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In this study we explore the inter- and intraspecific variations in the ecological
stoichiometry of three dominant fish species [Saurida tumbil (n = 33), Pennahia
macrocephalus (n = 34), and Upeneus sulphureus (n = 32)] from the Beibu
Gulf, the contents of carbon (C), nitrogen (N), phosphorus (P), calcium (Ca),
313C, and 3N in fishes were analyzed. Results illustrated that the ranges of
elemental variations (C, N, P, and Ca) in the three fishes were 36.73~49.24%,
8.79~13.99%, 1.11~2.78%, and 1.16~4.58%, respectively while P content varied
the most, resulting in variations in C:P and N:P in fishes. Correlation analysis
determined the association among various parameters and illustrated that Ca
content was significantly positively correlated with P content, which indicated
that P content variation was attributed to the formation of fish bones and scales.
The C, N, and P contents and their ratios were significantly correlated with
body length and 813C in the three fishes, indicating that the changes in C:N:P
concentrations are due to individual development and food sources. Significant
inter- and intraspecific differences in the body stoichiometry of the three fishes
were found in this study, mainly due to differences in body size and diet. The
aquatic organisms underwent individual development fluctuations in morphology
and diet, which consequently altered their stoichiometric features.

ecological stoichiometry, marine fish, ontogenetic variation, stable isotope, Beibu Gulf

Introduction

Ecological stoichiometry studies the elemental composition of organisms, emphasizing
the relationships between the major elements of living organisms, such as carbon (C),
nitrogen (N), phosphorous (P) and other elements. It is also the science that studies the
energy as well as multiple chemical elemental balances of biological systems (Sterner and
Elser, 2002; Sardans et al., 2021), which relates the ecological functions of organisms to
their elemental compositions and biochemical stoichiometric ratios (Sardans et al., 2021).
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C, N, and P have received great attention in stoichiometric studies
as they are the basis for the chemical composition of life in
all kinds on Earth. C is the basic component of each organic
material and has the highest proportion (approximately 50%) of
the organisms’ dry matter. N is important for protein production
and some structural materials, such as chitin, and is an important
component of organism mass. P is the major component of
bones and nucleic acids, which constitute 9.5% of the nucleic
acid composition (Zhang et al., 2022). Previous research showed
that N and P can limit the primary productivity of marine and
freshwater ecosystems (Dodds, 2007; Moore et al., 2013; Lourenco-
Amorim et al., 2014; Bristow et al., 2017). In addition, ecologists
are beginning to apply ecological stoichiometry to many elements
other than macronutrients (C, N, and P), and all living organisms
are composed of about 25 elements that have important effects
on the structure and function of organisms and ecosystems alike
(Kaspari and Powers, 2016; Kaspari, 2021; Filipiak and Filipiak,
2022).

The current applications of ecological stoichiometry are mainly
focused on environmental assessment (Nie et al., 2012; Wang et al,
2022), forest succession and recession (Wardle et al., 2004; Liu et al.,
2022), consumer-driven nutrient cycles (Elser and Urabe, 1999),
population dynamics (Andersen et al., 2004), nutrient dynamics
(Sterner and Hessen, 1994; Czamanski et al,, 2011), nutrient supply
and demand balance (Schade et al., 2005), nutrient limitation and
carbon cycling (Nessel et al, 2021; Fernandez-Martinez, 2022;
Filipiak and Filipiak, 2022), food webs (Glibert et al., 2011; Pacioglu
etal, 2021), biogeochemical niches (Gonzéilez et al., 2017; Pefiuelas
et al, 2019; Sardans et al., 2021), biological invasions (Gonzilez
etal,, 2010), and biological evolution (Sardans et al., 2012; Jeyasingh
et al, 2014). Ecological stoichiometry theory has become an
effective tool and provided new ideas for studying consumer
stoichiometry, nutrient cycles, and biogeochemical cycles. Studies
using the ecological stoichiometry research framework have also
included fishes. For example, Allgeier et al. (2020, 2021), Le Mézo
et al. (2022), and Mikelin and Villnds (2022) conducted a series of
studies on the ecological stoichiometry of fishes and invertebrates
in different marine ecosystems (Mikelin and Villnds, 2022), and
proposed to construct the global marine fish and invertebrate
ecological stoichiometric database, initiatively.

Fish is an important component of aquatic ecosystems that
can actively migrate and is occupying all layers of space in the
water column. They are also at various consumer levels and
ecological niches in the aquatic ecosystem (Hendrixson etal., 2007).
Consumers (such as fishes) are crucial for the material cycling in the
ecosystem, and their own C, N and P content reflect the proportion
of their demand for different elements, which would also affect
the efficiency of the transfer and use of C, P and N (Sterner and
Elser, 2002). The imbalance nutrient supply and demand between
producers and consumers in an ecosystem affects the metabolism,
growth, reproduction and even the ecological processes of the
whole population of an organism (Regnier et al., 2013).

Homeostasis and growth rate hypothesis (GRH) are two
important basic theories of ecological stoichiometry (Sterner and
Elser, 2002). Homeostasis theory suggests that organisms can
maintain a relatively constant level of nutrients in the face of
a variable environment (Sterner and Elser, 2002), with levels
of elements in excess of the organism’s requirements being
excreted while scarce and thus limiting elements are conserved
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(Sterner, 1997). The GRH suggests that changes of C:N:P in
environments (including bait) can affect the organism’s growth rate
and thus its population distribution characteristics. Conversely,
organisms adjust their C:N:P ratios to adjust to changes in
growth rates (Elser et al., 2003). In fish, many biological features
are associated with body size, growth, and development. Also,
the nutrient concentrations may vary in an allometric growth
pattern (Tanner et al., 2000; El-Sabaawi et al., 2012). However,
the ecological stoichiometry ratios are inconsistent in different
fish species which will be addressed in this study. For instance,
in Lepomis macrochirus (Rafinesque), the N:P decrease with body
size (Davis and Boyd, 1978), while it increased in Cyprinid
minnows (Sterner and George, 2000). Individual and taxon-specific
changes in fish’s elemental composition during ontogeny can vary
greatly in their timing, magnitude, and direction (Gonzilez et al,
20115 Boros et al., 2015). Furthermore, the body stoichiometry of
fish varies with environmental conditions such as food quality,
trophic state, habitat, resources, stress, and predation pressure
(Hall et al., 2005; Benstead et al., 2014; Sullam et al., 2015).
Thus, different populations may have significant differences in
their elemental composition, both inter- and intraspecifically.
The effect of intraspecific variation in organismal stoichiometry
has been inferred from related studies (El-Sabaawi et al., 2014),
where differences in interspecific elemental composition can lead
to differences in elemental requirements of the species, with
corresponding effects on the present and cycling rates of important
nutrients (Vanni et al., 1997; Boros et al, 2012). Therefore,
understanding the magnitude of intraspecific variation in elemental
composition and linking it with its causes and consequences may
be an important step toward understanding the variation and
evolution of ecosystem effects (Leal et al., 2017).

Beibu Gulf (105°40'~110°10" E, 17°00'~21°45" N) is a semi-
enclosed bay in the northwest of South China Sea. It has a high
yield and rich fishery resources due to its unique geomorphology
and climate (Qiao and Li, 2007). In recent years, the dominant fish
species such as Saurida tumbil (S. tumbil), Pennahia macrocephalus
(P. macrocephalus), and Upeneus sulphureus (U. sulphureus) have
experienced a decline because of global climate change, overfishing,
and environmental pollution (Niu et al., 2018; Wang et al., 2019;
Deng et al, 2021). To investigate the inter- and intraspecific
variations in the body stoichiometry of fish and its influencing
factors, the elemental contents of C, N, P, Ca, 3!3C, and $'°N in
three dominant species from the Beibu Gulf were analyzed in this
study. We tested the hypothesis that the inter- and intraspecific
differences in the body stoichiometry of these three fishes are
related to their own individual development and changes in feeding
habits and habitat during growth. The information on fish body
stoichiometry provided in this study is crucial for understanding
the nutrient cycling in Beibu Gulf, and can help to provide better
management and conservation efforts in the region.

Materials and methods
Sampling

Fish samples [S. tumbil (n = 33), P. macrocephalus (n = 34)
and U. sulphureus (n = 32)] were collected by bottom trawl
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Distribution of sampling sites in the Beibu Gulf.

using a trawler with a 441 kW main engine from the Beibu
Gulf in April 2022 (
for trawling was 20 m (length) x 8 m (width) x 3 m (height),

). The size of the fishing net used

with minimum and maximum mesh size was 1 and 5 cm,
respectively. Fish samples were classified and identified on-site
and then transported in ice to the laboratory for subsequent
processing. Surface water quality samples at about 0.5 m were
collected and physical indicators including electrical conductivity
(EC), water temperature (T), dissolved oxygen (DO) and pH were
measured on-site by a multimeter analyzer (YSI Professional Plus).
Turbidity was measured using a turbidity tester (HACH 2100Q).
Chl-a in the water was determined using a portable algae detector
(ALGAE-Wader). The collected water samples were brought back
to the laboratory to separate TN, TP, NO3~-N, NO, ™ -N, PO, -
P and NH**-N, TOC and COD}y,,. The potassium permanganate
oxidation method was used to determine CODjy, of the samples.
A continuous flow analyzer (SKALAR SAN++) was used to test
nutrients using colorimetric methods ( ).

Sample processing and elemental
determination

All fish individuals were thawed and washed with deionized
water, and body weight (£0.1 g), body length and total length
(£1 mm) were measured before dissection. The fish samples were
pounded with a grinder after removing guts, then ground and
mixed through a sieve (60 mesh) after freeze-drying. After weighing
0.4~0.45 mg of the dried sample and wrapping it with tinfoil, C,
N, $!3C, and $'°N were measured using an elemental analyzer
(EA Isolink CNHO) coupled with an isotope mass spectrometer
(DELTA V Advantage) (EA-IRMS). ICP-OES (Optima 7000DV)
). Before
sampling, weighing 0.2~0.5 g of dried sample was used for

was used for Ca and P determination (

microwave digestion with 7 ml of mixed acid (HNO3:H,O; = 5:2).
After digestion, samples were heated on a heating plate (100°C) for
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30 min to evaporate excess acid and filled to 50 ml with ultrapure
water, and then the samples were analyzed (n = 99) on the ICP-OES.
The recoveries of Ca and P were 92.53 & 6.46% and 93.82 4 7.37%,
respectively. The results for C, N, P, and Ca content are presented
in percent dry mass (%), while the C:N, C:P, and N:P ratios are the
molar ratios of the elements.

Statistical analyses

The C, N, and P contents and their ratios of all fish were firstly
evaluated by basic statistical analyses, and the normal distribution
test was performed by Kolmogorov-Smirnov test and normal
histogram to observe the trend of normal distribution. The C, N, P,
§13C, and 39N contents of different species and body length groups
were compared by one-way ANOVA. Pearson correlation analysis
and linear regression were used to examine the correlations among
elemental contents, ratios and the amount of explanation for their
data variation. Partial correlation analysis was used to analyze the
relationship between elemental contents, ratios and 313C and 51°N,
with individual size as a covariate. Pearson correlation was used to
clarify the relationship between elemental contents in fishes and
the water quality index. Data were preprocessed using Excel 2016
and SPSS 23.0 for statistical analysis, and the graphs were prepared
using OriginPro 2021 and R (Version 4.0.3).

Elemental composition of the three
fishes

The elemental composition of the three fishes were determined
. Result illustrated that the total
length of S. tumbil (n = 32) determined in the range of
112.7~278.9 mm, body length range of 92.9~238.5 mm and
body weight (wet weight) range of 6.58~149.13 g. The variation
of C, N and P contents ranged from 38.6 to 49.24, 10.57
to 13.31, and 1.11 to 2.14%, respectively ( ). The
coeflicients of variation (CV) for the three element contents
were ranked from high to low as P > C > N, with 531,

and presented in

4.95, and 14.22%, respectively, while P content varied the most,
resulting in variations in C:P and N:P (CV was 17.23 and
14.79%). In contrast, the variation of C:N was smaller (CV was
7.84%).

In 34 P. macrocephalus samples, the total length ranged
from 64.8 to 229.1 mm, body length ranged as 48.2~192.3 mm,
with the body weight (wet weight) range of 2.05~171.86 g.
The ranges of C, N, and P contents were 37.09~47.92,
10.29~13.99, and 1.11~2.53%, respectively ( ). The CV
of the three element contents was ranked from high to low
as P > N > C, with 6.14, 7.13, and 19.48%, respectively.
The larger variation in P content also led to a greater
variation in C:P and N:P (CV was 25.08 and 20.19%). In
contrast, a smaller variation was observed for C:N with CV of
10.45%.

U. sulphureus (n = 33) had a total length in the range of
113.2~194.9 mm, body length range of 86.1~157.0 mm, and body
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FIGURE 2

Frequency histograms of carbon (C), nitrogen (N), phosphorus (P), C:N, C:P, and N:P in the three fishes from the Beibu Gulf (n = 99).

weight (wet weight) in the range of 18.00~117.13 g. The ranges of
variation of C, N, and P contents were 36.73~48.78, 8.79~13.26,
and 1.72~2.78%, respectively (Figure 2). The CV of the three
element contents were ranked from high to low as P > N > C, with
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6.26,9.52, and 12.79%, respectively. The large variation in P content
also led to a greater variation in C:P and N:P (CV was 17.83 and
17.79%). On the contrary, the variability of C:N was smaller (CV
was 12.48%).
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Correlation of body stoichiometry
characteristics of the three fishes

The correlation analysis in expressed that the C:N and
N content of the three fishes were negatively correlated (r = —0.676,
r = —0.805, r = —0.874, P < 0.01). The C:P and P contents,
N:P and P contents were also negatively correlated (r = —0.914,
r=—0.954, r = —0.939, P < 0.01; r = 0.920, r = 0.906, r = 0.824,
P < 0.01). Whereas, C:N and C content, C:P and C content all
showed positive correlations (r = 0.726, r = 0.699, r = 0.671,
P < 0.01; r = 0.565, r = 767, r = 0.728, P < 0.01). The strongest
correlation was found between C:P and P content, N:P and P
content, indicating that changes in C:P and N:P of the three fishes
from the Beibu Gulf were mainly determined by the changes in P
content.

The Ca values of the three fishes from the Beibu Gulf ranged
from 1.16 to 4.58%. Correlation analysis revealed that the Ca
and P contents in all the three fishes showed significant positive
correlation (R? = 0.694, R?> = 0.961, R* = 0.883, P < 0.01), and P
content increased with the increase in Ca content ( )-

Interspecific differences in the body
stoichiometry of the three fishes

The N and P content, C:N, C:P, and N:P of the three fishes
vary significantly (P < 0.01) as shown in . N content
was significantly higher in S. tumbil and P. macrocephalus than in
U. sulphureus; The P content of S. tumbil was the lowest, followed
by P. macrocephalus and highest in U. sulphureus. S. tumbil and
P. macrocephalus had significantly lower C:N than U. sulphureus;
The highest C:P and N:P were found in the S. tumbil, followed by

the P. macrocephalus, and the lowest in the U. sulphureus.

Ontogenetic variation in C:N:P
stoichiometry in the three fishes

The S. tumbil samples (n = 32), P. macrocephalus samples
(n = 34) and U. sulphureus samples (n = 33) were divided
into five body length groups as the data at a group spacing of
30 mm for the former two species and 15 mm for the later
species conformed to a normal distribution ( ). The C
content and C:N of S. tumbil in different body length groups
differ significantly (P < 0.05) ( ). C content and C:N
of > 210 mm groups were the highest, followed by other groups,
and < 120 mm group was the lowest. The C content and C:N
of S. tumbil increased with the increase in body length, while N
content, P content, C:P and N:P did not differ in body length
groups (P > 0.05). Similarly, different body length groups of
P. macrocephalus had significantly different C, N, P contents and
their ratios (P < 0.05). With the increasing body length, C content,
C:N, C:P, and N:P of P. macrocephalus also increased, while P
content decreased. However, the C, N, and P contents and their
ratios of U. sulphureus in different body length groups didn’t vary
significantly (P > 0.05), while the mean values of C content and
C:N of U. sulphureus increased with the increase of body length
( )
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Correlation of $13C and $1°N with body
stoichiometry in three fishes

The 3'°N values of S. tumbil ranged from 11.45 to 15.52%o,
and the 3'3C values ranged from —19.32 to —16.87%. The §°N
values of P. macrocephalus ranged from 10.56 to 13.32%o, and the
813C values ranged from —19.47 to —17.93%0. The 3'°N values of
U. sulphureus ranged from 11.91 to 14.02%o, and the 3'3C values
ranged from —20.68 to —17.58. Our results showed significant
differences in $'°N and 3'3C among the three fishes ( ).
S. tumbil and U. sulphureus had significantly higher 8'°N than
P. macrocephalus. S. tumbil had the highest 3'3C, followed by
P. macrocephalus, and lowest in the U. sulphureus. The 8'3C and
315N of S. tumbil and P. macrocephalus were also significantly
different, while the 8!3C and §!°N of U. sulphureus did not vary
significantly in different body length groups ( ).

Partial correlation analysis in revealed that the C, N,
P content and the ratios of S. tumbil and P. macrocephalus were
not correlated with §!°N, and only the N content of U. sulphureus
showed a significant positive correlation with SN (r = 0.346,
P < 0.05). N content and 8'3C were significantly correlated in
S. tumbil, P. macrocephalus, and U. sulphureus (r = 0.419, r = 0.698,
r = 0.346, P < 0.05). C:N and 3'3C were significantly correlated
in S. tumbil, P. macrocephalus and U. sulphureus (r = —0.388,
r = —0.754, r = —0.562, P < 0.05). However, in U. sulphureus,
the relationship between C content, C:P and 8'3C was significantly
negative, while the relationship between P content and $'*C was
significantly positive (r = —0.745, r = —0.634, r = 0.442, P < 0.05).

Relationship between elements
composition and water quality

Correlation analysis revealed that most elements in the three
fishes did not correlate with water column nutrient indicators
( ). Only S. tumbil showed positive correlations between C
content, C:N and DO (r = 0.856, P < 0.05; r = 0.930, P < 0.01) as
well as C:P and Chl-a (r = 0.835, P < 0.05); TOC and N content of
U. sulphureus correlated positively, while C:N correlated negatively
(r=0.986, P < 0.01; r = —0.906, P < 0.05).

Element characteristics and interspecific
differences of the three fishes

The elemental contents of C, N, and P of the three fishes from
the Beibu Gulf varied greatly (
found in the P content than in the C and N contents. This is in

), and higher variation was

agreement with the results in previous studies ( ;

; ). It is generally recognized that the

species-level stoichiometry varies greatly in fishes, especially for P

levels ( ). Hendrixson proposed a strong
link between P content and the phylogeny of fish (

), that P content is an important interspecies trait and

an important factor in the diversification of the fish’s elemental
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Correlation analysis among C, N, P contents and their ratios of the three fishes from the Beibu Gulf.
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Correlation analysis results between calcium (Ca) and phosphorus (P) in the three fishes from the Beibu Gulf.

composition, which cause extensive interspecific variation (Villar-
Argaiz et al, 2020). This study found significant interspecies
differences in elemental content and ratios of the three fishes
(Figure 5). Scale type and body morphology can partly explain
interspecific variations in fish such as Salmonidae and Cyprinidae
that are low in P and tend to be elongated, with cycloid scales
and soft-rayed fins, whereas high P fish such as Amblycipitidae,
prone to be spiny-rayed and laterally compressed (Hendrixson
et al, 2007; McIntyre and Flecker, 2010). In the present study,
S. tumbil was covered with cycloid scales, P. macrocephalus was
covered with spiny-rayed and cycloid scales, and U. sulphureus
was covered with spiny-rayed, which is supported by the results of
Hendrixson et al. (2007) and McIntyre and Flecker (2010). Thus,
differences in bones and scales can lead to significant changes in
P concentrations in fish. In addition, §'*C, C:P and N:P are all
S. tumbil > P. macrocephalus > U. sulphureus, and the content
of P is S. tumbil < P. macrocephalus < U. sulphureus, the same
trends of §'3C and P content, C:P and N:P co-variation in S. tumbil,
P. macrocephalus and U. sulphureus (Figures 5, 7). Different aquatic
organisms have various 313C values, indicating different food
sources (Liu et al., 2018). Thus, it is speculated that the interspecific
differences in P content, C:P, and N:P are related to the food source
of fish. Furthermore, muscles, lipid stores and body size may affect
composition (Mozsar et al., 2018; Evangelista et al., 2020). N-rich
proteins and C-rich lipids in muscle contain little P, so gaining
muscle dilutes the proportion of total body P. Vrede et al. (2011)
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found a P content of 3.06% in whole fish and 0.94% in muscle,
which was more than three times higher in whole fish compared
to in muscle. Therefore, the different percentages of muscle, bone,
scale, and other tissues in fish can lead to inter- and intraspecific
differences in the body stoichiometry characteristics of fish.

The current study also found that the C:P and P contents,
N:P, and P contents of the three fishes were significantly negatively
correlated (Figure 3). In benthic animals, C:P and P content
correlated negatively, as did N:P and P content (Cai et al., 2016);
The C:P, P content, N:P, and P content of fish muscle in the
Xiaojiang tributary of the Three Gorges Reservoir were significantly
negatively correlated (Zhu et al, 2022). Our results are similar,
which indicates that the changes in C:P and N:P of the three fishes
were mainly determined by the changes in P content. Additionally,
C:N shows a positive correlation with C content and a negative
correlation with N content in all three fishes indicating that C:N
was caused by the covariation trend of C and N content. The major
mineral elements (Ca, P) in vertebrate bones play a key role in
their nutritional physiology, and their requirements for mineral
elements also affect the nutrient cycling of ecosystems. This study
showed a significant positive correlation between P content and
Ca content in the three fishes from the Beibu Gulf (Figure 4). It
shows that the changes in P content may be associated with the
formation of fish bones and scales. In fishes, the Ca content in
the skeleton accounts for 79-95% of the total Ca content in the
fish (Pilati and Vanni, 2007), and the skeleton of fish is mainly
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composed of hydroxyapatite, with the molar ratio of Ca to P at
2.16:1 (Boros et al,, 2015). Therefore, we can assume that most
of the Ca in the fish body comes from the skeleton, and the Ca
content is highly correlated with the P content, so the development
of the skeletal system mainly causes the change of the P content in
fish.

Intraspecific variation of the three fishes
and its influencing factors

Significant intraspecific differences in the elemental
composition may exist among individuals of different populations.
However, ontogeny also can play a role in explaining intraspecific
differences in the elemental composition of fish (Boros et al,
2015; Villéger et al, 2017). Individuals within a species often
undergo extensive changes in size and morphology throughout

ontogeny, resulting in bodies with varying elemental content. This
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study found that the C content and C:N in three fishes from the
Beibu Gulf increased with the increasing body length. With the
increase in body length, only the P content of P. macrocephalus
decreased, while, both C:P and N:P increased with the increase
(Figure 6). For fish, C and N are generally stored in organs and
muscles as lipids and proteins, respectively, with nearly half of
the P retained in bones and scales (Mozsdr et al., 2018; Allgeier
et al, 2021). Accordingly, C, N, P content and its ratio indicate
fat, protein, and bone composition in fish (Czamanski et al,
2011). Changes in C content are related to abiotic factors such
as water temperature and biotic factors like food quality and
growth (Pilati and Vanni, 2007). Higher water temperatures
increase the metabolic rate of fish, which may reduce lipid stores.
Growth causes changes in C content, and high growth rates may
result in less C partitioning into lipids, with larger individuals
storing more lipids. Research proved that the C:N value can
more accurately reflect the fat content of the sample, and higher
C:N value corresponds to higher fat content (Zhang et al., 2017).
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TABLE 1 Length grouping information of the three fishes from the Beibu Gulf.

Individuals Body length group (mm) Total length Body weight (g)
(mm)
Saurida tumbil 8 Gl <120 112.7~140.0 6.58~15.78
6 G2 120~149 152.0~166.1 20.48~27.75
8 G3 150~179 176.4~212.2 31.38~60.99
5 G4 180~209 215.6~241.7 60.01~86.09
5 G5 >210 249.5~278.9 106.12~149.13
Pennahia 6 Gl <70 64.8~88.2 2.05~6.91
macrocephalus
8 G2 70~99 90.0~116.0 8.06~19.32
8 G3 100~129 127.5~161.0 23.19~55.6
7 G4 130~159 160.3~203.0 50.45~108
5 G5 >160 201.5~229.1 121.38~171.86
Upeneus sulphureus 10 Gl <100 113.2~126.3 18.00~31.37
7 G2 100~114 129.1~146.2 28.68~45.94
8 G3 115~129 147.3~165.2 43.95~69.11
8 G4 >130 164.9~194.9 48.88~117.13

S. tumbil, P. macrocephalus and U. sulphureus showed an increase
in C content with length, suggesting that they may become
more fat-rich with the increase in length. In addition, spring
is the spawning season for most fish. During the spawning
migration of fish, C content and fat content rise with length
(Zhang et al., 2004). In this study, as the body length increased,
the C content of P. macrocephalus also increased, and the P
content decreased, which may be due to the faster lipid synthesis
than bone tissue growth during development. Furthermore,
the reduction in P content with rising body size was attributed
to the slower growth of bigger organisms. The GRH (Elser
et al, 2003) predicted that quick-growing organisms require
higher production of P-rich rRNA to meet the high protein
synthesis necessary for their swift growth. In addition, body
weight could alter the composition through skeletal allometry,
because the proportion of bone to body weight increases with
individual size (Casadevall et al., 1990; Sterner and Elser, 2002).
Therefore, from the early stage of fish life to a certain period, the
P content will decrease with the transcription of rRNA, and the
P content in the later period may increase with the proportion
of bone to body weight. However, due to the overfishing in
the Beibu Gulf, the collected species tend to be miniaturized.
This makes it difficult to judge the growth rate hypothesis trend
of P content changes throughout the life stages of organisms
based on their body size. Furthermore, the P content, N:P, and
C:P of S. tumbil and U. sulphureus, did not differ significantly
with body length. Consequently, individuals from different
populations may have significant intraspecific differences in
elemental composition, and fish stoichiometry may be species-
specific. For instance, the N:P ratio of Pimephales promelas and
Cyprinodon variegatus decreased with the rise of body length
(Boros et al.,, 2015), whereas the N:P ratio of Ameiurus melas
increased with the rise of body length (Hendrixson et al., 2007).
Our results showed that the fish body’s elemental composition
changed greatly during ontogeny. Each ontogenetic stage had
its own stoichiometric signature, but the timing, magnitude and
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direction of ontogenetic changes can vary substantially between
taxa.

In addition, an individual’s ecological niche often changes
during ontogeny (Moran, 1994), which may have an important
implications for elemental composition. Many species undergo
discrete ontogenetic shifts in habitat use and diet that may help
developing individuals to meet their changing elemental needs. All
species have their optimal stoichiometry, as they utilize different
food sources to meet these energy and nutrient requirements
(Sterner and Elser, 2002). 8'3C and 8!°N are effective tools to
study the material cycle and energy flow in ecosystems. In aquatic
organisms, 313C is used to trace the food source of animals while
815N is used to estimate the trophic level of animals. Variations
in $!°C values indicate different food sources among aquatic
organisms (Liu et al, 2018). In marine ecosystems, fish have
multiple food sources that vary widely in their food stoichiometry.
The same organisms may also differ in their food sources during
individual development, and hence, the intraspecific variation in
fish body stoichiometry may be attributed to differences in food
sources (Cross et al, 2003). Among the three fishes analyzed, N
content correlated positively with 813C (Table 2). This indicates
that differences in dietary carbon sources mainly caused the
intraspecific differences in the N content of the three fishes. The
C content and C:P of U. sulphureus were significantly negatively
correlated with 8!*C, P content was significantly positively
correlated with 813C (Table 2), and had no significant correlation
with body length (Figure 6), indicating that the intraspecific
variation in C and P content of U. sulphureus was mainly caused
by the differences in dietary carbon sources. In this study, only the
N content of U. sulphureus was found to be positively correlated
with 81°N (Table 2), indicating that the N content of U. sulphureus
was significantly related to the trophic level of the fish, while
S. tumbil, and P. macrocephalus had no significant relationship with
trophic level. Ontogenetic dietary changes may also be influenced
by factors unrelated to dietary element content, such as predation
risk, competition and food availability (Miller and Rudolf, 2011),
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FIGURE 6
Contents and ratios of C, N, and P in different sizes of the three fishes from the Beibu Gulf. Different lower-case letters (P < 0.05) indicate significant
differences.

and these factors may also alter an individual’s elemental needs.
For example, theoretical models of foraging-predation risk trade-
offs suggest that predation risk can increase muscle and decrease
the fat content in animals (Higginson et al.,, 2012), patterns which
may occur in individuals whose diet shifts are driven by trade-offs
between foraging and predation risk.
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The nutritional status of the water would affect the composition
of basic resources and bait, and then directly or indirectly affect
the elemental content of consumers. Studies have shown that
changes in the quality of basic resources limit the content of
elements at higher trophic levels, and the changes not only
affect primary consumers but also impact multiple trophic
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TABLE 2 Correlation analysis results of C, N, and P contents and their ratios with 515N and 5!3C of the three fishes from the Beibu Gulf.

Variable

Saurida tumbil 315N 0.277 —0.154 —0.015 0.246 0.187 —0.042

313¢C —0.117 0.419* 0.109 —0.388* —0.282 0.005
Pennahia SN 0.312 —0.206 0.247 0.042 —0.113 —0.136
macrocephalus 3

313¢ —0.299 0.698** 0.326 —0.754** —0.384 0.033
Upeneus sulphureus 815N —0.001 0.346* —0.006 —0.223 —0.021 0.187

313¢ —0.745%* 0.346* 0.442* —0.562%* —0.634** —0.152

Values denote correlation coefficients (r), *statistical significance (P < 0.05), **statistical significance (P < 0.01).

levels (Small and Pringle, 2010). For instance, water eutrophication
can affect the stoichiometric characteristics of omnivorous fish
(Mikelin and Villnis, 2022). However, this study found that most
of the elements in the three fishes did not correlate with the
nutrient indicators of the water, and the elemental contents of
the three fishes weren’t significantly different between different
sites (Table 3). Nutrient status parameters in the water reflect
the food elemental composition to a certain extent. Studies have
shown that N:P in the water positively correlates with N:P of
phytoplankton and attached algae (Stelzer and Lamberti, 20025
Hall et al., 2005). Therefore, the nutrient salt parameters in
this study also reflect the potential food quality of different
sites in the Beibu Gulf to a certain extent, and also indicate
that the correlation between nutrient salt parameters and fish
elemental composition is weak. On the one hand, the measured
nutrient salt parameters only represent a certain period and
do not reflect the food quality of the three fishes from the
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Beibu Gulf throughout their growth stages; On the other hand,
the nutritional parameters do not fully represent the growth
status and distribution characteristics of producers, as the growth
of phytoplankton and attached algae may be limited by other
factors together (e.g., temperature, or trace elements). Furthermore,
the three fishes are carnivorous with a wide variety of food
and have a large range of activities in the sea (Zhu et al,
2022). Also, since they often inhabit seawater’s bottom or lower
middle layer, they are less affected by the surface water quality
parameters.

We generally classify consumers into two categories according
to their adaptation strategies: the first category is regulators,
in which organisms maintain their own elemental homeostasis
through various metabolic activities. The other category is
conformers, in which organisms’ elemental composition varies
with their environment (non-homeostasis). However, adaptation
also has a certain range, and no organism can reach an arbitrary
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Species Variable NH4+-N NO?--N NO3--N | TNmg/L | TP mg/L PO43--P
mg/L ug/L mg/L mg/L

Saurida tumbil C% —0.551 —0.388 —0.395 —0.052 0.105 —0.323 0.749 0.856* 0.043 —0.166
N% 0.177 0.418 0232 0.252 —0.446 0334 0.156 —0.729 —0.189 0.073
P% 0.297 0313 0.060 0.045 0.651 0.025 —0.372 0.423 —0.012 0.103
CN —0.394 —0.466 —0.355 —0.181 0.334 —0.368 0.306 0.930%* 0.133 —0.137
C:P —0.617 0.167 —0.328 —0.098 —0.619 —0.112 0.835* 0.042 0.076 —0.115
N:P —0.249 0364 —0.053 0.023 —0.631 0.103 0451 —0.460 —0.014 —0.017

Pennahia C% 0393 —0.304 0.408 0.367 —0.136 —0.08 —0.001 0.646 —0.761 —0.683

macrocephalus
N% —0.293 0.021 —0.068 0.085 —0419 —0.438 0.226 —0.060 —0.103 —0.173
P% —0.736 —0.100 —0.538 —0.462 0.278 —0.146 0.293 —0.238 0.572 0.237
CN 0.405 —0.214 0.268 0.151 0.185 0.220 —0.184 0.404 —0.403 —0.312
C:P 0.706 —0.109 0.615 0.555 —0.165 —0.022 —0.182 0.402 ~0.718 —0.451
NP 0.719 —0.023 0.652 0.628 —0.321 —0.111 —0.167 0320 —0.733 —0.426

Upeneus sulphureus C% —0.077 —0.037 0.114 0.091 —0.611 —0.375 0.428 0.660 —0.375 —0.596
N% —0.037 0.755 —0.472 —0.509 —0.161 0.833 —0.358 —0.330 0.710 0.986**
P% 0.246 —0.422 0.291 0367 0.737 0.054 —0.063 —0.787 —0.225 —0.089
CN 0.057 —0.496 0.413 0.424 —0.172 —0.694 0.380 0.461 —0.673 —0.906*
CP —0.117 0230 —0.059 —0.120 —0.72 —0.229 0.166 0.761 —0.084 —0.228
N:P —0.138 0.822 —0.498 —0.582 —0.548 0.553 —0.339 0.250 0.673 0.829

Values denote correlation coefficients (r), *statistical significance (P < 0.05), **statistical significance (P < 0.01).
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non-homeostasis and survive, although organisms with the latter
strategy are more likely to survive in a diverse environment (Cai
et al, 2015). In addition, every organism changes during the
development and formation of its own body, these changes are not
inconsistent with homeostasis. Every organism changes during the
juvenile phase in order to build the adult body in an optimal way.
In this study, for the analysis of the relationship between elemental
contents, ratios and §13C, partial correlation analysis was used,
with individual size as a covariate, and the influence of individual
size was excluded. Our results indicated that the three fishes
were not in strict homeostasis, and their elemental composition
varied dynamically to a certain extent with different food sources
and habitat. During ontogeny, these aquatic consumers undergo
morphological and dietary changes that alter their stoichiometry.
Although each fish species may adjust its own stoichiometry in a
homeostatic manner; however, not all fish have the same elemental
composition. Contrarily, fish nutrient composition analysis has
revealed significant inter- and intraspecific variation in the content
of various elements across species, particularly P (McIntyre and
Flecker, 2010).

Conclusion

Our results concludes that the three fishes (S. tumbil, P.
macrocephalus, and U. sulphureus) from the Beibu Gulf were
not in strict homeostasis, and their elemental composition varied
dynamically to a certain extent with different food sources
and habitats. Significant intra- and inter-specific differences
existed in the body stoichiometry of the three fishes, and their
elemental composition changed considerably during ontogeny.
Each ontogenetic stage has its own stoichiometric signature, but the
timing, magnitude and direction of ontogenetic changes can vary
substantially between taxa. Our results provide evidence for species
specificity in fish body stoichiometry, which is largely determined
by feeding habits, ontogeny, and morphological traits. In this type
of research, fish are excellent vertebrate models, but there is still a
need to learn more about animals’ ontogeny. We, therefore, urge
further study of intra- and interspecific differences in bioecological
stoichiometry, comprising all ontogenetic stages across a wider
range of terrestrial and aquatic taxa.
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