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Food abundance plays an important role in the reproduction of fish, especially multiple spawners. Multiple
spawners can exhibit various biological strategies when under starvation stress. However, the reproductive
strategy used in these fish species remains unknown. To explore whether rare minnows (Gobiocypris
rarus) prioritize survival over current reproduction under starvation conditions, paired adult rare minnows
were starved for 0, 5, 10, 15 d and their spawning activities were recorded. Anatomical and histological
characteristics of unpaired adult rare minnows were examined during starvation and following re-feeding.
It was found that only 30-70% of paired rare minnows spawned within 5 d after deprivation of food. Though
spawning activity was suppressed by starvation, rare minnows starved for 0, 5, 10, and 15 d waited 3.89 ±
0.78 d, 5.57 ± 3.36 d, 5.83 ± 5.15 d and 6.57 ± 4.50 d, respectively, after re-feeding to resume spawning.
The average inter-spawning interval and length until egg production of those starved for 15 d was 4.60 ±
2.37 d and 139.1 ± 67.9 d, respectively, when they spawned with rhythm, which were significantly different
from those starved for 0 d (P < 0.05). Anatomical and histological data further revealed that late maturing
oocytes degraded after 8 d of starvation, but the gonadosomatic index recovered to initial levels after
8 d of re-feeding. Thus, reproduction of rare minnows was markedly affected by starvation, but rapidly
returned to normal upon re-feeding. These observations demonstrated that paired rare minnows prioritize
survival by channeling energy from the liver and absorbing late maturing oocytes instead of continuing to
reproduce under food deprivation condition.
Key words: Rare minnow, Starvation, Re-feeding, Reproductive strategy, Ecological implication.

changes and human interferences (Olmez et al. 2015;
Yoshinaga et al. 2000). Fish have evolved various
biological strategies to cope with starvation, including
hormonal changes (Bar 2014), metabolic responses
(Navarro and Gutierrez 1995), and morphological and
behavioural adaptions (Wang et al. 2006). Some fish
optimize their survival in the face of starvation stress
through a trade-off between reproduction and survival

BACKGROUND
Food is the main energy source for animals,
including most parent fish, and food abundance affects
animal bioenergetics in terms of how energy is allocated
among growth, maturation, and reproduction (Collins
1999; Kilgour 1985). However, food resources are
sometimes insufficient for fish because of environmental
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(Begon and Mortimer 2009; Endler 1986). This trade-off
varies with their life-history patterns (Aristizabal 2007;
Tytler and Calow 1985). For synchronous, semelparous
spawners or asynchronous, annual spawners, energy and
specific nutrients for gonadal development and overall
spawning are mainly stored inside the body (Vijayagopal
2015). Thus, starvation stress during reproduction
usually has little adverse influence on reproduction in
Atlantic salmon (Salmo salar) (Jonsson and Jonsson
2011) and brown trout (Salmo trutta) (Bagenal 1969).
In contrast, multiple spawners—such as the threespined stickleback (Gasterosteus aculeatus) (Wootton
and Fletcher 2009), red porgy (Pagrus pagrus)
(Aristizabal 2007), and medaka (Oryzias latipes)
(Aristizabal 2007)—need to constantly feed to achieve
reproductive success during their reproductive period.
Starvation stress during the breeding season extends
the inter-spawning interval and reduces batch fecundity
(Forbes et al. 2010; Wootton and Fletcher 2009). For
these species, a trade-off between reproduction and the
survival of the parent fish could profoundly affect the
effectiveness of reproduction and the continuation of
populations.
The rare minnow (Gobiocypris rarus) is an
asynchronous, batch-spawning species in the southwest
of China that is able to spawn hundreds of eggs every
3–4 days (d) (Luo et al. 2017; Wang 1992). Because
of this high fecundity, rare minnows have been
recommended as a model organism in China, with
wide application in studies on toxicology and risk
assessment of chemicals (Wang and Cao 2017). In past
studies, embryos and larvae were mainly used to test
the toxicity of chemicals due to their high sensitivities.
To ensure the quantity and quality of rare minnow
embryos, the effects of temperature and photoperiod on
reproductive performance and offspring quality were
determined (Luo et al. 2017). However, the influence
of food supply on the reproduction of rare minnows
is still unclear. To standardize laboratory cultures, it is
necessary to determine the effects of starvation on the
reproduction. On the other hand, although rare minnows
have a long breeding season and show high fecundity in
the laboratory, wild populations have greatly declined
in recent years, and have been ranked as endangered
species on the China Species Red List (Wang et al.
1998). As rare minnows tend to live in small water
systems adjacent to agricultural areas and feed on
aquatic invertebrates including Chironomus larva,
cladoceran and Limnodrilus (Wang and Cao 2017), they
are vulnerable to weather changes and human activities,
such as fertilization runoff and irrigation construction
(He et al. 2012; Luo et al. 2016; Wang and Cao 2017).
All these adverse factors significantly reduce the
biodiversity and resources of aquatic organisms (Zhao
© 2020 Academia Sinica, Taiwan
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et al. 2014 2016), which may make rare minnows
experience short-term food shortages. However, only
studies on the effects of starvation on rare minnows
have focused on the point-of-no-return (PNR) for rare
minnow larvae (Wang 1999) and another the optimal
feeding frequency for rare minnows for maximal growth
and feeding efficiency (Wu et al. 2015). It is still unclear
whether short-term food shortage adversely influences
the reproduction of rare minnow.
In the present study, we hypothesized that rare
minnows would tend to choose survival rather than
continuing to reproduce in response to food shortage,
but would resume spawning rapidly once food became
available again. To test this hypothesis, rare minnow
parent fish were deprived of food for 0, 5, 10 or 15 d
after pairing, and their spawning activity, reproductive
performance, and gonadal development were
determined. In addition, anatomical and histological
analyses were conducted for unpaired adult rare
minnows. The objectives of the present study were: 1)
to determine the effect of short-term food shortage on
the reproduction of rare minnows, and 2) to investigate
the reproductive strategy of rare minnow parent fish
during starvation and re-feeding.
MATERIALS AND METHODS
Fish rearing and water quality
Four hundred healthy and mature rare minnows
(♀:♂ = 1:1) used in this study came from a closed
colony (Ihb:IHB) in the Institute of Hydrobiology,
Chinese Academy of Sciences (Wang and Cao
2017). Prior to the experiment, these mature rare
minnows were distributed among several 80-L blue
circular resinous tanks. No dead fish were recorded
during the 7 d acclimatization period. Water in each
tank was recirculated at a rate of 0.6–1.0 L/min and
approximately one third of the water was renewed daily
to maintain water quality. During the acclimation and
experimental periods, the photoperiod was artificially
controlled at 12L:12D from 08:00 to 20:00. Water
temperature, pH, and dissolved oxygen were monitored
daily (HQ30d, Hach, Loveland, Co., USA) and
maintained at 25–27°C, 7.8–8.55 and 7.99–8.41 mg/L,
respectively. Ammonia-N, nitrite-N, nitrate-N, and total
hardness were determined weekly and maintained at
< 0.5 mg/L, < 0.1 mg/L, < 1.0 mg/L, and 160–182 mg/L
CaCO 3, respectively. Experimental fish were fed to
satiation with ozone-disinfected frozen red worms
(Chironomus flaviplumus) (Yuerle, Tianjin, China) twice
daily.
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Effects of starvation on spawning performance
After acclimation for one week, 40 females and 40
males were lightly anaesthetized with buffered (pH 7.5)
30 mg/L tricaine methanesulfonate solution (MS222,
Sigma-Aldrich, St Louis, MO) to measure their initial
body length and body weight, and were then randomly
allocated into 40 male/female pairs. Each pair was
maintained in a polycarbonate tank (40 cm × 20 cm ×
25 cm). For the starvation trials, rare minnow pairs were
divided into four treatment groups with 10 pairs for each
replicate: control group (starved for 0 d and then fed to
satiation twice daily), group 1 (G1, starved for 5 d and
then fed to satiation twice daily), group 2 (G2, starved
for 10 d and then fed to satiation twice daily) and group
3 (G3, starved for 15 d and then fed to satiation twice
daily) (Adaklı and Taşbozan 2015; Wang et al. 1999).
Spawning events were recorded at 23:00 daily and the
parent fish were separated from the eggs by a net cage
immersed in the same aquarium. Spawning behaviour
was checked for at the time of feeding, and the intimacy
of pairs was evaluated according to the results of Wang
(1992). The spawning time was recorded to calculate
the inter-spawning interval and count the number of
spawning events. In addition, a second consecutive
inter-spawning interval within 5 d after re-feeding
was defined as proof that the spawning rhythm had
resumed. On the day following spawning, the eggs were
siphoned into cylindrical glass containers (600 mL;
diameter, 12 cm; Huaou Industry, Yancheng, China) and
parent fish were returned to the aquarium for further
observation. Fertilized and unfertilized eggs were
counted to calculate egg production and unfertilized
eggs were discarded. Fertilized embryos between the
gastrula and neurula stages were counted to calculate
fertility rate. After hatching, larvae were counted to
calculate hatching rate.
Effects of starvation on ovary development
The remaining fish (n = 320) were starved for
15 d and then refed to satiation twice daily. To study the
differences between female and male rare minnows in
response to starvation, twelve euthanized fish (♀:♂ =
1:1) were randomly sampled on days 1, 3, 5, 8, 11, 13
and 15 during the starvation period, and on days 3, 5,
8, 10, 13, 15, 19 and 21 during the re-feeding period.
The fish were individually euthanized with 200 mg/L
MS-222 to measure body weight and body length.
The livers and gonads were quickly removed with
sharp scissors and weighed. Condition factor (CF),
gonadosomatic index (GSI), and hepatosomatic index
(HSI) were calculated to assess the effects of starvation
on histological parameters.
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The parameters were calculated as:
Condition factor (CF) = (W/BL3) × 100
Gonadosomatic index (GSI) = (Wg/W) × 100
Hepatosomatic index (HSI) = (Wl/W) × 100
where W is body weight, BL is body length, W g is
gonad weight, and Wl is liver weight.
Afterwards, the left or right ovaries were fixed in
Bouin’s solution for histological observation. The fixed
ovaries were washed with 50% ethanol, dehydrated,
and finally embedded in paraffin, serially sectioned
(7 um) transversely, and stained with hematoxylin
and eosin. All of these sections were processed by
Wuhan ServiceBio Technology Co., Ltd. Sections of
gonads were examined by light michroscopy to observe
ovary development in fed and starved rare minnows.
All animals were treated humanely and with the aim
of alleviating any suffering. All of the rare minnow
samples were collected following the guidelines
specified by the research permits from the Institute of
Hydrobiology, Chinese Academy of Sciences (permit
number Y216011101).
Statistical analysis
Data were checked for normality and assumptions
of homogeneity of variance using Kolmogorov-Smirnov
and Levene tests, respectively. Because normality and
homogeneity of variance assumptions were satisfied,
data were analysed by one-way analysis of variance
(ANOVA). If there was a significant difference between
treatment groups and control group, data were analysed
by the following method. In order to compare the
differences between fed and starved rare minnows
and to analyse the effects of duration of starvation, the
Duncan multiple-comparison test was used to analyse
some parameters, such as time until spawning and
spawning rhythm resumed, average inter-spawning
intervals, mean egg production, fertilization rate and
hatching rate. In addition, to determine whether the
difference between fed and starved rare minnows was
significant, we used the Dunnett test to analyse the
anatomical data—such as CF, GSI and HSI—in female
and male rare minnows. All statistical analyses were
carried out using SPSS 19.0 (IBM, Armonk, NY) with
P < 0.05 deemed statistically significant. All figures
were created using OriginPro 8.0 (OriginLab,
Northampton, USA) and Photoshop CS 7.0 (Adobe, San
Jose, CA). Data were shown as mean ± SD.

© 2020 Academia Sinica, Taiwan

Zoological Studies 59: 1 (2020)

page 4 of 12

RESULTS
Spawning activity
All paired rare minnows in the control group
spawned within 5 d. However, under starvation
conditions, only 60%, 70% and 30% of the pairs in
G1, G2, and G3, respectively, spawned within 5 d. In
G3, 10% of females spawned between 6–10 d, but no
spawning activities were observed past 10 d in starved
pairs (Fig. 1). Compared with the control group, the
rare minnow pairs under starvation condition reduced
their swimming activities and male rare minnows rarely
chased after females.
No spawning occurred after 10 d of starvation,

but it resumed within 2–15 d of re-feeding. The mean
time for first spawning after re-feeding increased with
increasing starvation time, but did not differ significantly
among treatment groups (one-way ANOVA, F = 0.800,
P = 0.506). The time it took for paired rare minnows
to resume their spawning rhythm was 2–12 d in G1,
3–15 d in G2, and 4–14 d in G3. The mean times for
resuming the spawning rhythm in G2 and G3 were 9.00
± 4.15 d and 9.57 ± 4.19 d, respectively, which was
significantly longer than in the other groups (Duncan
multiple-comparison tests, P < 0.05) (Table 1). The
spawning interval in G3 was 4.60 ± 2.37 d, which
differed significantly from that of the control group
(Duncan multiple-comparison tests, P < 0.05); however,
the intervals in G1 and G2 were not significantly

Fig. 1. Frequency distribution of spawning events in rare minnows during the starvation period. Fish were starved for 0 d (C), 5 d (G1), 10 d (G2) or
15 d (G3) (n = 10 pairs).

Table 1. Times for first spawning after re-feeding and for the spawning rhythm to resume, and the average interspawning intervals after re-feeding following a period of starvation in Gobiocypris rarus. Data presented are mean ±
SD; means with same superscripts as the control group in the same column are not significantly different (P > 0.05)
Group
Control group
G1
G2
G3

© 2020 Academia Sinica, Taiwan

Time for first spawning after
re-feeding (d)

Time for spawning rhythm to
resume (d)

Average inter-spawning
interval (d)

3.89 ± 0.78a
5.57 ± 3.36a
5.83 ± 5.15a
6.57 ± 4.50a

3.89 ± 0.78a
5.57 ± 3.36a
9.00 ± 4.15b
9.57 ± 4.19b

3.70 ± 0.57a
3.64 ± 0.70a
4.32 ± 1.55ab
4.60 ± 2.37b
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different from the control (Duncan multiple-comparison
tests, P = 0.058) (Table 1). Moreover, in parent fish that
spawned during the starvation period, the time it took to
resume spawning and the spawning rhythm was longer
than 5 d.
Reproductive performance and reproductive
success
Starvation severely influenced the fecundity of
paired rare minnows. The mean number of offspring
produced during each spawning event over the 15-d refeeding period was 3.8 ± 0.632 in the control group,
3.1 ± 0.568 in G1, 2.5 ± 1.179 in G2, and 2.4 ± 0.699
in G3 (Table 2). The number of eggs produced per
batch after re-feeding was 117–272 in the control
group, 98–292 in G1, 69–278 in G2, and 53–319 in
G3. The mean egg production gradually decreased with
increasing starvation, and was significant lower in G3
than the control group (Duncan multiple-comparison
tests, P < 0.05) (Table 2). Fertility rates were 80.24
± 7.53% in the control group, 79.48 ± 3.47% in G1,
77.48 ± 9.56% in G2, and 73.42 ± 4.50% in G3. The
mean fertility rate gradually decreased with increasing
starvation time, but there were no significant differences
among treatments and the control group (one-way
ANOVA, F = 0.798, P = 0.510). Hatching rates were
relatively stable in each group: 94.41 ± 10.23% in the
control group, 93.83 ± 9.52% in G1, 94.35 ± 6.80% in
G2, and 97.70 ± 2.86% in G3.
Condition factor
CF gradually decreased with increasing duration
of starvation in both female and male rare minnows
(Fig. 2). CF at 15 d of starvation was 1.53 ± 0.149%
in females and 1.41 ± 0.124% in males, which was
significantly lower than the baseline fed state (Dunnett,
P = 0.05 and P < 0.05, respectively) (Fig. 2). In

addition, CF was significantly lower than the baseline
fed state in males after 13 d (Dunnett, P < 0.05). The
CF values at 3 d of re-feeding in females and males
were 1.59 ± 0.100% and 1.44 ± 0.100%, respectively,
which remained significantly lower than the baseline
state (Dunnett, P < 0.05 and P < 0.05), but recovered
during continued re-feeding (Fig. 2). Males had the
highest CF after 10 and 13 d of re-feeding (Dunnett, P
< 0.05 and P < 0.05, respectively), but by the end of the
trial the CF values of both male and female fish did not
differ significantly from the baseline value (Dunnett, P
= 0.253) (Fig. 2).
Gonadosomatic index
Starvation and re-feeding influenced the GSI
values of female and male rare minnows similarly (Fig.
3). GSI values remained nearly constant during 5 d of
starvation, but the values at 8 d of starvation in females
and males decreased significantly to 14.84 ± 3.592%
and 4.27 ± 0.419%, respectively (Dunnett, P < 0.05 and
P < 0.05, respectively) (Fig. 3). On day 5 of re-feeding,
GSI remained significantly lower than the pre-test
values (Fig. 3). Female and male GSI values returned to
18.86 ± 6.609% (Dunnett, P = 0.983) and 4.74 ± 1.037%
(Dunnett, P = 0.573) after being re-fed for 10 d, then
remained nearly constant (Fig. 3).
Hepatosomatic index
Starvation had few effects on HSI values (Fig.
4). In females, HSI values decreased slightly with
increasing starvation period but—except for females
after 5 d of starvation—there were no significant
differences to the baseline level (Fig. 4). HSI values
for females increased immediately after being fed; HSI
values in females were 4.37 ± 0.681 and 4.62 ± 0.894
at 10 and 13 d of re-feeding, respectively, which was
significantly greater than the baseline value (Dunnett,

Table 2. Mean spawning times of starved rare minnows during the 15-d re-feeding period, mean egg production per
spawning, mean fertility rate and mean hatching rate of starved parent rare minnows (Gobiocypris rarus) after refeeding. Data presented are mean ± SD; means with same superscripts as the control group in the same column are not
significantly different (P > 0.05)
Group

Control group
G1
G2
G3

Mean spawning batches of
starved rare minnows during
the 15-d re-feeding period (d)

Mean egg production per
spawning

Mean fertility rate after refeeding (%)

Mean hatching rate after refeeding (%)

3.8 ± 0.632a
3.1 ± 0.568ab
2.5 ± 1.179b
2.4 ± 0.699b

189.3 ± 51.0c
167.4 ± 60.8bc
153.0 ± 66.4bc
139.1 ± 67.9ab

80.24 ± 7.53a
79.48 ± 3.47a
77.48 ± 9.56a
73.42 ± 4.50a

94.41 ± 10.23a
93.83 ± 9.52a
94.35 ± 6.80a
97.70 ± 2.86a
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P < 0.05 and P < 0.05, respectively) (Fig. 4). At the
end of the trial, HSI values in females did not differ
significantly from the baseline level (Dunnett, P =
1.000) (Fig. 4). In males, starvation was associated
with a reduction in HSI, but there were no significant
differences between starved males and fed individuals
(Fig. 4). HSI values increased immediately after feeding
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and significantly increased to 4.17 ± 0.722, 4.90 ± 0.840,
5.52 ± 0.963, 4.14 ± 1.373, and 4.01 ± 1.065 at 5, 10,
13, 15 and 19 of re-feeding, respectively (Dunnett,
P = 0.05, P < 0.05, P < 0.05, P < 0.05, and P = 0.05,
respectively) (Fig. 4). By the end of the trial, HSI in
males had also returned to baseline levels (Dunnett, P =
0.463) (Fig. 4).

(A)

(B)

Fig. 2. Condition factor (mean ± SD) in female (A) and male (B) rare minnows during the starvation and re-feeding periods. * Significantly different
from the control (P < 0.05).
© 2020 Academia Sinica, Taiwan
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(A)

(B)

Fig. 3. Gonadosomatic index (mean ± SD) of female (A) and male (B) rare minnows during periods of starvation and re-feeding. * Significantly
different from the control (P < 0.05).
© 2020 Academia Sinica, Taiwan
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Histological changes
Starvation adversely affected gonadal development
(Fig. 5). Most of the oocytes at 0 d of starvation
belonged to the primary recruitment pool (Wang 1999),
characterized as containing unfilled yolk, small yolk
granules, a thin chorion, vacuoles, a thick zona radiata,
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and an unpolarised nucleus (Fig. 5A). Histological
analysis showed that latent (LA) and early maturing
(EM) oocytes during starvation period had not been
adversely affected. But as the duration of starvation
increased, degraded late maturing (LM) oocytes were
observed in rare minnows (Fig. 5B and C). Degraded
LM oocytes at 8 d of starvation were presented as

(A)

(B)

Fig. 4. Hepatosomatic index (mean ± SD) in female (A) and male (B) rare minnows during the starvation and re-feeding periods. * Significantly
different from the control (P < 0.05).
© 2020 Academia Sinica, Taiwan
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absorbed yolk granule, abnormal nucleus, disintegrated
chorion, and disintegrated zona radiata (Fig. 5B). When
rare minnow resumed re-feeding, degraded LM oocytes
began to recovery slowly. Convalescent LM oocytes at
5 d of starvation were only presented as disintegrated
zona radiata (Fig. 5C). And this phenomenon
disappeared at 8 d of re-feeding (Fig. 5D).
DISCUSSION
The present results show that no spawning
activities occurred in parental rare minnows after 10 d
of starvation, and the anatomical and histological
analyses showed that over 8 d of starvation during the
reproductive period resulted in a significant reduction
in GSI, a lower percentage of LM ooyctes, and the
phenomenon of LM oocyte absorption. A similar effect
was observed in zebrafish (Danio rerio) (Forbes et al.

page 9 of 12

2010), Atlantic cod (Gadus morhua) (Karlsen et al.
1995), and the dark sleeper (Odontobutis potamophila)
(Zhao et al. 2009). These observations are probably
related to the absence of a constant energy supply, which
is believed to be a prerequisite for the development of
asynchronous oocytes. Although starvation during the
reproductive period suppressed gonadal maturation of
spawners and prevented their spawning activities, the
response to starvation in these species varied. Karlsen
et al. (1995) showed that fecundity in starved Atlantic
cod was no different from the control fish until 9 weeks
of starvation. Zhao et al. (2009) found that the GSI
of female Odontobutis potamophila was unaffected
by starvation for 28 d. Rare minnows, in contrast,
showed a significant reduction in GSI after only 8 d of
starvation. These results indicate that the rare minnow,
as a small size fish, is less tolerant to starvation than
those large size species, which may be related to its
pattern of energy allocation during its reproductive

Fig. 5. Histology of rare minnow gonads in response to starvation stress. A. Normal gonad (starved for 0 d). Normal late maturing (LM) oocytes
can be observed. B. Disintegrated gonad (starved for 8 d). C. Convalescent gonads (re-fed for 5 d). D. Normal gonad (re-fed for 8 d) Disintegrated
LM oocyte, as is evident from the degenerated oocyte membrane and absorbed yolk substances. Convalescent LM oocytes, as is evident from the
degenerated oocyte membrane. EM: early maturing; LA: latent; yo: yolk granule; nu: nucleus; va: vacuole; ch: chorion; fm: follicular membrane;
m: zona radiata; DLM: disintegrated late maturing oocytes; ayo: absorbed yolk granule; anu: abnormal nucleus; dch: disintegrated chorion; dm:
disintegrated zona radiata; CLM: convalescent late maturing oocytes.
© 2020 Academia Sinica, Taiwan
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period. Macarthur and Wilson (1967) suggested that,
for some fish species, most food energy is used for
metabolism and reproduction, and little is reserved.
Yoneda and Wright (2005) indicated that Atlantic cod
allocate a certain amount of energy relative to their
size into egg production once they make the decision
to invest in first reproduction. Moreover, Wang (2000)
found that only 9.28% feed energy in rare minnows
is used for growth, and most of feed energy is used
for reproduction. Thus, the rare minnow may be less
tolerant to starvation because it stores less energy. In
order to avoid the adverse influence of starvation on its
reproduction, periodic and quantitative feeding, such as
twice daily, should be applied in rare minnow breeding
management.
Starvation affects growth and gonad maturation
in both sexes (Shearer and Swanson 2000), but female
fish were usually more tolerant of starvation than males
(Chatzifotis et al. 2011). In the present study, GSI in
both female and male rare minnows were significantly
reduced after starvation for 5 d. Although a previous
investigation found that there are more female rare
minnows than males in nature (Zhi et al. 2003), it
is still unclear whether females are more tolerant
to starvation than males. Further studies should be
conducted to explore the starvation tolerance of female
and male rare minnows. As rare minnows usually live
in small water systems in the wild (Wang 1992), they
are vulnerable to habitat loss and destruction from
human activities and flooding (and Chen 1998). In
addition, several studies have demonstrated that there
is a positive relationship between food supply and
habitat destruction (Sondergaard et al. 2013; Thors et al.
2007). For rare minnows, habitat destruction caused by
irrigation construction reduces the levels of its preferred
foods in the wild (Zhao et al. 2016), which may lead
to its starvation. Based on this study, it is not difficult
to speculate that starvation plays an adverse role in the
reproduction of rare minnow in the wild. It remains
to be further studied whether starvation in the wild
affects the reproduction of rare minnow by reducing its
fecundity.
In general, fish can resume gonadal development
and spawning activities during the re-feeding period.
However, the ability of fish species to return to normal
reproductive activities varies among species. For
example, starved sea bass (Dicentrarchus labrax)
returned to normal gonadal development after 62 d of
re-feeding (Chatzifotis et al. 2011), whereas crucian
carp (Carassius auratus gibelio) starved for 2 weeks
did not return to normal GSI values after 2 weeks refeeding (Ren et al. 2010). In the present study, starved
rare minnows spawned after only 2-15 d of re-feeding,
which suggests that small-sized species are more
© 2020 Academia Sinica, Taiwan
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resilient to starvation than large-sized ones. It has been
reported that the liver is the organ of energy metabolism
and vitellogenin synthesis in fish (Chen and Chen
2010). Thus, HSI could be considered as an indicator of
compensatory growth and gonadal development during
re-feeding (Eroldogan et al. 2010; Wu et al. 2009).
Present results revealed that the HSI of rare minnows
increased rapidly after re-feeding, and HSI values
after re-feeding for 10 d were significantly higher than
the pre-test ones. These results indicated that the rare
minnow could rapidly recover its growth and accelerate
the synthesis of vitellogenin after re-feeding, which
might be a reason why glycogen stores recovery rapidly
in anticipation of gonadal development resuming. In
addition, as a typical opportunist (Li 2012), the ability to
rapidly recovery from starvation might be an important
trait for the rare minnow to survive in the wild.
To ensure the continuation of their populations,
fish species make a trade-off between survival and
current reproduction under starvation conditions during
breeding periods. It was reported that the three-spined
stickleback (Wootton 1977), Atlantic cod (Kjesbu and
Holm 1994), and Atlantic herring (Clupea harengus)
(Kieffer and Tufts 1998) prioritize survival over current
reproduction under food shortage conditions. This may
be a reproductive strategy for mature fish in response
to starvation. The rare minnow may have adopted a
similar reproductive strategy, as is evident by its stable
CF values, a reduction in its GSI, reabsorbed LM
oocytes and decreased mean egg production during
the starvation period. This change in the rare minnow
is clearly a response to starvation stress. Mann (1980)
indicated that fish can use a variety of traits to overcome
starvation stress. More than 50% of paired rare minnows
spawned during day 5 of starvation, and only one batch
of spawned eggs were observed in this study, which may
be another response. It was speculated that the spawning
activities observed over the course of starvation may
be an adaption for ovulating already mature oocytes. In
addition, it is worth noting that oocyte development in
rare minnows stagnated, and that the phenomenon of
absorption was observed in the ovaries of rare minnows
starved for 8 d. A similar phenomenon was also found
in Atlantic cod (Karlsen et al. 1995) and Odontobutis
potamophila (Zhao et al. 2009). The phenomenon
of LM oocyte absorption in rare minnows may be
related to the fact that the fish store less energy during
the spawning period. Moreover, the decreased HSI
within 5 d of starvation and significant reduction of the
GSI after 8 d of starvation in the present results may
indicate that starved rare minnows prioritize survival
by expending stored energy and, due to its low stored
energy, absorb gonadal energy during the starvation
period. Consequently, we believe that the rare minnow
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prioritizes survival, and does not continue to invest in
gonadal development when starving.
CONCLUSIONS
The present results show that rare minnow is
sensitive to starvation—as is evident from the lower CF
and HSI values, a significant reduction in GSI, a lower
percentage of LM ooyctes, and the phenomenon of LM
oocyte absorption—but can recovery rapidly after refeeding. The present study indicates that starvation in
rare minnows causes lower fertility, and reports that the
fish prioritize survival by expending energy stored in the
liver and absorbing late maturing oocytes over current
reproduction under food shortage conditions, unless
there are already mature oocytes during starvation.
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