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Foraminifera are sensitive to climate change and their species composition, shell chemical element composition and morphological characteristics are useful paleoenvironmental proxies. Coiling direction is a distinctive and easily identifiable morphological feature in trochospiral foraminifera and has been used for paleoceanographic reconstruction. Here, we conducted a field survey in a low intertidal zone in Yellow Sea for 13 months and performed a culture experiment under three temperatures and four salinities for the benthic foraminifera to seek the relationship between coiling direction and environmental factors. Our results showed that the dominant benthic foraminifera Ammonia aomoriensis (Asano, 1951) preferred sinistral direction under high temperature and had no preference with salinity. Statistical analysis showed that the ratio of sinistral/dextral in A. aomoriensis was significantly positively correlated with temperature (r = 0.5017, p = 0.0011 for field survey and r = 0.5117, p = 0.0014 for culture experiment), but had no evident relationship with salinity (p > 0.05). The ratio of sinistral/dextral was significantly negatively related with the abundance of A. aomoriensis (p < 0.05) and the ratio of sinistral/dextral was significantly positively related with the size (p < 0.05). This was the first study on the coiling direction of benthic foraminifera combining the field survey and culture experiment. Our findings suggested that the ratio of sinistral/dextral in A. aomoriensis could be used to indicate the change of temperature. This study offered new evidence for the reliability of the coiling direction as a temperature proxy and made us rethink the significance of the morphological change in biological adaptation and evolution.
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1 Introduction

Foraminifera are a group of single-cell protists and distribute in nearly all marine environments. Most foraminifera build calcareous shells with calcium carbonate and these shells can be preserved in the sediments for a long time. Foraminifera are also sensitive to environmental changes (e.g., Boehnert et al., 2020). Their species composition, chemical element composition and morphologic changes has been widely used in environmental and paleoceanographic reconstruction (e.g., Saraswat, 2015; Romano et al., 2021). The morphology method is non-destructive compared to the chemical analysis of the shells. The size, deformity and coiling direction were the most commonly used proxies in foraminifera.

The growth of foraminifera is accompanied by the addition of chambers. In some foraminiferal taxa, their chambers are arranged in trochospiral manner and then two coiling directions (sinistral and dextral, i.e. anticlockwise and clockwise in the dorsal view, respectively) exist (Saraswat, 2015; Lei et al., 2017). Coiling direction is a very distinct characteristic and it can be easily recognized without specialized knowledge of taxonomy and morphology. The study of coiling direction in foraminifera had a long history and early work mainly focused on planktic foraminifera in sediments (Ericson, 1959). Saito (1976) found the coiling direction of foraminifera varied with the stratigraphic position and other researchers established the relationships between coiling direction and temperature (Jenkins, 1967; Herman, 1972; Desmares et al., 2016).

The coiling direcitons of planktic foraminifera genera Globorotalia and Neogloboquadrina are the most studied. Previous study showed in Globorotalia truncatulinoides, sinistral populations predominated when warm and dextral forms more when cold (Herman, 1972). And the ratio of sinistral/dextral of G. truncatulinoides was successfully used as an indicator for ocean circulation (Billups et al., 2016). However, another study showed that coiling direction was not controlled by environment (Norris and Nishi, 2001). For example, the coiling direction of planktic foraminifera G. truncatulinoides and N. pachyderma was determined by gene rather than temperature (Darling et al., 2006; Ujiié et al., 2010; Ujiié and Asami, 2014). Other studies also reported that the coiling direction was related to the reproduction of foraminifera, but different and even opposite results were observed in different studies (Linshy et al., 2007; Khare et al., 2012; Davis et al., 2020). Therefore, there is no uniform and convincing conclusion about what factors control coiling direction and previous studies cannot validate or disprove the opinions of environmental or genetic control (Luciani et al., 2021). Among these previous studies, most focused on planktic foraminifera and little attention had been paid to benthic foraminifera, especially the living individuals (Hallock and Rosenkrands Larsen, 1979; Nigam and Khare, 1992; Galeotti and Coccioni, 2002).

Ammonia aomoriensis (Asano, 1951) is a cosmopolitan species of benthic foraminifera and also a dominant species in shallow water, especially the intertidal zone (Schönfeld et al., 2021). Previous studies showed that the abundance, size and deformity ratio of A. aomoriensis could indicate environmental changes, including temperature, salinity, pH, and so on (Dong et al., 2019; Dong et al., 2020; Li et al., 2020). To date, no relationship between the coiling ratio of A. aomoriensis and environmental factors was established (Lei et al., 2017).

In this study, we investigated the living A. aomoriensis in an intertidal zone of Yellow Sea for 13 months and designed a culture experiment to verify the relationships between the direction ratio of A. aomoriensis and temperature and salinity. This work aimed to study the significance and reliability of the coiling ratio for benthic foraminifera as an environmental indicator. Our present data provided new evidence and relationships for the coiling direction of benthic foraminifera as a temperature proxy and the usefulness in paleoceanographic reconstruction.



2 Materials and methods


2.1 Study area and sampling

The study area was an intertidal zone in Yellow Sea (36.06°N, 120.32°E). It was a sandy beach in Qingdao and was slightly affected by tourism activities in summer. No specific permits or approvals were required to collect sediments in this area. The sample site was not privately owned or protected in any way. No endangered or protected species were involved. We collected the surface sediment (0–1 cm) samples using a sampling spoon for continued 13 months from January 2017 to January 2018 during the ebb tide time. Three repetitions (~10 g) were collected for each sample and there was a total of 39 samples for field survey study. The sediment samples were stored in plastic bottles and fixed using 95% ethanol mixed with 1g L−1 Rose Bengal to distinguish the live and dead foraminiferal specimens. During the sampling, the temperature and salinity of in situ seawater were measured.



2.2 Culture experiment

Undisturbed surface sediments containing the whole benthic foraminiferal community in the study area were collected in July and transported to laboratory. In laboratory, the sediment samples were evenly mixed and randomly divided into 36 aliquots of 10 g wet weight using sampling spoon. We designed a culture experiment with three temperatures (6, 12 and 18°C) and four salinities (15, 20, 25 and 30 psu). There were three repetitions under each treatment, yielding 36 samples corresponding to the previous 36 aliquots. The culture experiment was performed in incubators with a constant temperature. The desired salinities were adjusted with deionized water. The seawater was changed twice weekly to maintain a constant salinity and frozen concentrated Nitzschia closterium (collected from the study area) was added simultaneously as the food for benthic foraminifera. The experimental benthic foraminifera were acclimated to different temperature and salinity conditions for a month, then the formal experiment began. The formal culture experiment time was 10 weeks. After experiment, all cultured sediments were fixed with 95% ethanol mixed with 1g L−1 Rose Bengal as previously described.



2.3 Sample treatment

All sediment samples were dried in the oven at 50°C and weighted and sieved with 150 μm meshes. Living A. aomoriensis specimens (Rose-Bengal stained) > 150 μm were picked out, counted by the coiling direction (Figure 1). Smaller individuals (< 150 μm) were preserved for future studies. The maximum diameter of each specimen (i.e., shell size) were measured under a stereomicroscope (Olympus SZX16 with cellSens Standard software).




Figure 1 | 
Ammonia aomoriensis (Asano, 1951) speciemens with sinistral (1–4) and dextral (5–8) coiling direction.





2.4 Statistical analysis

The abundance of A. aomoriensis was calculated as the number of individuals in 1 g dry weight of sediment (ind./g DW) for the field survey and that in 1 g wet weight of sediment (ind./g WW) for the culture experiment, respectively. We used a two-way ANOVA to test the effects of temperature or salinity on coiling direction and used Tukey’s Studentized Range (HSD) as a post hoc test method. Pearson correlation was analyzed between environmental factor and coiling direction. These analyses were performed using OriginPro 2021 and SAS 9.2 for Windows version.




3 Results


3.1 Field survey

The seawater temperature varied greatly monthly and ranged from 3.6 to 25.8°C, averaging 15.5°C in the study area (Figure 2A). The salinity varied from 29.5 to 33.5 psu, averaging 31.4 psu (Figure 2B). A total of 2652 live A. aomoriensis were obtained in 13 months’ field survey. Among them, 1369 were sinistral and 1283 were dextral. The ratios of sinistral/dextral were between 0.92 and 1.54 over 13 months (Figure 2C).




Figure 2 | 
Variations of temperature (A), salinity (B), ratio of sinistral/dextral (C), abundance (D, E) and size (F) in A. aomoriensis among 13-months’ survey.




The absolute and relative abundance of A. aomoriensis were calculated respectively and both of them increased from January to April and then decreased until December (Figure 2D, E). The maximum diameter of each A. aomoriensis was also measured and showed a similar trend with the size (Figure 2F).

Statistical analysis showed no significant effects of temperature (F = 1.17, p = 0.3521) and salinity (F = 1.12, p = 0.3810) on the ratio of sinistral/dextral (Table 1). We conducted Pearson’s correlation analysis and the results showed the ratio of sinistral/dextral was significantly positively correlated with temperature (r = 0.50173, p = 0.0011) but not with salinity (r = –0.19449, p = 0.2354) (Table 2). A significant linear regression between the ratio of sinistral/dextral (y) and temperature (x) was established (y = 0.0266x + 0.8165, R2 = 0.25, p = 0.0011) (Figure 3A).


Table 1 | 
p-values for effect of temperature (Tem) and salinity (Sal) on ratio of sinistral/dextral in A. aomoriensis from field survey and culture experiment.





Table 2 | 
Correlations (Pearson’s r values) between the ratio of sinistral/dextral and environmental factors.







Figure 3 | 
The relationship between ratio of sinistral/dextral and temperature from field survey (A) and culture experiment (B).





3.2 Culture experiment

A total of 554 live A. aomoriensis were obtained in 12 treatments. Among them, 316 were sinistral and 238 were dextral. Ratios of sinistral/dextral were 0.83 to 1.51. Ratio of sinistral/dextral showed an overall increasing trend with increasing temperature under the same salinity but showed no obvious pattern with the change of salinity (Figure 4).




Figure 4 | 
Ratio of sinistral/dextral in A. aomoriensis under different temperature and salinity in the culture experiment.




Statistical analysis showed temperature had a significant effect on ratio of sinistral/dextral (F = 5.50, p = 0.0108), but not salinity (F = 0.41, p = 0.7502) (Table 1). In addition, interactive effect was not significant (F = 0.61, p = 0.7176). Tukey’s Studentized Range (HSD) test showed the ratio of sinistral/dextral at 18°C was significantly higher than that at 6°C (p < 0.05). There was no significant difference between 6 and 12°C and between 12 and 18°C. Tukey’s HSD test also showed no significant difference between any two salinity gradients. Results of Pearson’s correlation analysis showed the ratio of sinistral/dextral was significantly positively correlated with temperature (r = 0.51174, p = 0.0014) but not with salinity (r = 0.04373, p = 0.8001) (Table 2). A significant linear regression between the ratio of sinistral/dextral (y) and temperature (x) was established (y = 0.0327x + 0.8426, R2 = 0.26, p = 0.0014 < 0.05) (Figure 3B).




4 Discussion


4.1 Effects of temperature and salinity on the coiling direction in Ammonia aomoriensis


Temperature and salinity are important environmental factors, which have a vital effect on growth, reproduction, calcification, respiration of foraminifera. Foraminifedra are sensitive to the change in temperature and salinity, and foraminifera respond rapidly in their species composition, chemical element composition and morphology (Haynert and Schönfeld, 2014; Dong et al., 2019; Hauzer et al., 2021). Though the coiling direction as a proxy for paleoenvironment (especially the temperature) has been applied, there is no specific study on the effects of environmental factors on the coiling direction of living foraminifera. This work focuses on the effects of temperature and salinity on the coiling direction in A. aomoriensis using both field survey and culture experiment.

Annual field study can provide the most realistic data about the response of ratio direction in A. aomoriensis to natural environmental changes. However, environmental factors in natural habitats are not independent and the measured and other unknown factors will all have impacts on the observed result. It is difficult to determine the effect of a particular factor through field survey. Therefore, the culture experiment method is a good solution, in which only the studied factor changes and other factors are controlled. In this study, field survey results showed a significant correlation between coiling direction and temperature but ANOVA analysis showed no significant effect of temperature on coiling direction. This could be because other unknown environmental factors interacted simultaneously. The culture experiment results showed a highly consistent relationship with the field survey result (Figure 3) and verified the significant effect of temperature on the ratio of sinistral/dextral in A. aomoriensis. Combining the field survey and culture experiment, we confirmed that temperature significantly affected the coiling direction of A. aomoriensis in the study area and salinity did not. The higher temperature, the greater proportion of the sinistral individual, and vice versa. Previous studies showed that sinistral populations preferred cold waters in many foraminiferal species, while our study showed the opposite result. We thought that this might be species-specific and more studies on genus Ammonia were needed in the future.



4.2 The potential of coiling direction as a paleoceanographic proxy

The coiling direction is a distinct characteristic in trochospiral foraminifera. Compared to acquiring other shell characteristics (such as tubercule, aperture, proloculus size, chamber numbers, pore density and size, number of chambers, deformation and weight) that need professional knowledge of taxonomy and instruments with high resolution, the coiling direction of the shell is easily identified under normal magnification and the acquisition of coiling direction data is low cost in time and financial resource (Desmares et al., 2016).

The usefulness and reliability of coiling directing remain controversial because different studies showed inconsistent conclusions. However, the change of coiling direction universally occurred in the sediments from different regions and at different intervals in geologic time (Jenkins, 1967; Saito, 1976). Some studies have applied the variation of coiling direction in palaeoecological and palaeoclimatic reconstruction (Ericson, 1959; Galeotti and Coccioni, 2002). Therefore, we think the coiling direction of foraminifera is useful and reliable. It is worth noting that the geographical region and foraminiferal species need full consideration when applying the established coiling direction relationship. For this study, the correlation between coiling ratio and temperature is suited for A. aomoriensis in Yellow Sea and it may take more research work to revise before it can be used in other regions.

In the early studies, only the dead foraminiferal shells in sediments were studied for the coiling direction (Ericson, 1959; Herman, 1972). Then it was thought that environment determined the coiling direction to some extent. As the research progressed, some inconsistent and unexplained results emerged. Especially with the development in molecular biology, there was a growing opinion that coiling direction was controlled by gene (Norris and Nishi, 2001; Ujiié et al., 2010; Ujiié and Asami, 2014). Darling et al. (2006) provided genetic evidence to demonstrate the differently coiled specimens in Neogloboquadrina pachyderma belonged to different species. This prompted suspicion to the previous studies and there might occur cryptic species within the same species formerly thought (Linshy et al., 2007; Desmares et al., 2016; Luciani et al., 2021).

In terms of the possible genotypic differences in A. aomoriensis, we have performed molecular identification on two types of specimens with different coiling directions. Gene sequencing results showed sinistral and dextral specimens were same species (Lei et al., 2017). Our result showed that the expression of genetic information associated with coiling direction might be influenced by environment. Despite the significant correlation between coiling ratio and temperature, we can’t validate or disprove genetic determinism. More research work, especially transcriptomics, is needed to explore the control mechanism of coiling direction in foraminifera.

In this study, the reproduction of A. aomoriensis couldn’t be analyzed directly because we couldn’t identify individuals that newly born in the experiment. According to previous field survey data in the study area, A. aomoriensis reproduced twice a year (about January-February and July-August, respectively). We collected the benthic foraminifera samples in July and acclimated them for a month before the formal culture experiment. This made the benthic foraminiferal community stable and to some extent ensured that the analyzed specimen in the culture experiment were newly born individuals under the corresponding experimental conditions. In addition, the growth rate of A. aomoriensis was ~ 2 μm/day and the newly born individuals could grow to > 150 μm during the culture experiment (10 weeks). Therefore, the large benthic foraminiferal specimen (> 150 μm) could provide the reliable data of coiling direction in this study. The small size group (< 150 μm) usually included some small or juvenile species, which was difficult and time consuming to identify. We omitted the small size benthic foraminiferal specimen because we thought the large benthic foraminifera represented the same information. In present study, the relatively small individuals (63–150 μm) were preserved for future studies. Even so, the final analyzed sample inevitably contained the individuals from the initial benthic foraminiferal community from the study area. However, these effects could be ignored and didn’t affect the conclusions.



4.3 Evolutionary significance of the variation of coiling direction in foraminifera

In this study, A. aomoriensis preferred sinistral coiling direction and the ratio of sinistral/dextral was usually more than 1. Previous field studies also showed similar results in the Ammonia genus (Lei et al., 2017; Schönfeld et al., 2021). An interesting relationship between the ratio of sinistral/dextral and the size and abundance of A. aomoriensis was found in this study (Table 3). That is the larger the individual, the more sinistral. A similar trend was also reported in planktic foraminifera (Thiede, 1971). The change of size in foraminifera usually reflects the subjected stress and has certain selectivity in evolution (Keller and Abramovich, 2009). The previous study showed that the larger foraminifera was susceptible to extinction (Cotton and Pearson, 2011; Song et al., 2011). Norris and Nishi (2001) also found that the planktic species with a preference for sinistral or dextral coiling were more vulnerable to extinction than species with random coiling direction. There was an ecological separation between species with different coiling directions (Pearson and Penny, 2021). The change of coiling ratio might reflect the competitive relationship for different ecological habitats between species with sinistral and dextral coiling.


Table 3 | 
Correlations (Pearson’s r values) between the ratio of sinistral/dextral and other biotic parameters of A. aomoriensis in the field survey.




Previous studies also suggested that coiling direction correlated to the reproduction in foraminifera (Linshy et al., 2007; Khare et al., 2012; Davis et al., 2020). In this study, we thought the variation of abundance and size could represent two types of reproductive strategies. In the cold seasons (January to April, November to December), A. aomoriensis was smaller in size and more in abundance (r-selection in reproductive strategy), and it was larger and less in warm seasons (May to October) (K-selection in reproductive strategy) (Figure 2). The low value of coiling ratio (close to 1) coinciding with smaller individuals showed an adaptive response to the stressed condition (low temperature) and might be a synergetic mechanism to reduce the probability of extinction in evolution. In contrast, coiling direction might be selected and fixed in a suitable condition, which is reflected in the increase of sinistral coiling in present study. This work offers a new perspective on the variation of coiling direction in foraminifera in sight of environmental adaptation and evolution.




5 Conclusions

In this work, we studied the coiling direction of benthic foraminifera combining the field survey and culture experiment. A. aomoriensis preferred sinistral under high temperatures. The ratio of sinistral/dextral in A. aomoriensis was significantly positively correlated with temperature, but had no evident relationship with salinity. Significant correlations between coiling direction and size and abundance of A. aomoriensis were found. We propose that the variation of coiling direction in foraminifera may be an adaptive response to environmental changes and a synergetic mechanism in evolution. We confirm the coiling direction in A. aomoriensis is a useful and reliable proxy for temperature and the relationships can be used as the environmental indicator and paleoceanographic reconstruction in the study area.
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