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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 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). 

 
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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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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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 L−1, or 1.4 ml L-1, approx. equivalent to 63 μmol L-1 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 km2 to > 100 000 km2) 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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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).  

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

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

et al., 2016). 

 
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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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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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; Elmqvist et al., 

2003, Scheffer et al., 2009). 

 

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 Elmqvist 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 “to 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 19th 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; Piña-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 (Piña-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 (Piña-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 (Groß, 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., 2016a, 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, l. 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, Linnaeus named them “Nautilus beccarii” using his 

binomial nomenclature. In 1771, the genus “Ammonia” was created by Brünnich (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” (Bermúdez 

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 Brünnich (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 21th 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 (Figure 11), 

suggesting that this list still contains some junior synonyms and certainly not yet sequenced 

phylotypes.  

As explained before, it is mostly supposed that a phylotype corresponds to a biological 

species. When different regions of the genome are studied, their evolution rate and evolution 

history can be different and result in different specimen segregations (e.g.  Amato et al., 2007 

for diatoms), suggesting that the equivalence of a phylotype with a biological species is maybe 

not always as straightforward as desired. For the time being, only partial small sub-unit (SSU) 

and large sub-unit (LSU) of ribosomal DNA sequences were compared for Ammonia and the 

congruence is rather good (e.g. Holzmann, 2000; Schweizer et al., 2011b; Bird et al. 2020). 

In summary, molecular identification represents an extremely useful additional tool to 

identify and classify organisms. It is certainly more objective than traditional, morphology-

based taxonomy, which is a major advantage, but still contains an element of subjectivity. The 

present molecular classification of the highly morphologically variable genus Ammonia 

suggests that the number of species is somewhere between the numerous morphospecies 

proposed until today and the very few ecophenotypes considered previously (Fig. 11). It is 

interesting to note that a very similar historical development took place concerning the 

taxonomy of the genus Elphidium (Miller et al., 1982; Pillet et al., 2013; Darling et al., 2016), 

another main dominant foraminiferal taxon in coastal ecosystems. 
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Figure 11. Historical scheme of the discovery and temporal evolution of the number of formally 

described recent morphospecies (yellow), ecophenotypes (blue) and phylotypes (green) of the genus 
Ammonia. The three curves are not cumulative. Note the non-linearity of the temporal scale. 

YELLOW: number of recent Ammonia species formally described and accepted in WoRMS database, 
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Hayward et al., 2020). BLUE: number of ecophenotypes described (Chang & Kaesler, 1974; 
Schnitker, 1974; Seiglie, 1975; Poag, 1978; Vénec-Peyré, 1983; Wand & Lutze, 1986; Jorissen, 1988; 

Walton & Sloan, 1990). GREEN: number of phylotypes described (Pawlowski, 1995; Holzmann & 
Pawlowski, 2000; Hayward et al., 2004; Toyofuku et al., 2005; Schweizer et al., 2011a; Hayward et 

al., 2019; Bird et al., 2020). This scheme is updated until 2019, with 63 formally described species, 4 
ecophenotypes and 21 phylotypes. 

Since its discovery, the nomenclature of Ammonia underwent adaptations and 

modifications, and has gone through the emergence of different concepts/manners/phases to 

classify organisms: (1) the first descriptions were made before the binomial nomenclature of 

Linnaeus, (2) many  new formal names were based on subtle morphological differences 

(morphospecies), (3) the concept of species with a large morphological variability in response 

to environmental variability (ecophenotypy) and (4) the development of molecular 

identification (phylotypes). Three centuries after its discovery, the nomenclature of Ammonia, 

which was already considered as “chaotic” by Boltovskoy in 1965 (just as by Haynes in 1992), 

is still extremely complex. 

4.5. DISTRIBUTION OF THE PHYLOTYPES OF AMMONIA 

Until today, the most extensive study aiming at reconciling molecular (phylotype) and 

morphological (morphospecies) classifications of Ammonia has been published by Hayward et 

al. (2004). In this study, based on a global inventory, the authors identified 13 molecular types 

(informally named T1 to T13), which were described morphologically using 37 morphometric 

parameters. Later, two additional phylotypes were added (T14 and T15), and a subdivision of 

the phylotype T2 in T2A and T2B was proposed (Schweizer et al., 2011a, b; Bird et al., 2020). 

Other individuals genetically identified and separated from the previous numbered phylotypes 

exist such as A. japonica and Ammonia sp. O (Toyofuku et al., 2005) which branch to the 

phylotype T8 (Hayward et al. 2019), and A. corallinarum, A. neobeccarii, and A. pawlowski 

which belong to the T3 clade (Hayward et al., 2019). No numbers have been attributed to these 

phylotypes, four of which have been assigned to existing species. 

Figure 12 shows the worldwide distribution of the 15 phylotypes numbered until now (T1–

T15) by Hayward et al. (2004) and Bird et al. (2020). Despite the efforts made by researchers 

to reconcile traditional morphology-based taxonomy and molecular identification, it is still 

problematic to attribute an indisputable taxonomic name to each phylotype. 
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Figure 12. Worldwide distribution of Ammonia phylotypes T1 to T15. Phylotypes more specifically 
investigated in this thesis are indicated: T1 (red), T2 (green) and T6 (blue). Map constructed after 

Hayward et al., 2004; Pawloski & Holzmann, 2008; Schweizer et al., 2011a; b. 

Along the European coasts, two morphologically different groups of Ammonia are 

frequently encountered: 

- The Ammonia beccarii morphospecies, which contains specimens that are strongly 

ornamented, and 

- The Ammonia tepida morphospecies, which contains specimens that are much less 

ornamented.  

These morphospecies are named here after the main two most often used names in the 

ecophenotypy concept (Poag, 1978; Vénec-Peyré, 1983; Jorissen, 1988; Walton & Sloan, 

1990). Each of them contains two to four morphological forms (depending on the authors) with 

a slightly different morphology, which were considered as species by authors applying a 

morphospecies concept (e.g. Hofker, 1964; Haynes, 1973; Banner & Williams, 1973). From a 

molecular perspective, five different phylotypes are encountered in the North East Atlantic: 

Ammonia sp. T1, T2, T3, T6 and T15, if we do not consider sub-types (Figure 12). 

Phylotype T1, which has been observed in the north Atlantic (Europe and USA) and south 

Pacific (New Zealand and Chile), is considered to be cosmopolitan (Holzmann & Pawlowski, 

2000). Phylotype T2 has been exclusively encountered along the North Atlantic coasts of 

Europe and the USA (Hayward et al., 2004). Phylotype T6 shows a disjunct geographical 

distribution (Hayward et al., 2004; Pawlowski & Holzmann, 2008) with records in Europe 

(Holzmann & Pawlowski, 2000; Schweizer et al., 2011b) but also around Japan (Toyofuku et 

al., 2005) and China (Hayward et al., 2004). These three phylotypes present a weak 

ornamentation (Figure 13) and were traditionally identified as the morphospecies Ammonia 



The genus Ammonia 

29 

tepida.  They are morphologically relatively similar, so that a distinction on the basis of 

morphology alone is difficult. The more ornamented phylotypes T3 and T15 (Figure 13), which 

were often included in the morphospecies Ammonia beccarii, are rather easily distinguishable 

morphologically from the first three phylotypes and also between them (Hayward et al., 2004; 

Schweizer et al., 2011a).  In short, phylotype T3 shows deeply incised, fissured sutures on the 

spiral side and a more ornamented umbilical side whereas T15 is characterised by secondary 

openings at the junction of the radial and spiral sutures on the spiral side (Schweizer et al., 

2011a). 

 
Figure 13. SEM images of the spiral, peripheral and umbilical sides of the less ornamented Ammonia 
tepida morphospecies containing the phylotypes T1, T2 and T6, and the more ornamented Ammonia 
beccarii morphospecies containing T3 and T15 (T15 images from Schweizer et al., 2011a). All scale 

bars are 200 µm. 

Among these five phylotypes, the status of Ammonia sp. T6, with its disjunct 

distribution in Europe and eastern Asia, has been disputed. In fact, Ammonia sp. T6 arrived 

around 2000 in the Kiel fjord (Polovodova et al., 2009; Schweizer et al., 2011b) and was 

observed in Hanö Bay in 2012 and 2013 (Baltic Sea, Groeneveld et al., 2018 and Charrieau et 

al., 2018b, respectively), where no Ammonia species were present before (Hermelin, 1987; 
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Murray, 2006). Because of this, and other, as yet unpublished, observations of the recent arrival 

of this phylotype in other areas (e.g. Loire estuary), in Europe it is often considered as an 

allochthonous, exotic species originating from eastern Asia. It appears that phylotype T6 

progressively replaces the other two phylotypes (T1 and T2) along the European coasts. If true, 

this could have major consequences for the functioning of the concerned ecosystems. 

5. CONTEXT OF THE PHD THESIS AND PREVIOUS FINDINGS 

In the general context of the increasing need to better understand European coastal 

ecosystems, the INSU-CNRS EC2CO-LEFE project “AMTEP” started in 2015 for two years. 

This project aimed to better understand the role of the morphospecies Ammonia tepida, which 

encompasses the phylotypes T1, T2 and T6 in the mid-latitude Eastern Atlantic. The research 

presented in this PhD thesis started as an integral part of this project. 

For the purpose of the AMTEP project, several European sites were sampled in the North 

Sea (the Netherlands), the English Channel (France), the Atlantic (Ireland, France and Spain) 

and the Mediterranean Sea (France and Italy). In addition, samples from Japan, USA 

(Connecticut), Madagascar and Israel were examined. More than 1000 individuals were 

extracted for molecular analyses, from which about 500 specimens were successfully amplified, 

sequenced and assigned to a phylotype. These new molecular data show the existence of sites 

where only one of the three phylotype is present, as well as sites with all possible combinations 

of the three phylotypes. A comparison of the phylotype distribution with the available 

environmental data (e.g. temperature, salinity, oxygen penetration depth in the sediment) did 

not yet allow to fully understand the spatial distribution of the three phylotypes. 

For all sequenced specimens, SEM (Scanning Electron Microscope) images were acquired 

prior to DNA extraction in order to investigate the morphological variability, and if possible, to 

identify the morphological variations (and eventual overlaps) of the three phylotypes. In order 

to measure pore patterns (earlier, Holzmann & Pawlowski, 1997 and Hayward et al., 2004, 

suggested that pore size was a discriminating feature), a standardised method was developed 

by Petersen et al. in 2016. This method allowed the production of a large dataset for samples 

from Lake Grevelingen (the Netherlands), which showed a clear relationship between pore 

density and pore size. Moreover, the preliminary record of a long core sampled at the same site 

showed that during the last 50 years, specimens with small pores have been replaced by 

specimens with bigger pores (Figure 14). 
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Figure 14. The relationship between pore area and number of pores and porosity (%) from Petersen et 
al. (2016). Dead Ammonia specimens from Lake Grevelingen are represented by crosses and tend to 
have many small pores and low porosity, whereas recent specimens, represented by diamonds, have 

fewer larger pores and higher porosity. 

6. OBJECTIVES OF THE PHD THESIS 

The research undertaken during this PhD thesis is the next logical step of the studies 

described in the previous paragraph. At the beginning of the PhD, in September 2016, five main 

research objectives were defined, each of them being the subject of the five subsequent chapters 

of this PhD thesis. 
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6.1. RECONCILING TRADITIONAL TAXONOMY AND MOLECULAR 

IDENTIFICATION 

As previously explained, Ammonia is one of the earliest described foraminiferal genera, and 

is often dominant in coastal ecosystems in Europe. Although regularly used in a broad range of 

fundamental and applied research, its taxonomy is still unclear. Chapter 2 aims to disentangle 

the taxonomical uncertainties concerning the Ammonia “tepida” morphospecies in the North-

East Atlantic. Previous visual inspections of tests from phylotypes T1, T2 and T6 suggested 

that there were some minor morphological differences, especially concerning pore size 

(Holzmann & Pawlowski, 1997; Hayward et al., 2004). If true, the three phylotypes would 

correspond to three pseudocryptic species (that have been morphologically recognized as such 

only after other methods have unveiled their existence, molecular identification in our case, 

Luttikhuizen & Dekker, 2010). If we could assign the various specimens reliably and 

systematically to their phylotype on the basis of morphological criteria alone, it would become 

possible to avoid the time-consuming and expensive molecular identifications. This would then 

give the possibility to rapidly generate large and precise datasets about these three phylotypes 

for (1) recent living or dead material (for studies on ecology or biodiversity) and (2) sub-recent 

and fossil material (essential for determining pristine conditions or historical evolution of 

coastal areas). In order to achieve this, we measured 61 morphometric parameters on SEM 

images of the spiral, peripheral and umbilical sides of the tests, plus a 1000 times magnification 

of the pore pattern (following Petersen et al., 2016) of 96 specimens of Ammonia from 22 

different locations along the French and Dutch coasts. The previously imaged specimens have 

been assigned to phylotypes T1, T2 and T6 by molecular methods. Next, we used a multivariate 

approach to determine the most adequate morphometric features allowing us to discriminate 

the three phylotypes. We finally compared the results of this morphometric method with the 

molecular data, in order to have a quantitative assessment of the reliability of the morphometric 

method. 

6.2. APPLICATION OF THE MORPHOMETRIC DETERMINATION TO 

MATERIAL COLLECTED AROUND THE BRITISH ISLES - BIOGEOGRAPHY 

Recently, Saad & Wade (2016) investigated the distribution of phylotypes T1, T2 and T6 

in coastal and transitional environments around Great Britain on the basis of molecular 

assignation. Because they used a non-destructive method of DNA extraction, the tests (shells) 

of most of the individuals used in their study were still available, and were very generously put 
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at our disposal by the authors. This provided us with the unique chance to follow simultaneously 

two research paths in Chapter 3. First, it allowed us to test the consistency of the morphometric 

discrimination method developed in Chapter 2. Next, the individuals studied by Saad & Wade 

(2016) were added to the dataset of the AMTEP project along the Dutch and French Atlantic 

coasts, and to the recently published database of Bird et al. (2020), to constitute a much larger 

data set. This composite dataset has a wider spatial coverage, and allowed us to investigate the 

biogeography of the three phylotypes around the British Isles and in the English Channel.  

6.3. RESPONSE OF FORAMINIFERAL COMMUNITIES TO EUXINIA IN LAKE 

GREVELINGEN 

Environmental conditions at the local and regional scales must constitute a pre-requisite for 

the settlement of the three different phylotypes, and their ecological requirements should play 

a fundamental role in their distribution. However, the environmental parameters controlling 

their distribution pattern are not well known yet. In order to contribute to this topic, we 

investigated the response of the foraminiferal community to seasonal anoxia with co-occurring 

sulphides at two sites in the Den Osse Basin, Lake Grevelingen (Chapter 4). The study area, 

which is a former branch of the Maas-Rhine-Scheldt estuary where Ammonia sp. T6 is one of 

the dominant species, was sampled bimonthly in 2012. We examined the foraminiferal response 

to euxinic conditions in late summer/early autumn at two contrasted stations, to investigate how 

the different durations and intensities of adverse conditions would affect the foraminiferal 

communities. We also compared the tolerance of Ammonia sp. T6 with that of other dominant 

taxa, which mainly belong to the genus Elphidium. This study aimed to obtain some indications 

about the reasons behind the apparently highly successful recent expansion of Ammonia sp. T6 

along the east Atlantic coasts. 

6.4. HISTORICAL EVOLUTION OF THE FORAMINIFERAL COMMUNITY IN 

LAKE GREVELINGEN 

Until 1965, Lake Grevelingen was an active part of the Maas-Rhine-Scheldt estuary. Due 

to the construction of two dams in 1965 (landward) and 1971 (seaward), it became the largest 

salt-water lake in Europe. In order to study the impact of these anthropogenic modifications 

and as a basis for management decisions, Lake Grevelingen has been intensively monitored 

since its closure in 1971. In the deepest part of the Den Osse Basin, at one of the same sites 

where the foraminiferal community has been studied (Chapter 4), a sediment core covering the 
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last 50 years was sampled. A preliminary study of this core suggested that in this period, 

Ammonia specimens with smaller pores had been replaced by individuals with larger pores 

(Petersen et al., 2016). In Chapter 5, we present a more detailed analysis of the foraminiferal 

succession in this core, focussing on the overall species composition, and determining the three 

Ammonia phylotypes, using the method developed in Chapter 2. We interpreted the main 

foraminiferal community changes observed in this high resolution historical record (40 samples 

covering ~ 50 years) by comparing them with the main human-induced modifications of the 

lake, such as the successive closure and re-openings of the landward and/or seaward sluices. 

We also focused on the putatively exotic and invasive Ammonia sp. T6 to investigate its arrival 

date and dispersal in the eastern Atlantic with this very detailed record. 

6.5. POROSITY MODEL – WHAT IS DRIVING POROSITY IN AMMONIA? 

Through the research presented in this PhD thesis, it became evident that the pore patterns 

are an essential trait to discriminate phylotypes of the Ammonia “tepida” morphospecies. 

Phylotypes T1, T2 and T6 show a very large variability in pore density and pore surface, and it 

turned out that the pore pattern is the primary character to distinguish these three phylotypes. 

The different spatial distributions of these three phylotypes, at various scales of the ecosystems, 

suggest that they adapt to different environmental conditions, because of different ecological 

requirements. Since the pore pattern appeared to be an important distinctive character between 

these three phylotypes, the functional morphology of the pore patterns should be linked to their 

ecological requirements, possibly to their tolerance to low oxygen conditions. Although the 

functions of pores in foraminifera are not very well known yet, there is a certain consensus that 

a higher porosity should lead to a larger exchange surface with the surrounding media, and 

hence, to more intensive gas exchanges. Until now, no capacity to shift to alternative types of 

metabolism has been shown for Ammonia, so that it very likely is a strictly aerobic genus. For 

an aerobic species, oxygen uptake should be particularly important. It is therefore likely that 

the observed differences in pore patterns between the three phylotypes T1, T2 and T6 reflect 

different adaptations to oxygen levels, with phylotype exhibiting higher porosity being possibly 

more resistant to low oxygen than species with lower porosity. This is corroborated by our 

observations of the historical record for the last ~ 50 years presented in Chapter 5. However, it 

is evident that there must be a higher limit for porosity values, because the test must maintain 

a certain mechanical integrity. In Chapter 6, we investigate this topic by using a physical 

scaling law model to explore how gas exchanges (metabolic needs) and mechanical constraints 
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(shell robustness) interact to control foraminiferal pore patterns. The comparison of the 

predictions derived from our mathematical model with a large empirical dataset of pore patterns 

measured on many specimens from various sampling sites will inform us to what extent the 

physical laws used in our model reflect what is found in nature. 
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ABSTRACT 

The high morphological variability observed in the genus Ammonia, together with its 

global distribution, led to the description of a plethora of species, subspecies and varieties. 

Until today, many researchers have used a limited number of (morpho-)species, and have 

considered the numerous varieties as ecophenotypes. Recently, molecular studies have 

shown that these putative ecophenotypes are in reality well separated genetically, and 

should rather be considered as separate species. This study aims to investigate the 

morphological characteristics of three phylotypes (T1, T2 and T6) belonging to the genus 

Ammonia, encountered along the European coasts. For this purpose, Ammonia specimens 

were sampled at 22 different locations between 2014 and 2016, and were imaged using an 

environmental SEM (Scanning Electron Microscope). For 96 specimens, images of the 

spiral, umbilical and peripheral sides were obtained and pore features were investigated 

using 1000x magnified images of the penultimate chamber on the spiral side. Sixty-one 

morphometric parameters were measured for each individual. In order to assign each 

specimen to a phylotype, molecular analyses have been performed using a SSU (Small 

Sub-Unit) rDNA fragment. A multivariate approach (Factorial Analysis of Mixed Data, 

FAMD), allowing the joint analysis of quantitative and qualitative measurements, was 

performed to determine the most reliable morphometric parameters to discriminate the 

three phylotypes. Our results show that the use of only two morphological characteristics 

is sufficient to differentiate the three pseudocryptic species: the raised or flush character 

of the sutures on the central part of the spiral side and the mean pore diameter. These two 

criteria, which can be observed with a standard stereomicroscope, provide an efficient 

method to discriminate T1, T2 and T6 with at least 90% accuracy. We consider that there 

is still insufficient information to reliably assign previously defined formal scientific 

names to the three phylotypes, and therefore we recommend to continue using the 

phylotype designations T1, T2 and T6. Our results make it possible to study the 

distribution of these three pseudocryptic species (T1, T2 and T6) on the basis of 

stereomicroscope examination alone. This opens the possibility to discriminate these 

species also in dead/fossil assemblages. Among other things, this will allow verification in 

sediment cores the putative recent introduction in European coastal areas of T6, which is 

often considered as an exotic species, originating from East Asia. 

1. INTRODUCTION 

Ammonia Brünnich 1772 is an extant foraminiferal genus that appeared during the Early 

Miocene (Loeblich & Tappan, 1987) and inhabits shallow and intertidal coastal areas, including 

estuaries (e.g., Cifelli, 1962; Walton & Sloan, 1990). Known for well over two centuries (e.g., 

Plancus, 1739; Linné, 1758), this genus exhibits a worldwide distribution and occurs with high 

abundances in shallow marine and estuarine ecosystems of temperate to tropical regions, but is 

absent at high latitudes (Sen Gupta, 2007; Murray, 2014). Ammonia is one of the most widely 

studied benthic foraminiferal genera. Studies on this genus concern many different aspects, 

such as geographic distribution, ecology, behavior, 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; 
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Jauffrais et al., 2016; LeKieffre et al., 2017). Since Ammonia is relatively easy to obtain and 

maintain in laboratory conditions, the genus is also extensively used for laboratory experiments 

aiming to better understand foraminiferal biomineralization (e.g., de Nooijer et al., 2009; 

Nehrke et al., 2013) and to improve palaeoceanographical proxies based on the chemical 

composition of foraminiferal test carbonate (e.g., Dissard et al., 2010; Barras et al., 2018; 

Petersen et al., 2018). 

The high morphological variability observed in Ammonia led to the description of numerous 

species, subspecies, and varieties, many of which suffer from an inadequate illustration and/or 

a lack of type material. Many of the proposed taxa have mainly been used in specific regions 

and are the result of a tendency for “splitting” (i.e., describing species based on rather small 

morphological differences) in the first half of the 20th century. Presently, no less than 60 recent 

species of Ammonia have been accepted in the World Register of Marine Species (WoRMS) 

database (Hayward et al., 2018). Since species descriptions often show overlaps, many species 

names are only used regionally, and no real consensus exists concerning the morphological 

criteria to distinguish the different Ammonia species. For these reasons, the taxonomy of the 

genus Ammonia is still confusing and has been described as “nomenclatural chaos” by 

Boltovskoy (1965) and Haynes (1992). 

In 1974, two studies suggested that the high morphological variability exhibited by 

Ammonia was probably linked to environmental variability of their ecological niches (Chang & 

Kaesler, 1974; Schnitker, 1974). Following this idea, numerous species previously described 

were subsequently considered ecophenotypes and assigned to a limited number of species 

(Schnitker, 1974). This approach substantially simplified the taxonomy of the genus. Ammonia 

beccarii Linné, 1758 (historically the first species described in the genus Ammonia) was often 

considered a “super-species” with an important morphological plasticity. In the two following 

decades, this “lumping” vision resulted in several classification schemes (e.g., Poag, 1978; 

Wang & Lutze, 1986; Jorissen, 1988; Walton & Sloan, 1990). However, the more traditional 

“splitters” continued to assign formal names to the different morphotypes (e.g., Hofker, 1964; 

Banner & Williams, 1973; Cimerman & Langer, 1991; Loeblich & Tappan, 1994; Colburn & 

Baskin, 1998). The opposition between “lumpers” and “splitters” has continued since then 

(Pawlowski & Holzmann, 2008). 

Some studies have investigated the morphological variability of Ammonia using a 

morphometric approach (Cifelli 1962; Chang & Kaesler, 1974; Vénec-Peyré, 1983; Wang & 

Lutze, 1986). Although Haynes (1992) already questioned the existence of ecophenotypy in 

Ammonia on the basis of theoretical considerations, the confirmation that many of the 
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morphotypes should indeed be considered as separate species came with molecular studies 

initiated by Pawlowski et al. (1995) and continued since then (e.g., Holzmann et al., 1996; 

Holzmann, 2000; Holzmann & Pawlowski, 2000; Langer & Leppig, 2000; Schweizer et al., 

2011a,b). Subsequently, it appeared that studies combining morphometric approaches and 

molecular biology were needed to define distinctive morphological features for all phylotypes 

(Holzmann, 2000). 

Today, 20 years after the first molecular studies of Ammonia, the classification of this 

genus is still partly inaccurate, despite the efforts made by researchers to reconcile traditional 

morphology-based taxonomy (i.e., morphometric approach) and molecular biology (i.e., 

molecular phylogenetic approach; Holzmann & Pawlowski, 1997; Holzmann et al., 

1998).Hayward et al. (2004) published one of the most extensive combined 

(morphologic/molecular phylogenetic) studies of this genus using 37 parameters to 

morphologically distinguish the 13 molecular groups resulting from a global inventory 

available at that time. However, many phylotypes were morphologically close and remained 

difficult to distinguish on the basis of morphology. 

In the present study, we investigated three Ammonia phylotypes encountered abundantly 

along European coasts. While phylotype T1 is considered to be cosmopolitan (Holzmann & 

Pawlowski, 2000), T2 has been exclusively encountered along the North Atlantic coasts of 

Europe and the USA (Hayward et al., 2004); phylotype T6 shows a disjunct geographical 

distribution (Hayward et al., 2004; Pawlowski & Holzmann, 2008) with records in the North 

Sea (Holzmann & Pawlowski, 2000; Schweizer et al., 2011b) and also around Japan (Toyofuku 

et al., 2005) and China (Hayward et al., 2004). At the 22 investigated sites, we also sporadically 

encountered phylotype T3 and Ammonia falsobeccarii (Rouvillois, 1974), which are easily 

distinguishable morphologically from the other three (Hayward et al., 2004; Schweizer et al., 

2011a) and are therefore not further studied here. In short, T3 shows deeply incised, fissured 

sutures on the spiral side and a more ornamented umbilical side whereas A. falsobeccarii is 

characterized by secondary openings at the junction of the radial and spiral sutures on the spiral 

side (Schweizer et al., 2011a). Phylotypes T1, T2, and T6 are morphologically very similar, and 

until now, their discrimination on the basis of morphological criteria without molecular analysis 

has been very difficult, if not impossible. 

The objective of this study was to identify simple morphological criteria that would allow 

for the discrimination of these three phylotypes. To achieve this aim, we adopted an approach 

combining high-resolution morphological measurements performed on SEM (Scanning 

Electron Microscope) images and molecular biology (to identify the various phylotypes). 
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We think that the ability to distinguish these three phylotypes of Ammonia on the basis of 

morphological criteria alone constitutes a major advancement for the study of coastal 

environments in which these species occur in high densities. First of all, the proposed 

morphological method eludes molecular analysis, which may be expensive and time-

consuming. More importantly, once the ecological characteristics of the three phylotypes are 

better known, their morphological discrimination (1) may increase the taxonomic resolution in 

routine studies on the quality of recent coastal environments, leading to more precise 

measurements of diversity and biotic indices; (2) will improve experimental studies by 

considering one phylotype at a time, instead of having a mix of cryptic species; and (3) will 

increase the resolution of biostratigraphical and/or palaeoecological studies of ancient coastal 

environments for which only fossil material is available and molecular analyses are difficult or 

impossible. Finally, we hope that this study will help lessen the “taxonomical chaos” in the 

genus Ammonia. 

2. MATERIALS AND METHODS 

2.1. BIOLOGICAL MATERIAL 

Specimens of Ammonia that were morphologically similar to T1, T2, and T6 were collected 

at 22 different locations between 2014 and 2016. All sites are intertidal mudflats, which were 

sampled at low tide (mainly on the French Atlantic coast; Fig. 1, Table 1). Sediment samples 

were obtained by spooning off the surface layer (1 cm at most). Samples were sieved at 100 μm 

and Ammonia specimens were picked and cleaned with a brush under a stereomicroscope and 

transferred in a Petri dish. Live specimens were distinguished from dead ones by their 

pseudopodial activity. After introducing them on a thin layer of fine sediment (<38 μm) in the 

Petri dish, if locomotion (i.e., pseudopodial network or movement) was discerned after 1 hour, 

individuals were considered alive. Living individuals were cleaned, dried, and stored on 

micropalaeontological slides. 

2.2. SEM IMAGES ACQUISITION AND MORPHOLOGICAL MEASUREMENTS 

The dried Ammonia specimens were imaged using an environmental SEM (Scanning 

ElectronMicroscope, Zeiss EVO LS10) prior to DNA extraction and test destruction. For each 

individual, four images were taken: a 1000x magnification of the penultimate chamber of the 
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spiral side, to observe and measure porosity features (Fig. 2a), and full specimens in spiral, 

umbilical, and peripheral views (Fig. 2b–d). 

 

Figure 1. Sampling sites (black stars) in Europe. 

To investigate the morphological variability of the specimens, 61 morphological 

parameters (Fig. 3, Appendix-Table 1) were measured on the SEM images using ImageJ 

software (Schneider et al., 2012). The parameters measured on the 1000x image of the 

penultimate chamber concerned the pore features and were obtained following the semi-

automated method described in detail by Petersen et al. (2016). Some parameters have been 

used in previous morphometric studies [e.g., maximum diameter, thickness, diameter of the 

proloculus, number of chambers (Cifelli, 1962); lobateness index (Chang & Kaesler, 1974) or 

umbilical ornamentation (Vénec-Peyré, 1983)] whereas others are specific to this study (e.g., 

the relative length of the last chamber compared to the test diameter in the umbilical view). 
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Figure 2. SEM images of (a) a 1000x magnification of the penultimate chamber on the spiral siden (b) 
spiral, (c) umbilical and (d) peripheral views of an Ammonia specimen (Au502 from Auray River – 

Gulf of Morbihan). The red rectangle (a) represents the area considered for the porosity measurements. 

2.3. PHYLOTYPE ASSIGNATION 

The DNA extraction was performed by crushing each specimen individually in a microtube 

filled with DOC buffer and warmed at 60°C for one hour (Pawlowski, 2000). The amplification 

of a fragment of approximatively 500 bp (base pairs) at the 3’ end of the SSU (Small Sub-Unit) 

rDNA was achieved in two steps with a nested PCR (Polymerase Chain Reaction, Appendix-

Fig. 1). 

The first step consisted of the amplification of a fragment of 1000 bp using the primers 

s14F3 and J2 (Pawlowski, 2000; Darling et al., 2016). The PCR setup was 1 min at 95°C 

followed by 40 cycles of 30 sec at 94°C, 30 sec at 50°C, and 1 min 30 sec at 72°C with a 

terminal cycle of 3 min at 72°C. The second step of the nested PCR was performed using the 

primers s14F1 and N6 (Pawlowski, 2000; White et al., 1990). The PCR conditions were 1 min 

at 95°C followed by 25 cycles of 30 sec at 94°C, 30 sec at 50°C, and 1 min at 72°C with a 

terminal cycle of 5 min at 72°C. 

Positive amplifications obtained with the nested PCR were then sequenced either with the 

Sanger (directly, without cloning) or the High Throughput Sequencing (HTS) methods 

(Appendix-Table 2). For the Sanger method, samples were sent to GATC Biotech in Cologne 

for sequencing (deposited in the GenBank database, accession numbers MH200642–

MH200706; Appendix-Table 2). Samples sequenced through HTS with a MiSeq (Illumina) at 

the Molecular Systematics & Environmental Genomics Laboratory (University of Geneva) will 

be published elsewhere (Apothéloz-Perret-Gentil et al., unpublished data). 

Sequences were obtained for 96 specimens and were automatically aligned with a set of 

sequences published in GenBank using the ClustalO algorithm (Sievers et al., 2011) using 

Seaview software version 4 (Gouy et al., 2010). To assign a phylotype to each specimen 

sequenced in this study, the sequences were aligned and compared with GenBank sequences 
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previously identified as phylotypes T1, T2, and T6 (Langer & Leppig, 2000; Ertan et al., 2004; 

Schweizer et al., 2011b; Pawlowski & Holzmann, unpublished data). 

Table 1. Name, location, coordinates (from North to South) and number of individuals for each 
sampling site used in this study. 

 

2.4. STATISTICAL TREATMENT / ANALYSIS 

2.4.1. Data Pre-Treatment 

To investigate morphological variability and to determine the morphological features 

allowing discrimination among the phylotypes, we first deleted all variables involved in the 

calculation of ratios from the initial morphological data matrix, including both the primary 

measurements and their ratios that would introduce redundant information (e.g., 8 and 9 were 

deleted because they were used to calculate 17, see Fig. 3 and Appendix-Tables 1, 3). 

Although all four views were available for all 96 Ammonia individuals used in this study, 

in a few cases some individual data were missing, for instance due to inaccurate test orientation 

or adherence of dirt particles, which made certain measurements difficult or even impossible to 

perform. To deal with missing data, the mean of the molecular group was assigned to such 

specimens in case of quantitative variables and the mode of the molecular group in case of 

qualitative variables (following Legendre & Legendre, 2012). 
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Figure 3. Morphological parameters measured on the spiral (S), umbilical (U), and peripheral (P) 
faces. For a more detailed description of the measured variables, see also Appendix-Table 1. 
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To account for the ontogenic stage of the specimens (size parameters are generally 

dependent on ontogenic stage; e.g., Stouff et al., 1999a; Hottinger, 2000), all variables that were 

significantly correlated with the total number of chambers (Pearson correlations with 

Bonferroni correction applied on p-value, Appendix-Table 4) were divided by “10. 

S_chamber_n”. All quantitative variables were then standardized (i.e., subtracting the mean and 

dividing by the standard deviation) to give the same weight to all variables in the further 

analyses. 

To investigate relationships between the variables and to eliminate redundant information 

(Joliffe, 1972), Pearson correlations were performed for each pair of quantitative variables and 

homogeneity Chi² tests were used for qualitative variables. To assess the significance of the 

relationship between variables, we applied a Bonferroni correction for multiple comparisons. 

For each pair of quantitative variables showing an absolute Pearson coefficient of correlation > 

0.7 (threshold subjectively chosen following Chang & Kaesler, 1974) and each pair of 

qualitative variables that were significantly linked (p-value < 0.05), we eliminated one of the 

two variables. The main criterion used to choose the retained variable was the ease of 

observation under a stereomicroscope (Appendix-Tables 5, 6). Following the data pretreatment 

procedure, a total of 20 variables were retained for further analysis. 

2.4.2. Multivariate Analysis 

To determine the most discriminant variables for the three considered phylotypes, we 

applied a Factorial Analysis of Mixed Data (FAMD; Pagès, 2004) using the FactoMineR 

package (Husson et al., 2008) implemented in R software (R Core Team, 2018) on the 

morphological parameters matrix. The selection of the variables was based on the respective 

contribution of the variables issued from the FAMD. To account for the variability explained 

by each variable, we determined the “total weighted contribution” to the first two dimensions, 

the “total weighted contribution” being defined as the sum of the product of the variable 

contribution to a dimension and the percentage of the total variability explained by this 

dimension. 

First step: selection of the most contributing variables. The first step of our procedure 

consisted in the selection of the variables that showed the highest sum of weighted contributions 

(for dimensions 1–2) and together represented at least 50% of the cumulative sum of the total 

weighted contributions. 
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Second step: removal of the least contributing variables. During the second step of the 

procedure, we performed another FAMD on the restrained set of variables (i.e., those selected 

by the previous step) and eliminated the one that had the weakest weighted contribution to 

dimensions 1 and 2 together. This step was repeated until a minimum number of variables was 

obtained with which the three phylotypes could be discriminated reliably. 

To assess the ability of the different sets of variables to discriminate the three phylotypes, 

we applied Hierarchical Clustering on Principal Components (HCPC; Husson et al., 2010) on 

the components from FAMD (all components of the analysis were included in this procedure). 

We continued the variable selection procedure until the number of variables to be considered 

was the lowest possible, and the error rate on the HCPC analysis did not substantially increase. 

3. RESULTS 

3.1. PHYLOTYPE ASSIGNATION 

Of the 96 specimens studied, 34 were assigned to T1, 30 to T2, and 32 to T6. Six sequences 

belonging to phylotype T2 were of relatively poor quality (i.e., Co006, Au491, Au467, Ma030, 

ZK020, and ZK023), but their identification through alignment with known sequences was still 

highly reliable. All the sequences assigned to T1 and T6 were of good quality.  

Among the 34 T1 specimens, 31 were sequenced with the Sanger method and three were 

sequenced using HTS. Among T2, 22 specimens were sequenced using Sanger and 8 using 

HTS. For T6, 22 sequences were determined using Sanger and 10 using HTS. 

3.2. MORPHOLOGICAL STUDY 

In the first stage of selecting the most important variables, the three phylotypes separated 

on the first two dimensions of the FAMD analysis, which explained 24% of the total variability 

(Fig. 4). Six variables, which together represented 54% of the total weighted contributions of 

the variables on dimensions 1–2, were then retained for further analyses (Fig. 3, Table 2): 11 

(11%), 50 (10%), 42 (9%), 12 (9%), 23 (8%) and 61 (7%). 
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Figure 4. Scatter plot of the first two dimensions issued from the FAMD analysis (20 variables). Each 
specimen and its associated phylotype are represented: T1 (red squares), T2 (green triangles), and T6 

(blue dots). 

Table 2. Contributions as determined by the FAMD (first stage selection procedure). Variables in bold 
represent at least 50% of the total weighted contribution on dimensions 1–2 and are retained for 

further analyses. Variables are defined in Appendix-Table 1. 

 

Table 3 presents the results of the four successive steps of the second stage, which 

identified the least contributing variables. The variables that were sequentially removed (i.e., 

during each step the one with the weakest weighted contribution to dimensions 1 and 2) were 

50, 11, 42, and 23, respectively. The phylotypes remained well separated on the plot of the first 

two dimensions after each step. 

The error rate of the classification resulting from HCPC analysis (Table 3) decreased (from 

17% to 6%) when five instead of six variables were included in the FAMD, indicating that the 
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removed parameter (i.e., 50) was responsible for high background noise. When one more 

parameter was removed (11), the error rate remained very low, although a slight increase was 

observed (from 6% to 8%, Table 3), probably indicative of a slight loss of information. Finally, 

when only two parameters were considered, no further increase of the error rate was observed 

(error rate 8%, Table 3). The two last retained variables were the average pore diameter (61) 

and the character of the sutures in the central part of the spiral side (12), which is a discrete 

variable representing raised or flush sutures (Appendix-Fig. 2). 

Table 3. Contributions of the retained morphological parameters during the second stage procedure 
and assignation error for the HCPC performed on the components issued from FAMD. Variables in 

bold represent the set of variables retained between step n and n+1. Variables in italics are the 
variables removed between step n and n+1. Variables are defined in Appendix Table 1. 

 

The results indicated a gradient in the average pore diameter: T2 presented relatively 

small pores (1.06 ± 0.33 μm), which contrasted with the much larger pores in T6 (2.69 ± 0.44 

μm), while T1 had pores of intermediate size (1.96 ± 0.34 μm).While there was some overlap 

in pore size between T1 and T6, T2 was well separated from the two other groups (Table 4). 

The raised character of the sutures on the spiral side allowed us to discriminate between T1 

(raised sutures) and both T2 and T6 (flush sutures). 

Table 4. Number of specimens showing raised or flush sutures on the central part of the spiral side 
and mean ± sd pore diameter values (μm) for the three phylotypes. NA = the number of individuals for 

which the data were missing. 

 

The dendrogram issued from the HCPC shows that for each of the three phylotypes, the 

majority of the individuals cluster together (Fig. 5). Only 8 of the 96 individuals (8%, Table 3) 
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were not morphologically assigned to the phylotype determined by the molecular approach (i.e., 

Au453, RB007, Au411, Au407, ZK023, Au485, ZK020, andMa142; see Fig. 5). 

3.3. PORE DIAMETER THRESHOLD DETERMINATION 

To determine the morphometric threshold between T2 (“small pores”), T1 (“intermediate 

pores”), and T6 (“large pores”), we constructed a Receiver Operating Characteristic (ROC) 

curve. This empirical procedure consists of plotting a graph that illustrates the diagnostic ability 

of a binary classification system (i.e., small vs. intermediate/large pores, Appendix-Fig. 3, left 

panel) as a function of the value of the discrimination threshold (i.e., mean pore diameter). The 

ROC curve is created after a contingency table computation by plotting, for various pore 

diameter threshold values, the sensitivity [equation (1): proportion of true positives, i.e., 

individuals genetically defined as T2 with small pores] versus the specificity [equation (2): 

proportion of true negatives, i.e., individuals genetically defined as T1 or T6 with larger pores]. 

The threshold value yielding the highest accuracy [equation (3): percentage of correctly 

classified specimens] is considered the most accurate. The same procedure was performed to 

determine a threshold value to distinguish between large (T6) and intermediate/small pores (T1 

and T2, Appendix-Fig. 3, right panel). 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 (1) 

TP: True Positive 

FN: False Negative 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =  
𝑇𝑁

𝑇𝑁 +  𝐹𝑃
 (2) 

TN: True Negative 

FP: False Positive 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
𝑇𝑃 +  𝑇𝑁

𝑁 +  𝑃
 (3) 

N: Negative 

P: Positive 

Results show that the optimal threshold (i.e., best accuracy) to distinguish between small 

(T2) and intermediate/ large pores (T1 and T6) is situated between 1.32 and 1.51 μm (Fig. 6, 

Appendix-Table 7). We propose using a threshold of 1.4 μm, corresponding to an accuracy of 

0.97 (sensitivity = 0.93; specificity = 0.98). 

The highest accuracy to distinguish between T6 (large pores) and T1 and T2 (intermediate 

and small pores) was found for pore diameters between 2.33 and 2.42 μm (Fig. 6, Appendix-

Table 7). We propose to use a threshold value of 2.4 μm, corresponding to an accuracy of 0.91 

(sensitivity = 0.88; specificity = 0.89). 
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Figure 5. Circular dendrogram issued from the HCPC (morphometric analysis) compared to 
molecular attributions (red = T1; green = T2; blue = T6). 

 

Figure 6. Graph representing the accuracy of the assignation in function of various pore diameter 
thresholds. Accuracy is calculated as (TP + TN)/(P + N). Green triangles = T2 or small pores vs. 
others and blue dots = T6 or large pores vs. others. Vertical dotted lines represent the proposed 

thresholds showing the highest accuracy to discriminate between T2 or small pores vs. others (1.4 μm) 
and T6 or large pores vs. others (2.4 µm). 
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4. DISCUSSION 

4.1. MORPHOMETRIC DISCRIMINATION OF PHYLOTYPES T1, T2 AND T6 

Phylotypes T1, T2, and T6 can be distinguished morphologically by considering only two 

features: the average diameter of the pores (i.e., of the penultimate chamber) and the raised or 

flush character of the sutures in the central part of the test on the spiral side (Figs. 7, 8). The T1 

phylotype shows pores of intermediate size (1.96 ± 0.34 μm) and raised sutures. The T2 

phylotype shows smaller pores (1.06 ± 0.33 μm) and flush sutures. The T6 phylotype exhibits 

larger pores (2.69 ± 0.44 μm) associated with flush sutures. These two morphometric 

parameters are already visible under a stereomicroscope at 40x magnification: (1) small pores 

are usually not discernible while individuals with intermediate/large pores clearly show a 

porous wall, and (2) the raised character of the sutures is apparent when observed with oblique 

light. Figure 7 presents SEM images of the three views (i.e., spiral, peripheral, and umbilical) 

plus a magnification of the porous region of the penultimate chamber on the spiral side, for 

typical individuals of each phylotype. 

 

Figure 7. Views (penultimate chamber magnification, spiral, peripheral, and umbilical) of 
representative specimens for T1, T2, and T6 phylotypes. Note the raised sutures on the central part of 
the spiral side for T1 (flush on T6 and T2) and the small size of the pores for T2 (intermediate for T1 

and large for T6). 
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One of the first studies presenting quantitative measurements of Ammonia, using a 

statistical approach to assess morphological variability, was conducted by Chang & Kaesler 

(1974). This study focused on the link between morphological variability and biogeographical 

distribution along the eastern coast of United States. The authors considered that all specimens 

belonged to a single species (i.e., Ammonia beccarii, Linneaus, 1758). Conversely, in the same 

area, Schnitker (1974) recognized three morphologically different “species” [Ammonia 

beccarii, Ammonia tepida (Cushman, 1926), and Ammonia parkinsoniana (d’Orbigny, 1839)]. 

A number of studies investigating morphological variability of Ammonia in other areas reached 

similar conclusions (i.e., ecophenotypy), including Vénec-Peyré (1983), Wang & Lutze (1986), 

and Jorissen (1988). Later, Hayward et al. (2004) identified various phylotypes along the North 

Atlantic coast of America (i.e., from north to south, T2 from Cape Cod; T1 and T9 from Long 

Island, NY; T7 from North Carolina and Georgia), showing that the large morphological 

variation, which Chang & Kaesler (1974) attributed to ecophenotypy, was in fact the result of 

the existence of different species inhabiting different ecological niches. In view of the presently 

available genetic and morphological evidence (e.g., Hayward et al., 2004), most of the 

ecophenotypes of earlier studies represent different species. 

 
Figure 8. Suture elevation (flush or raised) and average pore diameter (in μm) for the three phylotypes 

(red squares: T1; green triangles: T2; and blue points: T6). For specimens with a putatively wrong 
assignment (see discussion in the text), the individual IDs are indicated. Average pore diameter 

thresholds are indicated by the vertical dotted lines. 

The first study that investigated Ammonia with a mixed morphological (based on SEM 

images) and molecular approach was carried out by Holzmann & Pawlowski (1997). Ammonia 

sp. 1 was characterized by “distinct spiral sutures” and “large pores” (1.468 μm diameter on 

average), while Ammonia sp. 2 was characterized by “less distinct sutures” and “fine pores” 

[0.778 μm diameter on average; see plate 1 in Holzmann & Pawlowski (1997) and plate 1 in 

Holzmann & Pawlowski (2000)]. According to the present informal molecular phylogenetic 
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classification, these taxa correspond to T1 and T2, respectively (Holzmann & Pawlowski, 

2000). 

Hayward et al. (2004) provided a much more exhaustive study of Ammonia. Among many 

other characteristics, the authors also assessed the elevation of the sutures on the spiral side 

(“spicac = development of raised thickened calcite over central spiral area”). For this character, 

they noted a difference between T1 (“weak-medium”) and T2 and T6 (“none-very weak”). 

However, this study included other molecular types (i.e., phylotypes) for which this character 

was much more pronounced, such as types B or T5A [see plate IV in Hayward et al. (2004)]. 

The consequence of the much larger overall variability in this character very likely explains 

why T1 could not be easily distinguished from T2 and T6 in their multivariate analysis. 

Differences in pore diameter were also highlighted in their study (variable “mnpore”): the mean 

diameter for T2 ranged from 0.7–1.0 μm and for T1 and T6 from 1.3–2.2 μm and 1.4–2.0 μm, 

respectively. These earlier measurements are very similar to ours, except that T6 shows much 

larger pores in our study. The difference could result from different protocols used to measure 

the pore diameter [e.g., only 10 pores measured per individual by Hayward et al. (2004) versus 

20–80 in our study] or from the smaller number of measured individuals (8 T1, 6 T2, and 6 T6 

individuals versus 33 T1, 29 T2 and 32 T6 in our study). 

Toyofuku et al. (2005) investigated the genus Ammonia along the Japanese coast. Their 

SEM images suggest that T6 (A. beccarii forma 1) has flush sutures on the dorsal side (plates 

1, 2) and relatively large pores (plate 2), while T1 (Ammonia sp. S) shows raised sutures on the 

spiral side (plate 1). 

In summary, the two morphological criteria retained by our analysis allowed us to 

efficiently distinguish between T1, T2, and T6 (>90% correct assignations), and our results 

appear to be consistent with previous studies that were based on less detailed analyses of fewer 

specimens. 

4.2. MISMATCH BETWEEN MORPHOMETRIC AND MOLECULAR 

ASSIGNATIONS 

Previous phylogenetic analyses of the genus Ammonia (Holzmann & Pawlowski, 2000; 

Pawlowski & Holzmann, 2002, 2008; Hayward et al., 2004; Schweizer et al., 2011a,b; Saad 

&Wade, 2016) showed a clear separation between phylotypes T1, T2, and T6, even when using 

different genes of the rDNA array [i.e., Large and Small Sub-Units, Holzmann & Pawlowski 

(2000)]. At present, 14 phylotypes of Ammonia have been identified worldwide (Hayward et 

al., 2004; Schweizer et al., 2011a). In these molecular studies, T1, T2, and T6 were well 
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separated genetically, but it was difficult to discriminate them morphologically with 

morphometric analyses (Hayward et al., 2004). 

As indicated before, eight of our 96 investigated individuals were incorrectly assigned to a 

phylotype on the basis of the two retained morphological characters (Fig. 8, Appendix-Figs. 4–

6: individuals Au453, RB007, Au411, Au407, ZK023, Au485, ZK020, and Ma142). These 

inconsistent classifications fall into two groups: 1) individuals where the wrong classification 

seems to be the result of an erroneous molecular assignation, and 2) individuals for which the 

wrong classification seems to result from a wrong interpretation of the SEM images. 

For three of our specimens (i.e., RB007, ZK020, and ZK023), the discrepancy between 

genetic and morphologic assignment appears to be due to an error during molecular analyses. 

In all three cases, the specimens exhibited morphological characteristics highly typical for one 

of the three phylotypes and completely outside of the range of morphological variability 

observed for the (other) phylotype to which they were assigned on the basis of molecular 

analyses (Fig. 8). This was the case for individual RB007, phylotyped as T1, but which shows 

flush sutures and especially, a pore diameter much smaller than all other T1 specimens. 

Similarly, specimens ZK020 and ZK023, phylotyped as T2, had pore diameters almost twice 

as large as the range observed for all other T2 specimens. 

Erroneous phylotype assignments may arise in several ways. A first possibility concerns 

sites where several phylotypes co-occur. Here, erroneous assignments may result from the 

presence of exogenous biological material on the surface or within the tests (environmental 

contamination), such as prey particles (if feeding on another phylotype) or very small specimens 

(propagules or juveniles) of another phylotype (Hemleben et al., 1989). This could concern the 

three specimens mentioned above. At the Rade de Brest (RB007), T1 and T2 co-occur whereas 

at Zandkreek (ZK020 and ZK023), T2 and T6 are found together. Another possibility is 

laboratory contamination occurring during molecular manipulations, especially during the 

amplification and re-amplification phases. The simultaneous analysis of multiple specimens 

and the very high quantity of rDNA amplified might result in cross-contamination, even if we 

used a partitioned bench for the PCR set-up and post-PCR analyses (Weiner et al., 2016). If 

there is indeed an erroneous phylotype determination for these three specimens, the rate of 

successful phylotype assignation based on morphological criteria would rise to almost 95%. 

Potentially wrong interpretations of the SEM images in the other five cases (i.e., Au411, 

Au407, Au485, Ma142, and Au453) were related to the suture elevation criterion (Fig. 8). In 

four T1 specimens, the raised character of the dorsal sutures was poorly developed and not 

recognized as such. Based upon the average pore diameter, these specimens were 
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morphologically determined as T2 (Au411) or T6 (Au407, Au485, and Ma142; Fig. 8). The 

inverse situation (i.e., of raised sutures in phylotype T2), which should have flush sutures, 

concerns a single specimen (Au453; Fig. 8). 

When analyzing these five specimens retrospectively, it appears that the wrong assignments 

can be explained in several ways. First, the morphology of all three phylotypes is still variable, 

and extreme individuals may deviate from the general morphological characteristics used to 

define the phylotypes. This appears to be the case for individuals Au411 and Au485, in which 

the raised character of the sutures is not visible, and specimen Au453, which appears to have 

raised sutures; this is normally not the case in T2 (Fig. 8). Next, some of the wrong assignments 

seem to be due to partial dissolution of the test, which may have suppressed the raised character 

of the sutures (Au411; Fig. 8) and may also have increased the pore diameter (Ma142; Fig. 8). 

This dissolution may come from the acidification of the pore waters due to anaerobic organic 

matter remineralization, as is often observed in mudflat environments (Cesbron et al., 2016). 

Finally, more careful inspection (when the phylogenetic assignment is known) suggests that in 

a single case, sutures may have been considered wrongly as flush (Au407). 

Of course, for some specimens, a combination of these factors can result in a wrong 

assignment. An important question is how to minimize erroneous assignments based upon 

morphological criteria. As we showed, most erroneous assignments were based on a wrong 

interpretation of the character of the sutures in the central part of the dorsal side. In this context, 

a well oriented image of the peripheral view is very helpful. Next, for doubtful specimens, the 

average pore diameter should be a decisive argument. Specimens with a pore diameter <1.4 μm 

should always be assigned to T2, even when the sutures are apparently raised. Similarly, 

specimens with a pore diameter between 1.4 and 1.9 μm (never observed for T6), should be 

assigned to T1, even if the sutures are apparently flush. Next, in case of doubt, it may be very 

useful to look at an additional criterion: the presence or absence of incised sutures on the dorsal 

side for the last two to five chambers. This is a recurrent characteristic of T1 whereas in T6, 

only the last one or two chambers sometimes show this (Fig. 7). The application of these criteria 

would have led unambiguously to the correct assignation of specimens Au453, Au411, and 

Au407 whereas the consideration of strong dissolution in specimenMa142 (which apparently 

had increased pore diameter), in combination with the strongly depressed sutures in the last five 

chambers, should have allowed us to assign this specimen correctly as well. 

To summarize, on the basis of the character of the dorsal sutures and the average pore 

diameter, the majority of specimens (>90%) were correctly assigned. Wrong assignments can 

be further reduced if the observed ranges of pore diameter for each phylotype is taken into 
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account and if a supplementary character, the incised dorsal sutures for the last two to five 

chambers (in T1), is considered. As more specimens are analyzed, the variability of pore 

diameter for each phylotype can be better defined. 

4.3. COMBINED MORPHOLOGICAL/MOLECULAR STUDIES – CRYPTIC AND 

PSEUDOCRYPTIC SPECIES 

Studies combining morphometric measurements and phylogenetic data diminish taxonomic 

uncertainty. Taxonomic issues concern not only Ammonia, but other foraminiferal genera as 

well. The genus Elphidium, for which 17 different phylotypes have been described and 

morphologically investigated (Pillet et al., 2013; Darling et al., 2016), is another good example. 

In this genus, pseudocryptic (i.e., differentiation based on subtle, unseen, or previously 

overlooked morphological differences) as well as cryptic (i.e., inability to discriminate two 

species morphologically) morphological variability was observed, concerning several 

phylotypes (Darling et al., 2016). Roberts et al. (2016) determined the key diagnostic features 

for a single phylotype, S1 (the morphospecies Elphidium williamsoni Haynes, 1973), by a 

combined molecular/morphometric approach and highlighted the importance of such integrated 

studies to unravel the taxonomic complexity of benthic foraminifera. Similar approaches 

combining morphological and molecular methods have been adopted for the genera Bulimina 

(Tsuchiya et al., 2008), Cibicides/Cibicidoides (Schweizer et al., 2009, 2011c, 2012), and 

Uvigerina (Schweizer et al., 2005). 

Planktonic foraminiferal genera are also affected by taxonomic issues, with the number of 

phylotypes recognized in individual morphospecies varying from one to seven (Darling & 

Wade, 2008). For example, a phylogenetic/morphological study of the Globorotalia 

truncatulinoides (d’Orbigny, 1839) species complex, for which the morphological variability 

was previously ascribed to ecophenotypy, showed the presence of four genetically distinct 

species with different morphological features and ecological preferences (de Vargas et al., 

2001). Similarly, three pseudocryptic species were recognized in Orbulina universa d’Orbigny, 

1839, with porosity differences and distinct geographic distributions (de Vargas et al., 1999; 

Morard et al., 2009). These authors suggested that species with an apparently “simple” 

morphology might hide a large genetic complexity, which would affect species diversity. For 

Globigerinoides ruber (d’Orbigny, 1839), traditionally seen as a single species with phenotypic 

plasticity attributed to habitat parameters (i.e., ecophenotypy), several authors (e.g., Darling et 

al., 1997; Aurahs et al., 2011) showed that the two chromotypes (pink and white) should be 

considered as separate species on the basis of phylogenetic analyses. 
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Traditionally, the high morphologic variability displayed by the genus Ammonia has led to 

major difficulties in species identification and induced numerous discussions about its 

taxonomy (e.g., Schnitker, 1974; Poag, 1978;Wang & Lutze, 1986; Haynes, 1992). Recent 

studies using the molecular approach have shown a high amount of cryptic and/or pseudocryptic 

diversity in this genus (Pawlowski et al., 1995; Holzmann et al., 1996; Langer & Leppig, 2000; 

Hayward et al., 2004). Our study has highlighted the fact that three Ammonia phylotypes (i.e., 

T1, T2, and T6) routinely encountered on the European coasts, which were never separated in 

studies based on morphological criteria until now, can in fact be distinguished rather confidently 

through a morphometric analysis. Our results confirm that T1, T2, and T6 are pseudocryptic, 

that is, they can be discriminated morphologically when using the appropriate criteria, rather 

than being truly cryptic species that cannot be distinguished morphologically. 

4.4. FORMAL LINNEAN NOMENCLATURE 

Concerning the genus Ammonia, most original species descriptions only include 

quantitative information for a limited number of parameters, such as test diameter, the number 

of chambers, the number of whorls, and the proloculus diameter (Table 5). All these parameters 

show large variability within each phylotype, and in our case, their values overlap between T1, 

T2, and T6. In spite of the difficulty to link detailed quantitative information concerning the 

phylotypes with much less detailed morphological formal species descriptions, previous studies 

have proposed formal names for the various phylotypes (Holzmann et al., 1998; Holzmann & 

Pawlowski, 2000; Hayward et al., 2004). 

Among the five phylotypes encountered along the European coasts (A. falsobeccarii, T1, 

T2, T3, and T6), T3 can easily be distinguished by its deeply incised sutures and heavy 

ornamentation on the dorsal side, and A. falsobeccarii by its secondary openings on the dorsal 

side. The remaining pseudocryptic phylotypes (T1, T2, T6), which form the subject of our 

study, have traditionally been considered superspecies, which we will refer to as “Ammonia 

tepida group” in the following discussion. 

To investigate the possibility to use formal names for the three pseudocryptic phylotypes 

studied here, we compared their morphology with the diagnosis of the formally described 

morphospecies that have been used for the representatives of the “A. tepida group”. We retained 

the following species: Ammonia catesbyana (d’Orbigny, 1839), Ammonia parkinsoniana 

(d’Orbigny, 1839), Ammonia veneta (Schultze, 1854), Ammonia tepida (Cushman, 1926), 

Ammonia flevensis (Hofker, 1930), Ammonia sobrina (Shupack, 1934), Ammonia aomoriensis 
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(Asano, 1951), Ammonia limnetes (Todd & Bronnimann, 1957), Ammonia compacta (Hofker, 

1964), and Ammonia aberdoveyensis (Haynes, 1973). These morphospecies were originally 

described in the Caribbean and along European and Japanese coasts, where T1, T2, and T6 

occur (Hayward et al., 2004). In Table 5, we present an overview of the main morphological 

characteristics of the original descriptions, and in some cases of later uses (if these differ from 

the original description), of these morphospecies as well as of our phylotypes. 

Unfortunately, the two distinctive characters of our three phylotypes, the pore size and the 

raised or flush character of the sutures on the dorsal side, are almost never mentioned in the 

original species descriptions. Consequently, our phylotypes cannot be assigned to formal 

species on the basis of these characters, and other more commonly described but less distinctive 

characters must be used. Furthermore, for many morphospecies, there are large discrepancies 

between the original description and the species concept that has later been generally accepted. 

This is clearly the case for the oldest species of this group, A. catesbyana (originally described 

with a large number of chambers in the last whorl) and A. parkinsoniana (originally described 

as having a highly lobulate test). Ideally, species assignments must be strictly based on the 

characters of the holotype and original description, and not on subsequent, altered species 

concepts that have come into use later. 

Ammonia catesbyana is the oldest species described potentially belonging to the “A. tepida 

group.” In 1839, d’Orbigny described this species from the Caribbean, where both T1 and T11 

have been observed. This morphospecies stands out by the absence of an umbilical plug and 

the large number of chambers in the final whorl (10 chambers in the type figure). This is 

different from T1 and T11 (6–7 chambers for both phylotypes in Hayward et al., 2004; and 7.85 

± 0.68 for T1 in this study). Additionally, we found small umbilical plugs in T1 for 23 of the 

34 individuals studied here. It appears therefore that the name A. catesbyana is not suitable for 

the phylotypes T1 and T11 found in the Caribbean. The use of this name in theWadden Sea for 

specimens with a lobulated periphery (Langer et al., 1989; Langer & Leppig, 2000), later 

attributed to T6 (Schweizer et al., 2011a), seems even less appropriate. 

Ammonia parkinsoniana, also described by d’Orbigny in 1839, is a morphospecies with a 

prominent umbilical boss. In fact, small plugs are common in T1 and T2, but rare in T6 

(Appendix-Table 8). A major problem is that A. parkinsoniana has been originally described 

as having a lobulate test (see d’Orbigny, 1839, plate IV, figs. 25–27) whereas Schnitker (1974) 

and many subsequent authors have used it for morphotypes with a rounded test. Although A. 

parkinsoniana was described in his monograph on foraminifera from Cuba, d’Orbigny doubted 

of the origin of the single described specimen and noticed that this morphospecies inhabits the 
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European Atlantic coasts. In spite of the doubt concerning the origin of the specimen figured 

by d’Orbigny, it appears that A. parkinsoniana could be a suitable name for T1, which is the 

only phylotype described from Europe as well as from the Caribbean. Unfortunately, following 

the publication of Schnitker (1974) and supported by the description of a neotype belonging to 

the d’Orbigny collection from Cuba by Le Calvez in 1977, the name A. parkinsoniana has been 

mainly used for forms with a rounded periphery. The use of this name for T1, which often 

shows a lobulate periphery, would therefore mean a radical break with the morphological 

criteria established for this taxon. Ammonia compacta, described by Hofker (1964) from the 

Caribbean, is another potential candidate for T1, when considering the description and the 

figures (especially fig. 242 a–c, which show a strong similarity with our specimens). However, 

it seems highly improbable that thismorphospecies, which is very common along the Atlantic 

European and Caribbean coasts, was not described earlier than 1964. 

Ammonia veneta, from the Adriatic Sea, was described with a strongly lobulate outline, a 

lunate chamber form and arcuate sutures on the spiral side. This does not fit with T1 and T2, 

which have both been encountered in the Adriatic Sea. Additionally, its size is smaller (160 μm 

test diameter for adult individuals) than the range measured for T1 and T2 (220–400 μm and 

290–510 μm in Hayward et al., 2004; and 265 ± 39 μm and 272 ± 54 μm in our study, for T1 

and T2, respectively). Finally, the figures and description of Schultze (1854) cast some doubt 

on whether A. veneta really belongs to the genus Ammonia or is rather a Rosalina. For all these 

reasons, and in spite of the fact that A. veneta is without doubt the oldest name available for 

representatives of the “A. tepida group” in Europe, the use of this name is problematic. 

The T6 phylotype is characterized by the almost systematic absence of an umbilical plug 

and by large adult specimens with many chambers (16.5 ± 2.9). Pawlowski & Holzmann (2008) 

and Schweizer et al. (2011b) suggested that this species originates from East Asia and was 

introduced recently in the Eastern Atlantic. However, there is currently no convincing proof for 

this. Although A. aomoriensis has a (rather incomplete) description which could fit T6, the type 

specimens of this morphospecies have a Pliocene age (Asano, 1951), which is out of reach for 

molecular studies. Therefore, the name A. aomoriensis is, in our opinion, not suitable for recent 

T6. The description of the morphospecies A. aberdoveyensis from Cardigan Bay by Haynes 

(1973) shows a striking similarity with the quantitative morphological data we obtained for 

phylotype T6. However, Hayward et al. (2004) sequenced topotypes from Aberdovey (Wales, 

UK) and determined them as T2. In view of this discrepancy, it seems problematic to use A. 

aberdoveyensis, either for T2 or for T6. Concerning the very widely-used morphotype A. tepida 

described by Cushman (1926), the re-description of a lectotype from the Cushman Collection 
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by Hayward et al. (2003) did not fit morphologically with any of the three phylotypes T1, T2, 

and T6. In fact, the latter study suggested that A. tepida is restricted to tropical, equatorial-

shallow water environments, while T1, T2, and T6 prefer more temperate waters encountered 

along the European coastline, for example (Hayward et al., 2004; Schweizer et al., 2011b; Saad 

& Wade, 2016). 

To summarize, in our opinion, it is too early to definitively attribute species names to 

these three phylotypes and consequently, we recommend the continued use of the informal 

phylotype designations T1, T2, and T6. More exhaustive molecular studies have to be 

performed in the type areas of the most logical candidates, such as topotype sequencing, and 

the question of whether T6 is an exotic species has yet to be settled. 
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Table 5. Morphological information concerning formal species, identified by their Linnean names, 
potentially belonging to the “A. tepida group,” and morphometric characters of phylotypes T1, T2, and 

T6 from Hayward et al. (2004) and this study. 
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Table 5. Continued 
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Table 5. Continued 
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5. CONCLUSION 

In this study, we investigated the morphological characteristics of phylotypes T1, T2, and 

T6, belonging to the genus Ammonia. A combined molecular/morphometric approach is 

necessary to distinguish pseudocryptic species of the genus Ammonia as well as for the other 

genera of foraminifera with a large genetic and morphological variability. Concerning 

Ammonia, this combined approach allowed us to identify two morphological parameters to 

discriminate phylotypes T1, T2, and T6 with a high degree of accuracy: the raised or flush 

character of the sutures on the spiral side and the mean pore diameter. 

We also investigated the possibility to assign formal scientific names to T1, T2, and T6. 

Unfortunately, the traditional morphological characters described in the original species 

diagnoses are highly variable and discrepancies exist between first descriptions and the 

morphospecies concepts used subsequently. Due to the lack of detailed morphological 

descriptions of the formally described species, we refrain from attributing formal scientific 

names to the three investigated phylotypes. More combined molecular/morphometric studies 

are needed in the type areas where the morphospecies have been described. Awaiting such 

supplementary information, we recommend using the phylotype designations T1, T2, and T6. 

The possibility to recognize T1, T2, and T6 on the basis of morphological criteria alone, not 

only increases the precision in studies of biodiversity and species ecology, but also offers the 

possibility to study the distribution of these phylotypes in dead and fossil assemblages. Among 

other things, this should allow us to definitely establish whether phylotype T6 originated from 

eastern Asia and was introduced recently in the eastern Atlantic. 
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The appendix, consisting of eight supplementary data tables and six figures, can be found 

on the Cushman Foundation website in the JFR Article Data Repository 

(https://cushmanfoundation.allenpress.com/ JournalofForaminiferal Research/DataRepository) 

as item number JFR_DR_2019005. 
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Appendix-Table 1. List of the morphological parameters measured or calculated for each Ammonia 
specimen. Face S: spiral; P: peripheral; U: umbilical. 

N FACE VARIABLE DESCRIPTION CALCULATION 

1 S area Total area of the spiral side of the test  

2 S perim Perimeter of the spiral side of the test  

3 S max_d Maximum diameter of the spiral side of the test  

4 S area_convexhull Area of the test fitted convex hull  

5 S perim_convexhull Perimeter of the test fitted convex hull  

6 S mean_d 
Mean diameter of the test. Diameter of the test fitted 

circle 
 

7 S prol_max_d Maximum diameter of the proloculus  

8 S h_chamber_lob Height of the lobulate part of the n-1 chamber.  

9 S l_chamber_lob 
Length between the radial sutures on peripheral part of 

the n-1 chamber 
 

10 S chamber_n Number of chambers of the test  

11 S depressed_sut_chamber_n 
Number of chambers where spiral sutures are 

depressed in the last whorl 
 

12 S centralpart_sut_QL 
Qualitative. Relief of the sutures in central part of the 

test. flush/raised 
 

13 S lastwhorl_radialsut_QL 
Qualitative. Relief of the radial sutures in the last 

whorl of the test. Depressed/flush/raised 
 

14 S rad_sut_curv_QL 
Qualitative. Curvature of the suture between n-1 and 

n-2 chamber. None/weak/medium/strong 
 

15 S spin_QL 
Qualitative. Direction of the test spin. 

Senestre(s)/dextral(d) 
 

16 S ind_prol 
Proloculus maximum diameter relative to test 

maximum diameter 

𝑝𝑟𝑜𝑙_max _𝑑

max _𝑑
 

17 S ind_lob 
Indicates the lobateness of the n-1 chamber. The 

higher the value, the higher the lobateness 

ℎ_𝑐ℎ𝑎𝑚𝑏𝑒𝑟_𝑙𝑜𝑏

𝑙_𝑐ℎ𝑎𝑚𝑏𝑒𝑟_𝑙𝑜𝑏
 

18 P max_thickness Maximum thickness of the test  

19 P l_ap Length of the principal aperture  

20 P l_lastchamber 
Length between the aperture start on the umbilical 
side and the length of the last chamber (parallel to 

aperture) 

 

21 P h_spir 
Height of the spiral part of the test. Measured from 

apertural orientation 
 

22 P h_umb 
Height of the umbilical part of the test. Measured from 

apertural orientation 
 

23 P spir_angle Angle of the spiral side  

24 P umb_form_QL 
Qualitative. Umbilical part of the test concavity of 

convexity. Concave/flat/convex 
 

25 P spir_form_QL 
Qualitative. Spiral part of the test concavity of 
convexity. Concave/flat/convex/high convex 

 

26 P Indice_aperture 
Length of the aperture relative to the last chamber 

length 

𝑙_𝑎𝑝

𝑙_𝑙𝑎𝑠𝑡𝑐ℎ𝑎𝑚𝑏𝑒𝑟
 

27 P Indice_spiral_haut 
Length of the spiral part relative to the umbilical part 

of the test 

ℎ_𝑠𝑝𝑖𝑟

ℎ_𝑢𝑚𝑏
 

28 U area_U Total area of the umbilical side of the test  

29 U mean_d_umb 
Mean diameter of the umbilical side of the test. 

Diameter of the test fitted circle 
 

30 U mean_d_umb_int 
Mean diameter of the intern umbilical part (ends of 

folia to ends of folia) 
 

31 U area_umb_int 
Area of the intern umbilical part (ends of folia to ends 

of folia) 
 

32 U mean_d_umb_ext 
Mean diameter of the extern umbilical part (ends of 
depressed radial sutures to ends of depressed radial 

sutures) 

 

33 U area_umb_ext 
Area of the extern umbilical part (ends of depressed 

radial sutures to ends of depressed radial sutures) 
 

34 U l_sut_total 

Length of the radial suture between the n-1 and n-2 
chamber (measured between the end of n-1 chamber's 
folia end and the end of radial suture between n-1 and 

n-2 chamber at the periphery) 

 

35 U l_sec_ap 
Length of the secondary aperture between n-1 and n-2 

chamber (start at the n-1 chamber's folia end) 
 

36 U l_depressed_furrow 
Length of the depressed furrow part between end of n-

1 and n-2  (start at the n-1 chamber's folia end) 
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37 U l_folia_sspores 
Length of the n-1 chamber's folia without pores (start 

at the n-1 chamber's folia end) 
 

38 U l_chamber 
Length of the n-1 chamber (between the n-1 chamber's 

folia end and the maximum height of the chamber) 
 

39 U l_chamber_test 
Length of the last chamber relative to the length of the 

test 
 

40 U l_test_chamber Length of test relative to the length last chamber  

41 U umb_fill_QL 

Qualitative. Filling of the umbilicus. Umbilical part is 
full (umbilical aperture non visible, umbilicus full) or 
empty (umbilical aperture visible, umbilicus empty). 

Umbilical plug(s) excluded. Empty/medium/full 

 

42 U umb_plug_QL Qualitative. Presence of umbilical plug(s). Yes/no  

43 U folia_end_QL 
Qualitative. Form of the ends of the folia. 

Blunt/medium/sharp 
 

44 U folia_orn_QL 
Qualitative. Refer to the ornamentation on folia and 

folia furrows. Weak/medium/strong 
 

45 U ind_d_umb_int 

Mean diameter of the intern umbilical part (ends of 
depressed radial sutures to ends of depressed radial 

sutures) relative to the mean diameter of the umbilical 
side 

𝑚𝑒𝑎𝑛_𝑑_𝑢𝑚𝑏_𝑖𝑛𝑡

𝑚𝑒𝑎𝑛_𝑑_𝑢𝑚𝑏
 

46 U ind_d_umb_ext 

Mean diameter of the extern umbilical part (ends of 
depressed radial sutures to ends of depressed radial 

sutures) relative to the mean diameter of the umbilical 
side 

𝑚𝑒𝑎𝑛_𝑑_𝑢𝑚𝑏_𝑒𝑥𝑡

𝑚𝑒𝑎𝑛_𝑑_𝑢𝑚𝑏
 

47 U ind_area_umb_int 
Area of the intern umbilical part (ends of folia to ends 
of folia) relative to the total area of the umbilical side 

𝑎𝑟𝑒𝑎_𝑢𝑚𝑏_𝑖𝑛𝑡

𝑎𝑟𝑒𝑎_𝑈
 

48 U ind_area_umb_ext 
Area of the extern umbilical part (ends of folia to ends 
of folia) relative to the total area of the umbilical side 

𝑎𝑟𝑒𝑎_𝑢𝑚𝑏_𝑒𝑥𝑡

𝑎𝑟𝑒𝑎_𝑈
 

49 U ind_l_sec_ap 
Relative length of the secondary aperture to total 

suture length (chamber n-1) 

𝑙_sec_𝑎𝑝

𝑙_𝑠𝑢𝑡_𝑡𝑜𝑡𝑎𝑙
 

50 U ind_l_depressed_furrow 
Relative length of the depressed furrow (exclude 

secondary aperture) to total suture length (chamber n-
1) 

𝑙_𝑑𝑒𝑝𝑟𝑒𝑠𝑠𝑒𝑑_𝑓𝑢𝑟𝑟𝑜𝑤 −  𝑙_sec_𝑎𝑝 

𝑙_𝑠𝑢𝑡_𝑡𝑜𝑡𝑎𝑙
 

51 U ind_l_flat_suture 
Relative length of flushing part of the suture (exclude 

secondary aperture and depressed furrow) to total 
suture length (chamber n-1) 

𝑙_𝑠𝑢𝑡_𝑡𝑜𝑡𝑎𝑙 −  𝑙_depressed_𝑓𝑢𝑟𝑟𝑜𝑤 

𝑙_𝑠𝑢𝑡_𝑡𝑜𝑡𝑎𝑙
 

52 U ind_l_folia_sspores 
Relative length of the folia part without pores to 

chamber length 

𝑙_𝑓𝑜𝑙𝑖𝑎_𝑠𝑠𝑝𝑜𝑟𝑒𝑠 

𝑙_𝑐ℎ𝑎𝑚𝑏𝑒𝑟
 

53 U ind_l_chamber_test Relative length of the last chamber to the test diameter 
𝑙_𝑐ℎ𝑎𝑚𝑏𝑒𝑟_𝑡𝑒𝑠𝑡 

𝑙_𝑡𝑒𝑠𝑡_𝑐ℎ𝑎𝑚𝑏𝑒𝑟
 

54 pores count Number of pores  

55 pores total_area Total area of pores  

56 pores average_size Average size of pores (i.e., mean area of pores)  

57 pores area_percent 
Area covered by pores (percent). Equivalent to 

porosity. 
 

58 pores perimeter Mean perimeter of pores  

59 pores count_reworked Number of pores corrected 𝑐𝑜𝑢𝑛𝑡 − 𝑒𝑥𝑐_𝑠𝑚𝑎𝑙𝑙 − (
𝑝𝑎𝑟𝑡𝑖𝑒𝑙

2
+ 𝑑𝑜𝑢𝑏𝑙𝑒

+ 𝑡𝑟𝑖𝑝𝑙𝑒 ∗ 2) 

60 pores mean_area_reworked Mean area of pores corrected 
𝑐𝑜𝑢𝑛𝑡_𝑟𝑒𝑤𝑜𝑟𝑘𝑒𝑑

𝑡𝑜𝑡𝑎𝑙_𝑎𝑟𝑒𝑎
 

61 pores d Mean diameter of the pores √(
𝑚𝑒𝑎𝑛_𝑎𝑟𝑒𝑎_𝑟𝑒𝑤𝑜𝑟𝑘𝑒𝑑

𝜋
) ∗ 2 
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Appendix-Table 2. Sampling stations, phylotype assignation and sequencing method (HTS = High 
Throughput Sequencing) for each specimen, identified by their ID. Published sequences are specified 

by their accession number (deposited in the GenBank data base). 

Specimen ID Station 
Phylotype  
assignation 

Sequencing method Accession number 

Mo110 Rivière du Bono T1 HTS - 

Re086 Ile de Ré T1 Sanger MH200642 

Re087 Ile de Ré T1 Sanger MH200643 

Au430 Kerouarc’h 2 T1 Sanger MH200644 

Au439 Kerouarc’h 2 T1 Sanger MH200645 

Au440 Kerouarc’h 2 T1 Sanger MH200646 

Au444 Kerouarc’h 2 T1 Sanger MH200647 

Au404 Locmariaquer 1 T1 Sanger MH200648 

Au409 Locmariaquer 1 T1 Sanger MH200649 

Au415 Locmariaquer 1 T1 Sanger MH200650 

Au422 Locmariaquer 1 T1 Sanger MH200651 

Au424 Locmariaquer 1 T1 Sanger MH200652 

Au398 Locmariaquer 1 T1 Sanger MH200653 

Au402 Locmariaquer 1 T1 Sanger MH200654 

Au403 Locmariaquer 1 T1 Sanger MH200655 

Au406 Locmariaquer 1 T1 Sanger MH200656 

Au407 Locmariaquer 1 T1 Sanger MH200657 

Au408 Locmariaquer 1 T1 Sanger MH200658 

Au411 Locmariaquer 1 T1 Sanger MH200659 

Au419 Locmariaquer 1 T1 Sanger MH200660 

Au485 Locmariaquer 2 T1 Sanger MH200661 

Au492 Locmariaquer 2 T1 Sanger MH200662 

Au494 Locmariaquer 2 T1 Sanger MH200663 

Au495 Locmariaquer 2 T1 Sanger MH200664 

Au497 Locmariaquer 2 T1 Sanger MH200665 

Au502 Locmariaquer 2 T1 Sanger MH200666 

Md013 Zoostera meadow T1 Sanger MH200667 

Ma142 Ouistreham T1 Sanger MH200668 

RB007 Rade de Brest T1 HTS - 

Au305 Saint Pierre Lopérec T1 Sanger MH200669 

Ma027 Saint Vaast T1 HTS - 

Yo060 Yokohama, Tokyo Bay T1 Sanger MH200670 

Yo051 Yokohama, Tokyo Bay T1 Sanger MH200671 

Yo052 Yokohama, Tokyo Bay T1 Sanger MH200672 

Mo098 Ile Bailleron est T2 HTS - 

Mo102 Ile Bailleron est T2 HTS - 

Mo099 Ile Bailleron est T2 HTS - 

Mo101 Ile Bailleron est T2 HTS - 

Co005 Corsica DIA5 T2 Sanger MH200673 

Co006 Corsica DIA5 T2 Sanger - 

Au442 Kerouarc’h 2 T2 Sanger MH200674 

Au400 Locmariaquer 1 T2 Sanger MH200675 
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Au423 Locmariaquer 1 T2 Sanger - 

Au491 Locmariaquer 2 T2 Sanger - 

Au500 Locmariaquer 2 T2 Sanger - 

Au503 Locmariaquer 2 T2 Sanger - 

Au487 Locmariaquer 2 T2 Sanger MH200676 

Au501 Locmariaquer 2 T2 Sanger MH200677 

Au451 Locmariaquer 3 T2 Sanger - 

Au453 Locmariaquer 3 T2 Sanger MH200678 

Au462 Locmariaquer 3 T2 Sanger MH200679 

Au452 Locmariaquer 3 T2 Sanger MH200680 

Au461 Locmariaquer 3 T2 Sanger MH200681 

Au466 Locmariaquer 3 T2 Sanger MH200682 

Au467 Locmariaquer 3 T2 Sanger - 

Ma150 Ouistreham T2 Sanger MH200683 

Ma028 Saint Vaast T2 HTS - 

Ma031 Saint Vaast T2 Sanger MH200684 

Ma030 Saint Vaast T2 Sanger - 

Mo013 Pointe de Toulvern T2 HTS - 

Mo017 Pointe de Toulvern T2 HTS - 

Mo014 Pointe de Toulvern T2 HTS - 

ZK020 Zandkreek T2 Sanger - 

ZK023 Zandkreek T2 Sanger - 

Ai052 Baie de l’Aiguillon T6 Sanger MH200685 

Ai055 Baie de l’Aiguillon T6 Sanger MH200686 

Ai056 Baie de l’Aiguillon T6 Sanger MH200687 

Ai063 Baie de l’Aiguillon T6 Sanger MH200688 

BH009 Biezelingse Ham T6 HTS - 

BH010 Biezelingse Ham T6 Sanger MH200689 

BH013 Biezelingse Ham T6 Sanger MH200690 

Bn097 Baie de Bourgneuf T6 Sanger MH200691 

Bn099 Baie de Bourgneuf T6 Sanger MH200692 

Bn108 Baie de Bourgneuf T6 Sanger MH200693 

Bn113 Baie de Bourgneuf T6 Sanger MH200694 

Bn116 Baie de Bourgneuf T6 Sanger MH200695 

Bn118 Baie de Bourgneuf T6 Sanger MH200696 

Bn119 Baie de Bourgneuf T6 Sanger MH200697 

Bn120 Baie de Bourgneuf T6 Sanger MH200698 

Li028 Camargue T6 Sanger MH200699 

Li035 Camargue T6 Sanger MH200700 

Ma080 Estuaire de la Seine T6 Sanger MH200701 

Ma083 Estuaire de la Seine T6 Sanger MH200702 

Ma084 Estuaire de la Seine T6 HTS - 

Ma085 Estuaire de la Seine T6 HTS - 

Ma086 Estuaire de la Seine T6 HTS - 

Ma087 Estuaire de la Seine T6 HTS - 

Ma089 Estuaire de la Seine T6 HTS - 
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Ma091 Estuaire de la Seine T6 HTS - 

Ma094 Estuaire de la Seine T6 HTS - 

Ma097 Estuaire de la Seine T6 HTS - 

Ma101 Estuaire de la Seine T6 Sanger MH200703 

Ma108 Estuaire de la Seine T6 Sanger MH200704 

Ma109 Estuaire de la Seine T6 Sanger MH200705 

Ma147 Ouistreham T6 HTS - 

SN051 Saint Nazaire T6 Sanger MH200706 

 

Appendix-Table 3. List of the 23 variables that were not included in statistical analyses because they 
were involved in the calculation of ratios. 

Variable deleted Reason Variable deleted Reason 

S_prol_max_d Used in a ratio U_area_umb_ext Used in a ratio 

S_h_chamber_lob Used in a ratio U_l_sut_total Used in a ratio 

S_l_chamber_lob Used in a ratio U_l_sec_ap Used in a ratio 

P_l_ap Used in a ratio U_l_depressed_furrow Used in a ratio 

P_l_lastchamber Used in a ratio U_l_folia_sspores Used in a ratio 

P_h_spir Used in a ratio U_l_chamber Used in a ratio 

P_h_umb Used in a ratio U_l_chamber_test Used in a ratio 

U_area_U Used in a ratio U_l_test_chamber Used in a ratio 

U_mean_d_umb Used in a ratio pores_count Used in a ratio 

U_mean_d_umb_int Used in a ratio pores_total_area Used in a ratio 

U_area_umb_int Used in a ratio pores_average_size 
equivalent to  

pores_mean_area_reworked 

U_mean_d_umb_ext Used in a ratio   

 

Appendix-Table 4. List of variables that were significantly correlated (Pearson) with the number of 
chambers. 

Number of chambers 
Variables divided by 

S_chamber_n 
Coefficient of 

correlation (Pearson) 

p-value  
(Bonferroni 
correction) 

S_chamber_n 

P_max_thickness 0.66 0.00 

U_area_U 0.49 0.00 

U_max_d_umb 0.44 0.00 

S_area 0.72 0.00 

S_area_convexhull 0.72 0.00 

S_max_d 0.71 0.00 

S_mean_d 0.73 0.00 

S_perim 0.68 0.00 

S_perim_convexhull 0.73 0.00 
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Appendix-Table 5. List of quantitative variables that were correlated (Pearson) and the deleted vs. 
retained variables. 

Retained  
variable 

Deleted 
variable 

Coefficient of 
correlation (Pearson) 

p-value  
(Bonferroni 
correction) 

S_mean_d 

P_max_thickness 0.85 0.00 

S_ind_lob 0.78 0.00 

S_area 0.81 0.00 

S_area_convexhull 0.81 0.00 

S_max_d 0.99 0.00 

S_perim 0.97 0.00 

S_perim_convexhull 1.00 0.00 

P_spir_angle P_Indice_spiral_haut –0.84 0.00 

U_ind_d_umb_ext U_ind_area_umb_ext 0.97 0.00 

U_ind_d_umb_int U_ind_area_umb_int 0.99 0.00 

pores_d 

pores_area_percent 0.85 0.00 

pores_count_reworked –0.92 0.00 

pores_mean_area_reworked 0.98 0.00 

pores_perimeter 0.99 0.00 

 

 

Appendix-Table 6. List of qualitative variables that were significantly linked (homogeneity Chi² test) 
and the deleted vs. retained variables. 

Retained  
variable 

Deleted 
variable 

Statistical 
test (Chi²) 

p-value  
(Bonferroni 
correction) 

S_centralpart_sut_QL 
S_lastwhorl_radialsut_QL 34.89 0.00 

P_spir_form_QL 19.33 0.00 

S_rad_sut_curv_QL S_lastwhorl_radialsut_QL 31.30 0.00 

U_folia_orn_QL S_spin_QL 13.99 0.04 

U_umb_plug_QL U_umb_fill_QL 16.43 0.01 
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Appendix-Table 7. Accuracy calculated for various pore diameter thresholds (all available values). In 
bold the highest accuracy to discriminate between small pores T2 vs. others (1.43 µm) and large pores 

T6 vs. others (about 2.39 µm). 

Pore  
diameter  

(µm) 

Accuracy  
(T2 vs. 
others) 

Accuracy  
(T6 vs. 
others) 

Pore  
diameter  

(µm) 

Accuracy  
(T2 vs. 
others) 

Accuracy  
(T6 vs. 
others) 

Pore  
diameter  

(µm) 

Accuracy  
(T2 vs. 
others) 

Accuracy  
(T6 vs. 
others) 

Inf 0.31 0.67 2.29 0.64 0.89 1.51 0.96 0.65 

3.56 0.32 0.68 2.29 0.65 0.9 1.43 0.97 0.64 

3.35 0.33 0.69 2.24 0.66 0.89 1.32 0.96 0.63 

3.22 0.34 0.7 2.2 0.67 0.88 1.18 0.95 0.61 

3.2 0.35 0.71 2.17 0.68 0.86 1.18 0.94 0.6 

3.19 0.36 0.72 2.12 0.69 0.85 1.15 0.93 0.59 

3.16 0.38 0.73 2.11 0.7 0.84 1.13 0.92 0.58 

3.11 0.39 0.74 2.1 0.71 0.85 1.12 0.91 0.57 

3.08 0.4 0.75 2.07 0.72 0.84 1.11 0.9 0.56 

3.08 0.41 0.76 2.07 0.73 0.83 1.07 0.89 0.55 

3.03 0.42 0.77 2.02 0.74 0.82 1.07 0.88 0.54 

2.98 0.43 0.78 2.01 0.75 0.81 1.06 0.86 0.53 

2.97 0.44 0.79 2 0.76 0.8 1.05 0.85 0.52 

2.87 0.45 0.8 1.99 0.77 0.79 1.03 0.84 0.51 

2.85 0.46 0.81 1.98 0.78 0.78 1.02 0.83 0.5 

2.62 0.47 0.8 1.97 0.79 0.77 0.98 0.82 0.49 

2.59 0.48 0.81 1.95 0.8 0.78 0.97 0.81 0.48 

2.56 0.49 0.82 1.94 0.81 0.77 0.96 0.8 0.47 

2.54 0.5 0.83 1.94 0.82 0.78 0.95 0.79 0.46 

2.53 0.51 0.84 1.92 0.83 0.79 0.95 0.8 0.45 

2.52 0.52 0.83 1.91 0.84 0.78 0.94 0.79 0.44 

2.51 0.53 0.84 1.91 0.85 0.77 0.92 0.78 0.43 

2.51 0.54 0.85 1.9 0.84 0.76 0.92 0.77 0.42 

2.49 0.55 0.84 1.88 0.85 0.75 0.92 0.76 0.41 

2.49 0.56 0.85 1.85 0.86 0.74 0.89 0.75 0.4 

2.47 0.57 0.86 1.85 0.88 0.73 0.86 0.74 0.39 

2.46 0.58 0.88 1.79 0.89 0.72 0.82 0.73 0.38 

2.42 0.59 0.89 1.79 0.9 0.71 0.81 0.72 0.36 

2.42 0.6 0.9 1.77 0.91 0.7 0.78 0.71 0.35 

2.39 0.61 0.91 1.71 0.92 0.69 0.78 0.7 0.34 

2.33 0.6 0.9 1.7 0.93 0.68 0.77 0.69 0.33 

2.32 0.61 0.89 1.68 0.94 0.67    

2.31 0.63 0.88 1.65 0.95 0.66    
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Appendix-Table 8. Morphometric measurements for the 61 variables for the three phylotypes. 
Quantitative variables: mean ± sd (length/area measurements are in µm/µm²); and 

qualitative variables: level (occurrence). 

N Variable T1 (n=34) T2 (n=30) T6 (n=32) 
 

1 S_area 55321.8 ± 16793.16 58854.96 ± 21117.17 103852.88 ± 39503.9  

2 S_perim 974.52 ± 129.16 992.62 ± 189.94 1310.58 ± 255.3  

3 S_max_d 287.53 ± 41.52 299.26 ± 57.26 397.32 ± 72.95  

4 S_area_convexhull 56538.37 ± 17096.53 60431.5 ± 21962.56 106429.02 ± 40431.53  

5 S_perim_convexhull 847.22 ± 123.51 871.35 ± 171.37 1127.39 ± 284.83  

6 S_mean_d 265.69 ± 39.06 272.29 ± 53.9 361.9 ± 68.3  

7 S_prol_max_d 57.61 ± 14.34 44.45 ± 11.78 44.95 ± 13.09  

8 S_h_chamber_lob 22.63 ± 6.32 21.28 ± 11.69 29 ± 8.5  

9 S_l_chamber_lob 107.95 ± 16.47 108.72 ± 26.62 144.56 ± 24.75  

10 S_chamber_n 13.79 ± 2.66 14.97 ± 2.37 16.53 ± 2.91  

11 
S_depressed_sut_cha

mber_n 
2.47 ± 1.29 1 ± 0.83 0.91 ± 0.69 

 

12 
S_centralpart_sut_Q

L 
raised (28) - flush (5) flush (29) - raised (1) flush (32) 

 

13 
S_lastwhorl_radialsut

_QL 
flush (17) - raised (13) - 

depressed (3) 
flush (30) flush (32) 

 

14 
S_rad_sut_curv_QL 

weak (17) - none (15) - 
medium (2) 

none (15) - weak (13) - medium 
(2) 

none (22) - weak (10) 
 

15 S_spin_QL d (18) - s(15) s (18) - d (12) d (21) - s (11)  

16 S_ind_prol 0.08 ± 0.02 0.07 ± 0.03 0.07 ± 0.02  

17 S_ind_lob 8.01 ± 1.4 7.3 ± 1.64 8.9 ± 1.63  

18 P_max_thickness 158 ± 32.15 152.53 ± 33.12 202.71 ± 42.83  

19 P_l_ap 44.77 ± 17.41 51.62 ± 17.13 67.27 ± 13.92  

20 P_l_lastchamber 82.15 ± 18.21 86.23 ± 25.88 118.04 ± 23.61  

21 P_h_spir 87.6 ± 23.01 77.35 ± 21.18 96.72 ± 30.96  

22 P_h_umb 70.4 ± 13.92 75.18 ± 17.01 105.99 ± 16.08  

23 P_spir_angle 117.15 ± 7.23 125.35 ± 7.64 129.58 ± 7.14  

24 
P_umb_form_QL 

flat (18) - concave (7) - 
convex (2) 

flat (17) - convex (3) - concave 
(1) 

flat (29) - concave (3) 
 

25 
P_spir_form_QL 

convex (16) - highconvex 
(10) - flat (1) 

convex (11) - flat (10) - 
highconvex (1) 

flat (17) - convex (11) 
- highconvex (4) 

 

26 P_Indice_aperture 0.54 ± 0.13 0.6 ± 0.09 0.57 ± 0.05  

27 P_Indice_spiral_haut 0.55 ± 0.06 0.5 ± 0.07 0.47 ± 0.06  

28 U_area_U 53365.45 ± 18565.86 59358.73 ± 20275.59 105272.85 ± 40358.83  

29 U_mean_d_umb 260.46 ± 38.57 270.99 ± 50.11 360.7 ± 68.49  

30 U_mean_d_umb_int 69.58 ± 13.76 67.03 ± 13.85 88.56 ± 23.74  

31 U_area_umb_int 3898.42 ± 1615.69 3629.22 ± 1503.04 6479.78 ± 3564.69  

32 U_mean_d_umb_ext 122.66 ± 28.48 136.87 ± 24.94 164.66 ± 36.7  

33 U_area_umb_ext 12111.15 ± 5941.67 15092.43 ± 5190.46 22114.84 ± 9794.99  

34 U_l_sut_total 104.11 ± 22.44 108.7 ± 24.11 152.61 ± 33.56  

35 U_l_sec_ap 38.39 ± 19.98 42.08 ± 24.05 58.58 ± 26.73  

36 
U_l_depressed_furro

w 
87.09 ± 20.61 85.79 ± 27.61 101.93 ± 37.11 

 

37 U_l_folia_sspores 41.62 ± 11.52 51.17 ± 15.81 56.7 ± 18.8  

38 U_l_chamber 109.56 ± 23.42 110.64 ± 27.2 161.52 ± 38.66  

39 U_l_chamber_test 76.01 ± 21.18 95.1 ± 18.12 117.76 ± 26.05  

40 U_l_test_chamber 280.99 ± 42.3 292 ± 55.39 392.59 ± 71.51  

41 
U_umb_fill_QL 

medium (14) - full (11) - 
empty (8) 

medium (14) - full (7) - empty 
(6) 

medium (19) - empty 
(11) - full (1) 
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42 U_umb_plug_QL yes (23) - no (10) yes (17) - no (9) no (30) - yes (2)  

43 
U_folia_end_QL 

sharp (14) - medium (13) - 
blunt (7) 

medium (13) - sharp (11) - blunt 
(4) 

blunt (11) - sharp (11) 
- medium (10) 

 

44 
U_folia_orn_QL 

medium (15) - weak (11) - 
strong (8) 

medium (11) - strong (11) - 
weak (5) 

strong (11) - medium 
(11) - weak (10) 

 

45 U_ind_d_umb_int 0.27 ± 0.04 0.25 ± 0.04 0.25 ± 0.05  

46 U_ind_d_umb_ext 0.47 ± 0.07 0.51 ± 0.05 0.46 ± 0.04  

47 U_ind_area_umb_int 0.1 ± 0.14 0.07 ± 0.02 0.06 ± 0.02  

48 U_ind_area_umb_ext 0.3 ± 0.51 0.26 ± 0.05 0.27 ± 0.37  

49 U_ind_l_sec_ap 0.37 ± 0.18 0.39 ± 0.22 0.38 ± 0.16  

50 
U_ind_l_depressed_f

urrow 
0.48 ± 0.19 0.39 ± 0.25 0.29 ± 0.25 

 

51 U_ind_l_flat_suture 0.15 ± 0.17 0.21 ± 0.18 0.33 ± 0.2  

52 U_ind_l_folia_sspores 0.38 ± 0.09 0.47 ± 0.1 0.35 ± 0.09  

53 
U_ind_l_chamber_tes

t 
0.27 ± 0.06 0.33 ± 0.04 0.3 ± 0.05 

 

54 pores_count 44.61 ± 9.7 87.76 ± 18.82 28.25 ± 7.7  

55 pores_total_area 113.31 ± 23.22 68.42 ± 21.34 126.1 ± 21.64  

56 pores_average_size 2.69 ± 0.89 0.88 ± 0.65 4.76 ± 1.38  

57 pores_area_percent 20.17 ± 4.13 12.18 ± 3.8 22.45 ± 3.85  

58 pores_perimeter 6.08 ± 1.11 3.27 ± 0.99 7.9 ± 1.25  

59 
pores_count_reworke

d 
38.94 ± 9.2 81.31 ± 18.32 23.44 ± 6.87 

 

60 
pores_mean_area_re

worked 
3.09 ± 1 0.97 ± 0.77 5.82 ± 1.85 

 

61 pores_d 1.96 ± 0.34 1.06 ± 0.33 2.69 ± 0.44  

 

 

 

 

Appendix-Figure 1. Locations of the primers used to amplify the SSU rDNA fragment of interest. 

 

 

 

 

 

 

 

 

 



Chapter 2: Morphological distinction of three Ammonia phylotypes 

86 

Appendix-Figure 2. Scatter plot of the first two dimensions issued from the FAMD analysis for the 
last two variables (mean pore diameter and the raised of flush character of the sutures in the central 

part of the spiral side). All specimens and their associated phylotypes are represented: T1 (red 
squares), T2 (green triangles) and T6 (blue dots). Variables are represented by the black arrows 

according to the FAMD output. 

 

Appendix-Figure 3. ROC curves issued from the calculation of the sensibility and specificity for 
various pore diameters. The point located on the upper left corner of the ROC space represents the 

value of pore diameter for which the sensibility and specificity are maximal. Left panel (T2 vs. others) 
and right panel (T6 vs. others). 
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Appendix-Figure 4. SEM images of the 34 specimens phylotyped T1 used in this study. 
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Appendix-Figure 5. SEM images of the 30 specimens phylotyped T2 used in this study.

 



Chapter 2: Morphological distinction of three Ammonia phylotypes 

92 



Conclusion 

93 



Chapter 2: Morphological distinction of three Ammonia phylotypes 

94 

 

 

 



Conclusion 

95 

Appendix-Figure 6. SEM images of the 32 specimens phylotyped T6 used in this study.  
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ABSTRACT 

Ammonia is one of the most widespread foraminiferal genera worldwide. Three 

phylotypes (Ammonia sp. T1, T2 and T6), commonly encountered in the Northeast 

Atlantic, are usually associated with the morphospecies Ammonia “tepida”. The 

biogeographic distribution of these three types was recently investigated in coastal 

environments around Great Britain based on genetic assignations. A new method was 

recently developed to recognize these three phylotypes based on morphological criteria 

(i.e., pore size and suture elevation on spiral side), avoiding the previously necessary 

molecular analyses to identify them. The results presented here allow us to validate the 

consistency of the morphometric determination method but also to define more precisely 

the pore size variability of each of the three phylotypes, which is a main criterion for their 

recognition. Moreover, these results, combined with earlier molecular and morphological 

data, enable us to refine the biogeographic distribution previously established by genetic 

analyses alone. The biogeographical distribution pattern presented here supports the 

putatively invasive character of Ammonia sp. T6, by suggesting that this phylotype is 

currently spreading out over large areas, and is supplanting autochthonous phylotypes 

(T1 and T2) at the outskirt of its present distributional areas along the coastlines of the 

British Isles and Northern France. In fact, only the south coast of England, Ireland and 

the northwest coast of France have not been colonised by Ammonia sp. T6 yet. Our results 

also suggest that within the areas colonised by phylotype T6, T2 may find refuges in the 

inner parts of estuaries. We further suggest that the absence of Ammonia sp. T6 in the 

western part of the English Channel may be explained by the general surface current 

circulation pattern, which impedes further expansion. The high reliability of the 

determination method of phylotypes T1, T2 and T6 based on morphology also allows us 

to quickly generate large data sets in sub-recent/fossil material. This new method will 

make it possible to gain understanding about the ecological differences between the three 

phylotypes and about the historical changes in their distribution patterns (for example 

due to changing anthropogenic factors). Finally, it will allow us to confirm or invalidate 

the putative invasive character of phylotype T6. 

1. INTRODUCTION 

Discovered in the 18th century, foraminifera are unicellular eukaryotes with a very rich 

fossil record (Gupta, 2007; Jones, 2013) and consequently, they have been widely used for 

biostratigraphy and palaeoreconstructions. For example, the biogeochemistry of their shells is 

largely used in palaeoceanographic studies to evaluate conditions of the past oceans related to 

climate change (see Katz et al., 2010, for an overview). The fact that foraminifera represent a 

very valuable tool in palaeoecological reconstructions and more recently also in bio-monitoring 

of recent ecosystems has led to a strongly increasing interest in their ecology during the second 

half of the 20th century. 

Among Foraminifera, Ammonia is one of the most widespread genera, and is present from 

temperate to tropical regions in shallow marine as well as estuarine ecosystems. In view of its 

apparently large tolerance to different types of environmental stress (e.g., Bradshaw, 1957; 
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Alve, 1995; Bouchet, 2007; Geslin et al., 2014), this genus is an important tool for 

paleoecological reconstructions and bio-monitoring of coastal ecosystems. However, Ammonia 

suffers from taxonomical uncertainties, since traditional taxonomy (based on morphological 

criteria, i.e., morphospecies) and molecular identification (based on DNA sequences, i.e., 

phylotype) often give contradictory evidence and are sometimes difficult to reconcile (e.g., 

Holzmann & Pawlowski, 1997; Hayward et al., 2004; Bird et al., 2020). A part of the problem 

is the fact that much of the type material is lost and first descriptions are often too imprecise for 

many morphospecies to allow comparison with present detailed morphometric measurements, 

such as with pore size data (Hayward et al., 2004; Petersen et al., 2016; Richirt et al., 2019a). 

In addition, some of the commonly used morphospecies, such as Ammonia tepida or Ammonia 

beccarii, are a mixture of different phylotypes, which are now considered as separated species 

(Pawlowski et al., 1995; Holzmann et al., 1996; Holzmann, 2000; Langer & Leppig, 2000; 

Hayward et al. 2004; Schweizer et al., 2011a, b). 

In the Northeast Atlantic, five Ammonia phylotypes are frequently encountered and have 

been named T1, T2, T3, T6 and T15 (Hayward et al., 2004; Bird et al., 2020). Phylotypes T3 

and T15 are easily distinguishable from the other three (T1, T2 and T6; Hayward et al., 2004; 

Schweizer et al, 2011a; Bird et al., 2020) and are usually associated with the more ornamented 

Ammonia “beccarii” morphospecies complex. Phylotypes T1, T2 and T6 are more difficult to 

discriminate because they are morphologically very close; they are commonly associated with 

the less ornamented Ammonia “tepida” morphospecies complex. 

  Here we will consider only phylotypes T1, T2 and T6, which are very common in the 

intertidal areas of Northeast Atlantic. Until recently, their morphological discrimination was 

difficult, and knowledge of their distribution in this area, which required molecular 

identification, was restricted to a limited number of specimens and sites (e.g., Holzmann & 

Pawlowski, 2000; Hayward et al., 2004; Pawlowski & Holzmann, 2008; Schweizer et al. 2011b; 

Saad & Wade, 2016; Bird et al., 2020). Recently, Richirt et al. (2019a) described a new method 

to distinguish T1, T2 and T6 on the basis of morphological criteria. Consequently, as molecular 

analysis is no longer needed, it is now possible to quickly determine morphologically large 

numbers of specimens. 

The biogeography of phylotypes T1, T2 and T6 in the Northeast Atlantic area was earlier 

investigated on the basis of molecular data by Schweizer et al (2011b), Saad & Wade (2016) 

and Bird et al. (2020), respectively in the Wadden and Baltic Seas and along the coastline of 

the British Isles. However, no clear pattern emerged from these studies, with all three 

phylotypes inhabiting contrasting coastal ecosystems such as shallow marine, intertidal and 
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subtidal, estuarine and saltmarsh environments as well as harbours (Schweizer et al., 2011b; 

Saad & Wade, 2016; Bird et al., 2020). Consequently, the factors controlling their distribution 

are still not fully understood.  

This study proposes to apply the morphometric criteria proposed by Richirt et al. (2019) to 

discriminate T1, T2 and T6 on the specimens that were described and identified molecularly by 

Saad & Wade (2016). Our first aim is to verify the reliability of the morphometric 

discrimination method developed in Richirt et al. (2019a) by comparing it with molecular 

identification, on an independent dataset, which was not used to develop the morphometric 

method. In case of discrepancies between the results of the different assignment methods 

(molecular versus morphometric), the possible reasons for these inconsistencies will be 

investigated. Our second aim is to use this new morphometric dataset to better constrain the 

variability of the average pore size for each of the three phylotypes, as described by Richirt et 

al. (2019a), which is one of the two essential parameters used to discriminate them. The final 

aim of this study is to re-analyse the biogeographic distribution pattern of the three phylotypes 

around the British Isles. In order to do this, we expanded the data set as much as possible, by 

including: (1) the morphometric determinations of the 137 specimens earlier identified by 

genetic analyses and coming from 17 on the 19 sites in Saad & Wade (2016), (2) the genetic 

data published by Saad and Wade (2016) from the two remaining sites for which morphometric 

identification was not possible (South Queensferry and Brancaster Staithe - low marsh sites), 

and (3) the molecular data for 116 supplementary specimens, sampled at eight additional sites 

in the English Channel, Netherlands and in Northern France. This final merged dataset includes 

27 sampling sites from Great Britain, Ireland, the Netherlands and Northern France. Lastly, we 

compare the distribution pattern we obtained with the one from Bird et al. (2020) who 

investigated the biogeographic distribution of Ammonia phylotypes in many other sites along 

Northeast Atlantic margins. 

2. MATERIALS AND METHODS 

In this study, several data sets will be used, some of them already published, others new. In 

the next paragraphs, we will briefly present each of them. 



Materials and Methods 

105 

2.1. Molecular and morphometric investigation of the specimens 
studied by Saad & Wade (2016)  

2.1.1. Sampling and DNA sequencing 

The specimens investigated morphometrically here have been earlier studied by Saad & 

Wade (2016) using molecular methods; in their article, they present a detailed description of 

the sampling procedure (including the general environmental characteristics of the sampling 

sites) and the analytical protocol used for molecular identification. Thanks to their non-

destructive DNA extraction procedure, the tests of almost all specimens were preserved, and 

could be used for morphometric analyses. Except for two sites of the original publication (South 

Queensferry and Brancaster Staithe - low marsh) for which the specimens were no longer 

available, only some scarce individuals were broken or lost. In all, 137 of the 162 specimens, 

which were originally sequenced, could be investigated morphometrically (Table 1; 

Supplementary Table 1).  

Table 1. Site, sites ID, geographic coordinates and number of individuals which were identified 
genetically (from Saad & Wade, 2016) and morphometrically (this study). 

Site 
Site 
ID 

Latitude Longitude 

N individuals 
genotyped 

(Saad & Wade, 
2016) 

N individual 
morphologically 

investigated 
(this study) 

Bangor Ban 53°14'2.41"N 4°7'4.26"W 5 4 

Barmouth Bar 52°43'17.26"N 4°2'27.43"W 10 10 

Barrow-in-Furness BIF 54°5'24.16"N 3°14'29.61"W 9 9 

Barton-upon-Humber Hull 53°41'50.86"N 0°26'40.08"W 9 9 

Brancaster Staithe 
(high marsh) 

4A 52°58'11.78"N 0°40'05.05"E 8 7 

Brancaster Staithe 
(low marsh) 

1A 52°58'6.76"N 0°40'5.08"E 10 0 

Braunton Brs 51°5'55.09"N 4°9'52.15"W 10 10 

Burnham-Overy-
Staithe 

2A 52°57'55.74"N 0°44'48.51"E 10 10 

Galmpton Bix 50°23'31.53"N 3°34'31.15"W 8 4 

Hambleton Ham 53°52'40.15"N 2°57'52.46"W 2 2 

Lymington LM 50°45'16.36"N 1°31'39.34"W 10 10 

Pembroke Dock Pem 51°41'59.66"N 4°55'14.72"W 9 9 

Pen Clawdd Lan 51°38'36.28"N 4°6'20.18"W 10 10 

Queenborough Que 51°25'1.47"N 0°44'21.15"E 9 11 

Severn Beach SB 51°33'17.99"N 2°40'11.37"W 8 6 

Shoreham-by-Sea Sho 50°49'49.04"N 0°16'30.79"W 10 10 

South Queensferry Quf 55°59'34.28"N 3°24'38.18"W 6 0 

St Osyth IPS 51°47'54.83"N 1°3'50.32"E 9 9 

Thornham 5A 52°57'59.35"N 0°34'20.09"E 10 7 

   TOTAL 162 137 
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In addition, 16 specimens were newly collected at Thornham in September 2018 for 

comparison with earlier molecular identifications from Saad & Wade (2016). They were put in 

a Guanidine buffer and extracted individually for DNA, following the protocol of guanidine 

extraction with shell destruction (protocol 2 in Pawlowski, 2000). The eight samples positively 

amplified were then sent to GATC Biotech in Cologne for Sanger sequencing. 

2.1.2. SEM imaging and morphometric measures 

For all available 137 individuals, we acquired Scanning Electron Microscopy (SEM) 

overview images of the spiral side as well as detailed images of the penultimate chamber (at 

1000x magnification). These images were used to document the suture elevation in the central 

part of the test and the pore size, respectively (Supplementary Plate1). Pore size measurements 

were performed following the method of Petersen et al. (2016). These two criteria allow 

discriminating phylotypes T1, T2 and T6 with a success rate of > 92 % (Richirt et al. 2019a). 

In practice, the morphological criteria were hierarchised according to the following flow chart 

(Figure 1): 

(1) If the average pore diameter is < 1.4 µm, the specimen is a T2. If the average pore 

diameter is > 1.4 µm, go to (2), 

(2) If the sutures in the central part of the spiral side are raised (elevated), the specimen is 

a T1; if the sutures are flush, the specimen is a T6. If this character is not visible 

(damaged specimen) or ambiguous, go to (3), 

(3) If the average pore diameter is > 2.4 µm, the specimen is a T6. If the average pore 

diameter is comprised between 1.4 µm and 2.4 µm, go to (4), 

(4) If the number of chamber(s) with incised sutures in the last whorl on the spiral side is > 

2, the specimen is a T1. If it is ≤ 2, it is not possible to assign the specimen 

unambiguously to a phylotype.  

When the use of the main criteria (1) and (2) is not sufficient (for example when the test is 

too damaged), additional criteria (3) and (4) are applied. In some very rare cases in which this 

checklist does not yield a conclusive response, phylotype assignation is impossible. In this 

study, 135 specimens were determined using the main criteria (1) and (2), one specimen using 

the additional criterion (3) (i.e., 5A-15) and phylotype assignation  was only impossible for a 
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single specimen (i.e., Pem-140). The morphological identifications obtained were then 

compared with the molecular identifications made for the same specimens by Saad & Wade 

(2016). 

 

Figure 1. Dichotomous procedure to discriminate T1, T2 and T6. 

The eight new specimens re-sampled at Thornham in September 2018, which were 

successfully amplified and molecularly assigned to a phylotype, were not investigated 

morphologically, because no SEM images were available. 

2.2. THE AMTEP PROJECT DATASET 

In order to extend our dataset, we included 116 individuals which were sampled and 

sequenced from five sites along the French north coast (i.e., Authie, Seine estuary, St. Vaast, 

Ouistreham and Rade de Brest) and three from the Netherlands (Biezelingse Ham, Grevelingen 

and Veerse Meer; Table 2 and Supplementary Table 2). These specimens were collected in the 

context of the CNRS EC2CO-LEFE project AMTEP. All specimens were individually 

extracted, amplified and sequenced as in Richirt et al. (2019a). The sequences were aligned and 

compared with a set of sequences previously identified as phylotypes T1, T2 and T6 published 

on GenBank. 
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Table 2. Location, geographic coordinates and number of individuals genetically investigated at the 
sites of the AMTEP project. 

Localisation Latitude Longitude 
N individuals 

genotyped 

Authie 50°22'23.80"N 1°35'44.00"E 4 

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E 51 

Grevelingen 51°44'50.04"N 3°53'24.06"E 7 

Ouistreham 49°16'16.40"N 0°14'12.20"W 7 

Rade de Brest 48°24'13.10"N 4°21'16.00"W 2 

Seine estuary 49°26'31.30"N 0°16'25.20"E 32 

St. Vaast 49°34'38.60"N 1°16'38.80"W 4 

Veerse Meer 51°33'12.24''N 3°52'25.34''E 9 

    Total 116 

3.  DATASET OF BIRD ET AL. (2020)  

In order to see how the distribution patterns we obtain fit with the larger scale picture based 

on molecular identification, we included data from 16 sites studied by Bird et al. (2020). These 

authors investigated the distribution of phylotypes T1, T2A, T2B, T3S, T3V (two sub-

phylotypes belonging to T3) and T15. Because the morphometric method does not allow us to 

discriminate between T2A and T2B sub-phylotypes yet, we merged them for further 

interpretation, in order to obtain results comparable with our data. Finally, we did not consider 

T3S, T3V and T15 in this study. The data for the remaining phylotypes are reproduced in Table 

3. 

Table 3. Location, geographic coordinates and number of individuals genetically identified as T1, 
T2A, T2B and T6 for the 16 sites of Bird et al., 2020. 

Site latitude longitude T1 T2A T2B T6 Total 

Cromarty (CR) 57°40'45.59"N 04°02'28.12"W 0 1 0 0 1 

Loch Sunart (SU) 56°39'56.80"N 05°52'02.10"W 1 0 0 0 1 

Dunstaffnage (DF) 56°27'06.1"N 05°27'27.9"W 1 0 0 0 1 

Torry Bay (TB) 56°03'28.3"N 03°35'02.5"W 0 0 0 8 8 

Cramond (Cd) 55°58'54.2"N 03°17'56.5"W 0 0 0 52 52 

Loch na Cille (LK) 55°57'36.00"N 05°41'24.00"W 0 13 0 0 13 

Whiterock (WR) 54°29'05.42"N 05°39'12.58"W 0 18 0 0 18 

Den Oever (F) 52°56'24.8"N 05°01'30.6"E 0 0 0 1 1 

Norfolk (NF) 52°49'02.41"N 00°21'46.16"E 0 1 0 30 31 

Laugharne Castle (LC) 51°46'12.00"N 04°27'00.00"W 0 0 0 2 2 

Grevelingen (Gv) 51°44'50.04"N 03°53'24.06"E 0 0 0 2 2 

Cork (CK) 51°38'29.40"N 08°45'44.50"W 2 0 28 0 30 

Cardiff (CF) 51°29'25.40"N 03°07'19.50"W 0 0 0 20 20 

Dartmouth (DM) - Upper shore 50°21'04.84"N 03°34'11.33"W 0 6 0 0 6 

Dartmouth (DM) - Mid shore 50°21'04.84"N 03°34'11.33"W 2 12 0 0 14 

Dartmouth (DM) - Lower shore 50°21'04.84"N 03°34'11.33"W 2 49 0 0 51 

  Total 8 100 28 115 251 
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4. RESULTS 

4.1.  MORPHOMETRIC IDENTIFICATION OF THE SPECIMENS STUDIED BY 

SAAD & WADE (2016) 

From the 137 specimens published by Saad &Wade (2016), which could be analysed 

molecularly as well as morphologically, the first two morphological criteria (pore diameter and 

the suture elevation on the spiral side) were sufficient to reliably assign 135 individuals to a 

phylotype. Criterion (3) of the procedure described in Figure 1 was only used for one individual 

(5A-15), because the central part of the spiral side was damaged. Finally, a last specimen could 

not be assigned on the basis of morphological criteria (Pem-140), because the test was too 

heavily damaged. Among the 136 specimens identified morphologically, T6 was the dominant 

phylotype with 94 individuals (69%), followed by T2 with 28 individuals (21%), whereas T1 

was least represented with 14 individuals (10%). 

The correspondence between the genetic identifications of Saad & Wade (2016) and the 

morphological discriminations performed here is shown in Figure 2. Of the 136 specimens, 117 

were assigned identically (86%) by the molecular and morphological methods, whereas 19 

(14%) were assigned differently by both methods. Fourteen of these 19 specimens came from 

two sites only, Thornham (5A) and Shoreham-by-Sea (Sho).  

At Thornham, the seven specimens analysed morphologically (5A-15, 5A-34, 5A-37, 5A-

38, 5A-39, 5A-40 and 5A-62) were all determined as T6. However, six were identified 

genetically as T2 and a single one as T6 (5A-15, Figure 2).  

At Shoreham-by-Sea, 10 specimens were genetically assigned to T6, but only two 

specimens (Sho-3 and Sho-8) were identified as such morphologically. Of the remaining eight 

specimens, seven were determined morphologically as T2 (Sho-2, Sho-4, Sho-6, Sho-10, Sho-

11, Sho-12 and Sho-13), whereas a single specimen (Sho-7) was determined as T1 (Figure 2).  

The other five discrepancies concern isolated specimens from different sites: 4A-7 

(Brancaster high-marsh), Bix-202 (Galmpton), IPS-4 (St Osyth), Bar-236 (Barmouth) and Lan-

25 (Pen Clawdd). In all these five cases, the isolated specimen was genetically identified 

differently from all other specimens of the considered site, whereas it was morphologically 

identified as the same phylotype as all other specimens of the considered site. 
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Figure 2. Circular diagram comparing molecular identification (internal part of the diagram, from 
Saad & Wade, 2016) with morphological determination (external part of the diagram) for the 137 

individuals investigated in this study (ordered by molecular identification and their ID’s). Red: T1, 
green: T2, blue: T6. Not determined morphologically: black. Specimens for which molecular and 

morphological assignations mismatch or for which morphological determination was not possible are 
indicated in bold with a greater font size. 

Figure 3 shows the position and IDs of the mismatching individuals on the graph 

representing suture elevation and average pore diameter. All data concerning average pore 

diameter, determination of the sutures character (flush/raised) as well as SEM images of the 

spiral side and of the penultimate chamber at 1000x magnification for the 137 specimens 

investigated in this study are available in the supplementary Table 1 and Plate 1. 
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Figure 3. Average pore diameter (µm) and suture elevation (flush/raised) for the 137 individuals 
investigated morphologically. Individuals genotyped as T1 (red squares), T2 (green triangles) and T6 
(blue circles) are represented in the graph which separates the three phylotypes on the basis of their 

average pore diameter and suture elevation following Richirt et al., 2019a (red area for T1, green area 
for T2 and blue area for T6). Individuals for which genetic and morphological identification are 

mismatching are represented with bigger marks and associated with their ID’s (see supplementary 
material). Pem-140 was too damaged to be morphologically determined (white area). 5A-15 is the 
only specimen for which we used criterion (3) of the dichotomous procedure indicated in Figure 1. 

The (random) vertical dispersion was artificially added in order to better visualize all specimens 
separately. Vertical dotted lines represent the thresholds to discriminate between the phylotypes as 

determined by Richirt et al., 2019a. 

4.2.  THE AMTEP PROJECT DATASET 

Of the 116 individuals sampled in eight sites from the AMTEP project (Table 4), 26 were 

part of the 96 specimens used by Richirt et al. (2019a) to develop and test the morphometric 

assignment method, and sequences of 10 individuals have already been published in GenBank 

(Supplementary Table 2). Seven more individuals, from Lake Grevelingen, presented by Richirt 

et al. (2020) have also been deposited in the GenBank database (accession numbers 

MN190684–MN190690). The sequences of other specimens have not been published 

previously and will be published elsewhere. 

Among the 26 individuals published by Richirt et al. (2019a), 23 were classified similarly 

by molecular and morphometric methods. The authors argued that three individuals had been 

incorrectly classified by molecular analysis. For these three specimens, we will further use the 

morphological identification. Although the sub-phylotypes T2A and T2B were distinguished 

(Table 4, Supplementary Table 2), they have been merged here, because it is impossible yet to 

discriminate them morphologically (cryptic species). Phylotype T6 is the only phylotype 
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occurring at Authie (4 ind.), Biezelingse Ham (51 ind.), Grevelingen (7 ind.) and in the Seine 

estuary (32 ind.). Phylotype T2 is the only phylotype found at the Rade de Brest (2 ind.). Two 

sites yielded two phylotypes: at St. Vaast, a single T1 and three T2, and at the Veerse Meer five 

T2 and four T6 were found. Ouistreham is the only site were the three phylotypes were found 

together (five T6 versus a single T1 and T2). 

Table 4. Location, geographic coordinates and number of individuals genetically identified as T1, 
T2A, T2B and T6 at the sites of the AMTEP project and from Thornham. 

Localisation Latitude Longitude T1 T2a T2b T6 Total 

Authie 50°22'23.80"N 1°35'44.00"E 0 0 0 4 4 

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E 0 0 0 51 51 

Grevelingen 51°44'50.04"N 3°53'24.06"E 0 0 0 7 7 

Ouistreham 49°16'16.40"N 0°14'12.20"W 1 0 1 5 7 

Rade de Brest 48°24'13.10"N 4°21'16.00"W 0 2 0 0 2 

Seine estuary 49°26'31.30"N 0°16'25.20"E 0 0 0 32 32 

St. Vaast 49°34'38.60"N 1°16'38.80"W 1 3 0 0 4 

Veerse Meer 51°33'12.24''N 3°52'25.34''E 0 5 0 4 9 

    Total 2 10 1 103 116 

5. DISCUSSION 

5.1.  RELIABILITY OF THE MORPHOMETRIC ASSIGNMENT METHOD 

Of the 136 individuals of Saad & Wade (2016) identified morphologically, molecular and 

morphometric analyses yielded the same result for 86 % of the individuals. 

The differences between both methods concern 19 specimens (14 %). Although these 

specimens come from seven different locations, the main discrepancies between both methods 

mainly concern two sites, Shoreham by Sea and Thornham, which account together for 14 of 

the 19 registered discrepancies. 

The five diverging identifications concerning isolated individuals (i.e., 4A-7, Bix-202, IPS-

4, Bar-236 and Lan-25) show a similar pattern. In all five cases, the disagreement concerns a 

single individual, genetically assigned to a different phylotype compared to a homogeneous 

group of specimens belonging to a single other phylotype. These five specimens are indicated 

with their ID number in Figure 3 and discussed separately hereafter: 

(1) Specimen 4A-7. Brancaster Staithe high marsh – genotyped as T1 – morphologically 

assigned to T2. This individual has a mean pore diameter of 0.97 µm, far lower than the 

observed range of T1 (1.51–2.62 µm in Richirt et al., 2019a) and flush sutures. This 
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strongly suggests that this specimen is a T2, like all other specimens from this locality, 

for which genetic and morphometric identification are in agreement. 

(2) Specimen Bix-202. Galmpton – genotyped as T1 – morphologically assigned to T2. 

This individual has a mean pore diameter of 1.25 µm, within the range of T2 (i.e., lower 

than 1.4 µm) and flush sutures, so that it is unlikely to be a T1. All other specimens 

investigated from this location are genotyped and morphologically assigned to T2. 

(3) Specimen IPS-4. St. Osyth – genotyped as T1 – morphologically assigned to T6. This 

individual has an average pore diameter of 2.53 µm (> 2.4 µm) and clearly flush sutures, 

which are defining morphological traits of T6. The eight other individuals from this site 

were also morphologically assigned to T6, in agreement with molecular identification. 

(4) Specimen Lan-25. Pen Clawdd – genotyped as T2 – morphologically assigned to T6. 

The mean pore diameter of Lan-25 (2.28 µm), is far too high for a T2 (< 1.4 µm), and 

additionally, the sutures in the central part of the spiral side are clearly flush, strongly 

suggesting that this is a T6. At this location, the other nine specimens were all identified 

as T6 by molecular and morphometric methods. It is interesting to note that among all 

the specimens investigated by Saad & Wade (2016) for which the sequences were 

deposited on GenBank (accession numbers KT153369 to KT153528), this individual 

(accession number KT153419) is the only one attributed to phylotype T2B by Bird et 

al. (2020). Otherwise, in the studied area, phylotype T2B has only been observed in 

Cork (south coast of Ireland, Bird et al., 2020). 

(5) Specimen Bar-236. Barmouth – genotyped as T2 – morphologically assigned to T6. 

Bar-236 both has a mean pore diameter of 2.44 µm, far higher than the T2 range (< 1.4 

µm), and clearly flush sutures, strongly suggesting that it is a T6 rather than a T2. Unlike 

the previously discussed individuals, this specimen is the only one morphologically 

assigned to T6 in a group of nine specimens which are all identified as T1 by molecular 

and morphometric methods. 

Erroneous morphological assignments exist, especially in the case of damaged specimens, 

explaining why the rate of corresponding identification between molecular and morphological 

is not 100% (Richirt et al., 2019a). However, incorrect identification may also happen with 

molecular determination. Here, different causes are possible, such as 1) environmental 

contamination, which is impossible to control (presence of exogenous material on/in the shell, 
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e.g., propagules from another phylotype, maybe remains of preys if feeding on another 

phylotype (Hemleben et al., 1989) or 2) laboratory cross-contamination, that cannot be totally 

eliminated, even in case of very careful laboratory practice (Weiner et al., 2016). 

For the five specimens discussed above, morphological observations (often based on more 

than one characteristic) and distributional evidence strongly suggests that in these cases the 

morphological determinations are correct:  

(1) for four of the specimens (4A-7, Bix-202, Lan-25 and Bar-236), the pore diameter was 

completely out of the observed range of the phylotype as determined by Richirt et al. 

(2019a). In three of the specimens (4A-7, Bix-202 and IPS-4), suture elevation yielded 

an additional argument in favour of the morphological identification. 

(2) In the first four specimens (4A-7, Bix-202, IPS-4, Lan-25), unlike the molecular 

determination, the morphological determination was the same as the molecular and 

morphometric determination of all other specimens of the assemblage, which were 

according to our observations morphologically always very similar as the individual in 

dissent.  

At Shoreham-by-Sea, the ten individuals were all genetically assigned to T6 (Saad & Wade, 

2016). When using the morphometric method, one specimen was assigned to T1 (Sho-7), seven 

to T2 (Sho-2, Sho-4, Sho-6 and Sho10-13), and two to T6 (Sho-3 and Sho-8). Among these 

individuals, Sho-8 was identified as T6 because of its average pore diameter of 1.41 µm, which 

is very close to the empirical threshold of 1.40 µm (Richirt et al., 2019a). However, it looks 

very much like a T2. Firstly, the average pore diameter is closer to T2 (< 1.40 µm) than to T6 

(1.51–2.62 µm) according to Richirt et al. (2019a). Secondly, the chambers of this specimen 

are not inflated and very lunate (Supplementary Plate 1), which is a common feature in T2, but 

rarely encountered in T6, which generally shows more inflated and rectangular chambers. If 

this specimen is not a T6 but a T2 with slightly larger pores than the upper limit of 1.40 µm 

defined earlier, this would mean that the range of pore diameters exhibited by T2 has been 

slightly under-estimated by Richirt et al. (2019a). Conversely, it appears that individual Sho-3, 

with an average pore diameter of 1.57 µm, and inflated later chambers, is a real T6.  

At Thornham, the seven specimens investigated here were all genetically assigned to T2 

(Saad & Wade, 2016), except for 5A-15 which was genetically assigned to T6. Conversely, all 

specimens were assigned to T6 using the morphometric method; their average pore diameter 
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(1.91 to 3.08 µm) was largely above the empirical upper threshold of T2 of 1.4 µm, as 

determined by Richirt et al. (2019a). 

While genetic misidentification may occur for single specimens, the systematic discrepancy 

observed in Shoreham-by-Sea and Thornham sites, which concerns nearly all specimens, 

suggests a different explanation. When using morphological criteria, seven of the specimens of 

Shoreham-by-Sea (eight if we include Sho-8 which has a pore diameter of  1.41 µm) were 

unambiguously attributed to T2, on the basis of their average pore diameter (< 1.40 µm), 

whereas they were genotyped as T6. Inversely, six of the seven specimens of Thornham were 

unambiguously attributed morphologically to T6 (average pore diameter > 1.4 µm and clearly 

flush sutures), whereas they were all genotyped as T2. 

As shown in Richirt et al. (2019a), the mean pore diameter is a very efficient criterion to 

discriminate between T2 and T1/T6 with a very high accuracy (97 %), sensitivity (93 %) and 

specificity (98 %). All specimens (except Sho-8) are far away from the threshold value of 1.40 

µm, so that it seems highly improbable that the morphological determination is incorrect. The 

fact that the molecular determinations give exactly the opposite results (T6 instead of T2 at one 

site, T2 instead of T6 at the other site) made us wonder whether the samples of these two sites 

could not have been inverted for molecular analyses. This would explain the observed 

discrepancies and restore the high consistency between genetic and morphological assignation 

methods. 

In order to unravel this question, we sequenced eight new individuals from Thornham in 

September 2018. The sequences for these eight specimens are deposited in GenBank under 

accession numbers MN165720 to MN165727. All eight individuals were molecularly identified 

as T6 after comparison with earlier published T6 sequences and were also identified as T6 

morphologically under a stereomicroscope using criteria described in Richirt et al. (2019a). 

These new sequences strongly suggest that T6 is the only phylotype present at this location (as 

suggested by morphological identification), and corroborates our hypothesis that molecular 

samples of Thornham and Shoreham-by-Sea have been inverted.  

If we do not consider the Shoreham-by-Sea (10 individuals) and Thornham (7 individuals) 

sites, the comparison of the morphometric identification and the genetic assignment for the 119 

remaining individuals indicates that only five individuals were misidentified (i.e., 4A-7, Bix-

202, IPS-4, Bar-236 and Lan-25). This would increase the rate of identical phylotype 

assignation for the genetic and morphological methods to about 96 %, in accordance with the 

success rate of Richirt et al. (2019a). 
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The range of measured average pore diameter for the 28 individuals of T2 was very close 

to that given by Richirt et al., 2019a (0.76–1.41 µm for this study compared to 0.77–1.32 µm). 

However, a single specimen (Sho-8, with an average pore diameter of 1.41 µm) surpassed the 

empirical threshold of 1.40 µm defined by Richirt et al. (2019a) and used to discriminate T2 

and T1/T6. This suggests that the threshold value for average pore diameter should be slightly 

increased, up to 1.45 µm, to include the whole variability observed until now. For the 14 

specimens of T1, the range of average pore diameter was very close to the range observed by 

Richirt et al., 2019a: 1.63–2.49 µm in this study compared to 1.51–2.62 µm. Finally, for T6, 

the range of observed mean pore diameters (1.46 to 3.84 µm) includes some slightly higher 

values than the range described by Richirt et al. (2019a; 1.92–3.55 µm). This confirms that 

more morphometric studies are necessary to have a better knowledge of pore size variability 

between different populations across geographical ranges.  

5.2.  GEOGRAPHICAL DISTRIBUTION OF T1, T2 AND T6 AROUND THE 

BRITISH ISLES  

In this section we will present an update of the distributional data for the three investigated 

phylotypes. We will base our inventory both on genetic and morphometric determinations, but 

will favour morphological determinations in case of discrepancy (i.e., as discussed for the Saad 

& Wade dataset in the previous section, and for some individuals used in Richirt et al., 2019a, 

see Material and Methods section for details). 

Figure 4 presents a composite map of the three datasets aggregating (1) the 136 specimens 

of Saad & Wade (2016), which were determined here by morphological criteria, (2) the 116 

individuals investigated in the context of the AMTEP project and (3) the 251 individuals 

investigated by Bird et al. (2020). Together, the three datasets represent 503 individuals of 38 

different sites (the three sites from Dartmouth in Bird et al., in press are considered as a single 

location, and the Grevelingen site is present in both AMTEP and Bird et al., 2020 datasets). 

These 503 individuals account for 312 specimens belonging to phylotype T6, 167 to phylotype 

T2 (with T2A and T2B merged) and 24 to phylotype T1. 
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Figure 4. Distribution map showing the number of individuals for the three phylotypes (T1/T2/T6), 
combining the data from this study (stars, morphological identification of the available individuals 
from Saad & Wade, 2016), from the AMTEP project (squares, based on genetic identification and 

morphology for specimens used in Richirt et al., 2019a) and from Bird et al., in press (triangles, based 
on genetic identification). The peculiar sites discussed in the text later - i.e., Barmouth, Ouistreham, 

Shoreham-by-Sea, Brancaster Staithe high-marsh and Veerse Meer are indicated in italic. 

Figure 4 presents a highly consistent biogeographical pattern, which was not fully 

recognised by earlier authors (Saad & Wade, 2016; Bird et al., 2020). Phylotype T6 is strongly 

dominant on the eastern coast of England, as well as in the Bay of Liverpool and Bristol 

Channel. Phylotype T2 is dominant on the English Channel coast (both on the south coast of 

England and on the northwest coast of France). It is also dominant at two sites in Ireland and 

one site in west Scotland, whereas a single individual was genotyped at a site in north Scotland. 
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Furthermore, T2 is also dominant at two isolated sites, where it is surrounded by T6 populations, 

one on the Norfolk coast (i.e., Brancaster Staithe high-marsh) and one in the Netherlands (i.e., 

Veerse Meer, inner part of the Eastern Scheldt estuary). Finally, phylotype T1 is dominant at 

two sites in Wales (i.e., Barmouth and Bangor), whereas two single individuals were found at 

two sites in Scotland. The two sites in Wales are bordered by T6 populations both in the north 

and south (Bay of Liverpool and Bristol Channel, respectively). 

It is interesting to note that the co-occurrence of different phylotypes at the same site is 

rare; only nine of the 40 sites show a co-occurrence of at least two phylotypes. In all cases, one 

of the phylotypes is strongly dominant. The single exception is the Veerse Meer site in the 

Netherlands, where T2 and T6 are found in similar proportions (5 and 4 individuals, 

respectively). Since the three phylotypes are now considered as separated species (Pawlowski 

et al, 1995; Holzmann et al., 1996; Holzmann, 2000; Holzmann & Pawlowski, 2000; Langer & 

Leppig, 2000; Schweizer et al., 2011a, b), it may be expected that their ecological niches are 

slightly different. This suggests that at each individual site, one of the three phylotypes should 

be favoured by the environmental conditions, explaining its strong dominance. 

However, if entire estuaries are considered, the co-occurrence of several phylotypes (at 

different locations within the estuary) appears to be common, such as observed at the Brancaster 

Staithe high and low-marsh sites, dominated by T2 and T6, respectively (Saad & Wade, 2016). 

Other examples are the Vie estuary and the Auray river (Gulf of Morbihan) both on the French 

Atlantic coast, where both phylotypes T1 and T2 are found, but in different proportions, 

depending on the exact location in the estuary (Fouet et al., Schweizer et al., work in progress). 

At a global scale, phylotype T1 is considered cosmopolitan, whereas T2 seems to be 

restricted to the north Atlantic (Holzmann & Pawlowski, 2000; Hayward et al., 2004). 

Concerning T6, because of its disjoint global distribution (i.e., Asia and Europe), it has been 

suggested that it has its origins in Asia and may be allochthonous in Europe. In fact, T6 arrived 

around 2000 in the Kiel fjord (Polovodova et al., 2009; Schweizer et al., 2011b) and in Hanö 

Bay in Baltic Sea (Bird et al., 2020), where no Ammonia species were present before (Hermelin, 

1987; Murray, 2006). It may have been introduced by an anthropogenic vector such as ship 

ballast water (Pawlowski & Holzmann, 2008), as already hypothesized for Haynesina 

germanica (Calvo-Marcilese & Langer, 2010) or together with imported Japanese oysters (after 

mass mortality of local oysters in Europe in the 1960s, Wolff & Reise, 2002). 

If phylotype T6 is indeed invasive, it may be expected that it has spread out progressively 

and has replaced autochthonous phylotypes T1 and/or T2 at most sites where it is found now. 

The fact that “only” 55 % of the sampled sites are dominated by T6 could mean that the 
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autochthonous phylotypes T1 and T2 are better adapted to the environmental conditions at some 

of the remaining sites. For example, the two sites with T2 populations surrounded by T6 

dominated faunas in Brancaster Staithe high-marsh and in the Veerse Meer are positioned at 

higher elevation, and in the inner part of the estuary, respectively. This could suggest that a 

weaker marine influence is unfavourable for T6.  

Alternatively, the observed pattern could also suggest that the replacement of the 

autochthonous phylotypes by T6 is not yet finished, and that T6 may further extend its 

distributional area in the near future. This hypothesis is corroborated by the localisation of the 

sites where T6 is co-occuring with T1 and/or T2. These sites are (1) Shoreham-by-Sea, where 

two T6 specimens were found in a community dominated by T2, (2) Barmouth, where one T6 

was found in an assemblage composed only of T1, and (3) Ouistreham, where five T6 are found 

with one T1 and one T2 (Figure 4). Although the low numbers of observed specimens make it 

impossible to make firm conclusions, it is remarkable that these three sites are all bordered on 

one side by sites exclusively inhabited by T6 (eastward for Shoreham-by-Sea and Ouistreham, 

and southward for Barmouth, Figure 4). If we assume that phylotype T6 is indeed invasive, and 

progressively takes over the niches of the autochthonous phylotypes, these localities could 

represent its “front of progression”. 

5.3.  PUTATIVE HYDRODYNAMIC CONTROL ON THE GEOGRAPHICAL 

DISTRIBUTION OF AMMONIA PHYLOTYPES 

Because of their small size and inability for active displacement over large distances, 

foraminifera migration will probably mainly depend on propagule dispersal by mesoscale 

spatial hydrodynamic features (e.g., tidal residual currents, wind-driven currents, gyres; Ellien 

et al., 2000). These features have earlier been identified as decisive for the transport of 

microorganisms over long distances (Salomon & Breton, 1993; Bailly du Bois & Dumas, 2005). 

In the case of benthic foraminifera, reports of their presence in sediment traps (Brunner & 

Biscaye, 1997; 2003; Kuhnt et al., 2013) and planktonic eDNA samples (Morard et al., 2019) 

suggest that transport in the water column may be rather common. The fact that foraminiferal 

propagules may be dormant for several years (Alve & Goldstein, 2010) further increases their 

dispersal potential. In view of this, it appears that the direction and intensity of bottom as well 

as water column currents could be determinant for the transport of foraminiferal propagules 

away from their source populations. 

The English Channel is famous for its strong tidal currents, including currents with a 

periodicity of the order of one week to one year (i.e., residual tidal currents, Salomon & Breton, 
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1993). Although the main water mass circulation through the Channel is NE-ward, from the 

open Atlantic Ocean to the North Sea, numerous secondary gyres generated by tidal currents 

are present, especially around the Cotentin Peninsula along the French coast, limiting exchanges 

between the eastern and the western part of the peninsula (Salomon & Breton, 1991, 1993; 

Cugier & Le Hir, 2002). Previously, the English Channel has been divided into two basins by 

Dauvin (2012), the Western and the Eastern Basin, with a boundary at the Cotentin Peninsula 

(Figure 5). This subdivision was based on differences in general oceanographic characteristics, 

biological components and human activity. In fact, many studies on the hydrodynamics and 

larval dispersal in the English Channel have shown that there is a major biogeographic boundary 

which strongly limits larvae transport between the areas to the east and west of the Cotentin 

Peninsula (e.g., Ellien et al., 2000; Lefebvre et al., 2003; Dupont et al., 2003; 2007). 

Additionally, transport between French and English coasts seems strongly limited in the 

western part of the English Channel, but was shown to occur in the eastern part (Barnay et al., 

2003, Lefebvre et al., 2003). 

If we hypothesize that Ammonia sp. T6 is an invasive phylotype which is still expanding, 

the major biogeographical boundary in the English Channel, which appears to be related to the 

overall current pattern, could explain why T6 has not yet colonised the south England Coast 

and the French western part of the English Channel. The remaining sites dominated by T2 in 

the Irish Sea could be the consequence of similar biogeographic barriers (See Supplementary 

Figure 1). Evidently, as it is not yet proved that T6 is indeed an invasive exotic phylotype, this 

hypothesis is still speculative. 
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Figure 5. Map displaying the general circulation of water masses in the English Channel. Black 
dashed arrows represent the residual currents and black plain arrows represent the main gyres in the 
Channel (Salomon & Breton, 1993; Dupont et al., 2007). The separation between the Western and 

Eastern Basins of the English Channel is represented by the red line (from Dauvin, 2012). The putative 
distributional area of phylotypes T2 and T6 are represented by green and blue lines, respectively. Blue 

arrows indicate the hypothesised direction of progression of the phylotype T6. 

5.4.  LIMITATIONS OF THE PRESENT STUDY 

5.4.1. Geographical sampling coverage.  

Although the 503 individuals sampled at 38 different sites give a good general overview of 

the geographical distribution of T1, T2 and T6, it is evident that the sampling coverage is far 

too limited to allow a detailed analysis of the geographical distribution and ecological 

preferences of each of the three phylotypes. In fact, the present data set suffers from two main 

limitations, which are largely due to the fact that molecular identification is a rather expensive 

and time-consuming method:  

(1) there is usually only one sample per estuary, whereas the scarce available data show that 

in many estuaries, two or even three phylotypes are present, which occupy different 

parts of the estuary. 
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(2) in most cases, only a few individuals were sampled at each site (rarely more than 10 

individuals), which is insufficient to draw firm conclusions about the eventual co-

occurrence of two or even three phylotypes at a single sampling site. 

Fortunately, now that it has been shown that the three phylotypes can be distinguished by 

morphometric analysis with a high degree of reliability (about 95 %, Richirt et al., 2019a; results 

of this study), it has become possible to rapidly generate large amounts of data. The 

combination with eDNA surveys of the same areas (work in progress, Schweizer et al. in prep.) 

could also speed up the sampling coverage. Consequently, the biogeographical patterns 

presented here will certainly be refined (and where necessary, corrected) in the next few years. 

5.4.2. Temporal scale 

The absolute and relative densities of the three phylotypes may show a large seasonal and 

inter-annual variability, as has been shown by most of the temporal studies of estuarine 

foraminiferal faunas (e.g., Lutze, 1968; Wefer, 1976; Murray, 1983; Cearreta, 1988; Murray, 

1992; Gustafsson & Nordberg, 1999; Murray & Alve, 2000; Korsun & Hald, 2000; Morvan et 

al., 2006; Horton & Murray, 2007; Papaspyrou et al., 2013; Saad & Wade, 2017; Richirt et al., 

2019b, Choquel et al., in prep.). Although different species appear to show different 

reproduction and growth periods, this has not yet been demonstrated for the Ammonia 

phylotypes. It is evident that temporal studies at a seasonal scale are needed to investigate this 

aspect. The presence of such putative seasonal or inter-annual differences between phylotypes 

will also inform us about their ecological preferences. 

5.4.3. Ecological niches 

The environmental conditions at local and regional scales favouring the three phylotypes 

will constitute a pre-requisite for their settlement. However, at this very moment, no clear 

correlation between the distribution pattern (both at a regional scale and within single estuaries) 

of the three phylotypes and associated environmental conditions has emerged (Saad & Wade, 

2016; Bird et al., 2020; present study). This highlights the fact that the controlling parameters 

of the distribution patterns of the different phylotype are not well known yet and need to be 

studied in more detail. 
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6. CONCLUSION 

The results of this study support the reliability of the morphometric method to distinguish 

phylotypes T1, T2 and T6 of the genus Ammonia. If we do not consider two sites for which 

genetic assignation is questionable (Thornham and Shoreham by Sea), the correspondence 

between morphometric and molecular identification is ~ 95 %. This study represents the first 

large scale application of the morpholometric determination method to discriminate the 

Ammonia phylotypes T1, T2 and T6. The combined morphological-molecular dataset presented 

here unveils the presence of a clear and coherent distribution pattern around the British Isles 

coasts, which was not fully recognised by previous molecular studies. The overall distribution 

pattern suggests that the supposedly invasive phylotype T6 progressively extends its 

distributional area and replaces the autochthonous T1 and T2 phylotypes. However, in the area 

where T6 is strongly dominant, phylotype T2 seems to subsist in refuges, positioned in higher 

and more inward parts of estuaries. The large-scale general distribution pattern suggests that 

the spreading of T6 in the English Channel may be slowed down or hampered by the presence 

of a major biogeographical boundary, related to the dominant current patterns. Finally, the 

confirmation of the strong reliability of the morphometric determination method should allow 

us to work confidently on foraminiferal material, avoiding systematic molecular identification 

of specimens, which is both expensive and time-consuming. This will allow us to rapidly 

generate large data sets, and thereby gain insight in the ecological differences between the three 

phylotypes. The morphometric analysis of sub-recent/fossil material, for which molecular study 

is still very difficult, if not impossible, will allow us to study historical changes in distribution 

patterns (for instance due to changing anthropogenic pressure) and to verify the putative 

invasive character of phylotype T6. 
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SUPPLEMENTARY INFORMATION 

Supplementary Table 1. Site, ID, genetic identification, average pore diameter, sutures and morphological identification of all the individuals 

from Saad & Wade (2016) investigated in this study. 

Site ID_ind 
Genetic identification  

(from Saad & Wade, 2016) 
Average pore  
diameter (µm) 

Sutures 
(raised/flush) 

Morphological  
identification 

Bangor Ban-167 T1 ND ND ABSENT 

Bangor Ban-169 T1 2.35 raised T1 

Bangor Ban-170 T1 1.71 raised T1 

Bangor Ban-171 T1 2.28 raised T1 

Bangor Ban-173 T1 2.46 raised T1 

Barmouth Bar-236 T2 2.44 flush T6 

Barmouth Bar-238 T1 2.06 raised T1 

Barmouth Bar-240 T1 1.63 raised T1 

Barmouth Bar-242 T1 1.94 raised T1 

Barmouth Bar-243 T1 2.19 raised T1 

Barmouth Bar-244 T1 2.06 raised T1 

Barmouth Bar-247 T1 2.16 raised T1 

Barmouth Bar-248 T1 2.22 raised T1 

Barmouth Bar-253 T1 2.00 raised T1 

Barmouth Bar-261 T1 2.49 raised T1 

Barrow-in-Furness BIF-223 T6 2.34 flush T6 

Barrow-in-Furness BIF-224 T6 2.60 flush T6 

Barrow-in-Furness BIF-226 T6 2.13 flush T6 

Barrow-in-Furness BIF-227 T6 3.37 flush T6 

Barrow-in-Furness BIF-228 T6 2.37 flush T6 

Barrow-in-Furness BIF-240 T6 2.05 flush T6 

Barrow-in-Furness BIF-246 T6 2.13 flush T6 
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Barrow-in-Furness BIF-251 T6 2.20 flush T6 

Barrow-in-Furness BIF-258 T6 2.01 flush T6 

Barton-Upon-Humber Hull-25 T6 2.37 flush T6 

Barton-Upon-Humber Hull-26 T6 1.57 flush T6 

Barton-Upon-Humber Hull-28 T6 2.38 flush T6 

Barton-Upon-Humber Hull-30 T6 2.33 flush T6 

Barton-Upon-Humber Hull-31 T6 2.10 flush T6 

Barton-Upon-Humber Hull-34 T6 1.69 flush T6 

Barton-Upon-Humber Hull-35 T6 1.85 flush T6 

Barton-Upon-Humber Hull-36 T6 2.59 flush T6 

Barton-Upon-Humber Hull-37 T6 1.55 flush T6 

Brancaster (high marsh) 4A-14 T2 0.91 flush T2 

Brancaster (high marsh) 4A-16 T2 0.86 flush T2 

Brancaster (high marsh) 4A-20 T2 0.78 flush T2 

Brancaster (high marsh) 4A-21 T2 ND ND ABSENT 

Brancaster (high marsh) 4A-22 T2 0.77 flush T2 

Brancaster (high marsh) 4A-24 T2 0.76 flush T2 

Brancaster (high marsh) 4A-6 T2 0.92 flush T2 

Brancaster (high marsh) 4A-7 T1 0.97 flush T2 

Brancaster (low marsh) 1A-53 T6 ND ND ABSENT 

Brancaster (low marsh) 1A-56 T6 ND ND ABSENT 

Brancaster (low marsh) 1A-57 T6 ND ND ABSENT 

Brancaster (low marsh) 1A-59 T6 ND ND ABSENT 

Brancaster (low marsh) 1A-63 T6 ND ND ABSENT 

Brancaster (low marsh) 1A-64 T6 ND ND ABSENT 

Brancaster (low marsh) 1A-69 T6 ND ND ABSENT + NO IMAGE in original pub 

Brancaster (low marsh) 1A-70 T6 ND ND ABSENT 

Brancaster (low marsh) 1A-71 T6 ND ND ABSENT 

Brancaster (low marsh) 1A-72 T6 ND ND ABSENT 

Braunton Brs-1 T6 1.97 flush T6 
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Braunton Brs-15 T6 2.59 flush T6 

Braunton Brs-17 T6 2.45 flush T6 

Braunton Brs-19 T6 3.27 flush T6 

Braunton Brs-2 T6 2.20 flush T6 

Braunton Brs-23 T6 2.32 flush T6 

Braunton Brs-3 T6 1.46 flush T6 

Braunton Brs-4 T6 2.27 flush T6 

Braunton Brs-5 T6 2.32 flush T6 

Braunton Brs-8 T6 3.84 flush T6 

Burnham-Overy-Staithe 2A-109 T6 2.23 flush T6 

Burnham-Overy-Staithe 2A-110 T6 1.93 flush T6 

Burnham-Overy-Staithe 2A-118 T6 2.42 flush T6 

Burnham-Overy-Staithe 2A-122 T6 2.82 flush T6 

Burnham-Overy-Staithe 2A-135 T6 2.10 flush T6 

Burnham-Overy-Staithe 2A-14 T6 2.03 flush T6 

Burnham-Overy-Staithe 2A-24 T6 2.65 flush T6 

Burnham-Overy-Staithe 2A-50 T6 2.27 flush T6 

Burnham-Overy-Staithe 2A-52 T6 2.45 flush T6 

Burnham-Overy-Staithe 2A-59 T6 2.80 flush T6 

Galmpton Bix-202 T1 1.25 flush T2 

Galmpton Bix-204 T2 1.13 raised T2 

Galmpton Bix-205 T2 0.96 flush T2 

Galmpton Bix-207 T2 1.12 raised T2 

Galmpton Bix-221 T2 ND ND ABSENT 

Galmpton Bix-223 T1 ND ND ABSENT 

Galmpton Bix-225 T2 ND ND ABSENT 

Galmpton Bix-227 T2 ND ND ABSENT 

Hambleton Ham-115 T6 2.82 flush T6 

Hambleton Ham-123 T6 1.94 flush T6 

Lymington LM-193 T2 1.09 flush T2 
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Lymington LM-194 T2 1.08 flush T2 

Lymington LM-196 T2 1.07 flush T2 

Lymington LM-198 T2 0.95 flush T2 

Lymington LM-203 T2 1.30 flush T2 

Lymington LM-209 T2 1.14 flush T2 

Lymington LM-241 T2 0.91 flush T2 

Lymington LM-242 T2 1.09 flush T2 

Lymington LM-243 T2 1.15 flush T2 

Lymington LM-244 T2 1.01 flush T2 

Pembrock dock Pem-102 T6 2.32 flush T6 

Pembrock dock Pem-103 T6 2.93 flush T6 

Pembrock dock Pem-104 T6 2.82 flush T6 

Pembrock dock Pem-105 T6 2.24 flush T6 

Pembrock dock Pem-115 T6 2.49 flush T6 

Pembrock dock Pem-138 T6 2.57 flush T6 

Pembrock dock Pem-139 T6 3.17 flush T6 

Pembrock dock Pem-140 T6 1.56 NA ND 

Pembrock dock Pem-98 T6 2.44 flush T6 

Pen clawdd Lan-13 T6 2.09 flush T6 

Pen clawdd Lan-18 T6 2.14 flush T6 

Pen clawdd Lan-19 T6 1.75 flush T6 

Pen clawdd Lan-25 T2 2.28 flush T6 

Pen clawdd Lan-27 T6 2.41 flush T6 

Pen clawdd Lan-33 T6 1.70 flush T6 

Pen clawdd Lan-4 T6 2.12 flush T6 

Pen clawdd Lan-46 T6 2.71 flush T6 

Pen clawdd Lan-8 T6 2.37 flush T6 

Pen clawdd Lan-9 T6 2.66 flush T6 

Queenborough Que-1 T6 2.83 flush T6 

Queenborough Que-16 T6 2.77 flush T6 
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Queenborough Que-17 T6 1.71 flush T6 

Queenborough Que-2 T6 2.57 flush T6 

Queenborough Que-27 T6 1.96 flush T6 

Queenborough Que-33 T6 2.20 flush T6 

Queenborough Que-34 T6 2.30 flush T6 

Queenborough Que-38 T6 2.38 flush T6 

Queenborough Que-4 T6 2.58 flush T6 

Queenborough Que-5 T6 2.43 flush T6 

Queenborough Que-8 T6 2.93 flush T6 

Severn_Beach SB-1 T6 2.09 flush T6 

Severn_Beach SB-10 T6 2.30 flush T6 

Severn_Beach SB-28 T6 1.74 flush T6 

Severn_Beach SB-31 T6 1.82 flush T6 

Severn_Beach SB-37 T6 2.94 flush T6 

Severn_Beach SB-7 T6 2.07 flush T6 

Severn_Beach SB-51 T6 ND ND ABSENT 

Severn_Beach SB-53 T6 ND ND ABSENT 

Shoreham-by-Sea Sho-10 T6 0.92 flush T2 

Shoreham-by-Sea Sho-11 T6 1.17 flush T2 

Shoreham-by-Sea Sho-12 T6 1.35 flush T2 

Shoreham-by-Sea Sho-13 T6 1.32 flush T2 

Shoreham-by-Sea Sho-2 T6 1.20 flush T2 

Shoreham-by-Sea Sho-3 T6 1.57 flush T6 

Shoreham-by-Sea Sho-4 T6 1.19 flush T2 

Shoreham-by-Sea Sho-6 T6 0.89 flush T2 

Shoreham-by-Sea Sho-7 T6 1.95 raised T1 

Shoreham-by-Sea Sho-8 T6 1.41 flush T6 

South Queensferry Quf-5 T6 ND ND ABSENT + NO IMAGE in original pub 

South Queensferry Quf-8 T6 ND ND ABSENT + NO IMAGE in original pub 

South Queensferry Quf-16 T6 ND ND ABSENT + NO IMAGE in original pub 
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South Queensferry Quf-24 T6 ND ND ABSENT + NO IMAGE in original pub 

South Queensferry Quf-34 T6 ND ND ABSENT + NO IMAGE in original pub 

South Queensferry Quf-37 T6 ND ND ABSENT + NO IMAGE in original pub 

St Osyth IPS-1 T6 2.18 flush T6 

St Osyth IPS-13 T6 2.54 flush T6 

St Osyth IPS-14 T6 1.90 flush T6 

St Osyth IPS-2 T6 1.80 flush T6 

St Osyth IPS-21 T6 2.54 flush T6 

St Osyth IPS-37 T6 2.42 flush T6 

St Osyth IPS-39 T6 2.34 flush T6 

St Osyth IPS-4 T1 2.53 flush T6 

St Osyth IPS-41 T6 2.52 flush T6 

Thornham 5A-15 T6 2.77 ND ND 

Thornham 5A-32 T6 ND ND ABSENT 

Thornham 5A-35 T2 ND ND ABSENT + NO IMAGE in original pub 

Thornham 5A-34 T2 2.05 flush T6 

Thornham 5A-37 T2 2.74 flush T6 

Thornham 5A-38 T2 1.91 flush T6 

Thornham 5A-39 T2 3.08 flush T6 

Thornham 5A-40 T2 2.33 flush T6 

Thornham 5A-62 T2 2.83 flush T6 

Thornham 5A-63 T2 ND ND ABSENT 
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Supplementary Table 2. Site, coordinates, specimen ID, accession number, list of individuals used in Richirt et al., 2019, genetic and 

morphological identification of the individuals issed from the AMTEP project. 

Location Latitude Longitude Specimen ID 
Accession  
number  

(GenBank) 

Used in 
Richirt et al.,  

2019a 

Used in 
Richirt et al.,  

2019b 
Phylotype 

Morphologic  
identification 

St Vaast 49°34'38.60"N 1°16'38.80"W Ma027  X  T1 T1 

St Vaast 49°34'38.60"N 1°16'38.80"W Ma028  X  T2A T2 

St Vaast 49°34'38.60"N 1°16'38.80"W Ma030  X  T2A T2 

St Vaast 49°34'38.60"N 1°16'38.80"W Ma031 MH200684 X  T2A T2 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma080 MH200701 X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma081    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma082    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma083 MH200702 X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma084  X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma085  X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma086  X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma087  X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma088    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma089  X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma090    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma091  X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma093    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma094  X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma095    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma096    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma097  X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma098    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma099    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma100    T6  
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Seine estuary 49°26'31.30"N 0°16'25.20"E Ma101 MH200703 X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma102    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma103    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma104    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma105    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma106    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma107    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma108 MH200704 X  T6 T6 

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma109 MH200705 X  T6 T6 

Ouistreham 49°16'16.40"N 0°14'12.20"W Ma142 MH200668 X  T1 T1 

Ouistreham 49°16'16.40"N 0°14'12.20"W Ma144    T6  

Ouistreham 49°16'16.40"N 0°14'12.20"W Ma145    T6  

Ouistreham 49°16'16.40"N 0°14'12.20"W Ma146    T6  

Ouistreham 49°16'16.40"N 0°14'12.20"W Ma147  X  T6 T6 

Ouistreham 49°16'16.40"N 0°14'12.20"W Ma148    T6  

Ouistreham 49°16'16.40"N 0°14'12.20"W Ma150 MH200683 X  T2B T2 

Authie 50°22'23.80"N 1°35'44.00"E Ma173    T6  

Authie 50°22'23.80"N 1°35'44.00"E Ma174    T6  

Authie 50°22'23.80"N 1°35'44.00"E Ma175    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma176    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma181    T6  

Seine estuary 49°26'31.30"N 0°16'25.20"E Ma182    T6  

Authie 50°22'23.80"N 1°35'44.00"E Ma189    T6  

Rade de Brest 48°24'13.10"N 4°21'16.00"W RB006    T2A  

Rade de Brest 48°24'13.10"N 4°21'16.00"W RB007  X  T1 T2 

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH006    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH007    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH008    T6  
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Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH009  X  T6 T6 

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH010 MH200689 X  T6 T6 

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH013 MH200690 X  T6 T6 

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH014    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH017    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH018    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH024    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH025    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH026    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH027    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH028    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH029    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH030    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH031    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH032    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH034    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH035    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH040    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH041    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH042    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH043    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH044    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH045    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH046    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH047    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH069    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH071    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH074    T6  
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Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH075    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH077    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH078    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH079    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH080    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH081    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH082    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH083    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH084    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH085    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH086    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH087    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH088    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH095    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH096    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH097    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH098    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH103    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH106    T6  

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E BH108    T6  

Grevelingen 51°44'50.04"N 03°53'24.06"E Gv145 MN190684  X T6  

Grevelingen 51°44'50.04"N 03°53'24.06"E Gv147 MN190685  X T6  

Grevelingen 51°44'50.04"N 03°53'24.06"E Gv152 MN190686  X T6  

Grevelingen 51°44'50.04"N 03°53'24.06"E Gv155 MN190687  X T6  

Grevelingen 51°44'50.04"N 03°53'24.06"E Gv160 MN190688  X T6  

Grevelingen 51°44'50.04"N 03°53'24.06"E Gv162 MN190689  X T6  

Grevelingen 51°44'50.04"N 03°53'24.06"E Gv164 MN190690  X T6  

Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK020  X  T2A T6 
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Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK023  X  T2A T6 

Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK034    T2A  

Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK039    T2A  

Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK042    T2A  

Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK043    T6  

Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK044    T2A  

Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK047    T6  

Veerse Meer 51°33'12.24''N 3°52'25.34''E ZK049    T2A  
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Plates 1. ID of each individual and the associated SEM images of the spiral side (all scale bars 50 µm) and a 

magnification (1000x) of the penultimate chamber used for pore measurements. Individuals are ordered by 

location. 
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Supplementary Figure 1. Map showing the interpolated distribution of T1 (red), T2 (green) and T6 (blue) 

based on dominant phylotypes at each site. Blue arrows show the possible colonisation pathway of T6.  Black 

doted arrows represent the general circulation of water masses in the seas of North-western Europe (from 

Salomon & Breton, 1993 and Bailly du Bois & Dumas, 2005). Black arrows represent the different gyres and 

strong residual currents. Residual currents and gyres were compiled from Brown et al., 2003, Coscia et al., 

2013 and Robins et al., 2013 for the current from Bristom Channel to south Ireland and for the Western Irish 

Sea Gyre; Salomon & Breton, 1991, 1993 and Dupont et al. 2007 for the Bay of Seine Gyre and gyres on the 

west side of the Cotentin peninsula. 
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ABSTRACT 

Over the last decades, hypoxia in marine coastal environments has become more and 

more widespread, prolonged and intense. Hypoxic events have large consequences for the 

functioning of benthic ecosystems. In severe cases, they may lead to complete anoxia and 

the presence of toxic sulfides in the sediment and bottom-water, thereby strongly affecting 

biological compartments of benthic marine ecosystems. Within these ecosystems, benthic 

foraminifera show a high diversity of ecological responses, with a wide range of adaptive 

life strategies. Some species are particularly resistant to hypoxia–anoxia, and 

consequently it is interesting to study the whole foraminiferal community as well as 

species specific responses to such events. Here we investigated the temporal dynamics of 

living benthic foraminiferal communities (recognised by CellTracker™ Green) at two 

sites in the saltwater Lake Grevelingen in the Netherlands. These sites are subject to 

seasonal anoxia with different durations and are characterised by the presence of free 

sulfide (H2S) in the uppermost part of the sediment. Our results indicate that 

foraminiferal communities are impacted by the presence of H2S in their habitat, with a 

stronger response in the case of longer exposure times. At the deepest site (34 m), in 

summer 2012, 1 to 2 months of anoxia and free H2S in the surface sediment resulted in an 

almost complete disappearance of the foraminiferal community. Conversely, at the 

shallower site (23 m), where the duration of anoxia and free H2S was shorter (1 month or 

less), a dense foraminiferal community was found throughout the year except for a short 

period after the stressful event. Interestingly, at both sites, the foraminiferal community 

showed a delayed response to the onset of anoxia and free H2S, suggesting that the 

combination of anoxia and free H2S does not lead to increased mortality, but rather to 

strongly decreased reproduction rates. At the deepest site, where highly stressful 

conditions prevailed for 1 to 2 months, the recovery time of the community takes about 

half a year. In Lake Grevelingen, Elphidium selseyense and Elphidium magellanicum are 

much less affected by anoxia and free H2S than Ammonia sp. T6. We hypothesise that this 

is not due to a higher tolerance for H2S, but rather related to the seasonal availability of 

food sources, which could have been less suitable for Ammonia sp. T6 than for the 

elphidiids. 

1. INTRODUCTION 

Hypoxia affects numerous marine environments, from the open ocean to coastal areas. Over 

the last decades, a general decline in oxygen concentration was observed in marine waters 

(Stramma et al., 2012), with an extent varying between the concerned regions. In coastal areas, 

oxygen concentrations have been estimated to decrease 10 times faster than in the open ocean, 

with indications of a recent acceleration, expressed by increasing frequency, intensity, extent 

and duration of hypoxic events (Diaz and Rosenberg, 2008; Gilbert et al., 2010). This is due to 

the combination of (1) global warming, which is strengthening seasonal stratification of the 

water column and decreasing oxygen solubility, and (2) eutrophication resulting from increased 

anthropogenic nutrient and/or organic matter input, which is enhancing benthic oxygen 

consumption in response to increased primary production (Diaz and Rosenberg, 2008). Bottom-
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water hypoxia has serious consequences for the functioning of all benthic ecosystem 

compartments (see Riedel et al., 2016, for a review). Benthic faunas are strongly impacted by 

these events (Diaz and Rosenberg, 1995), even though the meiofauna, especially foraminifera, 

appears to be less sensitive to low dissolved oxygen (DO) concentrations than the macrofauna 

(e.g. Josefson and Widbom, 1988). Many foraminiferal taxa are able to withstand seasonal 

hypoxia–anoxia (see Koho et al., 2012, for a review), and consequently they can play a major 

role in carbon cycling in ecosystems affected by seasonal low-oxygen concentrations (Woulds 

et al., 2007). Anoxia is often accompanied by free sulfide (H2S) in pore and/or bottom waters 

(e.g. Jørgensen, 1982; Seitaj et al., 2015), which is considered very harmful for the benthic 

macrofauna (Wang and Chapman, 1999). Neutral molecular H2S can diffuse through cellular 

membranes and inhibits the functioning of cytochrome c oxidase (a mitochondrial enzyme 

involved in ATP production), finally inhibiting aerobic respiration (Nicholls and Kim, 1982; 

Khan et al., 1990; Dorman et al., 2002). 

Lake Grevelingen (southwestern Netherlands) is a former branch of the Rhine–Meuse–

Scheldt estuary, which was closed in its eastern part (riverside) by the Grevelingen Dam in 

1964 and in its western part (seaside) by the Brouwers Dam in 1971. The resulting saltwater 

lake, with a surface of 115 km2, is one of the largest saline lakes in western Europe. Lake 

Grevelingen is characterised by a strongly reduced circulation (even after the construction of a 

small sluice in 1978) with a strong thermal stratification occurring in the main channels in 

summer, leading to seasonal bottom-water hypoxia–anoxia in late summer and early autumn 

(Bannink et al., 1984). This situation results in a rise of the H2S front in the uppermost part of 

the sediment, sometimes up to the sediment–water interface. 

These observations especially concern the Den Osse Basin (i.e. one of the deeper basins, 

maximum depth 34 m; Hagens et al., 2015), which has been intensively monitored over the last 

decades, so that a large amount of environmental data are available (e.g. Wetsteijn, 2011; 

Donders et al., 2012). The annual net primary production in the Den Osse Basin (i.e. 225 gC 

m–2 yr–1; Hagens et al., 2015) is comparable to other estuarine systems in Europe (Cloern et al., 

2014). However, there is almost no nutrient input from external sources; thus primary 

production is largely based on autochthonous recycling (> 90 %; Hagens et al., 2015), both in 

the water column and in the sediment, with a very strong pelagic–benthic coupling (de Vries 

and Hopstaken, 1984). The benthic environment is characterised by the presence of two 

antagonistic groups of bacteria, with contrasting seasonal population dynamics (i.e. cable 

bacteria in winter–spring and Beggiatoaceae in autumn–winter), which have a profound impact 

on all biogeochemical cycles in the sediment column (Seitaj et al., 2015; Sulu-Gambari et al., 
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2016a, b). The combination of hypoxia–anoxia with sulfidic conditions, which is rather unusual 

in coastal systems without external nutrient input, and the activity of antagonistic bacterial 

communities makes Lake Grevelingen a very peculiar environment. In the Den Osse Basin, 

seasonal anoxia coupled with the presence of H2S at or very close to the sediment–water 

interface occurs in summer (i.e. between July–September). However, euxinia (i.e. diffusion of 

free H2S in the water column) does not occur, because of cable bacterial activity (Seitaj et al., 

2015). 

Although the tolerance of foraminifera towards low DO contents and long-term anoxia 

(from weeks to 10 months) has been well documented for many species from different types of 

environments in laboratory culture (e.g. Moodley and Hess, 1992; Alve and Bernhard, 1995; 

Bernhard and Alve, 1996; Moodley et al., 1997; Duijnstee et al., 2003, 2005; Geslin et al., 2004, 

2014; Ernst et al., 2005; Pucci et al., 2009; Koho et al., 2011) as well as in field studies (e.g. 

Piña-Ochoa et al., 2010b; Langlet et al., 2013, 2014), their tolerance of free H2S is still debated. 

In the vast majority of previous studies, no decrease in the total abundances of living 

foraminifera (i.e. strongly increased mortality) was observed during anoxic events. 

Unfortunately, studies on foraminiferal response in systems affected by seasonal hypoxia–

anoxia with sulfidic conditions are still very sparse. The few available observations are not 

conclusive, but they suggest that H2S could be toxic for foraminifera even on fairly short 

timescales (Bernhard, 1993; Moodley et al., 1998b; Panieri and Sen Gupta, 2008; Langlet et 

al., 2014). 

To our knowledge, all earlier studies show that the foraminiferal response to hypoxia–

anoxia is species-specific (e.g. Bernhard and Alve, 1996; Ernst et al., 2005; Bouchet et al., 

2007; Geslin et al., 2014; Langlet et al., 2014). However, this species-specific response 

generally follows the same scheme (usually decrease in density, reduction of growth and/or 

reproduction), with different response intensities. Duijnstee et al. (2005) suggested that oxic 

stress leads to an increased mortality and inhibited growth and reproduction. The suggestion of 

inhibited growth is supported by LeKieffre et al. (2017), who observed that the morphospecies 

Ammonia tepida (probably Ammonia sp. T6) showed minimal or no growth under anoxia. 

Conversely, Geslin et al. (2014) and Nardelli et al. (2014) suggested that, in the same 

morphospecies, reproduction was strongly reduced, but growth would not be affected by 

hypoxic and/or short anoxic events. Additionally, under low-oxygen conditions, some species 

are able to shift to anaerobic metabolism (i.e. denitrification; Risgaard-Petersen et al., 2006; 

Piña-Ochoa et al., 2010a), to sequester chloroplast (i.e. kleptoplastidy; Jauffrais et al., 2018), to 
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associate with bacterial symbionts (Bernhard et al., 2010) or to enter into a state of dormancy 

(Ross and Hallock, 2016; LeKieffre et al., 2017). 

The highly peculiar environmental context of Lake Grevelingen offers an excellent 

opportunity to study this still poorly known aspect of foraminiferal ecology. 

The conventional method to discriminate between live and dead foraminifera uses Rose 

Bengal, a compound which stains proteins (i.e. organic matter). This method was proposed for 

foraminifera by Walton (1952) and is based on the assumption that “the presence of protoplasm 

is positive indication of a living or very recently dead organism”. The author already noted that 

this assumption implied that the rate of degradation of organic material should be relatively 

high. Previous studies of living benthic foraminifera in environments subjected to hypoxia–

anoxia were almost all based on Rose Bengal-stained samples (e.g. Gustafsson and Nordberg, 

1999, 2000; Duijnstee et al., 2004; Panieri, 2006; Schönfeld and Numberger, 2007; Polovodova 

et al., 2009; Papaspyrou et al., 2013). However, foraminiferal protoplasm may remain stainable 

from several weeks to months after their death (Corliss and Emerson, 1990), especially under 

low dissolved oxygen concentrations where organic matter degradation may be very slow 

(Bernhard, 1988; Hannah and Rogerson, 1997; Bernhard et al., 2006). The Rose Bengal staining 

method is therefore not suitable for studies in environments affected by hypoxia–anoxia. 

Consequently, the results of foraminiferal studies in low-oxygen environments based on this 

method have to be considered with reserve. In order to avoid this problem, we used 

CellTracker™ Green (CTG) to recognise living foraminifera. CTG is a fluorescent probe which 

marks only living individuals with cytoplasmic (i.e. enzymatic) metabolic activity (Bernhard et 

al., 2006). Since metabolic activity stops after the death of the organism, CTG should give a 

much more accurate assessment of the living assemblages at the various sampling times and 

thereby avoid overestimation of the live foraminiferal abundances. 

In this study, samples were collected in August and November 2011 and then every month 

through the year 2012, at two different stations in the Den Osse Basin, with two replicates 

dedicated to foraminifera. The two stations were chosen in contrasted environments regarding 

water depth (34 and 23 m, respectively) and duration of seasonal hypoxia–anoxia and sulfidic 

conditions. Living foraminiferal assemblages were studied in the uppermost sediment and size 

distributions were determined in order to get insight into the possible moment(s) of 

reproduction or accelerated growth in test size. The seasonal variability study of the 

foraminiferal community allows us (1) to better understand the foraminiferal tolerance of 

seasonal hypoxia–anoxia with the presence of free H2S in their microhabitat and (2) to obtain 

information about the responses of the various species to adverse conditions. This knowledge 
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will be useful for the development of indices assessing environmental quality (i.e. 

biomonitoring) and may also improve palaeoecological interpretations of coastal records (e.g. 

Murray, 1967; Gustafsson and Nordberg, 1999). 

2. MATERIALS AND METHODS 

2.1. STUDIED AREA – ENVIRONMENTAL SETTINGS IN THE DEN OSSE BASIN 

Lake Grevelingen is a part of the former Rhine–Meuse–Scheldt estuary, in the southwestern 

Netherlands. This former estuarine branch was turned into an artificial saltwater lake during the 

Delta Works project. In Lake Grevelingen, the water circulation is strongly limited by the 

construction of dams (in the early 1970s) and only a small sluice allows water exchanges with 

open seawater (i.e. very weak hydrodynamics). In the lake, development of bottom-water 

hypoxia–anoxia occurs in the deepest part of the basin in summer (i.e. July–September) to early 

autumn (i.e. October–December; Bannink et al., 1984; Hagens et al., 2015). In the literature, 

the terminology and threshold values used to describe oxygen depletion are highly variable (e.g. 

oxic, dysoxic, hypoxic, suboxic, microxic, postoxic; see Jorissen et al., 2007; Altenbach et al., 

2012). In this study we defined hypoxia as a concentration of oxygen < 63 μmol L-1 (1.4 mL L-

1 or 2 mg L-1) whereas anoxia is defined as no detectable oxygen (following Rabalais et al., 

2010). 

In Den Osse Basin, the nutrient input from external sources is very low and pelagic–

benthic coupling is essential, as already noted by de Vries and Hopstaken (1984). In 2012, 

phytoplankton blooms occurred in April–May and July (Hagens et al., 2015) in response to the 

increasing solar radiation and nutrient availability in the water column following organic matter 

recycling in winter. This led to an increased food availability in the benthic compartment in the 

same periods. In general, Chl a concentrations in Den Osse Basin are below 10 μg L-1, excluding 

very short peaks during blooms in April–May and July which did not exceed 30 μg L-1
 in 2012 

(Hagens et al., 2015). Thermal stratification of the water column and increased oxygen 

consumption due to organic matter input (i.e. from phytoplankton blooms) are both responsible 

for the development of seasonal bottom-water hypoxia–anoxia in summer (i.e. July–

September). Although euxinia (i.e. the presence of free H2S in the water column) does not occur 

in the Den Osse Basin due to cable bacterial activity in winter, free H2S is present in the 

uppermost layer of the sediment in summer (Seitaj et al., 2015). Summarising, in the benthic 

ecosystem, increased food availability in summer is counterbalanced by strongly decreasing 
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oxygen contents, sometimes accompanied by the presence of free sulfides in the topmost 

sediment. 

2.2. FIELD SAMPLING 

The two studied sites are located along a depth gradient in the Den Osse Basin of Lake 

Grevelingen. Both station 1 (51°44.8340’ N, 3°53.4010’ E) and station 2 (51°44.9560’ N, 

3°53.8260’ E) are located in the main channel, at 34 and 23 m depth, respectively (Fig. 1). 

 

Figure 1. Map of Lake Grevelingen showing the location of the two sampled stations in the Den Osse 
Basin (red star). The transversal section of the Den Osse Basin (top right) shows the depth at which 
station 1 (S1) and station 2 (S2) were sampled (34 and 23 m depth, respectively). This figure was 

modified from Sulu-Gambari et al. (2016b). 

Measurements of bottom-water oxygen (BWO) concentrations were performed at 2m above 

the sediment–water interface and are from Donders et al. (2012), whereas the data for 2012 

were published in Hagens et al. (2015). Sediment cores were collected monthly in 2012 using 

a single core gravity corer (UWITEC, Austria) using PVC core liners (6 cm inner diameter, 60 

cm length). All cores were inspected upon retrieval and only visually undisturbed sediment 

cores were used for further analysis (Seitaj et al., 2017). Oxygen penetration depth (OPD) and 

depth of free H2S detection were determined by Seitaj et al. (2015) using profiling microsensors 

for station 1. The data for station 2 (Supplement Table S1) were acquired similarly and during 
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the same cruises but never published; for further details about the sampling method, see Seitaj 

et al. (2015). 

Two replicate sediment cores dedicated to the foraminiferal study were sampled in August 

and November 2011 using the same gravity corer (UWITEC, Austria) and then monthly 

throughout the year 2012 at the same sampling time as for BWO concentration and OPD and 

H2S measurements in the sediment (see Seitaj et al., 2015). Consequently, for 2012 at stations 

1 and 2, OPD and H2S were measured in the sediment column at the same time as foraminifera 

were sampled (Seitaj et al., 2015). For each replicate, the uppermost centimetre (0–1 cm) of the 

core was then transferred on board in a vial of 250 mL, and 30 mL of seawater (at the same 

temperature as in situ) was added to the vial. Then we labelled the samples with CellTracker™ 

Green CMFDA (CTG, 5-chloromethylfluorescein diacetate, final concentration of 1 μmol L-1 

following Bernhard et al., 2006) and slowly agitated manually to allow the CTG diffusion in 

the whole sample. Samples were then fixed in 5 % sodium-borate-buffered formalin after 24 h 

of incubation in the dark. 

2.3. SAMPLE TREATMENT 

All samples were sieved over 315, 150 and 125 μm meshes, and foraminiferal assemblages 

were studied in all three size fractions. Individuals were picked wet under an epifluorescence 

stereomicroscope (Olympus SZX12, light fluorescent source Olympus URFL-T, 

excitation/emission wavelengths: 492 nm/517 nm) and placed on micropalaeontological slides. 

Only specimens that fluoresced brightly green were considered living and were identified to the 

(morpho)species level when possible. Since picking foraminifera under an epifluorescence 

stereomicroscope is particularly time-consuming, we decided to study samples only every 2 

months for the year 2012. At a later stage, in view of the large differences in foraminiferal 

abundances between the samples of September and November 2012 at station 2, we decided to 

study the October and December 2012 samples as well for this station. The sampling dates 

investigated in this study are listed in Table 1. 
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Table 1. Sampling dates of the samples which were investigated for living foraminifera for stations 1 
and 2. X: one core investigated; O: no core investigated. 

Year Month Day Station 1 Station 2 

2011 August 22 X X X X 

2011 November 15 X X X X 

2012 January 23 X X X X 

2012 March 12 X X X X 

2012 May 30 X X X X 

2012 July 24 X X X X 

2012 September 20 X X X X 

2012 October 18 O X X 

2012 November 2 X X X X 

2012 December 3 O X X 

Abundances were then standardised to a volume of 10 cm3. The abundances of living 

foraminifera for each sampling time and replicate are listed in Tables S2 and S3. The mean 

abundance and standard deviation (�̅� ± SD) for the two replicates for each sampling date were 

calculated for both the total living assemblage and the individual species, as an indication of 

spatial patchiness. 

2.4. TAXONOMY OF DOMINANT SPECIES 

Four dominant species (> 1 % of the total assemblage) were present in our material: 

Ammonia sp. T6, Elphidium magellanicum (Heron-Allen and Earland, 1932), Elphidium 

selseyense (Heron-Allen and Earland, 1911) and Trochammina inflata (Montagu, 1808). As we 

identified these species on the basis of morphological criteria, we will use them as 

“morphospecies”. 

Concerning the genus Ammonia, two living specimens collected at Grevelingen station 1 

were molecularly identified (by DNA barcoding) as phylotype T6 by Bird et al. (2019). At the 

same site, we genotyped seven other living Ammonia specimens, which were all T6. Their 

sequences were deposited in GenBank (accession numbers MN190684 to MN190690), and 

Supplement Fig. S1 shows scanning electron microscope (SEM) images of the spiral side and 

of the penultimate chamber at 1000x magnification for four individuals. A morphological 

screening based on the criteria proposed by Richirt et al. (2019) confirmed that T6 accounts for 

the vast majority (> 98 %) of Ammonia individuals, whereas phylotypes T1, T2, T3 and T15 

are only present in very small amounts (Table S3). 

The specimens of Elphidium magellanicum were identified exclusively on the basis of 

morphological criteria, as there are no molecular data available yet. This morphospecies, 
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although rare, is regularly recognised in Boreal and Lusitanian provinces of Europe (e.g. 

Gustafsson and Nordberg, 1999; Darling et al., 2016; Alve et al., 2016). However, as the type 

species was described from the Strait of Magellan (Southern Chile), the European specimens 

may represent a different species and further studies involving DNA sequencing of both 

populations are needed to confirm or disprove this taxonomic attribution (see Roberts et al., 

2016). 

Elphidium selseyense has often been considered an ecophenotype of Elphidium excavatum 

(Terquem, 1875) and has been identified as E. excavatum forma selseyensis (e.g. Feyling-

Hanssen, 1972; Miller et al., 1982). Four living specimens were already sampled for DNA 

analysis at station 1 and were all identified as the species E. selseyense (phylotype S5, Darling 

et al., 2016). We only observed minor morphological variations in our material, especially 

concerning the number of small bosses in the umbilical region, which we considered to be 

intraspecific variability. Consequently, we identified all our specimens as E. selseyense. The 

specimens attributed to Trochammina inflata were also identified exclusively on the basis of 

morphological criteria, as no molecular data are available yet. 

2.5. SIZE DISTRIBUTION MEASUREMENT 

In order to detect periods of increased growth and/or reproduction, size measurements were 

performed on all samples of 2012. The measurements were made for all species (4176 

individuals for station 1 and 19624 individuals for station 2), and trochospiral species were all 

orientated spiral side up prior to measurements. High-resolution images (3648 pixels x 2736 

pixels) of all micropalaeontological slides were taken with a stereomicroscope (Leica S9i, 10x 

magnification) and individual measurements were processed using ImageJ software (Schneider 

et al., 2012, Fig. S2). 

Each individual was isolated (Fig. S2) and its maximum diameter was measured (i.e. 

Feret’s diameter). We represented all size distributions using histograms with 20 μm classes 

(the best compromise between the total number of individuals and the size range (Fig. S3). As 

we only examined the size fractions > 125 μm, our analysis mainly concerns adult specimens 

and does not include juveniles. This limitation should be kept in mind when interpreting the 

results. 

Assuming that the size distribution was a sum of Gaussian curves, each of them 

representing a cohort, we tried to identify the approximate mode for the Gaussian curves (i.e. 

cohorts) using the changes in slope (i.e. inflexion points) of the second-order derivative of the 
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total size distribution (Gammon et al., 2017). Unfortunately, this tentative attempt to distinguish 

cohorts by using a deconvolution method was not conclusive. The main problem was the lack 

of information concerning individuals smaller than 125 μm, so that our size distributions were 

systematically skewed toward small individuals. Because the identification of individual 

cohorts was not successful, a study of population dynamics was not possible. For this reason, 

the data are only shown in Figs. S2 and S3. Nevertheless, the size distribution data give some 

clues concerning the possible moment(s) of reproduction or intensified test growth for the 

different species. 

2.6. ENCRUSTED FORMS OF E. MAGELLANICUM 

In our samples, we found abundant encrusted forms of E. magellanicum at station 1 (May 

2012) and station 2 (May, July, September and December 2012, Fig. 2). Most individuals were 

totally encrusted (Fig. 2a), others only partly (Fig. 2b). These crusts were hard, firmly stuck to 

the shell (difficult to remove with a brush), thin (Fig. 2c–e) and rather coarse. In order to 

determine if the crust matrix is constituted of carbonate, we placed some specimens in 

microtubes and exposed them to 0.1 M of EDTA (ethylenediaminetetraacetic acid) diluted in 

0.1 M cacodylate buffer (acting as a carbonate chelator). After an exposition of 24 h, we 

checked under a stereomicroscope if the crust was still cohesive (no carbonate in the crust) or 

was disaggregated (crust contains carbonate). 
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Figure 2. SEM images of fully encrusted specimen (a), partially encrusted specimen (b) and crushed 
encrusted specimen of Elphidium magellanicum (c). Note the thinness of the crust and the spinose 

structures in (d) and (e). 
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3. RESULTS 

3.1. TOTAL ABUNDANCES OF FORAMINIFERAL ASSEMBLAGES 

Averaged total abundances varied between 1.1 ± 1.5 and 449.9 ± 322.1 ind. 10 cm-3 for 

station 1 and between 91.1 ± 25.0 and 604.8 ± 3.5 ind. 10 cm-3 for station 2 (Fig. 3 and Table 

2). For every studied month, the total density was higher at station 2 than at station 1. The 

seasonal succession is very different between the two sites (Fig. 3). Station 1 shows very low 

total foraminiferal abundances for most months, contrasting with much higher densities in May 

and July. Conversely, station 2 shows high total foraminiferal abundances throughout the year, 

with somewhat lower values in November 2011 and October and November 2012 (Fig. 3). 

Table 2. Mean living foraminiferal absolute (ind. 10 cm-3) and relative abundances (percentage of the 
total fauna, in parentheses) of the dominant species. Last column: absolute abundance of the total 

fauna. 

 

At station 1, almost no individuals were present in August (𝑥 = 3.4 ± 1.3) and November 

2011 (𝑥 = 1.1 ± 1.5). In 2012, total abundances were very low in January (𝑥 = 11.5 ± 9.3), 

showed a slight increase in March (𝑥 = 62.1 ± 19.3) and reached a maximal abundance in May 

(𝑥 = 449.9 ± 322.1). Total abundances then progressively decreased from May to September 

(𝑥 = 34.0 ± 17.0) and almost no foraminifera were present in November (𝑥 = 1.6 ± 0.3). 

At station 2, total abundances were comparatively low in August and November 2011 (𝑥 =

174.0 ± 48.0  and 𝑥 = 128.7 ± 25.0 ind. 10 cm-3, respectively). In 2012, total abundances 



Chapter 4: Foraminiferal community response to seasonal anoxia in Lake Grevelingen 

170 

were relatively high and stable from January to September (between 𝑥 = 523.6 ± 30.7 and 

𝑥 = 604.8 ± 3.5), then decreased in October (𝑥 = 211.5 ± 8.0) and November (𝑥 = 91.1 ±

25.3) and finally increased again in December (𝑥 = 377.9 ± 38.8). 

 

Figure 3. The grey bars represent the living foraminiferal abundances for the two replicates. The mean 
abundances (diamonds) and standard deviations (black error bars) were calculated for the two 

replicates for stations 1 (34 m depth, a) and 2 (23 m depth, b). All abundance values are for the 0–1 cm 
layer and were standardised to 10 cm3. Months where foraminiferal communities were investigated are 

indicated in bold (excluding October and December at station 1). 

3.2. DOMINANT SPECIES 

At station 1, the major species were, in order of decreasing abundances, Elphidium 

selseyense (Fig. 4a–b), Elphidium magellanicum (Fig. 4c–d) and Ammonia sp. T6 (Fig. 4e–g). 

In Figure 4, we added Trochammina inflata (Fig. 4h–j) to facilitate comparison with station 2, 

where this species is among the dominant ones. The “other species” account only for 2.2 % of 

the total assemblage at station 1. The fact that they are well represented in some months (e.g. 

26.3 % of the assemblage in August 2011) is due to the extremely low number of individuals 

(see Fig. 3 and Table 2). At station 2, the dominant species, in order of decreasing abundances, 
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were E. selseyense, Ammonia sp. T6, E. magellanicum and T. inflata (Table 2). Here, “other 

species” account only for 2.6 % of the total assemblage. Whereas E. selseyense and E. 

magellanicum were dominant species at both stations, both Ammonia sp. T6 and T. inflata were 

present in much higher abundances at station 2 compared to station 1, where the latter species 

was almost absent (Figs. 5–6). 

 

Figure 4. SEM images of Elphidium selseyense in lateral (a) and peripheral (b) views; Elphidium 
magellanicum in lateral (c) and peripheral (d) views; Ammonia sp. T6 in spiral (e), peripheral (f) and 
umbilical (g) views; and Trochammina inflata in spiral (h), peripheral (i) and umbilical (j) views. All 

scale bars are 50 μm. 

At station 1, only some very scarce individuals of E. selseyense were observed in August 

and November 2011 (Fig. 5 and Table 2). In 2012, E. selseyense abundances were very low in 
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January and started to increase in March (𝑥 = 23.9 ± 6.8), reaching maximal values in May 

(𝑥 = 336.5 ± 275.8). In July, values for E. selseyense were still high (𝑥 = 162.0 ± 121.5) and 

further decreased until an almost total absence in November 2012. No specimen of E. 

magellanicum was observed in 2011 (Fig. 5 and Table 2). The abundance of E. magellanicum 

was very low in January 2012, started to increase in March (𝑥 = 21.6 ± 11.0), reaching 

maximal values in May (𝑥 = 96.4 ± 47.3) and then strongly decreased in July (𝑥 = 3.7 ± 0.3). 

The species was absent from samples in September and November 2012. Ammonia sp. T6 was 

almost absent in August and November 2011 and present with very few specimens in January 

2012 (𝑥 = 3.2 ± 3.5). Maximum abundances were reached between March and July 2012 

(ranging between 𝑥 = 9.2 ± 6.5  and 𝑥 = 12.9 ± 1.3 ). Then abundances rapidly decreased 

until the species was almost absent in November. Trochammina inflata was absent in 2011 and 

was only present in very low abundances from January to May and in September 2012. 
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Figure 5. The bars represent the living foraminiferal abundances for the two replicates for Elphidium 
selseyense (a), Elphidium magellanicum (b), Ammonia sp. T6 (c) and Trochammina inflata (d) at 

station 1 in 2011 and 2012. The mean abundances (diamonds) and standard deviations (black error 
bars) were calculated for the two replicates. All abundance values are for the 0–1 cm layer and were 
standardised to 10 cm3. Months when foraminiferal communities were investigated are indicated in 

bold. Scales were chosen in order to facilitate comparison with station 2. 

At station 2, the two dominant species were E. selseyense and Ammonia sp. T6, which 

together always represented at least 70 % of the total assemblage (Fig. 6 and Table 2). These 

two species showed a different seasonal pattern over the considered period. Abundances of E. 

selseyense were comparable in August (𝑥 = 74.8 ± 29.8) and November 2011 (𝑥 = 52.3 ±

27.0) and then showed a progressive increase until a maximum in September 2012 (𝑥 =
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365.5 ± 70.3 . Abundances then showed a sharp decrease in October and November 

(respectively 𝑥 = 98.7 ± 8.5  and 𝑥 = 30.9 ± 2.3 ) to increase again in December ( 𝑥 =

252.2 ± 41.0). For Ammonia sp. T6, abundances strongly increased between November 2011 

(𝑥 = 60.8 ± 1.5) and January 2012 (𝑥 = 226.2 ± 52.3) and then progressively decreased until 

the end of 2012 ( 𝑥 = 48.1 ± 26.0  in November 2012). Trochammina inflata showed an 

analogous pattern to Ammonia sp. T6. Abundances strongly increased between November 2011 

(𝑥 = 11.8 ± 1.8) and January 2012 (𝑥 = 121.5 ± 29.8) and then progressively decreased until 

very low abundances in November (𝑥 = 3.7 ± 3.0). E. magellanicum was completely absent in 

August and November 2011, almost absent in January 2012 (𝑥 = 0.9 ± 0.3) and then suddenly 

increased until a maximum of 𝑥 = 116.0 ± 6.5 in May. Abundances stayed relatively high in 

July (𝑥 = 37.8 ± 2.5) and September (𝑥 = 72.0 ± 35.8) and then drastically decreased until 

minimum numbers in October and November. Finally, like all other species, E. magellanicum 

abundances increased again in December (𝑥 = 25.5 ± 13.0). 
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Figure 6. The bars represent the living foraminiferal abundances for the two replicates for Elphidium 
selseyense (a), Elphidium magellanicum (b), Ammonia sp. T6 (c) and Trochammina inflata (d) at 

station 2 in 2011 and 2012. The mean abundances (diamonds) and standard deviations (black error 
bars) were calculated for the two replicates. All abundances values are for the 0–1 cm layer and were 
standardised to 10 cm3. Months when foraminiferal communities were investigated are indicated in 

bold. Scales were chosen in order to facilitate comparison with station 1. 

3.3. ENCRUSTED FORMS OF E. MAGELLANICUM 

After exposition to 0.1 M of EDTA diluted in 0.1 M cacodylate buffer, the crusts remained 

cohesive, indicating that they do not consist of carbonate and suggesting that they are composed 



Chapter 4: Foraminiferal community response to seasonal anoxia in Lake Grevelingen 

176 

of sediment particles cemented by an organic matrix. 

At station 1, encrusted forms of E. magellanicum were present in moderate proportions in 

May (26.8 % of the total E. magellanicum population, Fig. 7) and July (47.6 %); the species 

disappeared thereafter. At station 2, encrusted forms strongly dominated the E. magellanicum 

population from May (72.3 %) to December (88.0 %, Fig. 7). 

 

Figure 7. Mean abundances (ind. 10 cm-3) of non-encrusted (grey) and encrusted forms (black) of 
Elphidium magellanicum in 2012, at stations 1 (a) and 2 (b), with proportion of encrusted forms above 

each bar (%). Investigated months are indicated in bold. 

4. DISCUSSION 

4.1. TOLERANCE OF FORAMINIFERAL COMMUNITIES TOWARDS ANOXIA 

AND FREE SULFIDE 

At station 1, bottom waters were hypoxic in July 2012 and became anoxic in August (Fig. 

8). Both in July and in August, oxygen penetration into the sediment was null, whereas it was 

0.7 ± 0.1 mm depth in September. In all 3 months (July to September 2012), sulfidic conditions 

were observed very close to the sediment–water interface (1 mm or less, Fig. 8 and Table S1). 

In view of these results, the duration of anoxic and sulfidic conditions in the uppermost 

sediment layer can be estimated as 1 to 2 months (in July and August, Fig. 8). 

After the strong increase in foraminiferal densities in May 2012, there was a decrease 

starting in July, leading to a near absence of foraminifera at station 1 in November (Fig. 8). The 

most probable cause of the strong decline of the foraminiferal community appears to be a 

prolonged presence of sulfides in the foraminiferal microhabitat. However, the fact that 

foraminiferal abundances reached almost zero only in September (about 2 months after the first 

occurrence of anoxic and sulfidic conditions in the upper sediment, in July) suggests that the 
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presence of H2S did not cause instantaneous mortality, but that the disappearance of the 

foraminiferal community was a delayed response, probably caused by inhibited reproduction 

and, eventually, increased mortality. Inhibited reproduction has previously been suggested as a 

response to hypoxic–short anoxic (Geslin et al., 2014) and sulfidic conditions (Moodley et al., 

1998b). 

Such a time lag between a change in foraminiferal abundances and changes in 

environmental parameters affecting reproduction and/or growth of foraminifera has been 

suggested previously by Duijnstee et al. (2004). These authors highlighted that the density 

patterns of some foraminiferal species showed a higher correlation with measured 

environmental parameters (e.g. oxygenation or temperature) when a time lag of about 3 months 

was applied. 

For 2011, at station 1, no pore-water O2 and H2S measurements are available. However, 

severe hypoxia was observed in the bottom waters from May to August, with anoxia in June 

2011 (Fig. 8). We therefore assume that, like in 2012, anoxic and probably co-occurring sulfidic 

conditions were responsible for the very low standing stocks in August and November 2011 

and January 2012. 

Our observations confirm the suggestion in previous studies that the foraminiferal 

community is severely affected by a long-term presence of H2S in its habitat but does not show 

instant mortality. In fact, after a 66 d incubation in euxinic conditions (a maximum of 11.9±0.4 

μmol L-1
 of H2S in the overlying water) of foraminiferal assemblages collected at a 19 m deep 

site in the Adriatic Sea, Moodley et al. (1998a) found a strong decrease in the total density of 

Rose Bengal stained foraminifera. After 21 d, living specimens were still observed, whereas 

after 42 and 66 d, the live checks (based on protoplasm movement) gave only negative results. 

Langlet et al. (2013, 2014) performed an in situ experiment with closed benthic chambers at a 

24 m deep site in the Gulf of Trieste, in the Adriatic Sea. They observed a decrease in living 

foraminiferal density (labelled with CTG), but they also found that almost all species survived 

after 10 months of anoxia and periodically co-occurring H2S in the sediment and overlying 

water. However, the duration of sulfidic conditions, which was estimated to be several weeks, 

could not be assessed precisely (Metzger et al., 2014). The suggestion that short exposure to 

euxinic conditions is not directly lethal for foraminifera is confirmed by the experimental results 

of Bernhard (1993), who found that foraminiferal activity (as determined by ATP content) was 

not significantly affected after 30 d exposure to euxinia (32.6±8.6 % of active individuals, n = 

174 in control conditions versus 29.5 ± 6.2 %, n = 173 in sulfidic conditions). 
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After the 2011 hypoxia–anoxia, standing stocks at station 1 only started to increase in March 

2012, indicating a very long recovery time (about 6 months) of the foraminiferal faunas after a 

temporary near-extinction due to anoxic and sulfidic conditions. This confirms observations of 

relatively long recovery times in the literature (e.g. Alve, 1995, 1999; Gustafsson and Nordberg, 

2000; Hess et al., 2005). For instance, Gustafsson and Nordberg (1999) showed that in the Koljö 

Fjord, at comparable water depths, foraminiferal populations responded with increased 

densities only 3 months after a renewal of sea-floor oxygenation following hypoxic conditions 

in the bottom waters. However, in that case, the disappearance of the foraminiferal population 

was only partial and not nearly as complete as in our study. 

 

Figure 8. The top panel represents bottom-water oxygen concentrations (μmol L-1) in 2011 and 2012 
at station 1, from Donders et al. (2012) and Seitaj et al. (2017). The grey horizontal dotted line 

indicates the hypoxia limit (63 μmol L-1). The middle panel represents the depth (mm) distribution of 
the oxic zone (blue), absence of oxygen and sulfides (orange), and sulfidic zone (black) within the 
sediment in 2012, from Seitaj et al. (2015). The bottom panel shows the total living foraminiferal 
abundances for both replicates (grey bars), mean abundances (diamonds) and standard deviations 

(black error bars) calculated for the two replicates, for all investigated months (in bold) in 2011 and 
2012. 

At station 2, in 2012, hypoxia was only observed in August, when the OPD was zero, and 

sulfidic conditions were observed in the superficial sediment (i.e. from 0.4 ± 0.2 mm 

downwards, Fig. 9, Table S1). Both in July and in September, oxygen penetrated more than 1 
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mm into the sediment (1.3 ± 0.4 and 1.2 ± 0.2 mm, respectively). However, free H2S was still 

detected at about 1 mm depth in the sediment (1.1 ± 0.8 mm in July and 0.8 ± 0.2 mm in 

September). Although the sampling plan does not allow us to be very precise about the duration 

of anoxic and sulfidic conditions, we can estimate their duration to be 1 month or less (Fig. 9). 

Foraminiferal abundances showed a strong decrease in October and November 2012, about 

2 months after the presence of anoxic and sulfidic conditions in the topmost part of the sediment 

(Fig. 9). Like at station 1, this temporal offset between the presence of anoxia–sulfidic 

conditions at station 2 (in August) and the strong decrease in faunal densities may be explained 

as a delayed response, mainly due to inhibited reproduction during the anoxic–sulfidic event. 

If true, the mortality of adults did not strongly increase in the months following the H2S 

production in the uppermost sediment. Nevertheless, there was no replacement in the > 125 μm 

fraction by growing juveniles, probably because reproduction was interrupted when H2S was 

present in the foraminiferal microhabitat. A renewed recruitment after the last stage of sulfidic 

conditions somewhere in September would then explain why the faunal density in the > 125 

μm fraction increased again in December 2012 (Fig. S3). 

In 2011, at station 2, bottom waters oscillated between hypoxic and oxic conditions between 

May and August (Fig. 9). Although we have no measurements of H2S in the pore waters for 

this year, it seems probable that bottom-water hypoxia was accompanied by the presence of 

free H2S very close to the sediment surface, strongly affecting the foraminiferal communities. 

If we assume that, like in 2012, rich foraminiferal fauna was present in May–July 2011 at both 

stations, the low faunal densities observed in August and November 2011 could suggest that 

foraminifera may have also shown a delayed response to sulfidic conditions in 2011. 

It is interesting to note that the foraminiferal densities observed at station 2 were lower in 

August 2011 than in July or September 2012. This may be a consequence of the repetition of 

short hypoxic events in the bottom water between May and August 2011 (probably associated 

with anoxia and maybe H2S in the uppermost part of the sediment), which possibly affected the 

foraminiferal community more substantially in 2011 than in 2012, when a hypoxic event was 

recorded in August only. 

The important decrease in total standing stocks at station 2 in October and November 2012 

(Fig. 9) suggests that, in spite of the shorter duration of anoxia and sulfide conditions (compared 

to station 1; 1 month or less compared to 1 to 2 months), the foraminiferal faunas were still 

strongly affected. However, at station 2, foraminiferal abundances increased again in December 

2012, suggesting a recovery time of about 2 months, which is likely much shorter than at station 
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1, where standing stocks in the > 125 μm fraction only increased 6 months after the presence 

of anoxia and free sulfides. 

 

Figure 9. The top panel represents bottom-water oxygen concentrations (μmol L-1) in 2011 and 2012 
at station 2, from Donders et al. (2012) and Seitaj et al. (2017). The grey horizontal dotted line 

indicates the hypoxia limit (63 μmol L-1). The middle panel represents the depth (mm) distribution of 
the oxic (blue), suboxic (orange, absence of oxygen and sulfides) and sulfidic (black) zones within the 

sediment in 2012. The bottom panel shows the total living foraminiferal abundances for both 
replicates (grey bars), mean abundances (diamonds) and standard deviations (black error bars) 

calculated for the two replicates, for all investigated months (in bold) in 2011 and 2012. 

Summarising, the foraminiferal communities of both stations 1 and 2 seem strongly 

impacted by the anoxic and sulfidic conditions developing in the uppermost part of the sediment 

in summer (i.e. July–September). However, at station 1, where anoxic and sulfidic conditions 

lasted for 1 to 2 months, the response is much stronger, leading ultimately (in November) to 

almost complete disappearance of the foraminiferal fauna. The delayed response at both stations 

shows that instantaneous mortality was limited and suggests that the decreasing standing stocks 

might rather be the result of inhibited reproduction and, eventually, increased mortality. 

Recovery is much faster at station 2 (about 2 months) than at station 1 (about 6 months), 

probably because at station 1 (in contrast to station 2) the foraminiferal extinction was nearly 

complete, and the site had to be recolonised (e.g. possibly by nearby sites or by the remaining 
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few individuals) after reoxygenation of the sediment. At station 2, a reduced but significant 

foraminiferal community remained present, explaining the faster recovery. 

4.2. SPECIES-SPECIFIC RESPONSE TO ANOXIA, SULFIDE AND FOOD 

AVAILABILITY IN LAKE GREVELINGEN 

The comparison of the different seasonal patterns of the major species at the two 

investigated stations allows us to draw some conclusions about interspecific differences in the 

response to seasonal anoxic and sulfidic conditions. 

First, there is a clear faunal difference between the two stations. Station 1 is dominated by 

E. selseyense and E. magellanicum while at station 2 these two taxa are accompanied by 

Ammonia sp. T6 and T. inflata. The latter species is almost absent at station 1, where Ammonia 

sp. T6 is present with low densities. At first glance, the dominance of the two Elphidium species 

at station 1 would suggest that they have a greater tolerance of the seasonal anoxic and sulfidic 

conditions, which lasted much longer there. It is interesting to note that the temporal evolution 

of standing stocks at station 1 is different for the two Elphidium species. Elphidium 

magellanicum shows a strong drop in absolute density in July 2012, at the onset of H2S presence 

in the uppermost part of the sediment, whereas the diminution of E. selseyense is more 

progressive and the species disappears almost completely only in November (Fig. 5). This 

strongly suggests that E. magellanicum is more affected by increased mortality than E. 

selseyense in response to the combined effects of anoxic and sulfidic conditions. This 

hypothesis is confirmed by the patterns observed at station 2, where the drop in standing stocks 

in October–November is also more drastic in E. magellanicum than in E. selseyense (Fig. 6). 

As mentioned earlier, certain species of foraminifera can use an anaerobic metabolism (i.e. 

denitrification; Risgaard-Petersen et al., 2006; Piña-Ochoa et al., 2010a), sequester chloroplasts 

(i.e. kleptoplastidy; Jauffrais et al., 2018), host bacterial symbionts (Bernhard et al., 2010) or 

enter dormancy (Ross and Hallock, 2016; LeKieffre et al., 2017) to deal with low-oxygen 

conditions. Concerning the species found in this study, although the presence of intracellular 

nitrate was shown for Ammonia, denitrification tests yielded negative results (Piña-Ochoa et 

al., 2010a; Nomaki et al., 2014). Similarly, the presence of active symbionts was previously 

suggested for Ammonia but never confirmed (Nomaki et al., 2016; Bernhard et al., 2018). To 

our knowledge, denitrification or the presence of bacterial symbionts was never shown for 

Elphidium either. In conclusion, a shift to an alternative anaerobic metabolism or an association 

with bacterial symbionts has never been shown conclusively for the dominant foraminiferal 

species found in Lake Grevelingen. 
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The greater tolerance of E. selseyense towards low-oxygen conditions could be explained 

by the fact that it is able to sequester chloroplasts from ingested diatoms and keep them active 

for several days to weeks, in contrast to Ammonia sp. T6 (Jauffrais et al., 2018). These active 

chloroplasts could serve as an alternative source of oxygen and/or food through photosynthesis 

(Bernhard and Alve, 1996) or another metabolic pathway (Jauffrais et al., 2019) and thereby 

increase the capability of this species to survive anoxic events. Although sequestration of 

chloroplasts was never investigated for E. magellanicum, its abundant spinose ornamentation 

in the umbilical region and in the vicinity of the aperture (Fig. 4c–d) suggests that this species 

is capable of crushing diatom frustules like some kleptoplastic species (Bernhard and Bowser, 

1999; Austin et al., 2005). Hagens et al. (2015) observed that the light penetration depth in the 

Den Osse Basin never exceeded 15 m in 2012, and therefore photosynthesis by kleptoplasts 

(Bernhard and Alve, 1996) appears unlikely for both our aphotic stations (34 and 23 m depth). 

However, other foraminifera from aphotic and anoxic environments such as deep fjords are 

kleptoplastic and use these kleptoplasts for a yet unknown purpose (Jauffrais et al., 2019). 

Rather surprisingly, the drop in foraminiferal densities at station 2 in October–November, 

which we interpreted as a delayed response to sulfidic conditions, is less strong for Ammonia 

sp. T6 than for the two Elphidium species, suggesting that this species is less affected. However, 

this does not agree with our previous suggestion that the two Elphidium species would be more 

tolerant to anoxic and sulfidic conditions. As already proposed by LeKieffre et al. (2017), 

Ammonia seems to be able to deal with anoxia (up to 28 d, but with no sulfide) by reducing its 

metabolic activity, but this ability was never shown for Elphidium species. If E. selseyense and 

E. magellanicum are indeed unable to resist anoxia by reducing their metabolism or by entering 

a dormancy state, this could explain their stronger decrease in density at station 2 compared to 

Ammonia sp. T6. Nevertheless, further studies about the ability and mechanisms of the two 

Elphidium species to resist anoxic–sulfidic conditions are necessary. 

Another remarkable observation is that Ammonia sp. T6 (and T. inflata) shows maximum 

densities in January–March, contrasting with the two Elphidium species, which have their 

density maxima later in the year (May–September). This temporal offset could possibly be 

explained by a difference in preferential food source, with food particles available in winter 

(January–March) being more suitable for Ammonia sp. T6 (and T. inflata) and food particles 

available later in the year, resulting from phytoplankton blooms, being more favourable for E. 

selseyense and E. magellanicum. 

In our study, for E. selseyense (and E. magellanicum), the continuous presence of a high 

proportion of small-sized specimens and progressively increasing densities between January 
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and September 2012 strongly suggest ongoing and continuous reproduction (Fig. S3a). 

Continuous reproduction during the year has been described earlier for different foraminiferal 

genera, such as Elphidium, Ammonia, Haynesina, Nonion and Trochammina (e.g. Jones and 

Ross, 1979; Murray, 1983, 1992; Cearreta, 1988; Basson and Murray, 1995; Gustafsson and 

Nordberg, 1999; Murray and Alve, 2000). Conversely, for Ammonia sp. T6, a decrease in 

densities coupled with a rapid increase in overall test size between March and May 2012 (small 

sized specimens remain present but in smaller proportions) could be indicative of a period of 

reduced recruitment (Fig. S3b). 

In fact, foraminifera exhibit a large range of feeding strategies, with several species showing 

selective feeding with specific food particles (Muller, 1975; Suhr et al., 2003; Chronopoulou et 

al., 2019). Hagens et al. (2015) reported that in Lake Grevelingen the phytoplankton 

composition was different between April–May and July 2012. In April–May, the phytoplankton 

bloom was mainly composed of the haptophyte Phaeocystis globosa (Scherffel, 1899), whereas 

it was dominated by the dinoflagellate Prorocentrum micans (Ehrenberg, 1834) in July. 

Elphidium was reported to be able to feed on various food sources (e.g. diatoms, dinoflagellates, 

green algae; Correia and Lee, 2002; Pillet et al., 2011). However, diatoms are a major food 

source for kleptoplastic species (Bernhard and Bowser, 1999), such as E. selseyense (Jauffrais 

et al., 2018; Chronopoulou et al., 2019). Ammonia spp. seem able to feed on very diverse food 

sources including microalgae, diatoms, bacteria or even metazoans (Lee et al., 1969; Moodley 

et al., 2000; Dupuy et al., 2010; Jauffrais et al., 2016; Chronopoulou et al., 2019). Recently, 

Chronopoulou et al. (2019) showed different feeding preferences for Ammonia sp. T6 and E. 

selseyense in intertidal environments in the Dutch Wadden Sea. Although diatoms are ingested 

by both species (but much more by E. selseyense), dinoflagellates were consumed by E. 

selseyense but not by Ammonia sp. T6. The latter species is also capable of feeding on 

metazoans by active predation (Dupuy et al., 2010). 

These observations suggest that at station 2 the different seasonal density patterns of 

Ammonia sp. T6 and the two Elphidium species are not the consequence of a large difference 

in tolerance of anoxia–sulfides, but rather a different adjustment to the seasonal cycle of food 

availability. At station 1, the very low densities of Ammonia sp. T6 could possibly be explained 

by a recolonisation starting in January, when food conditions were favourable for this taxon (as 

testified by the strong density increase in January 2012 at station 2). However, once a more 

abundant pioneer population had developed (in March–May), food conditions may have been 

no longer favourable for Ammonia sp. T6, explaining why its density did not show a further 

increase. Conversely, the food conditions may have become optimal for the two Elphidium 
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species, explaining their strong density increase between March and May 2012. If true, this 

would mean that the lower densities of Ammonia sp. T6 would not be due to a lower resistance 

to anoxia and free sulfides, but rather due to an unfavourable seasonal succession of food 

availability. Previous studies already suggested that hypoxic–anoxic conditions coupled with 

increased food input from autumnal phytoplankton blooms (composed of diatoms and 

dinoflagellates) would favour the development of E. magellanicum (Gustafsson and Nordberg, 

1999). The fact that also at station 2 this species was mainly observed between March and 

September 2012 corroborates our conclusion of its dependence on a specific food regime. 

Finally, encrusted forms of E. magellanicum were observed at both stations from May until 

the end of the year but were absent in the samples of March 2012. In view of the fact that the 

crusts consist mainly of organic matter, the encrusted individuals appear to be specimens with 

preserved feeding cysts. The precise functions of cysts observed around foraminifera are not 

clear and include feeding, reproduction, chamber formation, protection or resting (Cedhagen, 

1996; Heinz et al., 2005). Concerning the cysts of E. magellanicum described here, very similar 

observations have been made for Elphidium incertum at different locations (Norwegian 

Greenland Sea and Baltic Sea in Linke and Lutze, 1993; Koljö Fjord in Gustafsson and 

Nordberg, 1999; Kiel Bight in Polovodova et al., 2009). If we assume that encrusted specimens 

indeed present the remains of feeding cysts, the observation of abundant encrusted specimens 

corroborates our conclusion that the surface water phytoplankton bloom in May 2012 (i.e. 

probably mainly Phaeocystis globosa) provided a food source particularly well suited to the 

nutritional preferences of this species. 

5. CONCLUSION 

In this study we examined the foraminiferal community response to different durations of 

seasonal anoxia coupled with the presence of sulfide in the uppermost layer of sediment at two 

stations in Lake Grevelingen. In both stations investigated, foraminiferal communities are 

highly impacted by the combination of anoxia and H2S in their habitat. The foraminiferal 

response varied depending on the duration of adverse conditions and led to a near extinction at 

station 1, where anoxic and sulfidic conditions were present for 1 to 2 months, compared to a 

drop in standing stocks at station 2, where these conditions lasted for 1 month or less. At both 

sites, foraminiferal communities showed a 2-month delay in the response to anoxic and sulfidic 

conditions, suggesting that the presence of H2S inhibited reproduction, whereas mortality was 

not necessarily increased. The duration of the subsequent recovery depended on whether the 
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foraminiferal community was almost extinct (station 1) or remained present with reduced 

numbers (station 2). In the former case, 6 months were needed for faunal recovery, whereas in 

the latter case, it took only 2 months. We hypothesise that the dominance of E. selseyense and 

E. magellanicum at station 1 is not due to a lower tolerance of Ammonia sp. T6 towards anoxic 

and sulfidic conditions, but is rather the consequence of a different adjustment between the two 

Elphidium species and Ammonia sp. T6 with respect to the seasonal cycle of food availability. 
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SUPPLEMENTARY INFORMATION 

Table S1. Oxygen Penetration Depth ± sd and free H2S detection depth ± sd for each month in 2012 
for both stations 1 and 2 (in mm). 

Station Month 
OPD 
(mm) 

H2S depth 
(mm) 

Station 
1 

January 1.7 ± 0.3 16.5 ± 3.2 

February 2 ± 0.4 17.1 ± 2.8 

March 1.7 ± 0.3 17.5 ± 0.7 

April 1 ± 0.2 18.6 ± 4.8 

May 1 ± 0.1 9.9 ± 2.2 

June 0.9 ± 0.1 7.9 ± 5.3 

July 0 ± 0 0.1 ± 0.1 

August 0 ± 0 0.9 ± 1.1 

September 0.7 ± 0.1 0.3 ± 0.2 

October 1.1 ± 0.1 3.3 ± 1.1 

November 0.4 ± 0 10.3 ± 1.9 

December 1.1 ± 0.2 13.4 ± 1.8 

Station 
2 

January 2.8 ± 0 19.6 ± 2 

February 2.4 ± 0.2 15.8 ± 1.2 

March 2.6 ± 0.6 20.3 ± 3.3 

April 1.4 ± 0.2 23.3 ± 0.3 

May 1.6 ± 0 26.4 ± 1 

June 1.1 ± 0.4 17.1 ± 0.4 

July 1.3 ± 0.4 1.1 ± 0.8 

August 0 ± 0 0.4 ± 0.2 

September 1.2 ± 0.2 0.8 ± 0.2 

October 1.6 ± 0.3 6.4 ± 2.9 

November 1.3 ± 0.2 9.1 ± 3.3 

December 1.5 ± 0.2 9.2 ± 0.7 
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Table S2. Living foraminiferal abundances for each replicate for the dominant species and total assemblage (ind. 10cm-3). 

STATION 1 

Species 
Elphidium  
selseyense 

Ammonia sp. T6 
Elphidium  

magellanicum 
Trochammina  

inflata 
Total  

assemblage 

Year Month A B A B A B A B A B 

2011 August 2.1 0.4 1.4 1.1 0.0 0.0 0.0 0.0 4.2 2.5 

2011 November 0.0 1.1 0.0 0.7 0.0 0.0 0.0 0.0 0.0 2.1 

2012 January 2.8 7.4 0.7 5.7 0.0 0.4 0.4 2.1 5.0 18.0 

2012 March 28.6 19.1 12.0 13.8 29.4 13.8 2.1 0.7 75.7 48.5 

2012 May 141.5 531.6 13.8 4.6 63.0 129.8 0.4 3.2 222.1 677.6 

2012 July 76.0 247.9 8.1 12.4 3.9 3.5 0.0 0.0 88.4 270.6 

2012 September 21.2 38.2 0.7 3.9 0.0 0.0 0.0 0.7 21.9 46.0 

2012 November 0.7 1.4 0.4 0.4 0.0 0.0 0.0 0.0 1.4 1.8 

STATION 2 

Species 
Elphidium  
selseyense 

Ammonia sp. T6 
Elphidium  

magellanicum 
Trochammina  

inflata 
Total  

assemblage 

Year Month A B A B A B A B A B 

2011 August 53.8 95.8 72.5 91.6 0.0 0.0 10.6 18.7 140.1 208.0 

2011 November 33.2 71.4 61.9 59.8 0.0 0.0 13.1 10.6 111.1 146.4 

2012 January 122.0 201.6 263.1 189.2 1.1 0.7 142.5 100.4 545.4 501.9 

2012 March 225.6 203.7 275.2 152.8 41.0 56.6 73.9 76.0 624.2 500.5 

2012 May 254.6 321.8 165.9 128.4 120.6 111.4 42.1 30.1 602.3 607.3 

2012 July 318.3 246.9 172.2 144.7 39.6 36.1 35.4 27.6 589.9 473.2 

2012 September 415.2 315.8 141.1 63.7 97.3 46.7 14.9 17.3 681.2 453.8 

2012 October 104.7 92.7 87.0 111.1 2.1 1.4 5.3 9.5 205.8 217.2 

2012 November 29.4 32.5 66.5 29.7 3.9 4.2 5.0 2.5 108.9 73.2 

2012 December 281.2 223.2 78.9 77.1 16.3 34.7 15.9 9.5 405.3 350.5 
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Table S3. Living foraminiferal abundances for each replicate, year and month for all the species of the assemblage (ind. 10cm-3). Empty cases represent the 
absence in the sample. Last column: absolute abundance of the total fauna. 
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2011 1 A August     1.4      2.1          0.4    0.4    4.2 

2011 1 A November                              

2012 1 A January     0.7      2.8      1.1           0.4 5.0 

2012 1 A March 0.4  1.1  12.0 0.4     28.6 29.4   0.4  0.4        0.7  0.4 2.1 75.7 

2012 1 A May     13.8 1.1  0.4   141.5 47.7 15.2        0.4  0.4 1.1  0.4  0.4 222.1 

2012 1 A July     8.1      76.0 1.8 2.1             0.4   88.4 

2012 1 A September     0.7      21.2                  21.9 

2012 1 A November   0.4  0.4      0.7                  1.4 

2011 1 B August     1.1      0.4   1.1               2.5 

2011 1 B November     0.7      1.1              0.4    2.1 

2012 1 B January   0.7  5.7      7.4 0.4  0.4          1.1 0.4   2.1 18.0 

2012 1 B March     13.8      19.1 13.8     0.4    0.4   0.4    0.7 48.5 

2012 1 B May     4.6 0.4     531.6 93.4 36.4 0.4  0.7 0.4    2.1  0.4 0.4 1.1 2.5 0.4 3.2 677.6 

2012 1 B July   0.4  12.4 0.4  0.7   247.9 2.1 1.4 1.4 0.4      0.7   0.7 0.4 1.8   270.6 

2012 1 B September     3.9      38.2   0.4            2.5 0.4 0.7 46.0 

2012 1 B November     0.4      1.4                  1.8 

2011 2 A August     72.5      53.8   0.7    0.4  1.1   0.4  0.4  0.4 10.6 140.1 

2011 2 A November     61.9      33.2   0.7       1.1    1.1   13.1 111.1 

2012 2 A January 0.7  2.5 8.8 263.1  1.1    122.0 1.1  0.7 0.4 1.1      0.7 0.4    0.4 142.5 545.4 

2012 2 A March   1.4  275.2    1.8  225.6 40.0 1.1 0.4  0.4      0.7 0.7  1.4  1.8 73.9 624.2 
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2012 2 A May   1.1  165.9   0.4 3.9  254.6 38.6 82.1 0.4  1.4       3.2 0.4 2.1 1.4 5.0 42.1 602.3 

2012 2 A July   1.8  172.2 6.0 2.1 0.4 0.4  318.3 3.9 35.7 1.4  0.4 0.7      0.4  7.1 1.8 2.1 35.4 589.9 

2012 2 A September  0.7   141.1  1.4 0.4   415.2 16.3 81.0 0.4 0.4 3.2   1.4      0.4 1.4 3.2 14.9 681.2 

2012 2 A October  0.4 0.7  87.0 1.1 2.5 0.4   104.7  2.1       0.4       1.4 5.3 205.8 

2012 2 A November     66.5 0.7  0.4   29.4  3.9 0.4     2.1       0.7  5.0 108.9 

2012 2 A December 0.7  1.8  78.9 1.1 0.7 1.4   281.2 0.4 15.9   0.7 0.4  1.8  0.4  0.4  0.4 0.4 3.2 15.9 405.3 

2011 2 B August     91.6    0.4  95.8      0.7 0.4   0.4       18.7 208.0 

2011 2 B November     59.8    0.4  71.4   1.1   1.1    1.1    1.1   10.6 146.4 

2012 2 B January  0.4 2.1  189.2  0.4    201.6 0.7   1.1          5.7  0.4 100.4 501.9 

2012 2 B March   1.1  152.8 0.4   2.1  203.7 56.2 0.4 1.1 0.7 1.4      1.1 0.4  1.8 0.7 0.7 76.0 500.5 

2012 2 B May   1.4  128.4 2.1  0.7  0.4 321.8 25.8 85.6   0.4 0.4    1.8  2.8 1.1 0.7 1.1 2.8 30.1 607.3 

2012 2 B July  1.1 1.4  144.7 0.4 1.8 1.8 2.1  246.9 8.1 27.9 0.7  1.1 1.1      0.4 2.1 1.1 0.7 2.5 27.6 473.2 

2012 2 B September   0.4  63.7 1.8 0.7    315.8 8.1 38.6 1.4 0.4 2.1  0.4       0.4 1.4 1.4 17.3 453.8 

2012 2 B October  0.7 1.1  111.1 0.4     92.7 1.1 0.4   0.4            9.5 217.2 

2012 2 B November   0.4  29.7 1.1  0.4   32.5 1.8 2.5 0.4  0.7         0.4 0.4 0.7 2.5 73.2 

2012 2 B December     77.1 1.4 0.7    223.2 5.7 29.0 1.1  1.4   0.4     0.4 0.4  0.4 9.5 350.5 
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Figure S1. SEM images of spiral side and a 1000x magnification of the penultimate chamber for four individuals from Grevelingen station 1 identified T6 by 
molecular identification.  
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Figure S2. Numerical treatment used for the size measurement for each image performed with ImageJ software. The three size fractions (125–150, 150–315, 
>315 µm) were analysed together for the size distribution analyses. The left figure shows the untreated image, the middle figure presents the next step, when 

all individual foraminifera are depicted. Finally, the figure on the right shows the individual foraminiferal outlines which were measured. 
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Figure S3. A: size distribution (maximum diameter for each individual in µm) of Elphidium selseyense for stations 1 (left) and 2 (right) in 2012. B: size 
distribution (maximum diameter for each individual in µm) of Ammonia sp. T6 for stations 1 (left) and 2 (right) in 2012. For each month, the number of 

individuals (n), the mode and the number of individuals associated to the mode (between brackets) are indicated in black. The medians are indicated by the red 
bars in each panel. In order to base our analysis on a sufficiently high number of specimens, we focused on E. selseyense and Ammonia sp. T6. As explained 
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before, we only considered specimens retained on a 125 µm mesh meaning that juvenile specimens are not represented. Only the samples taken in 2012 were 
considered. The size distribution of E. selseyense was relatively similar between the two stations regarding the median, ranging from 253 µm (in May) to 295 

µm (in November) at station 1 and from 261 µm (in October) to 290 µm (in March) at station 2. At both stations, we observed the presence of an abundant 
group of smaller specimens, with a mode that never exceeded 250 µm, except in March at station 2, when it is difficult to separate this subpopulation from the 

larger specimens. The main difference between the two stations was the higher proportion of larger individuals (>400 µm) at station 2, which was visible 
through the better-developed tails at the right side of the distribution graphs. The low number of Ammonia sp. T6 individuals at station 1 did not allow us to 

draw any firm conclusion concerning the size distribution at this station (Supplementary Figure 3). At station 2, a group of individuals with smaller diameters 
(< 300 µm) was always present. The overall size distribution showed a clear shift to higher diameters between March (median = 279 µm) and May (median = 

373 µm, Fig. 7), which is also evidenced by the much higher proportion of larger individuals. Specimens larger than 400 µm were abundantly found until 
November (median = 378 µm), but started to diminish in December, as is also shown by the decrease of the median to 339 µm. Our tentative to distinguish 

cohorts by using a deconvolution method to separate the total size distributions into a sum of Gaussian curves was not conclusive. The main problem was the 
fact that we did not have any information concerning individuals smaller than 125 µm, so that our size distributions were systematically skewed on the left 

side (i.e. toward small individuals). An additional problem was the large number of smaller specimens which were always present. Because the identification 
of individual cohorts was not successful, parameters like reproduction rate, growth rate or lifespan were not assessable. Nevertheless, the size distribution data 

give some clues concerning the population dynamics of the two dominant species. 
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ABSTRACT 

Lake Grevelingen is a former branch of the Rhine-Meuse-Scheldt estuary artificially 

transformed into a salt-water lake by a dam, in order to avoid flooding events. This 

transformation induced profound changes in the biocoenoses of the basin which have been 

described as an ecodisaster, with hypoxic/anoxic events occurring seasonally in the 

deepest parts of the lake. Here, we investigate a sediment record sampled in 2012 in the 

Den Osse Basin (34 m depth), spanning the last ~ 50 years, including the transition from 

estuary to salt-water lake. The record of molybdenum (Mo) concentrations in the 

sediment core was used to refine an existing age model based on 210Pb, and gave us an 

estimated precision of ± 3 years. The benthic foraminiferal succession reflects the 

anthropogenic modifications made in Lake Grevelingen, and allowed us to recognise four 

successive stages: 1) before the seaward closure in 1971, when the system was estuarine; 

2) 1971 to 1978, when the system rapidly changed into an enclosed brackish water lake; 

3) 1978 (construction of a seaward sluice opened in winter) to 1999 and 4) the period from 

1999 (year-round opening of the sluice, doubling of water exchanges) to today. The 

foraminiferal record also highlights the appearance of the putatively exotic Ammonia 

phylotype T6 in the mid 1980s, which thereafter progressively replaced the congeneric 

autochthonous phylotype T2. Finally, we hypothesise that the activity of cable bacteria, S-

oxidising prokaryotes which today develop in the first half of the year in the Den Osse 

Basin, causes dissolution of foraminiferal tests by decreasing the pore water carbonate 

saturation state in the anoxic upper part of the sediment. This explains the contrast 

between the dense living faunas and the very low numbers of foraminiferal shells in the 

top ~ 15 cm of the sediment core. 

1. INTRODUCTION 

Lake Grevelingen is a former estuary of the Scheldt-Meuse-Rhine delta, in the Netherlands. 

After a devastating storm in 1953, which caused large scale flooding and more than 1800 

casualties, it was decided to construct dams landward (1965) and seaward (1971), in order to 

avoid such disasters in future. The transformation of the Grevelingen from an estuary to a salt-

water lake induced profound changes of its biocoenoses. These modifications took place at 

ecosystem (e.g. habitat losses, trophic relationships), community (e.g. decrease of biodiversity, 

replacement of marine by estuarine species) as well as species level (e.g. change of life cycles, 

densities) (Nienhuis, 1978; Nienhuis & Veld, 1984). More specifically, the suppression of tidal 

currents and decrease of salinity just after its full closure strongly affected marine benthic 

animals (e.g. sponges, sea anemones, tunicates). Mass mortality of these animals contributed to 

increased food availability, insufficient removal of decomposition products and finally oxygen 

depletion. This “ecodisaster” induced a large simplification of the ecosystem in both structure 

and functioning (Nienhuis & Veld, 1984; Bannink et al., 1984). Within a few years after closure 

of the estuary, seasonal bottom water hypoxia/anoxia started to occur, followed by mass 
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mortality of the remaining marine benthic populations (e.g. molluscs, worms), especially in the 

deeper parts of the basin (Nienhuis & Veld, 1984).  

In 1978, a sluice was opened seaward (Brouwersdam) in winter, to limit water column 

stratification. Consequently, several species, common at the time of the Grevelingen estuary, 

which had disappeared when the estuary was closed, were observed again (e.g. some species of 

jellyfish and crab; Nienhuis and Veld, 1984). In 1999, it was decided to open the sluice all year 

round (except during a few weeks of rough weather in autumn). Despite these managements, 

seasonal bottom water oxygen depletion continued to occur every year, as is still the case today, 

especially in the deepest parts of Lake Grevelingen, such as in the Den Osse Basin, the subject 

of this study (Wetsteyn, 2011; Sulu-Gambari et al. 2017). Lake Grevelingen has been monitored 

since the late 1950s, thus a large amount of environmental information is available (Wetsteijn, 

2011). 

Foraminifera are among the most widespread groups of marine unicellular eukaryotes and 

constitute one of the most diverse group of shelled organisms. For this reason, they have a very 

rich fossil record and are widely used for paleoenvironmental reconstructions and 

paleoecological interpretations (Murray, 2006; Katz et al., 2010). Thanks to the preservation of 

foraminiferal faunas in the sediment record, Lake Grevelingen provides a unique opportunity 

to study the benthic foraminiferal response to the progressive transformation of the ecosystem 

from an estuary to a salt water lake. Recently, a study investigated the temporal response of 

living foraminiferal communities to recent seasonal anoxia in the Den Osse Basin (Richirt et 

al. 2020). The authors highlighted the fact that the deepest part of the Den Osse Basin shows a 

severe decline in foraminiferal faunas in the months following late summer–early autumn 

anoxia. They explained this by the presence of sulphides in the foraminiferal habitat, which 

would inhibit foraminiferal reproduction and growth. In the shallower parts of the Den Osse 

Basin, where the duration of anoxia is shorter, there was not such a major faunal decline.  

The living community of the Den Osse Basin is largely dominated by Elphidium selseyense, 

Elphidium magellanicum and Ammonia sp. T6. The latter species, Ammonia sp. T6, is often 

considered as an exotic and/or invasive species, originating from East Asia (e.g. Pawlowski & 

Holzmann, 2008; Schweizer et al, 2011; Bird et al., 2020). Ammonia sp. T6, which is almost 

the only representative of the genus Ammonia in the recent faunas (Richirt et al., 2020), is 

characterised by very large pores (Richirt et al., 2019a). Interestingly, a preliminary study of a 

long core sampled in the Den Osse Basin showed a clear shift from specimens with small pores 

to specimens with bigger pores in recent times (Petersen et al., 2016), suggesting that in a recent 

past, Ammonia sp. T6 has progressively replaced Ammonia sp. T2 (and/or T1) in Lake 
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Grevelingen. Richirt et al. (2019b) suggested that an increase in overall porosity could be an 

adaptation to low oxygen concentrations. The putative replacement of Ammonia sp. T2 (and/or 

T1) by Ammonia sp. T6 could therefore be due to the larger tolerance of the latter species to 

hypoxia. The study of the sedimentary foraminiferal record should enable us to shed more light 

on this important faunal take-over. 

In this study, we investigate foraminiferal assemblages of a 90 cm long sediment core 

sampled in the deepest part of the Den Osse Basin, representing the last ~ 50 years. We will 

especially address the following questions: 

1) How did the foraminiferal community change in response to the closure of Lake 

Grevelingen in the 1970s and the subsequent management changes of the basin? 

2) Has there been a substitution of the supposed autochthonous Ammonia phylotypes (T1 

and T2) by the putative allochthonous phylotype T6, and, if so, is it the result of an overall 

spreading of phylotype Ammonia sp. T6 across Europe, or rather of a better adaptation of this 

phylotype to seasonal hypoxia/anoxia? 

2. STUDY AREA 

Lake Grevelingen is a former estuary in the Scheldt-Meuse-Rhine delta area. After an 

extreme stormflood event which hit the southern North Sea in February 1953, it was decided to 

close the main estuaries by dams in order to avoid repetition of flooding events (i.e. Delta Plan, 

Bannink et al., 1984).  

In 1965, the former Grevelingen estuary was closed landward (Grevelingendam) and 

became a semi-enclosed embayment without river input. A second dam was constructed 

seaward in 1971 (Brouwersdam), closing the former Grevelingen estuary completely. This 

stopped the inflow of salt waters from the North Sea and increased the water residence time in 

the Grevelingen Lake up to three to six years (instead of a few days when the system was 

estuarine, Nienhuis, 1978; Bannink et al., 1984).  

In 1978, in order to remedy eutrophication phenomena and seasonal hypoxia, the connection 

with the North Sea has been partly reopened by the construction of an underwater sluice in the 

Brouwersdam (capacity of about 100–140 m3 s-1, initially only opened in winter, Bannink et al. 

1984; Muelen et al., 1984). This partial reopening improved bottom water oxygenation in the 

Den Osse Basin and decreased water residence times to about half a year. A second, landward 

sluice (siphon) was opened in 1983 (at the Grevelingendam) to ensure a weak (compared to the 
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natural situation without a dam) fresh water inflow (about 100 m3 s-1, Bannink et al., 1984; 

Muelen et al., 1984). 

In 1999, the water exchanges between the Lake and the North Sea were doubled (from 

1245–1255.106 m3 to 2688–2864.106 m3 per year, Wetsteijn, 2011) by opening the 

Brouwersdam sluice the whole year, except for a few weeks in autumn and during storm events. 

This allowed a further decrease of the average water residence time in the Lake from 164 to 72 

days and limited water stratification due to high temperatures in summer (Wetsteijn, 2011). 

However, this situation is still very different compared to the estuarine situation before 1965, 

when the water residence time was estimated a few days (Nienhuis, 1978; Bannink et al., 1984) 

and average flood and ebb discharges at the location of the present Brouwersdam were about 

126.109 and 135.109 m3 per year (in 1959, Louters et al., 1998), respectively, about 50 times 

higher than the current water exchanges. 

To summarize, Lake Grevelingen, a former estuarine system, was completely closed in 

1971 (Figure 1). The ensuing strong increase of water residence time, bottom water stagnation 

and lower salinity caused a major biotope shift in Lake Grevelingen, and led to strong 

modifications at species and community levels (Nienhuis, 1978). 

 

Figure 1. Timeline of the human-induced modifications following the Delta Plan at Lake Grevelingen. 
The sediment core used to investigate dead foraminiferal assemblages was sampled in Mai 2012 (red 

line). 
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3. MATERIALS AND METHODS 

3.1. SAMPLING AND LABORATORY TREATMENT 

 

Figure 2. Map of Lake Grevelingen showing the location where the sediment core was sampled in the 
Den Osse basin (red star). The transversal section of the Den Osse basin (top right) shows the depth at 

which the sediment core was sampled at Station 1 (S1, 34 m depth). Station 2 (S2, 23 m depth), for 
which living assemblages were also investigated in Richirt et al. (2020), will be used later in the text. 

This figure was modified from Sulu-Gambari et al. 2016. 

The studied site is located in Den Osse Basin (51° 44.834'N, 3° 53.401'E), the main 

former channel of the Grevelingen estuary (The Netherlands), at 34 m depth (Figure 2). This 

site is close to one of the sites which has been intensively monitored since the late 1970s (e.g. 

Wetsteijn, 2011) and for which detailed data are available on request at the Dutch Water Agency 

(DWA). Regarding the recurrent problem of seasonal anoxia in the Lake, bottom water 

measurements are particularly important. On the basis of the DWA data set, Sulu-Gambari et 

al. (2017) have summarised the bottom water oxygen concentration history close to our 

sampling site (Figure 3). We want to point out here that, when considering this figure, it is 

important to realise that the “bottom water” data have been collected in the water column about 

100 m from our sampling site (at the DWA site) and sometimes about 3 m above the basin floor 

(and not at the sediment-water interface), where the water depth is slightly higher, about 37 m. 

Consequently, it seems evident that in case of (bottom water) anoxia in Figure 3 (at the DWA 

site), also basin floor was anoxic. However, an absence of anoxia in the water column (as 
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frequently recorded from late 1990s to 2010, figure 3) does not necessarily mean that the basin 

floor was not anoxic either. 

 

Figure 3. Periods of oxic (blue), hypoxic (grey) and anoxic (black) bottom-water conditions from 
1978 to 2011 at site 1 (figure after Sulu-Gambari et al., 2017; data from DWA). 

A sediment core of 90 cm length and 6 cm diameter was sampled in May 2012 with a 

UWITEC gravity corer. In the laboratory, the core was sliced every 0.5 cm (giving 180 samples) 

with an individual sample volume of 14.1 cm3. Samples were sieved at 63, 125, 150 and 315 

µm, before being dried. Foraminifera of the fraction > 125 µm were picked and stored in 

micropalaeontological Plummer cells. When possible, determination was made to the species 

level using a stereomicroscope. Samples 110, 175 and the 125–150 µm fraction of sample 180 

were split into half (complete splits were counted) because of the high foraminiferal density. 

At 82.5 cm depth, a major change in sediment composition was observed, from sand deposits, 

very probably representative of the strong hydrodynamics of the former estuarine system 

(below 82.5 cm depth) to muddy/silty sediments, indicative of the much lower hydrodynamics 

of the salt lake environment (above 82.5 cm depth).  

3.2. FORAMINIFERAL ANALYSES 

As some samples had very low faunal abundances, two to three adjacent layers were merged 

(intervals 5–6, 7–8, 9.5–10.5, 12–13, 32.5–35, 57.5–60, 70–72.5 and 75–77.5 cm depth). We 

compromised between (1) maximising the number of individuals (to obtain a target value of at 

least 50 individuals) and (2) maximising sampling resolution. In fact, the total thickness of 

merged samples never exceeded 2.5 cm. 

In order to document temporal changes in assemblage composition, a Principal Component 

Analysis (PCA, non-standardised) was performed on the relative abundances of the dominant 
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species. We considered only dominant taxa (i.e. taxon which represents at least 5% of the total 

assemblage in at least one sample) to decrease the signal to noise ratio.  

The living assemblages (0–1 cm depth interval) of station 1 (where the sediment core was 

sampled, at 34 m depth, impacted by a relatively long seasonal oxygen depletion event) and 

station 2 (23 m depth, impacted by a shorter seasonal oxygen depletion event, Figure 2) were 

calculated on the basis of the sum of all seasonal samples of Richirt et al. (2020). These samples 

were considered as supplementary individuals in the analysis, meaning that they did not 

contribute to the construction of the principal component axes. The data pre-treatment and 

multivariate analysis procedure are summarised graphically in Figure 4.  

 

Figure 4. A: data treatment procedure performed from the initial data matrix, with lines representing 
samples and column taxa. B: Principal Component Analysis (PCA) procedure. 

3.3. AGE MODEL 

For another 90 cm long core, sampled in May 2011 at exactly the same site, an age model 

was developed using 210Pb dating (Donders et al., 2012). The age model, which was not very 

well delimited, suggested an average sedimentation rate of 2.37 cm per year, meaning that the 

90 cm long core covered about 37 years (1974 to 2011). This order of magnitude confirms our 

earlier hypothesis that the very abrupt sediment composition shift at 82.5 cm core depth 

corresponds to the closure of the basin in 1971. 

For a third core taken at this site, sampled during the same cruise (in May 2012) as the 

sediment core used in this study (Sulu-Gambari et al., 2017), molybdenum (Mo) concentrations 
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were measured in the solid phase. In fact, Mo is sequestered when reducing conditions (i.e. 

presence of sulphide, Crusius et al., 1996) occur within the sediment. Therefore, the successive 

Mo maxima in the sediment record should reflect the yearly seasonal hypoxia/anoxia coupled 

with the presence of sulphides (Seitaj et al., 2015), and can therefore be used to refine the age 

model based on 210Pb levels. This principle was earlier used for a core from another site in Lake 

Grevelingen with an exceptionally high sediment accumulation rate (~ 13 cm y-1), slightly 

further to the west in Den Osse Basin (Egger et al., 2016). 

 

Figure 5. Molybdenum concentrations (ppm) as a function of core depth (cm). All values were 
LOG10(x+1) transformed to better identify peaks. Each peak is highlighted with a red arrow and is 
supposed to represent a yearly summer hypoxia/anoxia event. Some putative additional peaks have 

been added in case of broad peaks with shoulders, or broad intervals without clear peaks. 

In Figure 5, a very regular, apparently cyclic alternation of maximal and minimal Mo 

concentrations can be observed, where Mo maxima should correspond to late summer/early 

autumn anoxia. The first small peak, at ~ 83 cm depth, which occurred after the closure of the 

estuary seaward in 1971, is supposed to represent a first anoxic/sulphidic event. Between this 

first peak at ~ 83 cm, thought to represent summer/autumn 1972, and the last peak, representing 

summer/autumn 2012, we tentatively placed 39 more annual peaks. In some years, seasonal 

anoxia may not have developed, or may have been very short, so that no Mo peaks have 

developed. Another possible explanation for the fact that we miss some Mo peaks could be that 

in years with somewhat lower sedimentation rates, two seasonal Mo peaks may have merged. 

Consequently, our tentative age model does not have the pretention to be exact; in some places 

it may at the maximum be two to three years off. 
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A further complication is that Mo concentrations were not measured in the same core as 

the one used for foraminiferal analysis. In fact, in the core used to construct the Mo/Al-based 

age model, the sedimentological shift (sand to silt/clay) characterising the closure of the estuary 

was observed at 84 cm depth, whereas the same transition was found at 82.5 cm in the core 

used for foraminiferal analysis. Consequently, when applying our Mo-based age model on 

foraminiferal record, there is an additional uncertainty of about 1–2 cm. In conclusion, we 

consider that our age model is reliable with a precision of ± 3 years, which is largely sufficient 

for the aims of our study. 

The average sediment accumulation rate calculated using the putative age model based 

on the Mo peaks is 2.06 cm y-1. This is consistent with the average sediment accumulation rate 

of 2.37 cm y-1 obtained with the 210Pb method by Donders et al., (2012). 

3.4. CALCIUM CARBONATE SATURATION STATE 

In order to determine the variation of the calcium carbonate saturation state in the sediment 

at our station throughout the year, we used the CO2SYS software (Lewis and Wallace, 1998). 

Monthly temperature and salinity data are from Hagens et al. (2015) and were measured in the 

water column at 32 m depth. Monthly values for alkalinity and PO4
3- concentrations in the pore 

waters are from Sulu-Gambari et al. (2016) and were measured in 0.5 cm thick sediment slices. 

The values of pH were obtained by profiling the first 2.5 cm of the sediment with a microsensor 

in three replicate cores (data from Seitaj et al., 2015). To compute the calcium carbonate 

saturation state, using alkalinity and PO4
3- concentrations, pH values had to be averaged for 0.5 

cm layers. Following Orr et al. (2015), we used the set of constant K1 and K2 from Lueker et 

al. (2000), the formula of Dickson (1990) for KSO4 and the total boron-to-salinity ratio from 

Uppström (1974) for computation. The results of the calcium carbonate saturation state 

calculations will be presented in the discussion section because we will only use it to 

corroborate a hypothesis about the role of cable bacteria in the putative dissolution of 

foraminiferal shells. 

4. RESULTS 

4.1. FORAMINIFERAL FAUNAS 

The black curve in figure 6 represents the total number of individuals per sample (Table 1). 

In cases where the total density was well below our target value of 50 individuals, individual 
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samples were merged (red curve in figure 6). However, even after this merging procedure, all 

samples in the top 17.5 cm of the core were still very poor, with less than 50 individuals (Figure 

6, Table 2). 

 

Figure 6. Total number of individuals in non-merged samples (black curve) and after merging 
samples (red curve). The dashed line represents the target value of 50 individuals per analysed sample. 

Eleven of the 23 observed taxa were considered as dominant (≥ 5 % in at least one sample, 

Table 1). Together, these 11 dominant taxa represent more than 90 % of the total assemblage 

in almost all samples (Table 2).  
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Table1. Total and species abundances of foraminifera in the samples (per 14.1 cm3). ND: Not 
determined. 
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2.5 27 1 2 0 0 0 0 0 0 0 3 4 0 5 3 0 0 7 0 1 0 0 0 0 1 

5.0 13 0 1 0 0 0 0 0 0 0 3 1 0 0 2 0 0 0 0 0 2 0 0 0 4 

5.5 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

6.0 2 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 

7.0 2 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 

7.5 12 0 0 0 0 0 0 0 0 0 3 2 0 1 4 0 0 0 0 0 1 0 0 0 1 

8.0 6 0 0 3 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 

9.5 2 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 

10.0 27 1 0 0 0 0 0 0 0 0 8 3 0 3 2 0 1 3 0 2 2 0 0 0 2 

10.5 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

12.0 4 0 0 1 0 0 0 0 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 

12.5 13 0 0 0 0 0 0 0 0 0 3 7 0 1 1 0 0 0 0 1 0 0 0 0 0 

13.0 15 0 0 3 0 0 0 0 0 0 0 0 0 12 0 0 0 0 0 0 0 0 0 0 0 

17.5 55 0 0 0 0 0 0 0 0 0 6 12 0 22 0 1 0 2 0 1 3 0 3 1 4 

20.0 72 0 2 6 0 0 0 0 0 0 4 21 1 24 0 2 0 0 0 6 1 0 3 0 2 

22.5 94 2 1 1 0 0 0 1 0 0 0 11 0 70 2 1 1 3 0 1 0 0 0 0 0 

27.5 74 2 3 5 0 1 0 0 0 0 6 9 2 35 4 1 0 4 0 0 0 0 0 0 2 

32.5 57 0 6 10 0 0 0 0 0 0 0 5 2 20 4 0 0 6 1 1 0 0 0 0 2 

35.0 16 0 2 1 0 0 0 0 0 0 0 2 0 10 1 0 0 0 0 0 0 0 0 0 0 

37.5 158 1 0 0 0 1 0 0 0 0 0 10 0 138 5 0 0 1 0 2 0 0 0 0 0 

42.5 113 1 8 1 0 0 0 2 0 1 4 24 1 46 5 0 0 10 1 8 0 0 0 0 1 

45.0 263 9 16 6 2 0 0 2 0 1 18 52 0 100 9 0 0 10 0 19 3 0 0 1 15 

47.5 370 2 5 14 0 0 0 1 0 0 9 25 0 285 9 0 0 5 1 6 6 0 0 1 1 

50.0 180 1 5 6 0 0 0 0 0 0 6 36 3 78 4 0 0 20 0 10 0 0 0 0 11 

52.5 128 3 9 1 0 0 0 1 0 2 2 26 2 46 7 1 0 9 0 14 1 0 0 0 4 

55.0 950 6 58 10 0 0 4 0 2 16 38 140 6 414 48 14 0 56 8 100 16 0 0 0 14 

57.5 15 0 1 0 0 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 1 0 0 0 0 

60.0 56 2 0 0 0 0 0 0 0 0 10 7 0 23 1 1 0 2 0 8 2 0 0 0 0 

62.5 165 2 14 0 0 1 0 0 0 0 1 20 4 77 10 2 0 16 0 8 3 0 0 0 7 

65.0 108 1 11 0 0 0 0 0 0 1 5 16 3 39 5 0 0 8 2 8 1 2 0 0 6 

67.5 187 1 21 0 0 0 0 1 0 4 8 43 1 60 13 0 0 5 0 15 9 1 0 0 5 

70.0 19 0 4 0 0 0 0 0 0 1 1 5 0 3 1 0 0 0 0 3 0 0 0 0 1 

72.5 63 1 5 0 0 0 0 0 0 0 5 21 1 12 4 1 0 4 0 2 2 1 0 0 4 

75.0 45 1 1 0 0 0 0 0 0 0 23 6 0 2 0 0 0 3 0 4 4 0 0 0 1 

77.5 23 0 2 0 0 0 0 0 0 0 1 7 0 8 3 0 0 0 1 0 0 0 0 0 1 

80.0 157 1 9 0 0 0 0 0 0 3 6 24 7 66 8 0 0 18 1 10 3 0 0 0 1 

82.5 128 0 5 0 0 0 0 0 0 1 12 10 8 61 7 0 0 8 0 8 1 0 0 0 7 

85.0 1033 18 105 0 0 0 1 0 0 29 35 8 15 540 66 8 1 105 3 47 10 9 1 5 27 

87.5 1810 28 314 0 0 0 2 4 0 46 34 14 26 380 160 14 0 566 20 112 6 16 0 30 38 

90.0 1805 24 245 0 0 0 0 0 0 20 16 4 17 846 128 9 0 340 17 63 9 12 0 13 42 
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Total faunal density is relatively high between 90 and 85 cm depth, ranging from 1033 to 

1810 individuals per 14.1 cm3 (Figure 6 and Table 1). At 82.5 cm depth, the foraminiferal 

density abruptly decreases by one order of magnitude. Total densities between 82.5 and 17.5 

cm depth oscillate between 15 (57.5 cm depth) and 950 individuals (55 cm depth) per 14.1 cm3, 

with an average of about 175 ind. per 14.1 cm3.  

Finally, in the top 17.5 cm of the core, total densities are very low, between 1 and 27 

individuals per 14.1 cm3 (Figure 6 and Table 1). 

Table 2. Total abundances of the foraminiferal faunas (ind. per 14.1 cm3) and relative abundances of 
the dominant species (≥ 5 % of the total assemblage in at least one sample).  
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2.5 27 3.7 7.4 0.0 18.5 11.1 14.8 11.1 0.0 25.9 3.7 0.0 0.0 92.6 

5.5 16 0 6.3 0.0 18.8 18.8 6.3 12.5 0.0 0.0 0.0 12.5 0.0 75.0 

7.5 20 0 0.0 15.0 30.0 15.0 10.0 20.0 0.0 0.0 0.0 5.0 0.0 95.0 

10 30 3.3 0.0 0.0 16.7 26.7 10.0 6.7 0.0 10.0 6.7 6.7 0.0 83.3 

12.5 32 0 0.0 12.5 46.9 9.4 25.0 3.1 0.0 0.0 3.1 0.0 0.0 100.0 

17.5 55 0 0.0 0.0 40.0 10.9 21.8 0.0 0.0 3.6 1.8 5.5 5.5 89.1 

20 72 0 2.8 8.3 33.3 5.6 29.2 0.0 1.4 0.0 8.3 1.4 4.2 94.4 

22.5 94 2.1 1.1 1.1 74.5 0.0 11.7 2.1 0.0 3.2 1.1 0.0 0.0 94.7 

27.5 74 2.7 4.1 6.8 47.3 8.1 12.2 5.4 2.7 5.4 0.0 0.0 0.0 91.9 

33.75 73 0 11.0 15.1 41.1 0.0 9.6 6.8 2.7 8.2 1.4 0.0 0.0 95.9 

37.5 158 0.6 0.0 0.0 87.3 0.0 6.3 3.2 0.0 0.6 1.3 0.0 0.0 98.7 

42.5 113 0.9 7.1 0.9 40.7 3.5 21.2 4.4 0.9 8.8 7.1 0.0 0.0 94.7 

45 263 3.4 6.1 2.3 38.0 6.8 19.8 3.4 0.0 3.8 7.2 1.1 0.0 88.6 

47.5 370 0.5 1.4 3.8 77.0 2.4 6.8 2.4 0.0 1.4 1.6 1.6 0.0 98.4 

50 180 0.6 2.8 3.3 43.3 3.3 20.0 2.2 1.7 11.1 5.6 0.0 0.0 93.3 

52.5 128 2.3 7.0 0.8 35.9 1.6 20.3 5.5 1.6 7.0 10.9 0.8 0.0 91.4 

55 950 0.6 6.1 1.1 43.6 4.0 14.7 5.1 0.6 5.9 10.5 1.7 0.0 93.3 

58.75 71 2.8 1.4 0.0 50.7 14.1 9.9 1.4 0.0 2.8 11.3 4.2 0.0 95.8 

62.5 165 1.2 8.5 0.0 46.7 0.6 12.1 6.1 2.4 9.7 4.8 1.8 0.0 92.7 

65 108 0.9 10.2 0.0 36.1 4.6 14.8 4.6 2.8 7.4 7.4 0.9 0.0 88.9 

67.5 187 0.5 11.2 0.0 32.1 4.3 23.0 7.0 0.5 2.7 8.0 4.8 0.0 93.6 

71.25 82 1.2 11.0 0.0 18.3 7.3 31.7 6.1 1.2 4.9 6.1 2.4 0.0 89.0 

76.25 68 1.5 4.4 0.0 14.7 35.3 19.1 4.4 0.0 4.4 5.9 5.9 0.0 94.1 

80 157 0.6 5.7 0.0 42.0 3.8 15.3 5.1 4.5 11.5 6.4 1.9 0.0 96.2 

82.5 128 0 3.9 0.0 47.7 9.4 7.8 5.5 6.3 6.3 6.3 0.8 0.0 93.8 

85 1033 1.7 10.2 0.0 52.3 3.4 0.8 6.4 1.5 10.2 4.5 1.0 0.1 90.2 

87.5 1810 1.5 17.3 0.0 21.0 1.9 0.8 8.8 1.4 31.3 6.2 0.3 0.0 89.1 

90 1805 1.3 13.6 0.0 46.9 0.9 0.2 7.1 0.9 18.8 3.5 0.5 0.0 92.4 
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Elphidium selseyense is the dominant species in the vast majority of the samples, 

accounting for 14.7 to 87.3 % of the total assemblage (Figure 6, Table 2). The levels 47.5, 37.5 

and 22.5 cm present peak values for this taxon, whereas the assemblages of the top 12.5 cm are 

rather poor in E. selseyense. 

The relative abundance of Elphidium magellanicum oscillates between 0 and 35.3 %. A 

major peak is present at 76.25 cm (35.3 %). This species shows relatively high percentages 

(9.4–26.7 %) in the low density samples of the topmost 17.5 cm. 

Elphidium margaritaceum is nearly absent between 90 and 85 cm. Above these levels, 

relative abundances vary between 6.3 and 31.7 % with maxima around 70 cm depth, from 52.5 

to 42.5 cm depth, and from 20 to 12.5 cm depth. 

The relative proportions of Haynesina germanica fluctuate generally between 1 and 10 %. 

This species is very abundant (18.8 and 31.3 %) in the first two samples (90 cm and 87.5 cm 

depth), whereas it is present in very low numbers, or even absent, in the 20–5.5 cm interval. 

Haynesina germanica shows again an elevated percentage (25.9 %) in the most recent sample 

(2.5 cm depth). 
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Figure 7. Relative abundances of the dominant species as a function of depth (cm). We also 
represented Ammonia sp. T1 (not considered as a dominant species), because we discuss this species 

later in the manuscript. 

All other taxa only rarely occur with more than 10 % in the samples. Elphidium williamsoni 

shows maximum values (11.1–20 %) in the top 10 cm of the core, whereas Elphidium 

oceanense shows always low percentages (0–6.3 %), slightly decreasing upward. This taxon is 
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absent in the top 17.5 cm. Ammonia sp. T2 shows a general decrease from about 10.2–17.3 % 

at the bottom of the core to a near absence at about 20 cm depth. However, it shows higher 

percentages again (6.3–7.4 %) in the topmost two samples (5.5 and 2.5 cm depth). Ammonia 

sp. T6 is totally absent until 55 cm core depth, and fluctuates between absence and 15.1 % 

thereafter. Ammonia sp. T1 is always present in low percentages, never exceeding 4 %, without 

a clear pattern. Quinqueloculina spp. shows two main presence intervals, between 80 and 45 

cm (up to 6 %) and from 20 to 5.5 cm depth (up to 12.5 %). Haynesina depressula (up to 11 %) 

tends to be more abundant in the lower 40 cm of the core. Finally, Stainforthia sp. is absent in 

most samples, but is present at 20 and 17.5 cm depth (with 4.2 and 5.5 %, respectively). 

4.2. MULTIVARIATE ANALYSIS 

The first two axes of our PCA based on non-standardised percentage data account for 61 % 

and 17 % of the total variability of the dataset, respectively (Table 3).  

Table 3. Eigenvalues, explained variability (in %) and cumulative % of explained variability for the 
principal components of the PCA. 

Principal 
component 

Eigenvalue Explained variability (%) Cumulative % of variance 

1 345.5 60.8 60.8 

2 97.0 17.1 77.8 

3 63.4 11.1 89.0 

4 28.5 5.0 94.0 

5 15.1 2.6 96.6 

6 7.0 1.2 97.9 

7 5.1 0.9 98.8 

8 3.8 0.7 99.4 

9 2.1 0.4 99.8 

10 0.6 0.1 99.9 

11 0.5 0.1 100.0 

Table 4 presents the contributions of the dominant taxa to the first two PCs. Elphidium 

selseyense has a strong positive contribution to PC1, whereas E. magellanicum has a slight 

negative contribution to this axis. Elphidium margaritaceum and E. magellanicum have a 

positive contribution to PC2, whereas Haynesina germanica and Ammonia sp. T2 load 

negatively on this axis. Figure 8 presents a biplot for PC1 and PC2, in which we added the 

living assemblages of station 1 (same station as the long core) and of the nearby, shallower 

station 2 (water depth 23 m) which is less severely affected by seasonal hypoxia/anoxia (Richirt 

et al., 2020), as supplementary individuals. 
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Table 4. Taxa contributions to the first two PCs from the PCA. Values in bold are superior to the 
average contribution (|9.09|, if all species would contribute equally). 

Species / PC contribution PC 1 PC 2 

Ammonia sp. T2 -0.6 -10.9 

Ammonia sp. T6 0.0 1.6 

Elphidium selseyense 87.5 0.4 

Elphidium magellanicum -7.3 10.4 

Elphidium margaritaceum -1.8 32.0 

Elphidium williamsoni -0.8 -1.8 

Elphidium oceanense 0.0 -0.2 

Haynesina germanica -1.3 -41.8 

Haynesina depressula -0.2 0.0 

Quinqueloculina sp. -0.5 0.8 

Stainforthia sp. 0.0 0.2 

 

Figure 8. Biplot showing the taxa loadings and sample scores on the first two PCA axis. Core depth 
(cm) is indicated in black. Dominant taxa are represented by arrows. Supplementary individuals 

(living assemblages observed in 2012 from stations 1 and 2; Richirt et al., 2020) are indicated by a 
cross and a circle for station 1 and station 2, respectively. Blue dotted lines show the different, 

arbitrarily defined, groups of samples.  

In figure 8, five groups of samples have been recognised arbitrarily on the basis of their 

position on the PCA biplot and their proximity in the core: 
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Group A is constituted of samples with high negative scores on PC2, reflecting high 

proportions of Ammonia sp. T2 and H. germanica. This concerns the samples from 90 to 85 cm 

core depth. 

Group B contains samples with strongly negative scores on PC1 and positive scores on 

PC2, characterised by high relative abundances of E. magellanicum and E. margaritaceum and 

relatively low percentages of E. selseyense. This concerns samples from 76.25 and 71.25 cm 

depth. For both cases, this concerns merged samples, because the number of individuals in the 

separate samples was very low.  

Group C is composed of samples with low scores on both PCs (i.e. centred on the biplot, 

figure 8), indicative of average faunas. These “typical” faunas are dominated by E. selseyense, 

have a high percentage of E. margaritaceum, a lower percentage of Ammonia sp. T2 and H. 

germanica (compared to group A), and contain Ammonia sp. T6 from 55 cm onward. This 

concerns most samples from 67.5 to 27.5 cm depth as well as the 82.5 and 80 cm depth samples 

(subgroup C’). The living faunas of station 2 (Den Osse Basin, 23 m water depth) plot together 

with this group. 

Group D is composed of three samples with very high scores on PC1, reflecting 

uncommonly high percentages of E. selseyense. This concerns samples from 22.5, 37.5 and 

47.5 cm depth. The living assemblage of station 1 is very similar, as showed by its proximity 

on the biplot (figure 8). 

Group E groups samples intermediate between groups B and C, mostly with negative 

scores on PC1, and positive scores on PC2. Assemblages in these samples are characterised by 

high relative abundances of E. magellanicum and E. margaritaceum, although lower than the 

samples of group B. Group E contains all samples between 20 and 2.5 cm core depth. The 2.5 

cm layer is rather far away from the other samples of this group, which is due to its high 

percentage of H. germanica (Table 2). However, most samples in group E show a low absolute 

total abundance, so minor changes in the counts may lead to substantial changes in relative 

proportions. 
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5. DISCUSSION 

5.1. TEMPORAL EVOLUTION OF THE FORAMINIFERAL COMMUNITY 

Here we will focus on the temporal changes in foraminiferal densities and assemblage 

composition through time, and we will investigate whether it is possible to link the main faunal 

changes to the anthropogenic modifications of Lake Grevelingen during the last 50 years. 

As explained before, our Principal Component Analysis allowed us to recognise five groups 

of samples, each representing different vertical intervals from the sediment core, and therefore, 

successive stages of the evolution of the Lake Grevelingen. 

Group A includes samples from 90 to 85 cm depth (estimated period ~ 1968 to 1971). 

These samples contain a sandy sediment, and are situated immediately below the shift to a much 

finer sediment at 82.5 cm. These samples very probably represent the estuarine phase of the 

basin, before its seaward closure in 1971. The foraminiferal assemblages are characterised by 

a very high density (between 1000 and 2000 ind. in 14.1 cm3), and by high percentages of 

typical estuarine/mudflat species such as H. germanica and Ammonia sp. T2 (e.g. Alve & 

Murray, 1994; 2001; Bouchet et al., 2007; Thibault de Chanvalon et al., 2015; Darling et al., 

2016 ; Saad & Wade, 2016; 2017; Bird et al., 2020). In view of the location of station 1, in the 

middle of the Den Osse Basin at 34 m depth (the main former channel of the Grevelingen 

estuary), the sandy sediment reflects the strong hydrodynamics of this site, when it was still an 

estuary. Apparently, currents were too strong to allow deposits of clays and silts, so that the 

former channel floor was covered by a sandy lag deposit, with a very high foraminiferal density. 

The strong currents undoubtedly facilitated the transport of allochthonous foraminifera, such as 

the taxa cited above, which are typical of estuarine mudflats. However, H. depressula, a species 

typical of marine influence (Murray 1983; Darling et al., 2016) is present with substantial 

proportions as well, showing that foraminifera were not only transported from the inner to the 

outer estuary, but also from the more open sea into the outer estuary.   

Subgroup C’ of Group C includes the next two samples, at 82.5 and 80 cm depth 

(estimated period ~ 1972 to 1975). The sediment is mainly composed of clay/silt, confirming 

its deposition after the seaward closure of the basin, when hydrodynamics became much 

weaker. The strong drop of faunal density (from higher than 1000 to less than 100 ind. in 14.1 

cm3) shows that these samples no longer constitute a lag deposit, but rather that the 

foraminiferal populations are diluted by important supplies of fine-grained sediment (about 2 

cm y-1). The weaker hydrodynamics, together with the suppression of tides explain why the 
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foraminiferal assemblage is much less affected by transport, and probably represents an 

autochthonous community. 

The faunas of these two samples show a strong increased percentage of the more marine 

taxa E. margaritaceum and E. oceanense (Darling et al., 2016), contrasting with a strong 

decrease of the percentages of the more estuarine species H. germanica and Ammonia sp. T2. 

This suggests that in the first years after the closure of the former estuary, the basin floor was 

still inhabited by species typical of marine influence (high salinity), whereas inner estuarine 

species where no longer living, or transported to the study area. Salinity, measured on surface 

waters, was consistently high (~ 30) in the years immediately following the closure of the basin 

(1972-1974, Bannink et al., 1984), allowing marine taxa to inhabit the former main channel. 

Group B, which represents the 77.5 to 70 cm interval (estimated period ~ 1975–1980) 

contains only two merged samples (i.e. 76.25 and 71.25 cm). Their faunal composition is 

somewhat peculiar, because of the high relative proportions of E. magellanicum and E. 

margaritaceum, contrasting with the relatively low, but still substantial contribution of E. 

selseyense.  

In this period, surface water salinity showed a progressive decrease, from ~ 30 in 1974 to 

a minimum of ~ 23 in 1978, due to the input of rain water (Bannink et al., 1984). In case these 

salinity values are also partly representative for the basin floor, this could suggest that E. 

magellanicum and E. margaritaceum are more tolerant to lower salinities than E. selseyense. 

Unfortunately, the ecology of these three species is still imperfectly known. In the literature, E. 

magellanicum is generally considered as a euryhaline species (20–30 in Fjords, Gustafsson & 

Nordberg, 1999; 2000; 10–20 in the western Baltic Sea, Schönfeld et al., 2018; shallow marine 

at Dunkirk beach, Lévy et al., 1969). E. selseyense appears to be opportunistic and tolerant to a 

large range of salinity (Darling et al., 2016). Conversely, E. margaritaceum has been reported 

as a more marine species which tolerates only slight salinity variations (Alve & Murray, 1999; 

Darling et al., 2016).  

The transition to a lacustrine system also strongly increased the average water residence in 

the Lake, up to several years, compared to a few days when Grevelingen was an estuary. This 

strongly modified the ecosystem structure and functioning of Lake Grevelingen (Nienhuis, 

1978; Saeijs & Stortelder, 1982). The strengthened water column stratification and the much 

longer residence times led to a progressive increase of nutrient concentrations between 1971 

and 1978 (Bannink et al., 1984). The opening of the Brouwersdam in late autumn 1978, 

resulting in limited salt water inflow, induced a further strengthening of the salinity 
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stratification of the water column, which led to hypoxia/anoxia and mass mortality in the 

deepest parts of the basin in summer 1979 (Bannink et al., 1984). 

The three Elphidium species that dominated the assemblages during this period apparently 

resisted better than other taxa to these rapidly changing conditions. Their tolerance regarding 

low oxygen conditions is shown by their presence in the recent faunas of this site (except for E. 

margaritaceum, Richirt et al., 2020), but also by their presence in fjord environments affected 

by seasonal anoxia (for E. magellanicum; Gustafsson & Nordberg, 1999; 2000). 

The remaining samples of Group C represent the 67.5 to 27.5 cm interval (estimated period 

~ 1980 to 2000). In order to remedy the increase of eutrophication phenomena observed in the 

1970s, the basin was partly reopened by an underground sluice in 1978. This sluice was initially 

opened only in winter. Consequently, surface water salinity almost immediately rose to ~ 30 

and nutrient concentrations showed a major decrease (Bannink et al., 1984). However, this did 

not solve the problem of bottom water oxygen deficiency, and in the next 20 years, an 

intermittent succession of major later summer/early autumn hypoxic/anoxic periods was 

observed, especially in the deepest parts of Lake Grevelingen (as shown by bottom water data, 

Figure 3). This is confirmed by the results of Lindeboom & Sandee (1984), who found anoxic 

conditions coupled with the presence of sulphide at a few mm depth in the sediment in May, 

June and December 1982, at much shallower stations, with depths < 10 m. In 1999, the sluice 

was opened year-round, in order to further increase water exchanges. 

During this period (~ 1980 to 2000), the total faunal density showed strong variations, 

between ~ 70 and 950 individuals per 14.1 cm3. This succession of richer and poorer faunas 

could be due to differences between successive years regarding bottom water oxygen content 

(Figure 3; Seitaj et al., 2015; 2017), more specifically due to inter-annual variability in the 

intensity and duration of the summer hypoxia/anoxia (with or without sulphide in the topmost 

sediment). Richirt et al. (2020) showed that in case of prolonged summer anoxia combined with 

the presence of sulphides in the topmost sediment, the foraminiferal community almost 

completely disappears, and the site is recolonised the following winter, leading to low standing 

stocks the next spring. The strong Mo peak at ~ 32 cm (estimated age ~ 1998, Figure 9), could 

indicate particularly severe euxinic conditions in the sediment (anoxia with presence of 

sulphides). This could explain why we observe a very low foraminiferal density (16 ind. per 

14.1 cm3) at ~ 35 cm, immediately after this period. This apparent depth shift of ~ 3 cm between 

these two events could be explained by the fact that Mo concentrations and foraminiferal 

densities were measured on two different cores (see Materials & Methods section). Conversely, 

layers with high foraminiferal densities (such as sample at 55 cm, estimated age ~ 1986) could 
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correspond to periods following weaker and/or shorter anoxic events, eventually without 

sulphides in the foraminiferal habitat. 

Alternatively, as we look at 0.5 cm thick layers in a context where the average sediment 

accumulation rate is about 2 cm y-1, individual layers may represent a single season, and not a 

complete year. Consequently, samples with high foraminiferal densities could be deposited 

during spring/early summer seasons, whereas samples with low foraminiferal densities could 

be representative of the late summer/ autumn/winter seasons.  

All samples of group C are strongly dominated by E. selseyense, with E. margaritaceum 

being the second most important species. This seems to reflect increased salinity (more marine 

influence) and development of seasonal hypoxia (favouring opportunistic species such as E. 

selseyense). The arrival of Ammonia sp. T6, at about 55 cm core depth (~ 1986) corresponds to 

a progressive decrease of H. depressula, Quinqueloculina spp. and Ammonia sp. T2. It is 

interesting to note that the assemblage of group C is comparable to the composition of the living 

assemblage at the shallower station 2 (depth 23 m), as shown by the PCA biplot (figure 8), 

suggesting that the environmental conditions may have been comparable, with a rather short 

anoxic event in summer (maximum of 1 month, Richirt et al. 2020). 
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Figure 9. Timeline of the human-induced modifications following the Delta Plan at Lake Grevelingen. 

The sediment core used to investigate dead foraminiferal assemblage density record (black curve, 
excluding the top layer 0.5 cm showing living assemblage in grey) and the Mo record (red curve). 
Both long cores were sampled in Mai 2012. Blue letters emphasize the different groups of layers 

highlighted in the PCA biplot. 
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Group D contains only three samples, from 47.5, 37.5 and 22.5 cm core depth (deposited 

in ~ 1991, ~ 1996 and ~ 2003, respectively). The foraminiferal densities in these samples are 

comparable to densities from group C and range from 94 to 370 ind. per 14.1 cm3. The faunal 

composition of these samples stands out by exceptionally high proportions of E. selseyense (> 

~ 75 %). The composition of these assemblages is very close to the composition of the living 

assemblage in 2012 at the same station (Richirt et al., 2020), as shown by their proximity on 

the PCA biplot. This suggests that the three samples of group D reflect similar conditions, which 

could be characterised by a rather severe anoxic conditions with the presence of sulphides in 

the topmost sediment, as recorded in 2012 (Seitaj et al., 2015). It appears that E. selseyense 

could be particularly tolerant to such low oxygen conditions, as it is confirmed by its strong 

dominance of the living faunas sampled at this site in 2012 (Richirt et al., 2020). 

Finally, Group E comprises all samples in the top 20 cm of the core (estimated period ~ 

2003 to 2011). This group of samples has been deposited in the years after the decision had 

been taken to open the seaward sluice year-round (in 1999), leading to a further decrease in 

water residence times. The total foraminiferal densities are extremely low in this interval (rarely 

exceeding 15 ind. per 14.1 cm3). Because of the low foraminiferal densities, several samples 

had to be merged. In spite of that, relative proportions are still based on low numbers (from 16 

to 72 specimens), and should be considered with caution. Even when taking in account the high 

sedimentation accumulation rate at this location, the unexpected very low faunal densities 

strongly contrast with the elevated densities of living faunas, which attained a maximum of 634 

individuals per 14.1 cm3 in May 2012 (recalculated from Richirt et al., 2020), when the long 

core was sampled. 

The faunal assemblages of the samples from this group are relatively poor in E. selseyense, 

whereas the percentages of E. margaritaceum, E. magellanicum and E. williamsoni show a 

strong increase. Quinqueloculina spp. is also somewhat more frequent (Table 2). It is surprising 

that the faunal composition of the group E samples is very different from the year-averaged 

living fauna from this site (Figure 8). 

In view of the important discrepancies between the rich living faunas and poor 

taphocoenoses, with a very different species composition, we suspect that the dead assemblages 

have suffered from important taphonomic losses during early diagenesis, specifically due to 

carbonate dissolution. In fact, in the deepest parts of Lake Grevelingen, two antagonistic 

bacterial populations occur: cable bacteria develop mainly between January and May, whereas 

Beggiatoceae mats occupy the sea floor from September to December (Seitaj et al., 2015). The 

reasons why these two filamentous S-oxydizing bacteria show such an antagonistic seasonal 
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succession is not well understood yet (Seitaj et al. 2015), but it is clear that they largely affect 

the geochemistry of the topmost sediment layer.  

5.2. CABLE BACTERIA ACTIVITY RESPONSIBLE OF FORAMINIFERAL TEST 

DISSOLUTION 

Cable bacteria activity promotes carbonate precipitation in the oxic zone (maximum OPD 

about 2 mm at this site, even in winter, see Seitaj et al., 2015), and carbonate dissolution 

immediately below, where oxygen is absent (Risgaard-Petersen et al., 2012; Meysman et al., 

2015). Consequently, the carbonate saturation state (ΩCa) is low in the first centimetres of the 

sediment (ΩCa < 1 at least down to 2 cm, see Table 5), which could result in the partial or 

complete dissolution of calcareous dead foraminiferal tests. In fact, for 2012, calculated Ca 

are < 1 from January (excluding in the top 0.5 cm) to April, when cable bacteria were active, 

indicating strongly increased calcium carbonate (CaCO3) dissolution (Table 5). This is 

corroborated by a release of Ca2+ measured in the first centimetres in pore waters at the same 

station in January and March (Sulu-Gambari et al. 2016). 

Table 5. Values of calcium carbonate saturation state at station 1 at different depths in the sediment 
for each month. Red: Ca < 1, indicating increased carbonate dissolution. Blue: Ca > 1, indicating 

no carbonate dissolution. 
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0.25 2.30 NA NA 0.91 NA 1.93 3.08 NA 1.86 NA 2.81 3.06 

0.75 0.54 0.90 0.68 0.70 NA 2.39 2.67 NA 2.30 7.46 9.62 14.68 

1.25 0.29 0.41 NA 0.55 NA 2.41 2.87 NA 2.90 NA 14.76 22.66 

1.75 0.20 0.27 0.24 0.51 NA 2.13 2.87 NA NA 4.60 NA 21.11 

2.25 NA 0.22 0.23 0.67 NA 1.99 2.75 NA 3.95 5.03 5.90 13.49 

2.75 NA 0.21 NA 0.61 NA 2.40 2.78 NA NA NA NA 7.75 

3.25 NA NA NA NA NA NA NA NA NA NA 4.29 6.98 

3.75 NA NA NA NA NA NA NA NA NA NA 4.68 NA 

Living foraminifera have mechanisms to deal with lower carbonate saturation state (e.g. 

active control of their internal and external pH during the calcification process, intracellular 

storage of Ca2+ ions, Toyofuku et al., 2008; de Nooijer et al., 2009; Toyofuku et al., 2017). 

They often dwell in environments with a lower carbonate saturation state, and living specimens 

only rarely show serious signs of test dissolution there (e.g. Charrieau et al., 2018). However, 

the discrepancy between the dense living faunas, which are apparently not much affected by 

carbonate dissolution, and the low density dead faunas is probably explained by the fact that 
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the living specimens predominantly live in the thin oxic zone, which is not affected by the 

strongly decreased ΩCa (Seitaj et al. 2015). Only when the dead foraminiferal tests passively 

cross this low Ca zone (after the death of the individuals, due to sediment deposition at the 

sediment water interface), the assemblages are affected by important losses due to carbonate 

dissolution. The very low faunal densities in the top 20 cm of the core suggest that this situation 

has existed since about 2003, some years after the intensification of water exchanges. In the 

cartoon presented in Figure 10, the seasonal succession of events is schematised. 

 
Figure 10. Conceptual scheme showing two consecutive years to explain the low density of dead 

faunas (in grey) in the first 20 cm of the core. The seasonal succession of oxic (blue), suboxic (orange) 
and sulphidic (black) zones and presence of cable bacteria (red dotted curves) are from Seitaj et al. 

(2015). Presence and densities (size of the signs) of living foraminifera (in green) are from Richirt et 
al. (2020). Squares, circles and triangles represent the yearly successive foraminifera generations. 

If our hypothesis that the low density foraminiferal faunas in the top 20 cm is due to 

dissolution resulting from cable bacteria activity is true, this would mean that the cable bacteria 

activity in the Den Osse Basin started, or substantially increased between 2000 and 2005. This 

fits remarkably well with the year-round opening of the Brouwersdam sluice in 1999. 

The increased inflow of saline, warm and well oxygenated water induced by the opening 

of the Brouwersdam sluice in 1999 should have improved the oxygenation and led to a 

reduction of the duration of anoxia events in the bottom waters  compared to the situation before 

1999 (Fig. 3; Wetsteijn, 2011; Sulu-Gambari et al., 2017). However, the increased 

concentration and large peaks in the Mo record in the last ~ 30 cm of the core suggest the 

presence of increased quantities of sulphides in the pore waters during the same period. Sulu-

Gambari et al. (2017) explained this contradiction (better oxygenation of bottom waters but 

development of sulphidic conditions in sediment) by the introduction of large amounts of algae 
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(mainly Phaeocystis globosa) into Lake Grevelingen from the North Sea (Hagens et al. 2015) 

since ~ 2000. The intensified remineralisation of organic matter induced by this extra input of 

dead algal material enhanced the sulphato-reduction rate and finally resulted in an increase of 

sulphide concentration in the pore waters. This process culminated in the exceptionally long 

hypoxia/anoxia in 2011 and 2012, compared to the period 1999–2010 (Sulu-Gambari et al. 

2017). 

The supposed increased cable bacteria activity resulting from the increased water flow in 

1999 is corroborated by the fact that the presence of an oxygen-sulphide interface is a 

prerequisite for the development of S-oxidising bacteria, such as cable bacteria and Beggiatocea 

(Jørgensen, 1982). 

5.3. TEMPORAL SUCCESSION OF AMMONIA PHYLOTYPES 

It has already been suggested that Ammonia sp. T6 could be an exotic and/or invasive 

species introduced in the eastern Atlantic Ocean by anthropogenic activities, and originating 

from east Asia (Pawlowski & Holzmann, 2008; Schweizer et al, 2011; Bird et al., 2020). 

Concerning the other two representatives of the Ammonia phylotype observed in our sediment 

core, Ammonia sp. T1 is considered cosmopolitan (Holzmann & Pawlowski, 2000) whereas 

Ammonia sp. T2 seems to be restricted to the north Atlantic (Hayward et al., 2004). The latter 

two species are both assumed autochthonous in Europe, and could at present be progressively 

replaced by the supposedly exotic phylotype Ammonia sp. T6 (Pawlowski & Holzmann, 2008; 

Schweizer et al. 2011; Richirt et al, in prep.). The historical record from the Den Osse Basin 

presented here shows the arrival of Ammonia sp. T6 at 55 cm core depth (estimated year ~ 

1986), and its subsequent progressive replacement of Ammonia sp. T2 (Figure 11).  

This species replacement suggests that phylotype T6 is more resistant than phylotype T2 to 

the environmental conditions found in Lake Grevelingen after the closure in 1971, especially 

to the seasonal hypoxia/anoxia. This hypothesis is corroborated by the much higher test porosity 

measured in Ammonia sp. T6 compared to Ammonia sp. T2 (22.45 ± 3.85 % versus 12.18 ± 3.8 

%, respectively, Richirt et al. 2019a), suggesting that this phylotype could resist to oxygen 

deficiency by increasing its gas exchanges with the outer environment. The fact that Ammonia 

sp. T6 is rather poorly represented (about 5 % of the total assemblage) in the living assemblages 

in 2012 was explained by a phase offset between: 1) the time of repopulation of the site in 

winter 2011–2012 after its decimation due to euxinic conditions in summer 2011, and 2) the 

availability of its preferred food sources, in spring 2012 (Richirt et al. 2020).  



Chapter 5: Benthic foraminiferal historical record in the seasonally anoxic Lake Grevelingen 

228 

Alternatively, the rather poor density of Ammonia sp. T6 could also mean that this taxon 

tolerates hypoxia and short phases of anoxia, but is not able to withstand prolonged periods of 

oxygen depletion or absence, together with a presence of sulphides in its microhabitat. This 

could explain the much higher percentage of this taxon in the living faunas of station 2 

(shallower station in Den Osse Basin), where the duration of seasonal hypoxia/anoxia is shorter 

than at station 1 (Richirt et al. 2020). 

 

Figure 11. Relative abundances (in % of the total assemblage) of the three different Ammonia 
phylotypes T1 (red), T2 (green) and T6 (blue) as a function of depth (cm).  

Finally, phylotype T6 is virtually the only Ammonia phylotype found in recent assemblages 

(~ 5.2 % of the 1044 individuals, total fauna, Richirt et al., 2020). In view of the strong anoxic 

events with co-occurring sulphidic conditions in 2011 and 2012 at this site (Seitaj et al. 2015; 

Richirt et al. 2020), this underlines the higher resistance of phylotype T6, compared to 

phylotypes T1 and T2, to such adverse conditions. 

Today, phylotype T6 is found in all (closed or open) branches of the Rhine-Meuse-Scheldt 

estuary (Jorissen, unpublished data). In this context, we can consider the question of what 

represents the arrival of Ammonia sp. T6 in Lake Grevelingen (i.e. Den Osse Basin), around 

1986 observed here. In our opinion, two alternative hypotheses can be envisaged: 

1) Ammonia sp. T6 is indeed an exotic species, and its arrival in Lake Grevelingen was 

synchronous with its arrival on the eastern Atlantic coasts.  

2) Ammonia sp. T6 was already present in the North Sea, either as an autochthonous 

species, or after a first anthropogenic introduction from eastern Asia, and its arrival in 

Lake Grevelingen reflects a secondary, local migration event.  
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In this context, it is important to notice that Ammonia sp. T6 was not observed in the faunas 

of the lower part of the core (90–85 cm) when Grevelingen was open to the North Sea. This 

strongly suggests that this phylotype reached this part of the eastern Atlantic facade between 

the closure of the Lake in 1971 and the arrival of this phylotype in the basin circa 1986. This 

would rather argue in favour of its exotic nature, as suggested by Pawlowski & Holzmann 

(2008), who hypothesized an introduction of Ammonia sp. T6 in North Sea in the early 19th 

century by means of ship ballast water. Massive importations of Japanese oysters, from 1964 

to about 1980 could also represent a possible vector for Ammonia sp. T6, as this has been the 

case for a large number of different groups of organisms (e.g. Polychaeta, Amphipoda, 

Tunicata, Cirripedia, etc., Wolff & Reise, 2002). 

Unfortunately, this study does not allow us to definitely settle whether Ammonia sp. T6 is 

an exotic and/or invasive species in Europe. Even today, Ammonia sp. T6 is not present in all 

estuaries of the mid latitude East Atlantic coast. For instance, it is absent in the French Vie and 

Auray estuaries (Fouet et al., in prep.). Therefore, the absence of Ammonia sp. T6 in the 

Grevelingen estuary before its closure in 1971 could also be due to the fact that this species was 

not present in this particular estuary. Finally, the transformation of the Grevelingen estuary to 

a brackish water lake with occurrence of seasonal anoxia may have facilitated the colonisation 

of the Den Osse Basin by Ammonia sp. T6, putatively more resistant to hypoxia/anoxia than its 

congeneric phylotypes. 

6. CONCLUSION 

Our investigation of the sediment record of one of the deepest basins in Lake Grevelingen 

highlights the important changes undergone by the foraminiferal community over the last 50 

years. These changes reflect the major anthropogenic modifications of Lake Grevelingen, 

which was artificially turned from an estuary into a salt lake during this period. The Mo 

concentrations in the sediment record is supposed to mark the yearly late summer–early autumn 

anoxic events with co-occurring presence of free sulphides in the pore water of the sediment. 

This record provides a very useful tool to detail the more conventional age model based on 

210Pb, allowing us to obtain a higher precision of about ± 3 years. 

The seaward closure of the basin in 1971 induced an important change of the foraminiferal 

faunas, from high proportions of H. germanica and Ammonia sp. T2, typical estuarine mudflat 

species, to faunas dominated by E. margaritaceum, typical for marine influence, E. oceanense, 

considered as an opportunistic species, and E. magellanicum, which seems to be tolerant to 
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oxygen depletion. This faunal change could be explained by the disappearance of tides, much 

weaker hydrodynamics, increased eutrophication phenomena and increased salinity 

immediately after the closure of the basin. The opening of the seaward sluice (in the 

Brouwersdam) in autumn 1978, to counterbalance eutrophication phenomena, increased water 

renewal, but did not solve the problem of seasonally occurring hypoxia/anoxia. At first, the 

sluice was opened only in winter and E. selseyense strongly dominated the foraminiferal 

assemblages. Around 1986, the emergence of Ammonia sp. T6 was observed coupled with a 

progressive diminution of the proportion of Ammonia sp. T2, H. depressula and 

Quinqueloculina spp. in the assemblages. After the sluice was opened almost year-round in 

1999, further reducing water residence time by doubling exchanges with the North Sea, the 

foraminiferal assemblages became very poor, so that the assemblage composition should be 

interpreted very carefully. The extreme scarcity of foraminiferal tests in the top 17.5 cm of the 

core, which strongly contrasts with the high abundance of living foraminiferal community, is 

ascribed to post-mortem dissolution, resulting from the strongly diminished carbonate 

saturation state due to cable bacteria activity in the anoxic part of the sediment. 

Our results indicate that Ammonia sp. T6 arrived in Lake Grevelingen around 1986 and has 

progressively supplanted other Ammonia phylotypes (T1 and especially T2) in the record. We 

hypothesize that this progressive takeover is the result of its better tolerance to hypoxia/anoxia 

events. However, our results do not allow us to definitely validate the exotic and/or invasive 

nature of Ammonia sp. T6. In fact, the absence of this taxon in the lower part of the core could 

either indicate that it was absent on the Dutch coast in 1971 or that it was already present at 

other sites, and that the important human-induced transformation of Lake Grevelingen created 

the environmental conditions favourable for its settlement. 
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ABSTRACT 

Due to climate warming and increased anthropogenic impact, a decrease of ocean 

water oxygenation is expected in the near future, with major consequences for marine life. 

In this context, it is essential to develop reliable tools to assess past oxygen concentrations 

in the ocean, to better forecast these future changes. Recently, foraminiferal pore patterns 

have been proposed as a bottom water oxygenation proxy, but the parameters controlling 

foraminiferal pore patterns are still largely unknown. Here we use scaling laws to describe 

how both gas exchanges (metabolic needs) and mechanical constraints (shell robustness) 

control foraminiferal pore patterns. The derived mathematical model shows that only 

specific combinations of pore density and size are physically feasible. Maximum porosity, 

of about 30%, can only be obtained by simultaneously increasing pore size and decreasing 

pore density. A large empirical data set of pore data obtained for three pseudocryptic 

phylotypes of Ammonia, a common intertidal genus from the eastern Atlantic, strongly 

supports this conclusion. These new findings provide basic mechanistic understanding of 

the complex controls of foraminiferal pore patterns and give a solid starting point for the 

development of proxies of past oxygen concentrations based on these morphological 

features. Pore size and pore density are largely interdependent, and both have to be 

considered when describing pore patterns. 

1. INTRODUCTION 

Marine foraminifera are unicellular eukaryotes inhabiting both the benthic and the pelagic 

realms. They are one of the most widespread groups of marine organisms, constitute the most 

diverse group of shelled microorganisms in the modern ocean and have a very rich fossil 

record1,2. Foraminifera have been intensively used in paleoceanographic studies and most of 

our knowledge of the response of past oceans to climate change has been obtained through 

geochemical measurements of foraminiferal tests3. Recently, porosity in benthic foraminifera 

has been proposed as a proxy of past bottom water oxygen4–7 and nitrate levels8,9. In view of 

the expected future decrease in marine oxygen levels, due to global warming and increased 

eutrophication10–12, a precise knowledge of oxygen levels in the past, under different climate 

regimes, is crucial. 

Pores are important morphological features in hyaline foraminifera, but their process of 

formation and their functions are still very poorly known. Different functionalities have been 

proposed for these connexions between the cell and the surrounding environment, such as 

passages for pseudopods13–15, buoyancy control16 (i.e. in planktonic species), expulsion of 

gametes16, osmoregulation17,18, feeding17 (intake of organic soluble substances, e. g. dissolved 

amino acids in sea water) or gas exchanges17,19–22. Foraminiferal pores show a large variability 

in form, size and density. The overall porosity (i.e. the percentage of the test surface covered 

by pores), which is determined by the latter three factors, is an integrative parameter and 
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studying its variability in relation to environmental parameters may help to understand the 

functions of pores. In fact, changes in overall porosity can be explained in two ways: (1) as a 

phenotypic adaptation to external (environmental) parameters, such as temperature, oxygen or 

nitrate concentration8,23,24, or (2) as an internal, species specific, evolutionary adaptation of the 

genome25. In both cases, the physiology of the organism (e.g. metabolic processes) will be 

modified18,20,21.  

In order to cope with low oxygen concentrations, benthic foraminifera have developed a 

range of mechanisms such as nitrate respiration8,26,27, sequestration of chloroplasts28,29, bacterial 

symbionts21, ultrastructural adaptations20,21 or dormancy30,31. However, Ammonia was shown 

unable to sequester chloroplasts29 and seems strictly aerobic31. Intensifying gas exchanges by 

increasing overall porosity could be another adaptation to hypoxia. 

In fact, recently, the variability of pore patterns in benthic foraminifera has been 

increasingly attributed to differences in gas exchanges, in particular the uptake of oxygen from 

the surrounding sediment pore waters. The overarching idea is that, when dealing with low 

oxygen concentrations, a higher total porosity would allow foraminifera to increase their 

oxygen uptake20,21,24,32–35. In several studies, a correlation has been observed between the pore 

density (number of pores per unit of surface) and the concentration of dissolved oxygen in the 

surrounding waters4,5,23. In these studies, the authors showed that the pore density increased 

with lower dissolved oxygen concentrations in the surrounding water. Evidently, not only the 

pore density and the pore size, but also the test thickness will determine the intensity of 

exchanges through pores. Numerous authors already noted that thin walled species (i.e. with 

faster gas exchanges) strongly dominate foraminiferal assemblages in oxygen-depleted 

environments33,36–38. Finally, mechanical constraints are necessarily involved when 

foraminifera adapt their porosity in function of the environment. Foraminifera cannot 

indefinitely increase the porosity or decrease the thickness of their tests without substantially 

diminishing the test robustness. 

Here we present a simple physical model predicting the relationship between shell porosity, 

metabolic needs and test robustness, for the last formed chamber of the foraminiferal test. The 

proposed scaling law model is built on two main assumptions: (1) overall foraminiferal porosity 

reflects the intensity of gas exchanges, which is determined by cell volume and gas 

concentrations in the surrounding seawater, and (2) there is a mechanical constraint (test 

robustness) that limits the increase in overall porosity. Greater porosity can essentially be 

achieved by increasing pore density and/or pore size. We will use a scaling law model to 

investigate what range of combinations of these two parameters is physically possible, and what 
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is the optimal response to the combined mechanical and respiratory constraints. We focus on 

the last formed chamber, which contains the largest volume of protoplasm and is the thinnest 

one, so that exchanges with the environment are maximal and test robustness is most critical. 

An important additional reason to use the last formed chamber is that in the foraminifera with 

lamellar test studied here, a thin calcite layer is precipitated over the entire test with every new 

chamber. Although most of the pores remain functional, these secondary calcite layers may 

cause slight changes of the pore characteristics of earlier chambers. Consequently, only the last 

chamber is fully representative of the trade-off between gas exchanges and test robustness at 

the time of chamber formation. Finally, we will use a large empirical data set obtained for three 

phylotypes of the coastal genus Ammonia, with very different pore patterns, to verify whether 

the scaling law model results correctly predict the pore patterns we observed in nature. 

2. RESULTS 

2.1. THE MODEL 

In order to keep the manuscript as concise as possible, we only present in this section the 

main features of our model which is developed in detail at the end of the manuscript (see 

Methods section). The theoretical scaling law model is based on two constraints: the foraminifer 

needs a minimal respiration rate in order to ensure a nominal metabolism (i.e. “metabolic 

constraint”) and the mechanical resistance of the shell has to be guaranteed (i.e. “mechanical 

constraint”).  

 

Figure 1. On the left a sketch representing an Ammonia sp. specimen in spiral view with the last 
chamber in grey. On the right, a detailed scheme of the last chamber illustrating the theoretical model. 
L: thickness of the test; Rs: radius of the last chamber; Cin: gas concentration within the cell; Cout: gas 
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concentration in the surrounding water; r: mean radius of the pores; Sp: mean surface of the pores; σ: 
mechanical stress.  

Considering the micrometric size of the pores, passive diffusion controls the transport 

of gas across the shell. In case of lower oxygen concentrations, the difference of gas 

concentrations between the foraminiferal cell (Cin, Fig. 1) and the surrounding sea water (Cout, 

Fig. 1) will decrease, which according to Fick’s first law of diffusion, will lead to a decrease in 

the mass transfer through the pores. Here we assumed that the cell adapts its morphological 

features (i.e. pore patterns) to maintain a constant metabolic rate. In order to compensate for 

this mass transfer decrease, the test porosity must increase. This can be achieved by (1) an 

increase in pore density N, (2) an increase in pore size (radius r), or (3) an increase of both 

parameters. 

As shown on Figure 1, we considered the individual test chamber as a spherical shell, 

of radius Rs and thickness L << Rs. Since the test is mainly composed of calcite, we expect that 

only little plastic deformation is possible, and that in case of increasing mechanical stress, brittle 

fractures will rapidly occur, ultimately leading to breakage of the test. (see Fig. 2). The failure 

theory predicts that this rupture will begin at a point of maximal stress occurring at geometric 

discontinuities. In the present case, we assume that the pores behave like such stress 

concentration points. From a mechanical point of view, a fracture may happen if the stress 

magnitude σ in the shell exceeds a limit σ*, the latter being related to the pore structure. 

 

Figure 2. SEM picture of an Ammonia sp. specimen showing the response of the foraminiferal test to 
strong mechanical pressure (notice the net fracture on the last chamber). 
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The theoretical scaling law model presented here shows that the three basic ways to 

increase test porosity have very different consequences from a mechanical point of view. As 

detailed in the Methods section, the relationships between pore density  𝑁 , pore radius  𝑟 , 

porosity Ф and the mechanical stress at which test failure occurs 𝜎∗ can be defined as: 

𝑁 ~ 
1

𝑟3/2
 (Eq. 1) 

Φ ~ 𝑟1/2 ~ 
1

𝑁1/3
 (Eq. 2) 

𝜎∗ ~ 
1

𝑟1/2
 ~ 𝑁1/3 (Eq. 3) 

We can compare these scaling laws with the results of an another simple theoretical 

approach, a mathematical optimisation of the three parameters above (see Methods), which 

gives: 

𝑁 ~ 
1

𝑟5/4
 (Eq. 4) 

Φ ~ 𝑟3/4 (Eq. 5) 

2.2. COMPARISON WITH AN EMPIRICAL DATA SET 

The 1386 individuals used in this study were sampled at 36 different intertidal and subtidal 

locations with weak hydrodynamics, mainly along the French Atlantic and Dutch coasts (see 

Methods). The specimens investigated originate from living natural populations (80%), 

subrecent fossil samples (15%) and living specimens used in laboratory experiments (5%). The 

measures of the pore density 𝑁, mean pore radius 𝑟 and porosity Ф were achieved following 

the methodology developed by Petersen et al (2016)35. Since in our recent specimens the last 

chamber is very often broken, we systematically measured pore patterns in the penultimate 

chamber. The range of pore radii measured on the spiral face (SEM images) shows that the 

three Ammonia sp. phylotypes T1, T2 and T639,40 are mixed in the present data set41. 

Figure 3 displays the empirical data obtained for the pore density 𝑁 (number of pores per 

562 µm²) and mean pore radius 𝑟 (in µm) together with the allometric scaling. The theoretical 

scaling law model and the mathematical optimisation approach only predict the exponent and 

not the intersect. Therefore, on the figures 3 to 5, the lines representing the model outcomes can 
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be moved vertically in an arbitrary way, and we choose the offsets in the graphics in order to 

avoid superposition with empirical data to make the figures more readable. The empirical 

observations show a strong relationship between these two parameters described by 𝑁 ~ 𝑟−1.31. 

This value is intermediate between the coefficient of -1.5 provided by the model (Eq. 1) and -

1.25 given by the mathematical optimisation (Eq. 4). 

 
Figure 3. Pore density (N, number of pores per 562 µm²) as a function of the mean radius of the pores 
(r in µm). The black dots represent the empirical data. The black dotted line represents the power law 
model based on the empirical data (y = 30.08±1.01x-1.31±0.01, p-value < 2-16). The orange line represents 

the mathematical rule derived from the scaling law model (N ~ r -3/2). The grey line represents the 
mathematical rule derived from the mathematical optimisation (N ~ r -5/4). 

Figure 4 shows the empirical data for total porosity using the best allometric scaling. 

The empirical data scale as Φ ~ 𝑟0.68 ; which is intermediate between the exponent of 0.5 

predicted by the model (Eq. 2) and 0.75, given by the mathematical optimisation (Eq. 5). Again, 

the model and the observed data are in close agreement, given our simplified approach and 

uncertainties in natural settings. Similarly to what is shown in Fig. 3, porosity as observed in 

the empirical data set increases slightly faster with 𝑟 than the predictions of the scaling law 

model. In fact, such minor deviations from the predicted exponents are generally interpreted as 

variations of the system dynamics, which can only be better understood by more exhaustive 

investigations. 
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Figure 4. Overall porosity (Ф in % of total test surface) as a function of the mean radius of the pores 
(r in µm). The black dots represent the empirical data, the black dotted line represents the power law 

model based on the empirical data (y = 16.78±1.01x0.68±0.01, p-value < 2-16) and the orange line 
represents the mathematical rule derived from the scaling law model (Ф ~ r 1/2). The grey line 

represents the mathematical rule derived from the mathematical optimisation (Ф ~ r 3/4). 

Remarkably, the model predicts that, as a result of mechanical constraint, an increase in 

total porosity is achieved by a concomitant increase in the pore radius r and a decrease in the 

pore number N. This somewhat counterintuitive finding (increased porosity is obtained by 

simultaneous changes with an opposed individual effect) is fully confirmed by the empirical 

data. There are several reasons for this. First of all, the impact of pore density and pore size on 

total porosity is not equivalent: since Ф is proportional to N and to r², porosity is much more 

sensitive to a change in r than in N. Concerning the decrease in N in the model results, the 

explanation is provided by mechanical constraints. In fact, pores act as defects, which may be 

the origin of fractures or shell breakage (Fig. 2). The lower the pore density is, the less likely 

test failure becomes. According to the theoretical model, when the pore radius grows to allow 

increased gas exchanges, a decrease in pore density allows preserving the same mechanical 

resistance of the test, with a larger overall porosity. However, according to Eq. 3, an increase 

in the pore radius will also weaken the mechanical resistance of the test, because the stress σ* 

at which test failure occurs decreases. In fact, the response of the limit stress σ* is more sensitive 

to variations in pore density N than in pore radius r.  

Summarizing, the model results conclusively show that in order to increase porosity and 

maintain the mechanical integrity of the test at the same time, the only viable strategy is to 

increase the pore radius and concomitantly decrease the pore density. It is remarkable that the 
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empirical data set shows exactly the same pattern, strongly confirming the general outcome of 

the scaling law model. 

3. DISCUSSION 

3.1. MECHANICAL CONSTRAINTS AS PHYSICAL CONTROL OF PORE 

PATTERNS 

Based on two simple assumptions (i.e. total porosity is controlled by metabolic demands 

and mechanical constraints), the obtained scaling law model fits surprisingly well with the large 

empirical data set of measured pore patterns. It is especially satisfactory that the counterintuitive 

outcome of the model, i.e. that increased porosity can best be achieved by concomitantly 

increasing the pore radius and decreasing the pore density, is fully confirmed by the empirical 

dataset. This dual result underlines the complex relationship between pore radius, pore density 

and overall porosity, and shows that only a limited number of combinations can be realised in 

nature (Fig 5). 

Foraminiferal test porosity has long been considered as the critical parameter for gas 

exchanges17,19–22, and empirical studies have focused on the relationship between pore 

parameters and water oxygen concentration4,5,7,23,42. Conversely, in these previous studies, the 

mechanical resistance of foraminiferal tests has never been considered, although it strongly 

influences the pore patterns, as shown by our model. To our knowledge, the only quantitative 

study on this topic was published by Wetmore (1987)43. After investigating various coastal taxa 

in different environmental settings, she concluded that test robustness increases with size and 

with increased physical stress (i.e. sediment coarseness, water turbulence). Our study confirms 

the major importance of resistance to mechanical constraints, and shows that the variability in 

pore patterns observed in Ammonia is not only an adaptation to increase gas exchanges (through 

increased overall porosity), but is at the same time strongly controlled by the mechanical 

resistance of the test. 
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Figure 5. Overall test porosity as a function of pore radius in the empirical data set (black dots, 

n=1386), compared with the results of the scaling law model (the orange line Ф ~ r 1/2). In the central 
part of the graph, there is an “equilibrium area” (in green) where the very large majority of individuals 
are plotting, in total agreement with the scaling law model. The blue area represents combinations of 
pore density and radius which are not encountered in nature because the metabolic demands are not 
fulfilled. Similarly, the yellow area represents the space where the mechanical constraints on the test 

are too high. The blue arrows represent the direction of the constraints imposed by the need of 
increased gas exchanges (toward higher porosity and increased pore radius). The yellow arrows 

represent the direction of the constraints imposed by the mechanical solidity of the test (toward lower 
porosity and larger pore radius). 

3.2. THE FORAMINIFERAL DILEMMA: THE CHOICE BETWEEN GAS EXCHANGES 

AND TEST SOLIDITY 

A higher porosity obtained by an increase in pore diameter accompanied by a reduction of 

pore density has been described for Ammonia sp. by Moodley & Hess (1992)32 and Petersen et 

al. (2016)35. The same strategy was also highlighted for planktonic foraminifera44,45, but has 

never been shown for other benthic foraminiferal taxa. Several authors have studied pore 

density, in relation to bottom water oxygen concentrations4,5,7,23. Unfortunately, in the latter 

studies, pore size was not investigated and the overall porosity was not taken into account. As 

highlighted in our study, the concomitant use of pore density and pore size is mandatory to 

understand foraminiferal pore patterns related to environmental conditions. In view of our 

results, studies that consider only one of these two parameters are potentially strongly biased. 

However, the study of total porosity, which represents a combination of pore number and pore 

size, should give an acceptable, albeit incomplete, description of pore patterns. 
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An alternative approach to increase porosity would be to increase both pore density and 

pore size. This strategy has been suggested for Hanzawaia nitidula, a foraminifer living in low 

oxygen bottom waters24, but unfortunately, no quantitative measurements have been presented 

to corroborate this interpretation. However, our scaling law model strongly suggests that such 

a strategy is not realistic, because simultaneously increasing pore size and pore density will 

rapidly lead to a strong decrease of the test robustness. 

Our large empirical data set suggests that a higher porosity can only be attained without 

substantially decreasing test robustness by concurrently increasing the pore size and decreasing 

pore density. In Ammonia sp., a porosity of 30% is the upper threshold observed in our data. 

This corresponds to a pore density of about 10 pores per 562 µm² and a radius of about 2 µm 

for individual pore. All the individuals, irrespective of their age or geographical origin, plot on 

the same curve; this clearly indicates that the observed relationship between total porosity, pore 

density and pore radius reflects a strong control of metabolic and mechanicals constraints as 

predicted by our scaling law model. 

The scaling law model presented here is based on the pore density and pore size in the last 

chamber. Due to the particular calcification process of foraminifera with a lamellar test, where 

with every newly formed chamber, a thin calcite layer is precipitated over the entire test, pore 

patterns will probably change with ontogeny. For instance, Petersen et al. (2016)35 showed that 

in Ammonia, toward earlier chambers, pore density was increasing, whereas pore size was 

decreasing, without a significant trend in overall porosity. However, they also noted that these 

ontogenetic changes were minimal compared to the differences observed between specimens 

from different sites. It should be noted as well that in spite of potential changes of pore patterns 

in successive chambers, each chamber was the last chamber when it was formed, and our model 

results were very probably valid at that moment.  

An alternative way to adapt to low oxygen conditions would be to construct thinner tests. 

In fact, many calcareous taxa adapted to low oxygen environments are indeed characterised by 

very thin tests34,37–39. Just as increased porosity, also a thinner test would lead to a lower test 

robustness. The modelling of varying test thickness is the subject of ongoing research. 

3.3. ECOLOGICAL CONSIDERATIONS 

In this study, the specimens included in the dataset belong to three different pseudocryptic 

(morphologically distinguished only after their identification by DNA analysis) phylotypes of 

the genus Ammonia: T1, T2 and T639,40. As shown by Richirt et al. (2019)41, the phylotype T2 
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seems unable to attain a porosity higher than 20% and a mean pore radius larger than 0.7 µm 

(Figs. 3 to 5, left cluster). T1 and T6 are able to attain higher overall porosity with upper limits 

of about 25% and 30% and a mean pore radius larger than 1.25 µm and 1.8 µm respectively 

(Figs. 3 to 5, right cluster). Although these three phylotypes apparently respond to the same 

physical controls, as shown by the model (i.e. metabolic demand and mechanical resistance), 

they exhibit different values of mean pore radius, pore density and porosity, suggesting that 

they occupy different ecological niches. We hypothesize that these three phylotypes represent 

different adaptations to dissolved gas concentrations (i.e. oxygen concentration)32,35. 

At equal porosity, individuals with large pores (phylotype T6) are more robust compared to 

individuals with small (phylotype T2) or intermediate pore sizes (phylotype T1). In view of the 

limited range of pore size (and total porosity) observed for each of the three phylotypes25,40,41, 

it appears that pore size is phylotype-dependant, as was already shown for other foraminiferal 

taxa46,47. However, within the limits observed for each of the three phylotypes, there is still 

substantial variability in porosity, which highlights a certain degree of ecophenotypic plasticity 

or intraspecific genetic variation. Intra-phylotype plasticity as an additional response to 

environmental conditions has earlier been shown in other protists48 (i.e. the number of pores in 

different phylotypes of testate amoeba). Disentangling genetic and environmental controlling 

factors is essential to better understand the observed morphological variability. 

In order to improve gas exchanges and maintain mechanical integrity of the test, the optimal 

solution is to increase pore size while decreasing pore density. It appears that, compared to the 

two other phylotypes, T6 has developed a pore pattern maximising gas exchanges, while 

maintaining test robustness. This should allow T6 to better perform under low oxygen 

conditions, which are found immediately below the sediment surface in the intertidal and 

subtidal mudflats where these Ammonia phylotypes flourish. More detailed studies have to be 

carried out to investigate whether T6 is able to live deeper in the sediment (i.e. where the oxygen 

content is lower) than T1 and T2. It has been suggested that phylotype T6 has only recently 

been introduced in Europe, and originates from East Asia49. Its higher porosity and a potential 

increased tolerance to hypoxic conditions, could explain why the phylotype T6 has successfully 

colonized mudflats along the European coasts, including areas which were not occupied by T1 

and T2 before its arrival, such as the Kiel Fjord50 or the Baltic Sea51. 
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3.4. PROXY POTENTIAL OF FORAMINIFERAL PORE PATTERNS 

The model developed in this study represents a first step to better understand foraminiferal 

pore patterns, and allowed the identification of the two main controlling factors in Ammonia sp. 

Although there is no reason to think that pore patterns in other biconvex foraminifera with a 

lamellar test do not follow the same systematics, the available data do not allow us to confirm 

this. Our study emphasizes the importance of examining both pore density and pore size when 

investigating foraminiferal pore patterns. Our results strongly suggest that in biconvex 

foraminifera with a lamellar test, different pore patterns are a morphological adaptation 

(genetically encoded and/or phenotypic) allowing the modulation of gas exchanges with the 

outer environment. Increased gas exchanges may be very beneficial in low oxygen 

environments. This observation has been the rationale behind the attempts to use pore patterns 

as a proxy for bottom water oxygen concentrations4–7. Our scaling law model is not restricted 

to exchanges of oxygen, but could also be applied to other dissolved compounds in water, such 

as nitrate. Recently, pore patterns in Bolivina spissa have been proposed as a proxy to 

reconstruct past nitrate concentrations8,9. Although the general test shape of Bolivina is very 

different compared to Ammonia, a theoretical scaling law model adapted to this genus, based 

on the same principles, should allow us to better understand how simultaneous changes of pore 

density and pore size will lead to maximal porosity, allowing optimisation of gas exchanges. 

We are convinced that this type of modelling approach provides insight in the physical laws 

controlling foraminiferal porosity. Understanding the constraints controlling the foraminiferal 

porosity is a crucial prerequisite for the reliable calibration and successful application of 

paleoceanographic proxies based on foraminiferal pore patterns. 

4. METHODS 

4.1. SCALING LAW MODEL 

Scaling arguments and dimensional analysis are extensively used to study the general 

characteristics of the biological world: the size and shape of plants and animals can be seen as 

nature’s adaptation to various constraints such as gravity, surface tension, viscosity, mechanical 

stress and so on. Under these constraints, most living organisms exhibit the notable property of 

self-similarity: they are prone to scaling laws and reproduce themselves as scales change. This 

study proposes scaling laws for foraminifera subjected to two constraints: the foraminifera need 

a minimal respiration rate in order to ensure a nominal metabolism (metabolic constraint) and 
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the test mechanical resistance integrity (mechanical constraint). The model was developed for 

the last chamber, formed by a single calcite layer and which usually has the largest volume. 

Due to the thinner test wall, gas exchanges are more intense in this chamber, which is for the 

same reason also the most fragile. 

4.1.1. Metabolic constraint 

Considering the micrometric size of the pores, diffusion controls the transport of gas across 

the shell and Fick’s first law for steady-state diffusion of a gas through a porous material can 

be used: 

�̇� = 𝑆𝑝𝐷
∆𝐶

𝐿
 

with �̇� the flow-rate of gas, 𝐷 the diffusion coefficient supposed to be constant and specific to 

the diffusive chemical species, 𝑆𝑝 the pore area, ∆𝐶 = 𝑥 the concentration difference across the 

shell and 𝐿 the test thickness. In order to keep a constant metabolic rate �̇� = 𝐶𝑠𝑡, and the 

equation above can be simplified to: 

𝑆𝑝𝑥

𝐿
= 𝐶𝑠𝑡 

The pore area depends on the number of pores 𝑁  and on the pore radius 𝑟  (the pore size 

distribution for a given test is roughly monodisperse35): 

𝑆𝑝 = 𝑁𝜋𝑟2 

The metabolic constraint is thus:  

𝑁𝑟2𝑥

𝐿
= 𝐶𝑠𝑡 

We now assume that 𝑁, 𝑟 and 𝐿 are functions of 𝑥 and scale like: 

𝑁~𝑥𝑎          𝑟~𝑥𝑏           𝐿~𝑥𝑐 

with 𝑎 , 𝑏  and 𝑐  being constant to be determined. Re-writing the metabolic constraint, we 

obtain: 

𝑥𝑎+2𝑏+1−𝑐 = 𝐶𝑠𝑡 

This condition must be true for any value of 𝑥 implying: 

𝑎 + 2𝑏 + 1 − 𝑐 = 0 

At this point we need other equations to solve the problem. They are provided by the mechanical 

constraint based on the resistance of the shell. 
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4.1.2. Mechanical constraint 

We consider the test chamber as a spherical thin shell of radius 𝑅𝑠 and thickness 𝐿 ≪ 𝑅𝑠. 

From the theory of linear elasticity, we know that the wall is subject to a uniform stress 𝜎: 

𝜎 =
∆𝑃 𝑅𝑠

2𝐿
 

with ∆𝑃 the pressure difference across the test. The pressure jump is due to the osmotic pressure 

across the cell membrane and is related to the concentration difference ∆𝐶 = 𝑥 by the law of 

Van’t Hoff: 

∆𝑃 = 𝑅𝑇 ∆𝐶 = 𝑅𝑇𝑥 

with 𝑅 the ideal gas constant and 𝑇 the thermodynamic temperature supposed to be constant. 

In bird eggs, the wall thickness 𝐿 and the size of the chamber 𝑅𝑠 are roughly proportional (i.e. 

L~Rs) 52,53 implying that the density of the egg is constant. Assuming a similar relation for the 

last chamber (which is the thinnest and most fragile chamber of the test) of foraminifera of the 

genus Ammonia, we hypothesize that the stress 𝜎 in the shell scales with the concentration 

difference across the shell 𝑥 like: 

𝜎~𝑥 

The key point for the mechanical constraint is the way the test is likely to break: since the test 

is mainly composed of calcite, only very limited plastic deformation is possible, and in case of 

increasing mechanical stress, brittle fractures will rapidly occur, ultimately leading to breakage 

of the test. The failure theory predicts that the rupture occurs from a defect of characteristic size 

𝑙 when the stress exceeds the limit 𝜎∗ given by: 

𝜎∗ =
𝐾𝑐

√𝜋𝑙
 

with 𝐾𝑐 the stress intensity factor. We assume that the pores are such defects and that 𝑙~𝑟. This 

implies that: 

𝜎∗~𝑟−1/2~𝑥−𝑏/2 

The test failure is reached when 𝜎 = 𝜎∗ and the mechanical constraint implies that: 

𝑏 = −2 

Our last hypothesis is that 𝑅𝑠 does not depend on 𝑥. Such an argument can be understood on 

simple geometrical grounds: the exchanges with the surrounding medium are proportional to 

the cell surface 𝑆~𝑅𝑠
2 whereas its needs are proportional to its volume 𝑉~𝑅𝑠

3. There must be a 

cell size above which the cell asphyxiates because the exchanges across the cell membrane are 
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not fast enough. Therefore, the cell cannot grow indefinitely and reaches an optimal size 𝑅𝑠. 

Because 𝑅𝑠~𝐿~𝑥𝑐, the only acceptable solution is 𝑐 = 0. Now the metabolic constraint gives: 

𝑎 = −2𝑏 − 1 = 3 

From these values, the relationships between 𝑁, Φ, 𝜎∗ and 𝑟 can be obtained: 

𝑁~𝑟−3/2         Φ~𝑟1/2       𝜎∗~𝑟−1/2 

4.2. MATHEMATICAL OPTIMISATION 

This approach consists in maximizing both porosity Φ (i.e. maximize transfer through the 

test) and mechanical resistance of the test (i.e. maximize 𝜎∗/𝑁). If we suppose that pore density 

scales as 𝑁 ~ 𝑟𝑎 with 𝑎 an exponent to be found, porosity scales as Φ ~ 𝑁𝑟2 ~ 𝑟𝑎+2 (the limit 

stress always scales as 𝜎∗ ~ 𝑟−1/2). Thus the best compromise is obtained by solving: 

𝑑

𝑑𝑟
(Φ +

𝜎∗

𝑁
) =

𝑑

𝑑𝑟
(𝑟𝑎+2 +

1

𝑟
1
2

+𝑎
) = 0 

After simplification, we obtain: 

𝑟2𝑎+5/2 =  
1 + 2𝑎

𝑎 + 2
= 𝐶𝑠𝑡 

The only solution to keep constant the left-hand side of the equation above is: 

𝑎 = −5/4 

The relationships between 𝑁, Φ, 𝜎∗ and 𝑟 finally write: 

𝑁~𝑟−5/4         Φ~𝑟3/4       𝜎∗~𝑟−1/2 

4.3. EMPIRICAL DATA 

The 1386 Ammonia sp. individuals were sampled at 36 different stations (see Fig. 6 and 

Table 1) around European coasts (see map), plus one station in Yokohama (Japan, three 

individuals) and one station at Tulear in Madagascar (one individual). Individuals come from 

fossil, recent and experimental material (only chambers formed in experimental conditions have 

been measured for specimens used in laboratory growth experiments), The measurements of 

the porosity features were performed following the methodology developed in Petersen et al 

(2016)35. The measured range of pore diameter shows that the three phylotypes T1, T2 and T6 

are mixed in the samples41. Pore pattern data generated or analysed during this study have been 

included in the supplementary information files. 
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Figure 6. Map of the sampled stations. 

Table 1. Location and number of individuals for each station (ordered by latitude – 1386 individuals 
in total). 

Station Latitude Longitude 
Number of 
individuals 

Mokbaai, Texel 53°0'14.4"N 4°46'4.799"E 6 

Grev-3 51°45'47.401"N 3°52'08.563"E 197 

Grev-1 51°44'50.04"N 3°53'24.06"E 230 

Grev-2 51°44.956N 03°53.826E 193 

Zandkreek 51°33'12.24''N 3°52'25.34''E 107 

Escault 6 51°33.401'N 3°55.082'E 2 

Escault 5 51°29.888'N 4°07.915'E 5 

Biezelingse Ham 51°26'53.40"N 3°55'49.79"E 73 

Escault 4 51°25.208'N 3°41.783'E 32 

Escault 2 51°25.134'N 3°33.804'E 3 

Escault 1 51°20.881'N 3°49.365'E 20 

English Channel - Saint Vaast 49°34'38.60"N 1°16'38.80"W 4 

English Channel - Estuaire de la Seine 49°26'31.30"N 0°16'25.20"E 13 

English Channel - Ouistreham 49°16'16.40"N 0°14'12.20"W 3 

Rade de Brest 48°24'13.10"N 4°21'16.00"W 12 

Gulf of Morbihan - Bono 47°38′4.71″N 2°57′36.27″W 2 

Fort Espagnol 47°36'47.50"N 2°57'11.10"W 8 

Gulf of Morbihan - Toulvern 47°35'39.95"N 2°55'35.80"W 3 
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2C2 47°35'17.7"N 2°57'50.7"W 9 

Auray River - KER2 47°34'60.00"N 2°57'17.20"W 40 

Auray River - LOC1 47°34'12.12"N 2°56'32.40"W 15 

Auray River - LOC2 47°34'11.58"N 2°56'26.58"W 50 

Auray River - LOC3 47°34'11.29"N 2°56'21.38"W 6 

Gulf of Morbihan - Bailleron est 47°34′38.07″N 2°44′45.25″W 4 

St Pierre Lopérec 47°33'44.8"N 2°58'23.0"W 32 

Loire - core SC05 47°17'10.30"N 2°10'31.80"W 30 

Loire - Semhabel 47°17.293'N 2°10.906'W 16 

Loire - RS2E 47°16'58.8"N 2°3'46.8"W 28 

Saint Nazaire 47°15'56.75"N 2°13'20.79"W 69 

Bourgneuf 47°0'56.38"N 2°1'31.00"W 124 

Ile de Ré 46°13'23.13''N 01°30'46.27''W 2 

Aiguillon 45°53'60.00"N 1°7'0.00"W 40 

Gulf of Lion - Camargue 43°33'9.306"N 4°6'15.112"E 2 

Corsica 42°8′7.44″N 09°31′59.04″E 2 

Yokohama 35°19'21''N 139°38'6''E 3 
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SUPPLEMENTARY INFORMATION 

 

 
Individual ID 

Pore 
density 
(per 562 

µm²) 

Pore 
surface 

(%) 

Pore 
radius 
(µm) 

Au404 36.5 22.639 1.053 

Au409 33.0 13.040 0.841 

Au415 41.0 16.742 0.855 

Au422 27.5 17.211 1.058 

Au424 37.0 20.130 0.986 

Au430 34.5 18.237 0.972 

Au439 25.0 22.246 1.261 

Au440 28.0 20.905 1.155 

Au444 32.5 19.479 1.035 

Au485 33.5 18.998 1.007 

Au492 38.5 23.096 1.036 

Au494 43.5 23.964 0.993 

Au495 51.0 16.331 0.757 

Au497 40.5 17.794 0.886 

Au502 40.0 19.116 0.924 

Yo060 49.5 18.762 0.823 

Au398 42.0 20.096 0.925 

Au402 44.0 19.721 0.895 

Au403 39.5 22.122 1.001 

Au406 30.5 22.906 1.159 

Au407 39.5 16.050 0.852 

Au408 40.5 20.607 0.954 

Au411 46.0 13.082 0.713 

Au419 39.0 25.692 1.085 

Ma027 36.0 25.340 1.122 

Ma142 28.0 26.807 1.308 

Md013 32.5 21.940 1.099 

Mo110 47.0 23.142 0.938 

RB007 73.0 9.153 0.474 

Re086 30.0 25.962 1.244 

Re087 38.5 17.333 0.897 

Yo051 40.0 22.709 1.008 

Yo052 47.5 24.260 0.956 

SN044 22.0 21.163 1.256 

Au442 76.0 9.438 0.471 

Au452 81.5 14.960 0.573 

Au461 101.5 8.691 0.391 

Au467 101.0 9.524 0.411 

Au487 87.0 14.048 0.537 

Au501 81.5 10.969 0.491 

Au503 49.5 9.570 0.588 

Co005 88.5 7.376 0.386 

Co006 88.0 9.011 0.428 

Ma030 106.5 12.524 0.459 

Mo013 85.0 7.771 0.404 

Mo017 93.5 7.889 0.388 

Mo099 68.0 10.487 0.525 

Mo101 92.0 10.871 0.460 

Au400 86.0 13.613 0.532 

Au423 101.0 17.822 0.562 

Au451 96.0 13.943 0.510 

Au453 91.5 13.677 0.517 

Au462 86.0 13.709 0.534 

Au491 80.0 15.544 0.589 

Au500 81.5 14.433 0.563 

Ma028 72.0 8.471 0.459 

Ma031 74.0 8.238 0.446 

Mo014 77.0 9.876 0.479 

Mo098 57.5 14.104 0.662 

Mo102 93.0 12.156 0.483 

ZK020 32.5 24.662 1.165 

ZK023 35.0 17.664 0.950 

Ma150 95.5 12.131 0.477 

Mo106 74.5 13.633 0.552 

RB002 82.0 10.045 0.457 

RB003 94.5 20.186 0.587 

Ai052 29.0 27.249 1.296 

Ai055 24.0 21.431 1.264 

Ai056 19.0 21.878 1.435 

Ai063 22.5 19.809 1.255 

BH009 23.0 16.893 1.146 

BH010 17.0 22.558 1.540 

BH013 27.0 22.887 1.231 

BH018 28.0 15.511 0.995 

Bn097 22.0 17.980 1.209 

Bn099 38.0 19.502 0.958 

Bn108 22.5 18.353 1.208 
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Bn113 27.0 24.404 1.271 

Bn116 39.5 21.047 0.976 

Bn118 35.5 18.720 0.971 

Bn119 35.0 30.271 1.244 

Bn120 31.5 19.449 1.051 

Li028 13.0 20.367 1.674 

Li035 16.5 21.216 1.516 

Ma080 27.0 33.440 1.488 

Ma083 15.5 21.644 1.580 

Ma084 20.5 29.109 1.593 

Ma085 18.5 26.502 1.601 

Ma086 23.0 19.678 1.237 

Ma087 19.5 26.387 1.556 

Ma089 13.0 22.987 1.778 

Ma091 19.0 25.118 1.538 

Ma094 16.5 23.947 1.611 

Ma097 16.0 19.738 1.485 

Ma101 22.5 19.749 1.253 

Ma108 22.5 25.464 1.423 

Ma109 26.0 19.138 1.147 

Ma147 23.0 21.042 1.279 

SN051 25.5 20.342 1.194 

ZK043 25.5 25.384 1.273 

ZK047 18.5 20.052 1.339 

Ai045 24.0 17.034 1.025 

Ai047 28.0 20.896 1.098 

014.2 - Kerouarc'h 56.5 10.298 0.541 

015.2 - Kerouarc'h 71.0 12.469 0.557 

016.2 - Kerouarc'h 32.5 16.227 0.898 

017.2 - Kerouarc'h 81.5 10.900 0.471 

018.2 - Kerouarc'h 83.5 11.171 0.474 

019.2 - Kerouarc'h 76.0 12.069 0.510 

020.2 - Kerouarc'h 33.5 20.247 0.976 

021.2 - Kerouarc'h 25.0 21.647 1.136 

022.2 - Kerouarc'h 79.5 7.201 0.389 

023.2 - Kerouarc'h 61.5 11.438 0.561 

024.2 - Kerouarc'h 29.5 32.083 1.263 

025.2 - Kerouarc'h 86.5 9.376 0.432 

026.2 - Kerouarc'h 29.5 30.395 1.196 

027.2 - Kerouarc'h (2) 33.0 27.364 1.183 

028.2 - Kerouarc'h (2) 71.0 15.933 0.597 

029.2 - Kerouarc'h 68.5 19.626 0.684 

030.2 - Kerouarc'h 23.5 20.621 1.191 

031.2 - Kerouarc'h (2) 115.0 4.148 0.251 

032.2 - Kerouarc'h 103.5 9.846 0.404 

033.2 - Kerouarc'h 126.0 5.329 0.274 

034.2 - Kerouarc'h 50.0 10.407 0.582 

035.2 - Kerouarc'h 31.0 15.955 0.916 

036.2 - Kerouarc'h 51.5 10.010 0.581 

037.3 - Kerouarc'h 30.5 23.213 1.059 

038.2 - Kerouarc'h 86.5 13.189 0.509 

039.2 - Kerouarc'h 71.0 10.528 0.491 

040.2 - Kerouarc'h 24.5 18.775 1.095 

041.2 - Kerouarc'h 25.0 21.343 1.110 

042.2 - Kerouarc'h 71.5 13.781 0.555 

043.2 - Kerouarc'h 35.0 23.731 1.005 

044.2 - Kerouarc'h 90.5 12.830 0.494 

045.2 - Kerouarc'h 71.5 9.620 0.470 

054.2 - Locmariaquer 83.0 8.704 0.421 

055.2 - Locmariaquer 92.0 7.570 0.370 

056.2 - Locmariaquer 99.5 9.829 0.411 

057.2 - Locmariaquer 84.0 13.173 0.512 

058.2 - Locmariaquer 82.0 10.937 0.466 

059.2 - Locmariaquer 77.5 10.298 0.471 

060.2 - Locmariaquer 88.0 9.704 0.439 

061.2 - Locmariaquer 61.0 14.932 0.622 

062.2 - Locmariaquer 77.5 8.872 0.437 

063.2 - Locmariaquer 50.0 13.458 0.662 

065.2 - Locmariaquer 61.0 12.777 0.593 

066.2 - Locmariaquer 77.5 12.806 0.513 

067.2 - Locmariaquer 72.0 14.019 0.560 

068.2 - Locmariaquer 92.5 15.080 0.514 

069.2 - Locmariaquer 85.5 11.360 0.473 

070.2 - Locmariaquer 80.0 9.647 0.451 

071.1 - Locmariaquer 71.0 2.468 0.248 

071.2 - Locmariaquer 78.5 4.031 0.293 

072.2 - Locmariaquer 74.0 15.042 0.573 

073.2 - Locmariaquer 110.5 15.224 0.487 

074.2 - Locmariaquer 75.5 10.623 0.473 

075.2 - Locmariaquer 95.5 15.228 0.522 

076.2 - Locmariaquer 102.5 14.512 0.495 

077.2 - Locmariaquer 87.5 14.790 0.530 

078.2 - Locmariaquer 78.0 14.899 0.567 

079.2 - Locmariaquer 66.5 11.365 0.528 

080.3 - Locmariaquer 78.0 9.869 0.451 

081.2 - Locmariaquer 60.5 9.538 0.516 

082.2 - Locmariaquer 98.0 12.956 0.472 

083.2 - Locmariaquer 87.0 8.104 0.408 

084.2 - Locmariaquer 96.5 19.009 0.586 

094.2 - St Pierre 
Loperec 

77.5 13.190 0.546 
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095.2 - St Pierre 
Loperec 

40.5 11.420 0.681 

096.2 - St Pierre 
Loperec 

59.5 14.568 0.643 

097.2 - St Pierre 
Loperec 

29.0 23.953 1.106 

098.2 - St Pierre 
Loperec 

70.0 12.848 0.539 

100.2 - St Pierre 
Loperec 

37.0 25.301 1.038 

101.2 - St Pierre 
Loperec 

72.0 14.994 0.583 

102.2 - St Pierre 
Loperec 

83.5 10.233 0.444 

105.2 - St Pierre 
Loperec 

38.5 20.141 0.905 

107.2 - St Pierre 
Loperec 

35.5 14.057 0.793 

108.2 - St Pierre 
Loperec 

50.5 7.513 0.494 

109.2 - St Pierre 
Loperec 

64.5 11.009 0.506 

110.2 - St Pierre 
Loperec 

71.0 13.610 0.574 

111.2 - St Pierre 
Loperec 

72.0 13.181 0.564 

113.2 - St Pierre 
Loperec 

28.5 18.097 1.006 

114.2 - St Pierre 
Loperec 

82.0 13.121 0.502 

115.2 - St Pierre 
Loperec 

76.5 14.934 0.548 

116.2 - St Pierre 
Loperec 

35.0 18.295 0.941 

117.2 - St Pierre 
Loperec 

44.5 24.113 0.929 

119.2 - St Pierre 
Loperec 

33.5 16.767 0.888 

120.2 - St Pierre 
Loperec 

96.0 12.997 0.471 

121.2 - St Pierre 
Loperec 

73.0 14.917 0.578 

123.2 - St Pierre 
Loperec 

74.0 16.584 0.605 

124.2 - St Pierre 
Loperec 

24.0 18.733 1.094 

125.2 - St Pierre 
Loperec 

88.5 17.289 0.565 

126.2 - St Pierre 
Loperec 

72.5 13.790 0.570 

127.2 - St Pierre 
Loperec 

39.0 10.871 0.681 

128.2 - St Pierre 
Loperec 

37.5 7.755 0.589 

129.2 - St Pierre 
Loperec 

100.0 19.333 0.566 

130.2 - St Pierre 
Loperec 

98.0 5.578 0.313 

131.2 - St Pierre 
Loperec 

70.5 8.423 0.451 

132.2 - St Pierre 
Loperec 

44.5 17.875 0.816 

210.2 - Kerouarc'h 50.0 14.816 0.721 

211.2 - Kerouarc'h 86.5 12.186 0.458 

212.2 - Kerouarc'h 37.5 18.999 0.860 

214.2 - Locmariaquer 77.0 9.361 0.460 

215.2 - Locmariaquer 92.0 9.605 0.427 

216.2 - Locmariaquer 75.0 9.072 0.456 

217.2 - Locmariaquer 81.5 10.592 0.472 

218.2 - Locmariaquer 54.0 7.374 0.465 

219.2 - Locmariaquer 71.5 3.870 0.308 

220.2 - Locmariaquer 87.5 8.701 0.412 

221.2 - Locmariaquer 64.5 8.808 0.481 

299.2 - Fort Espagnol 75.5 10.227 0.464 

300.2 - Fort Espagnol 75.5 11.475 0.497 

301.2 - Fort Espagnol 63.5 12.115 0.561 

303.2 - Fort Espagnol 129.5 12.355 0.400 

304.2 - Fort Espagnol 70.5 12.275 0.541 

305.2 - Fort Espagnol 69.0 11.406 0.505 

306.2 - Fort Espagnol 68.5 15.488 0.620 

307.2 - Fort Espagnol 93.0 10.576 0.439 

332.2 - 2C2-2016 25.5 26.539 1.258 

333.2 - 2C2-2016 21.0 20.179 1.178 

334.2 - 2C2-2016 111.5 10.353 0.398 

336.2 - 2C2-2016 75.5 15.129 0.589 

337.2 - 2C2-2016 60.0 13.457 0.609 

338.2 - 2C2-2016 61.0 11.507 0.550 

339.2 - 2C2-2016 29.0 25.637 1.179 

340.2 - 2C2-2016 26.5 19.246 1.090 

341.2 - 2C2-2016 19.0 26.614 1.439 

ST1A 22.5 21.250 1.300 

ST1B 22.0 20.820 1.301 

ST1C 18.5 21.460 1.441 

ST1D 22.0 28.690 1.527 

ST1E 22.0 24.960 1.424 

ST1F 12.5 15.750 1.501 

ST1G 24.0 17.300 1.135 

ST1H 40.0 20.970 0.969 

ST1I 29.0 20.330 1.120 

ST1I-DL 20.5 26.620 1.524 

ST1J 20.0 21.040 1.372 

ST2A 15.0 25.680 1.750 

ST2B 20.5 17.370 1.231 

ST2C 15.0 22.070 1.622 

ST2D 25.0 27.310 1.398 

ST2E 30.0 23.950 1.195 

ST2F 26.0 18.160 1.117 

ST2G 14.5 25.740 1.781 

ST2H 12.5 24.790 1.883 

ST2J 24.5 22.300 1.275 

ST2K 11.5 28.660 2.111 

ST3A 21.0 25.210 1.465 

ST3B 29.5 24.550 1.219 

ST3C 19.0 20.500 1.389 

ST3E 22.5 26.640 1.455 

ST3F 17.5 22.220 1.507 

ST3H 15.5 13.340 1.241 
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ST3I 23.0 16.960 1.148 

ST3J 23.0 24.490 1.380 

ST3L 16.5 19.910 1.469 

ST3M 20.0 19.780 1.329 

1A 33.0 21.880 1.090 

1B 32.0 17.940 1.001 

1C 106.0 16.220 0.523 

1D 18.5 24.760 1.547 

1E 17.5 20.950 1.464 

5B 134.5 13.260 0.418 

5C 113.0 6.580 0.324 

5D 41.5 23.950 1.016 

10A 89.5 11.170 0.472 

15A 91.5 13.680 0.517 

20A 37.0 18.090 0.936 

30A 59.0 5.370 0.403 

30B 127.5 10.990 0.391 

40C 30.0 21.470 1.131 

40D 28.5 17.780 1.056 

40E 18.5 19.340 1.367 

40F 38.0 11.410 0.733 

45B 56.0 15.720 0.709 

45C 72.0 12.910 0.567 

45D 26.5 22.500 1.232 

45E 33.0 21.460 1.078 

50A 42.5 19.770 0.911 

50B 128.5 11.820 0.407 

50C 37.0 20.240 0.989 

50E 23.5 33.890 1.606 

55A 25.5 18.680 1.145 

55B 118.5 11.460 0.415 

55D 87.0 11.180 0.479 

55E 52.5 14.260 0.698 

60B 21.0 8.430 0.846 

60C 27.0 24.410 1.272 

60D 100.5 12.350 0.469 

60E 99.5 15.460 0.526 

65A 111.0 10.100 0.403 

65B 118.0 9.460 0.378 

65C 24.5 20.490 1.223 

65D 21.5 24.810 1.436 

70A 21.0 16.600 1.189 

70B 108.5 19.900 0.573 

70C 86.5 12.480 0.508 

75B 47.0 14.240 0.736 

80C 33.5 22.230 1.090 

80D 45.0 19.860 0.888 

80E 25.5 24.410 1.309 

80H 26.5 21.130 1.194 

85A 116.5 10.170 0.395 

85B 30.5 11.310 0.814 

85D 38.5 22.910 1.031 

85G 43.5 15.050 0.786 

90A 16.0 18.110 1.423 

90B 58.5 23.020 0.839 

90C 133.0 11.290 0.391 

90D 28.0 25.140 1.267 

95A 24.5 16.700 1.104 

95B 28.5 17.190 1.039 

95C 29.0 23.260 1.198 

95E 24.5 22.470 1.280 

100A 50.0 19.330 0.831 

100B 97.0 10.210 0.433 

100C 120.5 9.000 0.366 

100D 96.0 10.120 0.433 

105A 91.5 10.380 0.451 

105B 45.0 17.060 0.823 

105C 102.5 6.360 0.334 

105E 115.5 13.210 0.451 

110A 106.0 12.840 0.465 

110B 112.5 15.950 0.505 

110E 148.0 6.260 0.276 

110H 79.0 10.870 0.495 

115A 83.0 7.030 0.391 

120A 53.5 19.130 0.800 

120B 52.0 9.920 0.584 

120C 41.0 16.560 0.850 

125A 85.0 11.720 0.495 

125B 28.0 6.880 0.663 

125D 21.5 23.090 1.385 

125E 41.5 20.000 0.929 

130B 42.5 19.970 0.917 

130D 110.0 5.410 0.299 

130E 144.5 6.330 0.282 

130G 128.5 8.740 0.348 

135B 92.0 12.940 0.501 

135C 94.5 15.200 0.535 

135D 103.0 8.030 0.374 

135G 43.0 19.250 0.894 

140A 142.0 11.200 0.374 
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140B 100.0 9.250 0.407 

140C 109.5 14.650 0.489 

145A 117.5 9.310 0.374 

145C 81.0 20.520 0.672 

145D 38.0 24.510 1.073 

145E 119.5 8.200 0.352 

150A 95.5 10.030 0.433 

155A 67.0 10.370 0.526 

155B 117.0 7.900 0.348 

157A 42.5 21.310 0.947 

157B 71.0 12.530 0.561 

157C 92.5 15.070 0.541 

157D-PA 56.0 9.460 0.550 

158A 90.0 10.220 0.451 

158B 155.0 14.650 0.411 

158C 106.5 11.140 0.433 

159A 80.0 12.380 0.526 

159B 44.5 13.840 0.746 

159C-PA 129.0 11.510 0.399 

159D-PA 124.0 10.160 0.383 

160C 88.0 12.370 0.501 

160E 111.0 4.200 0.259 

160F 48.5 12.870 0.689 

160G 58.5 10.740 0.573 

160I 126.5 10.670 0.387 

161A 110.0 12.530 0.451 

161B 44.0 9.900 0.633 

161C 78.5 14.440 0.573 

161D 104.5 12.180 0.455 

162A 112.5 12.480 0.444 

163A 86.0 7.810 0.403 

163B 131.0 14.360 0.444 

163C 37.5 7.710 0.608 

163D-PA 92.0 7.520 0.383 

164A 96.5 12.540 0.482 

164B 109.0 9.000 0.383 

164C 38.0 14.790 0.835 

165A 97.0 9.450 0.418 

165B 112.5 10.200 0.403 

166A 115.5 9.780 0.387 

166B 99.0 12.720 0.479 

166C-PA 93.0 12.400 0.475 

166D-PA 87.0 7.190 0.383 

167A 104.0 12.240 0.458 

168A 105.0 14.360 0.495 

168B 89.5 12.760 0.505 

168C 119.0 10.300 0.395 

168D 33.0 19.340 1.023 

169A 143.0 9.880 0.352 

169B 124.0 9.410 0.370 

169C 108.0 11.270 0.433 

169D 52.5 5.190 0.426 

170A 79.0 9.510 0.465 

170B 106.0 11.350 0.437 

170D 106.0 9.700 0.403 

170E 88.0 11.950 0.492 

175A 98.0 12.890 0.485 

175B 95.0 16.000 0.550 

175C 114.0 7.250 0.339 

175D 98.5 6.820 0.352 

180A 101.0 14.440 0.505 

180B 122.5 10.860 0.399 

180E 130.0 11.810 0.403 

b1 27.0 20.780 1.173 

b2 42.0 20.040 0.924 

b3 19.5 27.030 1.575 

b4 26.5 18.040 1.103 

b5 31.0 17.080 0.992 

b6 31.0 21.450 1.113 

b7 32.0 20.680 1.075 

b8 31.0 17.620 1.008 

b9 20.5 20.700 1.343 

b10 34.0 27.560 1.203 

b11 29.0 21.190 1.144 

z1 17.0 18.670 1.401 

z2 25.5 23.590 1.287 

z3 33.0 21.460 1.078 

z4 18.0 16.430 1.278 

z5 35.5 14.750 0.861 

z6 19.5 22.380 1.433 

z7 20.5 27.540 1.550 

z8 16.0 18.920 1.454 

z9 21.0 21.300 1.347 

z10 23.5 27.170 1.438 

z11 33.0 28.200 1.236 

z12 19.0 17.220 1.273 

a1 12.0 26.450 1.985 

a2 25.5 15.960 1.059 

a3 41.0 4.500 0.444 

a4 38.5 20.020 0.964 
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a5 29.0 21.770 1.159 

a6 35.0 16.970 0.930 

a7 32.5 16.660 0.957 

a8 20.5 18.860 1.283 

a9 23.5 19.420 1.215 

a10 28.5 16.290 1.011 

a11 32.0 19.100 1.033 

a12 21.5 21.960 1.352 

a13 29.0 22.460 1.177 

a14 22.0 19.470 1.258 

r1 24.0 15.540 1.076 

r2 23.5 14.740 1.059 

r3 33.5 20.800 1.054 

r4 28.5 17.700 1.054 

r5 18.5 14.760 1.194 

r6 28.0 16.880 1.039 

r7 18.0 18.880 1.369 

r8 47.0 19.950 0.870 

r9 38.0 21.320 1.001 

r10 28.0 29.350 1.369 

r11 39.0 20.310 0.966 

r12 27.5 25.840 1.296 

r13 25.5 15.320 1.036 

s1 27.5 16.190 1.026 

s2 28.0 18.010 1.072 

s3 17.5 28.860 1.718 

s4 20.0 16.320 1.207 

s5 18.0 17.670 1.326 

s6 16.0 14.250 1.262 

s7 20.5 17.230 1.226 

s8 20.0 22.070 1.405 

s9 19.0 20.240 1.380 

s10 13.0 24.500 1.836 

s11 24.0 20.770 1.244 

s12 26.0 18.210 1.118 

f1 24.5 10.430 0.872 

f4 24.0 18.880 1.186 

f7 42.5 18.780 0.888 

m1 14.0 13.850 1.330 

m2 25.0 18.400 1.147 

m3 25.0 23.370 1.293 

m4 24.5 16.430 1.095 

m5 20.5 22.580 1.404 

m6 30.5 18.480 1.040 

img42 31.5 21.380 1.101 

img44 36.5 25.330 1.114 

img46 26.5 25.470 1.311 

img48 26.5 26.140 1.328 

img50 29.5 23.740 1.199 

img52 29.0 26.450 1.277 

img54 24.0 23.660 1.328 

img56 48.5 22.070 0.903 

img58 39.0 21.030 0.982 

img60 29.0 25.790 1.262 

img63 29.5 22.130 1.158 

am1 47.0 29.190 1.054 

am2-02 31.5 24.170 1.171 

am2-03 36.5 16.870 0.910 

am3-02 28.5 22.860 1.198 

am3-03 33.5 21.040 1.060 

h7-1 37.5 17.280 0.908 

h7-2 35.5 18.410 0.962 

h7-3 34.0 21.850 1.072 

h7-4 41.0 20.850 0.954 

h7-5 46.0 18.280 0.843 

h14-1 51.0 16.280 0.755 

h14-2 29.0 21.980 1.164 

h14-3 35.5 17.200 0.930 

h14-4 46.5 18.250 0.837 

h14-5 41.0 19.800 0.929 

h15-2 24.5 23.500 1.310 

h15-4 40.0 15.360 0.829 

h15-5 37.0 25.900 1.118 

h15-6 40.5 25.510 1.062 

h15-7 16.0 12.800 1.195 

h17-1 24.0 16.250 1.100 

h17-2 32.5 16.100 0.941 

h17-3 37.0 15.730 0.872 

h17-4 35.0 20.910 1.034 

E1-02 92.5 6.910 0.366 

E2-02 86.5 5.690 0.343 

E3-02 78.5 11.250 0.505 

E4-02 87.5 8.580 0.418 

E5-02 80.5 4.960 0.334 

E6-02 124.0 6.610 0.309 

SEMA64a1-002 18.5 27.931 1.643 

SEMA64a2-002 21.5 17.718 1.214 

SEMA64a3-002 32.0 20.800 1.078 

SEMA64a4-002 24.0 13.460 1.001 

SEMA64a5-002 39.5 17.056 0.879 
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SEMA64a6-002 31.0 19.689 1.066 

SEMA64a7-002 31.0 12.400 0.846 

SEMA64a8-002 21.5 21.142 1.326 

SEMA64a9-002 34.5 10.209 0.727 

SEMA64a10-002 25.0 23.073 1.285 

GREV1A23-002 20.0 19.920 1.335 

GREV1A24-002 18.0 18.416 1.353 

GREV2A17-002 23.0 25.509 1.408 

GREV2A18-002 15.5 21.962 1.592 

GREV2A19-002 27.0 25.436 1.298 

GREV2A20-002 16.5 22.184 1.551 

GREV2A21-002 18.0 23.291 1.521 

GREV2A22-002 15.5 18.327 1.454 

GREV3B11-002 13.0 18.624 1.601 

GREV3B12-002 29.5 25.856 1.252 

GREV3B13-002 17.5 16.864 1.313 

GREV3B14-002 13.0 22.433 1.757 

GREV3B15-002 21.5 19.653 1.279 

GREV3B16-002 19.5 22.367 1.432 

image65 20.0 13.853 1.113 

image67 18.5 17.520 1.301 

image69 20.0 16.213 1.204 

image71 29.0 18.800 1.077 

image73 25.0 17.182 1.109 

image04 31.0 19.731 1.067 

image05 18.0 12.509 1.115 

image06 24.0 17.222 1.133 

image08 26.0 20.276 1.181 

image10 23.0 10.018 0.883 

image12 23.0 22.484 1.322 

image14 24.5 16.100 1.084 

image16 30.5 16.633 0.988 

image18 28.5 29.504 1.361 

image20 23.5 14.169 1.038 

image22 23.5 15.038 1.070 

image24 24.0 19.640 1.210 

image26 22.5 17.989 1.196 

image28 31.0 12.564 0.851 

image30 20.5 17.178 1.224 

image32 21.0 16.180 1.174 

image34 23.0 15.853 1.110 

image36 21.0 14.820 1.123 

image38 25.5 19.856 1.180 

image40 23.0 17.147 1.155 

image75 36.5 19.609 0.980 

image77 31.0 15.464 0.944 

image79 25.0 19.320 1.176 

image83 26.0 21.131 1.206 

image85 20.5 14.938 1.141 

image87 22.5 19.369 1.241 

image91 25.0 12.776 0.956 

image93 17.5 16.873 1.313 

image95 27.0 16.629 1.049 

image97 20.0 21.918 1.400 

image99 25.0 18.200 1.141 

image101 34.5 14.993 0.882 

image103 24.0 12.427 0.962 

image105 23.5 21.476 1.278 

image107 19.5 21.224 1.395 

image109 23.5 13.084 0.998 

image111 42.5 13.298 0.748 

image113 22.0 19.991 1.275 

image115 18.0 22.704 1.502 

image117 33.0 20.487 1.054 

image121 19.0 17.356 1.278 

image123 29.0 21.271 1.145 

image129 19.5 24.044 1.485 

image133 32.5 23.276 1.132 

image135 23.5 21.376 1.275 

image137 18.5 20.364 1.403 

image141 32.0 21.409 1.094 

image145 25.0 23.589 1.299 

image147 33.5 12.562 0.819 

J1-02 70.5 8.320 0.458 

J2-02 137.5 6.580 0.293 

J3-02 97.0 4.650 0.309 

J4-02 121.5 6.490 0.309 

J5-02 79.0 2.840 0.252 

J6-02 122.0 9.170 0.366 

J7-02 60.0 8.170 0.495 

J8-02 79.5 2.670 0.246 

J9-02 112.0 6.910 0.334 

J10-02 129.0 9.550 0.366 

J11-02 108.0 4.840 0.282 

J12-02 77.0 5.340 0.352 

J13-02 71.0 4.240 0.329 

J14-02 100.0 3.430 0.246 

J16-02 59.0 2.390 0.271 

J17-02 50.0 6.710 0.489 

J18-02 48.5 2.940 0.329 
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J19-02 127.5 11.830 0.407 

J21-02 117.5 13.790 0.458 

J22-02 70.0 9.760 0.498 

J23-02 74.0 5.340 0.361 

J24-02 90.5 6.710 0.366 

J25-02 81.5 7.920 0.418 

J26-02 88.5 6.180 0.352 

J27-02 51.0 5.130 0.422 

J28-02 82.0 10.870 0.485 

J30-02 113.5 8.950 0.374 

J31-02 134.0 5.680 0.276 

J32-02 99.0 12.880 0.482 

J33-02 95.0 8.220 0.395 

J34-02 47.0 9.090 0.589 

J35-02 63.5 9.120 0.508 

J36-02 94.0 6.430 0.348 

J37-02 77.5 9.710 0.472 

J38-02 84.0 9.200 0.444 

J39-02 63.5 9.860 0.526 

J40-02 87.0 6.350 0.361 

AMMONIA-002 25.0 21.762 1.248 

AMMONIA-004 28.5 23.540 1.215 

AMMONIA-006 21.0 21.073 1.340 

AMMONIA-008 16.0 16.424 1.355 

AMMONIA-010 14.0 27.029 1.858 

AMMONIA-012 23.5 23.358 1.333 

AMMONIA-014 15.0 20.369 1.558 

AMMONIA-016 18.5 16.931 1.279 

AMMONIA-018 15.0 21.129 1.587 

AMMONIA-020 18.0 19.609 1.396 

AMMONIA-022 12.5 26.342 1.941 

AMMONIA-024 18.5 21.349 1.437 

AMMONIA-026 12.5 22.602 1.798 

AMMONIA-028 18.0 22.049 1.480 

AMMONIA-030 18.5 25.300 1.564 

AMMONIA-032 14.5 23.558 1.704 

AMMONIA-034 21.5 17.371 1.202 

AMMONIA-036 19.0 20.922 1.403 

AMMONIA-038 11.0 22.840 1.927 

AMMONIA-040 29.0 15.458 0.976 

AMMONIA-042 14.0 27.707 1.881 

AMMONIA-044 21.0 22.222 1.376 

AMMONIA-046 17.5 13.593 1.179 

AMMONIA-048 15.5 21.629 1.580 

AMMONIA-052 23.0 18.940 1.213 

AMMONIA-054 20.0 22.929 1.432 

AMMONIA-056 20.5 25.056 1.478 

AMMONIA-058 20.5 17.731 1.244 

AMMONIA-060 21.0 19.767 1.297 

AMMONIA-062 23.0 22.504 1.323 

AMMONIA-064 25.5 17.727 1.115 

AMMONIA-066 22.0 13.851 1.061 

AMMONIA-068 21.0 22.718 1.391 

AMMONIA-070 28.5 16.887 1.029 

AMMONIA-072 20.0 32.367 1.701 

AMMONIA-074 15.5 27.093 1.768 

AMMONIA-076 21.5 25.098 1.445 

AMMONIA-078 25.0 23.898 1.307 

AMMONIA-080 21.5 11.469 0.977 

AMMONIA-082 18.0 30.838 1.750 

AMMONIA-084 23.5 26.120 1.410 

AMMONIA-086 26.0 20.720 1.194 

AMMONIA-088 35.0 19.718 1.004 

AMMONIA-090 24.5 24.891 1.348 

AMMONIA-092 10.0 27.158 2.204 

AMMONIA-094 21.0 29.411 1.583 

AMMONIA-096 11.0 26.604 2.080 

AMMONIA-098 26.0 24.284 1.292 

AMMONIA-100 21.5 25.002 1.442 

AMMONIA-102 15.5 26.749 1.757 

AMMONIA-104 24.5 31.851 1.525 

AMMONIA-106 23.0 19.244 1.223 

AMMONIA-108 21.0 25.169 1.464 

AMMONIA-110 20.5 18.798 1.280 

AMMONIA-112 23.0 26.924 1.447 

AMMONIA-114 12.5 23.558 1.836 

AMMONIA-116 15.0 21.864 1.615 

AMMONIA-118 21.0 30.322 1.607 

AMMONIA1-002 16.5 13.493 1.209 

AMMONIA1-004 31.0 19.649 1.065 

AMMONIA1-006 18.0 17.362 1.313 

AMMONIA1-008 28.0 17.198 1.048 

AMMONIA1-010 14.5 15.718 1.392 

AMMONIA1-012 15.5 13.704 1.257 

AMMONIA1-014 10.0 11.749 1.449 

AMMONIA1-016 11.5 21.204 1.816 

AMMONIA1-018 17.5 20.216 1.437 

AMMONIA1-020 14.5 16.504 1.427 

AMMONIA1-022 21.0 17.522 1.221 

AMMONIA1-024 20.0 18.611 1.290 
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AMMONIA1-026 18.0 19.787 1.402 

AMMONIA1-028 8.0 11.376 1.595 

AMMONIA1-030 15.0 17.842 1.458 

AMMONIA1-032 15.0 16.933 1.421 

AMMONIA1-034 15.5 22.416 1.608 

AMMONIA1-036 14.0 18.687 1.545 

AMMONIA1-038 24.0 11.049 0.907 

AMMONIA1-040 12.5 19.842 1.685 

AMMONIA1-043 16.0 21.033 1.533 

AMMONIA1-045 13.0 11.851 1.277 

AMMONIA1-047 14.0 20.591 1.622 

AMMONIA1-049 24.5 19.056 1.179 

AMMONIA1-051 15.0 18.873 1.500 

AMMONIA1-053 13.5 13.356 1.330 

AMMONIA1-055 15.5 22.136 1.598 

AMMONIA1-057 14.0 15.869 1.424 

AMMONIA1-059 21.5 22.258 1.361 

AMMONIA1-061 16.0 23.580 1.623 

AMMONIA1-063 19.5 20.484 1.371 

AMMONIA1-065 15.5 21.242 1.565 

AMMONIA1-067 14.0 14.453 1.359 

AMMONIA1-070 13.5 17.120 1.506 

AMMONIA1-072 17.0 23.156 1.561 

AMMONIA1-074 11.5 10.676 1.288 

AMMONIA1-076 10.0 16.540 1.720 

AMMONIA1-078 17.5 18.922 1.390 

AMMONIA1-080 12.5 15.131 1.471 

AMMONIA1-082 27.5 18.324 1.092 

AMMONIA1-084 18.5 17.598 1.304 

AMMONIA1-086 16.5 18.216 1.405 

AMMONIA1-088 18.0 12.644 1.121 

AMMONIA1-090 19.5 19.567 1.340 

AMMONIA1-092 17.5 15.331 1.252 

AMMONIA1-094 13.5 20.067 1.630 

AMMONIA1-096 21.5 14.676 1.105 

AMMONIA1-098 16.5 18.153 1.403 

AMMONIA1-100 17.5 13.878 1.191 

AMMONIA1-102 13.0 18.484 1.595 

AMMONIA1-104 16.5 20.642 1.496 

AMMONIA1-106 24.0 17.704 1.149 

AMMONIA1-108 19.0 10.258 0.983 

AMMONIA1-110 12.0 20.367 1.742 

AMMONIA1-112 20.0 15.440 1.175 

AMMONIA1-114 17.0 18.107 1.380 

AMMONIA1-116 14.0 17.262 1.485 

AMMONIA1-118 15.5 23.411 1.643 

AMMONIA1-120 22.5 15.202 1.099 

AMMONIA1-122 15.0 16.751 1.413 

E1-002 12.5 21.273 1.745 

E2-002 15.5 25.329 1.709 

E3-002 17.0 16.771 1.328 

E4-002 18.0 21.871 1.474 

E5-002 19.5 10.800 0.995 

E6-002 7.5 17.693 2.054 

E7-002 22.0 22.367 1.348 

E8-002 19.5 26.040 1.545 

E9-002 25.0 19.262 1.174 

E10-002 17.5 17.898 1.352 

E11-002 19.0 21.591 1.426 

E12-002 15.0 18.638 1.491 

E13-002 8.0 18.896 2.055 

E14-002 15.5 23.293 1.639 

E15-002 24.0 22.753 1.302 

E16-002 17.0 17.798 1.368 

E17-002 12.0 25.933 1.966 

E18-002 14.5 16.156 1.411 

E19-002 17.5 22.131 1.504 

E20-002 17.5 23.696 1.556 

E21-002 12.5 29.744 2.063 

E22-002 16.5 25.644 1.667 

E23-002 21.0 26.344 1.498 

E24-002 12.5 20.602 1.717 

E25-002 19.0 17.142 1.270 

AMMONIA1-124 27.0 12.396 0.906 

AMMONIA1-126 22.5 14.722 1.082 

AMMONIA1-129 19.5 14.040 1.135 

AMMONIA-131 18.0 17.404 1.315 

AMMONIA1-133 21.5 10.924 0.953 

AMMONIA1-135 14.5 8.929 1.049 

AMMONIA1-137 14.5 18.433 1.508 

AMMONIA1-139 19.0 15.673 1.215 

AMMONIA1-141 17.5 19.882 1.425 

AMMONIA1-143 22.0 17.531 1.194 

AMMONIA1-145 12.0 19.978 1.725 

AMMONIA1-147 13.0 13.876 1.382 

AMMONIA1-149 25.5 22.602 1.259 

AMMONIA1-151 14.5 19.198 1.539 

AMMONIA1-153 19.5 19.027 1.321 

AMMONIA1-155 16.5 19.631 1.459 

AMMONIA1-157 14.0 16.640 1.458 



Methods 

265 

AMMONIA1-159 7.5 16.189 1.965 

AMMONIA1-161 19.0 16.847 1.259 

AMMONIA1-163 12.0 17.936 1.635 

AMMONIA1-165 20.0 16.793 1.225 

AMMONIA1-167 10.0 12.411 1.490 

AMMONIA1-169 19.0 20.902 1.403 

AMMONIA1-171 16.0 21.651 1.556 

AMMONIA1-173 7.5 20.260 2.198 

AMMONIA1-175 11.5 15.764 1.566 

AMMONIA1-177 11.5 16.893 1.621 

AMMONIA1-178A 22.5 6.896 0.740 

AMMONIA1-180 14.5 19.360 1.545 

AMMONIA1-182 28.0 18.424 1.085 

A122 23.0 20.462 1.261 

A124 28.5 27.260 1.308 

A126 26.0 22.956 1.257 

A128 27.0 13.082 0.931 

A130 18.5 18.113 1.323 

A132 13.5 20.091 1.631 

A134 24.0 21.120 1.254 

A136 18.0 24.669 1.565 

A138 15.5 17.542 1.423 

A140 24.0 18.618 1.178 

A142 15.5 19.456 1.498 

A144 19.5 16.664 1.236 

A146 16.0 14.882 1.290 

A148 17.0 17.467 1.355 

A150 12.0 23.556 1.874 

A152 18.5 17.184 1.289 

A154 20.0 21.084 1.373 

A156 18.0 21.711 1.469 

A158 21.5 14.522 1.099 

A160 15.5 20.191 1.526 

A162 23.5 17.029 1.138 

A164 22.0 17.218 1.183 

A166 18.0 17.393 1.314 

A168 11.5 19.122 1.724 

A170 18.0 19.713 1.399 

A172 18.0 25.147 1.581 

A174 22.5 20.522 1.277 

A176 23.5 17.429 1.152 

A178 14.5 20.282 1.582 

A180 11.5 19.584 1.745 

A182 18.0 18.793 1.366 

A184 21.0 20.822 1.332 

A186 16.0 19.796 1.487 

A188 16.0 22.264 1.577 

A190 17.5 16.040 1.280 

A192 19.0 13.947 1.146 

A194 22.0 16.858 1.171 

A196 22.5 21.956 1.321 

A198 15.5 18.242 1.451 

A200 14.0 15.967 1.428 

A202 14.0 22.587 1.698 

A204 21.0 15.651 1.154 

A206 18.5 14.607 1.188 

A208 16.0 19.169 1.464 

A210 13.5 18.704 1.574 

A212 22.0 19.542 1.260 

A214 21.0 18.689 1.262 

A216 22.5 14.827 1.086 

A218 17.0 18.878 1.409 

A220 17.0 21.722 1.512 

A222 18.0 18.809 1.367 

A224 15.5 19.769 1.510 

A226 12.0 19.540 1.706 

A228 20.5 21.293 1.363 

A230 14.5 19.207 1.539 

A232 20.0 18.147 1.274 

A234 16.5 19.187 1.442 

A236 23.0 27.936 1.474 

A238 31.5 20.936 1.090 

A240 28.0 18.116 1.076 

A242 15.0 18.564 1.488 

A244 18.5 23.764 1.516 

A246 12.0 20.022 1.727 

A248 15.5 20.996 1.556 

A250 21.0 18.996 1.272 

A252 16.0 20.222 1.503 

A254 15.0 12.920 1.241 

A256 21.0 17.678 1.227 

A258 12.5 17.569 1.585 

A260 13.5 18.524 1.566 

A262 19.0 19.602 1.358 

A264 20.5 16.153 1.187 

A266 15.0 21.753 1.610 

A268 14.5 14.671 1.345 

A270 17.5 17.898 1.352 

A272 18.5 16.438 1.261 

A274 20.0 22.709 1.425 



Chapter 6: Scaling laws explain foraminiferal pore patterns 

266 

A276 14.5 22.438 1.663 

A279 22.0 12.718 1.017 

A281 14.0 14.062 1.340 

A283 15.0 20.660 1.569 

A285 18.5 22.507 1.475 

A287 19.5 14.198 1.141 

A289 16.0 20.471 1.513 

A291 12.5 12.811 1.354 

A293 16.0 15.358 1.310 

A295 18.5 16.636 1.268 

A297 24.5 21.824 1.262 

A299 17.0 15.213 1.265 

A301 15.0 20.824 1.576 

A303 19.5 15.638 1.197 

A305 19.5 21.056 1.390 

A307 14.0 23.238 1.723 

A309 21.0 14.927 1.127 

A311 18.0 14.453 1.198 

A313 10.0 22.596 2.010 

A315 20.5 16.736 1.208 

A317 21.0 13.511 1.073 

A319 18.5 20.689 1.414 

A321 22.5 15.664 1.116 

A323 16.5 15.884 1.312 

A325 24.0 21.236 1.258 

A327 16.5 13.609 1.214 

A329 13.5 15.460 1.431 

A331 18.5 22.900 1.488 

A333 16.0 20.251 1.504 

A335 16.5 18.760 1.426 

A337 18.5 21.922 1.456 

A339 11.5 15.564 1.556 

A341 18.5 23.202 1.498 

A343 26.5 23.513 1.260 

A346 6.5 19.740 2.330 

A348 20.5 14.598 1.128 

A350 20.0 17.424 1.248 

A352 22.5 16.473 1.144 

A354 16.0 21.807 1.561 

A356 21.0 30.978 1.624 

A358 29.0 20.307 1.119 

A360 18.0 13.553 1.160 

A362 15.5 21.724 1.583 

A002 16.5 20.138 1.477 

A004 10.5 16.033 1.652 

A006 19.0 12.769 1.096 

A008 24.5 22.722 1.288 

A010 14.5 20.818 1.602 

A012 17.0 16.476 1.316 

A014 15.0 8.909 1.031 

A016 23.5 17.167 1.143 

A018 19.5 15.280 1.184 

A020 23.5 18.782 1.195 

A022 26.0 24.220 1.291 

A024 25.5 13.460 0.971 

A026 16.0 21.560 1.552 

A028 16.5 18.156 1.403 

A030 18.5 22.078 1.461 

A032 15.5 18.827 1.474 

A034 14.5 18.236 1.500 

A036 20.0 25.373 1.506 

A038 28.5 10.229 0.801 

A040 21.0 17.989 1.238 

A042 13.5 24.609 1.805 

A044 16.5 15.438 1.293 

A046 17.0 17.740 1.366 

A048 20.5 17.569 1.238 

A050 26.5 19.153 1.137 

A052 28.5 13.044 0.905 

A054 27.0 17.400 1.073 

A056 28.5 18.053 1.064 

A058 10.0 15.271 1.653 

A060 21.0 18.056 1.240 

A062 22.0 23.609 1.385 

A064 20.5 19.353 1.299 

A066 26.5 23.393 1.256 

A068 16.5 18.587 1.419 

A070 19.5 20.002 1.354 

A072 28.5 12.558 0.888 

A74 16.5 21.460 1.525 

A076 13.5 19.889 1.623 

A078 26.5 20.058 1.163 

A080 12.5 19.207 1.658 

A082 19.5 19.684 1.344 

A084 15.5 17.300 1.413 

A086 20.0 18.858 1.298 

A088 19.0 9.093 0.925 

A090 21.0 18.487 1.255 

A092 15.5 19.898 1.515 

A094 17.5 26.400 1.642 
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A096 17.0 17.071 1.340 

A098 25.0 12.882 0.960 

A100 23.5 18.184 1.176 

A102 25.0 17.391 1.115 

A104 14.5 17.544 1.471 

A106 19.5 22.247 1.428 

A108 24.0 11.158 0.912 

A110 17.0 24.013 1.589 

A112 16.5 16.153 1.323 

A114 15.5 17.104 1.405 

A116 17.5 15.524 1.260 

A118 30.0 23.947 1.195 

A120 16.0 15.698 1.325 

G1-002 86.5 13.982 0.538 

G2-002 28.5 31.296 1.401 

G3-003 18.0 19.100 1.377 

G4-003 21.0 25.649 1.478 

G5-002 24.0 18.813 1.184 

G6-002 18.5 21.960 1.457 

G7-002 19.5 20.429 1.369 

G8-002 21.0 18.393 1.251 

G9-002 26.5 20.149 1.166 

G10-003 24.0 21.569 1.268 

G11-002 28.0 21.907 1.183 

G12-002 23.5 16.656 1.126 

G13-002 34.0 20.749 1.045 

G14-002 17.0 25.953 1.652 

G15-003 19.0 22.373 1.451 

G16-003 19.0 21.000 1.406 

G17-003 19.5 20.951 1.386 

G18-002 14.0 24.547 1.771 

G19-003 16.0 15.858 1.331 

G20-003 27.0 23.042 1.235 

G21-002 31.5 25.936 1.213 

G22-003 27.0 23.676 1.252 

G23-002 32.0 25.053 1.183 

G24-003 22.5 23.360 1.363 

G25-002 18.5 28.653 1.664 

G26-002 18.0 28.029 1.669 

G27-003 25.5 20.931 1.212 

G28-002 19.0 24.153 1.508 

G29-002 41.5 23.193 1.000 

G30-002 25.5 17.909 1.121 

G31-002 27.0 21.860 1.203 

ZK1 16.0 24.153 1.643 

ZK2 27.5 15.804 1.014 

ZK3 28.5 15.204 0.977 

ZK4 20.5 27.049 1.536 

ZK5 25.0 20.869 1.222 

ZK6 20.0 21.913 1.400 

ZK7 21.0 24.042 1.431 

ZK8 18.5 27.942 1.643 

ZK9 20.5 19.467 1.303 

ZK10 28.5 29.109 1.351 

ZK11 28.5 21.709 1.167 

ZK12 16.5 19.036 1.436 

ZK13 30.0 22.089 1.147 

ZK14 23.0 21.389 1.290 

ZK15 19.0 24.216 1.510 

ZK16 26.0 14.191 0.988 

ZK17 24.0 20.444 1.234 

ZK18 21.0 19.433 1.286 

ZK19 23.0 21.407 1.290 

ZK20 19.5 20.538 1.372 

ZK21 74.0 12.944 0.559 

ZK22 16.0 22.167 1.574 

ZK23 68.0 14.256 0.612 

ZK24 66.5 19.360 0.722 

ZK25 24.5 17.447 1.128 

ZK26 14.5 23.420 1.699 

ZK27 85.5 10.160 0.461 

ZK28 28.0 28.616 1.352 

ZK29 18.0 24.524 1.561 

ZK30 23.5 20.240 1.241 

ZK31 10.0 21.729 1.971 

ZK32 10.0 19.591 1.872 

ZK33 36.0 24.493 1.103 

ZK34 30.0 16.102 0.980 

ZK35 48.0 9.573 0.597 

ZK36 38.5 16.460 0.874 

ZK37 15.5 21.307 1.568 

ZK38 75.5 13.047 0.556 

ZK39 79.5 14.978 0.580 

ZK40 101.0 13.529 0.489 

ZK41 23.0 20.887 1.274 

ZK42 15.5 20.238 1.528 

ZK43 92.0 12.024 0.483 

ZK44 14.0 19.182 1.565 

ZK45 23.0 20.609 1.266 

ZK46 20.0 19.909 1.334 
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ZK47 22.0 14.804 1.097 

ZK48 16.0 26.447 1.719 

ZK49 29.0 20.018 1.111 

ZK50 15.0 20.591 1.567 

ZK51 33.5 17.853 0.976 

ZK52 16.5 24.129 1.617 

ZK53 14.5 19.569 1.553 

ZK54 21.0 19.282 1.281 

ZK55 21.0 18.538 1.256 

ZK56 22.0 27.476 1.494 

ZK57 20.0 14.638 1.144 

ZK58 20.5 21.409 1.367 

ZK59 19.5 19.762 1.346 

ZK60 13.0 17.120 1.535 

ZK61 34.0 24.807 1.142 

ZK62 89.0 13.436 0.520 

ZK63 53.0 14.109 0.690 

ZK64 39.0 25.649 1.084 

ZK65 34.0 18.889 0.997 

ZK66 55.0 19.322 0.793 

ZK67 85.0 6.207 0.361 

ZK68 72.5 11.800 0.539 

ZK69 64.5 12.442 0.587 

ZK70 34.5 20.660 1.035 

ZK71 27.5 25.071 1.277 

ZK72 71.5 12.902 0.568 

ZK73 46.5 10.464 0.634 

ZK74 45.0 9.702 0.621 

ZK75 25.5 24.598 1.313 

ZK76 16.0 16.693 1.366 

ZK77 99.0 16.098 0.539 

ZK78 58.0 5.371 0.407 

ZK79 66.0 11.531 0.559 

ZK80 78.0 11.284 0.509 

SN54 33.5 14.642 0.884 

SN55 25.5 19.782 1.178 

SN56 29.0 12.511 0.878 

SN57 28.5 12.767 0.895 

SN58 24.5 18.271 1.155 

SN59 28.0 18.009 1.072 

SN60 13.0 22.447 1.757 

SN61 26.0 16.922 1.079 

SN62 22.5 15.402 1.106 

SN63 28.5 14.718 0.961 

SN64 23.0 20.736 1.270 

SN65 30.0 13.800 0.907 

SN66 24.0 16.371 1.104 

SN67 19.0 20.558 1.391 

SN68 18.5 15.247 1.214 

SN69 31.5 25.789 1.210 

SN70 20.0 19.560 1.322 

SN71 18.0 21.193 1.451 

SN72 29.5 20.209 1.107 

SN73 28.0 21.649 1.176 

SN74 24.5 17.227 1.121 

SN75 23.5 15.320 1.080 

SN76 27.0 20.576 1.167 

SN77 21.0 18.271 1.247 

SN78 27.5 20.711 1.160 

SN79 20.0 21.849 1.398 

SN80 17.5 22.909 1.530 

SN81 22.0 18.669 1.232 

SN82 29.0 16.169 0.999 

SN83 23.0 18.816 1.209 

SN84 29.0 13.429 0.910 

SN85 23.0 11.451 0.944 

SN86 30.5 23.893 1.184 

SN87 27.5 15.167 0.993 

SN88 35.5 17.418 0.937 

SN89 25.5 17.933 1.121 

SN90 21.0 18.469 1.254 

SN91 30.5 22.471 1.148 

SN92 23.0 20.584 1.265 

SN93 27.0 21.969 1.206 

SN94 11.0 22.371 1.907 

SN95 13.5 13.791 1.352 

SN96 16.0 19.133 1.462 

SN97 15.5 17.893 1.437 

SN98 15.5 25.069 1.701 

SN100 26.5 21.362 1.201 

SN101 28.0 20.898 1.155 

SN102 28.5 18.296 1.071 

SN103 19.0 22.722 1.462 

SN104 17.0 34.716 1.911 

SN105 30.5 20.196 1.088 

SN106 31.5 17.542 0.998 

SN107 37.0 16.551 0.894 

SN108 24.5 20.698 1.229 

SN110 21.5 12.876 1.035 

SN111 24.0 19.342 1.200 
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SN112 13.0 22.782 1.770 

SN113 18.5 17.460 1.299 

SN114 18.0 15.162 1.227 

SN115 26.0 17.564 1.099 

SN116 25.0 19.031 1.167 

SN118 22.5 18.769 1.221 

SN119 22.5 15.082 1.095 

SN120 19.0 18.349 1.314 

SN121 23.0 17.342 1.161 

SN122 17.0 19.407 1.429 

SN123 26.0 12.711 0.935 

RD1 90.0 13.011 0.508 

RD2 81.0 13.264 0.541 

RD3 95.5 20.324 0.617 

RD4 76.0 10.313 0.493 

RD5 90.0 16.051 0.565 

RD6 60.0 8.229 0.495 

RD7 35.5 27.273 1.172 

RD8 68.0 10.362 0.522 

RD9 55.0 8.002 0.510 

E1 17.0 23.898 1.585 

E1-2 27.0 17.513 1.077 

E1-3 30.5 18.007 1.027 

E1-4 29.0 17.351 1.034 

E1-5 29.5 20.184 1.106 

E1-6 30.0 16.073 0.979 

E1-7 26.5 19.942 1.160 

E1-8 39.0 20.567 0.971 

E1-9 29.0 17.360 1.035 

E1-10 39.0 16.173 0.861 

E1-11 30.0 18.782 1.058 

E1-12 37.0 22.993 1.054 

E1-13 40.0 16.629 0.862 

E1-14 25.0 17.051 1.104 

E1-15 27.5 20.756 1.162 

E1-16 27.5 14.736 0.979 

E1-17 34.0 17.751 0.966 

E1-18 44.5 14.504 0.763 

E1-19 44.0 9.864 0.633 

E1-20 57.0 13.667 0.655 

E2 27.0 16.733 1.053 

E2-2 14.5 21.302 1.621 

E2-3 21.5 16.538 1.173 

E4 22.5 19.680 1.251 

E4-2 22.5 15.416 1.107 

E4-3 22.5 21.878 1.319 

E4-4 30.0 13.589 0.900 

E4-5 27.5 19.358 1.122 

E4-6 20.5 17.467 1.234 

E4-7 29.5 16.493 1.000 

E4-8 24.0 16.900 1.122 

E4-9 27.0 18.658 1.112 

E4-10 25.0 18.262 1.143 

E4-11 31.0 13.404 0.879 

E4-12 22.5 22.440 1.335 

E4-13 35.0 15.342 0.885 

E4-14 22.0 19.078 1.245 

E4-15 19.5 19.229 1.328 

E4-16 24.0 15.809 1.085 

E4-17 22.0 19.587 1.262 

E4-18 15.5 16.738 1.450 

E4-19 30.0 14.973 0.945 

E4-20 25.5 17.831 1.118 

E4-21 25.5 12.716 0.944 

E4-22 31.0 15.580 0.948 

E4-23 30.0 19.060 1.066 

E4-24 20.5 22.147 1.390 

E4-25 20.0 16.838 1.227 

E4-26 31.0 17.693 1.010 

E4-27 37.5 13.358 0.798 

E4-28 34.0 15.364 0.899 

E4-29 29.0 19.549 1.098 

E4-30 24.5 19.220 1.184 

E4-31 22.0 23.947 1.395 

E4-32 35.0 11.638 0.771 

E5-1 60.0 7.333 0.468 

E5-2 73.0 7.956 0.441 

E5-3 69.0 7.109 0.429 

E5-4 68.5 7.971 0.456 

E5-5 30.0 4.193 0.500 

E6-2 62.5 6.811 0.441 

E6-3 80.0 13.320 0.546 

BH 36.0 17.516 0.933 

BH2 25.0 28.018 1.416 

BH3 27.0 18.562 1.109 

BH4 13.5 13.536 1.339 

BH5 25.0 17.551 1.120 

BH6 34.0 19.996 1.025 

BH7 47.0 12.536 0.691 

BH8 21.5 20.571 1.308 
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BH9 27.5 24.729 1.268 

BH10 24.5 16.629 1.102 

BH11 28.5 18.360 1.073 

BH12 33.5 21.991 1.083 

BH13 32.5 17.056 0.969 

BH14 26.5 22.069 1.220 

BH15 42.0 18.424 0.886 

BH16 20.0 13.569 1.101 

BH17 31.0 18.124 1.022 

BH18 26.0 21.062 1.204 

BH19 20.5 21.347 1.365 

BH20 32.5 22.220 1.106 

BH21 26.0 14.216 0.989 

BH22 30.0 12.136 0.851 

BH23 25.5 19.062 1.156 

BH24 28.5 16.580 1.020 

BH25 28.5 18.233 1.070 

BH26 33.5 18.024 0.981 

BH27 26.0 21.062 1.204 

BH28 29.5 13.771 0.914 

BH29 39.0 23.053 1.028 

BH30 37.5 17.207 0.906 

BH31 27.0 15.313 1.007 

BH32 23.5 20.531 1.250 

BH33 26.5 18.256 1.110 

BH34 30.5 17.791 1.021 

BH35 21.0 15.547 1.151 

BH36 26.5 22.438 1.230 

BH37 32.5 20.600 1.065 

BH38 33.0 18.704 1.007 

BH39 26.5 15.338 1.017 

BH40 46.5 18.336 0.857 

L1 78.5 14.344 0.572 

L5 79.5 10.776 0.492 

L6 79.0 8.642 0.442 

L7 93.0 10.224 0.443 

L8 73.0 7.749 0.436 

L10 73.0 8.298 0.451 

L11 98.0 9.860 0.424 

L12 87.0 7.787 0.400 

L13 94.0 9.680 0.429 

L14 81.0 8.567 0.435 

L15 84.0 8.429 0.424 

L16 90.5 10.256 0.450 

L17 73.0 7.393 0.426 

L19 71.0 8.798 0.471 

L20 27.5 25.829 1.296 

L23 75.0 12.842 0.553 

L24 79.0 9.418 0.462 

L25 88.5 10.422 0.459 

L27 31.0 17.422 1.002 

L29 83.0 8.518 0.428 

L30 112.0 13.527 0.465 

L32 74.0 8.224 0.446 

L33 19.5 23.271 1.461 

L34 22.0 21.236 1.314 

L35 25.0 24.044 1.311 

L38 70.0 7.738 0.445 

L39 62.0 6.538 0.434 

L40 86.0 8.960 0.432 

L41 34.5 16.278 0.919 

L42 74.0 7.209 0.417 

Plot0008_01_Aq1_ N-1 36.0 18.144 0.986 

Plot0008_04_Aq1_N-1 24.0 12.351 0.951 

Plot0008_06_Aq1_N-1 24.0 18.377 1.239 

Plot0008_07_Aq1_ N-1 18.0 13.347 1.243 

Plot0008_11_Aq1_N N-1 51.0 13.140 0.724 

Plot0008_17_Aq2_N-1 36.0 15.186 0.946 

Plot0008_28_Aq3_N N-3 43.0 17.061 0.964 

Plot0008_44_Aq5_N 48.0 14.527 0.798 

Plot0008_45_Aq5_N-1 34.0 16.358 0.998 

Plot0008_46_Aq5_N N-1 21.0 12.142 1.116 

Plot0008_47_Aq5_N-1 22.0 7.597 0.859 

Plot0008_48_Aq5_N N-1 30.0 18.420 1.186 

Plot0008_49_Aq5_N N-1 22.0 12.543 1.061 

Plot0008_50_Aq5_N-1 24.0 14.763 1.166 

Plot0008_51_Aq5_N N-1 31.0 11.518 0.959 

Plot0008_52_Aq5_N N-1 35.0 15.921 0.993 

Aq1 21_01 F-1 39.0 15.992 0.912 

Aq1 21_02 F-1 45.0 18.097 0.950 

Aq1 21_03 F-1 35.0 16.190 0.961 

Aq1 21_04 F-1 49.0 18.399 0.892 

Aq1 21_05 F-1 53.0 16.491 0.820 

Aq1 21_09 F-1 57.0 15.976 0.750 

Aq1 21_10 F-1 55.0 15.930 0.793 

Aq1 21_11 F-1 47.0 15.680 0.897 

Aq1 21_12 F-1 50.0 14.193 0.757 

Aq1 21_13 F-1 33.0 16.331 1.006 

Aq1 21_14 F-1 36.0 19.706 1.068 

Aq1 21_15 F-1 45.0 18.339 0.943 
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Aq2 21_17 F-1 58.0 15.859 0.758 

Aq2 21_18 F-1 40.0 18.637 1.039 

Aq2 21_19 F-1 41.0 15.335 0.893 

Aq2 21_21 F-1 54.0 25.060 0.984 

Aq2 21_22 F-1 52.0 20.849 0.912 

Aq2 21_24 F-1 59.0 18.632 0.858 

Aq2 21_26 F-1 51.0 15.645 0.786 

Aq2 21_27 F-1 40.0 15.314 0.950 

Aq2 21_29 F-1 43.0 16.776 0.941 

Aq3 21_34 F-1 38.0 12.622 0.855 

Aq3 21_36 F-1 36.0 20.477 1.116 

Aq3 21_37 F-1 48.0 18.051 0.918 

Aq3 21_38 F-1 39.0 16.773 0.941 

Aq3 21_39 F-1 61.0 21.305 0.846 

Aq3 21_42 F-1 55.0 18.670 0.854 

Aq4 21_45 F-1 49.0 12.174 0.744 

Aq4 21_46 F-1 46.0 15.542 0.857 

Aq4 21_47 F-1 46.0 18.447 0.916 

Aq4 21_48 F-1 48.0 20.051 0.910 

Aq4 21_49 F-1 29.0 16.516 1.068 

Aq4 21_50 F-1 42.0 19.354 0.996 

Aq4 21_51 F-1 50.0 15.411 0.793 

Aq4 21_52 F-1 48.0 15.520 0.874 

Aq4 21_53 F-1 41.0 14.386 0.853 

Aq4 21_54 F-1 45.0 21.440 0.981 

Aq4 21_55 F-3 39.0 17.389 0.973 

Aq4 21_58 F-1 41.0 17.501 0.915 

Aq1 25_42 F-2 42.0 17.362 0.958 

Aq1 25_43 F-1 35.0 17.631 1.054 

Aq1 25_44 F-1 46.0 14.690 0.828 

Aq1 25_49 F F-1 46.0 13.037 0.775 

Aq1 25_50 F F-1 34.0 16.071 1.034 

Aq1 25_51 F F-1 37.0 12.763 0.846 

Aq1 25_52 F-1 31.0 17.704 1.075 

Aq1 25_53 F-1 45.0 14.483 0.868 

Aq1 25_54 F-1 34.0 20.404 1.096 

Aq1 25_55 F-1 29.0 10.967 0.897 

Aq 5 26_40 F-1 44.0 13.721 0.822 

Aq 5 26_41 F-1 55.0 13.078 0.711 

Aq 5 26_42 F-1 47.0 14.584 0.804 

Aq 5 26_43 F-1 56.0 12.595 0.679 

Aq 5 26_44 F-1 44.0 9.051 0.742 

Aq 5 26_45 F-1 47.0 14.956 0.825 

Aq 5 26_46 F-1 47.0 22.908 0.990 

Aq 5 26_47 F-1 57.0 14.236 0.734 

Aq 5 26_49 F-1 33.0 11.181 0.818 

Aq 5 26_50 F-1 36.0 12.391 0.861 

Aq 5 26_51 F-1 43.0 13.482 0.798 

Aq 5 26_52 F-1 29.0 14.516 1.011 

Aq 5 26_53 F-1 48.0 14.608 0.815 

Aq1 25_02 F-2 31.0 21.958 1.231 

Aq1 25_03 F-2 40.0 21.660 1.047 

Aq1 25_05 F-1 35.0 23.538 1.218 
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1. SYNTHESIS 

The general aim of this PhD research was to better understand the role of the phylotypes 

T1, T2 and T6, which are traditionally identified as the morphospecies Ammonia tepida in 

European Atlantic coastal ecosystems. This PhD thesis is divided into five chapters, each of 

them investigating a different aspect of these three phylotypes. The articulations between the 

topics and the main conclusions of the five chapters are summarised in Figure 1. 

Chapter 2 investigates the morphological variability of the three phylotypes and proposes 

a simple and efficient morphometric method to discriminate them. The method is based on two 

criteria, the pore size and the suture elevation on the spiral side. This new method opens the 

possibility to generate large datasets on recent specimens, but also to work on fossil material. 

In Chapter 3 the morphometric method of the previous chapter is tested on an independent 

dataset from a previous publication which studied the biogeographic distribution of T1, T2 and 

T6 around the British Isles. This chapter shows that the morphometric identification developed 

in Chapter 2 is highly reliable. The newly acquired distribution showed the emergence of a 

coherent but previously unnoticed distribution pattern around the British Isles, which suggests 

that the supposedly exotic phylotype T6 is still spreading and replacing autochthonous 

phylotypes T1 and T2. Chapter 4 investigates the response of a modern foraminiferal 

community to seasonal anoxia and the presence of sulphide (euxinia) in Lake Grevelingen (The 

Netherlands), where Ammonia sp. T6 is presently among the dominant species. It is shown that 

phylotype T6 is able to cope with short seasonal anoxia and presence of sulphide, but disappears 

in case of prolonged euxinia. Chapter 5 focuses on a historical record (~ 50 years) from Lake 

Grevelingen, including the transition from estuary to salt lake. The changes of the foraminiferal 

community are explained as a response to the human-induced modifications, including the 

closure of the estuary and its partial re-openings. In the mid-1980s, phylotype T6, completely 

absent in older sediment layers, replaced the congeneric Ammonia sp. T2, possibly because of 

its higher tolerance of hypoxia. Finally, combining the conclusions and hypotheses proposed in 

the previous four chapters, Chapter 6 proposes a theoretical approach based on scaling laws to 

explain the pore patterns observed in Ammonia sp. T1, T2 and T6. This chapter points out that 

the pore patterns are mainly controlled by two constraints: metabolic demands and mechanical 

integrity. A large empirical data set, which fits the theoretical model remarkably well, shows 

that phylotype T6 has fewer but much bigger pores compared to other phylotypes. This pore 

pattern represents the best compromise between the two constraints, explaining the potential 

success of T6 in replacing autochthonous phylotypes T1 and T2.  
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In the following sections, we develop in more detail the outcome of each of these five 

chapters and present some additional data. 

 
Figure 1. Main connections (arrows) between the chapters (boxes) of this PhD thesis. Each chapter is 

represented by a separate box. The main investigated subjects and the obtained conclusion(s) are 
indicated by numbers in green circles (in green). 
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1.1. RECONCILING TRADITIONAL TAXONOMY AND MOLECULAR 

IDENTIFICATION 

In Chapter 2, we investigated the morphological variability of molecularly identified 

phylotypes T1, T2 and T6. To select reliable morphometric parameters measured on SEM 

images allowing to discriminate between the three phylotypes, we used a step-by-step 

multivariate approach. Our results show that the use of two main criteria allows the 

morphological identification of specimens with a high consistency: the average pore size (T2: 

smaller pores, T1: intermediate pore size and T6: larger pores) and the suture elevation on the 

spiral side (raised in T1 but flush in T2 and T6). The possibility to identify the different 

phylotypes based only on morphological features under a stereomicroscope makes it possible 

to quickly generate large datasets and opens the possibility to recognise these phylotypes in 

historical or fossil records, which is difficult or impossible to achieve with molecular methods. 

Chapters 3, 4 and 5 present direct applications of the morphometric method developed in 

Chapter 2 to discriminate the phylotypes T1, T2 and T6. These applications would have been 

impossible with molecular analyses alone. The opportunity to discriminate the different 

phylotypes using morphological features was widely applied during my entire PhD research, 

and whenever possible, we attempted to confirm the determinations by molecular methods. 

1.2. APPLICATION OF THE MORPHOMETRIC DETERMINATION TO 

MATERIAL COLLECTED AROUND THE BRITISH ISLES – 

BIOGEOGRAPHY 

The first aim of Chapter 3 was to test the reliability of the morphometric method on an 

independent dataset. For this purpose, we used the preserved material molecularly identified in 

an earlier study of Saad & Wade (2016), which investigated the biogeographical distribution of 

phylotypes T1, T2 and T6 around the British Isles. Our results show that the morphometric 

method is consistent, if we assume that the specimens at two sites (Thornham and Shoreham 

by Sea) were genetically misidentified due to a permutation of samples. We have three main 

reasons to consider morphometric identification more reliable than molecular identification in 

this case. First, molecular and morphometric identifications give exactly opposite results 

between both sites (T6 instead of T2 and vice versa), so that the misidentifications are 

systematic. Second, the main criterion to discriminate these two phylotypes is the pore size, 

which we identified as the most efficient criterion to discriminate between T2 (very small pores) 

and T1/T6 (bigger pores) with a very high accuracy (about 97 %, calculated in the second 

chapter). Third, eight new individuals from Thornham were sequenced and molecularly 
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assigned to phylotype T6, in accordance with previous morphometric identification. These three 

arguments corroborate the hypothesis that the samples from both sites were inverted during the 

first molecular study. 

Finally, after a careful examination of the morphometric assignations and the addition of 

supplementary datasets to increase the spatial coverage, a rather clear and coherent 

biogeographical distribution pattern emerged for the three phylotypes. The obtained distribution 

pattern at a larger spatial scale suggests that the putatively invasive Ammonia sp. T6 is currently 

spreading out over large areas, and is supplanting autochthonous phylotypes T1 and T2 at the 

outskirt of its present distributional areas along the coastlines of Great Britain and Northern 

France. We hypothesise that the general current circulation pattern in the English Channel and 

the Irish Sea could delay, or even inhibit, the further expansion of Ammonia sp. T6. Our results 

also suggest that Ammonia sp. T2 may have found refuges in the inner parts of estuaries, which 

are not easily reached by phylotype T6. The distribution pattern revealed in this study strongly 

suggests that the different phylotypes must have different ecological preferences that remain to 

be discovered. 

When we consider a smaller spatial scale, preliminary data comparing different sites within 

a single estuary suggest that the three phylotypes show a complex distribution pattern. When 

entire estuaries are considered, the co-occurrence of several phylotypes (at different locations 

within the estuary) appears to be rather common. In the next paragraphs, we present the Auray 

and Loire estuaries as examples. These two estuaries show very different distribution patterns 

for the three phylotypes. 

In the Auray estuary in the Gulf of Morbihan, sites where sampled at various locations in 

March and May 2016 along an upstream–downstream gradient (Garnier, 2016, Figure 2A) and 

in October 2016 along two bathymetrical transects perpendicular to the axis of the estuary (in 

the context of my PhD thesis, Figure 2B & 2C). In this estuary, where Ammonia sp. T6 is absent, 

Ammonia sp. T1 and Ammonia sp. T2 show a different distribution pattern (samples from March 

and May considered). Phylotype T2 is present at all sites and is the only phylotype occurring at 

the more upstream site (Fort Espagnol) and closer to the estuary mouth (LOC 2), while the 

phylotype T1 is present in the middle part (2C2 and KER2) and outside the estuary (St Pierre 

Lopérec, Figure 2A). Furthermore, in October 2016, these phylotypes were present in varying 

proportions along bathymetrical transects (onshore – offshore) at Kerouarc’h and Locmariaquer 

(Figure 2B & 2C) with Ammonia sp. T2 and Ammonia sp. T1 co-occurring at all sites (KER 1–

3 and LOC 1–3). At these two transects, phylotype T2 better represented at the deepest sites 

(KER3 and LOC3). Finally, it appears that the absolute and relative abundances of phylotypes 
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T1 and T2 showed important temporal variability in 2016 (Figure 2D). At KER 2, Ammonia sp. 

T1 was strongly dominant in October (about 98 %) while phylotype T2 was representing about 

40 % in March. At LOC 2, Ammonia sp. T1 was dominant in October (more than 75%), while 

only T2 was occurring in March (Figure 2D).  

 

Figure 2. A: Distribution of Ammonia phylotypes T1 (red) and T2 (green) in the Auray river (Gulf of 
Morbihan, France). B: Distribution of Ammonia phylotypes T1 (red) and T2 (green) along a transect at 

Kerouarc’h. C: Distribution of Ammonia phylotypes T1 (red) and T2 (green) along a transect at 
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Locmariaquer. D: Comparison of the proportion of Ammonia phylotypes T1 (red) and T2 (green) 
between March and October 2016 at KER 2 and LOC 2 sites. The colour of the circles represents the 
respective proportions of Ammonia phylotypes T1 and T2, with the number of specimens indicated 
(T1/T2). The name and sampling month of each site are indicated, all samples were taken in 2016. 

In the same estuary, Diz et al. (2009) hypothesised on the basis of stable isotopic 

measurements on Ammonia tepida tests that specimens of this morphospecies had different 

calcification seasons in the upper and lower estuary. Their results suggest that one of the two 

phylotypes, which tends to dominate in the inner estuary, is rather growing in autumn–winter 

(supposedly T2), whereas the other phylotypes, more frequent in the outer part of the estuary, 

is preferentially calcifying in summer (supposedly T1). This would explain why we observed a 

higher proportion of T2 at both sites in March (after the calcification period of this phylotype, 

supposed to be in autumn–winter), whereas T1 was strongly dominant in October, following its 

putative summer calcification period.   

In the Loire estuary, only phylotypes T6 and T1 were recorded in the live (Rose Bengal 

stained) assemblages, with relative proportions of about 90 % for T6 and 10 % for T1 at all 

sites. The map (Figure 3) has been produced using morphological identification of the material 

published in Mojtahid et al. (2016). Ammonia sp. T2 is absent from all samples, suggesting that 

its ecological preferences are not met in this estuary. Alternatively, if we assume that Ammonia 

sp. T6 is invasive in Europe, the observed distributional pattern could also mean that T6 has 

completely replaced T2 and that the progressive replacement of T1 by T6 is still going on. In 

order to gain more insight into this matter, it would be very interesting to sample the same sites 

again in a few years, to see whether Ammonia sp. T6 is the only phylotype remaining in the 

estuary. A study of sub-recent assemblages preserved in sediment cores, which is in progress 

(Xu et al., in prep.) should also shed more light on the putative arrival of T6 in the estuary in 

recent times, and the progressive replacement of the autochthonous phylotypes (as we did in 

Chapter 4 for the Lake Grevelingen). 
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Figure 3. Distribution of Ammonia phylotypes T1 (red) and T6 (blue) in the Loire estuary, France. 
Circles represent the proportions of Ammonia phylotypes T1 and T6, the number of specimens per site 

are indicated (T1/T6). Specimens were assigned to a phylotype using the morphometric method 
developed in Chapter 2. These sites were sampled in September 2012 in the context of the 

SEMHABEL project (Mojtahid et al., 2016). 

In summary, we obtain very different pictures when comparing the distributions of the 

three Ammonia phylotypes between two very close estuaries (about 70 km between the Auray 

and Loire estuaries). In the Auray estuary, the two phylotypes T1 and T2 show a complex 

distributional pattern within the same estuary (a few kilometers), at even smaller spatial scales 

when a bathymetric transect is considered (a few hundred meters), but also on a seasonal scale 

(with major differences between March and October 2016). Conversely, we observed almost 

no spatial variability in the distribution pattern within the Loire estuary (unfortunately no 

observations on temporal variability are available yet). These two very different situations 

clearly highlight that the biogeographic distribution must be considered with caution, at both 

temporal and spatial scales. The preliminary results for the Auray and Loire estuaries makes us 

also question the validity of the large scale distribution pattern around the British Isles described 

in Chapter 3 (in which most of the sites are separated by tens of kilometers), and underline the 

need to very carefully consider the interpretations and conclusions we present in this chapter. 

In the Auray river, the complex distribution pattern of phylotypes T1 and T2 (a seasonally 

moving mosaic) seems to be largely controlled by the ecological requirements of each 

phylotype (possibly related to the seasonal salinity pattern), and maybe by their different 

seasonal timing. Phylotypes T1 and T2 are considered autochthonous in Europe, suggesting 

that they are rather finely adapted to the environmental conditions of their seasonally changing 



Synthesis 

281 

respective habitats. Consequently, they have different ecological niches, explaining the 

complex mosaic distribution pattern observed at different seasons in the Auray estuary. 

In the Loire estuary, conversely, the distribution pattern of phylotypes T1 and T6 is rather 

homogeneous. This cannot be explained by a low spatial variability of the environmental 

parameters, which is clearly not the case in this estuary (Mojtahid et al., 2016). Phylotype T6 

is strongly dominant in the whole estuary, indicating that it is highly tolerant regarding the range 

of ecological conditions found in the estuary. If we hypothesise that this phylotype is indeed 

exotic and could be invasive in Europe, the relatively homogeneous distribution pattern 

observed in this estuary suggests that T6 shows an opportunistic behaviour and is probably 

supplanting its congeneric phylotypes at present. This is in accordance with unpublished data 

acquired on a sediment core sampled in the same estuary, which indicate that in the deeper 

sediment layers (i.e. in the past) phylotype T6 was absent (Xu et al., in prep.). This corroborates 

our hypothesis that, due to its greater tolerance to a larger range of environmental conditions, 

phylotype T6 outcompetes and replaces phylotypes T1 and T2. 

Finally, we could ask why phylotype T6 is absent in the Auray estuary, considering its 

putative very opportunistic behaviour? This could be due to its ecological preferences, which 

do not fit the environmental conditions found in this peculiar estuary. A more detailed study of 

the distribution of the various Ammonia phylotypes in the Auray river is in progress and could 

help to answer this question (Fouet et al., in prep). However, it seems more likely that the 

absence of T6 in the Auray river can be explained by the semi-enclosed nature of the Gulf of 

Morbihan, which could have delayed the entrance of T6 for the time being (other locations in 

the Gulf have been sampled and did not show any T6 either, Schweizer et al., in prep.). The 

latter hypothesis is in agreement with the hydrodynamic pattern at a large spatial scale we 

proposed in this chapter, which may also hamper the spreading of T6 in the Gulf of Morbihan. 

1.3. RESPONSE OF FORAMINIFERAL COMMUNITIES TO EUXINIA IN LAKE 

GREVELINGEN 

In Chapter 4, we investigated the response of foraminiferal communities to seasonal anoxia 

with the presence of sulphides (i.e. euxinia) in their environment, by studying samples taken 

bimonthly in 2012 at two sites in Lake Grevelingen (the Netherlands). Both sites are situated at 

different water depths (23 and 34 m respectively), and show different durations of seasonal 

anoxia (one month or less at 23 m depth versus one to two months at 34 m depth). The results 

show that (1) the foraminiferal communities are more strongly impacted when the duration of 

euxinia increases, with an almost total disappearance of foraminifera at the deepest site and (2) 
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these adverse conditions impede reproduction instead of causing direct mortality. We finally 

hypothesise that the different responses of the dominant taxa are rather the consequence of the 

seasonal succession of food availability, than the expressions of different tolerance levels 

regarding anoxia and presence of sulphides. 

Initially, we intended also to investigate the population dynamics for the dominant 

morphospecies (Elphidium selseyense, Elphidium magellanicum, Trochammina inflata and 

Ammonia sp. T6) at these two locations, in order to better understand their ecological 

preferences. However, our available morphometric data for the >125 µm fraction were 

insufficient to clearly identify successive cohorts. This would have necessitated at least the 

morphometric study of the 63–125 µm fraction for which taxonomical issues may arise, as well 

as a higher temporal resolution (e.g. one sample per month), which would have both increased 

the picking time. The different phylotypes of Ammonia are now considered as separated species. 

Consequently, they may exhibit differences in life traits such as the reproduction period for 

example, as it is suggested by the data from the Auray estuary (Figure 2), where at the 

Locmariaquer site, Ammonia sp. T1 was dominant in October whereas Ammonia sp. T2 strongly 

dominated the assemblages in March. 

Investigations of individual species responses in laboratory experiments could also yield 

new insights and a better understanding of the foraminiferal responses to stressing conditions 

in natural settings. Experimental controlled studies in the laboratory with different durations of 

anoxic conditions and especially with different concentrations of sulphide could be realised to 

confirm our hypothesis that the progressively decreasing standing stocks after the summer 

euxinia are not the consequence of strongly increased mortality but mainly the consequence of 

inhibited reproduction. Although this kind of experiments was already done (with other species 

and in situ settings, see Chapter 4), we insist on the fact that it is crucial to carefully check the 

vitality of foraminifera in these low-oxygen environments where organic matter (foraminiferal 

protoplasm) degradation might take years. Moreover, because Ammonia was shown to be able 

to enter a dormancy state under anoxic conditions (LeKieffre et al., 2017), activity checks such 

as movement, feeding, reproduction and growth are needed. 

At the deepest station in Lake Grevelingen, where the duration of euxinia is the most 

extended, T6 is almost the only Ammonia phylotype present in the recent faunas. However, 

previous investigations of a sediment core at the same station showed that, in older layers, 

specimens of Ammonia exhibited small pores (associated with low porosity, because pore size 

is positively correlated with porosity). This strongly suggested that T2 was the dominant 

Ammonia phylotype somewhere in the past (Petersen et al., 2016). This historical shift from 
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morphotypes with smaller pores (lower porosity) to morphotypes with larger pores (higher 

porosity) could very well reflect different tolerance levels with respect to oxygen concentrations 

and/or presence of sulphide in their microhabitat. If one of the main functions of pores is indeed 

to exchange gases with the outer environment, it could be expected that phylotypes with bigger 

pores are more resistant to euxinia than phylotypes with smaller pores.  

1.4. HISTORICAL EVOLUTION OF THE FORAMINIFERAL COMMUNITY IN 

LAKE GREVELINGEN 

Chapter 5 investigates the foraminiferal community changes related to the human-induced 

modifications of Lake Grevelingen in a sediment core sampled in 2012 at a location where the 

living foraminiferal community was also studied (Den Osse Basin, 34 m depth, see Chapter 4). 

We used sediment molybdenum (Mo) concentrations to refine a pre-existing age model based 

on 210Pb (each Mo peak is supposed to represent a yearly euxinic event in the sediment). The 

sediment core of 90 cm length covered about ~ 50 years, and allowed us to characterise the 

foraminiferal community changes which took place since the time that Lake Grevelingen was 

still an estuary, before its closure seaward in 1971. We could identify different foraminiferal 

assemblages, which were typical for the successive periods, with high proportions of typical 

estuarine mudflat morphospecies before closure of the estuary, replaced mainly by 

opportunistic morphospecies and/or morphospecies supposed to be tolerant to low oxygen 

conditions when the Lake was completely closed (1971–1978). The seaward closure in 1971 

had disastrous consequences for macrofauna, because the system rapidly showed eutrophication 

phenomena, with development of anoxic conditions in the bottom waters due to diminished 

hydrodynamics and water renewal. To solve these environmental problems, a sluice was opened 

seaward in 1978, to increase water exchanges with the North Sea and counterbalance 

eutrophication phenomena. However, this management decision did not solve the problem of 

seasonally occurring hypoxia/anoxia. At this time, the foraminiferal community was strongly 

dominated by Elphidium selseyense, similarly to the living community observed in 2012 

(described in Chapter 4). From 1999 onward, this sluice was therefore opened almost year-

round, to further enhance oxygen renewal in the bottom waters, by doubling exchanges with 

the North Sea. Surprisingly, after this new management change, the foraminiferal assemblages 

became very poor in the top part of the sediment core, with very low dead foraminiferal 

densities, strongly contrasting with the high abundances of the living foraminiferal 

communities described in Chapter 4. We ascribed this near absence of foraminiferal tests to 



Chapter 7: Synthesis 

284 

post-mortem dissolution, resulting from the cable bacteria activity in the anoxic part of the 

sediment, which leads to a strongly diminished carbonate saturation state. 

To our knowledge, dissolution of foraminiferal tests due to cable bacteria activity has not 

been suggested before. This phenomenon could also explain the presence of living specimens 

with partly and/or completely dissolved shells in other sites such as in the Baltic Sea (Charrieau 

et al., 2018). Another example is in the Arcachon Bay, where some of the pH profiles are typical 

of cable bacteria activity, with a minimum of 6.2 at about 2 cm below the sediment surface 

(Cesbron et al. 2016). At nearby sites in the same bay, Le Campion (1966) showed earlier that 

the proportion of dead tests was surprisingly small compared to the number of living specimens. 

However, we still lack studies integrating observations of cable bacteria, geochemical profiles 

and foraminifera, which are necessary to confirm the causative relationship between 

foraminiferal test dissolution and cable bacteria activity. Laboratory experiments under 

controlled conditions would be another strategy to investigate this topic. At Lake Grevelingen, 

if foraminiferal dissolution is indeed mainly due to cable bacteria activity, the preservation of 

foraminiferal tests in sediment cores could give information about the cable bacteria activity in 

the past. Although the absence of dead foraminiferal assemblages is not necessary an indication 

of cable bacteria activity, our findings strongly suggest that in environments where cable 

bacteria are occurring, foraminiferal records (densities and/or composition) should be 

interpreted with caution. 

Finally, the results obtained through the study of the sediment core reveal that Ammonia sp. 

T6 (identified using the morphometric method of Chapter 2) arrived in Lake Grevelingen in the 

mid 1980’s and has progressively supplanted other Ammonia phylotypes (T1 and especially 

T2). We hypothesise that this progressive takeover is the result of the better resistance of T6 to 

hypoxia/anoxia events, which could be a direct consequence of its much larger pores. 

1.5. POROSITY MODEL – WHAT IS DRIVING POROSITY IN AMMONIA? 

As shown in Chapter 2, the pore pattern is an important discriminating feature for 

phylotypes T1, T2 and T6. All previous studies on Ammonia have suggested that the three 

phylotypes seem strictly aerobic. This means that in order to cope with low oxygen 

concentrations, individuals must increase their contact surface with the surrounding media to 

increase gas exchanges (metabolic demand). This can be achieved by increasing porosity. 

Evidently, there must be an upper limit for porosity, because the test must maintain a certain 

robustness (mechanical constraint). Based on these two ideas, in Chapter 6 we developed a 
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theoretical scaling law model that represents the optimal compromise between these two 

constraints.  

Our results show that the pore pattern measurements obtained for sampled specimens of 

Ammonia are fully in accordance with the model obtained by our theoretical approach. This 

emphasises the dilemma faced by these three Ammonia phylotypes: the need to increase 

porosity while not decreasing test robustness too much. Our study shows that for an equal 

porosity, the optimal solution is to increase pore size while simultaneously decreasing pore 

density. Following these physical laws, by building tests with fewer but larger pores, Ammonia 

sp. T6 has developed a pore pattern that maximises gas exchanges, while maintaining as much 

as possible test robustness. This pore pattern (large but few pores) could allow phylotype T6 to 

better perform under low oxygen conditions than Ammonia sp. T1 and especially T2, as we 

suggested in Chapters 4 and 5. In a world where the frequency and duration of hypoxia are 

increasing, due to increased anthropogenic activities, this could explain why Ammonia sp. T6 

is very successful in replacing phylotypes T1 and T2 (Chapter 3). 

2. PERSPECTIVES 

2.1. SPECIES IDENTIFICATION - TAXONOMY AND MOLECULAR 

IDENTIFICATION 

Reliable identification of foraminiferal species is a keystone for all studies involving this 

group of organisms. Molecular identification represents a rather new, rapidly developing 

method to delineate species and classify foraminifera. This new method is considered to be 

more objective to classify species, and more in accordance with the biological species concept 

than the traditionally used morphological methods. Although the molecular identification has 

its own limitations, it seems to be the most reliable solution to discriminate species efficiently, 

and to detect cryptic diversity. However, a classification based on morphological criteria will 

continue to exist because of its ease of use, particularly for dead or fossil material. 

Consequently, it is important to reconcile traditional taxonomy and molecular identification and 

to develop a classification system which includes both ways to determine species. 

In this PhD thesis, we propose a simple dichotomous method for discrimination between 

Ammonia sp. T1, T2 and T6, the three phylotypes of the morphospecies Ammonia tepida 

occurring on the northeast Atlantic coasts. It is probable that other phylotypes identified within 

this morphospecies, occurring in other regions, such as T7, T10 or T11 from Hayward et al. 

(2004), could also be discriminated on the basis of a detailed analysis of their morphology. 
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However, this would certainly increase the number of morphological characters used to 

discriminate them. Moreover, 30 individuals from the dataset of Chapter 2 belonging to sub-

phylotypes T2A and T2B (20 T2A and 10 T2B) were analysed morphometrically, but no 

discriminating criterion was found to distinguish them. This may be explained by the low 

number of individuals (especially for T2B), or because the morphometric parameter(s) which 

would allow their discrimination was (were) not considered. It is also possible that the 

discrimination of these sub-phylotypes is impossible on the basis of morphological criteria (case 

of truly cryptic species). The method developed to discriminate phylotypes T1, T2 and T6 can 

be used with a stereomicroscope, but there is no guarantee that this will also be possible for 

other phylotypes. However, the increasing availability of high quality table Scanning Electron 

Microscopes (SEM) makes it now possible to study almost routinely minute morphological 

details, which are not visible on conventional stereomicroscopes. In this context, two relatively 

recent developments are especially important, which both allow to study the molecular 

composition and morphological characteristics of the shell for the same specimens. First, the 

development of environmental SEM, which allows to take high quality pictures of uncoated 

specimens under partial vacuum, make it easier and faster to image specimens before DNA 

extraction; this is the method used for most of the specimens we analysed. Next, the 

development of non-destructive methods to extract foraminiferal protoplasm from the tests 

(Saad & Wade, 2016), which offers the possibility to preserve the test after DNA extraction.  

Whether they are pseudocryptic (as phylotypes T1, T2 and T6 studied here) or truly cryptic 

species (impossible to discriminate morphologically), the different Ammonia phylotypes are 

now considered as separate species, and should therefore have different ecological niches. 

Consequently, it is logical to expect that the different phylotypes have adapted their functional 

morphology to their peculiar environmental preferences, as we suppose that this is the case with 

the pore patterns of Ammonia sp. T1, T2 and T6. 

The two most reliable criteria to discriminate between phylotypes T1, T2 and T6 are the 

pore size and the suture elevation on the spiral side of the test. Although the morphofunctional 

role of pores is apparently related to the need of the cell to exchange gases (or other dissolved 

compounds) with the surrounding media (especially oxygen in the case of Ammonia), the 

function of the raised sutures on the spiral side is less evident. We think that this thickening of 

the sutures could be linked to mechanical resistance again, since this seems to be a major 

constraint in Ammonia. Strengthening the suture between whorls and individual chambers 

would very probably increase the robustness of the whole test. This hypothesis still has to be 

tested experimentally, by using for instance a comparable methodology as used by Wetmore 
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(1987), who measured the compressive strength of individual foraminiferal tests using strain 

gauges. 

Molecular analyses of Ammonia are rather recent, and are ongoing as is shown by the 

rapidly increasing number of phylotypes distinguished in the last years. In view of the newly 

revealed (pseudo-)cryptic species diversity in coastal ecosystems, it seems particularly 

important to couple molecular analyses and morphometric measurements with statistical 

approaches. This is not only the case for Ammonia, but also for Elphidium, for which many 

studies have already been performed (e.g. Pillet et al, 2013, Voltski et al., 2015; Darling et al. 

2016, Roberts et al., 2016), for miliolids such as Quinqueloculina (Kaushik et al., 2019) or for 

Uvigerina (Schweizer et al., 2005). However, as for Ammonia, the harmonisation between 

molecular identification and traditional, morphology-based, taxonomy is in its infancy and 

needs to be continued. 

Identification of the various phylotypes is only a stepping stone toward the characterisation 

of their ecological preferences (and ultimately the ecological niches). Only when the ecology 

of the different phylotypes is known, will it be possible to exploit the environmental information 

offered by the taxonomical composition of the foraminiferal community, either in studies 

regarding environmental quality, or in palaeorecords. The ecological characteristics of different 

phylotypes can be obtained by observations of their distribution in nature or by laboratory 

experiments. For example, at a site where various phylotypes occur together, an in situ approach 

combining the characterisation of their vertical and/or lateral distribution and the geochemistry 

of the sediment at fine resolution, could allow us to describe the micro-environment inhabited 

by each phylotypes (e.g. Thibault de Chanvalon et al., 2015; Cesbron et al., 2016). Laboratory 

experiments should be performed on each of the three phylotypes separately to obtain a better 

knowledge of their ecological preferences. For instance, it should be possible to investigate 

differences in their tolerance levels for main stress parameters, such as oxygen and sulphide 

concentration or salinity. 

Finally, the geochemical composition of the test can yield precious information concerning 

the foraminiferal ecology. Because it seems to be largely dependent on the biogeochemistry of 

the site of calcification, the geochemistry of the shell therefore should be representative of the 

foraminiferal microhabitat. For this reason, measurements of the elemental ratios in the shell 

performed on the different phylotypes of Ammonia could give us some more insight about their 

specific microhabitats. For instance, the Mn/Ca ratio can inform us about the presence of 

reducing conditions in the microhabitat (e.g. Koho et al., 2017; Petersen et al., 2018). 

Alternatively, stable isotopes measurements (δ18O and δ13C) may give us indications about the 
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period of growth or reproduction during the year (Diz et al., 2009). Consequently, it should be 

possible to simultaneously obtain information about the calcification period and the 

geochemical characteristics of the foraminiferal microhabitat during this period. We expect that 

the different phylotypes live in slightly different microhabitats, particularly regarding the 

oxygen levels (with phylotype T6 having a higher tolerance to low oxygen concentrations), but 

they may also have different reproduction and/or calcification periods (as hypothesised by Diz 

et al., 2009). Ammonia is a promising biological model for calibration of proxies based on shell 

elemental ratios in coastal settings, but the application of this kind of methods needs further 

investigations. More particularly, the intra-phylotype variability of these proxies must be tested 

in controlled conditions, for instance in laboratory experiments with clones (De Nooijer et al., 

2014). 

2.2. INVASIVE SPECIES IN AMMONIA? 

The recognition of previously cryptic species (which become pseudocryptic, when their 

morphological identification becomes possible) reveals new biogeographical patterns such as 

for phylotype T6 in this PhD thesis, which is often considered as exotic and/or invasive in 

Europe (Pawlowski & Holzmann, 2008; Schweizer et al, 2011; Bird et al., 2020). By 

outcompeting native taxa, invasive species may represent a potential threat to native 

biodiversity, with cascading effects on overall ecosystem functioning. This may especially be 

a problem in changing environments, for instance in response to climate change, in which the 

native species may approach the limits of their ecological tolerance levels. Ultimately, the 

replacement of native species by invasive ones may lead to a loss of biodiversity and ecosystem 

services.  

Introduced species with an invasive behaviour are well known in benthic foraminifera. The 

spreading and rapid progression of the genus Amphistegina in Mediterranean Sea, after the 

opening of the Suez Canal in 1869, is probably the most famous example of a supposedly 

invasive species. At present, the further westward expansion of this taxon in the Mediterranean 

Sea seems to be facilitated by climate-driven temperature increase (Langer et al., 2012). The 

introduction of Trochammina hadai (Uchio, 1962) in Padilla Bay (western coast of the United 

States of America) was related to the decline of Elphidium excavatum, one of the most common 

native morphospecies (McGann & Sloan, 1996; McGann et al., 2012). The authors suggested 

that T. hadai could have been introduced in the bay in the 1930s together with oysters imported 

from Japan, or by other vectors such as ballast waters or anchor mud. Another example is the 
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putative invasion of Haynesina germanica in the Bahia Blanca estuary (Argentina), where the 

species was never recorded until its recent introduction through human-mediated activities, 

with ship ballast water and ballast sediment considered as the most plausible vectors (Calvo-

Marcilese & Langer, 2010). Phylotype Nonionella sp. T1 is another example of a recent 

introduction in the Skagerrak, with marine currents or ship ballast tanks as supposed vectors 

(Swedish fjord in the Skagerrak in Polovodova Asteman & Schönfeld, 2015; Oslofjord in 

Deldicq et al., 2019). 

The putatively exotic and invasive nature of Ammonia sp. T6 has not been fully confirmed 

yet. In fact, the available data do not allow us to definitely discard the possibility that phylotype 

T6 has its origins in Europe and is invasive in Asia (the reverse situation), or is distributed in 

other parts of the world (it occurs in eDNA from the Gulf of Mexico, Schweizer, personal 

communication). Furthermore, it has not yet been shown that this phylotype has negative effects 

on the supposedly native European communities. Several aspects of the results presented in this 

PhD thesis support the theory that Ammonia sp. T6 is an exotic phylotype in Europe and that it 

could be invasive in the environments where it progressively replaces autochthonous 

phylotypes T1 and T2. We can especially mention the large-scale biogeographical distribution 

pattern (Chapter 3), the historical record of Lake Grevelingen (Chapter 5), and the higher 

tolerance of phylotypes T6 for low oxygen conditions (Chapter 4), which increased in extent 

and severity in the last decades. The invasive behaviour of phylotype T6 is rather clear in the 

historical record of Lake Grevelingen (Chapter 5), because of its well documented recent arrival 

and very rapid replacement of the congeneric, supposedly autochthonous, phylotype T2. 

Since a morphometric method is now available to recognise this potentially exotic 

phylotype, alive or dead as it is based on the test morphology, an increased sampling effort 

within and between the two disjoint distributional areas (Europe and eastern Asia) should allow 

us to definitely statue about its exotic nature. The morphological determination method, which 

requires only limited technological means (basically a high magnification 80x 

stereomicroscope), represents also a good opportunity to implicate scientists from countries 

where foraminiferal studies  are developing, and where more advanced material may be a 

limiting factor. 

In order to definitely settle whether T6 is indeed an exotic phylotype in Europe, we should 

study a large number of well-dated sediment cores from different locations where phylotype T6 

is currently occurring. If Ammonia sp. T6 is exotic, we should observe its complete absence in 

the older layers, and its arrival somewhere in more recent layers. The precise dating of its arrival 

in the different sites could provide clues about the potential vector responsible for its 
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introduction. The same approach should be applied in Asia at places where T6 is occurring. If 

the phylotype is indeed originating from Asia, it should be present throughout the sediment 

cores, and not appearing recently. 

Another way to obtain more information about the potential origin of Ammonia sp. T6 in 

Asia and to verify if its recent spread in the northeast Atlantic is indeed the result of an 

anthropogenic introduction, would be to characterise the pattern of genetic differentiation 

between populations in European and Asian coasts. With population genetics analyses, we 

could infer the relative importance of short-distance (between nearby sites) and long-distance 

(between distant sites in Europe or between Europe and Asia) dispersal. If the dispersal 

happened naturally during a long time, we expect significant genetic differences between 

populations in Asia and populations in Europe, because direct genetic material exchanges 

would be rather limited between the two distant regions. Conversely, if the dispersal happened 

recently and quickly through anthropogenic means, we expect little or no genetic differentiation 

between Asia and Europe (because genetic material exchanges would have happened recently) 

and maybe a lower genetic diversity in the place where the species arrived recently (due to the 

founder effect). However, this would require to identify DNA markers showing enough 

polymorphism (e.g. microsatellites or other regions showing a high polymorphism) to allow 

differentiation at the population level (intra-specific). For the moment, the most variable region 

known for foraminifera is the ITS (Internal Transcribed Spacer) region of the ribosomal DNA, 

but it is not sure that this region shows enough variation in this case. Although we need the 

suitable genetic markers and more knowledge about the sequencing and the mapping of the 

foraminiferal genome to apply this kind of tool, this is theoretically possible if no 

methodological obstacles arise. 

Finally, it appears difficult to definitely prove that phylotype T6 is indeed invasive, and 

alters (even only locally) ecosystem functioning. A better understanding of the 

functional/ecological differences between Ammonia sp. T6 and other phylotypes in ecosystems, 

for example, by studying their physiology and/or their role in food web, might help to settle this 

question. 

2.3. PORE FUNCTIONS AND DEVELOPMENT OF PALAEOCEANOGRAPHICAL 

PROXIES? 

The pore pattern is an important morphological feature in hyaline foraminifera and it has 

already been proposed as a proxy for oxygen and nitrate concentrations in the surrounding 

environment (Glock et al., 2011; Kuhnt et al., 2013; Tetard, 2017; Rathburn et al., 2018; Glock 
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et al., 2018). The identification and consideration of the mechanical constraints on the pore 

pattern highlight the fact that this parameter must be taken into consideration if we want to fully 

understand the morphofunctional role of the pore pattern in Ammonia. Although our empirical 

data fit very well with the theoretical predictions, our model suffers from some intermediate 

approximations which are possible to improve. For example, the shell thickness, which was 

considered as constant in our model, must be an important parameter, and its potential 

variability should be taken into account. A next step could then be to consider not only of the 

last chamber, but the general shape of the whole test, which was considered spherical in our 

model. Ornamentation could also be taken into account, such as the thickened sutures on the 

spiral side of Ammonia sp. T1, which could play a role in the test robustness. In order to develop 

such more complex models, precise empirical measurements are needed for additional 

parameters (e.g. shell thickness, thickened parts as sutures, internal structures…), which have 

still to be developed. 

The development of palaeoceanographical proxies based on foraminiferal pore patterns is 

relatively recent, and has been suggested for bottom water oxygen as well as nitrate 

concentrations, using different species (Glock et al., 2011; Kuhnt et al., 2013; Tetard et al., 

2017; Rathburn et al., 2018; Glock et al., 2018). The first results are promising, although a 

precise mechanistic understanding of the constraints controlling the foraminiferal pore pattern, 

which were not considered until now, seems to be a crucial prerequisite for the reliable 

calibration and successful application of such palaeoceanographical proxies. It seems evident 

that more knowledge about the metabolism of the concerned taxa is needed, especially because 

different types of metabolic adaptations to stressed conditions (anoxia, euxinia) have been 

described for foraminifera (e.g. denitrification, dormancy, kleptoplasty). In facultative 

anaerobic taxa, which can alternate between different types of respiration (oxygen or nitrate), 

such as Globobulimina turgida (Piña-Ochoa et al., 2010) or Bolivina argentea (Bernhard et al., 

2012), the pore pattern would be controlled by both exchanges of gas (oxygen) and ions 

(nitrate). Alternatively, in the previously believed aerobic coastal species Haynesina 

germanica, which is in fact mixotrophic (because it possesses functional kleptoplasts, Jauffrais 

et al., 2018), gas exchanges may be (much) less important than mechanical constraints since 

this species can obtain oxygen and energy from the activity of its kleptoplasts. 

Finally, it should be kept in mind that gas exchanges through the pores have never been 

experimentally demonstrated yet, and remain therefore hypothetical. Laboratory experiments 

are needed to test different Ammonia phylotypes in different oxygen concentrations, in order to 

see whether the foraminiferal tolerance to low oxygen concentrations differs between the 
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phylotypes, and is correlated with pore density. In case of a positive result, this would largely 

support the idea that it should be possible to use the pore patterns of Ammonia as a basis for a 

proxy of oxygen concentration.   

3. CONCLUDING REMARKS 

Coastal ecosystems are valuable for human societies, and there is an urgent need to take 

reasonable, suitable and efficient management decisions to preserve the services and goods they 

provide. For this reason, it is necessary to understand how the different entangled components 

and processes are functioning in these ecosystems. Yet, coastal ecosystems represent a 

challenge to understand because they are prone to great natural variability but also to important 

anthropogenic pressure, which together are threatening their correct functioning. In these 

coastal ecosystems, foraminifera are a major component. Among them, Ammonia is one of the 

most widespread and abundant genera and often dominates assemblages, making it a good 

biological model to study the interaction of biota and their environment. 

This PhD thesis aimed to study and understand how three Ammonia phylotypes interact 

with their environment in the Northeast Atlantic. We demonstrated that it was possible to 

discriminate phylotypes T1, T2 and T6 based only on morphological features. Previously, these 

phylotypes were considered as cryptic species and commonly identified as the morphospecies 

Ammonia tepida in Europe. The use of this refined morphological recognition allowed us to 

consider this pseudo-cryptic diversity, previously accessible only by molecular analyses. Using 

this method, we highlighted a coherent distribution pattern at large spatial scale around the 

British Isles for these phylotypes, but we also unveiled the complexity of their distribution at 

lower spatial scale in estuaries for instance. Our investigations of their historical succession 

over the last 50 years and their seasonal response to euxinia in an artificially enclosed lake in 

the Netherlands strongly suggest that they show different tolerance to oxygen levels in their 

habitat. Moreover, our work strongly supports the putative exotic and invasive nature of the 

phylotype T6, which is supposed to originate from East Asia. Based on our previous findings 

and using a theoretical approach, we propose that the pore pattern of their test is reflecting 

differential tolerances for low oxygen conditions, possibly explaining the spreading success of 

T6. We finally hypothesise that the pore pattern could serve as a proxy for past oxygen 

concentrations in coastal area. 

In this thesis, we demonstrated the importance of refining species recognition in order to 

better understand the relations between biota and their environment, which in turn could have 
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possible applications for proxy development for past conditions or biomonitoring in recent 

coastal ecosystems. In view of the current accelerated climate change and increased 

anthropogenic impacts on ecosystems, which in most cases are already altered, a better 

knowledge about how coastal ecosystems are functioning today, but also how they were 

functioning in the past, will help us to resolve crucial ecologic, economic and societal questions. 
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Ammonia is one of the most abundant genera worldwide exhibiting a very high morphological 

variability, although commonly researchers use one to three morphospecies. Even if they are not often 

used, a plethora of species/subspecies descriptions of recent Ammonia exist and has led to “taxonomical 

chaos”. The tendency to consider the morphotypes as ecophenotypes belonging to a strongly reduced 

number of species has been challenged by molecular studies, showing that many supposed 

ecophenotypes were in reality well separated genetically and can/should be considered as different 

species. This study aims to investigate morphological characteristics of phylotypes belonging to the 

genus Ammonia. We are particularly interested in three phylotypes widely encountered along the 

European coasts which are difficult to distinguish morphologically (T1, T2 and T6). For this purpose, 

about 360 Ammonia specimens were sampled and SEM (Scanning Electron Microscopy) imaged of 

the spiral, umbilical and lateral sides were obtained to perform morphometric measures. Pore features 

were investigated using 1000x magnified images of the penultimate chamber on the spiral side. In order 

to assign each specimen to a phylotype, a fragment of the 5’ terminal region of the SSU rDNA (14F-

N6) was sequenced and compared to previous data. Linking morphometric analyses and molecular 

identification will allow us to determine morphological traits useful to effectively distinguish these 

three phylotypes. The revision of the traditional nomenclature in the light of molecular data is urged to 

reach a taxonomic standardisation. We strongly believe that molecular identification combined with 

morphological analyses will help to disentangle these taxonomic issues.  
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Due to climate warming and increased anthropogenic impact, a decrease of ocean water 

oxygenation is expected in the near future, with major consequences for marine life. In this context, it 

is essential to develop reliable tools to assess past oxygen concentrations in the ocean, to better forecast 

these future changes. Recently, foraminiferal pore patterns have been proposed as a bottom water 

oxygenation proxy, but the parameters controlling these pore patterns are still largely unknown. Here 

we use scaling laws to describe how both gas exchanges (metabolic needs) and mechanical constraints 

(shell robustness) control foraminiferal pore patterns. The derived mathematical model shows that only 

specific combinations of pore density and surface are physically feasible. Maximum porosity can only 

be obtained by simultaneously increasing pore surface and decreasing pore density. A large empirical 

data set containing three pseudocryptic phylotypes of Ammonia, a common intertidal genus of 

foraminifera from the eastern Atlantic, strongly supports this conclusion. These new findings provide 

basic mechanistic understanding of the complex controls of foraminiferal pore patterns and give a solid 

starting point for the development of proxies of past oxygen concentrations based on these 

morphological features. Pore surface and pore density are greatly interdependent, and both have to be 

considered when describing pore patterns. 
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Oxygen depleted bottom waters are observed with increased frequency, intensity, extent and 

duration, and such events have very deleterious consequences for ecosystem functioning. Benthic 

foraminifera are fairly tolerant to low oxygen concentrations, which makes them ideal to develop 

environmental quality indices for these oxygen-stressed environments. Lake Grevelingen 

(Netherlands) is an artificial saltwater lake, experiencing seasonal anoxia/hypoxia in summer. At this 

location, two groups of bacteria (Beggiatoaceae and cable bacteria) have a profound impact on 

biogeochemical cycles and show contrasting population dynamics throughout the year. In 2012, two 

sites showing a variable duration of hypoxic/anoxic events during the year were sampled bimonthly in 

order to characterize the population dynamics of foraminifera over the seasonal cycle. We used 

CellTracker Green (CTG) to focus on living specimens in our investigations, as it is known that in low 

oxygen conditions, Rose Bengal does not efficiently discriminate living from dead individuals. Our 

results show that the benthic foraminiferal communities are strongly dominated by Elphidium 

selseyense, Ammonia T6, Elphidium magellanicum and Trochammina inflata. These dominant taxa 

exhibit different responses to the seasonal hypoxia/anoxia. Our data suggest that Elphidium selseyense 

is more resistant to oxic stress than Ammonia T6. The better understanding and characterization of the 

response of foraminiferal populations to seasonal hypoxia/anoxia, as obtained in this study, will help 

to design environmental quality indices using foraminifera. 
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Titre : Le genre Ammonia (Foraminifères) dans les écosystèmes côtiers de la façade atlantique 

Mots clés : Ammonia, phylotype, biogéographie, diversité (pseudo-)cryptique, anoxie, porosité 

 

Résumé : L’objectif principal de cette thèse est l’étude 
de trois phylotypes, Ammonia sp. T1, T2 et T6, sur les 
littoraux de l’Atlantique nord-est. Ces phylotypes 
étaient auparavant impossibles à distinguer sans 
l’utilisation d’outils moléculaires et souvent identifiés 
comme la morpho-espèce de foraminifère cosmopolite 
Ammonia tepida. Nous montrons ici à l’aide d’une 
analyse morphométrique qu’il est maintenant possible 
de différencier ces trois phylotypes en se basant sur 
deux critères morphologiques : la taille des pores et 
l’élévation des sutures sur la face spirale. En utilisant 
cette nouvelle méthode, nous examinons leur 
distribution autour des Îles Britanniques et nos 
résultats suggèrent que le phylotype T6 étend son aire 
de répartition et remplace les phylotypes T1 et T2. Au 
lac de Grevelingen (Pays-Bas), fortement artificialisé, 
nous étudions leur réponse à une euxinie saisonnière 
ainsi que leur succession sur un enregistrement 

sédimentaire couvrant les 50 dernières années. Nos 
résultats montrent que T6 est arrivé dans le lac au 
milieu des années 1980 et a progressivement 
remplacé T1 et T2 jusqu’à aujourd’hui, potentiellement 
grâce à une meilleure tolérance à de faibles 
concentrations d’oxygène. Finalement, à l’aide de 
relations allométriques, nous proposons que le motif 
des pores du test reflète une différence de tolérance 
aux concentrations en oxygène, expliquant le succès 
invasif de T6 en Europe et insistant sur son utilisation 
potentielle pour la reconstruction des concentrations 
passées d’oxygène dans les zones côtières. Les 
résultats obtenus indiquent que les trois phylotypes 
semblent montrer des différences de tolérance aux 
concentrations en oxygène et appuient l’hypothèse de 
la nature exotique et invasive du phylotype T6, 
supposé originaire d’Asie de l’est.

 

 

 

 

Title: The genus Ammonia (Foraminifera) in the ecosystems of the Atlantic coasts 
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Abstract: The overall aim of this PhD thesis is to 
investigate the three phylotypes Ammonia sp. T1, T2 
and T6 in mid-latitude Eastern Atlantic coastal areas. 
Previously, as they were impossible to distinguish 
without molecular analyses, these phylotypes were 
often merged together and identified as the 
cosmopolitan foraminiferal morphospecies Ammonia 
tepida.  Here we show with a morphometric study that 
it is possible to discriminate the three phylotypes 
based on two morphological features: the pore size 
and the suture elevation on the spiral side. Using this 
new method, we study their large scale biogeography 
around the British Isles and highlight a coherent 
distribution pattern, which suggests that T6 is currently 
spreading out over large areas and supplanting 
phylotypes T1 and T2. In the artificially enclosed Lake 
Grevelingen (the Netherlands), we investigate their 
seasonal response to euxinia and their historical 
succession over the last 50 years. Our results show 

that T6 arrived in the lake only in the mid 1980s and 
progressively replaced T1 and T2, possibly thanks to 
its higher tolerance to low oxygen concentrations. 
Using a theoretical approach, we finally propose that 
the pore pattern of the test reflects differences in 
tolerance for low oxygen conditions, which possibly 
explain the spreading success of T6 in Europe, and 
highlight its potential use as a proxy for the 
reconstruction of past oxygen concentrations in 
coastal areas. Our results strongly suggest that the 
three phylotypes show different tolerance levels for low 
oxygen concentrations, and support the putative exotic 
and invasive nature of the phylotype T6, supposedly 
originating from East Asia.


