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The benthic foraminiferal assemblages are commonly used to indicate different oxygenation conditions. In the last few decades, pore characteristics of the benthic foraminiferal tests from the micro-perspective using high-spatial-resolution analysis have been extensively suggested to indicate redox changes. Based on the whole test of the living shallow-infaunal species Bolivina robusta using a more representative and comprehensive method, we observed a significant negative correlation between the pore density (PD) and bottom dissolved oxygen (DO) concentration, and the average PD was about 36% higher in hypoxic environments (DO<3 mg/l) than in oxic environments (DO>3 mg/l). In terms of reproduction pattern in hypoxic environments, the species seemed to mainly choose the asexual life cycle (74.60%) to get more small generations with larger pore size (PS) (asexual 7 μm vs. sexual 4 μm) and exterior ornamentation (irregular papillae) as their survival strategy. The results provide new insight into the benthic foraminiferal ecology to reconstruct the pale-oceanography and paleo-ecology changes in the East China Sea. Moreover, this study has the potential to be applied in broad regions as an independent proxy by comparison to other widely-distributed benthic foraminiferal species.
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1 Introduction

The wide distribution of benthic foraminifera and their rapid response to ecological and environmental changes make them one of the best representatives of seafloor habitats, which are characterized by a combination of different physical, chemical, and biological conditions (Jorissen, 1999; Murray, 2006; Bernhard et al., 2010). The microhabitat preferences of foraminiferal individual taxa may change in response to the changing of pelagic environmental conditions (Jorissen et al., 1995), particularly fluctuations in oxygen levels and food supply (Corliss and Emerson, 1990; Sjoerdsma and van der Zwaan, 1992; Osterman et al., 2008; Farouk et al., 2023), and/or on interactions of competition and predation (Murray, 2006).

From macro-perspective, the conventional benthic foraminiferal assemblages were often used to reconstruct palaeoceanographic and palaeoecological conditions (Kuhnt et al., 2013; Farouk et al., 2023), including but not limited to the changes in oxygenation, whose characteristic taxa are named as low-oxygen foraminiferal assemblages (LOFAs/LOFA) (Bernhard and Bowser, 1999; Brunner et al., 2006; Swarzenski et al., 2008; Wang et al., 2014; Lee et al., 2016). However, existing approaches to using the LOFA and its diversity as a quantitative oxygen indicator still lack reliable calibrations for live faunas and recent data sets (Kuhnt et al., 2013 and references therein). As a possible solution for this, morphological features of benthic foraminiferal tests (ornamentations and pores) observed from the micro-perspective using high-spatial-resolution analysis (with Scanning Electron Microscope, SEM; Atomic Force Microscope, AFM), have been extensively suggested to be related to different oxygenation conditions (Glock et al., 2011; Kuhnt et al., 2013; Kuhnt et al., 2014; Petersen et al., 2016; Rathburn et al., 2018; Giordano et al., 2019; Richirt et al., 2019; Lu et al., 2021).

Field and laboratory observations have shown that the test pores could be used for indicting gas exchanges, and the size and number of pores on benthic foraminifera tend to exhibit a significant change from well-oxygenated to oxygen-depleted environments (Berthold, 1976; Leutenegger and Hansen, 1979; Pérez-Cruz and Machain Castillo, 1990; Moodley and Hess, 1992; Resig and Glenn, 2003; Bernhard et al., 2010; Kuhnt et al., 2013; Kuhnt et al., 2014; Dubicka et al., 2015). Pores also supply a pathway between the exterior and interior chambers for releasing metabolic carbon dioxide (CO2), absorbing solution organic substances for feeding, nitrate respiration, etc. (Berthold, 1976; Glock et al., 2011; Kuhnt et al., 2014; Richirt et al., 2019). The porosity (percentage of surface area covered by pores), which is largely and directly correlated with the pore density (PD) and pore size (PS), indicates a crucial metabolic need of physiology under oxygen-depleted levels (Richirt et al., 2019), i.e., the higher porosity, the higher efficiency of oxygen intake. Specifically, the PD is inversely related to ambient bottom dissolved oxygen (DO) concentration (Glock et al., 2011; Kuhnt et al., 2013; Kuhnt et al., 2014), while the PS has a variable relationship to the DO (Moodley and Hess, 1992). Therefore, the porosity has been widely used as a quantitative proxy to reveal the oxygen conditions, based on the results of selecting partial test areas using manual measurements and/or automated methods with a software package (e.g., software AxioVision 4.7 from ZEISS and software ImageJ) (Kuhnt et al., 2013; Kuhnt et al., 2014; Petersen et al., 2016; Rathburn et al., 2018; Giordano et al., 2019; Richirt et al., 2019; Lu et al., 2021). Though extremely time-consuming, manual measurements have obvious advantages of avoiding problematic pores (e.g., infilled, covered with detrital material, dissolved, and broken by mechanical force), and measuring the offset due to the curvature of the test (Petersen et al., 2016). Automated pore measurement can facilitate processing substantial data rapidly in a short time, but may under- or over-estimated PD/porosity results of inclined, non-perpendicular pores, or pores with similar colors as the surrounding test (Kuhnt et al., 2014; Petersen et al., 2016). Therefore, the advised manual post-treatment of the data is necessary for measurements analyzed using automated approach (Petersen et al., 2016). Moreover, problems may exist for the representativeness of the selected area for most non-flattened species or very large specimens (Petersen et al., 2016).

We have been aware that the foraminiferal porosity is more appropriate than using the PD or PS separately as the hypoxic proxy. However, in the calcification process of the foraminiferal test, a thin calcite layer is being precipitated over the entire test with addition of every new chamber, and the subsequent calcite layers may cause slight changes in the pore characteristics of earlier chambers (Murray, 2006; Glock et al., 2011; Richirt et al., 2019). On the other hand, partial pores are deformed large, filled, or broken in the post-sedimentary process (Petersen et al., 2016). In both cases, the selectivity of statistics for the inconsistent PSs may generate several offsets. Therefore, we had to eliminate the PS and only choose the PD on the relatively flat surface of species Bolivina robusta Brady tests using the manual measurements. The dataset from the whole test of each specimen is more representative and comprehensive than selecting a partial test area to examine the relationship between the PD and DO. Our study aims to develop a reliable, non-destructive, and unlocalized method for quantitatively describing pores in the benthic foraminiferal tests. In the proposed approach, PD could be used to further explore the potential hypoxia as a proxy for the palaeo-environment.




2 Materials and methods



2.1 Study area

The Changjiang (Yangtze River) has a strong influence on the continental shelf through the diluted water (CDW, Changjiang Diluted Water), which extends in the estuaries and adjacent seas throughout the year. Moreover, the CDW triggers stratification and turbid plumes during the flood season (May-October) with 75% of the Changjiang River annual runoff (Dagg et al., 2004; McKee et al., 2004; Burone et al., 2013). Due to the dissolved inorganic nitrogen (DIN) supply (116 Gmol yr−1) (Shen et al., 2006), the primary production (PP) in the CDW plume region may reach as high as 2079 mg C m-3d-1 (Gong et al., 2006). The current system (Figure 1b) in our study area includes the CDW, the Subei coastal current as a branch of the Yellow Sea Coastal Current (YSCC), a perennial northward branch of the Taiwan Warm Current (TWC), and the East China Sea Coastal Current (ECSCC), which interact actively and collectively to govern the hydrodynamics in this region (Wang et al., 2014 and references therein).




Figure 1 | Local currents and sampling stations. (A) is the macroscopic location in China, (B) is the local area, (C) is the distribution of sampling stations. YSCC is Yellow Sea Coastal Current, TWC is Taiwan Warm Current, ECSCC is East China Coastal Current, and CDW is Changjiang (Yangtze River) Diluted Water.



Based on the DO concentrations, four oxygenation levels of microenvironments were categorized, i.e., oxic (DO>3.0 (or 2.0) mg/l), dysoxic (DO within 3.0 (or 2.0) -0.3 mg/l), suboxic (DO within 0.3-0.0 mg/l), and anoxic (DO=0.0 mg/l). The later three levels are collectively known as the hypoxia (Tyson and Pearson, 1991; Diaz, 2001; Wang et al., 2012). Studies have shown that the seasonal hypoxia off the Changjiang estuary in the East China Sea (ECS) (Figures 1a, b) is the largest in the world and is mainly controlled by the current patterns (CDW, branch variations of the TWC and others), increasing nutrients inputs, high PP, density stratification of water column and bottom topography (Chen et al., 2007; Wang, 2009; Wang et al., 2012; Wang et al., 2016; Wu et al., 2021; Zhao et al., 2021; Zhou et al., 2021). The seasonal hypoxia in the Changjiang estuary also influences the local ecosystems (Qian et al., 2017).




2.2 Sampling collection

Surface sediment samples were collected during two cruises off the Changjiang estuary in the East China Sea. Using a stainless steel grab sample from the vessel “Runjiang”, twelve surface samples were collected from six stations (A2-4, A3-4, A6-3, A6-4, A8-6, and A8-8) in June 2015 and four stations(A1-3, A2-1, A2-8, and A4-4) in July 2016 with different bottom dissolved oxygen concentrations (Figure 1c; Table 1). Notably, the sampling cruise in July 2016 was forced to interrupt during July 10-13 when the typhoon Nepartak turned northeast and crossed the Changjiang estuary to the ECS (Wang et al., 2018). Thus, the same stations of A1-3 and A2-8 were collected twice in this cruise, during and after the typhoon Nepartak, respectively (Table 1).


Table 1 | Information of each sampling station.



For each sampling station, the uppermost (0-3 cm) sediment was stored in plastic bottle and mixed in a methanol and 2 g L-1 Rose Bengal solutions (Walton, 1952; Oron et al., 2014). The fixing method can stain foraminiferal protoplasm up to a few weeks after their death (Bernhard, 1988). All the samples were kept at temperature ~ 4°C until further treatment. In the laboratory, samples were dried and weighted, and then rinsed over a 63-μm mesh sieve to remove the fine sediments. The residues were oven-dried at temperature <50°C. The living foraminiferal specimens, whose entirely protoplasm was stained or the last one chamber was not unstained in the test (De Stigter et al., 1998), were hand-picked and identified on standard micropaleontological slides under a binocular microscope Zeiss Stemi DV4. Synchronous water depth (WD) and basal water DO concentrations were separately measured via CTD (conductance, temperature, and depth) device and the Winkler titrations method by crews on the vessel.




2.3 SEM analysis

The hand-picked living specimens were mounted on aluminium stubs, sputter coated with gold, and photographed using a Hitachi S-4800 SEM equipment at the Experimental Center in Qingdao Institute of Marine Geology. Except for images that can’t be used (i.e., tests/pores infilled or covered with detrital material, dissolved, or broken, shown in Figures 2–1, 2, 3), the total data of 271 specimens from three analysis times (September 6 and 20, 2016; March 14, 2022) were used in this study (Appendix-Experimental data).




Figure 2 | Examples of the deserted tests (1-3), and processes of counting test pores, calculating test area, and estimating enlarged pores’ characteristics (4-47) 1 is a sample covered by detrital material, 2 is a broken test, 3 is a blurry test surface;4-47 are the process of pore counting (red dots), calculation of area (dark brown) and length/width, and estimating enlarged pores’ characteristics (large red rectangle) from the last adjacent photo zone (small red rectangle) of the species B. robusta test in different sampling stations(4-7 are from samples A2-4, 8-11 and 12-15 are from samples A3-4, 16-19 and 20-23 are from samples A6-3; 24-27 and 28-31 are from samples A6-4, 32-35 and 36-39 are from samples A8-6, 40-43 and 44-47 are from samples A8-8).






2.4 Target foraminiferal species selection and measurements

In the proposed investigation method, we selected species B. robusta for three reasons. Firstly, B. robusta has obvious representativeness, because it often dominates the benthic foraminiferal assemblages in the study area, and is also broadly found in almost all samples in this study area. Secondly, the shallow-infaunal B.robusta thrives near the sediment-water interface and exhibit strong morphological adaptions to the wide range of DO concentrations. The living shallow-infaunal B.robusta is therefore more suitable to reveal the surrounding DO changes than deep-infaunal species, which may move to a shallower sediment depth to compensate for the oxygen decrease (Kuhnt et al., 2013; Kuhnt et al., 2014). Thirdly, since the test of B.robusta is biserial and zygomorphous with a relatively flat surface and well-developed pores, the offset in its test surface area is very limited, compared to other genera/species, e.g., Ammonia (Petersen et al., 2016; Rathburn et al., 2018; Giordano et al., 2019; Richirt et al., 2019), Globobulimina turgida (Kuhnt et al., 2014), Bolivina pacifica and Fursenkoina mexicana (Kuhnt et al., 2013). Considering the existence of both sexual and asexual generations of the species B. robusta in sediments, we performed both large-elongate tests with small-microspheric proloculus (sexual reproduction) and small-short tests with large-megalospheric proloculus (asexual reproduction) in the study to explore the preferred reproduction strategy of the species B. robusta under different oxic conditions (Wang et al., 1988; Murray, 2006).

For each living B. robusta test, the pore number (unit: no.) was counted manually. The test surface area (Area, unit: mm2), test length/width ratio (L/W, the ratio of test length to width) and pore size (PS, the diameter of the pores, unit: μm) were calculated following the software CAD. The pore density (PD, pore number per unit area, unit: no./mm2) was calculated as the ratio of pore number to Area. In order to avoid the possible constraint caused by selecting a partial area, we performed the statistical analysis to the entired-individuals unilateral test on SEM images for all measured variables described above.




2.5 Statistical analysis of measured variables

Regression analysis among the PD and DO concentrations and bivariate Pearson Correlation analysis between pairs of variables were performed. According to the oxic levels defined above, all PD data were divided into two groups, i.e., hypoxic (DO concentration < 3mg/L) and oxic (DO concentration ≥ 3mg/L), for the F-test with P (F<= f) values > 0.05 and t-test with P* * (T<= t) < 0.05 through the two-sample analysis of variance (ANOVA) to determine if there was a significant difference. The prediction interval (PI) represents the range within which a predicted PD would fall at a 95% confidence interval (CI) for a given DO concentration. All statistical analyses mentioned above were performed using the software OriginPro 2021.





3 Results



3.1 PD and DO

Our results showed that the PD fluctuated obviously when the DO concentrations varied from above 3.0 mg/l to below 3.0 mg/l, and the micro-morphological features of foraminiferal tests seemed to be linked to the DO concentrations (Figure 3). This is consistent with the proposed threshold value of DO concentrations of 3.0 mg/l between hypoxic- and oxic-microenvironments in previous studies (Tyson and Pearson, 1991; Diaz, 2001; Wang et al., 2012).




Figure 3 | Fitted regression plots of PD and DO concentrations. The blue plots represent the PD from the sexual specimens’ test and the brown triangles represent the PD from the asexual ones. The prediction interval (PI, light red area) represents the range within which a predicted PD would fall at a 95% confidence interval (CI, deep red area) for a given DO concentration. The PI, CI and fitting curve are obtained using both sexual and asexual data.



In the total of 271 test measurements, 63 specimen tests were from the three sampling stations in the hypoxic environment with DO<3 mg/l, with the PD of specimens ranging from 1655 no./mm2 to 3844 no./mm2 (Table 2). The rest 208 specimen tests were from eight sampling stations in the oxic environment with DO>3 mg/l, and their PD values ranged between 608 no./mm2 and 3188 no./mm2 (Table 2).


Table 2 | The statistics of PD in each station.



The PD and DO followed a polynomial regression relationship PD = -106.53 ( ± 19.53) * DO2 + 438.85 ( ± 120.59) * DO + 2280.90 ( ± 139.82) (R2 = 0.40, p<0.05, Figure 3). About 96% of all data were within the 95% PI (light red area in Figure 3). The PI range was larger than the CI range (deep red area in Figure 3) based solely on the fitting of measurements because the PI range took into account the expected random error associated with the predicted PD. Overall, the patterns of the fitting curve of PD versus DO concentrations, as well as the corresponding ranges 95% CI, and 95% PI collectively showed that the PD values of tests of the species B. robusta in the Changjiang estuary increased with the decreases in the DO concentrations.




3.2 Significance of PD difference between oxic and hypoxic groups

The F-test through the two-sample analysis of variance of the oxic and hypoxic groups of PD data showed that P (F<= f) value of 0.18, which is higher than 0.05. Thus, there was no significant difference in the variance between the oxic and hypoxic groups of PD (Table 3), which confirmed the homogeneity of the PD variance of the two groups. On this basis, two-sample t-equal variance hypothesis test could be performed.


Table 3 | The F-test results of two sets of the PD (superscript * represents one-tail, p<0.05).



The t-test of the two groups of PD data (Table 4) yielded P* * (T<= t) < 0.05, which indicates that the null hypothesis could not be rejected. Thus, at the 0.05 significance level, there was a significant difference between the variance of the two groups. Overall, the PD values of the hypoxic group tended to be higher than that of the oxic group (Figure 3). The average PD of the hypoxic group of 2629 no./mm2 was 36% higher than that of the oxic group (1932 no./mm2).


Table 4 | The t-test results of two sets of the PD (superscript * represents one-tail, superscript ** represents two-tail.






3.3 Bivariate Pearson Correlations between variables

The bivariate Pearson Correlation analysis between pairs of variables including WD, DO, Area, pore number, PD, and L/W were performed for the whole dataset, with results shown in Figure 4 and detailed data in the Appendix. Among all measured variables, the Area, PD, and L/W showed a strong positive correlation to the pore number with Pearson Coefficients of 0.94, 0.73, and 0.69 respectively. There is also a positive correlation between Area and L/W (R2 = 0.70, p<0.05).WD showed a positive correlation to the Area with a lower coefficient (R2 = 0.69, p<0.05). In terms of the relationship between DO concentrations and other variables of foraminifers in the correlation matrix (Figure 4F), a significant negative correlation (R2 = -0.57, p<0.05) was observed between the PD and DO concentrations, the pore number showed a less significant negative relationship with DO concentrations (R2 = -0.26, p<0.05), and no significant relationships were observed between other variables and the DO concentrations.




Figure 4 | Bivariate scatter plots and Pearson’s Correlation graphs. The blue plots represent the pore density (PD) from the sexual specimens’ test and the brown triangles represent the PD from the asexual ones. The trend lines (red) in (A–D) are obtained using both sexual and asexual data. (A–E)  show the positive correlations between Pore number and Area, Pore number and PD, Pore number and L/W, L/W and Area, Area and WD, respectively. (F) is the Bivariate Pearson Correlation plots.






3.4 Characteristics of sexual and asexual generation groups

By further looking into the statistical characteristics of sexual and asexual generation groups (Figure 4), we found that the area of species B. robusta test from sexual generations (blue plots) was mainly confined to 0.0375-0.0900 mm2 (i.e., 37500-90000 μm2), while most of the area of foranimiferal tests from asexual generations (brown triangles) were between 0.0100 and 0.0523 mm2 (i.e., 10000-52300 μm2). Moreover, the pore number of foraminifers from sexual generations was mainly within 70-260, while those of foraminifers from asexual generations were mainly ranged 10-150 (Figures 4A, D). The L/W ratios among the sexual- and asexual generation groups also differed, with higher L/W ratios of sexual generation groups (1.8 on average, ranging 1.4-2.2) than asexual generation groups (1.5 on average, ranging 1.2-1.9) (Figures 4C, D).




3.5 Asexual small-short and sexual large-elongate proportions

Statistics of the number of randomly selected tests in species B. robusta was further analyzed to examine the asexual small-short and sexual large-elongate proportions. The asexual small-short group (large-megalospheric proloculus) with a proportion of 74.60% dominated in the hypoxic environment (DO<3.00 mg/l) (Table 5). The asexual and sexual large-elongate groups (small-microspheric proloculus) accounted for similar proportions on average (55.29% versus 44.71%, respectively) in the oxic environment (DO>3.00 mg/l).


Table 5 | The statistics of asexual small-short and sexual large-elongate tests’ numbers in each DO concentration.







4 Discussion



4.1 The strategy of B. robusta survived in the hypoxic environment

In order to understand the interdependent ecological controls on the benthic foraminiferal distribution, the trophic conditions and oxygen concentrations (TROX) conceptual model, which takes into account the organic flux (food), oxygen conditions, and other geochemical changes, was developed by Jorissen et al. (1995) and further improved by van der Zwaan et al. (1999). According to the results of the TROX model, DO seem to be more important than temperature and salinity for the benthic foraminiferal distribution (van der Zwaan et al., 1999), and the foraminiferal survival strategy of low dependence on temperature and salinity may effectively prevent their rapid extinction during the long geo-historical period (e.g., from glacial to interglacial periods). Different groups of benthic foraminiferal species live in different oxygenation environments when other factors are unchanged. In oxygen-depleted or absent anoxic environments where oxygen supply is limited, DO concentrations act as an important controlling factor for benthic foraminifera (van der Zwaan et al., 1999; Murray, 2006; Kuhnt et al., 2013). Lab-culture experiments have shown that though some foraminiferal species can survive hypoxic, anoxic, and/or hydrogen sulphidic conditions for short periods (e.g., several weeks to months), longer exposure (several months to years) of foraminifera to anoxic environments will lead to their death (Murray, 2006; Hein and Geslin, 2012). The DO concentration is a net result of the oxygen production and consumption. Both the oxygen content of bottom water mass and the oxygen consumption due to decomposition of organic matter, mainly influence oxygenation associated with the DO concentration level (Kuhnt et al., 2013). Though the availability of organic matter may influence benthic foraminiferal distribution through the food chain, DO may be a more important factor in the oxygen-depleted environment because of the minor changes in the organic matter flux at a low decomposition rate. Overall, the hypoxic (dysoxic to anoxic) conditions can influence microhabitat selection and migration of benthic foraminifers (Hein and Geslin, 2012).

Since benthic foraminiferal species are both aerobes and facultative anaerobes, they can adapt to different habitats ranging from oxic to hypoxic (and even anoxic) sediments (Murray, 2006; Hein and Geslin, 2012). The aerobic respiration rates of benthic foraminifers are lower than that of other meiofaunal groups probably, which enables the survival of benthic foraminifers in the hypoxic environments using the strategy of lower metabolism rates (Hein and Geslin, 2012). Benthic foraminifera have developed a range of mechanisms and strategies to survive in the hypoxic environments. For example, the shallow-infaunal species near the sediment-water interface have a larger porosity, PD and/or PS through morphological adaptions (Glock et al., 2011; Kuhnt et al., 2013; Kuhnt et al., 2014; Petersen et al., 2016; Rathburn et al., 2018; Lu et al., 2021), while the deep-infaunal species migrate to an optimum oxygenic niches to compensate for oxygen decrease instead of morphological adaptions (Hein and Geslin, 2012; Kuhnt et al., 2013; Kuhnt et al., 2014; Rathburn et al., 2018). The chloroplast-sequestering species tend to have external ornamentations (e.g., toothed fossettes, tubercules, or finger-like flaps) to disarticulate the frustules and tear the cell wall from their algal prey for liberating chloroplasts (Bernhard and Bowser, 1999). Some species accumulate nitrate in the cytoplasm for nitrate respiration (denitrification) as an anaerobic metabolism pathway (Piña-Ochoa et al., 2010; Glock et al., 2011; Hein and Geslin, 2012).

For low-oxygen-tolerant species, the clusters of mitochondria, which are the cell organelles of respiration, often gather near the inner pore terminations, and the cytoplasmic membrane invaginates within the pore plugs to facilitate efficient transport of oxygen. However, the mitochondria clusters are more evenly distributed throughout the cytoplasm for foraminiferal individuals in well-oxygenated environments (Leutenegger and Hansen, 1979; Bernhard et al., 2010). This also confirms that one of the functions of the pores is the entrance channel for oxygen. Pores are important morphological features in hyaline foraminifera. The crucial physiology of foraminifera would supply a possible way to change their functional morphological features, e.g., having higher test porosity by changing PD and/or PS during the transition from oxygenated to oxygen-depleted conditions. The PD may increase to enhance mitochondrial oxygen uptake as oxygen availability decreases, and there may be a minimal PD threshold to enable survival of foraminifera, which explains the uniform PD under higher-oxygen conditions (Figure 3) (Glock et al., 2011). However, higher porosity and thinner specimens can reduce the secretion of calcite and is critically unfriendly to the robustness of test because a thin calcite layer is precipitated over the entire specimen with every new chamber during the calcification process of the foraminiferal test, and the subsequent calcite layers may slightly change the pore characteristics of earlier chambers, particularly for the highly-porous and thin specimens (Glock et al., 2011; Richirt et al., 2019). Despite the possible uncertainties, the significant negative correlation between the PD of shallow-infaunal species B. robusta and DO concentrations observed in this study (Figures 3, 4) is similar to that for the species Bolivina albatrossi (Gary et al., 1989), B. spissa, B. seminude (Glock et al., 2011), B. pacifica (Bernhard et al., 2010; Kuhnt et al., 2013) in the genus Bolivina and some other species like Fursenkoina mexicanna, G.turgida (Kuhnt et al., 2013; Kuhnt et al., 2014). Their increases in PD values enhance their mitochondrial oxygen uptake in response to low-oxygen conditions, with an increase in the average PD of B. robusta by 36% from oxic to hypoxic environments observed in this study (Figure 3). Thus, we speculated that the shallow-infaunal species B. robusta increase their porosity mainly through increasing their PD as their strategy to survive in the hypoxic environment, and their PD changes with DO concentrations followed the relationship expressed in a fitting curve equation (section 3.1, Figure 3).

In addition to serving as an oxygen channel, the functionality of pores of mobile infaunal taxa may also be variable for other processes, e.g., releasing metabolic CO2 (Berthold, 1976), absorption of soluble organic substances for feeding (Glock et al., 2011), nitrate respiration (Glock et al., 2011; Hein and Geslin, 2012; Kuhnt et al., 2014; Richirt et al., 2019). Several studies have shown that nitrate concentration and PD are also correlated for some foraminiferal species (Glock et al., 2011; Kuhnt et al., 2014). If the specimens switch completely to nitrate respiration, nitrate concentration might become a more important factor, particularly when nitrate concentrations decrease and become limited, the PD of foraminifera might increase to optimize nitrate uptake (Glock et al., 2011). The deep-infaunal species can use denitrification as their important metabolic mechanism to survive in anoxic conditions (Piña-Ochoa et al., 2010). However, the epifaunal or shallow-infaunal species typically do not migrate to anoxic sediments and thus do not use nitrate for respiration (Rathburn et al., 2018). Therefore, pores also might not be involved in the denitrification process for epifaunal or shallow infaunal species and their PD values and nitrate concentrations are not correlated (Piña-Ochoa et al., 2010; Kuhnt et al., 2013). Several experiments have observed that the low-oxygen-tolerant species G.turgida can have low PDs and high total nitrate accumulation rates under well-oxygenated conditions, which may be related to the significantly high energy yield of oxygen respiration and its facilitation of high nitrate concentrations with less effort (Koho and Pina-Ochoa, 2012; Kuhnt et al., 2014). However, since the nitrate concentrations are also dependent on its production and consumption through other processes in the biogeochemical cycling and its coupling with oxygen concentration, the reported correlation between nitrate concentrations and foraminifera PD values can be coincidence or subjected to specific conditions/species. This is may be partially the reason why the numbers of pores on the species, B. pacifica, F. mexicanna and G.turgida are more closely related to oxygen availability than to nitrate concentrations (Kuhnt et al., 2013, Kuhnt et al., 2014; Rathburn et al., 2018).

For individual tests, we found that the PD of living B. robusta showed an increasing trend from early to late chambers (Figure 2). Similar trends were also found for the species B. spissa (Glock et al., 2011). Compared with the early chambers generally without pores, the last few large chambers have more pores to meet the needs for sufficient communication between protoplasm and the external environment, e.g. for respiration and/or material exchange (Glock et al., 2011; Rathburn et al., 2018).




4.2 Alternation of asexual and sexual generation groups

Since only sexual reproduction provides genetic novelty from an evolutionary perspective, the benthic foraminifers mainly reproduce by asexual multiple fission tend to evolve more slowly than plankton which entirely adopt sexual reproduction. For the foraminifers with symbionts, asexual reproduction provides a means of transmitting symbionts to the next generation, and the juveniles comprise not only a nucleus but also some cytoplasm with all its organelles. The agamonts from sexual reproduction have to acquire symbionts from the environment (Murray, 2006). This may be the reason for the co-existence of test dimorphism of the species B. robusta with asexual small-short tests (large-megalospheric proloculus) and sexual large-elongate tests (small-microspheric proloculus) in the Changjiang estuarine sediments (Wang et al., 1988; Murray, 2006).

Previous studies have also shown that the average size of foraminiferal specimens living in oxygen-depleted environments is smaller among all the foraminiferal assemblages, possibly because smaller foraminifers can reach reproductive maturity faster under the condition of abundant food (Rathburn and Corliss, 1994; Rathburn et al., 2018) or limited oxygen availability (Jorissen et al., 2007; Koho and Pina-Ochoa, 2012). Anyway, obtaining more small tests through rapid maturation (asexual generations) may also be one of the strategies for foraminifers to multiply and survive in a harsh low-oxygen environment. Despite limited number of tests and data, the statistics of the number of randomly selected tests in living species B. robusta showed the dominance of asexual small-short groups in the hypoxic environment and similar proportions of asexual and sexual groups in the oxic environment, which confirms the reported reproduction strategy mentioned above. This morphological features and relevant reproduction strategy may also be related to the foraminiferal adaption to different habitats ranging from oxic to hypoxic sediments (Murray, 2006; Hein and Geslin, 2012), but more research and data are needed to further study this mechanism.

The sexual generation groups tend to have higher values of tests’ area, L/W ratio and pore number than the asexual generation groups (Figure 4). For individuals with the vague characteristics of proloculus chamber, the big difference in L/W ratio may provide a fast way for quickly distinguishing sexual (L/W>1.8) and asexual tests (L/W<1.5). In this study, both sexual and asexual generation groups tended have higher PD values in the hypoxic environment (Figure 3). Moreover, the asexual individuals generally have higher PS of as high as 7 μm on average (ranging from 5 to 9 μm), whereas the sexual tests’ was only 4 μm on average (ranging from 2 to 8 μm) (Figure 2). Regardless of the increases in PD and/or PS, the benthic foraminiferal specimens can accelerate the efficiency of oxygen uptake through increasing their surface porosity (Petersen et al., 2016; Rathburn et al., 2018; Giordano et al., 2019; Richirt et al., 2019; Lu et al., 2021). However, the foraminiferal individuals cannot indefinitely increase the porosity or decrease the thickness of their tests in an oxygen-depleted bottom environment (Glock et al., 2011; Richirt et al., 2019). For example, the genus Ammonia has an upper threshold of porosity of 30% (Richirt et al., 2019). Furthermore, the pores of sexual generation groups have a rounded and smooth edge, while those of asexual generation groups generally have some irregular papillae protruding into the jagged pores (Figure 2). The special exterior ornamentations of asexual generation groups may enhance their stability when they have higher PS (Richirt et al., 2019), and/or to disarticulate the frustules and tear the cell wall from algal prey for liberating chloroplasts in the process of asexual reproduction (Bernhard and Bowser, 1999). Further research is needed to fully disentangle the functions of this morphological feature.

Overall, in the hypoxic environment, the species B. robusta mainly chooses the asexual life cycle through rapid maturation to get more small generations to multiply the survival chances, and the high PS and complex exterior ornamentations around the pore edges may further enhance survival of asexual specimens. The asexual and sexual generations are similarly importantly in the oxic environment.





5 Conclusions

In this paper, the surface area, ratio of length/width, pore size, and pore number of tests from the living shallow-infaunal species B.robusta in the Changjiang estuary sediment were investigated, and the statistics of the large-elongate groups using the sexual reproduction and small-short groups using the asexual reproduction were described. Instead of selecting a partial test area, a more representative and comprehensive method based on the whole unilateral test for all specimens was used to explore the potential relationship between the foraminiferal PD and DO concentrations.

There was a significant negative correlation between PD and DO, and PD differed significantly in the hypoxic and oxic environments with the average PD in the hypoxic environment 36% higher than that in the oxic environment. The species B. robusta seemed to mainly choose the asexual life cycle with higher PS for reproduction and had irregular exterior ornamentations around the pore edges possibly enhancing their survival in the hypoxic environment.

The results of this study provide new insight into the benthic foraminiferal ecology to reconstruct the pale-oceanography and pale-ecology changes in the East China Sea, and may serve as a reference for comparison to other widely-distributed benthic foraminiferal species (e.g., B. albatrossi, B. spissa, B. pacifica, B. seminude, G. turgida, and F. mexicana) in different world areas. The PD versus DO relationship found this study indicates the potential of foraminiferal PD to be used as an independent proxy for reconstructing paleo-oxygen conditions in broad regions.
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Al-3 27.00 2.93
Al3 28.00 325
A2-1 18.00 5.05
2016/7
A28 44.00 142
A2-8 45.00 4.56
Ad-4 40.00 3.51
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A6-4 20.00 5.11
A8-6 68.00 451
A8-8 77.00 4.30
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