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Abstract

Recent benthic foraminifers from the Oyambre estuary (north of Spain) have been
studied in order to learn their biological response to drastic anthropic environmental
changes that this estuary has undergone within the last centuries. Up to 41 species have
been identified and 24 of them showed live specimens during the sampling period. The
most abundant species are Ammonia tepida, Balticammina pseudomacrescens,
Cribroelphidium williamsoni, Entzia macrescens, Haynesina germanica, Cibicidoides
lobatulus, Miliammina fusca and Trochammina inflata. The statistical analysis (cluster
and correspondence analysis) has allowed the differentiation of four groups of samples
that are characterized by three assemblages that define the following environments:
sandy outer estuary with marine influence (C. lobatulus), mid and inner estuary that

comprises an euryhaline subtidal environment with silty sediment (4. fepida and H.



germanica), intertidal channels with the lowest salinity levels (C. williamsoni), and
marshes (B. pseudomacrescens, E. macrescens, M. fusca and T. inflata).

The great number of species with agglutinated shells reveals the ongoing draining in
mud-flat areas, as well as the establishment of the vegetated high marsh, where the
invasive exotic plant Baccharis halimifolia is removing the reed bed ecosystem and
filling, blocking and reducing main and secondary channels. As a result, there is hardly
any sandy low marsh left, which in other nearby estuaries of Cantabria is delimited by
the species M. fusca. Thus, areas with tidal levels between MHWNT (Mean High Water
Neap Tide) and MHW (Mean High Waters) are scarce. However, foraminifer species
that live in the high marsh above MHW are dominant. Entzia macrescens and T. inflata
mark the interval between MHW and MHWST (Mean High Water Spring Tide), while
B. pseudomacrescens the one from MHSWST to the barren zone (vegetated high
marshes, closest to land).

A comparison between the biocoenosis and thanatocoenosis assemblages generally
shows a good similarity (Sanders’ index > 60%). The few samples with a low similarity
reveal the effect of post-mortem processes, specially decantation, and, to a lesser extent,
suspended transport, which once again points to the lack of hydrodynamism in the
estuary. The percentage of exotic or allochthonous species that are deposited in this
estuary is very low (the average ranges from 13.4% in the mouth to 0.7% in the inner
area), which reveals that the Oyambre estuary has a mesotidal character in its mouth,
while in the mid and inner area it can be considered a microtidal estuary. All these data
expose that the works conducted in order to recover the Oyambre estuary between years
2009 and 2010 seem not to have been successful in restoring the marshes to their

original hydrodynamic conditions.
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1. Introduction

Micropalacontological analyses of recent materials are used on an everyday basis, due
to the highly interesting data they provide for palacoenvironmental reconstructions. The
mentioned reconstructions are indeed based on data yielded by particular groups of
microfossils. Foraminifers are one of the most commonly used groups in paleoecology
due to their sensitiveness towards environmental changes. They also have a wide
geographical distribution as they live in all the marine and transitional natural
environments (Murray, 1991). Moreover, the understanding of biotic and ecological
characteristics of the different species enables to infer the behaviour of the main
environmental parameters that ruled past environments.

The marshes are usually the areas were the most important sedimentation processes that
occur within the estuarine systems, so that they built up a record of the environmental
changes. Foraminifers from these marshes have proved to be a key proxy in studies of
sea level changes (Haslett et al., 2001; Horton and Edwards, 2000, 2006; Gehrels et al.,
2001; Pascual and Rodriguez-Lazaro, 2006).

Benthic foraminifers can also be used as biological proxies of the reach of the tidal
wave in estuaries. This is the cause of the distribution of some species along the
estuaries according to the tide level (Scott and Medioli, 1986; Scott and Leckie, 1990;
Boomer, 1998; Haslett et al., 1997; Gehrels and Van de Plassche, 1999; Hippensteel et
al., 2000; Hayward et al., 2004; Pascual and Rodriguez-Léazaro, 2006; Fatela et al.,

2009; Rodriguez-Lazaro et al., 2013). The shell preservation within the sediment allows



for their use as proxies of the reach of the recent tidal processes. Besides, they enable
the identification of those sectors that, under natural conditions, should be affected by
the tidal wave.

The coastal population has built up walls and dams in the estuary to reduce the
frequency of tidal floods (Marquinez et al., 2003). These kinds of interventions result in
important changes in the tidal dynamic. The use of the foraminifers helps us to
understand the reach of the tidal wave in the past, before the beginning of the anthropic
activities. Tidal range and fluvial discharge undergo intense variations in scale through
time and, thus, it is difficult to define its reach. However, as foraminifers are part of the
sediments that are preserved over long periods, they reflect the processes that have
taken place in the recent past of the Oyambre estuary.

In the last 100 years, the anthropogenic interventions that have been conducted in this
estuary, in particular several dams, have affected the tidal wave, due to a modification
in the natural hydrodynamics, which has reduced the potential flood zone. This fact has
caused the blooming of invading species, specially Baccharis halimifolia. In 2010, an
environmental recovery project of the estuary was implemented. Therefore, several
dams and the above mentioned plant were removed, in order to recover the marsh
environments.

In order to know the environmental conditions in this estuary, four years after the
recovery works, benthic foraminifers from the sediment have been studied. Specifically,
the distribution of benthic foraminifers has been analysed for the first time, data about
the biodiversity of this Protected Natural Park have been provided and the influence of
the physical changes in the microfauna in this Cantabrian coastal area has been

interpreted.



2. Study area

The Oyambre estuary is located in the southern Bay of Biscay, west of Santander, in the
north of Spain. The Oyambre estuary has two valleys. The eastern branch is called La
Rabia estuary and has a north-south direction. The westernmost branch is called El
Capitan estuary and flows in an east-west direction (Fig. 1). Both branches converge in
the Oyambre Beach, also called Bay of Jerra, that is 2.5 km long and extends as a sand
bar towards the mouth of the estuary (Fig. 1). Over this sand bar, there is a 1 km long
and 100 m wide dune field that consists of vegetated dunes.

This area is just a fragment of the larger protected “Parque Natural de Oyambre”, which
in addition to the estuary, also includes the beaches, dunes and cliffs, with a total
surface of 5758 ha. All the territory within this Natural Park conforms a smooth
topography with topographic heights no higher than 300 m.

The mouth of La Rabia, where the marshes are settled, is located on the Early
Cretaceous Weald facies, that are made up of silty clay, silt and micaceous sand.
Towards the north, there are Aptian (limestones and calcarenites) and Albian (silty
lutites and sandstones) outcrops, which are also present southwest of El Capitan estuary.
South of this estuary, Late Cretaceous (Cenomanian) calcarenites, siltstone and
sandstones can be found. Finally, towards the northwest (Oyambre cape), outcrops
Cenozoic (Oligocene) red clays, reef limestones, sandstones and conglomerates. Both of
the estuaries, as well as the marshes, are covered by fluvial-marine Holocene sediments
(Ramirez del Pozo et al., 1976).

The Oyambre estuary is, thus, the merging of two sediment-filled valleys, where one of
them is tributary to the other (Flor-Blanco and Flor, 2012). It is a mesotidal estuary,
vertically homogeneous and with semi-diurnal tidal cycle (Marquinez et al., 2003). It

covers an area of 100.2 ha and a perimeter of 13.6 km, with an intertidal area of the



86% of its total surface. El Capitan river flows into El Capitan estuary, with an average
flow of 0.2 m¥/s, while the Turbio river flows into La Rabia or Zapedo estuary with an
average flow of 0.6 m3/s (Fundacion Leonardo Torres Quevedo convivelife.es/wp-
content/uploads/2017/11/Annex_ITA2 Finall.pdf).

In average spring tide conditions (4 metres), the tidal prism of the estuary, that is, the
tidal water input into the estuary, is approximately 36 m3/s. As can be seen, thus, the
average flows of the two rivers are virtually insignificant in comparison with the tidal
flow. On the other hand, anthropic interventions conducted in the last 100 years in the
Oyambre estuary, and, in particular, the presence of several dams, have had an influence
in the propagation of the tidal wave. The tidal prism has been significantly reduced.
Thus, in El Capitan estuary the tidal range is about 1.5 metres and in La Rabia estuary is
1 metre. This reduction in the tidal range has caused the expansion of the invading plant
Baccharis halimifolia.

Works conducted in the Oyambre estuary have revealed that B. halimifolia growths in
areas with a flooding period no longer than the 26% of the year, in salinities lower than
25 %o and water velocity and flow lower than 0.1 m/s and 0.85 m3/s respectively (Frau
et al., 2014). The potential habitat model showed that this plant does not appear
homogeneously throughout the estuary. Instead it prefers areas where the average values
of the hydrodynamic variables are lower than the average values in the whole estuary. It
is very probable that the anthropic changes that this estuary has undergone have caused
the invasion of the exotic plant. B. halimifolia covering approximately 35% of the
Oyambre estuary in 2009. In some areas in the head of La Rabia estuary it covers up to
the 80% of the surface. The two dams built in the XX century and removed in the years
2009-2010 (Fig. 1) seem to have been the cause of this invasion, as they prevented the

normal water input during the high tide, which, in turn, reduced the salinity, increased



the sedimentation rate and, finally, filling up the estuary. In those same years, the plant
was mechanically removed, but 4 years later of has recolonized wide areas of the

estuary.

3. Materials and methods

3.1. Field

Thirty- two surface samples collected in the Oyambre estuary (Figs. 1 and 2), with a
Boltovskoy scraper (Boltovskoy, 1965) in June 2014 during the low tide, have been
analysed. The samples were dyed “in situ” with Rose Bengal tint in proportions of 1
litre of methanol per 1 gram of dye (Walton, 1952). Four of these samples have not
yielded any microfauna (LARA-8, LARA-12, LARA-15 and LARA-B) and therefore
the foraminifers of the remaining 28 samples have been studied.

Several physico-chemical parameters of the water have also been analysed at the time of
sampling, such as temperature, conductivity and pH, at two opposite points: one in the
head and the other in the mouth of each branch of the estuary. In order to conduct these
analyses, the following equipment has been used: Orion 810 Meter (water dissolved
oxygen and temperature), a Hanna HI 9033 Meter (conductivity), and a Hanna HI 9025
pH- Meter.

3.2. Laboratory

Rose Bengal allows to differentiate between live (tinted protoplasm) and dead (untinted
shells) individuals (see Murray, 1991). As the agglutinated shells are difficult to dye due
to the thickness of their shells or because of its protoplasm taking only up to the 10% of
their volume (Altenbach, 1987), their preservation and brightness after the dyeing has
also been carefully observed. Once washed, sieved and dried, the fraction bigger than 63

pum was analysed and up to 300 foraminifers were extracted, when possible, which is a



statistically representative number (Phleger, 1960). The samples with few individuals
were concentrated by flotation using trichloroethylene.

In seven samples (LARA-9, LARA-10, LARA-11, LARA-14, LARA-18, LARA-20
and LARA-23) this number was not reached, despite all the sediment being analyzed. In
these samples, the total amount of individuals has been studied.

3.3.Taxonomy

From a micropalaeontological point of view, a taxonomic analysis has been made
according to the normative of Loeblich and Tappan (1988), updated in WoRMS
Editorial Board (2018). The proportion among the different types of shells has been
calculated: agglutinated, porcelanaceous and hyaline. The species have been classified
according to their abundance as follows: main or dominant (> 10%), secondary (5-10%)
and other (<5%). Several richness and diversity indexes have been obtained: nF
(number of benthic foraminifers per gram of sediment), S (number of species per
sample) and Fisher’s a (the proportion between the number of individuals and species,
according to Fisher et al., 1943). This last index can only be calculated if the samples
yielded more than 100 individuals (Murray, 1991).

3.4. Statistical analysis

Cluster analysis has been conducted in order to know the live species assemblages and
their distribution in the studied samples by means of the PAST program (Hammer et al.,
2001; version 1.37, 2005). The samples LARA-9, LARA-10, LARA-11, LARA-14,
LARA-18 and LARA-22 (Fig. 1) have not been taken into account due to the scarcity
retrieved of individuals (<100). Therefore, just 22 samples have been included in the
statistical analysis. Only species that represent >1% of the total in at least one of these
22 samples have been used. The UPGMA (Unweighted Pair-Group Method using

arithmetic Averages) method, with the correlation index, has been used to analyse both



Q-type (samples) and R-type (species) clusters. In order to validate their statistical
significance, several consistency, congruency and robustness tests have been conducted
with the PAST program (e.g. using presence/absence data or eliminating some species
or samples). Finally, to study the relationship between live species and the samples, a
Detrended Correspondence Analysis (DCA) has been conducted, in which the two first
axis represent the greater percentage of variance and could be interpreted as ecological

variables that show the variation trend along the diagram.

4. Results

Up to 7177 foraminifers belonging to 41 species (Table 1) have been retrieved from the
sediments of the Oyambre estuary. Of that number, 5550 were alive during sampling,
while 1627 belong to the thanatocoenosis.

4.1.Physico-chemical parameters

The water in El Capitan branch of the Oyambre estuary showed at the moment of
sampling the following range of values from the head to the mouth: temperature = 15.2-
22.5°C; salinity = 2.6-10.8 %eo; dissolved oxygen = 0.11-10.17 mg/L; pH = 7.4-7.69. In
the La Rabia branch the water measurements were as follows: temperature = 14-17.5°C;
salinity = 0.45-20.7 %o; dissolved oxygen = 0.16-12.33 mg/L; pH = 6.45-7.6.

4.2. Live foraminifers in the Oyambre estuary

The 5550 live benthic foraminifers belong to 24 species (Table 1). The main or
dominant species are (Plate 1): Trochammina inflata (Montagu) that accounts for the
27% of the total retrieved individuals, Entzia macrescens (Brady) that comprises the
22%, Cribroelphidium williamsoni (Haynes) with a 15% and Haynesina germanica
(Ehrenberg) with a total amount of 13%. The secondary species are Balticammina

pseudomacrescens Bronniman, Lutzle and Whittaker and Cibicidoides lobatulus



(Walker and Jacob) that represent the 7% of the sample each. Finally, Ammonia tepida
(Cushman) with a 4% and Miliammina fusca (Brady) with a 2% are also abundant.

4.3. Statistical analysis with samples and live species

The multivariable statistical analysis (cluster Q-type) comprises the samples into 4
groups (Fig. 3):

Group 1

It consists of three samples in which C. lobatulus is the most abundant species (Table 1,
Fig. 3) and benthic foraminifers with hyaline shells are dominant (91-99.5%).

In the samples LARA-20 and LARA-23 the main species is C. lobatulus (76-77%) and
the sediment that composes them is medium sand. They were taken at the mouth of the
estuary (Fig. 1), where the highest diversity of this study is recorded (S =11-13; a =
2.77-3.21), in spite of the low richness of the samples (nF = 2- 4).

The LARA-21 sample shows a dominant assemblage that consists of C. lobatulus, C.
williamsoni and H. germanica. The sample is composed of silty sand and it was
retrieved next to the channel of the mouth of El Capitan estuary. Its richness index is
higher (nF = 137) and the diversity one is lower (S =9; a = 1.91).

Group 2

It includes 13 samples and it is characterized by an assemblage that consists of 7. inflata
and E. macrescens. In this group, agglutinated shells are dominant (55-100%) (Table 1).
It has been subdivided into three subgroups: 2A, 2B and 2C (Fig. 3).

Subgroup 24. The samples it comprises (LARA-4, CAP-6, LARA-2 and LARA-17)
consist of silty-sandy sediment and were retrieved in areas of the marsh vegetated by
reeds (Phragmites australis (Cav.) Trin. ex Steud. and Juncus maritimus Lam) and
some individuals of the exotic Baccharis halimifolia Linneo. The dominant benthic

foraminifer species in this subgroup is 7. inflata (37-94%). The richness of the samples
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is low-medium (nF = 17-388) and the diversity low (S =2-9; a = 0.3 - 1.91) (Table 1).
The sample LARA-19, which was retrieved in the area of the marsh colonized by
Halimione portulacoides (L. Aellen) and closest to the channel, also contains abundant
individuals of C. williamsoni and H. germanica.

Subgroup 2B. The samples LARA-5 and CAP-1 consist mainly of silt and were
retrieved in areas colonized by B. halimifolia. The dominant species is E. macrescens,
in addition to B. pseudomacrescens. The richness and diversity indexes are as follows:
nF =347-1267; S = 4-8; a. = 0.65-1.85.

Subgroup 2C. It consists of silty-sandy samples (LARA-6, CAP-5, CAP-2, CAP-7,
LARA-A and CAP-3) that were retrieved in areas of the marsh with mixed vegetation
dominated by J. maritimus and P. australis, as well as areas where B. halimifolia is
present. The sample CAP-3 was obtained in an area with annual Salicornia vegetation.
The dominant assemblage in the subgroup 2C consists of E. macrescens and T. inflata
in a similar proportion and the indexes show the following values: nF = 28-8331; S = 3-
9; a=0.53-1.76.

Group 3

The samples LARA-7 and LARA-13 fill into this group (Fig. 3). They are made up of
silty clayey sediment vegetated by small sized Juncus. They were obtained from the
channels of the head of La Rabia estuary, where surface runoff occurs (Fig. 1).

This group is characterized by the abundance of C. williamsoni (65-94%) and the
dominance of hyaline shells (67-94%). The richness index is the highest in the whole
estuary (nF = 489-15450), though the diversity is very low (S = 4-5; a =0.65-0.86)
(Table 1).

Group 4

11



It contains 4 samples (Fig. 3) and is characterized by the presence of H. germanica as
dominant species, in addition to 4. tepida and C. williamsoni.

The samples LARA-16 and LARA-1 were retrieved from the main channel and are
made up of silty clay. Hyaline shells are dominant in these samples (93.5-96%).
However, in the samples LARA-3 and CAP-4, which were taken at the vegetated edges
of the main channel, agglutinated shells are also abundant (24-56.5%) (Table 1).

The richness and diversity indexes show the following values: nF = 7-674; S = 5-7; a =
0.88-1.77.

4.4. Dead foraminifers in the Oyambre estuary

Up to 1627 dead foraminifers have been retrieved from the Oyambre estuary, belonging
to 36 species, of which 17 consisted exclusively of dead individuals (Table 1). The most
abundant species in the thanatocoenosis are the same as in the biocoenosis (Plate I).
Thus, T. inflata (39% of the retrieved individuals), C. lobatulus (17%) and E.
macrescens (13%) are the main or dominant species. Haynesina germanica is a
secondary species (8%), while A4. tepida (4%), B. pseudomacrescens (4%), M. fusca
(3%) and C. williamsoni (2%) are other well represented species. All these species

constitute 90% of the dead individuals.

5. Discussion

5.1. Foraminifers and environment: ecology

The most abundant foraminifer species from the Oyambre estuary have already been
described as dominant in other estuaries from the Northern Atlantic (Murray, 1991,
2006; Alve and Murray, 2001; Diz and Francés, 2008). In the Spanish coast of the south
of the Bay of Biscay, A. tepida, C. lobatulus, C. williamsoni, E. macrescens, H.

germanica, M. fusca and T. inflata have been identified in the Gernika and Bilbao
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estuaries in the Basque Country (Pascual, 1992; Pascual and Rodriguez-Lazaro, 2006),
as well as in the estuaries of Cantabria: Santofia (Cearreta, 1988), San Vicente de la
Barquera (Cearreta, 1989), Noja (Pascual et al., 2004, 2006) and Tina Mayor and Tina
Menor (Rodriguez-Lézaro et al., 2013).

In those works, the distribution of the benthic foraminifer assemblages along the
different ecological niches of the estuaries was revealed, from head to mouth. In the
head, E. macrescens and T. inflata live in the vegetated mid and high marshes of the
inner estuary, while M. fusca lives in the scarcely vegetated sandy low marshes.
Subtidal or intertidal euryhaline areas with silty sediments and mudflats are inhabited
by A. tepida and H. germanica, as well as C. williamsoni, which can also be found in
vegetated low marshes. Finally, C. lobatulus is a cosmopolitan marine species that is
abundant in sands in the mouth of the estuaries (Table 2). However, B.
pseudomacrescens was first cited in the southern Bay of Biscay in the Oyambre estuary
(Pascual and Martinez-Garcia, 2014). It is an agglutinated species that lives with E.
macrescens and was usually classified as this one until the work of Gehrels and Van De
Plassche (1999), when it was used as a proxy of the tide level in marshes.

In marginal marine environments, the distribution on benthic foraminifers cannot been
simply described in oxygen and nutrient availability parameters, as it happens in other
oceanic areas (Van der Zwaan et al., 1999; Armynot du Chatelet et al., 2009), because
other factors, such as hydrodynamism or the grain size of the sediment, could have a
crucial role (Murray, 2001). These two factors could be invoked to explain the scarcity
of foraminifers in samples LARA-9, LARA-10, LARA-11, LARA-14, LARA-18,
LARA-20 and LARA-23.

The cluster R-type statistical analysis of the distribution of benthic foraminifer species

in the Oyambre estuary shows three assemblages according to their ecological
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environments (Fig. 4). The assemblage 1 consists of four species: Triloculina oblonga
(Montagu), A. tepida, H. germanica and C. williamsoni, that are statically separated
from the rest. These species are typical in the euryhaline environments of mudflats
related with the main channel and the secondary tidal channels (Murray, 2006). The
assemblage 2 contains seven species, such as the dominant C. lobatulus. This
assemblage includes species that inhabit environments ranging from the outer estuary to
the shallow continental shelf (Murray, 2006). Finally, the assemblage 3 is composed of
five species, including B. pseudomacrescens, M. fusca, E. macrescens and T. inflata.
These species live in different environments, from the low marsh to the high marsh —
barren zone (Murray, 2006).

Not only the species delimit environments and provide data about the main ecosystems
in the estuary. For example, the proportion of the different shells on benthic
foraminifers varies in each area of the estuary (Murray, 1991). Thus, agglutinated
foraminifers are abundant in the vegetated marsh, whiles the hyaline ones are found in
subtidal areas and the porcelanaceous ones in the mouth of the estuary. On the other
hand, the specific diversity index Fisher’s a allows to distinguish between estuarine
environments with low diversity due to the environmental stress (a = <1- 3) and the
marine environments (o >3) (Murray, 1991).

All the ecological data yielded by benthic foraminifers could help us to explain the
separation of the samples of the Oyambre estuary in four groups according to the cluster
Q-type statistical analysis (Fig. 3). Group 1 contains the samples of the outer estuary
with marine influence. Group 2 represents the low and mid marsh environments. Group
3 belongs to the secondary channels of the vegetated low marshes with fresh water input
and, therefore, very low salinity. Finally, Group 4 comprises euryhaline environments

of the inner and mid estuary both from the main channel and the mudflats (Table 2).
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The differences among subgroups point to differences in environmental parameters such
as: sediment type, distance to the main channel, height in relation to this channel or
vegetation type.

With the aim of studying the relationship between benthic foraminifers and the
distribution of the samples within the estuary, a correspondence analysis (DCA) have
been conducted with the live assemblages (biocoenosis) as variables (Fig. 5). The
factorial plane of axis 1 and 2 represent the 66.5% of the total variance. In the graphic
representation of these two first axes the distribution of the 4 Groups of samples that
relates to the results obtained with the cluster Q-type analysis is shown, and includes the
species assemblages identified with the cluster R-type analysis (Fig. 4). Moreover, these
groups of species and samples are separated along the axis 1 according to an increase in
salinity from the left side of the diagram (lower values of axis 1) towards the right side
(higher values of axis 1) (Fig. 5).

Thus, Group 1 (Fig. 5) forms the assemblage of the outer estuary, as it contains C.
lobatulus as the dominant species, which is a marine species (Murray, 1991, 2006).
However, the sample LARA-21, which is separated from the rest, also contains
abundant euryhaline individuals from both mudflats and vegetated low marshes (26 and
20% respectively) (Table 3). Therefore, this sample marks the ecological limit between
outer and mid estuary (Figs. 1 and 5).

Within the Group 2 (Figs. 3 and 5), which represents the marsh environments, the
Subgroup 2A indicates vegetated mid-high marsh environments (Table 2), as 7. inflata,
which inhabits mid-high marshes (Scott et al., 2001) and feeds preferentially on organic
matter from algae or vascular plants (Armynot du Chatelet et al., 2009), is dominant
(Table 3). Besides, this species lives preferably on silty-sandy sediment (Nixon et al.,

2009), a factor that seems to control its distribution along the Oyambre estuary, where
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the Subgroup 2A comprises samples with the above mentioned sediment. The sample
LARA-19 is in turn separated from the rest due to the abundant presence of the
euryhaline species C. williamsoni (12%) and H. germanica (19%) in addition to 7.
inflata (37%) (Table 3), which points to the proximity of the channel in the marsh area.
The Subgroup 2B (LARA-5 and CAP-1) points out to the highest environments of the
vegetated marsh, as E. macrescens (50-56% respectively) is dominant with abundant
individuals of B. pseudomacrescens (Table 3). This last species inhabits the highest
zone of the continental marshes (Alve and Murray, 1999) (Table 2) and in Oyambre
appears in areas colonized by B. halimifolia. T. inflata and E. macrescens in the
Subgroup 2C (Fig. 3) are codominant and represent the assemblage of the vegetated
high marsh that lives on sandy silts, far from the main channel. The samples of this
subgroup are surrounded by J. maritimus (samples LARA-6 and CAP-5), P. australis
(samples CAP-7 and LARA-A), vegetation patches of B. halimifolia (sample CAP-2)
and remains of dead trees that belonged to an old flooded eucalyptus plantation and the
annual Salicornia vegetation (sample CAP-3) (Table 3, Fig. 1).

Group 3 comprises the most euryhaline environments of the inner estuary. The
dominant species C. williamsoni (Table 3) lives on silty channel beds with salinity
ranging from 1 to 32 %o (Pascual, 1992; Pascual and Rodriguez-Léazaro, 2006;
Rodriguez-Lazaro et al, 2013), as well as vegetated low marshes in areas with low
drainage (Table 2, Figs. 3, 5). All these characteristics can be observed in Oyambre,
where the salinity measured in the LARA-7 and LARA-13 sampling points showed
values of 0.45 %eo.

Group 4 includes the euryhaline environments of the inner and mid estuary with 4.
tepida and H. germanica, species that inhabit the mudflats and the channels (Pascual,

1992; Pascual and Rodriguez-Léazaro, 2006; Armynot de Chatelet et al., 2018) (Table
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2). The salinity is the parameter that controls their distribution and abundance (Horton
and Murray 2007). In the samples LARA-16 and LARA-1, 4. tepida, H. germanica and
other hyaline shells (Table 3) are dominant, which points to a silty subtidal environment
that relates to the main channel (Figs. 3 and 5). Nevertheless, the descent in the number
of euryhaline individuals from the mudflats (40-60%) and the increase of the ones from
vegetated mid-high marshes in the samples LARA-3 and CAP-4 could indicate a higher
section of the channel in the marsh area.

5.2. Balticammina pseudomacrescens (benthic foraminifer) and its relationship with
Baccharis halimifolia (plant)

Baccharis halimifolia Linneo is a shrub of the family of Asteraceae, also known as
groundsel bush. It is a dioecious plant, that is, the male and female flowers appear in
separate and distinct individuals, and they can reach up to 4 metres high. The vegetative
activity period of B. halimifolia occurs mainly during spring and summer and from
August or September onwards they start to lose their leaves, more noticeable in
halophilic environments (Cafio et al., 2013b). Although B. halimifolia reproduces
sexually, it possesses a high capacity to resprout, which can allow the plant to regrowth
from fragments or uprooted or chopped down individuals. B. halimifolia is native from
the eastern coast of America, where it spreads from Canada to Mexico and the
Caribbean (Campos et al., 2014). B. halimifolia was described in continental Europe in
1783 from a specimen cultivated in the Paris Botanical Garden (Cafio et al., 2013a). In
1906, it was first cited as wild in the south of France and in 1941 in the Spanish coast of
the south of the Bay of Biscay, in Lekeitio (Allorge, 1941). In 1953, its presence was
cited in Cantabria for the first time (Guinea, 1953). Nowadays, B. halimifolia invades
most of the estuaries of the Cantabrian coast, where it mostly develops in plants

communities with middle salinity and flooding levels in estuaries, limit areas between
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dune and marsh, postdune wet depressions and truly halophilic communities of estuaries
(Campos et al., 2014). Besides, the lack of bushy competitors in estuaries favours the
successful invasion of Sites of Community Importance (European Union) as
subhalophilic reed beds of J. maritimus or subhalophilic reed beds of P. australis,
among others. As a result, B. halimifolia is considered one of the 20 most dangerous
exotic invading plants for other plants and animals in Spain (GEIB, 2006).

When studying the distribution of the benthic foraminifer species B. pseudomacrescens,
it can be noted that it preferentially inhabits the areas colonized by B. halimifolia (Table
3). This fact had already been observed in other marshes such as the ones in Louisiana
(Yeager et al., 2012). B. pseudomacrescens is an agglutinated foraminifer that was first
described in the south of the Bay of Biscay in the Oyambre estuary (Pascual and
Martinez-Garcia, 2014). It was described by Bronnimann et al. (1989) as an endemic
Baltic species, although it has later been recorded in marshes all around the world
(Murray, 2006). It is a cosmopolitan species that lives restricted to rarely covered
marshes (Murray and Alve, 1999), that is, the highest and closest to land marshes
(Murray, 2006). It appears in areas within the marsh with low salinity levels (<13.8 %o )
and it can adapt to even lower levels, down to 3 %o (Riveiros et al., 2007). It has been
cited living on algae filament (Edwards et al., 2004), strongly clinging to the vegetation
by its umbilical side (Murray, 2006), as well as in wet and rotten dead leaves in the
highest limit of the tidal range (Alve and Murray, 1999).

A large number of live B. pseudomacrescens individuals have been found in the areas
covered by the exotic B. halimifolia plant, in contrast with the scarce or null presence of
dead foraminifers. This fact can be clearly seen in the samples LARA-3 (L:82; D:8),
CAP-2 (L:27; D:1) or CAP-1 (L:91; D:0) (Table 1). It is likely that the season during

which the samples were retrieved is the cause of these results. Thus, June is the month
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of the blossoming of B. halimifolia and the reproduction of many foraminifer species.
Thus, in nearby estuaries it has been recorded a maximum in the juvenile foraminifers
towards the end of spring and, in particular, for Ammonia beccarii and H. germanica in
works conducted in the Santona estuary (Cearreta, 1988) or for Haynesina depressula in
the estuary of San Vicente de la Barquera (Cearreta, 1989).

In conclusion, the presence of B. pseudomacrescens in the same ecological niches as the
exotic B. halimifolia plant would further confirm the hydrodynamic data provided by
this plant. It should be noted that B. halimifolia fills in the niches of Juncus and
Phragmites, that is, the highest marshes areas that are only covered during high tides
with 80-90 coefficients (Cartografiado biondmico del Litoral de Cantabria
http://dmacantabria.cantabria.es/informacion/Documentos/Cartografiado_bionomico A
guasTransicion Costeras.pdf ). Therefore, and despite the removal of the dams in the
two branches of the estuary (Fig. 1), marine water still finds it difficult to flow into the
estuary, as the presence of species that point to the limited reach of the tidal wave
reveals.

5.3. Foraminifers and hydrodynamics

Since the first works conducted in the Atlantic about the differences between live and
dead assemblages, the small percentage of biocoenosis that was usually obtained,
sometimes lower than 2% (Rouvillois, 1970), was revealed. On the contrary, the
Oyambre estuary has a large biocoenosis, as the number of its live individuals shows
(77%). These data widely surpass the number of live individuals recorded in other
nearby estuaries, such as Tina Mayor (33% of the biocoenosis) or Tina Menor (53%)
(Rodriguez-Lézaro et al., 2013).

A great amount of sediment that contains both live and dead individuals is accumulated

in estuaries. Live and dead assemblages have been compared according to the criteria of
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Murray (1991, 2001, 2006). Thus, live assemblages should be in equilibrium with their
environment. Dead assemblages (thanatocoenosis), however, should represent the
population during wide periods (months or years).

The dead assemblage may be modified by several post-mortem processes, such as
dissolution and transport. In the Oyambre estuary, the successive dissolution stages of
the shells of foraminifers described by Murray (1991, 2006) (the surface of the hyaline
foraminifers becomes opaque and pitted, followed by the breaking of the last chamber)
cannot be observed. Therefore, we consider that the most relevant post-morten process
is transport by currents.

This transport can be conducted by means of two mechanisms: suspension and bed load.
Both of these mechanisms transport foraminifers from the continental shelf to the inner
estuary and vice versa, taking advantage of the tidal cycle. Small sized foraminifers
(<200 um), such as Bulimina, Cassidulina or Lagena, as well as juvenile individuals
from species with large shells as Cibicides, are affected by transport as suspended load.
As bed load, the large foraminifers (shells >200 pm), such as Cibicides or
Quinqueloculina, flow into the estuary pushed by the flood tidal currents. As a result,
the assemblages that can be found in the estuaries consist of autochthonous and
allochthonous or transported exotic individuals (Cearreta, 1988; Murray 1991, 2006)
that accumulate in depositional or sedimentation areas.

In order to describe the taphonomic processes that have taken place in this estuary, the
living and dead foraminifer assemblages have been compared using Sanders’ similarity
index (1960). This index is expressed as a percentage that if higher than 60% indicates
good similarity (Altuna et al., 1993) and high similarity if it reaches 70% (Cearreta,

1988; Diz and Francés, 2009; Rodriguez-Lazaro et al., 2013).
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In Oyambre, 10 out of the 22 samples used in the statistical analysis present very good
similarity (>70%) and 5 of them good similarity (>60%), while 6 show lower values
that reveal wide dissimilarities (samples LARA-1, LARA-13, LARA-17, LARA-21,
CAP-3 and CAP-6) (Fig. 6). In the sample LARA-7, all the foraminifers belong to the
biocoenosis, so that it has not been possible to calculate Sander’s similarity index (Fig.
6). It is very likely for dead specimens to have been transported downstream by ebb
currents (Fig. 7).

The samples LARA-13, LARA-17 and CAP-3 show dissimilarity due to the decrease in
dead species in relation to the live ones. Thus, in LARA-13, there are 5 live species and
3 dead ones, while in LARA-17 the relation live/dead is 7/4 and in CAP-3 it is 6/3. The
live species that are not represented in the thanatocoenosis are those with scarce
individuals in these samples: B. pseudomacrescens, H. germanica (LARA-13, CAP-3),
A. tepida (LARA-17, CAP-3), T. oblonga (LARA-17) (Table 1). In these samples, both
the live and dead dominant assemblages are the same, but the percentage of each
species in the biocoenosis and thanatocoenosis differs. The sample LARA-13 has the
following dominant assemblage: C. williamsoni (L: 65%; D: 12%), E. macrescens (L:
12%; D: 16%) and T. inflata (L: 20%; D: 72%). Thus, hyaline shells (67%) are
dominant in the live assemblages, while in the dead one agglutinated shells are more
abundant (87.5%) (Table 1). This pattern repeats itself in the sample CAP-3: C.
williamsoni (L: 15%; D: 1%), E. macrescens (L: 49%; D: 42%) and T. inflata (L: 26%,;
D: 56%), which represent the following percentage of live/dead individuals in relation
to their type of shell: hyaline (L: 21.5%; D: 1%), agglutinated (L: 78%; D: 99%). In the
sample LARA-17, the live/dead relation among the main species also varies: E.
macrescens (L: 30%; D: 12%) and T. inflata (L: 63%; D: 83%). The above mentioned

samples were taken in hardened sandy silts and silty clays colonized by high marsh
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vegetation, Juncus and Phragmites, in protected areas of the estuary (Fig. 1) that are
only flooded during the high tide of spring tides. In these areas, the sedimentary process
of decantation has been registered. Thus, the largest dead specimens of 7. inflata gather
“in situ”. However, the smallest sized ones, such as C. williamsoni and to a lesser extent
J.macrescens, are swept downstream by the weak ebb currents (Fig. 7).

In the sample CAP-6, the low diversity of the sample, with 2 live species and 1 dead,
causes the dissimilarity. The dominant species is 7. inflata (L: 94%; D: 100%) (Table 1)
in both of them, as E. macrescens, which represent the 6% of the biocoenosis, does not
appear in the dead assemblage. It is very likely that those individuals could have
travelled down the estuary along the El Capitan channel pushed by the river flow and by
the ebb tide out of the estuary (Fig. 7). The accumulation of dead individuals of E.
macrescens downstream, in particular in the sample CAP-3 near a backwater area next
to a dam (Fig. 1, Table. 1), validates this claim.

The sample LARA-1 contains 5 species of live foraminifers opposite to the 9 dead ones
(Table 1). The most abundant species is H. germanica both in live and dead
assemblages. Moreover, in the thanatocoenosis, two juvenile individuals of species that
inhabit the continental shelf (Cibicides refulgens and Cribrostomoides jeffreysii) have
been found. This fact points to limited transport by suspension of individuals through
the channel due to the tidal currents. Miliammina fusca and T. inflata dead individuals,
which live on both sandy low marsh and vegetated high marsh environments (Table 2),
also appear mixed together in this sample. These data confirm the movement of water
along the channel in both directions (Fig. 7).

In the sample LARA-21, there are 9 live species, in contrast with the 15 dead ones
(Table 1). Among the allochthonous species there are large Massilina secans and

Quinqueloculina seminula individuals (>200 pm) that points to transport as bed load.
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Transport by suspension is also working in this area, as the presence of adults of small
sized species (<200 um) proved, such as Bolivina spathulata, Bulimina truncana,
Cassidulina laevigata, Favulina hexagona and Lagena sulcata.

There is a strong relationship between tidal range and the proportion of exotic
(allochthonous) species transported as bed or suspension load in the estuary (Wang and
Murray, 1983). Thus, in the mesotidal estuaries of Europe the percentage of exotic
individuals in lower than 36% (Murray, 1991). In the Oyambre estuary, from the 41
species retrieved, 28 are exotic, considering C. lobatulus, Quinqueloculina seminula
and Rosalina globularis as autochthonous species in the mouth, as they are able to live
in the outer estuaries with salinity levels lower than 32%o (Murray, 1991). Nevertheless,
these species are exotic in the inner and mid estuary (Cearreta, 1988; 1999; Rodriguez-
Lazaro et al., 2013). Transported species (Table 4) yield few individuals (171), which
amounts to the 2.5% of the total individuals found in the Oyambre estuary. This
percentage is noticeably lower than that from nearby estuaries. In the nearest estuary of
San Vicente de la Barquera (Cearreta, 1989) there is an average of 10.5% of exotic
shells and a maximum of 37.6%. Regarding the percentage of exotic in relation to the
estuary zonation, in the Santofia estuary (Cearreta, 1988) there is a maximum of 19.5%
near the mouth, an average of 7% in the outer estuary and a 2.5% in the inner estuary.
These figures contrast with those obtained in Oyambre: 13.4% in the mouth, with a
18.5% maximum, an average of 0.9% in the mid estuary in La Rabia branch, and a
0.15% and 0.7% in El Capitan branch and La Rabia one respectively in the inner estuary
(Table 4). These low percentages of exotic foraminifers are typical of microtidal
estuaries (tidal range: 0-2 m), where the average of exotic individuals is lower than 9%

(Wang and Murray, 1983).
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In light of these data about the percentage of exotic benthic foraminifers retrieved from
the Oyambre estuary, we conclude that, although it is considered as a mesotidal estuary
(Marquinez et al., 2003), it only behaves as so in the area close to the mouth. However,
in the mid an inner estuary, the assemblages relate to those found in microtidal
estuaries, that is, which are relatively unaffected by the input of the tidal wave.

5.4. Foraminifers and height of tide

The distribution and abundance of the most abundant foraminifer species that appear in
the Oyambre estuary are determined by the tide level (Haslett et al., 2001; Horton and
Edwards, 2003, 2006; Pascual and Rodriguez-Lazaro, 2006; Rodriguez-Lézaro et al.,
2013) (Table 2).

Thus, A. tepida, C. williamsoni and H. germanica inhabit mudflats and channels filled
by the average high tide, even during neap tides (Table 1) (intertidal or subtidal areas -
MHWNT (Mean High Water Neap Tide) to MHW (Mean High Waters)). Haynesina
germanica is typical in mudflats and the beginning of the low area of the lowest
marshes (Pascual and Rodriguez-Léazaro, 2006; Horton and Murray, 2007) and its
distribution is limited in the upper limit by the MHWNT, which in the Bay of Biscay is
+3.21 m (Pascual and Rodriguez-Lazaro, 2006) (Fig. 8). Mudflats are scarce in
Oyambre (Table 3), although they are widespread in nearby estuaries in Cantabria:
Santona (Cearreta, 1988), San Vicente de la Barquera (Cearreta , 1989), Victoria and
Joyel in Noja (Pascual et al., 2004, 2006) and Tina Mayor (Rodriguez-Lézaro et al.,
2013).

Miliammina fusca lives in sandy low marshes with scarce vegetation (Nixon et al.,
2009; Semensatto-Jr. et al., 2009) between MHWNT — MHW (Edwards et al., 2004;

Kemp et al., 2017). In the Oyambre estuary, there is not a clearly limited area as the
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above described, in contrast with other estuaries from the south of the Bay of Biscay
such as Tina Menor (Rodriguez-Lazaro et al., 2013) where it is well developed.

Entzia macrescens and T. inflata inhabit the vegetated mid and high marshes (Edwards
et al., 2004), which is only covered by water during the high tide of the spring tides
(Boomer, 1998; Horton and Murray, 2007; Fatela et al., 2009; Rodriguez-Lazaro et al.,
2013; Kemp et al., 2017). They mark out the area between MHW (Mean High Waters)
and MHWST (Mean High Water Spring Tide), that in this area of the Bay of Biscay
comprises between +3.99 and +4.87 m (Pascual and Rodriguez-Lazaro, 2006;
Rodriguez-Lazaro et al., 2013) (Fig. 8). Finally, B. pseudomacrescens lives from the
highest areas of the vegetated high marsh, closest to land to the azoic zone, in areas that
uncovered most of the time (Mean High Water Spring Tide (MHWST) to barren zone)
(Fig. 8), so that it marks the upper limit of the influence of marine water in this estuary
(Alve and Murray, 1999; Guilbault and Patterson, 2000; Gehrels and Newman, 2004;
Horton and Edwards, 2006; Hawkes et al., 2010; Murray and Alve, 2011; Kemp et al.,
2017) (Table 2). From the 22 analysed samples in the cluster Q-type analysis, 14 of
them revealed as main assemblage typical species of the vegetated high marsh (B.
pseudomacrescens, E. macrescens and T. inflata) (Table 3). All the mid and high
estuary is colonized by the mentioned species that live over the MHW (Fig. 8), which

points to the filling up of this estuary and the limited input of the tidal wave.

6. Conclusions

Up to 41 species, 24 of them live, have been identified for the first time in the Oyambre
estuary in Cantabria (South of the Bay of Biscay). The biocoenosis represents 77% of
the 7177 studied individuals. The most abundant species in the estuary, both in the

biocoenosis and thanatocoenosis, are: Ammonia tepida, Balticammina
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pseudomacrescens, Cibicidoides lobatulus, Cribroelphidium williamsoni, Entzia
macrescens, Haynesina germanica, Miliammina fusca and Trochammina inflata.

The statistical analysis (cluster and correspondence analysis) conducted with samples
and live species have allowed us to distinguish between four groups of samples and
three foraminifer assemblages along the Oyambre estuary. One assemblage defines the
outer estuary with marine influence, where the dominant species is C. lobatulus. Mud
flats in subtidal euryhaline environments, with limited extension in this estuary, show
an assemblage that consists of 4. tepida and H. germanica. Intra or supratidal silty areas
with or without vegetation, where C. williamsoni dominates, are also scarce. However,
the marsh area of the Oyambre estuary is particularly wide. This marsh consists mainly
of silty sediment and there is no sandy low marsh, which in nearby Cantabrian estuaries
is delimited by M. fusca. Therefore, the areas with tide levels between the MHWNT and
the MHW are scarce. However, in the Oyambre estuary, there is a wide area above the
MHW, where 7. inflata and E. macrescens delimit the tide level between the MHW and
MHWST.

The presence of B. pseudomacrescens in areas colonized by the exotic invading plant B.
halimifolia confirms the filling up of the mid and inner estuary, as it marks the tide
levels above the MHWST up to the barren zone. This foraminifer species has been
found for the first time in the south of the Bay of Biscay in the Oyambre estuary.

A comparison between live and dead assemblages reveals, in general, a good similarity
(Sander’s index > 60%). The scarcity of samples that show dissimilarity points to
decantation and, to a lesser extent, transport by suspension, as the main post-mortem
processes. Foraminifers from the continental shelf are transported by suspension to the
area of the mouth and, rarely, they travel upstream beyond the inner zone of the estuary,

which indicates the limited reach of the tidal wave. The dissimilarity caused by the
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accumulation “in situ” of species that live in the protected areas of the high marsh,
rarely affected by tides (in MHWST), also shows the lack of hydrodynamism and,
therefore, sedimentation by decantation.

The percentage of exotic or allochthonous species deposited in this estuary is very low:
13.4% in the mouth, 0.9% in the middle area of La Rabia branch and 0.15% and 0.7%
in the inner area of El Capitan and La Rabia branches, respectively. This information
indicates that the Oyambre estuary is only mesotidal in the mouth area. However, the
mid and inner estuary show a greater resemblance with microtidal estuaries, which
further confirms the limited effect of the tidal wave.

The works conducted in order to regenerate the Oyambre estuary during the years 2009
and 2010 that included the removal of two dams that prevented the input of water in the
head of the estuary and the cut down of the exotic species B. halimifolia, do not seem to
have successfully achieved their objective: recover the original hydrodynamic
conditions of the marshes. The studied foraminifers, four years after the recovery works,
pointed to the filling up of this estuary and the scarce or null reach of the tidal wave in
the inner and mid estuary. Therefore, these results validate benthic foraminifers as
reliable proxies of current tide levels and a useful work tool for tracking and monitoring

the environmental recovery of the estuaries affected by anthropic activities.
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FIGURES

Figure 1. Geographical location of the Oyambre estuary and sampling sites.

Figure 2. Distribution of samples according to tide level.

Figure 3. A- Multivariate analysis of the samples (cluster Q-type) based on the most
abundant live species of benthic foraminifers identified from the Oyambre estuary, with
the UPGMA method and the correlation index. B- Distribution of groups and subgroups
in the study area.

Figure 4. Multivariate analysis of the most abundant live species (cluster R-type)
identified in the studied samples from the Oyambre estuary, with the UPGMA method
and the correlation index. In bold, dominant species (>10%).

Figure 5. Ordination analysis (direct gradient analysis) by Detrended Correspondence
Analysis (DCA) of samples and species of benthic foraminifers. Q-type cluster groups
of samples are separated. In italics and bold, dominant benthic foraminifer species.
Along the axis 1, a salinity gradient is marked.

Figure 6. Sanders’ similarity index comparing the live and dead assemblages in samples
of Oyambre estuary.

Figure 7. Ebb current (A) and flood current (B) detected by benthic foraminifers in the

Oyambre estuary.
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Figure 8. Environments identified in the Oyambre estuary based on the ecological

distribution of most abundant benthic foraminifer species related to tide levels. Specific
composition of representative samples are shown using pie charts. MHWNT: mean

high water neap tides; MHW: mean high water; MHWST: mean high water spring tides;

m. a.s.l.: meters above sea level. A- La Rabia marsh; B- El Capitan marsh.

Plate I. Scanning Electron Microscope (SEM) microphotographs of most abundant
benthic foraminifer species from Oyambre estuary. Scale bar = 100 um. legend: 1, live
specimen; d, dead specimen; LARA-, CAP-, samples. A-B- Trochammina inflata
(Montagu, 1808); A- Spiral side, I, CAP-6; B- Umbilical side, 1, CAP-6. C-D- Entzia
macrescens (Brady, 1870); C- Spiral side, I, LARA-5; D- Umbilical side, I, LARA-5. E-
Cribroelphidium williamsoni (Haynes, 1973), General view, |, LARA-7. F- Haynesina
germanica (Ehrenberg, 1840), General view, |, LARA-1. G-H- Balticammina
pseudomacrescens Bronniman, Lutzle and Whittaker, 1989; G- Spiral side, d, LARA-4;
H- Umbilical side, d, LARA-4. I-J- Cibicidoides lobatulus (Walker and Jacob, 1798); I-
Umbilical side, d, LARA-23; J- Spiral side, d, LARA-23. K-L- Ammonia tepida
(Cushman, 1926); K- Spiral side, d, LARA-1; L- Umbilical side, I, LARA-1. M-N-
Miliammina fusca (Brady, 1870); M- General view, 1, LARA-3; N- General view, 1,

LARA-3.
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BENTHIC FORAMINIFER OYAMBRE
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Asterigerinata mamilla (Williamson, 1858)

Balticammina pseudomacrescens Bronniman,
Lutzle and Whittaker, 1989

Bolivina spathulata (Williamson, 1858)

Bulimina gibba Fornasini, 1902

Bulimina truncana Gumbel, 1868

Cassidulina laevigata d'Orbigny, 1826

Cibicides refulgens de Montfort, 1808

Cibicidoides lobatulus (Walker and Jacob, 1798)
Connemarella rudis (Wright, 1900)

Cribroelphidium excavatum (Terquem, 1839)
Cribroelphidium williamsoni (Haynes, 1973)
Cribrostomoides jeffreysii (Williamson, 1858)
Cyclammina cancellata Brady, 1879

Elphidium crispum (Linné, 1758)

Elphidium oceanense (d'Orbigny, in Fornasini, 1904)
Entzia macrescens (Brady, 1870)

Eponides repandus (Fichtel and Moll, 1798)
Favulina hexagona (Williamson, 1848)

Haynesina germanica (Ehrenberg, 1840)
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Lachlanella undulata (d'Orbigny, 1826)
Lagena sulcata (Walker and Jacob, 1798)
Lepidodeuterammina ochracea (Williamson, 1858)
Massilina secans (d'Orbigny, 1826)
Miliammina fusca (Brady, 1870)

Miliolinella semicostata (Wiesner, 1923)
Planogypsina acervalis Brady, 1884
Planorbulina mediterranensis d'Orbigny, 1826
Quinqueloculina lamarckiana d'Orbigny, 1839
Quinqueloculina lata Terquem, 1875
Quinqueloculina seminula (Linné, 1758)
Reophax scorpiurus Montfort, 1808

Reophax sp.

Rosalina globularis d'Orbigny, 1826

Sahulia conica (d'Orbigny, 1839)

Textularia sagittula Defrance, 1824
Triloculina oblonga (Montagu, 1803)
Trochammina inflata (Montagu, 1808)

Vaginulina linearis (Montagu, 1808)

12

0 80

20

37 8

19 7

110 39

18 32

21 7

66 97

56 23

103 25

10 2

n° individuals

S = n° of species
Diversity (Fisher's o )
% Agglutinated

% Porcelaneous

% Hyaline

254 59
5 9
0.9
4 10
0 0
96 90

216 107

8

8

16 2
86 97

0

0

14 3

285 34
9 6
1.8

56.576.5
0 o0
43.523.5

239 75
7 6
14

96 100
0 0
4 0
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8 7
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91 99
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3 4
05 0.7
100 100
0 0
0 0
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0.7
55 0
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38 3

4

3
0

2

0
0
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100 100

0
0

0
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100 100

281 32

0.9

33 87.5
0 O
67 12.5

100 100

0
0

0
0

288 30
6 5
1.1

86.5 93
0 0
135 7

237 84
7 9
1.4

55 6

93.5 94

Richness (nF = n° ind./gram)

674

388
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365
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15450

11

12

31

489
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BENTHIC FORAMINIFER OYAMBRE
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Balticammina pseudomacrescens Bronniman,
Lutzle and Whittaker, 1989
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Bulimina gibba Fornasini, 1902

Bulimina truncana Gumbel, 1868

Cassidulina laevigata d'Orbigny, 1826

Cibicides refulgens de Montfort, 1808

Cibicidoides lobatulus (Walker and Jacob, 1798)
Connemarella rudis (Wright, 1900)

Cribroelphidium excavatum (Terquem, 1839)
Cribroelphidium williamsoni (Haynes, 1973)
Cribrostomoides jeffreysii (Williamson, 1858)
Cyclammina cancellata Brady, 1879

Elphidium crispum (Linné, 1758)

Elphidium oceanense (d'Orbigny, in Fornasini, 1904)
Entzia macrescens (Brady, 1870)

Eponides repandus (Fichtel and Moll, 1798)
Favulina hexagona (Williamson, 1848)
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Lachlanella undulata (d'Orbigny, 1826)
Lagena sulcata (Walker and Jacob, 1798)

Lepidodeuterammina ochracea (Williamson, 1858)

Massilina secans (d'Orbigny, 1826) 1 1 8 10

Miliammina fusca (Brady, 1870) 1 2 1 8 2 1 1 4 1 4 3 2
Miliolinella semicostata (Wiesner, 1923) 1

Planogypsina acervalis Brady, 1884 7

Planorbulina mediterranensis d'Orbigny, 1826 2

Quinqueloculina lamarckiana d'Orbigny, 1839 1 2

Quinqueloculina lata Terquem, 1875 1

Quinqueloculina seminula (Linné, 1758) 3 3 6 1 5

Reophax scorpiurus Montfort, 1808

Reophax sp.

Rosalina globularis d'Orbigny, 1826 14 7 (13 5|2 5|14 2

Sahulia conica (d'Orbigny, 1839) 1 111 4

Textularia sagittula Defrance, 1824 1 2 1 111 9

Triloculina oblonga (Montagu, 1803) 1 13 1] 1 1 2 2 5 3 1 1 2
Trochammina inflata (Montagu, 1808) 151 56 | 1 4 | 98 17| 1 3 42 7 (127 37| 61 45| 14 4 |113 28 (235 61 |131 21
Vaginulina linearis (Montagu, 1808) 1

n° individuals 238 67 |44 15|267 56(145 118|209 95|55 75 |181 141|307 9 |264 51|232 80|279 33324 40 |249 61 |294 27
S = n° of species 7 4|13 419 10|11 13| 9 157 11|13 16|4 3|7 5|6 3|7 5|8 6|2 1|9 6
Diversity (Fisher's a. ) 1.4 1.8 2.8 37|19 32 46|07 1.3 1.1 1.3 1.7 0.3 1.8

% Agglutinated 96.598.5(100 100| 55 48| 1 8| 0 0|2 3|7 11(100 100| 94 98| 78 99| 24 27|69 75 |100 100 93 82
% Porcelaneous 05 o|0O O|5 2|1 5|05 6|2 112 120 0|0 0|0 Ol2 0|1 25{0 0|05 7
% Hyaline 3 15|/ 0 0|40 50|98 92(995 94|9 86(91 77| 0 O | 6 2|215 1|74 73|30225/0 0 |65 11
Richness (nF = n° ind./gram) 130 | 25 17 4 137 3 347 | 220 | 56 195 | 304 | 182 | 28
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Table 1. Benthic foraminifer species determined in samples of the Oyambre estuary. Values are absolute frequencies of both live and dead
individuals. Bold numbers depict most abundant species (>10%). In the lower part, richness and diversity indexes, as well as the test-types of

foraminifers, are indicated.
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Species

Distribution in estuaries
of the Bay of Biscay

Tide range

Ecological preference

Ammonia tepida (Cushman, 1926)

Balticammina pseudomacrescens
Bronnimann, Lutze and Whittaker,

1989

Cibicidoides lobatulus (Walker and

Jacob, 1798)

Cribroelphidium williamsoni
(Haynes, 1973)

Silty sediments and
mudflats from intertidal or
subtidal areas in waters

with different salinity levels.

It is also present in low
marshes

Vegetated high marshes,
closest to land area

Marine coastal and sandy
mouths of estuaries

Silty sediments and
mudflats from intertidal or
subtidal areas in waters

with different salinity levels.

It is also present in low
marshes.

Intertidal to subtidal
areas - MHWNT (Mean
High Water Neap Tide)
to MHW

MHWST (Mean High

Water Spring Tide)

Intertidal to subtidal
areas

Intertidal to subtidal
areas - MHWNT to MHW

Typical of temperate waters (Murray, 2006), with salinity levels ranging from 15 to 56%o
(Almogi-Labin et al., 1992). It is present in waters between 0 and 50 metres deep, in
transitional environments (Murray, 2006), on sandy silt (Seiglie, 1975; Murray, 2006). It
shows an endofaunal lifestyle (Murray, 2006), it is an opportunistic species, common in
polluted silty environments (Seiglie, 1975).

It is an epifaunal agglutinated species, which lives on marsh vegetation (Murray,
2006). It is very sensitive to pH variations (Gehrels and Newman, 2004). It inhabits the
topmost highmarsh area and, therefore, it is used in palaeoenvironmental
reconstruction as proxy for the higher tidal range in estuaries (Guilbault and Patterson,
2000; Gehrels and Newman, 2004; Horton and Edwards, 2006; Hawkes et al., 2010;
Murray and Alve, 2011). As it lives in the highest area of continental marshes, it
establishes the top limit of seawater influence in estuaries (Alve and Murray, 1999).

It appears in waters with very variable temperature (Martins and Ruivo Dragdo Gomes,
2004) and salinity levels (marine normal to estuarine, higher than 32%.) (Williamson et
al., 1984). It lives in transitional to bathyal environments, though its abundance
decreases towards the slope (Mathieu, 1986; Martins and Ruivo Dragdo Gomes,
2004), in fine-grained sand to coarser substratum (Jorissen, 1987; Schréoeder-Adams
et al., 1990; Banner et al., 1994; Hansen and Knudsen, 1995). It is an epifaunal
species that lives within the first centimetre of the soil or above (Corliss, 1991; Murray,
2006), in well-oxygenated waters (Jorissen, 1987). It has a sessile and immobile
lifestyle in high energy environments (Murray, 2006), where it withstands strong
hydrodynamism (Williamson, 1985; Banner et al., 1994). it shows a bigger and coarser
shell in cold waters than in warm waters, where it grows at a higher rate (Banner et al.,
1994).

It inhabits waters with variable temperature ranges (preferentially warm-temperate
waters) and euryhaline salinity (Murray, 2006). It is typical of transitional environments,
where it is a dominant species in marshes, on fine-grained sediment (Murray, 2006). It
covers the almost horizontal surfaces of low marshes with low drainage (Haslett et al,
1997, 2001). It has an endofaunal lifestyle and it is common in substrates with strong
variations in TOC content (Murray, 2006). They may contain chloroplasts of algal
symbiont in low-oxygen content conditions (Lopez, 1979).
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Entzia macrescens (Brady, 1870)

Haynesina germanica (Ehrenberg,
1840)

Miliammina fusca (Brady, 1870)

Trochammina inflata (Montagu,
1808)

Vegetated mid and high
marshes of the inner
estuary

Silty sediments and
mudflats from intertidal or
subtidal areas in waters
with different salinity levels

Silty sands with scarce
vegetation: Low marshes

Vegetated mid and high
marshes in the inner
estuary

MHW (Mean High
Waters) - MHWST (Mean
High Water Spring Tide)

Intertidal to subtidal
areas - MHWNT

MHWNT - MHW

MHW - MHWST

It is an agglutinated species that lives on marsh vegetation (Murray, 2006). It is
euryhaline and tolerates a wide range of temperatures (0 to 30°C). It lives on plant
parts in clayey silt, in intertidal to high marsh environments (Murray, 1991), although it
frequently appears in mid-high marshes (Scott et al., 2001). Its presence is favoured
by the increase of the percentage of organic carbon, as it preferably feeds on organic
matter from vascular plants (Armynot du Chatelet et al., 2009). It is epifaunal and
infaunal down to 60 cm deep, herbivore or detritivore diet (Murray and Alve, 2011).

It is an euryhaline species that inhabits subtidal mud flats in the head of the estuary, in
areas with variable, though low, salinity (1-32%o) (Pascual and Rodriguez-Lazaro,
2006; Horton and Murray, 2007). It lives in a wide range of temperatures (-2 a 32°C)
(Alexander and Banner, 1984). It is typical of estuaries (Murray, 2006), where it can be
found on silt and sandy silt with a variable TOC content (Alve and Murray, 1999). Itis a
shallow endofaunal species (Richter, 1964) that can tolerate anoxic conditions (Banner
et al., 1994) and may contain chloroplasts of algal symbiont in low-oxygen content
conditions (Lopez, 1979).

It is an euryhaline species (Murray, 1991) that lives in low marshes (Nixon et al, 2009;
Semensatto-Jr. et al, 2009). It can also appear and be dominant even in vegetation
lacking sediments (Armynot du Chételet et al., 2009), such as fine-grained or silty
sand. However, it is not present in highly-silty sediments (Alve and Murray 1999, Nixon
et al, 2009; Rodriguez-Lazaro et al., 2013). It is an opportunistic species and very
resilient to environmental stress (Semensatto-Jr. et al., 2009). It is epifaunal or infaunal
down to 50 cm in marshes and lives in intertidal to shallow subtidal brackish waters
(Murray and Alve, 2011).

It is an epifaunal agglutinated species that lives on marsh vegetation (Murray, 2006). It
is euryhaline, tolerates a wide range of temperatures (0 to 30°C) and inhabits on plant
parts-rich silt, from intertidal environments to high marshes (Murray, 1991), although
they are more common in mid-high marshes (Scott et al., 2001), where they feed on
algae or mixed algae-plants derived organic matter (Armynot du Chételet et al., 2009).
It is particularly abundant in sandy silt sediment (Nixon et al., 2009) that is favoured by
an increase in the percentage of organic carbon (Armynot du Chatelet et al., 2009). It
is epifaunal and infaunal down to 60 cm, with an herbivore or detritivore diet (Murray
and Alve, 2011).

Table 2. Ecological preferences of the most characteristic benthic foraminifer species (>10%) in samples of Oyambre estuary. Based on different

authors.
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Outer estuary

Inner-mid estuary

Marine Subtidal mudflat Marsh
Oyambre estua
y ry > 2 High
3 Low Vegetated mid R marsh-
Mouth c Main channel intertidal 55 Vegetated high marsh
3 marsh marshes 33 Barren
@ $° zone
S 9Q b ™ © - ~ © < o~ =2 © < 0
. .. N N N ) ~ 1 < 1 ~ 1 © ' -~ -~ T T} N N D [s2] \ —
. Benthic foraminifer 1 T T < r < 4 < r < O T < ! L L< L < L
Environment S & & 2 g 2 gz fex Fxxg F zxx g 8L exx & g
assemblage r o 8 8 x S 8 8 3] 8
9 < < < S 30 5 <505 < 5000 g o035 o0
Marine shelf C. lobatulus 77 76 44 0 0O 0 0 O o 0 O 0 O 0.4 0 0 O 0 0
Subtidal mudflat A. tepida, H. germanica 4 3 26 40 82 91 60 04 0 11 21 0 18 5 7 1
Mudflat and low intertidal marsh C. williamsoni 0 3 20 4 11 5 25 94 65 0 15 0 19 0 2 14 15 7
Silty-sandy low marsh M. fusca 0 O 0 7.2 0 1 03 O 0 15 04 3 1 15 1 3 13 0.3
Vegetated mid and high marshes T. inflata 1 2 0 13 4 0 5 25 20 46 94 56 63 37 42 35 48 44 36 26 15 13.7
Vegetated high marshes E. macrescens 0 2 0 7 1 4 18 25 12 18 6 21 29 11 57 42 34 42 41 49 50 56
Vegetated high marshes-Barren zone | B. pseudomacrescens 0 2 0 288 0 0 O O 0 23 0 7 3 4 0O 1 10 5 6 3 10 296
Total foraminifer percentage from vegetated high marshes 1 6 0 49 5 4 23 5 32 87 100 84 95 52 99 78 92 91 83 78 75 99.3
Sample groups according to multivariate analysis (cluster Q-type) Gr-1 Gr-4 Gr-3 Gr- 2A Gr-2C Gr- 2B
Dominant vegetation B B P B P H J JtP B J J+P S B B
Vegetated marshes
Accompanying vegetation J J J B B B B
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Table 3. Environmental interpretation of Oyambre estuary based on characteristic benthic foraminifer assemblages. Values are percentages of the
total foraminifer assemblages. Live (L), dead (D) specimens in the time of sampling. Sample locations in the estuary are indicated in the upper
right. In the lower part ecological groups recognised in the multivariate analysis of samples (cluster Q-type), and vegetation type are indicated:

B= Baccharis halimifolia; H= Halimione portulacoides , J= Juncus maritimus; P= Phragmites australis; S= Salicornia.
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Oyambre El Capitan La Rabia
§ 8 § St qgqegyeoonzTs e 33223285253
Exotic foraminifers - A AR = o g é T T 353
T S § P00 00 00Ig < 3353335335353 ¢9
No. of exotic species 13 8 M 9|0 0 0|0 1 0 1|2 0 0 2|1 3 2 2 1.0 0 0 0 0O O O
No. of exotic individuals 48 24 33 23/0 O O|O 1 O 1 0 0 5|1 6 3 7 10 0 0 0 O O O O
Total foraminifer percentage (%) |15 185 125 750 0 0|0 03 0 03/2 0O O 15|03 2 1 06 2 3 0 O 0O 0 0 O
Average of exotic (%) 13.4 0 0.15 0.9 0.7
Estuarine zonation Mouth Mid estuary | Inner estuary Mid estuary Inner estuary

Table 4. Exotic (allochthonous) foraminifers found in the Oyambre estuary.
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