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Abstract

:

This study focuses on the foraminiferal distribution on intertidal mudflats of two contrasted estuaries (Auray and Vie) along the French Atlantic coast. In both estuaries, the foraminiferal communities are dominated by Haynesina germanica and the Ammonia tepida group. Stations located near the outlets show a high diversity and abundance of species of the genus Elphidium. Stations in the inner estuary show a higher proportion of agglutinated species (Ammotium salsum, Ammobaculites agglutinans). Multivariate statistical analysis suggests that the distance to the sea and the percentage of fine sediment (<63 µm) are the two main parameters explaining the foraminiferal distribution. Chemical analyses of the sediment show that the two studied estuaries are not affected by major anthropogenic pollution, so that the faunas should mainly reflect the natural controlling parameters. Three indices of environmental quality commonly used in coastal areas show counter-intuitive differences between stations, suggesting that these indices may be less reliable for use in intertidal estuarine mudflats. The newly developed Marine Influence Index (MII) integrates three major ecological factors: the position of the sampling point on the salinity gradient, the emergence time at low tide and the relative importance of fresh water discharge. In our dataset, MII shows significant correlations with the controlling environmental parameters (distance to the sea, percentage grains < 63 µm), as well as with the foraminiferal patterns (PCA axis 1, species richness, percentage of Elphidium spp. and Quinqueloculina spp.). These results suggest that the MII explains a substantial part of the faunal variability on estuarine intertidal mudflats, and can be used to detect deviations from the natural distribution patterns in response to anthropogenic pollution.
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1. Introduction


Whitfield and Elliott [1] defined estuaries as “semi-enclosed coastal water bodies connected to the sea either permanently or periodically, having a different salinity compared to the adjacent open ocean due to freshwater inputs, and being inhabited by a characteristic biota”. Estuaries are among the most dynamic ecosystems of the marine realm [2]. They host productive transitional water ecosystems of high ecological and economic interest [3]. Estuaries are buffer zones protecting coastal plains against climatic events (i.e., storms, floods), and are important nursery habitats for fish and other migratory animals [2,4]. They are also suitable locations for human settlement due to their ideal geographical situation at the interface between continents and oceans. For centuries, they have been subjected to anthropogenic disturbances, stress and habitat modifications, because they host multiple economic activities (e.g., fishery, aquaculture, tourism, industry, urbanisation) [5,6,7]. In this context, the European community has established the Water Framework Directive [8], requesting member countries to monitor the environmental quality of various water bodies (including transitional systems such as estuaries), and when necessary, to take measures to return to a good water quality status.



Over the last few decades, the use of biotic indices to assess the environmental quality of coastal waters has expanded considerably. Several groups of organisms are used as bioindicators (e.g., fish, algae, benthic macrofauna and meiofauna) because of their sensitivity to natural and anthropogenic disturbance [9]. Among these, foraminifera (Eukaryotes, Rhizaria) have several advantages: (1) they have a sedentary lifestyle, (2) they have short life cycles (up to 2 years) that ensure a rapid response to environmental change [10,11], (3) they inhabit almost all marine regions and transitional waters [10], (4) they show high species diversity (about 9000 living species) with a large panel of functional traits [12], and (5) their fossil records can be analysed to gain insight into their community composition before recent anthropogenic impacts, and thereby can provide pristine reference conditions [13,14].



Recently, several studies have developed foraminiferal biotic indices for coastal areas. Some of these indices are based on alpha diversity (e.g., [15]), whereas others apply an indicator species concept, using the relative proportion of stress-tolerant species (e.g., [14,16,17,18,19]). These species are often recognised as such by their response to organic matter enrichment in the sediment. However, in estuarine environments, both the spatial and the temporal variation in physical and chemical parameters are very high (e.g., salinity, temperature, water movement, turbidity, oxygen content, organic matter supplies, etc.). Such a strong variability induces natural stress that affects local biota. Consequently, estuaries show a low biodiversity, with a dominance of species adapted to adverse conditions. Even pristine estuarine communities are dominated by stress-tolerant species that are adapted to highly fluctuating environmental conditions, leading to low values for most indices of environmental quality. This observation has been named the “estuarine paradox” [20,21]. Consequently, the development of biotic indices for the highly complex and dynamic ecosystems found in estuaries is a real challenge [22,23].



Due to the “estuarine paradox”, foraminiferal bio-indication indices developed in open marine environments cannot be applied directly to estuaries. Several strategies have been proposed to overcome this difficulty. Bouchet et al. [24] proposed to use the corrected Shannon diversity index Exp(H’bc) in Mediterranean transitional zones and adapted the ecological class boundaries to this particular environment. More recently, Bouchet et al. [25] proposed a list of stress-tolerant species, based on their response to organic matter gradients occurring in transitional waters.



In principle, the construction of a foraminiferal index of environmental quality in estuaries requires prior knowledge of their natural distribution. Only once this natural distribution, and the relation with the controlling parameters, is fully understood can it become possible to recognise distributional anomalies resulting from anthropogenic stress. However, at present, most estuaries are impacted by both natural and anthropogenic stresses. There is a general scientific consensus that the main natural parameter influencing the distribution of foraminifera in estuarine environments is salinity (e.g., [26,27,28,29]). Estuaries are characterised by strong daily and seasonal salinity variations. The daily aerial exposure due to the tidal cycle (twice a day in the studied area) is an additional natural stress factor for the foraminiferal communities on estuarine intertidal flats. This leads to high temperature and salinity variations due to evaporation/precipitation at low tide, and a mix of marine and fresh waters at high tide [29,30,31]. Other main controlling parameters are sediment grain size and natural organic matter quantity and quality [32,33].



When superposed on these natural parameters, anthropogenic stress can modify the distribution of benthic foraminifera. For instance, high concentrations in trace metals can influence the density, species richness and composition of communities, and can lead to an increase in abnormal tests [34,35,36]. An excess of anthropogenic organic matter (e.g., domestic sewage, or estuarine primary production resulting from fertiliser input) can also modify the community composition [34,37]. Moreover, inputs of large quantities of organic matter may induce hypoxic or anoxic zones, where oxygen consumption exceeds supply. Such events intensify during warm late summer and early autumn months [38]. Other anthropogenic pollutants (e.g., hydrocarbons, hormones) and anthropogenic physical disturbance can impact living communities as well [39].



In an attempt to integrate the main natural factors affecting estuarine foraminifera in a single environmental index, Jorissen et al. (this volume) [40] proposed the Marine Influence Index (MII). The MII, calculated for each sampling station, is based on the position of the studied station along the salinity gradient, the duration of tidal emergence and the relative importance of river runoff in the ambient water turnover. Therefore, this index reflects salinity, but implicitly also the hydrodynamic energy and fluviatile and/or marine particle supplies.



The first aim of the present study is to assess the foraminiferal distribution (of the >125 µm fraction) living in the surficial sediment of intertidal mudflats along two contrasted estuaries of the French Atlantic coast. The main parameters controlling the foraminiferal communities in these environments will be identified. Next, we will investigate whether at one or more stations, the foraminiferal composition deviates from the composition expected under natural conditions, and whether this deviation is due to anthropogenic pollution. Some foraminiferal indices of environmental quality commonly used in transitional waters will be applied and assessed for their applicability to intertidal estuarine mudflats. Finally, we will investigate to what extent MII, which describes the marine influence in estuaries, is correlated with the characteristics of the foraminiferal communities, and can be used to detect distributional anomalies due to anthropogenic pollution.




2. Material and Methods


2.1. Study Area


In this study, the foraminiferal communities from intertidal mudflats of two small estuaries (~20 km long) on the French Atlantic coast, Auray and Vie, are investigated. Both estuaries are subject to a meso- to a low macrotidal regime, with a tidal range of about 4 m at the inlet [41].



The Auray estuary (Figure 1A and Supplementary Table S1), at about 47°35′ N and 2°57′ W, is a typical ria (drowned river valley) with its downstream part, or outer estuary, connected to the Morbihan Gulf, an enclosed marine bay. Two rivers flow out into the Auray estuary, the Loc’h and Bono, with a mean annual discharge of 2.71 and 1.52 m3/s, respectively [42]. Together, they drain a catchment area of 324 km2. Today, salt water penetrates up to the Tréauray Mill, 19.8 km from the mouth of the estuary at Kerpenhir Point [41]. During the 2019 environmental survey in the context of the Marine Framework Directive, based on data collected between 2012 and 2017, the environmental quality was described as “moderate” [43]. This evaluation was exclusively based on an indicator using fishes. Conversely, indicators based on opportunistic macro-algae, autotrophs other than phytoplankton, and hydromorphology all indicated a good environmental quality.



The Vie estuary (Figure 1B and Supplementary Table S1), situated at about 46°35′ N and 1°56′ W, can be characterised as a bar-built estuary. The river meanders through salt marshes before crossing the Saint-Gilles-Croix-de-Vie harbour to flow into the Atlantic Ocean. Its mouth is deflected northwards by a sandy spit. The Vie river drains a catchment basin of 84 km2 and has a mean annual discharge of 1.17 m3/s [41,42]. At present, salt water penetrates up to 8 km landward where it is blocked by a dam. Based on the thalweg topography, Jorissen et al. [40] deduced that before the construction of this dam, salt water penetrated up to the village of St. Maixent, 16.8 km from the mouth of the estuary. A 2019 environmental survey, performed in the context of the Marine Framework Directive, evaluated the environmental quality as “good”, on the basis of intertidal and opportunistic macroalgae and autotrophs other than phytoplankton [43].




2.2. Sampling Procedure


In the Auray estuary, seven sites (Site 3 is not considered in this study), with a total of 15 stations, were sampled from the 10th to 12th of July 2019 (Figure 1A). Samples of the surficial sediment (top centimetre) were collected at low tide on intertidal mudflats. At each site, two or three stations were sampled across the mudflat if it was large enough (A to C from upper mudflat to lower mudflat, Supplementary Table S2). In the Vie estuary, eight sites (Sites 1 and 2, located on sandy beaches outside the estuary, are not considered in this study), with a total of 12 stations, were sampled on the 23rd and 24th October 2018 (Figure 1B). Most stations are located on intertidal mudflats, except for stations 4 and 5, which are positioned on mud-covered ramps in small semi-enclosed basins in the harbour of Saint-Gilles (Supplementary Table S2).



To study the distribution of foraminifera, three replicates were sampled for each station. Three tubes with an internal diameter of 9.6 cm were randomly placed and pushed by hand into the sediment. The top 1 cm of the sediment cores was sliced off. Samples for foraminiferal analyses were preserved in 96% ethanol and stained with 2 g/L Rose Bengal, following the FOBIMO protocol [44]. Samples for grain size and organic matter analyses were taken between the cores by scraping off the surficial sediment layer.



For all sampling stations, the elevation was estimated with respect to French chart datum (lowest astronomical tide). For the stations sampled at low tide immediately above the water table, elevation was estimated using the tide tables published by the French Naval Hydrographic and Oceanographic Service (SHOM) [45], which give the theoretical altitude of the water surface during the tidal cycles for all French harbours. For all stations higher on the mudflats, the altitude was estimated using an electronic theodolite (NA720® Leica; height accuracy <1 cm), and official benchmark altitude points. At stations located too far from referenced benchmarks, the lichen vertical zonation [46], developed on rocky outcrops and walls (quay, jetty, wharf…), was used. The conspicuous upper limit of the black lichen Verrucaria maura corresponds to the mean highest spring tide level, for which the altitude is given in the tide tables of the SHOM. Furthermore, this limit is highlighted by the lower limit of the orange lichen Xanthoria parietina, which marks the beginning of the supratidal zone. Taking into account the field constraints (and the uncertainty in the lichen vertical zonation) a range of uncertainty of +/−10 cm was estimated for our elevation data. By combining elevation and tide tables from the SHOM (based on the TELEMAC-MASCARET modelling system), it was possible to evaluate for each station the duration of the tidal emergence. The theoretical emergence time was estimated using tidal data corresponding to mean spring tide conditions (i.e., the French tidal coefficient of 90). The “emergence time” was then expressed as a percentage of the duration of an entire mean spring tide cycle.



Salinity was measured in the tidal channel for the lowest stations, and in tidal pools for the stations higher on the mudflats. In view of the large temporal variability in salinity [47,48], not only on the exposed mudflats (due to evaporation and precipitation) but also in the tidal channel (due to tide and river runoff), such one-off measurements are not representative for the foraminiferal habitat. Consequently, they are not further used in this study.




2.3. Laboratory Analyses


Sediment grain size was analysed with a Malvern 3000 Mastersizer laser diffraction particle size analyser. The sediment was not decarbonated before the analyses. To give an overall characterisation of the sediment, the percentage of grains < 63 µm was used. The grain size distribution spectra were further analysed with the Peakfit® software (version 4.12), which allows for distinguishing and quantifying different sediment grain size populations. The classification proposed by Farrell et al. [49] was used for the description of the sediment.



Trace metal concentrations were analysed with an Inductively Coupled Plasma Mass Spectrometer (Thermo Scientific® X-Series 2 ICP-MS) on freeze-dried sediment, after total acid digestion (HCl, HNO3− and HF) following the methodology described by Coynel et al. [50]. In all, seventeen chemical elements were measured: V, Cr, Co, Ni, Cu, Zn, As, Sr, Mo, Ag, Cd, Sn, Sb, Ba, Pb, Th and U. All concentrations are expressed in mg/kg. The natural variability in trace metal concentrations depends on the grain size and mineralogical composition. To correct for grain size and mineralogical effects, trace metal concentrations need to be normalised by a reference (conservative) element. Following earlier studies [51,52], Thorium (Th) was used for this purpose. The Enrichment Factor (EF) quantifies anthropogenic metal enrichment in the sediment. The EF is obtained by dividing the Th-normalised concentration by the concentration found in an unpolluted reference sediment, representative of the regional geochemical background [53]. Several studies have demonstrated that the regional geochemical backgrounds can be defined via the bottom/base of sediment cores in French continental systems, especially when the age model suggests that those deeper layers have been deposited before the onset of regional contamination sources (e.g., [54,55,56,57]). To this end, values from the basis of a long sediment core sampled in the western part of the Morbihan Gulf [58] have been used. These samples date from about 5000 years ago (5182 cal BP), well before the major anthropogenic activities of today.



The enrichment factor is calculated as follows:


  E F =    M  T h   o b s    M  T h   r e f    








where M is the trace metal concentration, Th is the concentration of the conservative element, obs is the measured value and ref is the value of the geochemical background as observed in the sediment core samples. Following Larrose et al. [52], enrichment classes are defined as follows:




	
EF < 1.5: no enrichment;



	
1.5 < EF < 3: minor enrichment;



	
3 < EF < 5: moderate enrichment;



	
EF > 5: strong enrichment.








Elemental carbon content (%Corg) and the carbon isotopic composition (δ13C) were measured on decarbonated freeze-dried sediment with a CHONS Elemental Analyser (EA Vario PYRO cube; Elementar®, Langenselbold, Germany) coupled to an isotope ratio mass spectrometer (IRMS; Isoprime precision, Elementar®, Langenselbold, Germany). Prior to EA-IRMS analysis, 300 mg of dried sediment was decarbonated with phosphoric acid to remove inorganic carbon (H3PO4, concentration 2 M). After decarbonatation, samples were freeze-dried and ground. Three milligrams of samples were weighed in tin capsules. Possible offsets of raw IRMS values were corrected using both international IEAE (Vienna) and home-made standards (caffeine IAEA-600- and a sucrose-methionine-glycine mixture, referred to as SMG and cross-calibrated against caffeine IAEA-600 and Ag2S IAEA-S-1, for C, N and S isotopes). Note that the linearity of the IRMS response was checked throughout to be less than 0.02‰ nA−1, and furthermore, any possible size effect between samples was minimised by weighing the same amount for all samples. Standards (which had a %Corg different from that of samples) were weighed accordingly to have the same signal intensity. All isotopic data are expressed in the conventional delta notation versus V-PDB (‰): δ13Csample = (Rsample/RV-PDB − 1) × 1000 with R = 13C/12C [59].



Foraminiferal samples were sieved with 63, 125 and 500 µm meshes, and the fraction >125 µm was used for foraminiferal analyses. Although the >125 µm fraction contains only a part of the foraminiferal community, the study of this fraction has the advantage of being less time-consuming than that of the >63 µm or 100 µm fraction. Therefore, the experimental design can include more samples. Moreover, since >125 µm sufficiently reflects the foraminiferal community, the FOBIMO protocol proposes the study of this size fraction as an optimal compromise for biomonitoring studies [44]. When necessary, density separation using Ludox to remove organic material [60,61] or sodium polytungstate to remove sand [62] was applied. Samples with a high foraminiferal density were divided in aliquots using a wet splitter [63]. Foraminifera were picked wet, using a Leica MZ16 stereomicroscope, and stored in Chapman slides. All stained individuals (all chambers except the last one or two brightly stained pink) were considered living. Complete aliquots were counted until a minimum of 300 specimens was obtained [64,65].



All hard-shelled foraminifera were identified to the species level (Figure 2), using classical and modern reference publications on estuarine foraminifera (i.e., [66,67,68,69,70]), as well as the World Register of Marine Species [12]. Studies combining genetic and morphological information were favoured to identify the Ammonia and elphidiid species [71,72,73]. The previously recognised morphospecies Ammonia tepida is composed of three different phylotypes in Europe (T1, T2 and T6, [74]), which can be distinguished morphologically [75]. Following earlier studies (e.g., [75]), we will refer to the Ammonia tepida group when speaking about this morphospecies, which includes phylogenetically unrelated phylotypes. With a stereomicroscope, it was mostly impossible to differentiate between these three phylotypes, particularly for small specimens. Consequently, in order to determine the presence/absence of the phylotypes’ diversity in the Ammonia tepida group, 50 randomly sampled individuals per station were identified on the basis of SEM images, following Richirt et al. [75].




2.4. Marine Influence Index


The Marine Influence Index proposed by Jorissen et al. [40] was tested in this study. The MII combines the position of the sampling site along the estuarine gradient, the duration of the tidal emergence, as well as the riverine fresh water input during the 30 days before sampling. The MII has been designed to give an integrated quantitative estimation of the influence of marine waters at the sampling stations. This index was calculated as follows:


  MII =   1 −  x s  × α   ×   1 − ET × β   ×   1 −     0.04 × RD   CS     × y    











The first term of the equation is the normalised distance, in which x is the distance of the sampling site from the mouth of the estuary measured along the main estuarine channel, divided by s, the length of the salt intrusion. The second term refers to the normalised emergence time, in which ET, the duration of the tidal emergence at a sampling station, is expressed as a fraction of the tidal period, under mean spring tide conditions. The third term considers the relative river discharge, in which RD (m/s) is the diver discharge in the 30 days before sampling, and CS is the cross section (m2) of the estuary at the study site, measured at mean high tide. α, β and γ are constants, used to weigh the three components of the equation. In this study, these constants are set to 1, giving equal weight to the three components. See Jorissen et al. [40] for further explanations. The values of MII computed for this study are presented in Supplementary Table S10.




2.5. Statistical Analyses


All diversity indices (species richness, Shanon index, exp(H’bc index)) were based on raw data, using R software (version 4.0.4) [76] and the “vegan” package (version 2.5–7, [77]). The calculation of the Foram-AMBI index was based on the species assignment list proposed by Bouchet et al. [25].



A non-standardised Principal Components Analysis (PCA) was performed on non-transformed percentage data using the variance–covariance matrix. PCA reduces data matrices to a small number of factors explaining a maximum of the total variance. Only species exceeding 1% of the assemblage in at least one station were taken into consideration. Relevant variables were selected by forward selection based on PCA (ordistep function, R package “vegan”). Next, the environmental parameters were fitted to the PCA axes using the envfit function of the R package “vegan” (non-constrained version, the environmental parameters did not contribute to the ordination). All environmental data were standardised.



For all correlation tests, the normality of the data set was tested using the Shapiro–Wilk normality test, and the homogeneity of variance (homoscedasticity) with the Bartlett test. Finally, Pearson or Spearman correlation tests were applied. A trend line was fitted to each scatter plot. For regression lines, the generalised linear model (“glm”) was used except when a nonlinear regression (“nls”) was found.





3. Results


3.1. Sediment Grain Size


All seven sites in the Auray estuary presented a silty–muddy sediment with ≥50% fine (<63 µm) grains (Figure 3, Supplementary Table S3). A particle population with a mode of about 5 µm was dominant at almost all stations (e.g., Auray 2B, 5A, 6B shown on Figure 3), while this 5µm mode became secondary at stations 1B, 1C, 4A and 8B. A silt/very fine sand population, with a mode of 30 to 105 µm, was dominant at all stations of sites 1 and 4. At sites where more than one station was sampled, the mode of the latter population increased towards the lower elevation. Station 8B was the only one with an important medium sand population, with a mode of 284 µm.



In the Vie estuary, all sites had a silty–muddy sediment, with two dominant populations, a first one with a mode of 6 to 10 µm, and a second one with a mode of 40 to 100 µm (Figure 3, Supplementary Table S3). For both estuaries taken together, there is a positive correlation between elevation and the percentage of fine (<63 µm) grains (R2 = 0.14, p = 0.056).




3.2. Trace Metal Distribution


At the 27 stations, 17 trace metal elements were measured (Supplementary Table S4). The raw values for all trace metals were slightly higher in the Auray estuary compared to the Vie estuary, which is probably the result of a different geology of the catchment area (Supplementary Table S4). Enrichment factors (EFs) were computed for the six main trace elements (Cr, Ni, Cu, Zn, Cd, Pb) that could have an impact on community composition. In the Auray estuary, the EFs of trace metals were in the same range at all stations, except for Cu at station 1A (increased by a factor three), and station 8B, where Zn and Pb showed slightly raised values. Additionally, in the Vie estuary, the EFs were similar at all stations, except for Cu at stations 4, 5 and especially 6, where the EFs were 1.5 to 2.5 times higher than everywhere else (Figure 4).




3.3. Organic Matter


The percentages of Corg and δ13C measurements are presented in Supplementary Table S5. In the Auray estuary, the percentage of acid-resistant carbon in sediment samples (%Corg) varied from 1.23 to 2.93% (Figure 5; Supplementary Table S5). In general, %Corg was higher in the inner (2.15–2.93%) than in the outer estuary (1.43 to 2.33%), except for station 8B, with a low value of 1.23%. There was no systematic trend between higher and lower stations on mudflats. The δ13C (Figure 5; Supplementary Table S5) varied from –17.71 to –23.86‰, with a gradient from high values in the outer estuary (sites 1,2 and 4) to lower values in the inner estuary (sites 5, 6, 7 and 8).



In the Vie estuary, the %Corg varied from 1.16 to 2.27% (Figure 5; Supplementary Table S5). Values were higher in outer estuary (1.96 to 2.27%) than in the inner estuary (1.16 to 1.96%). Similar to in the Auray estuary, there was a trend of decreasing δ13C (Figure 5; Supplementary Table S5), from –14.3‰ in the outer estuary (station 3) to –24.9‰ in the inner estuary (station 10A). However, this tendency was weakened at two stations (7C and 8A) with a high δ13C compared to the other inner estuary stations.



The comparison of the %Corg with the δ13C shows different patterns for the two estuaries (Figure 5). In the Auray estuary, these parameters show a significant negative correlation (R2 = 0.41, p-value = 0.01) when station 8B, with a very different sediment grain size (medium sand), is not included in the analysis. In the Vie estuary, the correlation is not significant.




3.4. Foraminiferal Distribution


3.4.1. Density


In the Auray estuary, the average foraminiferal density in the >125 µm fraction (based on the study of three replicates at each station) varied from ~25 to ~1700 individuals per 50 cm3 (Figure 6; Supplementary Table S6), without a clear spatial trend. Although the three replicates had comparable values for many stations, at stations 1B, 2A, 2B and 8B, the richest replicate was up to 10 times richer than the poorest one, suggesting considerable spatial patchiness at a decimetric scale. At several stations, foraminifera with a dissolved shell as well as organic linings were observed, but were not counted.



In the Vie estuary, the average foraminiferal density (for 3 replicates) varied from ~170 to ~1800 foraminifera per 50 cm3 (Supplementary Table S7), again without a clear spatial tendency (Figure 6). The three replicates had comparable values. At all sites with a large mudflat (sampled on a cross-shore transect), the densities increased towards higher elevation.




3.4.2. Foraminiferal Diversity


The total dataset contains 41 species (in the >125 µm fraction), of which 14 are common to both estuaries.



In the Auray estuary, 27 species were identified. Species richness (Table 1) varied between 4 and 13, the Shannon index from 0.12 to 1.65 and Exp(H’BC) from 1.14 to 5.23, without a clear tendency. However, at most sites with large mudflats (more than one station), there was a gradient from high values in the lower parts (stations B and C, lower elevation) to low values in upper parts (station A, higher elevation) of the mudflat.



In the Vie estuary, 28 species were recognised. Here, species richness varied between 7.3 and 14.3, the Shannon index from 0.18 to 0.63 and Exp(H’BC) from 1.40 to 3.33 (Table 1). Most indices had raised values at sites 3 and 4, in the outer estuary. At site 7, where three stations were sampled at different altitudes, all diversity indices increased from the highest (7A) to the lowest station (7C). However, this tendency was not observed at sites 8 and 10, where two stations were sampled.




3.4.3. Foraminiferal Communities


In the Auray estuary, 16 species were found at least at one station with an average relative frequency higher than 1% for the three replicates (Plate 1, Supplementary Table S8). Eight of these species were rotaliids (calcareous perforate test), seven were textulariids (agglutinated test) and one was a miliolid (porcelaneous test). Rotaliids accounted for more than 88% of the foraminifera, except at stations 8A and 8B, in the inner estuary, where textulariids were abundant (Figure 7). Miliolids were present at all stations but represented at most 6.5% of the relative abundance. At all stations except 8B, Haynesina germanica was dominant (50–96%). The Ammonia tepida group was present in the whole estuary (except at 8B), with values up to 18%. It showed much lower percentages at all stations at higher elevation (2A, 2B, 4A, 5A, 6A). Phylotype Ammonia sp. T1 was dominant (about ~75%), and was accompanied by Ammonia sp. T2 (~20%) and sp. T6 (~5%), without a clear spatial tendency. Elphidiids were mostly present in the outer estuary (site 1), at stations of lower elevation (1B, 1C, 2C), where they reached up to 30%, and were mainly represented by Elphidium margaritaceum and Elphidium oceanense. Elphidium margaritaceum was only observed at sites 1 and 2, while E. oceanense was also present in the inner estuary, but with lower densities. The agglutinated species, especially frequent at stations 8B (95%) and 8A (27%), were dominated by Ammotium salsum, with a minor contribution of Trochammina inflata and Ammobaculites agglutinans. Among the miliolids, Quinqueloculina oblonga occurred at almost all stations, with a maximum at 1B and 1C, whereas Quinqueloculina jugosa was rare, and never attained 1%.



In the Vie estuary, eight species were found at least at one station with an average relative frequency larger than 1% for the three replicates (Plate 1, Supplementary Table S9). Six of these species were rotaliids, whereas the other two were miliolids. Rotaliids always accounted for most of the foraminiferal community (89–99%). Miliolids (Q. jugosa and Q. oblonga) were present at all stations, with a maximum of 10.5%. The sampling sites can be divided into three zones (Figure 7). At sites 3, 4, and 5, the assemblages were dominated by Elphidium selseyense (49–78%). The three sites in the middle estuary (6, 7 and 8) were dominated by H. germanica (56–92%), whereas E. selseyense dropped to low values (12.4% or less). Elphidium selseyense was virtually absent at the stations of highest elevation (7A, 8A and 10A). Towards the inner part of the estuary, the Ammonia tepida group increased, to become dominant (41–49%) at stations 9, 10A and 10B. At stations were the Ammonia tepida group was abundant, phylotypes T1 (~50%) and T6 (~40%) were dominant (~75%), accompanied by T2 (10%), without a clear spatial pattern. Miliolids (essentially Q. jugosa and Q. oblonga) showed slightly raised percentages at stations 4, 8B, 9 and 10B.



For all dominant species, correlations with the main environmental parameters and with MII were calculated (Supplementary Table S12). Elphidium selseyense and Q. oblonga are both negatively correlated with emergence time, whereas H. germanica shows a positive correlation with this factor in the Auray estuary. Ammobaculites agglutinans and Ammotium salsum show a negative correlation with the distance to the sea, as does the A. tepida morphogroup and E. oceanense in the Vie estuary. Elphidium selseyense is the only taxon showing a negative correlation with the sediment fine fraction. Finally, E. selseyense and H. germanica are positively correlated with %Corg, whereas Q. oblonga shows a negative correlation.



The non-standardised PCA model based on percentage data of the dominant species yields three significant axes that explain, respectively, 58.2, 23.3 and 15.4% of the total variance (Figure 8). The eigenvalues and species loadings on the three axes are listed in Supplementary Table S11.



The three first PCA axes are dominated by the four most common taxa. Haynesina germanica has a high positive loading on axis 1, whereas E. selseyense and A. salsum have a negative loading. The second PCA axis is positively loaded by E. selseyense and H. germanica, and negatively by A. salsum and the A. tepida group. Finally, the third axis is driven by the A. tepida group and A. salsum.



The ordination model is determined by a small number of stations with very distinct foraminiferal communities (Figure 8). This concerns especially station 8B of Auray and stations 3, 4 and 5 of the Vie estuary. Station 8B of Auray is in the negative domain of both axis 1 and axis 2, because of the high percentage of A. salsum. The position of stations 3, 4 and 5 of the Vie estuary (negative on axis 1, positive on axis 2) is explained by their high percentage of E. selseyense.



For the remaining samples, the axial plot of PCA1 and PCA2 shows an overlap between the two estuaries, with samples being organised mainly along PCA1, largely as a function of the percentage of H. germanica. For most sites where several stations were sampled at different altitudes, the higher samples (with longer emergence times) have higher values on PCA1.



The axial plots of PCA1 and PCA3 show that PCA3 mainly distinguishes the inner estuary stations 9, 10A and 10B of the Vie estuary, which have high scores on PCA3, due to a high proportion of the A. tepida group.



Both the normalised distance to the sea (R2 = 0.46, p = 0.001) and the <63 µm grain size fraction (R2 = 0.30, p = 0.05) show significant correlations with the PCA model. No significant correlations were found for the %Corg and the normalised emergence time (Table 2).




3.4.4. Foraminiferal Indices of Environmental Quality


In the Auray estuary, at all stations except station 8B (Foram-AMBI: 1.41), the values of Foram-AMBI varied between 2.57 and 3.02, resulting in a good quality status (1.2 < Foram-AMBI < 3.3), although close to the upper limit of this category (Table 3). In the Vie estuary, stations 3 to 5 had values between 0.95 and 1.5 (high to good ecological quality), whereas for all other sites, the values varied from 2.60 to 3.03 (good ecological quality).




3.4.5. Relations between Foraminiferal Distribution and the Marine Influence Index (MII)


Jorissen et al. [40] suggested that the Marine Influence Index (MII) should explain part of the foraminiferal distribution in estuaries. MII values are presented in Supplementary Table S10. MII values are higher (more marine influence) in stations located near the mouth than those located in the inner part of the estuary. MII values are also higher on the lower part of the mudflat compared to the upper part. In Figure 9, the MII is compared with some major foraminiferal community characteristics. In Figure 9a,b, the MII is compared with the sample scores on PCA axes 1 and 2. A weak but significant correlation is found for PCA1 (R2 = 0.19, p < 0.05). The separation of the four stations on PCA2 (negative side: Auray 8B; positive side: Vie 3, 4 and 5) is reflected by their contrasting MIIs, but because most stations hardly load on PCA2, the overall correlation is not significant. In Figure 9c, the MII is compared to species richness. A significant positive correlation is observed (R2 = 0.36, p < 0.01) for the total dataset. The correlation is also significant for the Auray estuary alone (R2 = 0.36, p < 0.05), but is not significant for the Vie estuary. Figure 9d shows the relationship between the MII and the percentage of Elphidium spp. There is a similar tendency for both estuaries, with less than 5% Elphidium spp. at all stations where the MII is lower than 0.45. Elphidiids only become a dominant foraminiferal component when the MII is higher than 0.5. The transition between these two domains is abrupt. Figure 9e shows a significant linear correlation (R2 = 0.42, p < 0.01) between the MII and the percentage of Quinqueloculina spp. Finally, in Figure 9f, the relationship between the MII and the percentage of the Ammonia tepida group is shown. The absence of a significant correlation is partly explained by the distribution in the Vie, where high percentages (>40%) of this taxon are observed at three stations in the innermost part of the estuary (9, 10A, 10B) with different MIIs, mainly due to differences in emergence time. Correlations between all dominant species and MII are presented in Supplementary Table S12. Quinqueloculina oblonga (both estuaries), Elphidium margaritaceum (Auray), E. oceanense (Auray) and E. selseyense (Vie) are positively correlated with the MII, whereas Haynesina germanica shows a weak negative correlation with the MII.






4. Discussion


This paper focusses on the foraminiferal assemblages of intertidal mudflats of the Auray and Vie estuaries. Both estuaries are short coastal waterways of the French Atlantic coast, with relatively low riverine water supply, and a mesotidal to low macrotidal regime, but they present contrasting geomorphological characteristics. The Auray estuary is a ria, with a relatively deep channel connecting the outer estuary to the marine Morbihan Gulf, and as such is a marine-influenced estuary. Conversely, the Vie estuary is a lowland meandering waterway, potentially with a stronger riverine influence (Figure 1).



4.1. Environmental Characteristics


Besides the positions along the estuary and the altitudes of the individual sampling stations, three other environmental parameters were used to describe the foraminiferal habitat;




	(I).

	
Sediment grain size—two dominant grain size populations coexist, which may correspond to a mix of sand deposits during high river discharge periods and the settling of clay-silt from riverine input during slack waters. There is a significant decrease in grain size towards stations higher on the mudflats where tidal currents are weaker;




	(II).

	
Organic matter quantity and quality—different %Corg patterns underline the difference between the two estuaries. In the Auray estuary, the %Corg decreases seawards, whereas the opposite is observed in the Vie estuary. In fact, in the outer Auray estuary (sites 1 and 2), open to the sea, organically poor marine waters replace organically rich riverine waters. In both estuaries, δ13C shows an overall seaward decrease, which corresponds to the natural gradual transition of continental to marine organic matter [78,79]. In the outer Auray estuary, δ13C values vary from −18 to −20‰, suggesting a major contribution of microphytobenthos [59]. In the Vie estuary, the low values observed at several stations (between −14 and −16‰) could be related to the presence of macro-algae [59,80], which were observed during the sampling campaign. In summarising, it appears that both the %Corg and the δ13C trends reflect natural patterns that seem not be biased by anthropogenic organic matter input;




	(III).

	
Trace metal concentrations—in both estuaries, none of the six trace metals considered relevant for biota attains the strong enrichment limit (as defined by Larrose et al. [54]). Concerning Cu concentrations, the moderate enrichment at stations Auray 1A and Vie 6 and the minor enrichment at stations Vie 4 and 5 may be related to antifouling paint used in the nearby harbours. Only minor Pb and Zn enrichment was detected (mainly at station Auray 8B).









Low concentrations of trace metals and organic matter suggest that, except for stations Auray 1A and Vie 6 (close to harbours), the studied estuaries are not subjected to strong anthropogenic pollution. This confirms the overall evaluation of the 2019 survey [43] of average (fish-based indicator) to good ecological quality (opportunistic macro-algae, plants other than phytoplankton and hydromorphology) for the Auray estuary and good quality (intertidal and opportunistic macroalgae and plants other than phytoplankton) for the Vie estuary. Therefore, in both estuaries, the ecosystems should be mainly controlled by natural environmental parameters.




4.2. Foraminifera Communities


The foraminiferal faunas observed in the two estuaries show comparable density and diversity (Figure 6, Figure 7 and Figure 8, Table 1 and Table 3). In the Auray estuary, Haynesina germanica and the Ammonia tepida group are dominant at almost all stations. In the outer estuary, open marine neritic species (e.g., Elphidium margaritaceum, Elphidium oceanense; see Supplementary Table S13 for an overview of the ecological characteristics of the dominant taxa) are more frequent. In the Vie estuary, an up- to downstream succession of the three main assemblages is observed, all dominated by taxa typical of estuarine ecosystems. Elphidium selseyense is dominant in the outer estuary, H. germanica in the middle estuary, and finally the A. tepida group is dominant in the inner estuary. This succession is in accordance with the literature, where A. tepida and H. germanica are commonly observed as dominant species in estuaries [27,81,82] where some Elphidium species may also be frequent (E. williamsoni [27,81]; E. oceanense ([27]; E. margaritaceum [83]; E. selseyense [82,83]).



In view of the absence of strong pollution, the Auray and Vie estuaries can be considered as model ecosystems, representative of the environmental quality found today in most human-influenced, relatively weakly polluted estuaries. However, these two estuaries are obviously not pristine, but subjected to anthropogenic influences. The Vie estuary is closed upstream with a dam, whereas the outer estuary crosses an urbanised area (Saint-Gilles-Croix-de-Vie), with a marina and a fishing harbour (Figure 1B). The Auray estuary is under high touristic pressure and is also an important centre for oyster farming. Even if metal enrichment is only minor or moderate, we cannot exclude the possibility that the combined effects of raised trace element concentrations and other stressors can affect the foraminiferal communities. In order to recognise the eventual impacts of multiple stresses, we will investigate (1) whether the moderate enrichment in Cu at two stations has affected the foraminiferal communities there, and (2) whether some deviating foraminiferal assemblage characteristics can eventually reflect localised pollution.



At the upper mudflat station Auray 1A, next to the harbour of Locmariaquer, moderate Cu enrichment was observed. However, the foraminiferal community was similar to that found at nearby (not Cu-enriched) stations (1B, 1C, 2C; Figure 7). Similarly, at station Vie 6, a moderate Cu enrichment was also measured. The foraminiferal community at this station seemed to be intermediate between those found at the nearby sites 5 and 7 (Figure 7). Apparently, there is no foraminiferal community response to the moderate Cu enrichment observed at these stations.



Two groups of stations stand out by their particular faunal composition; they are strongly opposed on PCA axis 2 (Figure 8):




	(1).

	
The foraminiferal assemblage at station Auray 8B is composed by more than 90% agglutinated species (Ammotium salsum, Ammobaculites agglutinans, Trochammina inflata). These agglutinated species, typical of oligohaline conditions, are commonly found in salt marshes [28,84,85] and may also occur in inner estuaries [86]. This assemblage is compatible with the low salinity recorded (about 16 at high spring tide). Station 8B also stands out because of its much higher proportion of medium sand. Very close to station 8B, the estuary artificially narrows to a single channel to pass under a road bridge, leading to a higher current velocity (Figure 3). This brackish and dynamic hydrological setting could explain the very different foraminiferal community observed at this station;




	(2).

	
In the Vie estuary, stations 4 and 5 have been sampled on concrete shipping ramps, covered with several-decimetres-thick mud deposits, inside docks in the St-Gilles-Croix-de-Vie harbour, and undergo strong anthropogenic influence. This is partly evidenced by the slightly increased Cu concentrations at these two stations (Figure 4), corresponding to minor enrichment [51]. At these stations the foraminiferal community shows high abundances of E. selseyense. In view of the preference of E. selseyense for the outer estuary [86], and the occurrence of a similar community at station 3, where no increased Cu-content was observed, it seems unlikely that its dominance at these stations reflects strong pollution.









In conclusion, the foraminiferal patterns in both estuaries seem to be controlled by natural parameters. There is no indication that the different composition of the foraminiferal community at the sites discussed above is a response to anthropogenic pollution.




4.3. Comparison with Previous Studies


The foraminifera of the Auray and Vie estuaries have been extensively studied in the past [87,88,89]. Unfortunately, there are some important methodological differences between our study, using the recently proposed FOBIMO sampling protocol [44], and these former studies, especially with respect to the determination of living specimens (by Rose Bengal staining), the preservation procedure and the studied size fractions. Although a detailed comparison is not possible, some observations can be made on the basis of these studies.



The Auray estuary was studied in 1994 by Redois [87]. The areas corresponding to our sampling sites show the same main species: Haynesina germanica, Ammonia tepida, Quinqueloculina oblonga (determined as Q. seminula forma 2), Elphidium oceanense (determined as Cribroelphidum gunteri), E. margaritaceum (determined as E. pulvereum) and Ammonium salsum. At our site 8, the only one where A. salsum substantially contributes to the foraminiferal community (23% at 8B, 81% at 8A), Redois also observed this agglutinated species, at a maximum of 9%. In the middle estuary (stations 4 and 5), Redois [87] described Q. oblonga as a major species (up to 55%), while this is only a minor species (<6.3%) in our samples. This may be explained by the fact that Redois analysed the >50 µm size fraction, where the small-sized species Q. oblonga is logically more abundant than in the >125 µm fraction studied here. In Redois [87], the study of the seasonal variability of the foraminiferal community reveals the maximum abundance during the summer months. The dominant species H. germanica and A. tepida show a second density increase in winter. Our sampling in July 2019 would therefore correspond to a maximum abundance period.



The Vie estuary was studied in the 2000s by Debenay et al. [88,89]. These authors described the same up–downstream biozonation as we found, with three dominant species. These observations confirm that the foraminiferal succession observed in the Vie estuary has lasted for at least 20 years. A difference with our study is the high abundance of Bolivina striatula, observed at many stations [88,89]. Since we observed this species in large numbers in the 63–125 µm size fraction, this is probably due to the use of a smaller size fraction (>63 µm) by Debenay et al. [88]. The study of the temporal variation in foraminiferal assemblages in the Vie estuary [89] revealed two major reproduction periods, in spring and early autumn. If these reproduction periods are recurrent, our sampling in October 2018 would correspond to the end of the second reproduction period.



In summarising, the main conclusion of the comparison of our results with these earlier data is that the foraminiferal communities of both estuaries did not change substantially over the last 25 years.




4.4. Foraminiferal Indices of Environmental Quality


Since the faunal characteristics seem to be substantially affected by pollution (trace metal and organic matter pollution) at none of our stations, an index of environmental quality should give comparable values, indicative of a good environmental quality, for all stations. Here, three different approaches are tested to see whether this is indeed the case.



The first approach uses indicator species. The percentage of one or more species thought to be tolerant to pollution is used to estimate the extent of pollution. For instance, some authors considered Haynesina germanica as resistant to pollution, and suggested that its increasing dominance may be considered as an indicator of pollution impacts from organic matter, heavy metals and/or hydrocarbons [35,90]. However, many studies describe H. germanica as a dominant species in natural estuarine mudflats [27,29,33,81,83,88,91,92,93,94,95]. In the Auray and Vie estuaries studied here, H. germanica was dominant (up to 98%) at most sites. Since there is no indication of major pollution impact in our estuaries, it appears that it is not possible to use the percentage of this taxon as an indicator of pollution in estuarine mudflats.



Following studies on the environmental quality in Norwegian fjords [15], Bouchet et al. [96] suggested that the diversity index exp(H’BC) calculated for living benthic foraminifera could be used to determine the Ecological Quality Status (EQS) in transitional waters. They applied this index in five coastal lagoons of the Mediterranean Sea, and showed that their index adequately assessed sites with a degraded environmental quality. According to the EQS ranges proposed by Bouchet et al. [96] for transitional water masses, the quality of all our samples should be classified as poor (Exp(H’bc) < 3) or bad (3 < Exp(H’bc) < 7) (Table 1). In view of the absence of indications of strong pollution by metallic trace elements and organic matter enrichment, it appears that the EQS limits proposed by Bouchet et al. [96] are inappropriate to qualify our estuarine environments. In fact, the diversity index Exp(H’BC) shows a weak positive correlation with marine influence (MII: R2 = 0.16, p < 0.01), and a weak negative correlation with emergence time (R2 = 0.09, p < 0.01) and with the percentage of grains < 63 µm (R2 = 0.20, p < 0.01). This suggests that in the Auray and Vie estuaries, foraminiferal diversity is at least partly controlled by these three natural parameters. The low environmental quality, as suggested by exp(H’BC), is not realistic, and illustrates the problem of the estuarine paradox [21].



In a recent article, Bouchet et al. [25] investigated the possibility of applying Foram-AMBI [17] to intertidal and transitional environments. Similar to AMBI, originally developed for macrofauna [97], Foram-AMBI is calculated on the basis of the cumulative frequencies of five ecological groups (EGI to EGV). All foraminiferal species are attributed to one of these groups on the basis of the correlation of their percentage distribution with the percentage of organic carbon in the sediment [17,19]. Bouchet et al. [25] used the same strategy to attribute foraminiferal species from transitional water masses to these five ecological groups, based on 42 distributional studies from the Northeastern Atlantic and Mediterranean. They have then tested the Foram-AMBI method on data sets from intertidal areas along the French Atlantic coast and a harbour in Sardinia, Italy.



When the Foram-AMBI is applied to our dataset, all stations obtain a “high” to “good” quality status (Table 3), which is in accordance with our expectations. However, when looking in more detail, it appears that stations 3, 4 and 5 of the Vie estuary, located in the strongly anthropogenised outer estuary, show lower Foram-AMBI values (indicative of a higher environmental quality) compared to stations found in the much more natural inner part of the estuary. This is the opposite of what could be expected.



In case of the low-diversity foraminiferal communities observed in estuaries, the Foram-AMBI values are almost entirely determined by the few dominant species. In the Vie estuary, Elphidium selseyense is dominant in the outer estuary, whereas H. germanica and the Ammonia tepida group prevail in the middle and the inner estuary, respectively. These species have been attributed to EGI (E. selseyense, as Cribroelphidium excavatum) and EGIII (H. germanica and A. tepida group), respectively. The lower Foram-AMBI values at stations 3, 4 and 5, in the outer part of the Vie estuary, are entirely due to the high percentage of E. selseyense at these stations.



Moreover, as Bouchet et al. [25] correctly indicated, this method attains its limits of applicability when marsh environments are considered. Coastal and estuarine marshes are usually covered by dense vegetation, leading to raised organic carbon contents in the sediment. The foraminiferal communities in coastal marshes tend to be dominated by a low number of characteristic agglutinated species. Therefore, these species necessarily show a strong correlation with high Corg levels, even in completely natural conditions. If the Foram-AMBI classification could be rigorously applied, they should be placed in the EGV (first-order opportunistic species), indicative of strong pollution. For this reason, Bouchet et al. [25] decided not to assign typical salt marsh species.



Although the Foram-AMBI method gives reliable answers for open marine waters and for other transitional water masses (such as marine intertidal areas or marine harbours), we think that in estuarine mudflats, this method should be applied with caution.



It appears that none of the three above mentioned approaches, which have been successfully applied in coastal waters as well as in other transitional water masses, give fully satisfactory results in estuarine intertidal mudflats. This is mainly due to the fact that the foraminiferal assemblages there are naturally dominated by a small number of stress-tolerant and/or opportunistic taxa. In this specific context, a prerequisite for a successful index of environmental quality is to know the theoretical composition of the assemblage that responds to natural environmental characteristics. Only once this is achieved can major deviations from the natural distribution be recognised and attributed to anthropogenic pollution. In the next section, the Marine Influence Index, proposed by Jorissen et al. [40] as an integrative descriptor of the main controlling parameters in estuaries, will be investigated to see if it can help to assess the natural foraminiferal composition, and thereby detect distributional anomalies due to pollution.




4.5. Foraminiferal Community and the Marine Influence Index (MII)


The Marine Influence Index (MII) has been proposed as an integrative measure of several factors controlling the foraminiferal community’s characteristics. If correctly defined, the MII should show significant relationships with the main foraminiferal parameters in estuaries not substantially affected by pollution.



The rationale for the MII is the fact that, although salinity (specifically its variation) is probably the major factor influencing community distribution in estuaries, this parameter is very difficult to measure, especially on intertidal mudflats at low tide. Since salinity may show large changes over tidal and weekly to monthly periods [47], a punctual measurement is not representative of all conditions to which the foraminiferal community adapts [48]. For this reason, we prefer to not use the on–off salinity values measured during sampling, but instead use the MII index, which is supposed to estimate the degree of influence of marine waters at a sampling point.



In our study, the MII shows a weak positive correlation with axis 1 (R2 = 0.19, p < 0.05) of the Principal Component Analysis. Although the relationship with PCA axis 2 is not significant, the four stations that are separated on this axis (Vie 3, 4 and 5 versus Auray 8B) have very different MII values. Figure 8 shows that PCA axis 1 is positively correlated with emergence time, whereas axis 2 is correlated with distance to the sea (Table 2), two parameters integrated into MII. PCA axis 1 also shows a strong positive correlation with the percentage of grains <63 µm, which increases towards more elevated stations with longer emergence times.



A relationship between the MII and several individual foraminiferal parameters (Figure 9) is also observed: (1) a significant positive correlation with species diversity, (2) a significant nonlinear relationship with the percentage of Elphidium spp., which only rises above 10% when the MII is larger than 0.5, and (3) a positive correlation with the percentage of Quinqueloculina spp. This suggests that the MII includes some of the main environmental parameters controlling the foraminiferal community, and that different MII scores correspond to different community characteristics.



Elphidium spp. and Quinqueloculina spp. show an increase in their relative frequencies as they move towards higher MIIs, and both have a preference for more marine conditions [27,86]. These species are indeed less tolerant to the stressful natural conditions characterising estuarine mudflats, as suggested by their increasing frequency towards the outer estuary and the lower part of the mudflats. When strong anthropogenic pollution is superposed on natural stress, this should lead to a further decrease in their frequency. In this context, it is interesting to observe that the percentages of both taxa are unexpectedly low (compared to the observed regression) at station 6 in the Vie estuary (Figure 9). In view of the moderate Cu enrichment observed at this site, it cannot be excluded that the lower percentage of these two groups is due to anthropogenic pollution. This example illustrates how the use of the MII can help us to detect stations with anomalous community characteristics due to pollution. However, individual cases should be treated with care. In the case of station Vie 6, the unexpectedly low percentages of Elphidium spp. and Quinqueloculina spp. could also be explained by an over-estimation of the MII. There may be several reasons for this:




	(1)

	
The uncertainty about the distance to the sea, especially in cases of man-made structures, which artificially block salt intrusion;




	(2)

	
The difficulty of measuring altitude (used to calculate emergence time). As explained in the Section 2, different approaches were used for the stations at higher and lower altitudes. This may have led to errors, especially for the higher stations;




	(3)

	
Both estuaries have been sampled after dry periods, with exceptionally low runoff volumes in the 30 days before sampling. Consequently, our RD/CS values (river discharge divided by the estuarine channel cross-area) are almost zero, and do not play a role in the calculation of our MII. As shown by Jorissen et al. [40], this will be different in different seasons;




	(4)

	
The scaling factors α, β and γ, contributing the three factors making up the MII (distance along the salinity gradient, emergence time, relative importance of river discharge), have not been determined yet. A much larger data set is needed to define these constants.









In spite of these uncertainties concerning the calculation of the MII for individual stations, our first results are promising. The MII is significantly correlated both with the main environmental parameters controlling the foraminiferal community and with several foraminiferal characteristics.





5. Conclusions


Estuarine ecosystems are controlled by an intricate complex of environmental parameters. In this context, the relationship between foraminiferal communities and environmental drivers is not yet fully understood.



Today, all estuaries on the French Atlantic coast are to some extent influenced by human activities, and none of them can be considered as pristine. However, on the basis of organic matter and trace metal analyses, we suggest that the Auray and Vie estuaries are not subjected to strong anthropogenic pollution. Thus, these two estuaries can be used to better understand the foraminiferal distribution in estuarine environments affected by low to moderate anthropogenic influence.



In both the Auray and Vie estuaries, the foraminiferal communities are dominated by Haynesina germanica and the Ammonia tepida group. Stations located near the mouth of the estuary show a higher diversity, with an increasing contribution of Elphidium and Quinqueloculina species. Stations located in the inner estuary, with a stronger river influence, show a higher proportion of agglutinated species (Ammotium salsum, Ammobaculites agglutinans). Multivariate statistical analyses suggest that (1) the distance to the sea and (2) the percentage of fine sediment (<63 µm) are the main parameters explaining the foraminiferal distribution.



Several biotic indices of environmental quality have been tested on our estuarine dataset. When using the Ecological Quality Status (EQS) ranges based on the diversity index Exp(H’BC), all our stations were classified as “poor” or “bad”. In view of the absence of indications of severe pollution, the limits between EQS classes appear unsuitable for estuarine environments characterised by low-diversity communities. In Foram-AMBI, the classification of species in ecological groups is based on their position on a theoretical Corg gradient. In our estuarine intertidal mudflats, where a significant correlation between foraminiferal distributions and %Corg was not observed, and where the foraminiferal assemblages are dominated by a low number of species, this method should be applied with caution.



For the 27 stations of our two estuaries, the Marine Influence Index (MII) is significantly correlated with the first axis of our PCA model. MII also shows a significant correlation with several individual foraminiferal parameters, such as the species number and the percentages of Elphidium spp. and Quinqueloculina spp. This suggests that MII indeed integrates the main environmental parameters controlling the foraminiferal community’s characteristics. At station 6 in the Vie estuary, where moderate copper enrichment was observed, the values of the three faunal parameters related to MII were lower than expected on the basis of MII, possibly due to the effect of pollution. This example shows how MII can be used to detect deviations from the natural distribution patterns. However, before applying this concept routinely, the values of the MII weighing constants α, β and γ, which were all set at 1.0 here, have to be calibrated in a much larger data set. Once the calibration of MII is fully achieved, this index can be used in polluted estuaries to recognise major deviations from the natural distribution due to anthropogenic pollution.
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Figure 1. Location of sampling sites along the Auray (A) and Vie (B) estuaries. Sites Vie 1, Vie 2 and Auray 3 are not considered for this study. Hatched zones represent urbanised areas and stripes represent salt marshes. 
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Figure 2. SEM images of the most abundant living benthic foraminiferal species in the study area. 1. Ammonia sp. T1.—Vie 4. 2. Ammonia sp. T2.—Vie 4. 3. Ammonia sp. T6.—Vie 4. 4. Elphidium selseyense (Heron-Allen and Earland, 1911)—Vie 3. 5. Elphidium margaritaceum Cushman, 1930—Auray 1C. 6. Elphidium oceanense (d’Orbigny in Fornasini, 1904)—Auray 1C. 7. Haynesina germanica. (Ehrenberg, 1840)—Vie 8B. 8. Quinqueloculina jugosa Cushman, 1944—Auray 1C. 9. Quinqueloculina oblonga (Montagu, 1803)—Auray 1C. 10. Ammotium salsum (Cushman and Brönnimann, 1948)—Auray 8B. 11. Ammobaculites agglutinans (d’Orbigny, 1846)—Auray 8B. 12. Trochammina inflata (Montagu, 1808)—Vie 7A. Scale bar = 100 µm. 
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Figure 3. Sediment grain size distribution (yellow dashes curves), and grain size populations reconstructed with Peakfit® software version 4.12 (solid-coloured curves) for 10 typical stations of Auray and Vie estuaries (location on Figure S1). A, B, C: from high to low mudflat. See Supplementary Table S3 for numerical data and Supplementary Figure S1 for other stations. 
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Figure 4. Enrichment factors calculated for Cr, Ni, Cu, Zn, Cd and Pb in stations of the Auray (A) and Vie (B) estuaries. Limits of strong, moderate and minor enrichment are according to Larrose et al., 2010. See Supplementary Table S4 for detailed data. 
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Figure 5. Relationship between the organic carbon content and δ13C in the Auray (left) and Vie estuaries (right). In the Auray estuary, station 8B has not been taken into account. 
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Figure 6. Total foraminiferal density in the Auray (A) and Vie (B) estuaries. The stations are ordered from the outer (left) to the inner estuary (right). The numbers correspond to the mean density of the three replicates and are expressed in individuals/50 cm3. 
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Figure 7. Composition of foraminiferal assemblages (>125 µm fraction) in the Vie and Auray estuaries. 
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Figure 8. PCA ordination diagram based on foraminiferal data. (Left): PCA1 vs. PCA2; (right): PCA1 vs. PCA3. The environmental parameters were fitted to the PCA, and the length of the arrows is proportional to the strength of the fits. 
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Figure 9. Relationship between MII and (a) PCA axis 1, (b) PCA axis 2, (c) number of species, (d) % Elphidium spp., (e) % Quinqueloculina spp. and (f) % Ammonia tepida group. Auray estuary: blue triangles; Vie estuary: red dots. All correlations were performed with Spearman tests, solid lines correspond to significant correlations. Regression lines are based on generalised linear model (a,c) and non-linear regression (d,e). The MII tends to be maximal at lower stations in the outer estuary and minimal at higher stations in the inner estuary. 
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Table 1. Diversity indices in the Auray estuary. For every station the average of the three replicate samples is given.
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Estuary

	
Station

	
Species Richness

	
Shannon

	
Exp(H’BC)






	
Auray

	
1A

	
8.0 (±2.0)

	
0.68 (±0.16)

	
2.01 (±0.31)




	
1B

	
10.7 (±1.2)

	
1.44 (±0.08)

	
4.22 (±0.30)




	
1C

	
12.7 (±2.5)

	
1.65 (±0.13)

	
5.23 (±0.72)




	
2A

	
2.0 (±1.7)

	
0.15 (±0.28)

	
1.37 (±0.63)




	
2B

	
4.3 (±4.9)

	
0.40 (±0.53)

	
1.80 (±1.02)




	
2C

	
8.0 (±1.0)

	
0.80 (±0.16)

	
2.26 (±0.33)




	
4A

	
8.7 (±1.5)

	
0.64 (±0.26)

	
1.95 (±0.48)




	
4B

	
8.0 (±1.0)

	
0.62 (±0.17)

	
1.92 (±0.31)




	
5A

	
5.0 (±1.7)

	
0.12 (±0.03)

	
1.14 (±0.05)




	
5B

	
11.7 (±2.3)

	
0.86 (±0.24)

	
2.49 (±0.57)




	
6A

	
7.3 (±0.6)

	
0.30 (±0.17)

	
1.37 (±0.24)




	
6B

	
11.7 (±0.6)

	
0.73 (±0.26)

	
2.14 (±0.54)




	
7

	
5.7 (±1.2)

	
0.69 (±0.04)

	
2.02 (±0.09)




	
8A

	
8.3 (±1.2)

	
1.27 (±0.14)

	
3.73 (±0.34)




	
8B

	
5.3 (±2.3)

	
0.68 (±0.29)

	
2.07 (±0.56)




	
Vie

	
3

	
14.3 (±1.5)

	
1.14 (±0.20)

	
3.17 (±0.27)




	
4

	
12.3 (±2.5)

	
1.09 (±0.35)

	
3.10 (±1.07)




	
5

	
9.3 (±2.3)

	
0.87 (±0.04)

	
2.45 (±0.30)




	
6

	
9.0 (±2.6)

	
0.68 (±0.17)

	
2.00 (±0.31)




	
7A

	
8.3 (±1.2)

	
0.33 (±0.01)

	
1.40 (±0.01)




	
7B

	
8.0 (±0.0)

	
0.40 (±0.11)

	
1.50 (±0.15)




	
7C

	
10.7 (±0.6)

	
0.99 (±0.16)

	
2.72 (±0.41)




	
8A

	
9.7 (±0.6)

	
1.19 (±0.07)

	
3.30 (±0.19)




	
8B

	
7.3 (±0.6)

	
0.65 (±0.11)

	
1.92 (±0.20)




	
9

	
9.7 (±0.6)

	
1.20 (±0.12)

	
3.33 (±0.06)




	
10A

	
8.7 (±0.6)

	
1.03 (±0.10)

	
2.84 (±0.34)




	
10B

	
7.3 (±0.6)

	
0.71 (±0.22)

	
2.05 (±0.15)
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Table 2. Envfit results: multiple regression of environmental variable with ordination axes.
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	PCA1
	PCA2
	PCA3
	R2
	p-Value





	% Corg
	0.37
	0.78
	−0.51
	0.15
	0.29



	<63 µm grain size
	0.88
	0.26
	0.40
	0.30
	0.05 *



	Distance to the sea
	−0.13
	0.98
	0.12
	0.46
	0.001 *



	Emergence time
	−0.96
	−0.15
	0.24
	0.16
	0.24







Note: * indicate significant p-values.













[image: Table] 





Table 3. Results of the Foram-AMBI on Auray and Vie stations and associated ecological quality status (<1.2: High; 1.2-3.3: Good; 3.3-4.3: Moderate; 4.3-5.5: Poor; >5.5: Bad).
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Auray

	
Station

	
Foram-AMBI

	
Ecological

Quality

Status

	
Vie

	
Station

	
Foram-AMBI

	
Ecological

Quality

Status




	
1A

	
2.92 ± 0.01

	
Good

	
3

	
1.49 ± 0.14

	
Good




	
1B

	
2.83 ± 0.05

	
Good

	
4

	
0.95 ± 0.51

	
High




	
1C

	
2.56 ± 0.10

	
Good

	
5

	
1.04 ± 0.04

	
High




	
2A

	
2.97 ± 0.05

	
Good

	
6

	
2.68 ± 0.12

	
Good




	
2B

	
2.90 ± 0.09

	
Good

	
7A

	
3.00 ± 0.01

	
Good




	
2C

	
3.01 ± 0.06

	
Good

	
7B

	
2.94 ± 0.03

	
Good




	
4A

	
2.95 ± 0.20

	
Good

	
7C

	
2.75 ± 0.16

	
Good




	
4B

	
2.98 ± 0.00

	
Good

	
8A

	
2.60 ± 0.04

	
Good




	
5A

	
3.02 ± 0.02

	
Good

	
8B

	
3.03 ± 0.03

	
Good




	
5B

	
2.95 ± 0.06

	
Good

	
9

	
2.77 ± 0.08

	
Good




	
6A

	
3.00 ± 0.03

	
Good

	
10A

	
2.93 ± 0.05

	
Good




	
6B

	
2.94 ± 0.02

	
Good

	
10B

	
2.99 ± 0.00

	
Good




	
7

	
2.93 ± 0.06

	
Good

	

	

	




	
8A

	
2.57 ± 0.16

	
Good

	

	

	




	
8B

	
1.41 ± 0.07

	
Good
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