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A B S T R A C T

Largemouth bass (LMB) is one of the two fastest-growing fish species and viewed as one of the five most suc-
cessful alien species in Chinese aquaculture. Global aquaculture production of LMB reached 0.458 million tons in
2017 and China produced 99.8% of the total amount. Currently, imbalanced regional production, strong price
fluctuation, and universal poor seed quality are three main stumbling blocks for steady and healthy aquaculture
industry development of LMB. In the present work, we have analyzed interannual and seasonal price volatility
between 2015 through 2018 and the production mode of LMB and concluded that off-season spawning is one of
the best solutions for these issues. We have established an off-season spawning regimen for LMB through a single
manipulation of temperature, which is suitable for large-scale production of LMB fry in the autumn (September
and October). We also found as a species displaying a mixed-breeding (capital breeding and income breeding)
strategy, LMB is able to acclimate itself rapidly to compressed reproductive cycle using different energy allo-
cation strategies. Our results combined with previous reports suggest photoperiod is more important for the
process of oogenesis in LMB, while the temperature is more critical for vitellogenesis and the final stage. The off-
season spawning technique allows us to produce LMB fry twice in a year using the same broodstock population
by single temperature manipulation.

1. Introduction

Aquaculture, the fasting-growing food production sector in the
world, had contributed to 46.8% to the global food fish production. As
the turbulence (shortage) of livestock supple and the people's recogni-
tion of balanced amino acid and fatty acid from seafood in recent years,
it is predicted that total seafood consumption will exceed that of beef,
pork or poultry in the coming decades (FAO 2012). China has been
playing a dominant role in the world's aquaculture production since the
1990s and Chinese aquaculture has produced about 30% of seafood
products in the world and around two-thirds of world aquaculture
production (FAO, 2018). Farmed fish production in China, produced
51.4 million tons aquatic products in 2016, accounting for 74.5% of the
country's total aquatic production (China Fishery Statistical Yearbook;
Fishery Bureau, Ministry of Agriculture, People's Republic of China

2017) and 64.3% of global aquaculture production, has been re-
cognized as the significant contribution to global food security and
nutrition (Naylor et al., 2000; Tidwell and Allan, 2001; Pauly et al.,
2002; Cressey, 2009; Gui et al., 2018; Han et al., 2018). Aquaculture in
China developed rapidly in the past decades, meanwhile, the con-
sumption habit for seafood products has been evolved slightly in recent
years. The production of the Staple/Conventional Freshwater Fish
Species (grass carp, silver carp, bighead carp, black carp, common carp,
crucian carp, and bream, account for 66% of the total freshwater pro-
duction, while with intermuscular bone) has decreased since 2016
(China Fishery Statistical Yearbook 2017–2019). The trend partially
reflects the consumption habits of aquatic products that we have been
aware of, namely consumers prefer better fish species in terms of flesh
quality and none intermuscular bone.

Largemouth bass (LMB), Micropterus salmoides, has occupied an
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important position in recreational fisheries in North America since the
1880s (Cooke and Philipp, 2009) and had become the most widely
distributed and popular gamefish in the United States since 1975
(Cooke and Philipp, 2009; Wallus and Simon, 2008). It has been widely
introduced as a game or aquaculture species and is now cosmopolitan
(www.fishbase.in; Web of Science). Since introduced into GuangDong
in mainland China in the 1980s, LMB has become one of the most
economically important aquaculture species in China (Bai and Li, 2018,
2019; Shen and Wang, 2018). Global aquaculture production of LMB
reached 0.458 million tons in 2017 and China produced 99.8% of the
total amount (Fisheries and Aquaculture Software, 2019). Global
aquaculture production value and quantity of LMB ranked 16 and 19
respectively in global freshwater fish species in 2018 (Fisheries and
Aquaculture Software, 2019, Fig. 1a).

As a result of its several advantages, including excellent flesh
quality, none intermuscular bone, rapid growth performance, short
culture cycle, strong adaptability, and tolerance to handling (Bai and Li,
2019) with regard to consumers, fish farmers and distributors, aqua-
culture production of LMB increased from 0.243 million tons in 2012 to
0.457 million tons in 2017, an increment of 88.1% (China Fishery
Statistical Yearbook 2012–2017, Fig. 1b). LMB, generally referred to as
“California Bass”, has been well accepted by broader consumers due to
its moderate price compared to other higher-priced fish, e.g. Mandarin
fish (Siniperca chuatsi) and Turbot (Scophthalmus maximus). In the eight
main cultured special freshwater species of which aquaculture pro-
duction exceeds 0.2 million tons, LMB is one of the two fastest-growing
fish species (Fig. 1b, another one is yellow catfish Tachysurus fulvidraco)
and viewed as one of five most successful alien species in Chinese
aquaculture (including Crayfish Procambarus clarkii, White-Legged

Shrimp Penaeus vannamei, Channel Catfish Ictalurus punctatus, and ti-
lapia Oreochromis niloticus and its hybrids, Gui et al., 2018). In addition,
LMB and yellow catfish are believed as the only two special fish species
that aquaculture production will exceed one million tons in the next
two decades (Fig. 1b) because of their advantages in terms of farmers'
and consumer's preference, as well as the breeding of new varieties such
as hybrid yellow catfish “Huangyou No.1”, largemouth bass “Youlu
No.1” and “Youlu No.3” (Bai and Li, 2019; Zhang et al., 2019a,b).

Currently, however, there are three main stumbling blocks for
steady and healthy aquaculture industry development of LMB, in-
cluding imbalanced regional production (see both Fig. 1c and d), strong
price fluctuation (Fig. 2), and universal poor seed quality (Bai and Li,
2019). GuangDong Provine contributed 64.9% of the total LMB aqua-
culture production, and the other provinces that produced large pro-
portions of aquaculture products, e.g. HuBei, JiangSu, JiangXi, AnHui
produced the rest (Fig. 1c and d), strongly indicating the imbalanced
regional production of LMB. We speculate that the imbalanced regional
production and culture cycle of GuangDong Provine bring about strong
and consistent price fluctuation in the past 4 years (Fig. 2).

In the present work, we reported outcomes of a large scale LMB out-
of-season spawning in HuBei province (the province that has con-
tributed the most freshwater aquaculture products during the past
23 years), which has been considered as the best solution for the first
two abovementioned interactional issues in the present stage. We de-
veloped a biannual spawning protocol that included an out-of-season
spawning in September and October, through a typical normal
spawning during April and May utilizing the same broodstock. The
analysis of the aquaculture industry, price variation and the outcome of
the out-of-season spawning will be helpful in breaking the imbalanced

Fig. 1. Aquaculture production analysis of some special freshwater species in China. (a) Global aquaculture value of the top 20 aquaculture species in the world from
2015 to 2017. (b) The annual aquaculture production output of the top 8 special aquaculture species in China from 2012 to 2017. (c) Annual aquaculture production
of largemouth bass in main producing provinces of China from 2013 to 2017. (d) Percentage of aquaculture producing amount of the eight provinces in total
freshwater aquaculture production of China from 2015 to 2017.
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regional production, making the best of strong price variation, and
relieving the problem of universal poor seed quality to some extent.

2. Materials and methods

This study and all experimental procedures involving animals were
performed according to the protocol approved by the Animal Care and
Use Committee of Huazhong Agricultural University.

2.1. Parents' source

LMB larvae were obtained from a LMB breeding center in
GuangDong Province, China in April 2017. These fish were the off-
spring of the first accredited (by National Committee for Examination
and Approval of Primary and Improved Aquatic Products) LMB new
variety named “Youlu No.1”. Continuous sampling starting from
October 2017 indicates females and males were all mature in the
spring, 2018 (Fig. 3). The fish were reared in the fish hatchery of HuBei
HuangYouYuan Fishery Development Limited Company (located in
LuHu, Wuhan) and used as the broodstock of out-of-season spawning.

2.2. Out-of-season spawning regimen

The methodology of out-of-season spawning is to simulate while
compressing the annual spawning cycle into several months and induce
spawning during the non-reproductive season, which refers to our
previous regimes for other fish species in Centrarchidae (Shen et al.,
2016, 2018). Since the scale of the experiments, the photoperiod was
maintained the same as the natural illumination. Temperature manip-
ulation was showed in Fig. 3. Briefly, 4000 one-year-old LMB was re-
moved to two 4000 m2 (1.8 m water depth) earthen ponds located in
XianNing city (XN) of HuBei province shortly after the termination of
their natural spawning, at the end of May 2018. The broodstock was
gradually adjusted to 20 °C using flow-through cool water (18–20 °C)
from the nearby reservoir (about 100 m deep). One week later, around
2000 broodstock were then removed to one concrete pond (5 × 20 m2,

1.2 m water depth) located in JingMen city (JM). The concrete pond
was supplied with continuous 9 °C to 12 °C cool water by a nearby
reservoir (about 90 m deep). The water temperature of the earthen
pond in XN was maintained around 20 °C because of the restriction of
water volume. In contrast, the water temperature of the concrete pond
was gradually decreased to around 11 °C within 20 days and main-
tained between 10 °C to 14 °C for one month. Water temperature was
then gradually increased to 20 °C within one month (Fig. 3).

At the beginning of September 2018, broodstock in JM was removed
back to the fish hatchery in LuHu and temporally stocked in one con-
crete pond (6 × 8 m2, 1.2 m water depth) for two weeks. During this
period, the water temperature was gradually increased to 23–24 °C
which is the water temperature during the period of LMB reproductive
peak in HuBei province, in order to match the water temperature in
local earthen ponds. Broodstock was then distributed to one 4000 m2

(1.8 m water depth) earthen pond. The water temperature in the XN
location was also increased to 23–24 °C at the same pace as LuHu
(Fig. 3).

Spawning nests made by palm fiber (30 × 30 cm2) were placed 8 to
10 m apart along with the pond side when the water temperature
reached 23 °C. The nests were checked twice a day, 7 to 8 o'clock in the
morning and 6–7 in the evening.

2.3. Feeding and water quality management

Broodstock was enriched with forage fish by 0.2% body weight
daily and then feed to satiation with inflated floating formula feed
exclusive for LMB during the entire period. Forage fish were supplied
once a week and died or injured individuals were removed twice a day.
Water temperature was managed through adjusting water volume and
the time exposure to air either in earthen or concrete ponds. The con-
crete pond was siphoned once a day to maintain good water quality.

2.4. Sampling and data collection

Eight to sixteen individuals were randomly collected every 10 to

Fig. 2. Price volatility of largemouth bass in China
from 2015 to 2018. Price data (pond-side price or
purchasing price, the price that dealer offers to fish
farmer) were obtained from the China Fisheries
Channel website (http://www.fishfirst.cn/) and
China Aquaculture website (http://www.shuichan.
cc/). The price for a specific date was the average of
different marketing sizes from the three most influ-
ential agricultural markets, GuangDong, SiChuang,
and HuBei when data were available.
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14 days from June to October in 2018 (Fig. 3, out-of-season spawning).
Bodyweight, body length, gonad weight, liver weight, and mesenteric
fat weight were measured following anesthetization using 100 mg kg−1

MS-222. Gonads were preserved in 4% paraformaldehyde for 48 h and
transferred into 70% ethanol for further histological analysis. Gona-
dosomatic index (GSI), hepatosomatic index (HSI), mesenteric fat index
(MFI) were expressed as a percent of gonad weight, liver weight, or
mesenteric fat weight relative to total body weight, respectively.

2.5. Histological analysis

Gonad tissues were gradually dehydrated using 80%, 90%, 95%,
and duplicate 100% ethanol, cleared using triplicate xylene, immersed
and embedded in paraffin, cut at 6–8 μm, stained with hematoxylin and
eosin (HE stain), and mounted following routine histological proce-
dures (Shen et al., 2016, 2018), with prolonged processing time (in-
cluding dehydration, clearing, paraffin immersion) for ovary samples.
Tissue slices were examined and photographed under a light micro-
scope equipped with an imaging system (Nikon 80i).

As we previously reported that the volume percent of primary
growth oocytes (PGOO) relative to the total volume of all oocytes was
significantly correlated with GSI (Shen et al., 2017, R2 > 0.94), we
established regression of these two indexes. Specifically, at least 6 glass
slides were made (with at least 8 sample slides) and at least 3 sample
slides in every other glass slides were measured under a light micro-
scope equipped with an imaging system. All oocytes were measured by
moving the glass slide back and forth for each sample slide. Then, oo-
cytes were regarded as oblate ellipsoid and volumes were calculated
using the following formula: Oocyte volume = πab2/6, where a and b
are long and short axes of oocytes respectively. Critical size points (long

axis) for PGOO are 184 μm according to actual measurement in histo-
logical images.

2.6. Data collection and analysis

Data were analyzed using the SPSS program (IBM SPSS Statistics,
version 19). The correlation was estimated using two-tailed Pearson
correlation. Best regression was obtained by comparing models gener-
ated using Curve Estimation. Data sets were checked for variance
homogeneity and normality before further analysis. The difference in
body weight, body length, HSI, and MFI were analyzed by one-way
analysis of variance (One-way ANOVA) followed by Duncan's post hoc
multiple comparisons. Differences were considered statistically sig-
nificant when P < .05. Some of the figures were generated using
Origin Pro (version 8).

Data on aquaculture production and global value were obtained
from the China Fishery Statistical Yearbook of Fishery Bureau, Ministry
of Agriculture and Food and Agriculture Organization. Price data
(pond-side price or purchasing price, the price that dealer offers to the
fish farmer) were obtained from the China Fisheries Channel website
(http://www.fishfirst.cn/) and China Aquaculture website (http://
www.shuichan.cc/). Price (refers to the pond-side price, the same
below) represents the average from the three most influential markets
for largemouth bass including GuangDong, HuBei, and SiChuan.

3. Results

3.1. Price fluctuation

As displayed in Fig. 2, the annual price fluctuation of LMB showed a

Fig. 3. Out-of-season spawning of largemouth bass (LMB). (a) Male and female gonadosomatic index (GSI) variation for LMB normal season spawning. (b) Male and
female GSI variation for out-of-season spawning. (c) Three-month temperature manipulation for LMB fall spawning in HuBei province. (d) Changes of the hepa-
tosomatic index (HSI) during off-season treatment. (e) Changes of the mesenteric fat index (MFI) during off-season treatment. Arrows indicate the onset of spawning
in a, b, c, d. XN and JM refer to XianNing and JingMen cities respectively, two off-season spawning locations in HuBei province. Different lowercase and capital
letters above the columns indicate significant variations of female and male indices, respectively.
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similar pattern from 2015 to 2018. Price started to increase at the be-
ginning of May and decrease in September, corresponding to the period
of overall harvesting/fingerling stocking and first harvesting of new
fish, respectively. The lowest price was 8.2 Chinese Yuan per 500 g,
which is close to the average cost price (8 Yuan per 500 g) for LMB
production (Table 1). The highest price was 21 Yuan per 500 g, much
more than twice the cost price. The price higher than twice of the cost
price lasts for 90 to 130 days, which corresponds to the highest water
temperature during this period for most main aquaculture regions of
LMB.

3.2. GSI, HSI, and MFI variations

The female GSI started to increase at the end of December and ex-
ceed 7.0 right before egg releasing, while the male GSI underwent
gentle fluctuation between 0.07 and 0.42 for normal season spawning.
The female GSI had a sharp rise during the beginning of March and
before spawning (Fig. 3a). For out-of-season spawning, the female GSI
started to increase in the middle of August (Fig. 3b). Similar to normal
season spawning, the male GSI fluctuates between 0.11 and 0.40. The
female GSI also underwent a sharp rise within one month before
spawning.

The female HSI increased to the peak at the sampling point July
17th, which is corresponding to the lowest temperature and smallest
GSI, then decreased to the minimum at the last sampling point (one
month before spawning). The male HSI displayed a similar fluctuation
pattern except for the first sampling point (Fig. 3).

MFI of females or males did not show a clear pattern of variation.
Unexpectedly, both female and male MFI were highest at the last
sampling point (Fig. 3).

3.3. Gonadal histology

Figs. 4 and 5 shows representative micrographs for each of the
sampling points for testes and ovaries of LMB, respectively. Spermatids
were observed in all sampling points within four months except July
17th, which is corresponding to the lowest water temperature in the off-
season treatments. At this stage, testes were comprised of spermato-
gonium and spermatocytes and a large number of empty spermatogenic
cysts were observed (Fig. 4).

LMB ovary is made up of asynchronous developmental germ cells, as
previously reported (Martyniuk et al., 2013; Shen et al., 2017). As the
proceeding of the off-season treatments, the ovaries were generally
incremental, with each new sampling point characterized by visual
changes in the overall appearance of the histological section. The pri-
mary growth stages of perinuclear (PN), corresponding to the first
sampling point (June 22th), is characterized as containing perinucleolar
stage oocytes. The cortical alveoli (CA) stage, corresponding to July
3rd, is characterized as containing cortical alveoli and non-vitellogenic
oocytes. Early vitellogenesis stage (EVtg), corresponding to three
sampling points July 17th, July 30th, August 13th, is characterized as
the initial uptake of vitellogenin into oocytes and comparative size
enlargement of partial oocytes. Late vitellogenesis stage (LVtg), corre-
sponding to August 27th and September 17th, is marked by a mass of
vitellogenin deposition encircled by the formation of oil droplets

(Fig. 5).
The volume percent of primary growth stage oocytes (PGOO) re-

lative to the total volume of all oocytes was significantly correlated to
GSI (P < .05, Fig. 6). Actually, we found that the index we previously
introduced, the volume percent of PGOO, is probably a better indicator
of ovary development. In the following couple months after spawning,
the volume percent of PGOO changed from 100% on June 22nd to
14.2% on August 12 with the development of ovary as demonstrated
both from histological images (Fig. 5) and gonad appearance (Fig. 7).
However, GSI did not show significant changes during this period
(Fig. 3b).

3.4. Gonadal appearance and spawning

As the ongoing of the off-season treatment, the size and appearance
of ovaries had undergone marked changes (Fig. 7). On September 17,
one month before spawning, clear-cut eggs were observed from both
unspoiled and dissected ovary.

Spawning nests with eggs were first observed on September 25 and
October 18 at XN and LuHu locations (Fig. 7), respectively. Spawning
activities last about 7 days. Since a large number of bowl-shaped de-
pressions in the pond substrate with broodstock located were observed,
palm fiber nests with eggs were not removed from ponds. Therefore,
eggs were hatched in the ponds and larvae were fed with natural zoo-
plankton. Fry was collected and counted two weeks after the first
spawning was observed. A total number of approximate 480, 000 fry
were obtained from the two ponds, with 180, 000 from XN location and
300, 000 from LuHu location, respectively. The number of eggs on the
palm fiber nests from LuHu location was obviously more than XN lo-
cation (n = 3, Fig. 7).

4. Discussion

Global aquaculture production value of LMB ranked 16 in global
freshwater fish species in 2018 (Fisheries and Aquaculture Software,
2019, Fig. 1a). China, as the biggest LMB producing country, provides
99.8% of the total amount (0.458 million tons) in 2017. During
2012–2017, LMB is one of the two fastest-growing fish species in terms
of total production (China Fishery Statistical Yearbook 2012–2017,
Fig. 1b). Currently, however, imbalanced regional production (see both
Fig. 1c and d), strong price volatility (Fig. 2), and universal poor seed
quality are considered as the three main blocks for steady and healthy
aquaculture industry development of LMB. Importantly, the three
blocks interact and influence each other. For example, GuangDong
province contributed nearly 2/3 of the total LMB aquaculture produc-
tion in 2017 and the single culture pattern in GuangDong directly re-
sulted in the strong price fluctuation. Benefited from the exceptionally
favorable climate conditions (Fig. 8, Liu et al., 1997), fingerling can be
stocked as early as April and new fish will be harvested as early as
September. Therefore, limited market size fish in stock (pond bank)
lead to continuous high prices during May and September for the past
years (Fig. 2). Single culture pattern and strong price fluctuation are
also strongly associated with universal poor seed quality, which has
been realized earlier (Li et al., 2017). GuangDong produced>90%
seed owing to the earlier rise in temperature and facility investment for
spawning (e.g. greenhouse). Market size fish (> 400 g) is harvested
several times starting from September. The leftover fish with the lowest
growth rate in the rearing population is maintained for breeding and
consequently results in universal poor seed quality (Bai and Li, 2019).
In addition, one-year-old fish used as broodstock is the general practice
for seed production in GuangDong province. Early marketing for higher
price also brings about the decline of the seed quality because fish
hatcheries will endeavor to induce spawning as early as possible (e.g. as
early as October via multiple injections of spawning agent). Therefore,
the three interplayed factors will hinder the benign development of the
fast-growing species.

Table 1
Descriptive statistics of LMB pond-side price (Chinese Yuan per 500 g) during
2015 and 2018.

Year Mean Highest Lowest Standard deviation Coefficient of variation

2015 12.9 19.5 8.6 3.1 24.0
2016 13.3 19.5 8.2 4.0 30.1
2017 15.8 21.0 11.0 3.5 22.2
2018 14.3 17.9 10.9 2.5 17.5
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Price analysis is important for the fish producers, distributors, and
for industry development of a given species. In fact, fish have received
comparatively little attention in studies of agricultural price volatility,
where most of them have been focused on traditional commodities,
such as grains and meats (Dahl and Oglend, 2014). Studies that in-
vestigate the price volatility of seafood species have mainly focused on
the most traded species globally, e.g. salmon and trout, shrimp and
prawn, catfish and tilapia (Dahl and Oglend, 2014; Bjørndal and
Guillen, 2017). However, strong price fluctuation is generally con-
sidered negative, especially for producers and distributors who are re-
luctant to risk (Bloznelis, 2016). Understanding the development of
price and its seasonal and annual volatility could help fish farmers,
distributors, and investors in their production, operating and price risk
management decisions. In the present work, we analyzed LMB price
volatility and found that there are seasonal patterns in LMB prices
during 2015 and 2018. Relative price varies systematically in one-
year cycles as demonstrated from Fig. 2. The seasonality is due to the
nature of LMB production, specifically overall harvesting/fingerling
stocking in late April or at the beginning of May and first harvesting of
new fish in September, which has been reported for salmon and some
other species (Oglend, 2013; Zhong et al., 2016; Bloznelis, 2016;
Ankamah-Yeboah et al., 2017; Fernández-Polanco and Llorente, 2019).
Full-season demand, limited pond bank during May and September,
single production pattern (GuangDong mode) promotes the normal
distribution-style of price fluctuation. Fish hatcheries in GuangDong
province have been endeavored to produce LMB fry as early as possible.
In this way, a small portion of LMB fish farmers will able to harvest new
market size fish before October and obtain more profit. However, this
production mode will impart the interest of the rest of LMB farmers
from GuangDong province and other LMB producing areas. In addition,
the single production mode and imbalanced regional production will

hinder the sustainable development of the LMB aquaculture industry.
At the present fast-growing stage of LMB industry, out-of-season
spawning is considered as the sole solution for these issues. Out-of-
season spawning will be favorable for breaking the imbalanced regional
production and establishing the balanced supply of LMB to the market,
making the best of strong price variation, and relieving the problem of
universal poor seed quality to some extent.

Off-season spawning has been successfully induced for a large
number of fish species, e.g. salmon (Macquarrie et al., 1979), bluegill
sunfish (Mischke and Morris, 1997; Shen et al., 2016, 2018), Eurasian
perch (Migaud et al., 2004), yellow perch (Kolkovski and Dabrowski,
1998), walleye (Malison et al., 1998), flounders (Watanabe et al.,
2006), and the outcomes have been widely applied for aquaculture/
fishery industry or experimental demands. Spawning beyond the nat-
ural season of LMB has been studied by several researchers (Brauhn
et al., 1972; Carlson, 1973; Jackson, 1979; Matthews and Stout, 2013),
in order to meet the increasing demand of greater numbers and large-
sized individuals for LMB stocking in the USA. Brauhn et al. (1972) and
Jackson (1979) successfully delayed LMB spawning through holding
broodstock in cool water (e.g.< 17 °C), in Missouri and New York,
respectively. Carlson (1973) successfully induced LMB spawning in the
laboratory on a small scale from December through February and May
through July via manipulating temperature and photoperiod in Min-
nesota. Matthews and Stout (2013) manipulated LMB to re-spawn
through September to October by controlling temperature and photo-
period in indoor concrete raceways and produced a considerable
number of swim-up fry in December and January in Florida. These off-
season spawning studies successfully produced LMB fry outside the
natural spawning season observed in the experimental location. How-
ever, these techniques either required quite long preparation time, an
inappropriate season of spawning, a limited number of fry, or lack of

Fig. 4. Representative micrographs of male largemouth bass testes during off-season treatments (A-F, A′-F′). A and A′ (enlargement of A, the same below), June 22nd
sampling point (temperature-decreasing period), showing a lots of vacuolar seminiferous lobules (SL) and remnant spermatozoa (Sz); B and B′, July 17th sampling
point (low temperature maintaining period, with the lowest temperature in the entire experiments), showing testis mainly consisted of vacuolar SL, spermatocyte (Sc)
and spermatogonium (Sg); C and C′, July 30th sampling point (temperature-increasing period), showing testis consisted of vacuolar SL and Sz; D and D′, August 13th
sampling point (temperature-increasing period), showing testis with SL replenished with Sz and secondary Sc; E and E′, August 27th sampling point (temperature-
increasing period), showing testis consisted of condensed Sz and full SL. F and F′, September 17th sampling point (close to the temperature in local natural
spawning), showing testis consisted of condensed Sz and full SL. TW, testicular wall.
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physiological investigation of gonadal development during off-season
treatments.

Based on the analysis of LMB industry development, production
mode, and price volatility, we determined that the time window for
LMB off-season spawning must be in September through October for the
following three reasons. Firstly, LMB early spawning in any non-
GuangDong area (Fig. 8) will not be able to compete with that in
GuangDong area due to its exceptional favorable weather conditions
and accumulation of artificial propagation and cultivation techniques of

LMB during the past three decades (Bai and Li, 2018). Secondly, a large
number of fry has to be produced in ponds in the current stage and need
to take advantage of adequate water temperature in the autumn to
cultivate zooplankton via fertilization in the early development of LMB.
Newly produced fry also requires enough months to grow so as to live
through the winter (Matthews and Stout, 2013). Lastly, based on the
feedback obtained from LMB farmers and previous report that LMB will
be sexually mature when body weight reach 131 g (Carlson, 1973), the
fish produced before September (e.g. July and August) will be sexually
mature next year under intensive feeding. Sexually mature females will
experience serious mortality during the natural spawning season be-
cause of high rearing density, inferior body condition, and the rapid rise
in water temperature, etc.

In the present work, we successfully induced LMB spawning in
September through October and produced 480,000 swim-up fry in
ponds by a three-months single manipulation of water temperature. To
our knowledge, this is the first report that off-season spawning of LMB
was induced by a single manipulation of water temperature.
Temperature, photoperiod and their variations are generally considered
as the most important cues for fish reproduction. Based on Wang et al.,
(2010), percids, moronids, and gadids belongs to the second group
which is characterized as follows: initiation of oogenesis is induced by
decreasing both temperature and photoperiod, a minimum period of
chilling below a specific threshold of water temperature is required for
vitellogenesis, temperature increase is indispensable for the final stages
(including maturation, ovulation, and oviposition). For example, a long
period (> 2 months) of low temperature (< 10 °C) is required for in-
duction of both normal and out-of-season spawning in yellow perch and
Eurasian perch (Kolkovski and Dabrowski, 1998; Migaud et al., 2002).

Fig. 5. Representative micrographs of female largemouth bass ovarian stages during temperature manipulation in off-season spawning (A-F, A'-F′). A and A' (en-
largement of A, the same below), June 22nd sampling point (temperature-decreasing period), showing the resting ovary consisted of primary growth stage oocytes
(PG) and some atretic oocytes (AO); B and B′, July 17th sampling point (low temperature maintaining period, with the lowest temperature in the entire experiments),
showing ovary initiated oogenesis and consisted of PG, cortical alveoli stage oocytes (CA) and early vitellogenesis stage oocytes (EVtg). Oocytes at these stages
displayed a large number of nucleolus (Nu); C and C′, July 30th sampling point (temperature-increasing period), showing enlargement of partial oocytes at CA and
EVtg; D and D′, August 13th sampling point (temperature-increasing period), showing the appearance of germinal vesicle (GV) in oocytes; E and E′, August 27th
sampling point (temperature-increasing period), showing late vitellogenesis stage oocytes (LVtg) full of oil droplet. F and F′, September 17th sampling point (close to
the temperature in local natural spawning), showing vitellogenic oocytes with intact follicular lining (FL), zona radiate (ZR).PG, primary growth stage oocytes; AO,
atretic oocytes; Nu, nucleolus；CA, cortical alveoli stage oocytes；EVtg, early vitellogenesis stage oocytes; LVtg, late vitellogenesis stage oocytes; GV, germinal
vesicle; FL, follicular lining; ZR, zona radiate; OW, ovarian wall.

Fig. 6. Regression between gonadosomatic index (GSI) and the volume percent
of primary growth oocytes (PGOO) relative to the total volume of all oocytes in
largemouth bass. SQRT, square root.
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Therefore, the decline of photoperiod is more important for the process
of oogenesis/gonadal recrudescence in LMB, which determines the
number of oocytes in later stages, even though temperature plays a
critical role in vitellogenesis and the final stage. This may be the main
reason why fecundity (GSI< 4 v.s. 7) and duration of spawning (7 days
v.s. 30 days) in off-season groups were significantly lower than normal
spawning in the current work.

We observed that early vitellogenesis in JM location initiated about
two weeks after temperature decreased below 12 °C (Figs. 3c and 5),
which is the threshold temperature in previous LMB off-season studies

(Matthews and Stout, 2013) and the average winter temperature in
ponds of HuBei province. We also found that female GSI increased ra-
pidly once water temperature reached 20 °C, which is corresponding to
the final stages of reproduction (Fig. 3b). These results reinforce that
the chilling period and subsequent temperature increase play important
roles for LMB reproduction as abovementioned. Out of expectation,
however, broodstock in XN location without experiencing very low
temperature (maintained at 20 °C for three months) spawned earlier
than JM location (Fig. 3c), even though produced less fry. This finding
drives us to rethink that whether a long chilling period at low

Fig. 7. Largemouth bass ovarian appearance during
off-season treatments and spawning nests with newly
spawned eggs (A-D, A′-D′). A and A′ (dissected
sample of A), July 3rd sampling point (low tem-
perature maintaining period), showing small size of
the ovary. No obvious eggs can be detected via naked
eyes; B and B′ (dissected sample of B), August 27th
sampling points, (temperature-increasing period),
showing oocytes with obvious eggs though the ovary
size is still small; C and C′ (dissected sample of C),
September 17th sampling point (close to the tem-
perature in local natural spawning, one month before
the onset of spawning), showing the enlargement of
ovary and a large number of eggs. D and D′, refers to
spawning nests (palm fiber sheet) with newly
spawned eggs at XianNing and LuHu location, re-
spectively.

G.H.G. Hussein, et al. Aquaculture 519 (2020) 734901

8



temperature is indispensable for LMB off-season spawning. We noticed
that the threshold of natural spawning temperature varied dramati-
cally, ranging from 14 °C in the northern area to 25 °C in tropical water
bodies (Waters and Noble, 2004), depending on the experimental lo-
cations. It is suggested that LMB appears to display a mixed-breeding

strategy (capital breeding and income breeding) and allow itself to
adapt to a wide range of climate conditions as an introduced species
(McBride et al., 2015). It is strongly suggested that LMB is able to adjust
itself rapidly to the temperature variation with regard to reproduction,
as demonstrated by the histological observation (Fig. 5) and growth of

Fig. 8. Aquaculture partitions of Chinese mainland based on temperature and illumination. (a) Aquaculture partitions including Northeast China (area 1), North
China (area 2), Middle and lower reaches of Yangtze River (area 3), South China (area 4), Southwest China (area 5), Inner Mongonia-XinJiang Region (area 6), and
QingHai-Tibet region (area 7), based on water temperature, illumination, and precipitation. The partitions are classified for aquaculture and it is important guidance
for fishery management, species selection and culture mode (e.g. culture cycle, time to market) for aquaculture. In addition, the map indicates that the area 2, 3, and
5 can make the best of price variation and out-of-season culture to compete with area 4. (b) Average water temperature, accumulated temperature, illumination
intensity, and annual precipitation in different regions. T., temperature. GuangDong province belongs to area 4 with the most favorable climate conditions. The data
presented are a compilation of Liu et al. (1997).
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both GSI and gonad morphology (Fig. 3b and Fig. 7) under compressed
reproductive cycle (Fig. 3c). Therefore, it is still unclear whether the
fluctuation range of temperature or the temperature threshold or both
are critical factors in LMB off-season spawning. Further studies are
required to find out the minimum duration of chilling and threshold of
water temperature for chilling so as to establish a cost-effective regimen
of LMB out-of-season spawning.

Thus far, little research regarding the physiological changes of
gonad and energy allocation during off-season spawning has been un-
dertaken in aquatic animals. We have noticed that LMB GSI varied
significantly under different living environments especially regarding
food availability, ranging from<4 in the natural water bodies such as
lakes and rivers (Martyniuk et al., 2009, 2013) to 14 in ponds under
intensive feeding (Rosenblum et al., 1999). As a widely spread species
displaying mixed-breeding strategy as abovementioned (McBride et al.,
2015) and asynchronous ovaries/batch spawning (Shen et al., 2017),
LMB seems able to acclimate itself to flexible periodic temperature
variation through different energy allocation strategies so as to max-
imize reproductive output. Brown and Murphy (2004) studied the en-
ergy allocation of wild LMB applying season dynamics of several con-
ditions indices. They found that, for large, sexually mature females, HSI
decreased sharply after two independent spawning events while MFI
decreased to the minimum before the spawning events, indicating en-
ergy from stored fat used for egg production and liver for ovary re-
covery. In the present work, we found that both male and female HSI
increased to the maximum at the point when temperature decreased to
lowest and GSI degraded to the minimum, then gradually decrease as
the growing of gonads, while did not observe an obvious trend of MFI
(Fig. 3). These results strongly suggest that LMB displayed diverse
strategies of energy allocation for reproduction under different en-
vironmental conditions.

In conclusion, we have established a large-scale off-season spawning
regimen for LMB through a single manipulation of temperature. Our
results combined with previous reports suggest photoperiod is im-
portant for the process of oogenesis in LMB, while the temperature is
critical for vitellogenesis and final stage. Mixed-breeding strategy and
strong adaptability to temperature conditions of LMB allow us to op-
timize off-season spawning regimen and study the mechanisms in-
volved in energy allocation for reproduction under different environ-
mental conditions. In addition, interannual and seasonal price analysis
interacting with production mode will be helpful for fish farmers, dis-
tributors, and investors in their production, operating and price risk
management decisions.
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