate change (Hixson and Arts 2016) will only exacerbate the
cumulative effects of current factors, either directly reducing mud habitat availability
or functioning.

6.3 Restoration and Recovery

We cannot conserve, much less restore, what we do not recognize or understand.
Precipitous declines of shorebird populations over the last several decades under-
score the need to elucidate supporting ecological mechanisms to better inform
conservation strategies. Long distance migratory shorebirds are extreme athletes
whose performance relies on an ability to use fatty acids as fuel (Weber 2009;
Guglielmo 2010). Some shorebirds may be able to synthesize fatty acids endoge-
nously. For example, the presumed-extinct Eskimo curlew (Numenius borealis) is
believed to have fed primarily on lipid-poor berries prior to southward migration
(Gill et al. 1998), though reports are largely anecdotal. However, most shorebirds are
heavily reliant on dietary sources of fatty acids. For example, declines in access to
lipid-rich horseshoe crab eggs has proven catastrophic for red knots migrating
through Delaware Bay (Haramis et al. 2007). Interestingly, epibenthic biofilm also
provides a rich source of polyunsaturated fatty acids (Twining et al. 2016; Quinn
et al. 2017), and may therefore be a critical food for shorebirds that rely on dietary
intake of fatty acids to fuel long-distance migration.

To date, epibenthic biofilm has not been explicitly considered when assessing
general threats to shorebirds (Melville et al. 2016). However, realization of the
importance of omega-3 fatty acids produced by phytoplankton, especially diatoms,
to aquatic ecosystems is an emerging science, and there is already recognition that
not all phytoplankton production is “equal” (Galloway and Winder 2015). The
sources of these fatty acids on mudflats need to be identified, understood, restored
and protected for effective shorebird conservation. Accordingly, we urge an inter-
national conservation initiative on mud. In doing so, conservationists will need to
work in teams with engineers, oceanographers, marine chemists, diatomists, ecolo-
gists, physiologists and ornithologists, to re-create and/or conserve productive
epibenthic biofilm over estuarine intertidal mudflats.
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Chapter 13
Mudflat Fishing

Peter G. Beninger

He was a bold man who first swallowed an oyster
— James VI of Scotland/James I of England
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Abstract Mudflat fishing is certainly one of the oldest human activities, and it
probably contributed heavily to both our cognitive development and the settlement
pattern of human populations still evident today. It is characterized by simple gear for
raking or digging, individual effort, relatively small catches, and micro-regulation. It
may be divided into two broad categories: professional fishing (catches are sold) and
recreational/subsistence fishing (catches are not sold). The recreational fishery may
be likened to the sport fishing industry, in that the economic impact of mudflat fishing
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includes a substantial tourism component. Although difficult to evaluate precisely,
methods used in the tourism and sport fishing industries allow ball-park evaluations
of the economic impact of recreational mudflat fishing in developed countries.

Environmental impacts of mudflat fishing include resource depletion, as well as
reduced densities of non-target macrofauna, altered spatial distributions of both
macro-and meiofauna, and geochemical modifications in the sediment. Mudflat
fishing impacts are likely to be site- and intertidal level-specific, and choice of the
appropriate scale of study is problematic. Little attention has been paid to the effects
of mudflat fishing on high-profile, declining species such as shorebirds, and this is an
urgent research need. Given the long history of mudflat fishing, the system seems to
have been relatively resilient up to the present time; this may change in the face of
increased pressure from an exponentially-increasing world population.

1 History

It is beyond the scope of this chapter to present a detailed account of mudflat fishing
throughout history and the world, for this would require a volume in itself, much like
the recent ‘History of Aquaculture’ (Nash 2011). However, it is important to first
place mudflat fishing in its historical context, before describing its common features
throughout the modern world.

1.1 Prehistoric Fishing

The earliest known shell middens date from approximately 150,000 years BP, from
both the tip of South Africa and southern Spain, indicating that it was a widespread
practice at this time (Marean 2010; Cortés-Sánchez et al. 2011). Although these were
mainly rocky- and sandy-shore species, it shows that hominids were accustomed to
foraging for shellfish at this point in their evolution. It is likely that humans consumed
shellfish prior to the formation of middens, which are associated with sedentarization.
It has been suggested that the cognitive requirements for shellfish fishing were crucial
to the origin of behavioral modernity in humans (Jerardino and Marean 2010).

The species most commonly found in the earliest shell middens are rocky and
sandy-shore bivalves and gastropods, probably reflecting the relative ease of forag-
ing. More definitely mudflat species are found in European Neolithic and Bronze Age
middens (e.g. Coles and Taylor 1969, Table 13.1).
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1.2 Mudflat Fishing in the Judeo-Christian Tradition

Theologically-derived dietary restrictions have characterized the attitude of the
Jewish and Christian worlds toward the consumption of aquatic invertebrate species
throughout much of recorded history. In keeping with the ‘Paradise Lost’ creation
theme of the opening chapters of the Book of Genesis, humans were said to have
been originally herbivorous/vegetarian (Gn 1: 29–30); becoming totally omnivorous
(Gn 9: 3), and then very precisely restricted with respect to the types of animals that
could be consumed, with the clear injunction not to consume any aquatic organism
other than fish (Lv 11:10–11, re-stated in the same terms in Dt 14: 9–10). Although
the neighbouring Mediterranean Sea is bereft of significant mudflats due to its small
tidal range, this restriction obviated mudflat fishing for consumption by observant
Jews anywhere in the world, and continues to do so today. The Christian tradition,
directly derived from the Jewish, could easily have followed this trajectory as well,
were it not for St. Peter’s vision (Acts 10: 10–15; 11: 4–9), widely interpreted as
removing all religious barriers to living food sources, and paving the way for guilt-
free consumption of mudflat shellfish in the Christian world and its secular
descendants.

Table 13.1 Mollusc shells found at a small Neolithic-Bronze Age shell midden in the Culbin
Sands, Morayshire (UK)

Representation of shell species by weight

Batch no. Cerastoderma edule Mytilus edulis Littorina littorea Ensis Sp.

TB2 U 6a 932 397 15

TB3 U 4 640 166 6

TB6 U – 531 252 1

TB7 U 2 572 184 4

TA14 U 3 481 236 37

TB1 L 30 7 – –

TB4 L 87 21 19 –

TB5 L 69 6 6 2

TB8 L 133 111 12 13

TB9 L 94 22 12 4

TB11 L 84 143 13 22

TB12 L 49 8 10 2

TB13 L 27 9 6 2

TA15 L 18 85 2 2

TA16 L 40 5 7 1

The site probably supported <10 individuals. From Coles and Taylor (1969), with permission
U Upper Midden
L Lower Midden
aAll weights were measured to the nearest gram
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1.3 Mudflat Fishing in the Greek and Roman Empires

The Ancient Greeks ate most of the sediment-dwelling bivalves which they continue
to consume today, and despite the limited tidal range in the Mediterranean, some
species were fished on foot at low tide (probably in the compressed supralittoral and
mediolittoral zones, as well as in shallow waters of the infralittoral zone). Probable
species described in the ancient texts include the fan mussel, Pinna nobilis, two
species of razor clams Solen capensis (P. Fischer, 1881) (¼ S. marginatus Pulteney,
1799) and Ensis minor (Chenu, 1843), two isomyarian clams Venus verrucosa
(Linnaeus, 1758) and Chamelea gallina (Linnaeus, 1758), Pholas dactylus
(Linnaeus, 1758), the wedge shellDonax trunculus (Linnaeus, 1758), and the Lagoon
cockleCerastoderma glaucum (Poiret, 1879) (Voultsiadou et al. 2010).Most of these
bivalve species are still exploited today, in regions which once formed part of the
Greek Empire: Asia Minor (Dogan et al. 2008), Egypt (Farag et al. 1999), and
throughout the Mediterranean, Aegean, and Adriatic seas (Poutiers 1987;
Katsanevakis et al. 2008). To this day, the most productive area for intertidal bivalve
fishing is the Northern Aegean Sea, particularly the Bay of Kaloni (Lesvos island),
exactly as Aristotle reported 2300 years ago (Koutsoubas et al. 2007).

A special apparatus called a “pinologio” was used to extract P. nobilis from the
sediment (Fig. 13.1); in addition to its use as food, this species was highly prized for
its byssus threads, which were woven into a fabric called ‘sea silk’, and its shells were
used as shallow containers or tools, as were those of C. glaucum (Voultsiadou et al.
2010). All of the sediment-fished species were also considered what we term today as

Fig. 13.1 A pinologio
(foreground), used by
Ancient Greeks to extract
the fan shell, Pinna nobilis,
from sediments. Photo taken
at the museum of traditional
fisheries and shells in
Moudania (Chalkidiki,
Greece) by D. Koutsoubas.
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‘nutraceuticals’, i.e. possessing both nutritive as well as pharmacologic and curative
properties (Voultsiadou 2010; Voultsiadou et al. 2010).

1.4 Mudflat Fishing in Europe and the New World

It is impossible to cover the history of mudflat fishing in all of Europe and its
offspring in a chapter such as this. However, examples may be studied precisely
because of their exemplarity; with its much longer recorded history, Europe is a
natural choice for such an enterprise. A case in point is the Wadden Sea (Lotze
2007), which has a history of mudflat fishing since the glacial retreat of the last Ice
Age (�7500 BP, Fig. 13.2). In the Bronze-Iron Age (2100 BC–100 AD), molluscs
made up half of all identifiable remains at archaeological sites, and these were
dominated by species found on the mudflats today: blue mussels Mytilus edulis,
cockles (Cerastoderma spp.), and the clam Macoma balthica (Prummel and
Heinrich 2005). During the Roman occupation period (200 BC–400 AD), the
proportion of these molluscs decreased to 40%, and this decline continued into the
Middle Ages (300–1500 AD, 20%) and the Modern era (1500–1800 AD, 10%)
(Lotze 2007).

As is so often the case for any unregulated, and many regulated, fisheries
(regulation beginning in the twentieth century), exploitation of the common mudflat
resource led to the ultimate collapse of most fisheries, with the end result that ‘Today,
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Fig. 13.2 Summary of archaeological remains from 44 sites along the Wadden Sea coast. Percent
of remains belonging to each species group (mammals, birds, fish, molluscs) and subgroup as
depicted in the legend. Note that fish and molluscs are likely underrepresented in the Late Neolithic
period because of missing quantitative information. Cultural periods are identified by name and
time. Figure reproduced from Lotze (2007), with permission from Elsevier.
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the Wadden Sea is among the most degraded estuarine and coastal ecosystems
worldwide, together with the Baltic and Adriatic Seas’ (Lotze 2007). At present,
only the fisheries for shrimp, blue mussels and cockles are still viable; this is at least
partly due to a release from predation, the finfish predators having been driven to
functional extinction (Worm and Myers 2003).

2 Contemporary Mudflat Fishing

As mentioned above, subsistence fishing on mudflats is an ancient activity, and it no
doubt contributes to the sustenance of many populations worldwide. Due to the
difficulty of judging whether this activity is necessary to the survival of the individ-
ual fishers, we distinguish only those who sell their catch (professional fishers), and
those who do not (recreational fishers). The catch may be for human consumption
(bivalves, gastropods, shrimp) or for use as angling bait and aquaculture feeds
(polychaetes). Bait fishing is often treated as a separate activity in the literature,
but since it shares virtually everything except the end consumer with mudflat fishing,
and calls have been made for it to be managed in the same way as mudflat fisheries
(Watson et al. 2015, 2017a), it will be included here as a mudflat fishing activity.

2.1 Legal Framework

Mudflat fishing is a type of ‘pedestrian fishing’, legally defined both in opposition to
either ship-based or underwater fishing, and in the requirement that the fisher must at
all times have purchase on the substrate (Beurier 2014). Due to strong geographic
constraints (i.e. mudflats are all located within territorial waters), there are no
international regulations other than the general terms of the 1982 United Nations
Convention on the Law of the Sea. At the European Union (EU) level, mudflats as
habitats are protected by conservation legislation (SAC—Special Areas of Conser-
vation, and SPA—Special Protection Areas). With respect to the living resources
themselves, only EU-wide regulations concerning minimum catch sizes and quality
norms exist. Much of the specific regulation is thus to be found at the national or
variously local levels; while federal regimes may thus have regulations at the
national, state, and local levels, even highly centralized regimes (e.g. France) may
have much of their legal framework at the local levels, and it is therefore termed
‘micro-regulation’ (Boldina 2011).

As mentioned above, mudflat fishing can be further subdivided legally and econom-
ically, as either professional or recreational fishing. This distinction may or may not be
recognized in law, depending on the jurisdiction. Professional fishing is distinguished
primarily by the right to sell fished products, whereas such sale is not permitted for
recreational fishers. Professional fishing also carries the obligation of declaring catches,
which is somewhat simplified using smartphones (e.g. ‘Télécapêche’ in France). In
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jurisdictions with a complex legal framework (most jurisdictions evolve in this direc-
tion), specific regulations may govern professional fishers, e.g. the obligation to fiscally
declare the revenues resulting from sales, and contribute to a Social Security fund; in
return for payment of licence fees (Table 13.2, Fig. 13.3), the professional fishers then
enjoy much higher quotas than the recreational fishers, and may also be allowed to use
gear disallowed to recreational fishers (Boldina 2011, Fig. 13.5). All gear is approved at
local levels by commissions composed of professional fishermen. In contrast to the
professional fishers, recreational fishers do not usually require permits, as this activity is
considered a natural extension of the freedom of movement on the seashore, which is
common tomany jurisdictions worldwide. Theymust, however, adhere to all regulations
governing quotas, gear specifications, minimum sizes, and authorizations based on
public health considerations (e.g. areas closed due to bacterial or toxin levels).

Table 13.2 Types of legal
enabling documents for
mudflat fishing in France

Enabling document Activity Cost

Permit Fishing None

Licence Department Fee

Stamp Site/species Fee

National permit Department permit

Stamps
Fig. 13.3 Types of enabling documents for professional intertidal (including mudflat) fishing in
France (with consent of M. Christophe Héry, President of the Professional Intertidal Fishers of the
Vendée department).
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Even in countries with relatively ‘advanced’ mudflat fishing regulation, bait
fishing tends to largely escape regulation (Watson et al. 2015, 2017a, b)—perhaps
simply because the consumers are not people. The result is an activity that is often
managed ineffectively, and whose impacts are even more poorly-understood than
those of mudflat fishing for human consumption (Watson et al. 2015, 2017a, b).

2.2 Effectiveness of Fishery Regulation

Notwithstanding recent Panglossian professions of ‘resource stewardship’
(e.g. Berkes 2009), all jurists know that an unenforced law is virtually the same as
no law at all, and in the case of mudflat fishing, a ‘Tragedy of the Commons’ (Hardin
1968) is the likely result—perhaps even more so with recreational than with profes-
sional fishers (who may monitor each other). Given the highly-dispersed nature of
intertidal fishing and fishers, the relatively small catches of each fisher, the large
geographic areas to cover, and the difficulty of moving about on mudflats, regula-
tory enforcement is especially weak. Funding for enforcement may even come from
professional fishers themselves, as in France, where part of the annual licence fee for
professional fishers is used to pay inspectors. However, even in these cases, the
actual manpower falls far short of the required manpower; for example, along the
entire coastline from Le Croisic to Noirmoutier, France, there are only two inspec-
tors, each working a 35-hour week, and approximately 207 days per year. Due to the
difficulty of walking on the mudflats, they approach fishers very slowly, and
poachers therefore have ample opportunity to dispose of their catch.

Further evidence that the low-enforcement intertidal fishing environment is
ineffective comes from a study done in 219 restaurants throughout Greece
(Katsanevakis et al. 2011). Nearly half of these restaurants served protected shellfish
species (i.e. those which should not be on any menu); the reader is left to imagine the
situation for species which are not protected, but subject to fishing regulation. The
authors plaintively conclude ‘The strategy for enforcement of existing legislation
should be greatly improved; otherwise protection of shelled molluscs will remain
ineffective.’ And finally, enforcement was shown to be critical to the protection of
‘no-dig’ sites from bait collectors, and to the management of mudflat bait fisheries as
a whole (Watson et al. 2015).

It is likely that increased resources for enforcement will only be forthcoming if the
value of mudflat fishing is perceived as being worthy of this investment. The value of
professional mudflat fisheries can be assessed in the market value of the products
fished, as well as the jobs and infrastructure created ormaintained by this activity. The
value of recreational mudflat fisheries is likely to be much more complex, with much
smaller product values, yet incorporating elements of the tourism industry. A recent
study of the surplus value of a small mudflat recreational fishery in France estimated
an annual value of 1.5 million € (Boldina et al. in preparation). Heightened awareness
of the true value, especially of recreational mudflat shellfisheries, should encourage
public investment in the enforcement of regulations designed to perpetuate the
resources at the base of these activities.
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2.3 Conflicts of Use

Mudflat fishing carries the potential for tension and conflict at several levels.
Conflicting strategies are evident at the outset, between the above-mentioned legal
framework of mudflat conservation, and the very visible habitat perturbation caused
by often intensive mudflat fishing.

There are two major mudflat fishery targets: infaunal bivalves (clams, cockles) for
human consumption, and polychaete worms (lugworms Arenicola marina, sand-
worms Nereis virens, and bloodworms Glycera dibranchiata) for the angling bait
and aquaculture feed markets (Watson et al. 2017b; Sypitkowski et al. 2009). As
these two target groups are largely sympatric, ‘clammers’ and ‘wormers’ often
overlap on the mudflats, generating usage conflicts. Rigorous research has proven
invaluable to the resolution of this conflict, showing that, contrary to the fears of the
clammers, worming does not increase clam, and specifically juvenile (Mya arenaria)
mortality, due to the vertical stratification of these two target groups in the sediment
(Beal and Vencile 2001). Similarly, a rapid re-colonization of bait-dug areas has
been reported for Macoma baltica (van den Heiligenberg 1987). On the other hand,
the densities of the clam Cerastoderma edule only recovered 5 years after bait
digging (Watson et al. 2007), highlighting the need for locally-specific, and even
species-specific, research for effective resource management and conflict resolution.
The increasing use of bait pumps (see Sect. 2.4), rather than mechanical digging, will
probably greatly mitigate such conflicts in the near future.

The second major mudflat usage conflict is between aquaculture and the fishery
(Fig. 13.4). Both operations require access to the mudflat; and obviously aquacul-
turists are loath to have their cultured animals fished by others, while fishers are loath
to have areas of the mudflat reserved for exclusive exploitation by aquaculturists. In
such a situation, only legal regulation can solve the conflict; ideally, such regulation
should proceed from consensus where possible, and this may include other stake-
holder perspectives such as habitat and wildlife conservation (e.g. http://www.

Fig. 13.4 Mytiliculture (a) and recreational fishing (b) areas on the Xiapu mudflats in Fujian,
China. http://www.topchinatravel.com/china-attractions/xiapu-mudflat.htm.
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frenchmanbaypartners.org/2014/11/conservation-action-planning-mudflat-progress/;
http://www.seagrant.umaine.edu/hosting/TB/07TBplan.pdf).

2.4 Types of Fishing Gear

Many types of tools may be seen in use on mudflats, but in countries with advanced
legislation, only some of these are legally allowed. Shallow-dwelling bivalves are
usually collected using some form of rake; the number and spacing of tines may be
legally fixed (Fig. 13.5a, d). Hoes of specified or customary dimensions may be used
in finer sediments (Fig. 13.5d). Polychaetes may be fished for bait using tubular hand
pumps (Fig. 13.5c). For fragile, rapidly-burrowing species such as the razor clams,
the preferred method is to induce them to rise to the sediment surface by pouring salt
on their characteristic siphon holes, followed by extraction with a hand shovel.
While recreational mudflat fishing generally occurs at low tide, professional fishers
may use flat-bottomed boats to access the mudflat at high tide, and use manual drags
to recover clams and cockles (Fig. 13.6a, b).

Amateur fishers can check minimum sizes using inexpensive measuring devices
(Fig. 13.5b), while professional fishers may use larger, more robust devices
(Fig. 13.6c). Indeed, professional fishers often use gear which selects the regulation
sizes at several steps of the fishing process (Figs. 13.5d and 13.6e).

2.5 Economic Assessment

It is important to distinguish between the value of a particular species catch, often
estimated for commercial fisheries (e.g. the ‘seaworm’ or polychaete commercial
fishery, estimated in 1999 to be worth over 200 million € in the European
market alone, with a global value of 7.4 billion €—Olive 1999; Watson et al.
2017a), and the total economic value from a fishery, especially in the case of
recreational fisheries. As mentioned above, true valuation of mudflat fishing, espe-
cially recreational mudflat fishing, is key to justifying the investment needed to
protect and sustain the resource upon which it is based. Few studies have addressed
this question, and the methodology is still in its infancy. To date, valuations have
been based on the individual surplus value, i.e. the economic value added to the local
economy by each individual. Two basic approaches are used in the valuation of
recreational activities: those based on revealed preferences, and those based on
stated preferences (Hanley et al. 1997; Hicks 2002).
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2.5.1 Stated vs Revealed Preferences

The stated preference approach incorporates both market and non-market values and
can explore hypothetical changes of the environment, sometimes far removed from
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Fig. 13.5 Representative implements used in mudflat fishing. (a) French gear for cockle and clam
fishing: 1–3, amateur gear: 1, basket allowing drainage of fished animals; 2, narrow shovel which is
of practical use only under exceptional conditions when siphon holes can be detected; 3, variety of
3-tined rakes designed to reduce digging impact; 4, multiple-tined rake reserved for professional
fishers. (b) Simple measuring scale to verify minimum sizes for amateur fishers (France). (c) A bait
pump used in extracting polychaetes/burrowing shrimp. (d) French professional gear:
1, basket allowing both drainage and regulation-compliant size selection; 2, hand hoe for clams
and cockles in muddy sediment; 3, hand rake for clams and cockles in coarser sediment. Photos PG
Beninger.
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the reality of existing markets. Contingent valuation, conjoint analysis, and choice
experiments are among the most common techniques used in the stated preferences
approach (Hanley et al. 1997; Garrod and Willis 1999). These methods, sometimes
combined to produce novel and original models (Brown and Mendelsohn 1984;
Cameron 1992; Englin and Cameron 1996; Nunes and van den Bergh 2004; Appéré
2004), have shown limitations in assessing realistic societal values of natural goods
and ecosystem services, as demonstrated in the spread between willingness of
economic agents to pay for fishing and recreational sites (e.g. Exxon Inc.), and the
actual sum awarded by the court (Alaska oil spill—less than four million vs. $US2.5
billion—Hausman et al. 1995).

The revealed preference approach, where individuals reveal their preferences
through their choices, presents the advantage of relying on actual facts and indicators
such as market prices, rather than on hypothetical and unobservable choices
(Hanemann 1994; Alberini and Kahn 2009). Several methods are employed in this
approach, such as the Hedonic Pricing Valuation (Carter and Liese 2010; Huth and
Morgan 2011) and the Travel Cost Method (TCM) (Clawson 1959; McConnell and
Strand 1981; Carr and Mendelsohn 2003; Nunes and van den Bergh 2004).

A 
C 

B D

Fig. 13.6 Professional mudflat fishing in France. (a) Use of a manual drag, (b) at high tide on the
mudflat, (c) sorting container to retain legal-size specimens and (d) clam and cockle fishing at low
tide. Photos PG Beninger with consentment of M. Christophe Héry.
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The drawbacks of TCM are well known (Pearce et al. 2006; Alberini and Kahn
2009): it only pays attention to (recreational) use values and the real travel cost is
often unverifiable (Bockstael et al. 1990; Hanley et al. 1997). Moreover, there may
be large inter-individual variations in the perceived value of the trip itself
(McConnell and Strand 1981; Cameron 1992; Bontems and Rotillon 2007). It may
be countered that these estimations are equally susceptible to under-estimation as to
over-estimation, such that for a large enough sample, the errors would tend to cancel
each other out. In addition, determining value only from those who actually visit a
site cannot take into account those individuals for whom the existence of the site
itself has a certain value, without ever actually visiting it. The TCM is thus likely to
produce minimum values, which, however, are in themselves quite useful. It is also
argued that TCM does not take congestion into account (Deyak and Smith 1978;
Jakus and Shaw 1997), thus potentially engendering an omission bias. Attempting to
correct for congestion creates its own problem: the potential for endogeneity (cor-
relation of congestion with the risk of error—Bockstael et al. 1990; Leplat 2012).

Despite the drawbacks outlined above, revealed preference methods such as TCM
present the distinct advantage of being grounded in actual human actions. The
method proved to be particularly helpful in the case of recreational sites whose
quality is improved or degraded, resulting in a shift of the demand function (Appéré
and Bonnieux 2003; Englin and Cameron 1996; Carr and Mendelsohn 2003; Gürlük
and Rehber 2008). Perhaps the overriding virtue of TCM is that it can be combined
with the in situ methodologies used in studying the natural ecosystems themselves,
providing real-time, realistic assessments by actual users of the resource, under the
same conditions as those which prevail for the assessments of the other ecosystem
dimensions (chemical, physical, and biological). In addition, the TCM method has
previously been used in similar contexts, such as the evaluation of recreational
fly-fishing sites, or the variation in life quality when intertidal fishing sites are
degraded (Bockstael et al. 1990; Hausman et al. 1995; Layman et al. 1996; Appéré
and Bonnieux 2003; Appéré 2004; Deronzier and Terra 2006; Johnston et al. 2006),
rendering comparison more meaningful. However, TCM valuation results are mostly
obtained through ordinary least squares (OLS) or associated regression methods,
ignoring several important statistical issues such as the whole and non-negative
status of the dependent variable in count data models, or the truncation problem due
to in situ surveys necessarily starting from the first visit (Grogger and Carson 1991;
Cameron and Trivedi 2013).

We recently estimated the economic value of a recreational clam fishery using the
TCM approach with a truncated Poisson regression model, and simultaneously
collected data from intertidal fishers to create a socio-economic mudflat fisher profile
(Boldina et al. in preparation). Independent of the catch value (which is an
undeclared, but nonetheless real value added to households), the value injected
into the local economy of a small mudflat bivalve fishery in France was estimated
at over 1.5 million €. Such numbers could be used to increase regulation enforce-
ment, and to justify on-site investments (e.g. benches, picnic tables), which could
increase site attraction and further increase the annual value to the local economy.
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2.6 Ecosystem Impact

One of the biggest obstacles to sustainable fisheries is likely to be the ‘Death by a Thousand
Cuts’ inflicted in fish habitats by fishing itself. . . (Fluharty 2000).

Studies on the ecosystem impact of mudflat fishing have appeared intermittently
over the past several decades. Some have focussed on the effects of specific fisheries,
such as bait fisheries for lugworms (Blake 1979; Jackson and James 1979; McLusky
et al. 1983; van den Heiligenberg 1987; Olive 1993; Harvard and Tindal 1994;
Beukema 1995) and bloodworms (Brown and Wilson 1997; Ambrose et al. 1998;
Beal and Vencile 2001; Miller and Smith 2012); others have focussed on the effects
of fishing human-consumed species [Beal and Vencile (2001), and Masero et al.
(2008), which considered the impacts of both bait and shellfish fisheries, Kaiser et al.
(2001), Logan (2005), Griffiths et al. (2006), Navedo and Masero (2008)]; and some
have looked at the effects of mechanical disturbance, with no specific fishery (Dernie
et al. 2003; Whomersley et al. 2010). Much of the thrust of these studies has been
concerned with the impact of fishing activities on the mudflat macro- and meiofauna,
as well as on feeding shorebirds. Other studies, such as those mentioned below,
focussed on the impact of mudflat fishing on sediments, geochemistry, and mudflat
fauna as a whole.

Two general types of ecosystem perturbation are conventionally distinguished
(Bender et al. 1984): pulse (brief and sporadic) or press (chronic, continuing). The
majority of the mudflats subjected to fishing are thus characterized by sporadic, but
nonetheless press-type perturbation, depending on the frequency of fishing (itself
dependent on time of year, human constraints such as disposable leisure time, etc.).

2.6.1 Geochemical Changes

The mechanical perturbation induced by clam digging or raking modifies sediment
granulometry, by exposing finer sediment to erosion, with a resulting increase in
grain size, as well as a decrease in sediment organic content (Anderson and Meyer
1986). Studies just below the intertidal zone show that raking to a sediment depth of
15 cm produces a host of changes in sediment characteristics, including the chloro-
phyll a content (Fig. 13.7), P:Fe ratio (Fig. 13.8), HPO4

2�, NH4
+, NO3

+, total
organic nitrogen, and Si(OH)4 (Falcão et al. 2003). Dramatic changes in sediment
geochemistry, notably the HPO4

2� concentrations, were also observed at an inter-
tidal site exposed to clam fishing, compared to an undisturbed site (Fig. 13.9, Falcão
et al. 2006). Finer-scale study has revealed marked changes in sediment nutrient
concentrations within the pools left by fishing depressions in the sediment, compared
to adjacent seawater (Van Alstyne et al. 2011).

The removal and associated mortality of infaunal bioturbators in muddy sedi-
ments greatly diminishes the oxic sediment layer, resulting in a reducing chemical
environment for most of the sediment depth (Norkko and Shumway 2011). Sandy
sediments exposed to bivalve fishing are much less affected than are the fished
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Fig. 13.7 Mean concentrations of chlorophyll a (μg g�1) from the ridge (open circle) and furrow
(dark circle) sediment before dredging (0 min); immediately after dredging (1 min) and subse-
quently (logarithmic time scale), for 2 stations (VL and AR). Ridges and furrows were created by
the dredge. From Falcão et al. (2003), reprinted with permission from Elsevier.
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Fig. 13.8 Mean P:Fe ratio from the ridge (open circle) and furrow (dark circle) sediment before
dredging (0 min); immediately after dredging (1 min) and subsequently (logarithmic time scale), for
two stations (VL and AR). Ridges and furrows were created by the dredge. From Falcão et al.
(2003), reprinted with permission from Elsevier.

Fig. 13.9. Variation of HPO4
2� in pore water of superficial (0–2 cm, solid line; mean � SD) and

deeper layers (2–8 cm, dotted line; mean � SD) of muddy sediments (a—undisturbed; b—reworked),
during flooding. From Falcão et al. (2006).
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mudflat sediments. It is likely that further studies at other sites, focussing on other
substances, will also reveal marked geochemical effects on fished mudflats.

2.6.2 Community Changes

Mechanical perturbation on mudflats also affects macrofaunal biomass and compo-
sition. This is evident in the overall biomass and community species richness
(Fig. 13.10), and/or in the density of both target and non-target species, notably
the errant polychaetes which inhabit the upper layers of sediment (Jackson and
James 1979; Cryer et al. 1987; van den Heiligenberg 1987; Beukema 1995;
Brown and Wilson 1997; Logan 2005; Skilleter et al. 2005; Griffiths et al. 2006;
Watson et al. 2007, 2017b; Masero et al. 2008; Toupoint et al. 2016). Macrophytes,
which are minor epibenthic species on mudflats, are also affected by mudflat fishing;
in particular, macrophytic chlorophytes grow more readily and quickly in the
depressions left by fishing activity (Van Alstyne et al. 2011 and Fig. 13.11); indeed,
backfilling of dug holes is the most consistently-ignored conservation measure
(Watson et al. 2015).

The results of mudflat fishing, and/or the presence of fishers, is generally consid-
ered to negatively impact the foraging ecology of shorebirds (Logan 2005; Masero
et al. 2008; Navedo and Masero 2008; Watson et al. 2017b). Given the worldwide
importance of shorebird populations as environmental sentinels (Piersma and
Lindström 2004), and their recent precipitous declines (Munro 2017), this aspect
deserves careful attention.
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Fig. 13.10 Average non-clam species richness at unfished vs. fished mudflat sites. Species density
per core, pooling all unfished and fished sites by tidal height. Bars represent �1 SE. From Griffiths
et al. (2006), with permission from Springer.
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Several authors have cautioned that mudflat fishing impacts have been shown to
be (and may generally be) quite site-specific, and even intertidal level-specific,
rendering generalizations and predictions extremely problematic (Dernie et al.
2003; Whomersley et al. 2010; Watson et al. 2017b). This obviously means that
impact studies must be performed at several intertidal levels at each fishing site, with
all of the consequent administrative and financial implications.

Although digging, raking, and bait-pumping the sediment bed are conspicuous
forms of mechanical perturbation (Fig. 13.11), humans are also the most imposing
animals to frequent mudflats, and it may be expected that human trampling itself
could constitute an environmental perturbation. Rossi et al. (2007) showed that
human trampling did not appear to affect sediment characteristics, but did negatively
affect the abundance and population dynamics of the adult clam Macoma balthica
and the adult cockle Cerastoderma edule. Juveniles of both species appeared more
resistant than adults to trampling perturbation, and those of M. balthica fared better
than those of C. edule, opening the possibility of eventual domination of the former
on the trampled mudflats. Our own exploratory, unpublished work has shown that
meiofauna (nematodes in particular) appear to rapidly burrow deeper into the
sediment in response to vibrations induced by human trampling, or even casual
walking, on the substrate (Fig. 13.12).

A cautionary note should be sounded with respect to the spatial scales at which
most mudflat fishing impact studies have been performed.Watson et al. (2017b) draw
attention to the potential artefacts involved when small-scale plots of several m2 are

Fig. 13.11 Several-day-old excavation (as evidenced by anchored Enteromorpha intestinalis)
using illegal fishing gear (probably shovels). Red square shows legal hand gear for comparison.
Note the growth of Enteromorpha sp. in the pool filling the excavation. Photo PG Beninger, Le
Gois, France.
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used, including macrofaunal migration from surrounding areas, and the dependence
of recovery rates and effect sizes on plot area. On the other hand, use of their
recommended hectare-level spatial scale may well be impossible for many mudflats,
due to the inability to obtain permission for, and effective enforcement of, subsequent
fisher exclusion. This dilemma is emblematic of the challenges involved in the
evaluation of mudflat fishing impacts.

2.6.3 Spatial Distribution Effects

Organism spatial distribution is a structuring characteristic of all ecosystems (Legendre
1993; Borcard et al. 2004; Fortin and Dale 2005). A fine-scale (< several metres)
aggregated spatial distribution is the rule for sessile or attached benthic marine organ-
isms, and this may be due both to substrate characteristics, as well as to the selective
advantage of proximity to conspecifics (notably for sexual reproduction). A series of
recent studies has shown that clam fishing greatly modifies the aggregative spatial
distribution characteristics of both targeted (clam, cockle) and untargeted (lugworm)
species (Figs. 13.13 and 13.14). In all cases, the aggregative structure broke down at
fished sites, resulting in much more contiguous distributions (Boldina and Beninger
2013, 2014; Beninger and Boldina 2014). This effect extended right down to the
associated meiofauna (Boldina et al. 2014). In addition to the potential consequences
of such attenuation on feeding, reproduction, and recruitment, highlighted in these
works, it is important to consider the implications for foraging in non-human predators
such as shorebirds, which are major sentinels of environmental status (Huettmann and
Czech 2006; Piersma and Lindström 2004), and which probably rely heavily on Levy
walk-type foraging strategies (Elliott et al. 2009). Similarly, the important role of
sediment reworkers/enrichers such as the lugworm Arenicola marina suggest that it
would be worthwhile to study the effects of mudflat fishing on this function (Wendelboe
et al. 2013), especially in light of the often intense lugworm fishery.
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Although most studies on the effects of ecosystem perturbation tend to report the
values of the ecosystem processes themselves, a promising, and more sensitive,
approach may be the detection of changes in the variability of these processes. This
approach may allow the early detection of ecosystem changes which would other-
wise be overlooked in more conventional studies (Fraterrigo and Rusak 2008).

Finally, it should be noted that disturbance effects within spatial patches may
extend beyond the patches themselves, and that disturbed patch dynamics may also
be affected by feedback from the surrounding community (terHorst and Dudgeon
2009).
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Fig. 13.13 Arenicola marina. All-directional spatial autocorrelogram for quadrat-count
transformed data using 20 equidistant classes. Statistically significant values are represented by
black symbols; non-significant values are represented by empty symbols. (a) Non-impacted site. (b)
Clam-fishing impacted site. From Boldina and Beninger (2014), reprinted with permission from
Elsevier.
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2.6.4 Mudflat Fishers as Sentinels of Resource Problems and Partners
in Research

Those directly and continuously in contact with a fished resource are often the first to
detect problems with the resource (e.g. Wiber et al. 2012; Bender et al. 2014; www.
invasivespeciesinfo.gov/aquatics/mittencrab.shtml). This specialised local ecological
knowledge (LEK—Berkes et al. 2000), also referred to as indigenous ecological
knowledge or traditional ecological knowledge (TEK—Hamilton and Walter 1999) is
frequently the initiator of fishery research, which is usually reactive rather than proactive.
A recent case in point is the discovery of the current ribbonworm problem in the Maine
mudflat fishery on the American north-east coast (www.mainecoastfishermen.org/sin
gle-post/2016/09/28/A-Changing-Climate-in-Our-Mud-Flats-Ribbon-Worms). Collab-
oration with professional fisherman can be invaluable, as in the series of studies on
the effects of mudflat fishing on organism spatial distribution (Boldina and Beninger
2013, 2014; Beninger and Boldina 2014; Boldina et al. 2014), which relied heavily on
the LEK of the local President of the Professional Intertidal Fishers Association, without
whom it would have been impossible to locate (and access) a non-fished (control) site,
and who provided essential information on the types of fishers at the fished sites. While
it is important to educate fishers about the concerns of conservation and habitat
protection (Watson et al. 2015, 2017a), it is equally important that they feel valued as
partners, rather than as adversaries, in such endeavours.
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3 Conclusion

We have seen (Chap. 1) that mudflats were probably the cradle of human evolution,
since it is very likely that the present distribution of human populations is a cascade
result of initial human settlements along coastlines where access to food in the
intertidal zone was much easier, consistent, and profitable than hunting or gathering
berries (Jackson et al. 2001). Mudflat fishing pressure has been applied irregularly
but continuously for at least 150,000 years, and, despite the adverse effects men-
tioned above, it is a testament to the resilience of the shallow sediment ecosystem
(Constantino et al. 2009), that not only recreational/subsistence, but also commercial
mudflat fishing is still possible today. It is likely that the continued recruitment of
fished species is in fact heavily dependent on larvae arriving in the intertidal zone
from the sublittoral zone, which is often subjected to far less infaunal fishing
pressure. In this respect, wild food harvested from the mudflats may truly be
considered a ‘gift from the sea’. Whether this will endure in the face of the increased
pressure from an exponentially-increasing human population, is indeed an open
question.
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Abstract It was probably an easy and inevitable transition from mudflat fishing to
mudflat aquaculture in prehistoric times. Historical references date from the first
century AD, and mudflat aquaculture is now practiced worldwide. Culture consists
primarily of infaunal and epifaunal bivalve species, with the Manila clam (Tapes
philippinarum), followed by the Pacific oyster Crassostrea gigas, as the most
important species worldwide. In this chapter, production statistics and rearing
practices are reviewed, and placed in context with environmental issues.
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1 Historical Context

It is difficult to ascertain when mudflat aquaculture actually began, because without
archaeological evidence (e.g. vestiges of barriers), wild-fished bivalve shells in
prehistoric middens cannot be distinguished from wild-fished juveniles which
were then re-seeded in protected plots on the mudflat. Evidence of such ‘transitional’
mudflat aquaculture has been documented in North America from the first century
AD (Lepofsky et al. 2015; Jenkins 2017). The vivarae piscinarae which appeared,
beginning in the first and second centuries AD, and which were an integral part of the
estates of wealthy Roman nobles, may have contained shellfish (Nash 2011).
However, the undisputed presence of husbanded marine shellfish dates from the
third or fourth century AD, with the depiction of a labelled ‘Ostrearia’ on a blown
glass bottle (Günther 1897; Fig. 14.1). By the thirteenth century on the French
Atlantic coast, mussel spat began to be caught on wooden stakes between which a
network of branches were strung, giving rise to the ‘bouchot’ tradition which has
continued, in modified form, to this day. The Japanese began to use a similar system
for capturing oyster spat on bamboo poles during the Shogun period beginning in the
thirteenth century. By the nineteenth century, juveniles were being reared in net bags
attached to the poles, increasing the production per pole. With the development of
the hanging-culture technique in the 1920s, bivalve aquaculture was able to expand
beyond the mudflats to the sublittoral zone (Nash 2011).

Official interest in European shellfish aquaculture on mudflats increased with the
work of Professor Coste in France in the nineteenth century, who developed the
technique of capturing oyster spat on modified ceramic roofing tiles. It was at this
time (the ‘Second Empire’, 1852–1870) that Emperor Napoleon III decreed the
creation of two Imperial Oyster Parks in Arcachon Bay, which has remained a
major site of oyster production to this day (Nash 2011). Mudflat culture of oysters,
clams, and mussels increased steadily throughout the twentieth and early twenty-first
centuries, both in Europe and the NewWorld, despite recurrent epizooties among the
oyster populations and, more recently, the Manila clam populations.

Fig. 14.1 Line drawing from the Roman ‘Populina Bottle’, dating from the third to fourth century
AD. Note the ‘Ostrearia’ for rearing juvenile oysters to adults. The slight difference in spelling may
be the artist’s mistake, or an accepted variation; despite the impressions of many students, Latin was
a relatively fluid language. Redrawn from Günther (1897).
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2 Major Taxa Reared: Endobenthic (Clams, Cockles)
and Epibenthic (Mussels, Oysters)

The major taxa reared (i.e. those for which a declared world production is �3 � 105

metric tons) are oysters, clams, and blood cockle (which is in fact an arkshell), of
which by far the dominant species are Tapes philippinarum, Crassostrea gigas, and
Tegillarca granulosa, respectively (Figs. 14.2, 14.3, 14.4 and 14.5). All three
species grow quickly under mudflat conditions, and are accustomed to regular
tidal exposure.

In addition to these three dominant species, mussels (Mytilus spp.) are important
cultured species in some countries, e.g. France and the Netherlands; in both

Fig. 14.2 Basket of
Littleneck (¼ Manila) clam,
Tapes philippinarum,
showing the great degree of
heterogeneity in shell
pigmentation. Photo PG
Beninger.

Fig. 14.3 Pacific oyster,
Crassostrea gigas. Photo
PG Beninger.
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countries, the link to the mudflat is indirect, since in the Netherlands only the
broodstock are protected on the mudflat, and in France the bouchot culture is either
on more sandy substrate in the intertidal, or below low-water mark on muddy
sediments. The northern quahog Mercenaria mercenaria and the cockle
Cerastoderma edule are also important local mudflat-cultured species.

3 Global Production and Value

The global aquaculture production and value of the dominant mudflat species are
shown in Tables 14.1 and 14.2. The aggregate category of infaunal bivalves ‘Clams,
cockles, arkshells’ leads in both production and value, at 5,360,280 metric tons and
USD 5,352,922, respectively, in 2014. The epibenthic oysters follow, with
5,155,257 metric tons and USD 4,174,258, respectively. The aggregate category
of ‘mussels’, which includes Mytilus spp., Perna spp.,and Aulacomya spp., has a

1 cm

Fig. 14.4 Blood cockle, Tegillarca granulosa. Note the bright red mantle pigmentation due to the
presence of the hemoglobin respiratory pigment. Photos S. Shumway.

B 

1 cm 
1 cm 

A 
BT 

P 

Fig. 14.5 Mussels, Mytilus spp. (a) Wild-caught Mytilus edulis, showing byssus threads (BT) and
epibionts such as serpulid polychaetes (P). (b) Cultured Mytilus galloprovincialis, showing few
epibionts (bryozoan Flustra sp.). Photos PG Beninger.
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combined production and value of 1,901,962 metric tons and USD 4,070,629,
respectively, representing a much greater value per kg than the oysters. It is of
course difficult to distinguish between intertidal and subtidal aquaculture production
of oysters and mussels without resorting to more local statistics; the same is true of
species with a production <3 � 105 metric tons, as is the case with the ‘mussel’
category, since they are all merged in this single category, despite the fact that some,
such as Aulacomya spp., are mostly grown on floating lines in the subtidal zone.

From Table 14.2 and Figs. 14.6 and 14.7, it is evident that all three of the
top-ranking cultured bivalves worldwide are primarily mudflat species (Tapes
philippinarum, Crassostrea gigas, Tegillarca granosa). In terms of both tonnage
and value, cultured T. philippinarum is by far the top-ranking bivalve compared to
all other fished and cultured bivalves in the world. The culture of T. philippinarum
began as the fishery production declined in the 1990s, and was immediately suc-
cessful, outstripping fishery production in the mid-1990s; in 2002, 97.4% of world
production was carried out in China alone. In Europe, the most similar native
cultured clam species, Ruditapes decussatus, is now a minor product, although
gastronomically appreciated (especially in Spain and Portugal).

The second-ranking mudflat-cultured species, Crassostrea gigas, has been intro-
duced for successful aquaculture around the world (Fig. 14.12), such that culture
production now dwarfs the very low and irregular wild fishery capture (Fig. 14.13).

Tapes philippinarum Crassostrea gigas

Tegillarca granosa Mercenaria mercenaria

Cerastoderma edule

Fig. 14.6 World aquaculture production for species usually grown on mudflats. k ¼ 1000 metric
tons, M ¼ 106 metric tons. Re-drawn from http://www.fao.org/fishery/species/search/en.
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The northern quahog or hard clam Mercenaria mercenaria and the cockle
Cerastoderma edule have comparatively small worldwide levels of aquaculture
production (Fig. 14.6); this is partly due to their as-yet limited geographic distribu-
tions, especially for C. edule, restricted to the North-East Atlantic—Baltic—Barents
mudflats. The cockle C. edule is a true mudflat species, and with or without
introductions to new habitats, the margin of progression would seem to be large,
since it grows at least as well as T. philippinarum, and usually better (higher density).

4 Clam Culture

In addition to its several common names, the Littleneck or Manila clam has had a
plethora of scientific names since the original description of Linnaeus (Fischer-Piette
and Métivier 1971). Originally an Indo-Pacific species, Tapes philippinarum was
accidentally introduced from Japan into North America in 1936, along with the
intended species, Crassostrea gigas (Quayle 1964). Its North American range now
extends from Alaska to Baja California, where it is both fished and cultured (Chew
1989; Manzi and Castagna 1989). From the North American Pacific, it was

Fig. 14.7 Tapes philippinarum. (a) Global fishery captures and (b) global aquaculture production.
Aquaculture production began as fishery captures declined in the 1990s, and far outstrips fishery
captures since the mid-90s. T. philippinarum is by far the top-ranking bivalve aquaculture species
worldwide. k ¼ 103 metric tons, M ¼ 106 metric tons. Re-drawn from http://www.fao.org/fishery/
species/search/en.
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introduced to both Atlantic and Mediterranean Europe in the 1970s and 1980s,
specifically for aquaculture (Beninger and Lucas 1984; Shpigel and Fridman 1990;
Flassch and Leborgne 1992; Pranovi et al. 2006). As was the case for C. gigas (see
below), the aquaculture goal was amply fulfilled, and T. philippinarum rapidly
expanded outside of the culture sites. Whereas this was perceived as a negative
ecological and socio-economic development in some areas such as the Venice
lagoon (Pranovi et al. 2006), it contributed to a vigorous recreational fishery in
France (see Chap. 13), and a commercial fishery in Britain (Jensen et al. 2004).

The northern quahog or hard clamMercenaria mercenaria is locally important as
a mudflat culture species in the Eastern USA, where the dominant production site is
Chesapeake Bay (https://vaseagrant.org/impacts-of-clam-aquaculture/), with other
concentrated areas of production throughout New England (McHugh 2001).

Clam culture consists of seeding spat (wild or hatchery-supplied) or juveniles
directly onto the mudflat. The Manila clam Tapes philippinarum grows best in the
muddier sediments, whereas Mercenaria mercenaria prefers a somewhat more
sandy sediment bed. Where predation is a problem, the young stages are protected
by netting placed over the seeded areas (Fig. 14.8). Harvesting is usually mecha-
nized, using a tractor fitted with a blade and a sorting mechanism to allow sub-sized
animals to fall back onto the mudflat (Fig. 14.9a). Subsequent conditioning for
market involves further cleaning and sizing, which is also mechanized (Fig. 14.9b).

Fig. 14.8 Installation of predator exclusion nets over seeded clam beds (Hull, Massachusetts,
USA). Photo Sandy MacFarlane.
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5 Cockle and Arkshell Culture

Cerastoculture (cockle culture) and venericulture (clam culture) are often performed
on the same mudflats, in different sectors, depending on the fine-grain content of the
sediment. The cockle Cerastoderma edule grows best in finer sediment than that
preferred by Tapes philippinarum, but there is considerable overlap. The cockle
C. edule is a major parasite reservoir (see Chap. 8), and this species is also damaged
by mechanical perturbation even in its adult stages (Toupoint et al. 2016); despite
these drawbacks, it thrives in the aquaculture operations where it is currently grown.

Fig. 14.9 (a) Manila clam (Tapes philippinarum) harvesting using a tractor-drawn rig which
scoops the top few centimeters of mudflat (1), conveying the sediment and clams (2) to a flat,
oscillating mesh (3), which allows the sediment and sub-sized clams to be returned to the mudflat.
(b) Mechanized sorting of harvested clams. The clams are conveyed (1) to a submerged shaking
mesh (2), which moves the clams forward (3). The holes in the mesh increase in size distally, so that
the smaller clams fall through the mesh first; the larger clams fall through more distally, allowing
them to be size-graded. Chellet-Bertheau Productions Ltd., Le Croisic, France. Photo Stewart
Beattie.
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Arcaculture (Tegillarca granosa) is an important activity in the Malaysian com-
munities of Penang, Perak, and Selangor. The greatest development of this industry
is in Perak, where about 1200 ha of mudflat are under arcaculture (http://www.fao.
org/fishery/species/3503/en).

6 Mussel Culture

Two genera dominate world mussel aquaculture: Mytilus and Perna. Only the
mytilids are cultured on mudflats (in addition to the subtidal), where they naturally
attach to any solid substrate, large or small, including other mussel shells. The blue
mussel Mytilus edulis is the most common species, and probably the world’s largest
mudflat production area is the Wadden Sea, with 58,000 metric tons and a total value
of 55.5 million € in in 2005–2006 (http://www.fao.org/fishery/countrysector/naso_
netherlands/en#tcN70085). This is more a type of ‘ranching’ than true mudflat
aquaculture: the vast natural intertidal beds (Fig. 14.10) are protected from exploita-
tion, primarily for the sake of migrating shorebirds which use them as a food resource
(see also Chap. 12); this protection also allows the intertidal beds to provide a source
of spat for suspended mytiliculture in the sub-tidal waters (Nehls et al. 2009).

French mussel production is much more geographically dispersed than that of the
Netherlands, totalling 74,100 metric tons. French ‘bouchot’ mussel culture consists
of simple structures such as stakes or poles inserted into the sediment, optionally
with either interspersed cords for spat settlement, or wrapped with long mesh

Fig. 14.10 Protected intertidal mussel beds in the Netherlands used for seeding the exploited
sublittoral zone. Photo Aad Smaal.
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‘sleeves’ containing mussel seed (spat or juveniles—Fig. 14.11a, b). In addition to
rearing the mussels to market size, this simple system actually promotes primary
recruitment (the first byssal attachment) of mussel spat (Toupoint et al. 2016).
Beyond the intertidal zone, mussels are commonly reared on cords suspended
from floating lines or rafts.

7 Oyster Culture

As its common name implies, Crassostrea gigas was originally a Western Pacific
species, introduced to France in 1966 for aquaculture in the wake of the Ostrea
edulis and later Crassostrea angulata epizooties (C. angulata is so closely related
to C. gigas that they hybridize readily in the wild). The Pacific oyster was not

Fig. 14.11 Bouchot culture of Mytilus edulis in France. (a) Mud substrate (all operations
performed from a flat-bottomed boat) and (b) mixed substrate. Photos Philippe Glize.
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expected to reproduce naturally in French Atlantic waters, which were reputed to
be too cold for gonad maturation; spat was to be supplied by hatcheries. The
species has since established itself as an invasive pest on the French coast, and has
moved northward as far as the Baltic and Shetland Islands, due to both larval
drifting and introduction (including hatchery spat introduction—Meistertzheim
et al. 2013; Lallias et al. 2015; Anglès d’Auriac et al. 2017; Batista et al. 2017;
Shelmerdine et al. 2017). Localized coastal warming in sheltered bays has prob-
ably contributed to the spread (Dutertre et al. 2009a, b, 2010), but it is also
probable that cold-resistant strains have emerged. This species now has the double
status of ‘desired species’ (for aquaculture, as well as for coastal engineering—La
Peyre et al. 2015) and ‘pest species’ (everywhere else) (Troost 2010; Padilla 2010;
Moehler et al. 2011). It has been introduced in temperate and cold-temperate
waters for aquaculture purposes around the world (Figs. 14.12 and 14.13). In
comparison, the American Eastern Oyster Crassostrea virginica has a diminutive
aquaculture production (Fig. 14.14).

Oysters grow naturally on the benthos, attaching to any solid substrate, includ-
ing other oyster shells, and in the wild several species tend to form variably-
massive reefs (Fig. 14.14a). Their excellent growth above the sediment has led to
different forms of three-dimensional culture; on mudflats, these vary from the
familiar ‘oyster bags’ set on ‘oyster tables’ (Fig. 14.15) to more recent ‘hanging
cages’ (Fig. 14.16).

Fig. 14.12 Main producers of cultured Crassostrea gigas. Aquaculture of this species has been
very successful in temperate and cold-temperate waters globally. Source: http://www.fao.org/
fishery/culturedspecies/Crassostrea_gigas/en.
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Fig. 14.14 Crassostrea virginica aquaculture production. Current levels are similar to those of the
1970s. Re-drawn from http://www.fao.org/fishery/species/2669/en.

Fig. 14.13 Crassostrea gigas (a) global fishery captures and (b) global aquaculture production;
k ¼ 103 metric tons. Aquaculture production far surpasses fishery captures. Re-drawn from http://
www.fao.org/fishery/culturedspecies/Crassostrea_gigas/en.
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Fig. 14.15 (a) Small Crassostrea gigas reef, La Bernerie, France, photo PG Beninger. (b)
Crassostrea gigas reared in oyster bags on metallic tables directly on the mudflat in France. Note
the microphytobenthic biofilm on the sediment surface directly beneath the tables. Photo Philippe
Glize, Syndicat Mixte pour le Développement de l’Aquaculture et de la Pêche en Pays de la Loire.
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8 Environmental Issues

Just as agriculture has profoundly modified terrestrial environments, it is to be
expected that aquaculture will modify marine environments, both positively and
negatively. Early documentation emphasized the fate and effects of inputs in fish
aquaculture (Ritz et al. 1989; Bjoerklund et al. 1990; Hansen et al. 1990; Beveridge
et al. 1991; Handy and Poxton 1993; Wu 1995); however, aquaculture inputs are not
an issue in mudflat aquaculture. Additional environmental issues were subsequently
addressed, including particle dynamics, bioturbation, pest/pathogen introduction,
and habitat alteration. The rapidly-growing literature was brought together in a
synthesis by Shumway (2011), and a 'checklist' of problems and possible solutions
was supplied by Klinger and Naylor (2012).

It is of course difficult to define what constitutes a ‘positive’ or ‘negative’
environmental effect. In the strict arithmetic sense, a given activity may be consid-
ered to have a positive effect if it increases any environmental measure. In real life,
however, evaluations of environmental effect invariably incorporate some conscious
or unconscious anthropic bias; hypoxia or anoxia in surface sediments are not likely
to be looked upon favourably, regardless of how much this is appreciated by
prokaryotic anaerobes. Thus environmental outcomes which promote aerobic con-
ditions and eukaryotic (especially metazoan) diversity are favoured, and conditions
which preserve or enhance the number and diversity of charismatic vertebrates, such
as migratory shorebirds (see Chap. 12), tend to be looked upon most favourably.

Fig. 14.16 Off-bottom mudflat cage culture of oysters in the Gulf of Mexico. Photo courtesy
of NOAA.
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Most impacts of mudflat aquaculture can be considered either positive or negative,
depending on both degree and on the anthropic viewpoint. Some of these will be
examined in the following paragraphs.

Mudflats are subjected to frequent tidal emersion, and this attenuates several
problems encountered in subtidal aquaculture, such as hypoxia/anoxia of surface
sediments due to excessive biodeposition. The same constraint reduces the available
periods of suspension-feeding, such that particle depletion will also be attenuated.
Mudflat aquaculture thus has a built-in reducer of some environmental problems, in
the form of the tidal cycle.

8.1 Turbidity and Particle Dynamics

The effects of increased filtration, respiration, biodeposition (feces and pseudofeces),
and dissolved nutrient release have been explored in bivalve aquaculture operations
in the past four decades (Mattson and Lindén 1983; Smaal and Prins 1993; Hatcher
et al. 1994; Prins et al. 1996; Newell 2004). The concept of ‘carrying capacity’
emerged first in relation to the suspensivore-driven depletion of particulate food in
the water column, and ultimately reflected the awareness of the constraints imposed
by all of the processes generated by shellfish aquaculture (Dame and Prins 1998;
McKindsey et al. 2006; Newell 2007). Although difficult to measure precisely, due
to the difficulty of accurately determining phytoplankton biomass, as well as the
standing crops, filtration rates, and productions of all of the attendant suspension
feeders not under culture, application of the concept of ‘carrying capacity’, within
more general management models, is considered essential to the success of bivalve
aquaculture operations (Ferreira et al. 2011).

Moderate particle depletion may limit phytoplankton blooms and associated
nocturnal fish kills. It has been suggested that shellfish growers receive a form of
remuneration in recognition for the roles of cultured bivalves in nutrient cycling and
suspended-particle regulation (Ferreira et al. 2011). Conversely, it is intuitively
obvious that severe particle depletion will be accompanied by near-simultaneous
high rates of biodeposition on poorly-flushed mudflats, and this must be taken into
consideration when planning aquaculture operations (Rice 2008).

8.2 Eutrophication

Although shellfish aquaculture operations can be expected to increase nitrogen and
phosphorus loads (Bouwman et al 2011), in a review of the impact of shellfish
aquaculture with respect to eutrophication, Burkholder and Shumway (2011)
stressed that only 7% of the systems examined showed severe eutrophication impact
related to the aquaculture operation. These were all located in poorly-flushed,
shallow lagoons. In general, bivalve aquaculture actually remediates, albeit to a

14 Mudflat Aquaculture 381



small extent, the effects of terrestrial inputs which promote eutrophication
(e.g. sewage, fertilizers), through the grazing of phytoplankton that would otherwise
bloom, including toxin-producing species. Regular harvesting of cultured bivalves,
however, is a practice with some potential for reducing the amount of eutrophic
substances in coastal ecosystems (Lindhal 2011).

8.3 Biodiversity

Well-known in agricultural systems, the negative relationship between aquaculture
(especially fish culture) and biodiversity was identified and explored in the early
1990s (Beveridge et al. 1994). While some of the identified drivers of biodiversity
decline, as a result of fish aquaculture, are absent or not limiting in bivalve aqua-
culture (feed, water, waste accumulation, chemotheraputants), others are present,
such as increased microorganism and parasite loads, reduction in macrofauna,
alteration of population genetic structure (Arnold et al. 2004, 2009; Hargrove et al.
2015; Filgueira et al. 2015), and loss of habitat and niche space.

Conversely, biodiversity may be improved simply through the well-known pos-
itive effect of increased tridimensional complexity. For example, mudflat aquacul-
ture infrastructure may act as refugia for the early life stages of various non-target
species, including those of commercial interest (DeAlteris et al. 2004; Tallman and
Forrester 2007), as well as generate an increase in the densities of grazing molluscs
and juvenile fish which feed upon the fouling organisms (Spencer et al. 1996).

8.4 Habitat Disturbance

Habitat disturbance is a major driver of alterations in biological and demographic
processes, spatial and temporal variation in habitat suitability, and natural selection
and evolution (Banks et al. 2013). Habitat disturbance includes very real and
concrete aspects such as the circulation of shellfish farmers and their tractors and
rigs on the mudflat (Fig. 14.9a), as well as the installation of rearing infrastructure
(e.g. racks, bouchots, antipredator netting, etc.—Figs. 14.8 and 14.11). It is well-
known that mere human trampling can negatively impact sediment-dwelling organ-
isms, including mudflat infauna (Rossi et al. 2007; Reyes-Martínez et al. 2015), so it
can be expected that heavy vehicular traffic will exacerbate this impact. There is a
pressing need for more research on this topic.

Whereas extensive aquaculture infrastructure has been installed on mudflats in
countries such as China, with little or no resistance from the local inhabitants, a
definite NIMBY (‘not in my back yard’) tendency has emerged in countries where
public contestation is possible and prevalent. As Rice (2008) has observed,
‘. . .relatively affluent coastal populations often express reservations over the loss
of recreation and aesthetic values that are often articulated in the rhetoric of
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environmental protection’; it is true that, if one sets aside the positive environmental
impacts, the negative environmental impacts of aquaculture provide convenient,
ostensibly objective grounds for contestation. In such situations, the ‘social carrying
capacity’ of a given site is often attained well before the ecological carrying capacity
(McKindsey et al. 2006).

9 Toward an Integrated Mudflat Management Approach

It is today considered a mark of true enlightenment when the social sciences become
involved in ecosystem management (e.g. Cranford et al. 2012), and a veritable
apotheosis when they then assume the dominant role. Abundant opportunities arise
for devising forms and having them filled out, of writing weighty reports with
attractive graphics, hiring many bureaucrats, mediators, ombudspeople, facilitators,
outreach specialists, and their indispensable assistants, and of inviting politicians of
all levels to engage their own bureaucracies to formulate new laws and regulations.
As this process tends toward the cumbersome, it is somewhat simpler to look to other
systems for examples of integrated (or at least diverse, which is often the same thing)
mudflat management incorporating aquaculture. The Jiangsu mudflat, encompassing
nearly 900 km of Chinese coastline, with an area of 6500 km2 (Anonymous 1986),
supports diverse economic activities, of which aquaculture occupies 37%
(Fig. 14.17). Aquaculture production has steadily risen on this mudflat, surpassing
the natural production of shellfish in 2007 and 2008 (Table 14.3).

In the end, the continued growth of mudflat aquaculture will depend on the area
yet undeveloped, and the public resolve to allow such development will vary greatly
by country. There is currently very little growth margin in densely-populated

Fig. 14.17 Economic uses
of the Jiangsu mudflat in
mainland China [re-drawn
from Wang and Wall
(2010), with permission
from Elsevier].
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countries such as in Europe, where new permits have been generally frozen in the
past decade, and private use of intertidal space for commercial activities has met with
considerable opposition in many developed nations. Similarly, there is little margin
for growth in the competing human and non-human uses for mudflats, and in that of
the human population itself. As they have in the past, epizooties will probably
decimate cultures with little or no premonition, and this must be considered an
inevitable risk of the trade. Alternative species may not always be locally-available,
so the issue of species introductions (frequent in previous decades, and increasingly
prohibited) and subsequent invasion control (see Chap. 11) will also emerge. It is
likely that worldwide mudflat aquaculture production will reach a plateau well
before the human population does.
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1 Introduction

‘Not only is our world uncertain, our attempts to explain the world (i.e., Science) are
uncertain. And our measurements of our (uncertain) world are uncertain.’ (Cressie and
Wikle 2011).

Science is an evidence-based belief system. We believe that the cell, the organ-
ism, the world, the universe, all function according to explanations that we have
forged using inference, experimentation, inductive and deductive reasoning—all
based on one form of evidence: observation. Observations may be direct, as in the
examination of a mudflat tardigrade under the optical microscope, or they may be
indirect, as in the inference of the existence of a planet or a black hole based on
identifiable anomalies in the behaviour of nearby objects. Our evidence-based belief
system is constantly revised as new observations, and new interpretations of the
meaning and consequences of these observations, are made. For all its explanatory
power, science necessarily remains a belief system; and uncertainty is an intrinsic
dimension of belief. We do not judge things to be ‘true’ or ‘false’; we judge them to
be ‘believable’ or not, given our analysis of the observations made to this point. It is
of the utmost importance for all scientists to consciously realize that we must make
judgements every time we assess evidence, whether it be the fixing of a critical
probability level in classical statistics, the fixing of prior probabilities in Bayesian
statistics, etc. Judgements are not (alas, given the widespread practice in marine
ecology, we must say should not) be made by statistical procedures, uncoupled from
human interpretation and reasoning. Statistics are a precious aid to judgement, but
only the researcher can actually make judgements. Relinquishing this duty, under the
pretense of ‘scientific objectivity’, is really an abdication of scientific responsibility
(Beninger et al. 2012).

The field of statistics is almost entirely grounded in probability theory, reflecting
the ‘uncertainties’ so appropriately summarized by Cressie and Wikle (2011). It is
customary (yet somewhat absurd) to divide the field of statistics into two functional
spheres: descriptive and inferential statistics. The former seeks to present the data in
such a way that both the essential data characteristics (central tendency, dispersion,
etc.) and any obvious or underlying patterns are clearly and concisely exposed. The
latter aims to allow conclusions to be drawn from the sample data to the statistical
population, usually with respect to hypotheses. Yet inferences can certainly be made
from descriptive data, and many techniques of descriptive statistics lead directly to
the formulation of post-hoc hypotheses, so despite the clamour which is sometimes
still heard, we may accept that there is a great degree of overlap between these two
spheres.

It will not have escaped the notice of most readers that reviewers often show a
proclivity to haggle with authors over their statistical treatment of data. Indeed, when
we delve deeper into the issues surrounding virtually every statistical procedure,
from a ‘simple’ t-test to more esoteric spatial and temporal analyses, we are struck by
the multiplicity of conflicting considered opinions among statisticians themselves
(for reviews, see Beninger et al. 2012; Legendre et al. 2015; Boldina and Beninger
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2016). Statistics has evolved very rapidly in recent decades, and there has scarcely
been time for the ‘dust to settle’—prompting an eminent statistician to state ‘Statis-
tics today is in a conceptual and theoretical mess’ (Royall 2004)!

We must obviously ‘crack on’ with the best scientific work possible, in spite of
the current state of flux in statistics. An account of all of the statistical approaches
and tools which may be used in mudflat ecology is obviously beyond the scope of a
single chapter or even a single book. Our goal here is to highlight the most important
approaches to the quantitative analysis of data in mudflat ecology, with examples
and recommendations from experience.

Most readers have had a grounding in classical (or frequentist) inferential statis-
tics, which may certainly be used in some contexts; however, field ecology takes
place in particular areas (spaces), often over certain time periods, so a familiarity
with both spatial and temporal statistics is also important. These burgeoning fields of
statistics are presented in great depth in a number of recent works (Fortin and Dale
2005; Finkenstadt et al. 2006; Cressie and Wikle 2011; Diggle 2014; Cressie 2015),
and succinctly in others (Dale et al. 2002; Fortin et al. 2002, 2012; James and Fortin
2013), but since these works are often less familiar to marine ecologists, it is
important at this point to at least open a window on them. Similarly, many mudflat
ecologists face the problem of estimating and even predicting population biomass
and production; growth models are obviously at the heart of these concerns, so we
delve carefully into the troubled waters of allometric modelling. And finally, given
the labour-intensive requirements of fieldwork amenable to statistical analyses, the
very pragmatic questions of replication and pseudoreplication are considered and
contextualized.

2 Statistics for Non-spatio-temporal Data

The classical or frequentist inferential approach in marine ecology is by far the most
common in the published literature. This ubiquity is the product of academic
tradition (many would use the term ‘inertia’) since the foundational works of Fisher,
Neyman, Pearson, and Gosset (aka ‘Student’). Over the years, a paradigm of null
hypothesis significance testing (NHST) has emerged, which often conflates two
historically and epistemologically distinct paradigms: that of Fisher and that of
Neyman-Pearson (Hubbard and Bayarri 2003; Beninger et al. 2012); note that the
Neyman-Pearson paradigm itself has been deemed ‘neither fish nor fowl’
(Christensen 2005). The statistical literature is replete with accounts of the misuse
of NHST, as well as of its inadequacy to generate valid conclusions under the
conditions usually practiced; defenders of NHST generally fault the users rather
than the approach itself [see Beninger et al. (2012) for review, as well as more recent
high-profile contributions such as Hewitt et al. (2016) and Phillips (2016)]. Recent
suggestions for improvement to the NHST paradigm include the drastic reduction of
the customary Type 1 error critical threshold from 0.05 to 0.005 or 0.001 (Johnson
2013). While this measure would help, it is hardly a solution to the multiple ways in
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which NHST is routinely misused. Most regrettably, this suggestion itself falls prey
to one of the basic ‘significance fallacies’, i.e. the obsession with statistical signif-
icance, while ignoring biological significance, and, more generally, effect size
(Beninger et al. 2012).

Alternative inferential approaches include Bayesian, likelihood, and information-
theoretic analysis, all of which are predicated upon comparisons of probability of
model fit to data; the probabilities may be revised as new or additional data are
included. For brevity, I will refer to these as ‘informed probability’ approaches. The
use of statistical techniques shows a definite ‘fashion’ effect which is probably a
deep-rooted principle of the human psyche, and which does not spare scientists;
Bayesian inference is emerging as a new ‘favourite’ alternative to frequentist
statistics (Efron 2013; Owhadi et al. 2015). Enlightened use of the most appropriate
statistical tools for the job is the crux of the recent evidentiary approach based on the
evaluation of evidence (which, as we stated previously, is what scientific judgement
should be about). Taper and Ponciano (2016) concluded their account of this
approach by saying

‘. . .there is no magic wand for scientists in statistics. If one wants to use statistics effectively
in science, then one needs to learn how to clarify scientific arguments with statistical
arguments. To do that one needs to understand how the statistical arguments work. In
many ways, this is a much harder task than mastering statistical methods.’

—to which we add an emphatic ‘Amen’.
Both the frequentist and informed-probability statistical approaches require inde-

pendence of observations; however, there are two broad dimensions of ecology in
which observations are often not independent: the spatial and temporal dimensions.
The spatial aspect is acutely important on mudflats, in which many of the organisms
are not visible (because they are infaunal, and may also be too small to see
readily with the naked eye), such that to even sample correctly, we must know
something about their spatial distribution. The temporal aspect is important because
we often wish to know if our observations capture recurrent phenomena. Spatial and
temporal variations may also confound each other if they are not adequately
accounted for (Thrush et al. 1994). These two aspects will be considered in turn.

3 Spatial Statistics

From the subatomic to the cosmic scales, matter and energy in the universe are not
regularly, nor even randomly, distributed. While some types of events might be
subject to randomness, or even to regularity at some scale (e.g. the distribution of
ions in a crystal lattice), at other scales they are not (e.g. the distribution of diamond
crystals in the Earth’s crust). It is therefore reasonable to assume that the distribution
of organisms on a mudflat may also present patchiness; and if so, this distribution
will affect our sampling methods and our estimations of biomass, production, and all
ecological processes stemming from these estimations. Furthermore, the spatial
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patterning of organisms may vary depending on the scale of study, such that a
complete picture can only be obtained from the study of spatial structure at multiple
spatial scales (Murphy et al. 2008; Chapman et al. 2010). Aggregative distribution
implies spatial autocorrelation, as explained below.

3.1 Autocorrelation: Boon and Bane

Observations which are not independent are autocorrelated. In ecological studies,
autocorrelation can be either a dangerous elephant in the room, or the basis of a very
useful tool. In the former case, despite its obviousness, we are unaware of it, and this
naïvety can easily invalidate our statistical treatment of the data, and thus our entire
study—whether it is already published or not. In the latter case, not only are we
aware of it, but we seek to exploit it, usually to estimate and describe ecological
phenomena.

Many marine researchers have unknowingly worked with autocorrelated data,
and performed classical statistical tests and comparisons, which supply test-statistics
and probability values, remaining unaware that these numbers may be more or less
valid, depending on the degree of spatial autocorrelation, and on the type of study.
To the bane of these workers, autocorrelated data may have invalidated, or at least
cast doubt upon, their analyses. Conversely, other researchers, acutely aware of the
properties of autocorrelation, seek to harness them in order to properly characterize
spatial or temporal processes in marine ecology, or simply to effect samplings which
circumvent the biases induced by autocorrelation. The properties of autocorrelation
are a boon to these researchers.

In autocorrelated processes, the value of each data point tends to be related to the
neighbouring values (in our discussion, either in time, space, or both). Autocorrela-
tion may be positive, as in the above example, when neighboring values tend to be
increasingly similar to each other, or negative, as when neighboring values tend to be
increasingly dissimilar as they become closer to each other (Getis 2010; Legendre
1993). Often, the variable is probability; for example, the probability of finding a
mussel next to another mussel is very high, whereas the probability of finding a
single mussel far from any other is much lower.

Although awareness of the existence and importance of autocorrelated processes
in nature dates from the beginning of the twentieth century (Hooker 1905; Student
1914), these ideas were only formulated in a clear and striking manner much later by
Tobler in his famous First Law of Geography: “Everything is related to everything
else, but near things are more related than distant things” (Tobler 1970). From this
point onward, quantitative methods involving autocorrelation began to emerge, first
in the fields of mining engineering and geology (Cressie 2015) and later in ecology,
with the works of Sokal and Oden (1978a, b). Autocorrelation is thus conceptually
rooted in geography, i.e. in spatial processes, and therefore spatial autocorrelation
has become the basis of modern spatial analysis (Getis 2008).
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Almost all ecological processes (species distributions, species richness, biotic and
abiotic environmental variables, etc.) are spatially and/or temporally autocorrelated
(Fortin and Dale 2009; Legendre and Legendre 2012; Dale and Fortin 2014), so
whether they know it or not, most researchers in marine ecology are explicitly or
implicitly concerned with autocorrelation.

3.2 Spatial vs. Temporal Autocorrelation

The basic principles of autocorrelation are the same for spatial or temporal processes, but
spatial processes are much more complex, since they are one- to three-dimensional,
whereas temporal processes are only one-dimensional. In addition, temporal processes
can only proceed in one direction of this single dimension. In contrast, spatial processes
may proceed in any available direction for each spatial dimension, and the spatial
characteristics of each dimension may differ from those of the others. This difference
in directionality of process generates a fundamental difference in causality: in
temporally-autocorrelated processes, past events cause future events (but the reverse is
not true), whereas the causality of spatially autocorrelated processes is reciprocal
(Legendre and Legendre 2012). And finally, there is only a single unit of measurement
for temporal autocorrelation (time) but several metric units for spatial autocorrelation
(distance, point density, links, etc.) (Getis 2007).

3.3 The Perils of Ignoring Spatial Autocorrelation

As so aptly put by Fortin and Dale (2009), ‘. . .knowledge of the characteristics of
spatial structure is almost always the first step to understanding ecological com-
plexity’.Many marine benthic studies require knowledge of organisms’ biomass and
density, and therefore involve field sampling, either at sea or in the intertidal. We
often read that organisms, sediment, etc. were ‘randomly sampled’, which usually
means that the sampling device was deployed a number of times, with no specific,
pre-determined spatial pattern. Such an approach compounds two frequent, yet very
different sources of error:

1. mistaking ‘haphazard’ sampling for ‘random’ sampling (the former may easily
include both systematic and erratic biases, whereas all classical statistical testing,
and many descriptive statistical tools, rely on true random samples). The conse-
quences for confidence in the reported results are obvious.

2. failure to account for spatial autocorrelation in the distribution of the objects of
study. Even a truly random spatial sampling pattern can fail to capture the spatial
distribution of the objects of interest, and hence fail to accurately estimate the
parameter of interest (e.g. biomass, density, etc.—Fortin and Jacquez 2000;
Fortin et al. 2002; Hawkins 2012). The same argument applies, a fortiori, when
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an arbitrary, regular spatial sampling pattern is used (e.g. a sampling grid, or a
transect with samplings spaced at regular intervals).

Some classical statistical tests are less affected by spatial autocorrelation in some
types of study, notably in bivariate studies, in which a response variable (e.g. species
abundance) is related to an explanatory variable (e.g. sediment grain size) (Legendre
et al. 2002). Moreover, some procedures have been developed to attenuate the effects
of spatial autocorrelation in some bivariate statistical tests (Fortin and Jacquez 2000;
Dale and Fortin 2009; Fortin and Dale 2009—note that they require sophisticated
understanding of the techniques themselves, and may involve careful selection of
sample size, so that they must be decided prior to sampling!). For univariate studies,
in which the data are tightly dependent on the spatial distribution (e.g. biomass or
production of a given mudflat—there are no response or explanatory variables),
unless we accurately take into account the spatial distribution (and thus the
autocorrelation) of the objects of interest, we cannot trust the results of our
samplings. In the latter case, there is only one way to ensure that our sampling
adequately takes into account the spatial pattern of the object of interest: first,
determine what that pattern is, and second, determine what spatial sampling strategy
will capture that pattern (Fig. 15.1).

At this point, readers may well exclaim that they will never have the time or the
financial resources to do the often long and painstaking work involved in spatial
analyses, especially in situations where the objects of interest are not readily visible,
e.g. shipboard sampling of epibenthic organisms, infauna sampling on mudflats, or
meiofaunal sampling anywhere. We can only reply that we empathize completely,
but unless they find the necessary time and resources, confidence in their study
results will suffer from the failure to have done so. The next-best approach is simply
to sample such a large number of randomly-selected points that it is virtually
impossible not to capture the spatial pattern. However, this is usually both infeasible
and unverifiable.

3.4 The Essential Spatial Statistics Toolbox

3.4.1 Sampling Considerations

Several parameters must be selected correctly in order to characterize a spatial
pattern: sample size (number of sampling points), grain (size of the sampling unit)
and spatial lag (distance between sampling points) (Dungan et al. 2002; Fortin and
Dale 2005). The minimum recommended sample size is 30 (Legendre and Fortin
1989; Fortin and Dale 2005), but a greater number of points may be needed to detect
certain spatial processes, or, on the contrary, 20 points may be sufficient to capture
spatial variability if the spatial pattern is very clear (Fortin and Dale 2005). The
choice of sampling grain is basically dictated by organism size and convention. A
sampling grain of 0.1 m2 (0.4 � 0.25 m), is frequently used in benthic macrofaunal
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studies (McIntyre et al. 1984; Southwood and Henderson 2000; Boldina and
Beninger 2013), while a 3.14 cm2 (2 cm diameter) grain has been used in meiofaunal
studies (Boldina et al. 2014).

The choice of spatial lag is often more difficult than that of sample size and grain,
because prior data may be lacking for the spatial distribution of the organisms
studied. Nevertheless, this choice is very important; if the spatial lag (inter-point
distance) is too large compared to the patch size, the spatial distribution will appear
to be uniform, even if in reality it is clustered (Fortin et al. 1989). In such cases, a

Fig. 15.1 Determining the spatial distribution of the polychaete Arenicola marina using recent
fecal casts. The presence of these casts allows us to easily locate each animal, contrary to most other
mudflat infauna. Complete procedure is detailed in Boldina and Beninger (2014). Photo I. Boldina.
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very fine lag preliminary study must be performed to determine the ideal spatial lag
for larger-scale sampling (Boldina and Beninger 2013).

3.4.2 Isotropy Assumption

An important requirement for the characterization of spatial distribution is that we
must know whether the spatial distribution has the same characteristics in all
directions, a property called isotropy. In other words, spatial autocorrelation should
depend only on the distance between observations, and not on their orientation with
respect to each other. In geographically or geologically complex environments
(e.g. mountain ranges, estuaries), the environment itself is heterogeneous, and this
may easily affect the characteristics of species spatial distribution. Fortunately for
mudflat ecologists, the physical environment is usually quite simple and homoge-
neous, such that the isotropy condition is likely to be the norm. Isotropy is usually
verified by performing two sampling transects at right angles, and plotting the
resulting correlograms (see below). An isotropic spatial distribution will be sym-
metrical about the planes of the graph (Fig. 15.2).

3.4.3 Statistical Tools

It has long been known that variance between samples changes with spatial scale, and
this has been the basis for using variance to detect spatial aggregation (Greig-Smith
1952). Early (and, unfortunately, persistent) use of the variance: mean ratio have
repeatedly been shown to be suboptimal in this regard, as well as with respect to
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Fig. 15.2 Bearing correlogram for verification of isotropy assumption for the spatial distribution of
Cerastoderma edule at two mudflat sites (a and b). Black circles indicate significant positive
correlation; gray circles indicate significant negative correlation, white circles indicate statistically
non-significant correlation. Note how the results are symmetric about the graph axes. From Boldina
and Beninger (2013), with permission from Elsevier publishers.
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characterizing such aggregations (see Kershaw 1973). More sensitive variance-based
indices have been developed, and these are described in detail in Fortin and Dale
(2005), Finkenstadt et al. (2006), Cressie andWikle (2011), Diggle (2014), and Cressie
(2015). The minimum toolset for basic spatial analysis consists of procedures which
define the strength of autocorrelation. These procedures also provide the basic descrip-
tive elements of spatial pattern: patch width and inter-patch distance. Two types of
such spatial tools are frequently used in ecology: (1) the semivariance and (2) Moran’s
I spatial coefficient (Fortin and Dale 2005), the latter being an extension of the familiar
Pearson correlation coefficient (Legendre and Legendre 2012). The semivariance can
be used to study processes that do not meet the assumption of second order stationarity,
i.e. non-stationarity of the mean and variance (i.e. the means and variances are not
constant over the entire area studied) (Glover et al. 2011). Although Moran’s I cannot
be calculated for non-second-order stationarity processes, it is easily interpreted, it
enables cross-comparisons with other studies (Kraan et al. 2009), and it can be tested
for significance (Legendre and Legendre 2012). The mathematical background for
these techniques is described in Cliff and Ord (1981), Haining (2003), Fortin and Dale
(2005), and Legendre and Legendre (2012). Briefly, Moran’s Imeasures the similarity
between two values of the same variable, and the semivariance measures the dissim-
ilarity. A plot of Moran’s I coefficients vs distances separating the measures (lag
distance) is referred to as a correlogram, whereas a plot of semivariance versus lag
distance is called an experimental semivariogram or variogram. The correlogram and
variogram methods are complementary; under certain conditions we can consider
correlograms and variograms as different descriptions of the same thing.

3.4.4 Moran’s I and Correlograms

The main assumption for the use of correlograms is second-order stationarity, i.e. the
process is stationary and it can be assessed if the mean and variance remain constant
over the entire study area (Fortin and Dale 2005; Legendre and Legendre 2012).
However, this method can be greatly biased by the presence of outliers (Fortin et al.
2002).

The correlogram shape indicates the patch sizes and the spatial lags (inter-patch
distance) with negative and positive autocorrelation. An example of a correlogram is
given in Fig. 15.3.

3.4.5 Semivariance and Variograms

The semivariance γ(h) is simply the variance in organism abundance at each distance
class in a sampling transect. There is no valid reason to term it ‘semivariance’ rather than
‘variance’ [the term was first coined in Matheron (1965)], but the misnomer has
persisted to the point where the two terms, and their associated graphs ‘semivariogram’
and ‘variogram’, have become interchangeable (Bachmaier and Backes 2008). Where
spatial structure (i.e. aggregation) exists, the value of γ(h) will increase from a minimum
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at small distances (within-patch) to progressively greater values at larger distances
(beyond-patch). More complex patterns may be superimposed on this (Flanagan et al.
2018); for example, a declining oscillating pattern has been observed for the spatial
patterning of meiofauna (Fig. 15.4).

Contrary to correlograms, variograms can be computed for spatial processes that
only satisfy the intrinsic hypothesis, i.e. the mean is constant over the study area, and
the increment of variance between two different locations depends only on the
distance between locations (Oliver et al. 1989). This is a less restrictive assumption
than second-order stationarity (Fortin et al. 1989). Furthermore, the theoretical
variogram obtained by modelling the experimental variogram allows us to predict
the spatial structure of unsampled areas of the studied space (i.e. behaviour of the
semivariance beyond the spatial data set), a process called kriging (Fortin et al.
2002). This requires finding mathematical models which best fit the data, a process
which is initially intuitive (mathematical approximations of given curve shapes), and
which may be refined using the Akaike Information Criterion (AIC—Akaike 1981;
Burnham and Anderson 2002). Most variogram models are spherical, but the less
common ‘hole-effect’ variogram model is also useful for detecting and illustrating
the presence of cyclic spatial processes (Fig. 15.4).

Another very useful characteristic of the semivariance technique is that it is one of
the ways to calculate fractal dimension. This is discussed below.
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Fig. 15.3 All-directional spatial autocorrelogram for cockle (Cerastoderma edule) densities using
15 equidistant classes. Statistically-significant values are represented by black circles. A
statistically-significant Moran’s I first crosses the distance axis at approx. 20 m, representing the
spatial range (i.e. patch width). The values next cross the axis at approx. 60 m, indicating a spatial
lag (inter-patch distance) of approx. 40 m. The second peak, at approx. 70 m, indicates that a second
patch was revealed by the sampling scheme. After Boldina and Beninger (2013), with permission
from Elsevier publishers.
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3.4.6 Fractal Dimension

For an eminently readable presentation of fractal foundations and ecological appli-
cations, Seuront (2010) cannot be too highly recommended. Briefly, a set of points
(or events, as real objects are called, to avoid confusion with the mathematical
abstraction) may be distributed in such a manner that it occupies only a very small
part of the study area (e.g. one or two dense, compact patches); or, on the other hand,
events (which for biologists are often organisms) may be spread over the entire
surface area. The fractal dimension of such sets quantifies the extent to which they
occupy the available area; for the two-dimensional surface of a mudflat, the smallest
possible fractal dimension value is 1, and the greatest possible fractal dimension
value is 2. These extremes also correspond to degrees of spatial structure, with the
lower values signifying highly ordered structure, and the higher values signifying
lack of structure. With respect to the spatial distribution of organisms on a mudflat, a
low fractal dimension indicates a high level of aggregation with a small number of
patches, and thus less space-filling, while a high fractal dimension corresponds to
low aggregation and greater space-filling (Pitt and Ritchie 2002; Seuront and
Spilmont 2002).

If a double logarithmic plot of the semivariance vs the lag distance is linear, the
fractal dimension can be calculated from the slope of D¼ 2–S/2, where S is the slope
estimated from the log–log plot of the experimental variogram, as in the example
below (Fig. 15.5).

The fractal dimension characterizing a particular spatial distribution may be
particularly useful in understanding predation strategies on these organisms. As
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Fig. 15.4 Hole-effect variogram models of nematode density vs distance (extrapolated) for a non-
fishing-impacted vs a fishing-impacted mudflat site. The non-impacted site shows an exponential-
cosine composite cyclic variation at distances�8 cm, persisting to 85 cm, whereas the impacted site
shows no such cyclicity, but rather a stabilization at distances �20 cm. From Boldina and Beninger
(2014), with permission from Elsevier publishers.
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Fig. 15.5 Utilization of semivariance to calculate fractal dimension. (a) Experimental variograms
(as opposed to the model variograms of Fig. 15.4) for two cohorts (C2 and C3) of the infaunal
mudflat bivalve Tapes philippinarum at a non-fished site. Open circles show the points used for
plotting the log semivariance vs the lag distance, in order to calculate the fractal dimension. (b)
Variogram data plotted on a log-log scale. The fractal dimensions (FD) are calculated from the
slopes of the regression lines. The calculated FD (1.64–1.65) show values consistent with a patchy
spatial distribution on this non-fished mudflat, in comparison to a much more homogeneous
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pointed out in Beninger and Boldina (2014), given a moderate to high prey detection
ability, such as in spiny rays (at high tide), shorebirds, or intertidal clam fishers, a
Brownian or correlated random walk strategy is most appropriate for prey spatial
distributions with little aggregation and high space-filling (high FD—Seuront and
Lagadeuc 2001). In contrast, a Lévy walk predation strategy is best suited to patchy
prey distributions with much less spacefilling (low FD—Elliott et al. 2009). As FD
increases, predators are expected to shift from a Lévy walk to a more random
strategy. Of course, prey quality may also impact foraging strategy, resulting in
different surviving prey size profiles within patches (Sutherland 1982).

4 Beyond Single Time-Point Studies: Temporal Analysis

4.1 Autocorrelation: The Persistent Foe

Many marine studies are concerned with how processes change over time. The goals
of time-series analysis may be summarized as (1) description, the characterization of
the properties of the time-series, e.g. the periodicity of photoperiod, (2) explanation,
the study of how the variables in one time series affect those in a parallel series,
e.g. how the values of temperature affect the values of salinity, (3) prediction, the
ability to forecast future values from past and present values, (4) control, the extent
to which we may influence a time-series, e.g. the building of polders and doors to
control water depth at high tide.

The most commonly-overlooked source of autocorrelation comes from the con-
fusion between time, some process which itself takes place over time, and another
process which takes place within the first process. A classic example is seasonality;
the passage of seasons is a process embedded within time, and a seasonal physiolog-
ical response (migration, reproduction etc.) is a process embedded within seasonality.
Ecological processes may be embedded in either time itself (e.g. ageing), in a process
which itself is embedded in time (e.g. seasonal gametogenesis), or both at once
(e.g. seasonal gametogenesis following a transition to sexual maturity).

While it is perfectly legitimate to study how processes change with respect to time
or some other process embedded in time, it is essential to ensure that we do not use
statistical tools based on the independence of observations (i.e. the value of one
observation does not influence the value of another observation), when in fact the
data are autocorrelated. When studying temporal processes, the data are far more
often than not autocorrelated, either through their relation to time itself (e.g. ageing),
or to another process embedded in time (e.g. seasonality). Such data may therefore
not be analyzed using tools which require data independence—yet, alas, they often

Fig. 15.5 (continued) distribution (FD 1.78–1.83, not shown) on a nearby fished mudflat. From
Beninger and Boldina (2014), with permission from Elsevier Publishers.
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are. Examples in the environmental science literature are plethoric, e.g. seasonal
variations in biomass, in biochemical composition, in isotopic composition, in
pollutant content, etc.

Most commonly, temporally-autocorrelated data are mistakenly analyzed using
some form of frequentist (classical) statistical test, whether simply comparing
confidence intervals, or some type of multiple comparison such as ANOVA. Some
workers feel a sense of statistical invulnerability by choosing a non-parametric test,
which quite obviously cannot alleviate the problem of autocorrelation. So, given that
temporally-sequential data are virtually always autocorrelated, how can compari-
sons be made between sampling dates when the data are autocorrelated? In
almost all cases, the answer is simple: they cannot ever be compared using a
statistic (including comparing ‘error bars’—standard deviations, standard
errors of the mean, or confidence intervals) or a statistical test. The impediment
introduced by temporal autocorrelation is so fundamental, and in the overwhelming
majority of cases so unquantifiable, that no statistical comparison of any kind may be
made—including the informed—probability approaches. At best, qualitative com-
parisons may be made, keeping in mind (and in print) that for a given geographic
location, it is normal for the data of one time period to influence that of a later time
period, and conversely, that the data of one time period was very probably influenced
by that of an earlier time period—although whether they actually were, and to what
extent, will remain unknown.

4.2 Time-Series Analysis: What We Can Do
with Autocorrelated Data

Is there anything else we can usefully do with autocorrelated temporal data? The
answer is definitely yes, and there are a number of excellent works which explain this
in great depth (e.g. Cressie and Wikle 2011; Chatfield 2016), but it is not what
ecologists often wish to do (i.e. statistically compare values from different time
periods). The most obvious goal we may accomplish is an accurate description of the
temporal process. Visual analysis of time series graphics is a necessary starting point
(‘Anyone who tries to analyze a time series without plotting it first is asking for
trouble’—Chatfield 2016). However, such analyses are approximate (despite efforts
to reduce variance and non-normal biases via data transformations), and do not allow
firm conclusions to be drawn. For example, if the data contains many random
fluctuations (noise), it may be difficult to visually identify systematic patterns within
the data. We also cannot simply compare data from the same period of the year
between different years, since visual inspection may both lack precision, and fail to
account for random fluctuations within the data. Random fluctuations may vary
considerably over the studied time period, and should be taken into account when
analysing both trend and seasonal components of a time series. In particular, if the
magnitude of the random component of a time series is strong compared to the trend
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component, erroneous conclusions about the trend direction may be made if we do
not account for the random component.

Inexact conclusions can also be made if the turning point of a time series is not
correctly identified. Consider the example of parasite abundances in the mudflat
bivalve Cerastoderma edule. Following parasitological convention, parasite abun-
dance is defined as the mean number of parasites found in all animals sampled
(Margolis et al. 1982). If parasite abundance is higher in October 2019 than in
October 2018, simple visual inspection of the abundance graph may lead us to
conclude that there was an increase in the level of parasite abundance over the
one-year time period. However, the parasite abundance may increase up to a turning
point in August 2018 and then decrease rapidly to October 2018. While the initial
conclusion is not false, it is seriously incomplete and even misleading, since in
reality there was a steady decrease for 2–3 months. It is thus clear that to compare
data from the same months between different years we not only need to compare the
values of these months, but also the dynamics of the variable before and after these
months—while also taking into consideration the dynamics of the random compo-
nent. Neither simple visual inspection of abundance curves nor classical statistical
techniques can accomplish these necessary analyses. Only time series analysis
accounts for the complex internal structure of time series data, allowing a more
accurate description of the studied process.

Most time-series analyses involve observations made at approximately equal-
interval periods; these are called discrete time series. In cases where the data appear
to follow an oscillatory pattern, we can determine the basic properties of the
oscillation, such as its periodicity, frequency, and amplitude. Two approaches are
classically used for the characterization of biological time series: analysis of corre-
lation between values of the time series (and subsequent construction of models)
(Cryer and Chan 2008; Shumway and Stoffer 2011) and spectral (¼Fourier)
analysis, which decomposes the time series into sinusoidal components (Chatfield
2016; Broughton and Bryan 2009). The former optimizes temporal resolution while
the latter optimizes frequency resolution. We refer the reader to these works for a
detailed treatment of these techniques, which have become standards in the ecolog-
ical literature.

A more recent approach in biology, wavelet analysis, optimizes both temporal
and frequency resolution. This method was first applied in forest canopy research
(Bradshaw and Spies 1992), and has since been extended to other areas of ecology
and biology (Dale and Mah 1998; Lark and Webster 2001; Mi et al. 2005; Rouyer
et al. 2008a, b; Hassler et al. 2011; James et al. 2011; Blauw et al. 2012). Wavelet
analysis defines temporal structure as a function of scale and position (Daubechies
1988). It allows us to decompose the signal and thereby to detect periodicities which
are not visible to the naked eye. We will describe in detail an example using the time-
series of abundances of the trematode parasite Himasthla quissetensis in the mudflat
bivalve Cerastoderma edule.
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4.2.1 A Wavelet Example

As its name implies, a wavelet is a mathematical function with limited duration and
an average value of zero. The choice of a reference wavelet (mother wavelet) is
arbitrary and depends primarily on the characteristics of the data (Nason and von
Sachs 1999). For the example given below, we chose the second order derivative of a
Gaussian wavelet (also called the Mexican hat wavelet, because of its characteristic
shape—Fig. 15.6), because it is particularly efficient at isolating peaks and discon-
tinuities (Torrence and Compo 1998; Sheng 2010):
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Each mother wavelet may be stretched or shrunk (Fig. 15.7), thereby defining its
scale. For each scale the wavelet function is then shifted over the data function
(here the time series of trematode abundance) and a coefficient of wavelet transfor-
mation is computed and placed in the wavelet power spectrum according to the
colour scale for each time position (Bradshaw and Spies 1992; Flandrin et al. 2010).
If the wavelet function matches the data well (similar shape and dimension), the
absolute value of the coefficient of wavelet transformation is high, and convention-
ally appears as red regions of the wavelet power spectrum (Fig. 15.7); if the wavelet
and data do not match well, the wavelet coefficient is low and appears as blue regions
in the wavelet power spectrum. The same procedure is repeated for each wavelet
scale. Thus the positions of red regions on the abscissa (time) axis indicate the
temporal position of periodicity peaks, i.e. in which months these periodicities occur.
The periodicity peaks should not be interpreted as spectral regions with high
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Fig. 15.6 Second-order
derivative of the Gaussian
wavelet (Mexican hat
wavelet) used to
characterize the time-series
of trematode abundances in
the mudflat bivalve
Cerastoderma edule.
Unpublished data,
I. Boldina.
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trematode abundances, but rather as the time periods in which the mother wavelet
corresponds particularly well with the data.

The position of the red spectral regions along the time axis indicates the scales
(or duration) of abundance peaks. For example, Peak 1 in Fig. 15.7 has a period of ‘a’
(¼ 1month) and occurs in October 2010. Peak 4 is identified at scale ‘2a’ (¼ 2months),
occurring between June and August 2012.

To summarize, the graphs of the original unprocessed time series data (trematode
abundance vs time) and of the wavelet spectrum are complementary, the former
allowing the detection of significant points in abundance, the latter allowing the
detection of significant periodicities of abundance.

As was noted above, most time-series statistical methods require evenly—spaced
data points (discrete time series). Since this is often difficult to achieve for all data
points (due to weather conditions, equipment or human health failures, etc.), it is
possible to supply missed values using polynomial interpolation (Zeileis and
Grothendieck 2005).

In addition to characterizing the time-series (the description goal), we may also
seek to determine to what extent one set of variables influences another set of
variables over the same time period; in this case the relationship between the time
series of H. quissetensis abundances, on the one hand, and water temperature on the
other hand (the explanation goal). Visual observation of the similarity between
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Fig. 15.7 Schematic representation of wavelet transforms for trematode abundance data in the
mudflat bivalve Cerastoderma edule. Unpublished data, I. Boldina.
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temporal patterns of different time series (e.g. Fig. 15.8) is not sufficient for
conclusions of correlation (Moore et al. 2006). The cross-wavelet power spectrum
allows detection of regions of common power (i.e. correspondence) between time
series (Grinsted et al. 2004). All analyses may be performed using R software; the
cross-wavelet power spectra analyses may be conducted using the biwavelet R
package (Gouhier 2014).

Figure 15.9 demonstrates several important characteristics of this time series,
which can only be either partially or inconclusively surmised from the graphic
representation of Fig. 15.8. The wavelet spectrum was characterized by strong
significant peaks at scales from 4 to 15 months over the entire study period
(Fig. 15.9 HI). Small-scale fluctuations (<4months) in the global temporal variations
(small number of significant peaks on small scale) were also evident for the
H. quissetensis abundances on both sites (Fig. 15.9 HN vsHI), but these contributions
were quite weak. This information allows us to conclude that samplings approxi-
mately every 4 months would therefore suffice to capture the essential periodicity
characteristics of parasite abundance, thus allowing an economy of effort.

We can see that H. quissetensis abundances fluctuated in phase with water
temperature over the entire study period (Fig. 15.9 HN-Temp and HI-Temp),
which means that, as was suggested by the graphical data of Fig. 15.8, trematode
abundances and water temperature are in fact positively correlated. The data also
clearly show that at least a 4-month temperature trend is necessary to produce a
considerable change in parasite abundance, so occasional short-term atypical water
temperature episodes are not expected to provoke significant oscillations in parasite
abundance. None of these conclusions could be reached on the basis of the time-
series graphical data (Fig. 15.8) alone.
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abundance. Unpublished data, I. Boldina and P.G. Beninger.

15 Quantitative Considerations in Mudflat Ecology 407



Temp

HI

HI - TempHN - Temp

HN

A O OD DF FA AA A

201220112010

J J

2 4.00

2.00

1.00

0.50

0.25

Time (months)

4.00

2.00

1.00

0.50

0.25

4.00

2.00

1.00

0.50

0.25

1.52
1.15

1.07

1.00

0.93

0.87

1.32

1.15
1.00

0.87

0.76

0.66

4
8

16P
er

io
d 

(m
on

th
s)

A O OD DF FA AA A

201220112010

J J

2

Time (months)

4
8

16P
er

io
d 

(m
on

th
s)

A O OD DF FA AA A

201220112010

J J

2

Time (months)

4
8

16

A O OD DF FA AA A

201220112010

J J

2

Time (months)

4
8

16P
er

io
d 

(m
on

th
s)

A O OD DF FA AA A

201220112010

J J

2

Time (months)

4
8

16

Fig. 15.9 Wavelet power spectra for Himasthla quissetensis mean monthly abundance and mean
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4.2.2 Prediction from Time-Series Analysis

If the time series is very regular, (i.e. if successive values depend tightly upon
previous values, i.e. are strongly autocorrelated), the time-series is deterministic.
Determinism is a very useful property, because it allows the most accurate and
reliable prediction of future values, and prediction is one of the most prized, and
useful, scientific goals. If the relation between successive and previous values is
weak, (i.e. future values are only partially explained by previous values, i.e. they are
weakly autocorrelated), the time-series is stochastic. In ecology, this is the most
common situation, and it is also the most frustrating: the presence of an unknown
degree of autocorrelation prohibits the use of statistics which require independence
of variables (classical and informed-probability statistics), such that no inter-date
comparisons can be made, and the weakness of the autocorrelation also diminishes
our ability to predict future values (e.g. biomass 1 month or 1 year hence). Rather
than a firm prediction, we can only calculate a probability distribution for future
values, and the properties of this distribution are conditioned by the past or present
values (Chatfield 2016; Cressie and Wikle 2011).

5 Allometry-Based Models of Production: The Power Law
and Beyond

Suffice it to say that the use of the mathematical term isometry is relatively corrupted
in biology, where it refers to equal rates of growth of different body parts. Allometry
refers to the differential growth rates of different body parts. This concept is central
to many domains of biology, from physiology to ecology and evolution. Since
populations are made up of individuals, population modelling for production esti-
mates always incorporates some model of individual growth, of which the simplest
merely account for growth changes in length, as in the familiar Von Bertalanffy
growth model. More sensitive models will account for changes in different body
parts, such as the shell and the somatic tissue of molluscs. However, by far the most
widespread use of allometric modelling in ecology is in the relation between length
and weight.

⁄�

Fig. 15.9 (continued) wavelet power spectrum for mean water temperature. HN: wavelet power
spectrum for H. quissetensis mean monthly abundance data at the non-impacted site. HI: wavelet
power spectrum for H. quissetensismean monthly abundance data at the impacted site.HN–Temp:
cross wavelet power spectrum for HN and Temp times series. HI–Temp: cross wavelet power
spectrum for HI and Temp times series. Unpublished data, I. Boldina and P.G. Beninger.
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5.1 Problems with the Power Law Approach

Many relationships between measurable variables are approximated by some form of
power law (Ferriere and Cazelles 1999; Farrell-Gray and Gotelli 2005; Newman
2005; Tjørve 2009), and this is also the case for allometric modelling. When applied
to the length-weight relation, the process is called allometric scaling. This process
has been applied from the individual organism level, e.g. metabolic rates (Kleiber
1932; West et al. 1997), feeding and respiration (Newell and Bayne 1980), dynamic
energy budget (DEB) models (Sousa et al. 2008; White et al. 2011) and length-
biomass allometry (Santos et al. 2002), to the ecosystem level (Allen et al. 2005).

In standard practice, power-law relationships are modelled using the equation
Y ¼ aXb. Few equations of such simplicity have been the object of more debate and
discussion in biology. Since the function itself is exponential, the component data
and the function itself have often been log-transformed [log(y) ¼ log(a) + b log(x)],
in order to apply linear regression techniques, and this practice has been largely
carried over to the present, in particular with respect to length-weight allometric
relationships (e.g. Katsanevakis et al. 2007a; Packard and Birchard 2008; Andrades
et al. 2018). The conventional wisdom is that if an allometric relationship follows the
power law, it should be approximately linear on a log-log plot (Stumpf and Porter
2012). This condition is far from sufficient, however, since ‘approximate’ is obvi-
ously a subjective evaluation, and especially because large arithmetic deviations
may appear insignificant on a log-log plot. The r2may even be impressively high and
statistically significant for a relationship which does not, in fact, follow the power
law, but merely appear to be well-approximated by, or even partly follow, the power
law on a log-log plot (Seuront 2010; Harte 2011). In point of fact, r2 for a straight
line fitted to log transformations has little bearing on the strength of relationship
between untransformed variables. The issue of back-transformation has generated
considerable debate in recent years (Xiao et al. 2011; Packard 2012a, b, 2016;
Ballantyne 2013), and led some to conclude that only graphical inspection of the
original arithmetic data can be used to determine whether data are appropriately
modelled by the power law (Packard 2017).

Compounding the problem of log transformation of data, subsequent back-
transformation to the arithmetic domain introduces even further distortions. Even
if log transformation allows the data to satisfy assumptions of linearity, normality
and homoscedasticity, this does not guarantee that these assumptions will hold upon
back-transformation (Packard 2017). Furthermore, linearization does not open a
magically simple procedure for modelling an allometric relation, since proper linear
regression is a far more complex procedure than many workers seem to believe and
practice (Boldina and Beninger 2016). And finally, there are many cases where
allometric relationships simply do not fit the power law very well, in either the
logarithmic or the arithmetic domains.

In the many cases where relationships do not follow the power law, application of
traditional linear regression methods on log-transformed data (i.e. ordinary least
squares, OLS, and reduced major axis, RMA) is inappropriate. Special statistical
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techniques have thus been developed to overcome the weaknesses and limitations of
traditional methods, such as multi-model inference (Burnham and Anderson 2002;
Katsanevakis 2006; Katsanevakis et al. 2007a, b; Tjørve 2009), rotation regression
method (Isler et al. 2002), and heteroscedasticity-consistent standard error estimators
for OLS regression (Long and Ervin 2000; Hayes and Cai 2007). However, such
techniques suffer from restrictive parametric assumptions which are often not
satisfied, and none of them offer consistently effective solutions, such that the
statistical approach to modeling allometric relationships is often suboptimal.

5.2 Circumventing the Allometric Modelling Restrictions
and Assumption Violations: The Copula Approach

If data do not follow the power law, i.e. log-transformed data continue to present
asymmetric dependence or nonlinearity, conventional linear regression methods will
fail to adequately characterize the complex underlying dependence structure (de la
Peña et al. 2006). In the case of allometry, the dependence structure is often size-
related, thus introducing a size-dependent bias, potentially impacting biomass esti-
mates. Copula-based regression, a relatively new concept of dependency originally
applied in the field of financial risk management (Carrière 2006), circumvents many
drawbacks of conventional regression methods, including those described above.
Copula modelling has developed rapidly in the fields of geostatistics, hydrology, and
climate modelling (Salvadori and De Michele 2007; Boardman and Vann 2011;
Schefzik et al. 2013), and in a few fields of biology such as environmental science
(Joe 1994), genetics (Kim et al. 2008), and forestry (Kershaw et al. 2010; Serinaldi
et al. 2012). Copula-based models present important advantages, compared to
traditional regression methods, of which the most important to the present discussion
is that, in contrast to linear regression, copulae are scale-invariant, avoiding the
problems of back-transformation (Schmidt 2006).

We are unaware of the copula approach having been used in allometry, with the
possible exception of two non-marine studies (specifically, computing wood volume:
Wang et al. 2010; Serinaldi et al. 2012). Although we have used this technique to
model the length–weight relationships of the mudflat bivalves Tapes philippinarum
and Cerastoderma edule (Boldina and Beninger, unpublished), it is mathematically
quite sophisticated, such that the trade-off for fewer restrictions and assumption
violations is a relatively esoteric technique which is probably beyond the ken of
many mudflat ecologists. Close collaboration with a statistician should overcome this
roadblock and allow a wider use of this promising approach.
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6 Replication and Pseudoreplication in Mudflat Ecology

One of the most cited articles in ecology is that of Hurlbert (1984) on pseudoreplication.
From that date forward, the term “pseudoreplication” has become a “stigmatizing label”,
and many ecologists consider that results are unreliable if the number of within-study
replications is not sufficient (Oksanen 2001). Pseudoreplication has generated consid-
erable debate, and remains a controversial topic in ecology (Heffner et al. 1996; Oksanen
2001, 2004; Cottenie and DeMeester 2003; Hurlbert 2004; Kotze et al. 2004; Millar and
Anderson 2004; Davies and Gray 2015; Colegrave and Ruxton 2018). For some
authors, the absence of within-study replication is invalidating. However, despite the
orthodox views of these scientists, there are exceptions, and they mostly concern field
studies. Some examples will be considered below.

There are obvious cases where replication is simply impossible, because the object
of study is too rare, e.g. studies of the ecological consequences of earthquakes or
volcanic eruptions, studies on Einstein’s preserved brain (Falk et al. 2012; Men et al.
2014) etc. It is also sometimes mutually exclusive to work on appropriate spatial
and/or temporal scales and to make the necessary number of replications at the same
time—either it is not technically possible, or the cost of replicates is too high. This
problem often arises for studies performed at large spatial scales (Carpenter 1990,
1998). In these cases, the choice of an appropriate scale seems more relevant, even
though this involves sacrificing the number of replicates and risking criticism because
of pseudoreplication (Oksanen 2001; Cottenie and De Meester 2003).

In ecosystem effect studies, especially those on the effect of ‘press’ perturbation
in strongly anthropized ecosystems, it is sometimes impossible to find a single
non-impacted site (Brown and Herbert Wilson 1997). The only possible solution
in this case is to carry out a comparison between sites with different levels of
perturbation. The number of sites with a low perturbation level may also be
insufficient for true replication, as in Aspden et al. (2004).

Sometimes, only one non-impacted site can be found and in this case the only
possible solution is to replicate transects for this control site and for the study site
(s) (Hixon and Tissot 2007; Shenko et al. 2012). If the detected size effect is large,
and the site characteristics very similar, the causes of this effect can be attributed to
the effect of perturbation and not to differences between the sites (Oksanen 2001,
2004; Cleary 2003). If the results obtained seem interesting, replication studies may
be performed later, possibly by other researchers. Meta-analysis can also be used to
compensate for the lack of replications (Oksanen 2001).

In summary, we advocate the ‘dialling down’ of pseudoreplication concerns on the
one hand, and a ‘cards on the table’ approach to reporting field studies, with particular
emphasis on outlining the effect size, the importance of past or future convergent
results, and obstacles to within-study replication, on the other hand. ‘When replica-
tion is not at all feasible but the size effect is assumed to be large, the clear
demonstration of this effect may be considered an indication of a real effect’
(Oksanen 2001; Cleary 2003). As one of the editors of a well-known marine sciences
journal recently wrote to me (PGB), ‘all studies suffer from lack of true replication at
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some spatial level’. This is in fact true even for single-point studies: true replication,
the only effective means of validation, means repeating the entire study from scratch,
preferably by different researchers. This is as rare as frog’s teeth in the scientific
literature, and is almost never done in ecology, or in any other branch of biology, for
reasons outlined in Johnson (1999) and Beninger et al. (2012); furthermore, a large
number of such replications would be needed to provide additional certainty (Phillips
2016)! In a recent review of the ‘false-positive’ problem, Forstmeier et al. (2016 )
conclude (as do all such studies):

. . .we advocate reallocating some efforts away from seeking novelty and discovery and
towards replicating important research findings of one’s own and of others for the benefit of
the scientific community as a whole. We believe these efforts will be aided by a shift in
evaluation criteria away from the current system which values metrics of ‘impact’ almost
exclusively and towards a system which explicitly values indices of scientific rigour.

As scientists, we can only agree completely with this statement. As practicing
scientists, we will all ignore it the next time we design or try to publish a study, and
most certainly when we apply for a grant. The reasons are simple: both because all
scientific journals put an absolute priority on novelty and discovery, and because as
human beings working in a competitive world, we also seek novelty and discovery,
where result replication is synonymous with ‘re-inventing the wheel’, and consid-
ered, at best, a mark of inferior scientific ability, and usually, a disqualifying
production. Perhaps a system of explicit reward for ‘indices of scientific rigour’
will eventually evolve, but the general current of contemporary science is not headed
in that direction.

7 P.S.: Is There Still a Place for Descriptive Studies?

As mentioned above, science is a human activity, and humans, including some
scientists, are inclined to follow ‘fashion’ in accoutrement, gadgets, and their
approach to research. Statistics have achieved such an ascendancy in marine ecology
(where they are used and misused with at least equal frequency), that, despite the
numerous more realistic assessments of the validity of such analyses [see Beninger
et al. (2012) for review], some biology research journals continue to look upon
purely descriptive scientific studies with a jaundiced eye. The Journal of Plancton
Research, for example, states in its ‘About the Journal’ section: ‘Hypothesis-driven
work is particularly welcomed; purely descriptive or confirmatory papers will
generally not be considered’ (note the outright disqualification of ‘confirmatory
papers’—i.e. true replication—academic.oup.com/plankt/pages/About).

We must set the record straight: descriptive studies (not experimental ones) are
most often the ‘cutting-edge’ of science. We must first know that something exists
before we can do anything else about it, including formulating hypotheses (think
black holes, dark energy and matter, subatomic particles, hydrothermal vents and
their chemosymbioses, and the Archaea, for a start!). Conversely, we must already
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know a great deal about something before we can devise an experiment to test a
particular aspect of it. Descriptive studies allow science to move forward, while
experimental studies often broaden the knowledge of what has been described. There
is absolutely no reason to ennoble experimental studies simply because they may
include sophisticated statistical analyses. Descriptive studies (which may also have
important quantitative components) are at least as, and very often more, deserving of
our consideration and respect; without them, we would not know what hypotheses to
formulate, or what to design experiments about. Unfortunately, this glaring, funda-
mental truth will probably continue to be ignored by blinkered scientists and equally-
hobbled reviewers and journal editors, well into the future.
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Parasite-inclusive food webs, 231
Parasite-induced mortalities, 227
Parasite manipulation, 230
Parasite, parasitism, 291, 294, 297
Parasite spillback, 232
Parasite spillover, 232
Parasitic interactions, 214
Parasitism, 219
Parastomonema spp., 120
Particulate organic matter (POM), 22
Patch width, 398
Patterning, 202
Paulina tidal flat, 117, 123
PCR, 131
Pearson correlation coefficient, 398
Perak, 375
Periodicities, 404
Periodicity characteristics, 407
Periodicity frequency, 404
Perna, 368
Perna canaliculus, 216
pH, 225
Phacoides, 174, 179
Phalaropes, 313, 314
Pheromones, 80
Philine orientalis, 301
Phi size scale, 5
Phospholipid fatty acids (PLFAs), 53
Photosynthesis, 68
Phycosphere, 77
Phytoplankton blooms, 381
Pillucina, 171
Pinnotheres novaezelandiae, 216
Pinologio, 342
Plagiorhynchus allisonae, 216
Plankton, 151
Platychelipus littoralis, 124

Plovers, 312–314
Polychaetes, 150, 219
Polydora ciliata, 230
Polynomial interpolation, 406
Pools, 2
Post-hoc, 390
Post-settlement dispersal, 154
Power law, 410
Precipitates, 187
Predation, 152, 214, 280, 288, 294–297
Predation strategies, 400
Predator, 214
Prey-taxon-specific primers, 131
Primary production, 157
Primary recruitment, 376
Priming, 50–51
Priority effects, 128
Production, 231
Propagule pressure, 272, 277, 279
Prosorhynchus squamatus, 216
Protobranchia, 172
Pseudoreplication, 412
Pseudostenhelia wellsi, 128
Ptycholaimellus sp., 114

Q
Quorum sensing, 79

R
Ranching, 375
Random component, 403
Reactive N, 125
Recruitment, 155
Red knots (Calidris canutus), 312, 313, 315,

319, 320, 325–329
Redox potential discontinuity (RPD), 27, 107
Redox reactions, 8, 27
Redshank (Tringa totanus), 316
Reduced major axis, 410
Reduced state, 26
Reduction, 27
Reference wavelet, 405
Regenerator, 158
Remane’s minimum, 103
Remineralization of organic matter, 44
Remote sensing, 151
Replication, 412
Resource competition, 128
Resource stewardship, 346
Revealed preferences, 349
Rhabditida, 119
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Rhithropanopeus harrisii, 292
Ribbonworm, 358
Ringed plover (Charadrius hiaticula), 314

merlin (Falco columbarius), 317
peregrine falcons (Falco peregrinus), 317
sparrowhawk (Accipiter nisus), 317

Rolling conditions, 194
Rose Bengal (RB), 102
Rotation regression method, 411
Ruditapes, 372

S
Sabatieria sp., 110
Sacculina carcini, 216
Salt marshes, 1, 170
Sargassum muticum, 282
Satellite bacteria, 77
Scaleinvariant, 411
Scavengers, 156
Schelde Estuary, 108
Science, 390
Seagrass, 171, 179
Sea-level change(s), 12, 25
Sea level rise, 299
Seasonal dynamics, 155
Seasonality, 402
Secondary metabolites, 64, 79
Second order stationarity, 398
Sedimentary structures, 33
Sediment bed, 193
Sediment-binding capacity, 68
Sediment erodibility, 162
Sediment granulometry, 16
Sediment stabilisation/ Sediment stabilization,

33, 34, 36, 74, 186
Sediment stability, 74, 272, 279–281, 290–292,

294
Sediment transport, 23, 24
Self-organization, 8, 186
Semivariance, 398
Semivariance technique, 399
Settlement choice, 162
Settling velocity, 22
Shear stress, 193
Shell middens, 340
Shields parameter, 195
Shorebird diet

arthropods, 315
epibenthic biofilm, 310, 312, 320, 323,

328, 329
Horseshoe crab eggs, 318

marine invertebrates
Bivalves

Dosinia isocardia, 319, 325
Loripes lucinalis, 319, 324
Potomocorbula laevis, 325

common shrimp (Crangon crangon),
315

Corophium volutator, 318, 323
crustaceans, 325
gastropods, 325
Hydrobia spp., 321
Molluscs, 319
Nereis spp., 321
ostracods, 323
polychaetes, 312, 318, 325

omega-3 fatty acids, 329
sea grass, 319

Zostera noltii, 319
Shorebird distributions

eutrophication, 319
pollutants, 319
predation, 316, 317
prey distribution, 316, 317
productivity, 316
tides, 316

Shorebird functional morphology
bill, 311, 313, 314
eye placement, 312
foot structure, 312
gizzard, 312, 315
tongue, 312, 313

Shorebirds, 8, 275, 295, 296
Shore profile, 25
Significance fallacies, 392
Silt, 13
Siphon(s), 151, 174
Sites (shorebirds)

Banc d’Arguin, Mauritania, 319, 324
Bay of Fundy, Canada, 323
Delaware Bay, USA, 329
Fraser River Delta, Canada, 315, 322, 323
Marenne-Oleron Bay, France, 322
Roberts Bank, Canada, 321–323
Yellow Sea, China, 325–327

Size-dependent bias, 411
Size effect, 412
Social carrying capacity, 383
Solemya, 172
Solemyida, 172
Solemyids, 172–176
Sonication, 98
Spacefilling, 401
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Spartina, 192
Spartina alterniflora, 274–276, 278, 279, 281,

296, 299, 300
Spat, 376
Spatial autocorrelation, 393
Spatial data set, 399
Spatial distribution(s), 8, 356, 397
Spatial lag, 95
Spatial pattern, 395
Spatial processes, 393
Spatial structure, 398
Spatial variability, 152
Spatio-temporal dynamics, 161
Spawning, 155
Special Areas of Conservation, 344
Special Protection Areas, 344
Species composition, 124
Species interactions, 214
Species richness, 226
Spectral analysis, 404
Sphaeroma quioanum, 291
Stable isotopes, 52
Stakeholder, 347
Stated preferences, 349
State shift, 272, 278
Storm events, 195
St. Peter, 341
Structural complexity of mud, 32
Sulfate-methane transition zone, 32
Sulfate reduction, 27, 30, 31
Sulfide, 170
Sunaristes spp., 120
Surplus value, 349
Suspended solids, 162
Suspension feeders, 153, 381
Symbionts, 171
Synergy, 77
Systematic patterns, 403

T
Tapes, 372
Tapes philippinarum¼Venerupis

philippinarum¼Ruditapes
philippinarum (Manila clams), 291,
295, 298

Tardigrades, 130
Temperature, 223
Temporal analysis, 402
Temporally autocorrelated data, 403
Temporal processes, 394, 403
Terschellingia sp., 114

T. longicaudata, 120

Theoretical variogram, 399
Thyasira, 173, 175, 176
Thyasiridae, 173
Thyasirids, 173–176
Tidal bedding, 25
Time-series analysis, 402, 403
Tisbe furcata, 116
Top-down, 204
Top-down control, 129
Top-down interactions, 162
Traditional ecological knowledge, 358
Tragedy of the Commons, 346
Trait-mediated indirect effects, 227
Trampling, 382
Transient biofilms, 66
Transient epibenthic biofilm, 6
Transmission, 222
Transmission interference, 222
Transorchestia chiliensis, 216
Trapping, 191
Travel Cost Method, 351
Trematodes, 215
Trend component, 404
Trend direction, 404
Trophic amensalism, trophic group

amensalism, 281, 294, 297
Trophic guilds, 156
Trophic interaction(s), 75, 230
Trophic transmission, 218
Trophic webs, 8
Truncation problem, 351
Turbellarians, 130
Turbidity, 381
Turbidity maximum, 21
Type 1 error, 391

U
Ultraviolet radiation, 234
Unpatterning, 202
Unprocessed time series data, 406
Upward conveyers, 158

V
Valuation, 349
Variance

based indices, 398
mean ratio, 397

Variogram, 358
Venericulture, 374
Virulence, 81
Viscoelasticity, 187
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W
Wadden Sea, 2, 343, 375
Warming (Global warming, Climate warming),

272, 273, 299, 300
Waterbody salinity, 224
Wave attenuation, 23
Wave erosion, 25
Wavelet, 405
Wavelet analysis, 404
Wavelet coefficient, 405
Wavelet function, 405
Wavelet power spectrum, 405
Wavelet scale, 405
Wavelet transformation, 405
Wave orbital velocity, 195

Wave shear stress, 195
Western sandpipers (Calidris mauri), 315,

321–323
Winter mortality, 155
Wormers, 347

Y
Yellow Sea, 2

Z
Zeacumantus subcarinatus, 224
Zonation, 34, 152
Zostera japonica, 281, 282, 296
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