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Energy allocation is an important component of the reproductive cycle, and as such,
it will affect survival, migration, and reproductive success. To reduce the risk of
reproductive migration failure and to optimally allocate a limited amount of energy, it
is vital to first understand the trade-off between reproduction and somatic growth in
migrating fish. In this study, we chose Megalobrama terminalis, an endemic species
residing in the Pearl River basin with relatively high migratory potential, as a candidate to
investigate energy accumulation and allocation strategy during reproductive migration.
The analysis used a quantitative assessment of biochemical composition and energy
density in somatic and visceral tissues of M. terminalis females during the reproductive
cycle. The results indicated that stage III to stage IV of M. terminalis was the vital
migration-launching period. The asynchrony of development was confirmed in energetic
relationships in muscle and ovary. Specifically, there was a regulatory mechanism for
allocating lipids to each tissue reasonably during the breeding migratory preparation
period (stage III). The significant change in lipid content of the ovary is considered as
a crucial physiological index, which reflects the readiness for breeding migration of
M. terminalis. In addition, the negative energy density relationship between somatic
and reproductive tissues indicated a trade-off between maximum metabolic ability
and energy efficiency before migration launching in M. terminalis. The present findings
provide effective information for initiating further research on the ecological adaptation
of migrating fish species.
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HIGHLIGHTS

- Current study is the first demonstration of energy
accumulation and allocation strategy in Megalobrama
terminalis during the breeding migration.

- The remarkable change of lipid content in ovary is considered
as a crucial physiological index reflecting the readiness for
breeding migration of M. terminalis.

- A regulatory mechanism to allocate the lipid of each tissue
reasonably in the breeding migratory preparation period of
M. terminalis has been found in our research.

INTRODUCTION

Almost half of all vertebrate species are fish, and they
encompass a wide spectrum of physiological and ecological
adaptations. Generally speaking, fish life-history theory predicts
that organisms will balance their energy allocation among
maintenance, storage, growth, migration, and reproduction to
maximize their fitness (Roff, 1983). As a vital aspect of the
life history, reproductive behavior is highly relevant to optimal
energy accumulation and allocation (Alonso-Fernández and
Saborido-Rey, 2012; Villegas-Ríos et al., 2014). Specifically,
females are recognized as allocating more energy to gonad
development than males (Saborido–Rey et al., 2004). In addition,
fish reproductive migration is a highly energy-consuming
activity. In the course of reproductive migration, fish are likely
to face various risks, for example, less effective avoidance of
predation and energy shortages. Therefore, fish regulate the types
and levels of energy stored in various organs to meet the energy
requirements of reproductive migration (Caudill et al., 2007). The
previous research has indicated that body size, osmotic pressure
regulation, swimming speed, and sexual maturity contribute to
fish migratory preparation (McCormick et al., 1998; Saborido–
Rey et al., 2004). Usually, the migrating fish with large body
size and high fertility rates have a clear “profit” as concerning
the consumption of energy during reproduction migration
(Wysujack et al., 2010; Barneche et al., 2018). Moreover, it has
been hypothesized that storing sufficient energy may be necessary
for migratory fish reproduction migratory (Jonsson and Jonsson,
2003; Bureau et al., 2007).

Barbour (1985) proposed the hypothesis that fish need to
reserve enough energy for migration during the migratory
preparation period. Certain relevant research points supported
this hypothesis (Thorpe et al., 1998). Nevertheless, the
preparation period that differs among individuals within a
population is considered discrepantly (Jonsson and Jonsson,
2003). Relevant research has indicated that individuals with
higher energy initiated the migration earlier (Colombier et al.,
2007). The contribution of energy molecules stored in different
fish tissues is unevenly distributed during reproductive migration
(Kiessling et al., 2004), although information related to the fish
migratory preparation process is lacking. Energy density is
identified as one of the most important indexes used to assess the
stored energy capacity of fish, because it depends on the contents

carrying molecules such as proteins, fat, and carbohydrates
(Mourente et al., 2002; Penney and Moffitt, 2014). In the recent
years, energetics related to fish migration has become a focus in
fish ecology (Penney and Moffitt, 2014; Thomas and Johan, 2018;
Lennox et al., 2019; Tamario et al., 2019). However, to the best
of our knowledge, a very few studies have been conducted on
the mechanism of energy reallocation in fish tissues in relation
to digestion, growth, reproduction, and other major functions
during the maturing process. Thus, the study of the biochemical
composition of wild fish populations is an important approach
for understanding the variation in energy allocation among
life-history processes (Connell, 1975).

The black Amur bream (Megalobrama terminalis) is a
migratory species inhabiting the lower reaches of the Pearl River.
The species is regarded as a good candidate for studying the
energy allocation of migratory fish (Chen et al., 2020). During
spawning seasons, M. terminalis migrate nearly 250 km upstream
from a drainage network to the spawning grounds (Luopangjiang
and Qingpeitang). Owing to the continuous enhancement of
human activities (e.g., water conservancy projects, waterway
dredging, water pollution, and overfishing), serious decreases in
wild populations of M. terminalis have been reported in the Pearl
River basin during this decade (Li et al., 2014, 2018). In our
previous research, it was demonstrated that the M. terminalis
spawning migration occurs from late June to mid-July, a pattern
that is different from historical records (Liu et al., 2021b).
In the recent studies, M. terminalis was deemed to be an
omnivorous fish with strong ecological adaptability (Liu et al.,
2020, Liu et al., 2021b). The amount of energy allocated between
growth and reproduction is deemed to be the critical factors
for the survival and reproduction of M. terminalis in natural
ecosystems. Related research suggests that there is a shift in
the diet of black Amur bream during the gonad development
period, with different food preferences of both immature and
mature individuals (Xia et al., 2017, 2020). Further research has
provided evidence that M. terminalis regulates activities of the
gut microbiome and degradation enzymes to digest foods with
higher nutrition to supply energy for the spawning migration (Liu
et al., 2021a). However, the overall effect on variation in energy
allocating during M. terminalis reproduction migratory has been
difficult to evaluate.

To date, most previous research on M. terminalis has been
related to larval resources, feeding habits, ecological investigation
of spawning grounds, and digestive function (Tan et al., 2009;
Wang et al., 2010; Xia et al., 2017; Liu et al., 2020), whereas a very
few studies have reported the pattern of energy accumulation and
reproductive investment for M. terminalis in the course of the
reproduction cycle. To fill this knowledge gap, we attempted to
investigate the utilization efficiency of energy storage, energetic
trade-offs between somatic and reproductive growth and
differences in energy accumulation, and allocation for gonadal
maturation and spawning migration of M. terminalis females.
A quantitative assessment method that involves biochemical
composition and energy density was utilized to analyze somatic
and visceral tissues of M. terminalis females in the spawning
ground, the fattening ground, and migration routes during the
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reproductive cycle. The aim was to characterize the process of
energy accumulation and allocation during reproductive cycle of
M. terminalis. In parallel, through analysis of fine-scale variation
in proximate composition and energy content in the course of
gonad development, the study aimed to provide data supporting
further exploration of fitness in wild population of M. terminalis.
Additionally, this study also collects data relevant to energetic
ecology of fish migration.

MATERIALS AND METHODS

Ethics Approval
The methods that involve animals in this study were conducted in
accordance with the Laboratory Animal Management Principles
of China. All experimental protocols were approved by the
Ethics Committee of the Pearl River Fisheries Research Institute,
Chinese Academy of Fishery Sciences.

Fish Sampling
A total of 350 female specimens of black Amur bream from
five localities were collected using circular cast nets (16 m
diameter, mesh size 3 cm) in the Pearl River during 2019. The
sampling variables that include date of collection, location, and
environment information are provided in Table 1. According to
the corresponding sampling sites and sampling times, sampling
in sites S1–S2 was conducted from July 9 to 21. Sampling in
sites S3–S5 was conducted from June 18 to July 8 to ensure the
distinction between migratory and non-migratory M. terminalis
(Table 1). The sampling sites are shown in Figure 1. For
each sample, total body weight in g (Wt , measured to the
nearest 1 g) and standard length (SL, to the nearest 1 mm),
eviscerated weight (EW, to the nearest 1 g), and gonad and liver
weights (GW and LW, respectively, to the nearest 0.01 g) were
measured. The sex and stage of sexual maturity were identified
for all individuals based on the morphological characteristics, as
described by Nikolsky (1963): I = immature, II = developing,
III = maturing, IV = mature, V = spawning and post-
spawning. The gonadosomatic index (GSI = 100 × GW/EW)
was estimated as an indicator of the fish reproductive period.
The hepatosomatic index (HSI = 100 × LW/EW) and fatness
(K = 100 × Wt/SL3) were measured as bioenergetic indices to
evaluate fish conditions.

Histological Observations
Fish selected in different reproductive periods were anesthetized
using MS-222 (0.2 g L−1 MS-222 + 0.2 g L−1 NaHCO3) and
then stunned and quickly decapitated. For histological analysis,
the left ovaries of fish were dissected out and fixed with Bouin’s
fixative for 24 h at◦C and embedded in paraffin wax, and then, the
tissues were cut to 5-mm thicknesses sections and stained with
hematoxylin–eosin (H&E).

Biochemical Assays
To investigate the fish biochemical composition and energy
density, 120 fish tissue samples were randomly selected for
analysis. Each specimen was dissected, and organs and muscles

(without skin) were removed from a location posterior to the
insertion of the dorsal fin. The liver and ovaries were taken
from each fish stored in plastic bags on ice and frozen (–
80◦C) until processing. For biochemical analysis, each tissue
of each sampled fish was homogenized and freeze-dried for
24 h at –80◦C to a constant weight. The resulting dry tissue
was cooled and weighed, and the moisture percentage was
calculated as (100–%dry tissue). Determination of crude protein
content was measured by the Kjeldahl method (Hach et al.,
1985); determination of crude lipid content was measured
by the chloroform–methanol extraction method (Folch et al.,
1957); ash content was determined by the method of Penney
and Moffitt (2014). The energy value was measured by a
Phillipson Microbomb Calorimeter (Gentry Instruments Inc.,
Aiken, SC, United States). All biochemical analyses were
performed in triplicate.

Statistical Analysis
The data were analyzed using STATISTICA 6.0 (StatSoft, Inc.,
Tulsa, OK, United States). The normality of the data and
homogeneity of variance were assessed with the Kolmogorov–
Smirnov test and Levene’s test, respectively. The GSI, HSI, fatness,
composition, and energy density were analyzed by one-way
ANOVA to evaluate the differences among groups. All data
were expressed as means ± SD, and Tukey’s post-hoc test was
used as necessary. A p-value below 0.05 was used to determine
statistical significance. Principal component analysis (PCA) was
used to obtain principal coordinates and their visualization from
the complex biochemical composition of the ovary. To better
understand the relationship between biochemical content of the
fish ovary and the habitat environment and biological indices
associated with different groups, a redundancy analysis (RDA)
was conducted. Here, we used the R implementation of the
procedure (version 1.1.3).

RESULTS

Changes During Reproductive Migration
The biochemical composition changes in ovary of M. terminalis
during the reproductive migration period are shown in Figure 1.
The proportion of sexually mature (stages IV and V) individuals
increased significantly in the main stem (S3, S4, and S5), whereas
immature ovaries were dominant in the estuary (S1 and S2). The
ovary of M. terminalis gradually matures during reproductive
migration. Lipid constituents of the ovary of the black Amur
bream rose from the ovary from S1 to S5, whereas water content
showed an opposite pattern of variability (Supplementary
Figure 1). To compare the similarity of proximate composition
among different sample sites, PCA ordination revealed a clear
separation of the proximate composition of the ovary between
estuary and main stem populations. The proximate composition
of ovary between the S1 and S2 groups on PCA scores showed
greater similarity, separated from the proximate composition
of the ovary in the S4 and S5 groups that formed a cluster
(Figure 2A). Samples in the S3 group were located between
non-migrating (S1, S2) and migrating populations (S4, S5)
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TABLE 1 | Basic environmental information and biological information of gut microbial community pertaining for the different groups studied of Megalobrama terminalis.

Estuary Main stem

S1 S2 S3 S4 S5

Environmental information Sample period July 15 to 21 July 9 to 15 July 2 to 8 June 25 to July 1 June 18 to 24

Temperature (◦C) 28.7 ± 0.2 28.4 ± 0.4 28.8 ± 0.4 28.4 ± 0.3 28.7 ± 0.3

Salinity (h) 0.09 ± 0.03b 0.05 ± 0.02ab 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a

pH 8.0 ± 0.1 7.9 ± 0.2 8.1 ± 0.2 8.2 ± 0.2 7.9 ± 0.2

DO (mg/L) 6.7 ± 0.1a 6.8 ± 0.2ab 7.2 ± 0.1b 7.7 ± 0.2b 7.5 ± 0.2ab

Biological information n 50 50 50 50 50

SL ± SD 182 ± 15.7a 235 ± 21.2ab 247 ± 16.4b 271 ± 20.4b 262 ± 16.1b

Wt ± SD 101.8 ± 19.1a 259 ± 25.1b 363 ± 22.5c 403 ± 32.3c 372 ± 23.1c

GSI (%) 0.7 ± 0.1a 4.1 ± 1.3b 6.9 ± 1.4b 9.2 ± 2.3b 6.6 ± 0.9b

HSI (%) 1.5 ± 0.12a 2.5 ± 0.13c 2.2 ± 0.12bc 1.2 ± 0.10a 1.0 ± 0.10a

K 1.8 ± 0.13a 2.1 ± 0.20ab 2.3 ± 0.22b 2.4 ± 0.21b 2.2 ± 0.14b

Different superscript letters indicate significant differences in different groups, p < 0.05.
DO, dissolved oxygen; GSI, gonadosomatic index; HSI, hepatosomatic index; K, fatness; SL, standard length; Wt, body weight.

FIGURE 1 | Sampling map showing the sample locations of Megalobrama terminalis. Rate of each ovary development stage of M. terminalis in sample sites was
shown during spawning migration period. Black circles were shown as spawning ground of M. terminalis in Pearl River.

(Figure 2A). The proximate composition of ovary in each
group was closely related to their habitat and biological index
(Figure 2B). The proximate composition of S4 and S5 groups

was more closely related to dissolved oxygen, fatness, and GSI. In
contrast, the proximate composition of S1 and S2 was correlated
with salinity and HSI.
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FIGURE 2 | Comparison of the main biochemical compositions in the different
groups studied of Megalobrama terminalis. (A) Principal coordinate analysis
(PCA) of main biochemical compositions in M. terminalis ovary from different
groups. The individual samples are color-coordinated according to the
different locations. (B) Redundancy analysis (RDA) showed the correlation
between the biochemical compositions of the different groups studied of
M. terminalis and their biological indices and habitat environment factors.

Morphometry and Histology
The distribution of the morphometrical parameters across
maturity stages is shown in Figure 3. It is clear that there were
increases in length and weight from the immature stage to the
mature stage (Figures 3A,B). Although this increase was gradual
throughout the maturation for the somatic measurements, the
GSI showed a sudden peak at stage IV (Figure 3C). However,
HSI showed a peak at stage II and then gradually decreased
(Figure 3D). Histological observations of the M. terminalis ovary
during different developmental stages are shown in Figure 4.
Oocytes varied markedly with ovary development, and the
description of histological changes in M. terminalis is given
shown in Table 2.

Proximate Composition: Variability in
Different Tissues
Biochemical changes across different maturity stages in each
tissue of female M. terminalis are presented in Figure 5.
During sexual maturation, water contents in the ovary and
liver decreased from stages I to III and then increased from
stages III to V (Figures 5A,C). In the contrast, water content in
muscle had no obvious changes from stages I to V (Figure 5B).
For total ash, a slight downward trend was observed in ovary
tissues from stages I and II (Figure 5D), whereas muscle and
liver tissues remained practically unaffected (Figures 5E,F).
Concerning protein content, this constituent increased in the
ovary from stages I to III and dropped significantly in stage IV,
which shows an opposite pattern compared to water content
in ovary tissue (Figure 5G). In the muscle tissue, total protein
content declined from stages III to V, whereas less variation was
observed in the liver tissue during maturation (Figures 5H,I).
Lipid content in the ovary and liver gradually went up from
stages I to IV and then dropped off significantly in spawning and
post-spawning (stage V) (Figures 5J,L). Similarly, lipid content in
the muscle tissues increased and subsequently decreased during
maturation with a maximum value in stage III (Figure 5K).

Energy Accumulation and Allocation
The weights of trunk, ovary, and liver were positively correlated
with body mass from stages III to IV (Figures 6A–C and
Supplementary Table 1). The rate of increase of ovary mass rose
sharply from stages III to IV, whereas the rate of increase of trunk
mass declined. The proportions of protein and lipid in muscle
were positively correlated (R2 = 0.152; p< 0.01) (Figure 6D), and
the proportions of proteins and lipids were negatively related in
the ovary and liver tissues from stages III to IV (Rovary2 = 0.312;
Povary < 0.01; R2

liver = 0.284; pliver < 0.01) (Figures 6E,F). The
variation in energy density across maturity stages for each tissue
is shown in Figures 7A–C. In the muscle, no significant change
in energy density was perceived from stages I to V (Figure 7A).
In contrast, there was a clear pattern related to reproduction,
since maxima were observed in ovary and liver at female stage IV
(Figures 7B,C), and there was a sharp drop reaching a minimum
of energy density at stage V. Some statistically significant negative
relationships were observed between ovary and muscle energy
density from stages III to IV (R2 = 0.215; p < 0.01) (Figure 7D).
The muscle energy density decreased rapidly, whereas the ovary
increased slowly in stage III. In contrast, energy density of muscle
dropped slightly and ovarian energy density rose dramatically
in stage IV. Ovary and liver energy density showed a positive
relationship (R2 = 0.246; p < 0.01) (Figure 7E). By contrast,
muscle and liver energy density had a negative relationship from
stages III to IV (R2 = 0.193; p < 0.05) (Figure 7F).

DISCUSSION

In this study, we found that the ovary of migrating black Amur
bream gradually matured during movement from the estuary
(fattening ground) to the main stem (spawning ground) during
the breeding season (Figure 1). Maturity stages III to IV of the
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FIGURE 3 | Line chart showing the distribution of (A) body length, (B) body length data across Megalobrama terminalis maturity stages. Shown are also the patterns
in (C) gonadosomatic index (GSI), and (D) hepatosomatic index (HSI) of M. terminalis. Different superscript letters indicate significant differences of component in
different maturity stage, p < 0.05.

FIGURE 4 | Transverse sections of ovary of the black Amur bream (A,B) immature female ovary; (C) developing female ovary; (D) maturing female ovary; (E) mature
female ovary; (F) spawning and post-spawning female ovary; CA, cortical alveolar oocyte; GVM, germinal vesicle migration; PG, primary growth oocyte; POF,
post-ovulatory follicle; Vtg1, primary vitellogenic oocyte; Vtg2, secondary vitellogenic oocyte.
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TABLE 2 | Histological descriptions of the stages in the reproductive cycle of
female Megalobrama terminalis.

Stage Description

I (Immature) Small ovaries, often clear, blood vessels indistinct. Only
oogonia and PG oocytes present.

II (Developing) Enlarging ovaries, blood vessels becoming more distinct.
PG, CA, and Vtg1 oocytes present.

III (Maturing) The number of nucleolus increased and irregular
deformation occurred close to the inner edge of the nuclear
membrane. PG, CA, Vtg1, and Vtg2 oocytes present.

IV (Mature) Large ovaries, blood vessels prominent. Individual oocytes
visible macroscopically. Oocytes undergoing late GVM.

V (Spawning/post-
spawning)

Flaccid ovaries, blood vessels prominent. Atresia (any
stage) and POFs present. Some CA and/or vitellogenic
(Vtg1, Vtg2) oocytes present.

black Amur bream were observed as a vital migration-launching
period. Meanwhile, significant differences in environmental
factors and biological indices were observed between estuary

and main stem populations, especially in salinity, dissolved
oxygen, GSI, HSI, and fatness (Table 1). A clear separation of
the proximate composition of the ovary was detected between
estuary and main stem populations (Figure 2A). Secor (1999)
indicated that not all individuals of migratory populations
participated in the breeding migration. Non-migrating and
migrating individuals demonstrated significant differences in
maturity and energy reserves of fish reproductive organs. It
is widely recognized that lipids and proteins are high energy
substances for fish storage (Zaboukas et al., 2006; Sieiro et al.,
2020). The recent study has illustrated that migratory individuals
are evolving toward larger body size and higher fertility than
non-migratory individuals (Burns and Bloom, 2020). In this
study, we found that migrating population in the main stem
had larger body size and higher GSI than that of non-migrating
population (Table 1). The proximate composition of ovary in
the groups S4 and S5 had a close relationship with biological
indices, especially in fatness and GSI (Figure 2B). Lipid content
in the ovary of the black Amur bream gradually increased from
the estuary to the main stem, which indicates that migrating

FIGURE 5 | Four main biochemical constituent proportion of different tissues in female Megalobrama terminalis from maturity stages I to V. Water content in the
ovary (A), in the muscle (B), and in the liver (C); ash content in the ovary (D), in the muscle (E), and in the liver (F); protein content in the ovary (G), in the muscle (H),
and in the liver (I); lipid content in the ovary (J), in the muscle (K), and in the liver (L). Different superscript letters indicate significant differences of component in
different maturity stage, p < 0.05.
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FIGURE 6 | Scatter plots indicating the relationships between the organ and body mass for maturity stage III and IV of Megalobrama terminalis female in the trunk
(A), in the ovary (B), and in the liver (C). Scatter plots showing the relationships between the proportion of total lipids and proteins for M. terminalis female in maturity
stage III and IV in the muscle (D), in the ovary (E), and in the liver (F). Lines show regression fits with the exceptions.

population stored more energy for ovary development. The high
lipid content of tissues also signified the need for high energy
biomolecules to perform the energy-consuming locomotion
(Zaboukas et al., 2006). Relevant studies have pointed out that
fish utilize lipids to regulate their energy expenditure for gonad
development (Takama et al., 1985). Thus, the remarkable change
in lipid content of the ovary might be considered as a crucial
physiological index, which reflects the readiness for breeding
migration of M. terminalis.

In order to make an effective assessment ofM. terminalis ovary
development, it is imperative to describe the process of energy
accumulation and oocyte recruitment during ovary development.
According to our study, it appears that M. terminalis follows
a similar pattern of oocyte developmental stages as in most
one-time spawning type fish species (Murua and Saborido–Rey,
2003; Costa et al., 2015). The variation tendon of the proximate
composition in muscle and ovary tissues was due to increases
in the protein content from stages I to III (Figures 5G,H). The
protein content is essential to maintaining major body organic
structure and function of migrating fish during reproductive
migration (Lin et al., 2017; Serrat et al., 2019). In addition,
somatic tissue is regarded as primarily location of fish energy
reserves, and this is commonly determined by the protein content
throughout reproduction (Lin et al., 2019). Lipid content in
the ovary gradually increased during the migration-launching
period, whereas that in the muscle slightly declined. This
indicated that energetic investment of M. terminalis concentrated

on reproduction, whereas there was a more intense reduction
in the lipid contents of the somatic tissues (Zaboukas et al.,
2006). Furthermore, decreases in the lipid contents of fish
somatic tissues are mainly devoted to supplying energy for
reproductive migration (Doucett et al., 1999; Kiessling et al.,
2004). During the migration-launching period, the accumulation
of lipids in the ovary proceeds until the onset of vitellogenesis;
this is interpreted as initiation of the synthesis of yolk-forming
molecules. The production of abundant eggs during the relatively
short period of reproduction is very energy intensive (Tocher,
2003). In the course of this period, the proportions of protein
and lipid in the ovary showed a negative correlation, which
suggests that lipids were more important than proteins in the
M. terminalis ovary during advanced maturity stages. Studies
present have shown that lipids are important in the ovaries of
marine fish during maturity stages (Rosa et al., 2002; Serrat
et al., 2019). Related research reveals that lipids predominate
in the liver and ovary in the common octopus (Sieiro et al.,
2006). Despite lipid content of somatic and reproductive tissue
being of vital importance, the lipid content in tissues of
M. terminalis rose to a certain level and remained stable instead of
increasing blindly during the migratory reproductive preparation
period (stage III). Relevant research has indicated that excessive
lipids limited fish swimming speed during migration (Slotte
et al., 2000). Consequently, lipids may have diverse effects in
different tissues of the black Amur bream, and there may be a
regulatory mechanism for allocating the lipids to each tissue to

Frontiers in Ecology and Evolution | www.frontiersin.org 8 April 2022 | Volume 10 | Article 848228

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-848228 April 19, 2022 Time: 15:20 # 9

Liu et al. Energy Strategy of Megalobrama terminalis

FIGURE 7 | Changes in energy density across Megalobrama terminalis female maturity stages in the muscle (A), ovary (B), and liver (C). Scatter plots indicating the
relationships of energy density in specific tissues [muscle (D), ovary (E), and liver (F) of M. terminalis female in maturity stages III and IV. Different superscript letters
indicate significant differences of energy density in different maturity stages, p < 0.05.

reduce the risk of migration failure in the breeding migratory
preparation period.

This study demonstrated that ovary mass gain is accelerated,
while somatic mass grows more slowly during the vital migration-
launching period. Relevant studies have indicated that the
relationship between organ and body size can be applied
to explain the allometric variation at the metabolic level
(Oikawa and Itazawa, 1992). Some studies have manifested
that the somatic tissues accumulated energy continuously until
the physiologically maturing stage, whereas the reproductive
organs had a drastic energy accumulation throughout the sexual
maturation period (Lahti et al., 2001, 2002). The energy density
in M. terminalis somatic tissues increased initially after declining
owing to fluctuating contents of total protein and lipid during
the maturation process. More specifically, the rise in the energy
density of somatic tissues was due to the body growth of
M. terminalis from stages I to III. Rapid body growth in
fish results from intensive protein synthesis and low protein
degradation (Houlihan et al., 1990; Sieiro et al., 2020). Owing
to the high level of protein in the somatic tissues, the energy
metabolism is mainly protein-based (Navarro et al., 2014).
However, a negative energy relationship between somatic and
reproductive tissues was observed in M. terminalis during the
vital migration-launching period. The downtrend of energy
density in somatic tissues after stage III was related to the
decline of lipid content. The previous research has suggested that
somatic tissues of migrating fish are applied to provide energy
for the migration process (Kiessling et al., 2004). Moreover,

lipids are crucial energy substances with high energy efficiency
in fish somatic tissues (Hinch et al., 2002). Higher variability
of energy density in the ovary and liver was observed during a
vital migration-launching phase due to enhanced lipid contents.
This ascent of energy density in ovary associated with yolk
accumulation in stage IV has been found in some fish species
(Fernández et al., 2009; Wu et al., 2017). Specifically, rapid
synthesis of yolk materials in the developing oocytes during
the migration-launching phase is conducive to the energy
substances being rapidly synthesized in the later physiological
maturity stages (Alonso-Fernández and Saborido-Rey, 2012; Lin
et al., 2017). Not all individuals in migratory fish populations
participate in the migration (Secor, 1999). Non-migrating and
migrating individuals presented obvious discrepancies in body
size and lipid storage status. Our previous results suggested
that lipid metabolism in migrating population was higher than
that in non-migrating population, which provides a line of
evidence for that M. terminalis consuming lipids to supply
energy for spawning migration (Liu et al., 2021a). Similarly,
it has been proposed that Atlantic salmon maturation was
linked with growth rate and lipid metabolism (Herbinger and
Friars, 1991). Barneche et al. (2018) revealed that larger females
disproportionately reproduce more than smaller females whether
measured by fecundity or by total reproductive energy. Larger
females had a higher metabolic ability factor that is significant for
fish survival, energy consumption, and migration (Priede, 1985;
Hinch and Rand, 2000). The higher metabolic ability requires a
more complex organizational structure, which inevitably leads to
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higher energy consumption and lower energy efficiency (Weiner,
1993; Chappell et al., 1999; Hinch and Rand, 2000). In fact, energy
accumulation is closely linked to the co-evolved life-history
traits favored for optimal energetic allocation (Lin et al., 2017).
Therefore, there may be a trade-off between maximum metabolic
ability and energy efficiency before migration launching in the
black Amur bream.

CONCLUSION

Above all, stages III to IV of the black Amur bream were observed
as a crucial migration-launching period. The asynchrony of
development was confirmed in energetic relationships in somatic
and ovary tissues. In addition, the negative energy relationship
between somatic and reproductive tissues clarified a trade-off
between maximum metabolic ability and energy efficiency before
the migration launching of M. terminalis. The lipid content
displayed diverse effects in different tissues of M. terminalis,
and there was a regulatory mechanism for allocating the lipid
content of each tissue reasonably to reduce the risk of migration
failure during the breeding migratory preparation period. The
results demonstrated that there is a dependency between somatic
and reproductive tissue growth in M. terminalis females during
migratory preparation that serves to improve fitness. Finally,
these findings illustrate that the high energy metabolism demands
of reproduction of M. terminalis are regarded as a key factor
driving the variation in energy accumulation and allocation. The
findings facilitate further research on ecological adaptations of
migrating fish during the reproductive cycle.
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