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Invertebrates can store carbon (C), nitrogen (N), phosphorus (P), and other elements in their body tissues at theoretically homeostatic rates, thus playing an important role in the biogeochemical cycle of aquatic ecosystems. To sustain homeostasis, consumers must either balance their resource supply or adjust their stoichiometric features in response to environmental changes. However, there is limited understanding regarding potential differences in the ecological stoichiometric characteristics of marine invertebrates. To explore the ecological stoichiometric characteristics of marine invertebrates, the C, N, P, calcium (Ca), δ13C, and δ15N contents of 18 invertebrate species were analyzed from the Beibu Gulf. The results revealed that the ranges of elemental variations (C, N, and P) in invertebrates were 25.17%-47.34%, 6.14%-14.13%, and 0.26%-1.31%, respectively. The content of P in invertebrates exhibited the most significant variation, leading to alterations in C:P and N:P ratios. A significant negative correlation was observed between P content and body weight in invertebrates (p < 0.01). Furthermore, the C and N content of invertebrates were significantly negatively correlated with δ13C (p < 0.01), suggesting that the variations in C content and N content in invertebrates are influenced by different food sources, while P content varies according to body size. Our results also indicated significant interspecific differences in the ecological stoichiometry of invertebrates from the Beibu Gulf (p < 0.05). Invertebrate growth may be inhibited by P, and they do not maintain strict homeostasis, with stable homeostasis observed in higher trophic levels.
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Introduction

Ecological stoichiometry offers a unifying conceptual framework that integrates various facets of aquatic biology, encompassing fish physiology, population ecology, community dynamics, ecosystem functions, and evolutionary processes (Bogotá-Gregory et al., 2020). This theory explores the balance of energy and diverse elements within ecological processes, proposing that the elemental composition of organisms reflects their chemical element requirements and the extent of elemental homeostasis (Sterner and Elser, 2002; Fernández-Martínez, 2022). All living organisms are composed of a series of fundamental chemical elements, especially carbon (C), nitrogen (N), phosphorus (P), among others (Sterner and Elser, 2002), and their ecological stoichiometric characteristics serve as crucial indicators for growth and development, life history changes, and biological characteristics of organisms (Peñuelas et al., 2019). However, the proportions of these elements in organisms exhibit significant variation, both across taxa and trophic groups (Elser et al., 2000; Peñuelas et al., 2019; May and El-Sabaawi, 2022).

The primary focus of current ecological stoichiometry research is on nutrient dynamics (Laspoumaderes et al., 2022), microbial nutrition (Wang Z. et al., 2022), host-pathogen relationships (Price et al., 2021), consumer-driven nutrient cycles (Leroux et al., 2020), biogeography of organic matter stoichiometry (Martiny et al., 2013), population dynamics and elementome diversity (Williamson and Ozersky, 2019; Fernández-Martínez, 2022), forest succession and recession (Bin et al., 2022), nutrient limitation (Hessen et al., 2004), food webs (Pacioglu et al., 2021), biological evolution (Jeyasingh et al., 2014), biological invasions (González et al., 2010; Williamson and Ozersky, 2019), and biogeochemical niches (Sardans et al., 2021). However, the ecological stoichiometry of marine invertebrates remains largely unexplored. Invertebrates, as the main consumers within marine ecosystems, play a pivotal role in the material cycle of ecosystems. The C:N:P contents of these consumers serve as an indicator of their respective elemental demand ratios. Any imbalance in these nutritional ratios between consumers and their prey can significantly affect the growth, reproduction, metabolism, and ultimately the ecological processes of the entire population (Sterner et al., 1992; Regnier et al., 2013).

Inter- and intraspecific differences in organismal stoichiometry have been confirmed across various animal taxa, offering significant insights into evolutionary patterns within this domain (Vanni et al., 2002). The ecological stoichiometry of fishery catches exhibits both intra- and interspecific variations, primarily influenced by ontogeny and environmental conditions such as food quality, nutritional status, resources, and habitat (Benstead et al., 2014; Sullam et al., 2015). Some organisms undergo substantial shifts in their elemental composition during development, specifically vertebrates. For instance, the formation of phosphorus-rich bones results in a significant increase in whole-body P content in species like fish, amphibians, and reptiles (Sterrett et al., 2015; Tiegs et al., 2016). Furthermore, the distribution and proportion of carbon-rich lipids, nitrogen-rich muscles, and carbon-rich invertebrate chitin shell materials also significantly affect the ecological stoichiometric characteristics of organisms during development (Pilati and Vanni, 2007; Boros et al., 2015). These changes are also affected by biological genetic characteristics, with different organisms exhibiting unique morphological structures. Additionally, interspecific differences in ecological stoichiometry may arise from variations in food sources (Naddafi et al., 2009; Sun et al., 2014). Food stoichiometry can affect nutrient acquisition and growth rates in consumers, as well as the rate and proportion of the release of nutrient waste into the environment (Elser and Urabe, 1999). For example, daphniids consuming phosphorus-deficient food will experience alterations in their growth rate and body P content (DeMott et al., 2004). Changes in the stoichiometric characteristics of C, N, and P are inherently linked to material circulation and energy flow, which regulate the relationship between the trophic levels within the food web by affecting the biodiversity and species abundance of the community, exerting a decisive influence on the structure and function of ecosystems (Sardans et al., 2012; Wang et al., 2018a). Conversely, the structure of food webs and nutrient cycling can also influence the stoichiometry of C, N, and P.

The Beibu Gulf (105°40′~110°10′ E, 17°00′~21°45′ N) is a semi-enclosed bay in the northern South China Sea, characterized by its tropical and subtropical climate. This unique geographical environment contributes to its high productivity and abundant fishery resources (Qiao and Li, 2007). However, significant declines have been observed in the primary high-quality fishery resources and their communities in the Beibu Gulf due to factors such as overfishing, environmental pollution, and global climate change (Lao et al., 2021; Xu et al., 2022). Current studies on fishery catches in the Beibu Gulf mainly focus on the biological characteristics of economic fish species (Li et al., 2009; Wang J. et al., 2022), biotoxicology (Koongolla et al., 2022; Lu and Wang, 2023), as well as fishery resources investigations and dynamic analysis (Hou et al., 2021). However, systematic research data on the ecological stoichiometry of species within marine ecosystems are conspicuously lacking.

The examination of the ecological stoichiometry of invertebrates is essential for understanding the cycling of C, N, and P nutrients within the increasingly impacted coastal marine ecosystem. This study aimed to explore the ecological stoichiometric characteristics of invertebrates and their influencing factors by analyzing the contents of C, N, P, calcium (Ca), δ13C, and δ15N in invertebrates from the Beibu Gulf. We hypothesized that variations in elemental stoichiometry among invertebrates could be attributed to changes in body size, genetic relationships, and available food sources. We further explored interspecific variations in the C:N:P contents of invertebrates and the drivers responsible for its homeostasis changes. The results will provide evidence to reveal the balance of C, N, and P elements among consumers, thereby guiding for biogeochemical cycle, conservation, and management of fishery resources in the Beibu Gulf.





Materials and methods




Sampling

In April and August 2022, a fishing vessel equipped with a 441-kilowatt main engine was deployed in the Beibu Gulf to collect marine invertebrates via bottom trawling (Figure 1). The trawl net was 20 meters in length, 8 meters in width, and 3 meters in height, with mesh sizes ranging between 1 and 5 centimeters. All samples were stored at -20 °C before being transported to the laboratory for further analysis.




Figure 1 | Distribution of sampling sites in the Beibu Gulf.







Sample preparation and element determination

All invertebrates were thawed and weighed to the nearest ± 0.1 g, with total length measured using vernier calipers to an accuracy of ± 1 mm. The invertebrates underwent gutting and freeze-drying processes, followed by grinding into fine powder using a grinding mill and sieving through a 60-mesh sieve to ensure homogeneity. Smaller individuals from both shellfish and shrimp samples were combined into a single sample. A 2.5-4.0 mg dry sample was embedded in tin capsules and analyzed for C and N using an elemental analyzer (EA2400II). For the determination of δ13C and δ15N, 0.40-0.45 mg of each sample was weighed and embedded in tin capsules and burned at high temperature in an EA Isolink Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) to produce CO2 and N2. The gas was analyzed by a 253 Plus Isotope Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) for stable isotope analysis. P and Ca contents were determined by ICP-OES (Optima 7000DV). Prior to analysis, approximately 0.2 g of dried sample was digested in 7 mL of mixed acid (HNO3:H2O2 = 5:2) using microwave digestion. The mixture was then heated on a hot plate at 100 °C for 30 minutes to evaporate excess acid, diluted to 50 mL with ultrapure water, and subsequently analyzed by ICP-OES. The recovery rates of Ca and P were 91.67 ± 6.76% and 92.86 ± 6.37%, respectively. The results of C, N, P, and Ca contents are expressed as dry mass percentages (%), while the C:N, C:P, and N:P ratios are molar ratios of elements.





Statistical analyses

The basic statistical analysis of the C, N, and P contents and their ratios was initially carried out for all invertebrate samples. The normal distribution was tested by Kolmogorov-Smirnov test. Differences in the ecological stoichiometric characteristics among invertebrate taxa were analyzed by principal coordinate analysis (PCoA) and analysis of similarities (ANOSIM). One-way analysis of variance (ANOVA) was utilized to compare the C, N, and P contents and δ13C and δ15N values across different taxa. Pearson correlation analysis was conducted to determine the relationship between elemental contents and ratios, body weight, δ13C and δ15N. All statistical analyses were performed using SPSS 23.0, Excel 2016, and graphing was done with R (Version 4.0.3) and OriginPro 2021.






Results




Elemental composition of invertebrates

A total of 18 species of invertebrates (n = 130) were collected in this study, revealing significant variations in their elemental contents (Table 1). Specifically, the ranges for C, N, and P contents were 25.17%-47.34%, 6.14%-14.13%, and 0.26%-1.31%, respectively. The ratios of C:N, C:P, and N:P varied between 3.67-6.87, 55.72-348.08, and 4.67-42.72, respectively. Among these elements, the coefficient of variation (CV) was highest for P, followed by N and C. Notably, larger variations in P content corresponded to more significant changes in both C:P and N:P ratios, whereas the C:N ratio demonstrated relatively minor variations.


Table 1 | C, N and P contents and their ratios in invertebrate taxa from the Beibu Gulf.







Relationship of ecological stoichiometry characteristics of invertebrates

Correlation analysis revealed that the C:N and N content, C:P and P content, and N:P and P content of invertebrates in the Beibu Gulf were all significantly negatively correlated. Conversely, there was a significant positive correlation between C:P and C content, N:P and C content, N:P and N content, N content and C content (p < 0.01) (Figure 2). Notably, the correlation between the C:P and P content, as well as the N:P and P content of invertebrates, was the strongest (r > 0.8) (Figure 2), indicating that the C:P and N:P ratios were mainly influenced by the change in P content. Furthermore, the correlation analysis indicated no significant correlation between the P content of the invertebrates and the Ca content (p > 0.05) (Figure 2).




Figure 2 | Analysis of the correlation relationships between elements in invertebrates from the Beibu Gulf.







Variations in the ecological stoichiometric characteristics of invertebrates

A total of 18 invertebrate species were categorized into 5 groups: cephalopods, crabs, sea cucumber, shellfish, and shrimps. The results from the ANOSIM showed that the ecological stoichiometric characteristics varied significantly among these different categories of invertebrates. Furthermore, it was observed that invertebrates from different taxa consisted of different elements (R = 0.535, p = 0.001) (Figure 3).




Figure 3 | Principal coordinate analysis (PCoA)+analysis of similarities (ANOSIM) diagram of the contents and ratios of C, N, and P among different categories of invertebrates from the Beibu Gulf.



The one-way ANOVA results indicated significant difference in the C, N, and P content, as well as the C:N, C:P, and N:P ratios among different invertebrates (p < 0.05) (Figure 4). Cephalopods, shellfish, and shrimps exhibited significantly higher C content than sea cucumber and crabs, with crabs having the lowest C content. Shrimps had the highest N content, followed by cephalopods, shellfish, sea cucumber, and crabs, respectively. Cephalopods, crabs, and shrimps had significantly higher P content compared to shellfish and sea cucumber, with the least in sea cucumber. The C:N ratios of crabs, sea cucumber, and shellfish were significantly greater than those of shrimps. The C:P and N:P ratios were the highest in sea cucumber, followed by shellfish, cephalopods, shrimps, and crabs, respectively.




Figure 4 | Box diagram of the contents and ratios of C, N, and P in different categories of invertebrates from the Beibu Gulf Significant differences are designated by different lower-case letters (p < 0.05).







The relationship between ecological stoichiometry characteristics of invertebrates and δ15N, δ13C and body weight

The δ15N values in the studied invertebrates ranged from 7.99‰ to 13.81‰, while the δ13C values ranged from -13.01‰ to -22.73‰. Significant differences were observed in the δ15N and δ13C values across different invertebrate taxa (p < 0.05) (Figure 5). Specifically, the δ15N values of cephalopods and shrimps were significantly higher than those of other invertebrates. Furthermore, the δ13C values of shellfish, shrimps, and cephalopods were significantly higher than those of crabs and sea cucumber.




Figure 5 | Biplots of δ13C and δ15N of invertebrates from the Beibu Gulf.



The correlation analysis revealed significant negative correlations between the C and N content and δ13C of these invertebrates in the Beibu Gulf. Additionally, a significant negative correlation was observed between the P content of these invertebrates and their body weight. Conversely, the ratios of C:P and N:P demonstrated a significant positive correlation with body weight (p < 0.01) (Table 2).


Table 2 | Analysis of the correlation between C, N, and P contents and their ratios with δ15N, δ13C, and body weight of invertebrates from the Beibu Gulf.








Discussion




Element composition and differences of different invertebrates

The results show P content of invertebrates in the Beibu Gulf changes the most, with coefficients of variation in the order of P > N > C, which is consistent with other species (Vanni et al., 2002; Sun et al., 2014). The growth rate hypothesis presumes that P is a primary determinant of population dynamics, and the variations in P content within organisms influence changes in the C:N:P ratios (Elser et al., 2003). In this study, the most notable change was observed in P content, resulting in substantial alternations in both C:P and N:P ratios. Hendrixson et al. (2007) proposed a strong correlation between P content and phylogeny, along with a broad spectrum of interspecific variation in P content. Phylogenetic imprinting is evident in the ecological stoichiometry of invertebrates, and patterns of nutrient composition across species introduce additional, potentially phylogenetically-based variations to these patterns (González et al., 2018; Allgeier et al., 2020). The concentrations of elements such as C, N, and P in the tissues of aquatic organisms were influenced by their environmental abundance and bioavailability, as well as the type, developmental stage, and physiological condition of the organism (Pinto et al., 2022). Analyzing elemental correlations can elucidate the interconnectedness of these elements. For example, negative correlations between elements may highlight elemental mass balance, where an increase in one element leads to a decrease in another (Allgeier et al., 2020). A significant positive correlation was observed between the N and C contents of invertebrates in this study. The muscles and shells of invertebrates are abundant in C and N elements, which suggests that C and N contents concurrently increase with the individual development of invertebrates, indicating a synergistic effect between these elements that promote growth and metabolism (Small and Pringle, 2010). However, there was no significant correlation between P content and Ca content in this study, indicating that the development of invertebrates’ bones did not influence P content. Invertebrates’ bones contain minimal amounts of P, and many invertebrates have a high proportion of chitin, a polysaccharide rich in nitrogen and carbon (Small and Pringle, 2010), which is primarily associated with their exoskeletons. Therefore, it is speculated that changes in P content of invertebrates are mainly related to the growth rate hypothesis trend and that P synthesis transporters are necessary to support organismal growth during development.

The availability of nutrients plays a pivotal role in determining organism growth, population structure, species interaction, and ecosystem stability (Allgeier et al., 2020). Therefore, identifying the type of nutrient that is insufficiently supplied becomes essential for maintaining system stability. Ecological stoichiometry defines the element with the least supply relative to demand as the “limiting” element (Sterner and Elser, 2002). The C:P and N:P ratios in invertebrates were high in this study, while the C:N ratio was low. Specifically, among the elements required by invertebrates, P content was relatively the smallest. Furthermore, a significant negative correlation was observed between the P content of invertebrates and body weight, indicating that P may constrain invertebrate growth. This is attributed to the insufficient P available to produce the RNA necessary for protein synthesis, resulting in developmental growth retardation (González et al., 2018).

The ecological stoichiometric characteristics of different invertebrates exhibited significant differences (Figure 3). Many invertebrates have a high proportion of chitin, which is a nitrogen- and carbon-rich polysaccharide that is mainly found in their exoskeletons (Small and Pringle, 2010). Therefore, organisms with larger surface area/volume ratios due to chitinous structures should have higher C and N contents (Allgeier et al., 2020). This is consistent with the findings of Allgeier et al. (2020) that shrimp had higher C and N contents. However, crabs have a larger surface area-to-volume ratio and a chitinous shell but had the lowest C and N contents in this study. Crabs have larger and thicker hard shells. Although they contain nitrogen- and carbon-rich chitin-which also contributes to their lower P content, the proportion of more carbon- and nitrogen-rich muscle is less, accounting for approximately half of their wet weight, resulting in a lower overall body C and N contents. In addition, the P content of sea cucumber was found to be lower than that in other species, with both C and N contents also relatively low, reflecting the findings of Allgeier et al. (2020). This may be attributed to the feeding habits of sea cucumbers, which are detritivores that feed on ocean sediments (Sales et al., 2023). Since the C, N, and P contents of the sediments are all low (Chen et al., 2021), sea cucumber absorbs fewer C, N and P contents.





Factors affecting ecological stoichiometry of invertebrates

Carbon and nitrogen stable isotopes (δ13C and δ15N) serve as effective tools for studying the nutrient cycle and energy flow within ecosystems (Wang et al., 2018b, 2020). In aquatic organisms, the δ13C value reflects the primary food sources of the consumer, with different δ13C values indicating different food sources, while the δ15N values can determine the trophic level of organisms (Liu et al., 2018; Wang et al., 2019, 2020). The C and N contents in invertebrates were found to be correlated with δ13C in this study, indicating that feeding habit significantly influences variations in C and N contents within these organisms. Given the highly variable availability of food resources in nature and the diverse range of foods consumed by marine organisms, their food stoichiometry also varies widely. Interspecific variations in ecological stoichiometry among invertebrates may be associated with variations in food sources (Cross et al., 2003; Lemoine et al., 2014). The water quality characteristics of the Beibu Gulf are complex and diverse, with an abundance of bait sources (Lao et al., 2021). Changes in the nutrient level of the water body can alter the composition of basic resources and bait, thereby directly or indirectly affecting the element content of consumers. Studies have shown that changes in the quality of basic resources limit the elemental content within higher trophic levels, with implications for not only primary consumers but across multiple trophic levels (Small and Pringle, 2010; Wang et al., 2021). For instance, the eutrophication of aquatic ecosystems can affect the stoichiometric properties of omnivorous fish (Mäkelin and Villnäs, 2022). The stoichiometry of omnivorous fish is influenced by the quantity and quality of phytoplankton, which are regulated by nutrients and light (Dickman et al., 2008). Therefore, changes in bioecological stoichiometry are more likely to reflect changes in environmental conditions that affect the availability of elements in consumer food or basic resources than modifications in biological traits (McIntyre and Flecker, 2010). The elemental composition of animals is, in fact, more flexible and less homeostatic than previously assumed. While certain species may exhibit homeostatic mechanisms for self-regulating stoichiometry, it is important to note that not all fishery catches exhibit identical elemental compositions. Instead, the contents of various elements can greatly differ among species.

The key life history and ecological traits of an organism, including its nutrient uptake, storage, and transfer mechanisms, are significantly affected by body size (Amundrud and Srivastava, 2016). A meta-analysis of all individual species based on body weight revealed a negative correlation between P content and body weight, which finding is consistent with the results of the study by González et al. (2018). The decrease in P content with increasing body size is due to the lower growth rate of large organisms compared to small organisms (Sterner and Elser, 2002; Wang et al., 2023). Both growth rate and RNA content decrease with age. The growth rate hypothesis presumes that organisms with higher growth rates have higher phosphorus contents due to the increased synthesis of phosphorus-rich rRNA required for their rapid protein synthesis (Elser et al., 2003). Furthermore, genetic relationships also play an important role in shaping the ecological stoichiometric characteristics of C, N, and P in invertebrates. Our analysis identified distinct clusters of closely related invertebrate taxa and clear separations between distantly related taxa (Figure 3), suggesting significant differences among different invertebrate groups. Variations in elemental composition and proportions among consumers are mainly associated with phylogenetic differences that influence factors such as body size, growth rate, and resource allocation to structural components within the body. Cross et al. (2005) suggested that phylogeny may be more important than local environmental conditions or species composition within higher taxonomic groups in determining the elemental composition of consumers at least at the class or higher level.





Homeostasis in organisms

A key challenge in ecological stoichiometry is to explore the capacity of living organisms to sustain homeostasis in elemental composition. The demand for chemical elements by organisms is largely determined by individual investments in structural resources, such as vertebrates’ investment in phosphorus-rich bones, arthropods’ investment in carbon- and nitrogen-rich chitin and muscles, and plants’ investment in carbon-rich cellulose and lignin (Leal et al., 2017). Additionally, physiological processes such as growth and reproduction also influence the elemental requirements of organisms (Leal et al., 2017). Variations in the steady-state levels of elements between different organisms, such as between plants and animals, can lead to significant differences in the organism’s stoichiometry (Sterner and Elser, 2002; Persson et al., 2010). Therefore, each species should maintain an optimal balance of biological elemental composition, with different taxa exhibiting different elements and increasing differences as taxonomic distance and evolutionary time increase (Peñuelas et al., 2019). Furthermore, species demonstrate a degree of flexibility and adaptability, altering their elemental stoichiometry in response to changes in the composition and/or environmental conditions of neighboring species (Sardans and Peñuelas, 2014). In light of this, the size of the area of the principal coordinate analysis (PCoA) confidence interval (i.e., the size of the variation in element composition) were applied to represent the degrees of homeostasis of species or taxa (Figure 3). A smaller PCoA area indicates a smaller change in the content and ratio of C, N, and P, indicating species with stricter homeostasis. On the contrary, a larger area on PCoA indicates a greater change in the content and ratio of C, N, and P, indicating species with less strict homeostasis. In addition, species or taxa with relatively larger PCoA areas had lower δ15N values, while those with smaller PCoA areas had higher δ15N values. A correlation between homeostasis and trophic level was observed in this study, with species or taxa occupying higher trophic levels maintaining stricter homeostasis. This finding aligns with the research results of Feng et al. (2023), which indicated that the stoichiometric stability of aquatic organisms increased with their trophic level.






Conclusion

Our research has indicated significant interspecific differences in the ecological stoichiometric traits of invertebrates within the Beibu Gulf. The growth of these invertebrates appears to be constrained by P, and they do not exhibit strict homeostasis, with higher trophic levels displaying greater stability. In future studies, we plan to integrate our results with recent data on marine biological resources in the Beibu Gulf, including total biomass, fishing amount, and natural mortality rates. We also plan to explore the total content and ratios of C, N, and P across various marine ecosystem sizes, as well as their origins and contributions. Furthermore, we intend to assess its impact on the succession of fishery catch communities, thereby enhancing the application of ecological stoichiometry in marine ecology research.
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