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CHAPTER 1

INTRODUCTION



Chapter 1: Introduction

In the last 60 years, the human population has more than doubled, from three billion in
1960 to seven billion in 2012, and is expected to reach 10 billion by 2050. Consequently,
anthropogenic pressure is increasing over the planet, with potentially disastrous consequences
on all ecosystems (e.g. habitat destructions, eutrophication, loss of biodiversity, species
extinctions). Consequently, environmental problems caused by anthropogenic pressure are
increasing and start now to occupy a central position in politics. In view of the growing need
for conservation and management of terrestrial as well as marine ecosystems, scientists are
asked to develop methods to measure environmental quality, and to propose reliable solutions
to remediate environmental problems. An essential prerequisite to answer these questions is to
understand the functioning of these ecosystems.

Foraminifera are important biotic components in almost all marine settings. Therefore,
it is essential to know how they interact with their environment, which ultimately leads to a
better understanding of their role in these ecosystems. In line with this topic, the present PhD
thesis investigates three phylotypes of the benthic foraminiferal genus Ammonia. This genus is
a dominant element in coastal areas of mid-latitude, which are strongly menaced by increased
anthropogenic impact. Presently, these three phylotypes are very often recognised together as
one morphospecies, but they correspond in fact to three well separated pseudocryptic species,
with only minor but consistent morphological differences. We will focus on their distinction on
the basis of morphological characteristics (Chapter 2), on their distribution around British Isles
(Chapter 3), on their temporal response to seasonal anoxic stress (Chapter 4), and on a recent
historical record in this area which is strongly impacted by human activities (Chapter 5).
Finally, by using a theoretical approach in Chapter 6, we aim to understand the functional
morphology of the pore pattern of their tests, which is very different between these three

phylotypes.

1. COASTAL AREAS

Coastal areas have always exerted a strong attraction on human populations around the
world. The reasons are multiple: richness of natural resources (fish, molluscs, salt, sand, etc.),
logistic facilities (navigation, commerce), esthetical considerations, etc. Consequently, a large
proportion of human populations worldwide is concentrated in the 100 km bordering the
coastline (about one third after Cohen et al., 1997; about one quarter after Small & Nicholls,
2003), and the last two centuries have seen a global inland to coast migration associated with a

trend of increasing coastal area urbanisation (Hugo, 2011).
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Coastal areas

Coastal zones are also among the most productive ecosystems worldwide (Alongi, 1998).
Therefore, human societies are highly reliant on these areas (Vitousek et al, 1997, Costanza et
al., 1997) and benefit from very important and diverse ecosystemic goods and services (Figure

1, Millenium Ecosystem Assessment, 2005).

Direct and Indirect Estuaries Lagoons and Rock and
Services and Marshes Mangroves  Salt Ponds Intertidal Kelp Shell Reefs  Seagrass  Coral Reefs
Food ® [ ] . [ ] . L ] . L]
Fiber, timber, fusl ® [ ] ]
Medicines, other . . N ] .
Biodiversity ® ® L] ® ] ® L] ]
Biological regulation ® ® ] . - L]
Freshwaler storage and

retention * .
Biochemical . . . .
Nutrient cycling and fertility @ @ L . . . ®
Hydrological . .
Atmospheric and climate

lﬂgjllstiun L ] ® ® . - . [ ]
Human disease control ® [ ] [ ] [ ] . .
Waste processing ® ® L . L] .
Flood/storm protection [ ® . . . . . [ ]
Emsion control [ ] . - . -
Cultural and amenity ] . [ ] [ ] . e [ ] 9
Recreational ' - - . - .
Aesthetics ® . L ® ®

Figure 1. Direct and indirect ecosystem services provided by different types of coastal ecosystems.
The size of the black circles represents the relative magnitude of each ecosystem service. The larger
the circle the larger the relative magnitude (From Millenium Ecosystem Assessment, 2005).

Coastal areas are very dynamic and complex, with many intertwined processes acting at
different spatial and temporal scales (Elliot & Whitfield, 2011), resulting in a relatively high
natural variability. At the same time, these environments are affected by important and multiple
anthropogenic pressures, which can lead to discrete or diffuse pollutions, originating from one
source or originating from widespread anthropogenic activities with no single discrete source,
respectively.

As a result, coastal ecosystems often exhibit a combination of high natural variability
and important anthropogenic impact. Consequently, it is highly complicated to unravel the
ecosystem responses to these interacting factors. Nevertheless, it is now well understood that
these ecosystems are particularly fragile and undergo major changes in response to the strong
pressures exerted by the mankind (Figure 2; Jackson et al., 2001; Millenium ecosystem
assessment, 2005; Harley et al., 2006; Worm et al, 2006; Halpern et al., 2008; IPCC, 2013).
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Chapter 1: Introduction

Impact Type Examples
Physical changes
Hydrologic Channelization of streams, canals
changes for petroleum production in

Mississippi delta,oil
exploration, dredging,
drainage, harbor dredging,
and navigation
Impoundments
Reclamation Polders in the Netherlands

Enrichment

Eutrophication  Algal blooms resulting from
agricultural runoff

Organic Fish-processing wastes
enrichment
Thermal Power plants
additions
Toxins Heavy metals, pesticides, other

chemicals such as DDT and
PCBs, mercury, exotic organics

Direct changes in species

Compaosition Harvest and overharvest,
overfishing
Introduction of Striped bass on US west coast,
exotic species nutria in Louisiana

Figure 2. Classification and examples of human impacts on coastal ecosystems from Day et al.

(2012).

As a result, management solutions to maintain the ecosystemic goods and services

provided by coastal areas are increasingly urged and formal management strategies emerged in

a growing number of countries (Sorensen, 1997; Borja et al., 2008), such as:

The Clean Water Act/Ocean Act (1972/2000) in the USA.

The National Water Act (1998) in South Africa.

The Environment Protection and Biodiversity Conservation Act (1999) in Australia.
The Water Directive Framework (WFD, 2000) and the Marine Strategy Framework
Directive (MSFD, 2008) in Europe.

The WFD as well as the MSFD impose the necessity for a “good” ecological quality status

(EQS) of all European water bodies. The EQS is defined by comparing the current state of the

ecosystem with a similar ecosystem in pristine state (without any human impact). If the current

state deviates too much from the pristine state (i.e. “bad” EQS), management measures must be

taken to return to a “good” EQS. This method has the benefit to take into account the natural

state of the ecosystems without anthropogenic pressure. However, it has the shortcoming that

we need to define a reference state (pristine) for every type of ecosystem. This may be

particularly difficult in Europe, where almost all coastal ecosystems are strongly altered by
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Hypoxia in coastal ecosystems

human activities. An additional complication is that natural ecosystems can be affected by
phenomena which are usually considered as bad, such as algal blooms or hypoxia/anoxia
(Dolven et al., 2013). Consequently, it is essential to have a better knowledge about the
functioning of these coastal ecosystems to provide a good evaluation of the pristine states but
also to design efficient management solutions.

Anthropogenic nutrient input is probably one of the major human treats to coastal
ecosystems. It results from modern agricultural practices, increased industrial activities,
combustion of fossil fuels or direct sewage discharge. All these factors contribute to the
increased flow of nitrogen and phosphorus to coastal ecosystems (Diaz et al., 2013).

Increased nutrient supplies generally result in an intensified growth of all auto- and
heterotrophic organisms. This increased biological production ultimately leads to enhanced organic
matter input (“enrichment”) and increased oxygen consumption. This series of events, called
eutrophication, is now very strongly amplified by human activities in most places. Eutrophication
is a global phenomenon, as shown by the various symptoms observed worldwide, such as harmful
algal blooms, loss of habitats and natural resources and oxygen depletion (hypoxia or anoxia),
which is probably the most severe problem (Vitousek et al, 1997; Cloern, 2001; Rabalais et al.,
2009, 2010; Diaz et al., 2013).

2. HYPOXIA IN COASTAL ECOSYSTEMS

A commonly used definition of hypoxia (also used in this thesis) is a concentration of
dissolved oxygen <2 mg L2, or 1.4 ml L%, approx. equivalent to 63 pmol L™ and corresponding
to 30% oxygen saturation (sea water at 30°C) (Rabalais et al., 2010), whereas anoxia is defined
as an absence of oxygen (i.e. non-detectable). Hypoxia affects numerous environments,
including coastal ecosystems, at many different spatial (from < 1 km? to > 100 000 km?) and
temporal (from hours to decades) scales. Because human influence is more acute in coastal
areas compared to open oceans (where this influence is more diluted), there is more

anthropogenic pressure in coastal ecosystems (Figure 3, Rabalais et al. 2010).
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Chapter 1: Introduction

Duration of Hypoxia

Hours

Days

Weeks

Months

Upwelling
Yearly But
Not Every

Year omz

Years - .

Small Rivers  Fjords Bays Inner Outer Continental
Tributaries Estuaries Inland Seas  Shelfs Shelfs Slopes
<1 Km2 >100 000 Km2

System Size

Figure 3. Synthetic scheme of the temporal and spatial variability of hypoxia in different

environments. Red and green correspond respectively to human and natural causes (from Rabalais et

al. 2010).

Oxygen is fundamental to sustain aerobic life in most modern ecosystems. Its depletion

affects the performance and fitness of many organisms and can even be lethal for many of them.

As a major threat to ecosystems, hypoxia is responsible for various types of environmental
impact (Figure 4, Diaz et al., 2013).
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100% Saturation
7 -8 mg/i*

Normal Activity & Behavior

3-4 Avoidance by
fishes

Mobile fauna begin
to migrate to higher
DO areas 2.0

- Fishes absent

Shrimp & crabs
absent

Fauna unable to escape
initiate survival

behaviors
Burrowing stops

Stressed fauna
emerge & lay on
sediment surface

Mortality of sensitive
fauna

Mortality of tolerant

fauna
Formation of microbial

mats

Sediment geochemistry (W4
drastically altered Hydrogen sulfide builds up

in water column

No macrofauna

survive 0

Figure 4. Range of behavioural and environmental impact as dissolved oxygen levels drop from

saturation to anoxia (from Diaz et al., 2013).



Hypoxia in coastal ecosystems

Oxygen depletion has effects at the individual and population levels, with cascading
effects at the community level which can finally lead to an ecosystem collapse (Figure 5, Riedel
et al., 2016). Responses of coastal ecosystems to hypoxia concern all compartments of the

biocoenosis and ultimately may alter and/or abolish ecosystem functions and services (Riedel
etal., 2016).

multi-level responses

, loss of ecosystem function & services
. ecosystem

decrease in biodiversity & local/regional extinction

severity, ‘
duration | community
frequency - 7 shifting community structures (homogenization & depauperation)
of hypoxia L
changes in: reproduction & recruitment
-, population -

= predation & competition

feeding & growth

species .
y abundance & biomass
~molecule

physiology/metabolism & behaviour

Figure 5. Cascading effects showing the multi-level aspect of the biological responses to oxygen
depletion (from Riedel et al., 2016).

Due to increased human activities in coastal zones (e.g. increased nutrient input,
building of coastal facilities modifying natural hydrodynamics) coupled with climate change
(Rabalais et al., 2009; 2010), hypoxia in coastal waters are increasing in extent, frequency and
duration (Figure 6, Schmidko et al., 2017; Diaz & Rosenberg, 2008). Diaz and Rosenberg
(1995) already noted that “no other environmental variable of such ecological importance to
coastal marine ecosystems as dissolved oxygen has changed so drastically, in such a short

period of time”.
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Events of deoxygenation

Anthropogenic Climate variability
activities climate change
¥ ¥ ¥ ¥ ¥ ¥
Reactive N Hydrologic | | Sea level Water I Winds I
(mostly +) cycle (+) (-) rise (+) temperature
| I (mostly +) l
- Yy Y ’t
Nutrient loads Biological responses || Physical environment
(+)(-) (Metabolic rates (Stratification +)
l, r mostly +) (Oxygen saturation -)
Nutrient-enhanced (Primary production +) (Current shifts)
I" productivity (Respiration +) (Tropical storms)
‘l' ) Harmful &
I | Vertical carbon flux |<- noxious
| l’ algal Bottom-water
- blooms hypoxia
Sedimentary carbon | 7 I
and nutrient pools | —————""—"""—""—""—"=- _ -

Duration ’

Figure 6. Potential physical and hydrological changes resulting from climate change and their
interaction with current and future human activities. The dashed lines represent negative feedback to
the system (from Rabalais et al., 2010).

Gilbert et al. (2010) highlighted the fact that the number of hypoxic sites around the
world reported in literature increased with the number of papers dealing with coastal hypoxia,
which started to appear regularly since the 1970’s. Consequently, it is legitimate to ask if the
growing number of reports of hypoxic conditions (1) truly reflects a widespread increase of this
phenomenon or (2) also reflects a larger community of scientists studying oxygen-depleted
environments. Whatsoever, the large amount of studies testifying of coastal hypoxia together
constitute a highly convincing body of evidence that hypoxia are strongly related to
anthropogenic influence, especially in coastal ecosystems (Rabalais et al, 2010; Diaz et al.,
2013; Breitburg et al., 2018). Consequently, there is now a wide consensus in the scientific
community that the development and worsening of oxygen depletion in coastal areas is very
often a direct consequence of human activities. Hypoxic events are expected to intensify in the
future, about ten times faster in coastal areas than in the open ocean (Rabalais et al., 2010;
Gilbert et al., 2010).

Other anthropogenic pressures on ecosystems, such as overexploitation of resources,

pollutant release, habitat degradation or introduction of invasive species, may exacerbate
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Hypoxia in coastal ecosystems

ecosystem disruptions due to oxygen depletion (Levin et al., 2009). In fact, increased
perturbations from anthropogenic or natural sources may exceed the buffering capacity of
ecosystems and lead to abrupt regime shifts. Ultimately, an alteration of ecosystems (sometimes
irreversible) results in a degradation in the best case, or in the complete loss of the numerous
and vital services they provide in the worst case (Figure 8; Scheffer et al., 2001; EImqvist et al.,
2003, Scheffer et al., 2009).

Resilience and multiple states

Valuable ecosystem services > Loss of ecosystem services
(Desirable state) (Undesirable state)
1 2 3 4
Ecosystem state * Ecosystem state
Coral dominance Overfishing, coastal Disease, bleaching, Algal dominance
eutrophication hurricane

Figure 8. Example of a shift from a desirable to an undesirable state for a coral reef ecosystem, as a
consequence of human-induced alteration (from EImqvist et al., 2003).

In order to adopt correct policies and apply efficient management strategies aiming at
conserving the services provided by coastal ecosystems to human societies, it is essential to
understand the effects of oxygen depletion on these ecosystems. However, predicting the
responses of species, communities or ecosystems to hypoxia in coastal settings clearly requires
a good holistic understanding of the ecological context in which these events occur (Levin et
al., 2009).

The benthic realm is expected to be the most impacted by oxygen depletion, for two
main reasons. First, oxygen depletion essentially occurs in the sediment or in bottom waters,
where organic matter is ultimately deposited. Conversely, the upper part of the water column,
where most of the organic production takes place, is often saturated in oxygen due to
photosynthetic processes and exchanges with the atmosphere. Second, benthic organisms are
in general not very motile (or even sessile) and are then condemned to cope with adverse

environmental conditions, such as hypoxia.
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Diaz and Rosenberg (1995) showed that benthic organisms are indeed very sensitive to
oxygen depletion in many different ecosystems. However, meiofauna, especially foraminifera,
appears to be less sensitive to oxygen depletion than macrofauna (e.g. Josefson & Widbom,
1988).

3. BENTHIC FORAMINIFERA

One of the first drawings of a foraminifer was probably published by Hooke in 1665 (Figure
9 left, after Cifelli, 1990). While he was looking at sand grains to test several magnification
glasses, Hooke found what he described “fo resemble the Shell of a small Water-snail with a
flat spiral shell . His drawing looks similar to specimens of the genus Ammonia, with a spiral
shell containing 13 chambers. Later, in a letter dated from June 1700, the Dutch zoologist
Antonie van Leeuwenhoek described the content of a shrimp’s stomach as “very little snail-
shells, [...] no bigger than a coarse sand-grain” (Figure 9 right, after Dobell, 1932). The
presence of clear sutural bridges in these shells makes the resemblance with the genus
Elphidium striking. These minute organisms were considered as cephalopods (particularly as
Nautilus) until the early 19" century. In 1825, the French naturalist Alcide d’Orbigny named
them Foraminifera, but still classified them within the Cephalopoda (d’Orbigny, 1826).
However, in 1834, after his journey to South America, he thought that foraminifera should be
removed from cephalopods. Finally, he followed the conclusion of his compatriot, the biologist
Félix Dujardin, who showed in 1835 that foraminifera were in fact unicellular organisms
(Dujardin, 1835).
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Figure 9. Drawings from Hooke in 1665 on the left (after Cifelli, 1990) and Antonie van
Leeuwenhoek in 1700 on the right (after Dobell, 1932).

Marine foraminifera inhabit both the benthic and pelagic realms and are one of the most
widespread groups of organisms. Most of them exhibit a shell called a test, and constitute a very
diverse group of shelled microorganisms in the modern ocean. Foraminifera have a very rich
fossil record, which starts in the Cambrian (Gupta, 2007; Jones, 2013), but their appearance is
certainly older as an early radiation of organic shelled (non-fossilised) foraminifera was
estimated between 690 and 1150 Ma with a molecular clock calibrated on the fossil record
(Pawlowski et al., 2003). Thanks to their wide distribution, high abundances and fast evolution,
foraminifera have become a privileged tool in biostratigraphy. They have also been intensively
used in paleoceanographic studies and paleoenvironmental reconstructions (e.g. Murray et al.,
2006; Milker et al., 2011), while most of our knowledge of the response of past oceans to
climate change has been obtained through geochemical measurements of foraminiferal tests
(e.g. Thomas & Shackleton; 1996; Zachos et al., 2001; Katz et al., 2010).

Foraminifera show a very high diversity with about 4000 recent living hard shelled species
(Murray, 2007). They are among the most tolerant organisms with respect to a wide range of
pollutants (Alve, 1995). Recent studies show that they also exhibit a variety of unsuspected
adaptations and mechanisms to deal with adverse environmental conditions (e.g. anoxia,
euxinia) such as denitrification (Risgaard-Petersen et al., 2006; Pifia-Ochoa et al., 2010),
dormancy (Ross & Hallock, 2016; LeKieffre, 2017), sequestration of chloroplasts (Lopez 1979;
Pillet et al., 2011, Jauffrais et al., 2018a) or symbionts hosting (Bernhard et al., 2010; 2018).
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They may represent a significant part of the benthic biomass, particularly in low oxygen
ecosystems, and may play a key role in various processes, such as:

- Carbon cycling, foraminifera may account for up to 7% of aerobic carbon
remineralisation in mudflats (Cesbron et al., 2016) and up to 70% in anaerobic
conditions when considering only denitrification (Pifia-Ochoa et al., 2010).

- Nitrate cycling, foraminifera may account for up to 50% of total benthic denitrification
in the Peruvian oxygen minimum zone (Glock et al., 2013), 70% in Chile oxygen
minimum zone (Pifia-Ochoa et al., 2010) or up to 100% of the total benthic
denitrification in the well oxygenated part of the Swedish Gullmar Fjord (Choquel et
al., submitted).

- Carbonate production, foraminifera may contribute by up to 8% to the total production
in reef and shelf areas (Hohenegger, 2006; Langer, 2008).

- Bioturbation, the foraminiferal contribution may be comparable to, or exceed,

macrofaunal bioturbation (Grol3, 2002; Bouchet & Seuront, accepted).

4. THE GENUS AMMONIA

Ammonia is probably one of the most widespread genera in coastal areas worldwide,
although it does not live in high latitudes. Ammonia often dominates benthic foraminiferal
communities in temperate to warm European coastal ecosystems, in particular in shallow waters
and intertidal mudflats where it proliferates, generally in association with the genera Haynesina
and Elphidium (Murray, 2006). Because of its ubiquitous nature, Ammonia is among the most
widely studied benthic foraminiferal genera, with various aspects investigated, such as
geographic distribution, ecology, behaviour, life cycle, metabolism, morphology or test
ultrastructure (Banner &Williams, 1973; Chang & Kaesler, 1974; Schnitker, 1974; Poag, 1978;
Walton & Sloan, 1990; Debenay et al., 1998; Stouff et al., 1999a, b; Seuront & Bouchet, 2015;
Jauffrais et al., 20164, b; LeKieffre et al., 2017). Easy to harvest and maintain, the genus is also
extensively used in laboratory experiments to investigate biomineralisation (de Nooijer et al.,
2009; Nehrke et al., 2013), the response to expected ocean acidification (Charrieau et al.,
2018a) or the tolerance to pollutants (Denoyelle et al., 2012; Ciacci et al., 2019; Brouillette
Price et al., 2019). Other laboratory experiments have also used Ammonia to develop and/or
improve palaeoceanographical proxies (Dissard et al., 2010; Barras et al., 2018; Petersen et al.,
2018, van Dijk et al., in prep.).
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4.1. DISCOVERY

Jacopo Bartolomeo Beccari was the first in 1731 to describe specimens of Ammonia from
sandy sediment near Bologna in Italy. He ascribed them to “Cornua Ammonis” (the Horns of
Ammon, Beccari, 1731, p. 66, I. 30-33). The first acurate drawing of Ammonia was presented
by Plancus in 1739 (Fig. 10), who found many specimens on Rimini beach (Italy) and assigned
them to “Cornu Hammonis”. In 1758, Linnaecus named them “Nautilus beccarii” using his
binomial nomenclature. In 1771, the genus “Ammonia” was created by Brunnich (1772), who
classified it as a cephalopod. In the following two centuries, species that we now include in the
genus “Ammonia” were assigned to various genera such as “Rotalia” (Schultze, 1854; Cushman
1926, 1931; Phleger & Parker 1951), “Rotalina” (Williamson, 1858) or “Streblus” (BermUdez
1952; Bradshaw 1957; Hofker 1964). Finally, the name “Ammonia” became broadly used
worldwide after the publication of Cifelli (1962) in which the author argues that the most

ancient available genus name, the one from Briinnich (1772), must be used.

Figure 10. Drawing of Ammonia made by Plancus in 1739.
4.2. THE MULTIPLE SPECIES OF AMMONIA

The genus Ammonia shows a high morphological variability. Coupled with the fact that the
genus is ubiquitous worldwide, this led to the description of many species, subspecies, varieties
or forms, sometimes based on very subtle morphological differences. As the numerous available
descriptions often lack clear illustrations and deposited type material, this have led to an
increasing inconsistency in species identification. This inconsistency results from the fact that
the classification mainly depends on the judgement of the observer (biased by regional usage)
rather than on unambiguously defined criteria (Murray, 2007). In some cases, different names

have been proposed in different areas for what is apparently the same morphospecies (making
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them junior synonym). It is only by using molecular methods, that one can find out whether
these “regional” morphospecies are genetically different (independent phylotypes and therefore
different species) or identical (junior synonyms of a morphospecies named before in another
area). This tendency to describe morphospecies based on subtle morphological differences has
continued (Figure 11), and no less than 63 recent morphospecies of Ammonia have been
accepted in the WoRMS (World Register of Marine Species) database (Hayward et al., 2020).

4.3. ECOPHENOTYPY

In 1974, Chang & Kaesler suggested that the high morphological variability exhibited by
the morphospecies Ammonia beccarii was linked to environmental variability, explaining the
geographical variation in the morphology of Ammonia along the eastern coast of United States.
The same year, after undertaking experiments with specimens from the same region, Schnitker
(1974) considered that Ammonia beccarii was the only “valid” species, and that its great
morphological variability was explained by local acclimation. On the basis of his observations,
he introduced the concept of ecophenotypy for the genus Ammonia, in analogy with Feyling-
Hansen (1972), who had used this concept to explain morphological variability in the genus
Elphidium two years earlier. In the next two decades, this tendency to regroup the previous
morphospecies into morphotypes or ecophenotypes with a much larger morphological
variability resulted in various new classification schemes, with a reduced number of species,
each containing several subspecies, varieties or forms (e.g. Poag, 1978; Wang & Lutze, 1986;
Jorissen, 1988; Walton & Sloan, 1990). This led to a major simplification of the nomenclature
for Ammonia. However, the concept of ecophenotypy in Ammonia never became fully
consensual in the scientific community (e.g. Haynes, 1992), and researchers continued to assign
formal names to the different morphospecies of Ammonia based on subtle morphological
differences (Figure 11; e.g. Hofker, 1964; Banner & Williams, 1973; Cimerman & Langer,
1991; Colburn & Baskin, 1998). In fact, the disagreement between partisans of these two
different concepts of classification for Ammonia (and for foraminifera in general) has continued

until the beginning of the 21'" century.

4.4, MOLECULAR TAXONOMY

Molecular analyses, which have become widely available since the end of the 1980s, are a
recent addition to the taxonomical toolbox. Individuals are assigned to phylotypes on the basis
of the similarity of their DNA sequences. These phylotypes are mostly considered to be
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equivalent to species in traditional taxonomy, but instead of looking at morphological
variability, molecular dissimilarity is the conclusive criterion to separate species. The
successful development of DNA extraction and PCR amplification for foraminifera started in
the mid-1990s. The first sequences of foraminifera were published by Pawlowski et al. (1994)
and provided a new (molecular) method, independent of morphological characters, to assign
individuals to species for foraminifera.

Pawlowski et al. (1995) were also the first to investigate the nomenclature of the genus
Ammonia using molecular methods. In the next two decades, the multiplication of molecular
studies of Ammonia confirmed that most of the different morphological variants previously
grouped into ecophenotypes belong to different phylotypes, and should be considered as
separate species (e.g. Holzmann et al., 1996; Holzmann, 2000; Holzmann & Pawlowski, 2000;
Langer & Leppig, 2000; Hayward et al., 2004; Pawlowski & Holzmann, 2008; Schweizer et
al., 2011a, b). However, the number of morphospecies described and accepted in the WoRMS
database is still much higher than the number of known Ammonia phylotypes (Fi