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For many years I have told my students that the
answer to any question is “China”. There is, of
course, more than a grain of truth in that assertion.
But for a country with a recorded history of
4,000 years and a current population of more than
one billion people this might seem little more than
mere probability. I first visited China in 2005 and
could see for myself the truth of that statement.
Chinese colleagues I met at the World Fisheries
Congress in Vancouver, British Columbia in 2004
arranged everything for me. I visited universities,
research institutions, museums and aquaculture facil-
ities. I gave lectures to groups of eager students and
senior colleagues. I was hosted graciously everywhere
I traveled, including Beijing (Figs. la, b, ¢), the Great
Wall (Fig. 2), the Ming Tombs (Fig. 3), Wuhan
(Fig. 4), the Chang Jiang River (Fig. 5) and the Three
Gorges Project (Fig. 6). The kindness, generosity and
courage of my hosts, the unbridled enthusiasm of the
students and the enormity of the teaching and research
activity on fishes and fish biology overwhelmed me.
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The many historical sites, and even the popular tourist
locations, proved to be necessary and informative as

part of the larger context.
One thing was clear to me. There had to be a

special volume of Environmental Biology of Fishes
devoted to papers from colleagues in China, to let
them present their research to the international
scientific community. Suzanne Mekking, our Publish-
er at Springer, had recently been to China for her own
first visit. She enthusiastically supported my idea for
the dedicated volume on China, and so it grew from
there. I contacted those colleagues I had met in China
and encouraged them to develop and deliver manu-
scripts. I had recently added Professor Yingqi Zhou to
our Advisory Editorial Board. He agreed to join me as
a Co-Editor of the China Volume and he immediately
began contacting his colleagues, solicited manu-

scripts, and co-authored his own contributions.
As chance would have it, another of our Advisory

Editors, Aldemero Romero, contacted me in 2006 and
asked if T would be interested in a special issue of
Environmental Biology of Fishes devoted to the
incredible story of hypogean fishes in China, to be
put together by him and his colleague, Yahui Zhao. I
immediately informed him of the ongoing China
volume and incorporated their hypogean proposal.
We solicited manuscripts, reviewed and edited them
and now we present the volume, like an elaborate
scientific banquet (Fig. 7).

We have brought together manuscripts by
authors from research institutions, universities and
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Fig. 1 a My colleague and
guide in China, Jianzhong
Shen, in the Forbidden City,
Beijing. b The entrance to
Tian’ anmen Square,
Beijing. ¢ The clock count-
ing down to the 2008
Olympics in Beijing

government agencies. There is aquaculture, life
history, genetics, marine and freshwater biology,
conservation, physiology, new species descriptions,
and of course the amazing hypogean fishes. There
are papers dealing with some of the largest fishes,
such as the Chinese sturgeon (Acipenser sinensis)
(Figs. 8a, b), and some of the smallest cave species.
We have papers dealing with some of the most
traditional forms of aquaculture (Fig. 9) and others
with the most modern molecular techniques
(Fig. 10). We have papers on the most threatened
fishes, the Chinese paddlefish (Psephurus gladius)
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(Fig. 11), and the most common food species, grass
carp (Ctenopharyngodon idella).

We had several objectives in publishing this special
volume. I have already stated my initial intention after
my visit to China. Certainly the primary purpose was to
provide Chinese colleagues the opportunity to publish
their individual manuscripts in an English language
journal in a highly competitive international scientific
climate. We wanted to publish as broad a collection of
papers as possible, to give a sense of the current state of
fish biology in China. We wanted to publish information
on rare and threatened species, and how China is dealing
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with that situation, particularly in light of our series on
Threatened Fishes of the World in Environmental
Biology of Fishes. The situation of Chinese hypogean
fishes is of course remarkable. There are so many
species, most described only recently, and much of that
literature as yet unknown to those of us who cannot read
the Chinese language. Those fishes clearly deserve as
much attention as this publication can bring to them. We
also invited as many Chinese colleagues as possible as
external reviewers of manuscripts, to include their
evaluations, opinions and perspectives. It is as important
to have reviewers and editors, as it is to have authors.
So is the answer, China? There is perhaps an
inevitable sense of paternalism that those of us with a
scientific history of a few hundred years, and a peculiar
western European linguist heritage should in any sense
“discover” China or Chinese science. Of course we
only discover it for ourselves, and those who share our
particular circumstances. China and Chinese science

Fig. 2 The Great Wall, perhaps the most universally recog-
nized international view of China

Reprinted from the journal
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Fig. 3 The Ming Tombs, one of numerous sites presenting the
extensive historical record of China

has developed, survived and adapted over millennia,
and will continue to do so (Fu 2008). The monumental
series by Joseph Needham (e.g., Bray 1986) docu-
ments much of that history. This most recent contact
will benefit us all, and the expanded opportunities we
can realize will enrich our science and our societies.
Other western scientists have reported on fishes in
China, a notable example being John Treadwell
Nichols (1943). However, their tone has often been
one of “discovery” of the fishes and not much about the
fish biologists or their science. Western science
“discovered” Chinese fishes only in the Linnaean
sense. Not only had the Chinese discovered their own
fishes, they were first domesticated in China, the
goldfish (Carassius auratus) in the Yangtze region.'
We have a great deal to learn by continued contacts
and collaborations with Chinese colleagues and

Uhttp://www.af.czu.cz/en/?1=2233&dep=36&part=7&
pub=1187683011&wp=Kkatedry.publikace..info
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Fig. 4 The entrance to
Guazhong Agricultural Uni-
versity in Wuhan, home of
the very active Faculty of
Fisheries

Chinese fishes, from remarkable new species to
solutions of invasive species and threatened fishes
we share with them (Hwang et al. 1982; Zhu 1995).
My own experience has included study of invasive
Asian carp in North America (Fig. 12; Morrison et al.
2004), and discussions with colleagues in China about

Fig. 5 Chang Jiang
(Yangtze) River, in many
ways central to Chinese
culture and history, as well
as fish research
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the potential threatened status of those same species
in their native range. I have studied threatened
North American sturgeon (Noakes et al. 1999) and
discussed the status of the threatened Chinese
sturgeon with colleagues in China (Fig. 13). I have
studied the impacts of dams on North American
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Fig. 6 The Three Gorges
Project, a monumental
work in progress

fishes (McLaughlin et al. 2006) and have shared
discussions of dams and their impacts on fishes with
colleagues in China. I have taken my own steps
along the course of continued contacts and collabo-
rations by hosting Chinese colleagues at my research
laboratory (Fig. 14).

Fig. 7 Typical dishes in a
Chinese banquet in Wuhan

Reprinted from the journal

I thank all my Chinese colleagues, especially
Yingqi Zhou, Daiquin Chen and Jianzhong Shen, for
everything they have done to assist me in bringing
this special volume together. Aldemaro Romero and
Yahui Zhao handled all the material on hypogean
fishes. They also helped review and edit of a number
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Fig. 8 a A Chinese sturgeon, Acipenser sinensis, on display at the Yangtze River Fisheries Research Institute. b Individual scutes
from Chinese sturgeon, Acipenser sinensis, at the Yangtze River Fisheries Research Institute

of other manuscripts, and wrote their own major
review of hypogean fishes for this volume. Suzanne
Mekking, Martine van Bezooijen and Lynn Bouvier
were as helpful as always in handling all the details.
A special thanks to Jianzhong Shen and his many

Fig. 9 A traditional farm
pond near Iching
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colleagues for arranging and supporting my travel in
China, and to Yongwen Gao for his continued
friendship and support, especially his personal trans-
lation of my name card to make my introduction to
China so much more interesting (Fig. 15).
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Fig. 10 The Key Lab of
Freshwater Fish Germ
Plasm and Biotechnology of
the Ministry of Agriculture
at the Yangtze Research
Institute
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Fig. 11 A display specimen
of a Chinese paddlefish,
Psephurus gladius, at the
Yangtze River Fisheries
Research Institute
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Fig. 12 Students from my
laboratory (Craig Blackie,
Paul Vecsei and Dylan
Weese, left to right) with a
specimen of bighead carp,
Hypopthalmichthys nobilis,
I identified from Lake Erie

Fig. 13 Qiwei Wei, Key
Laboratory of Freshwater
Fish Germplasm Resources
and Biotechnology, Ministry
of Agriculture of China,
Yangtze River Fisheries
Research Institute, Chinese
Academy of Fisheries
Science
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Fig. 14 Student group from
Nanjing Agricultural
University on a tour of the
Oregon Hatchery Research
Center
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Fig. 15 My Chinese name card, courtesy of Yongwen Gao
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Keywords Brachymystax lenok tsinlingensis -
Threatened fish - China

Common name: Hua Yu, Lu Yu (Chinese),
Qinling lenok, five-coloured fish.

Conservation status: Second class state protected
wild animal in China. Vulnerable—China Red Data
Book of Endangered Animals, Pisces (Yue and Chen
1998). Vulnerable—China Species Red List, Vol. 1
Red List (Wang and Xie 2004). Identification:
Dorsal fin iii—iv, 10-11; anal fin iii, 9; pectoral fin i,
15-16; pelvic fin i, 9. Lateral line scales 123-135.
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Gill rakers on the first gill arch 19-23. Vertebra 58—
59. Head blunt, top broad, flat and slightly convex at
center; mouth sub-inferior; jaws reaching to below
eye level. Scales minute, lateral line complete and
straight. Adipose fin opposite to anal fin. Auxiliary
scales to pelvic fin present, long. Caudal fin forked.
Pyloric caeca 65-75. Back of living fish dark
brownish, fading on sides and turning to whitish on
belly; long-oval black spots with pinkish edges
scattered on back and sides, with largest spots at least
half of eye diameter; also 4-5 round, blackish spots
on dorsal fin base (Li 1966; Yue and Chen 1998).
Standard length generally not longer than 300 mm
(around 5 years old, Yang et al 2006), largest known
specimen measured 450 mm (Song 1987). Distribu-
tion: Branchymystax lenok tsinlingensis is endemic to
China, and only found in parts of the Taibaishan
Moutains segment of the Qinling Moutains, especially
in the Heihe, Shitouhe, Xushui and Taibaihe Rivers
(Li 1966; Song 1987). Abundance: The B. lenok
tsinlingensis population size has been little studied
and thus is difficult to estimate. There were around
50,000 individuals in Xushui River based on a rough
estimation in 1997 (Yang et al 1999). Habitat and
ecology: B. lenok tsinlingensis inhabits cold-water
mountain streams and rivers with elevations ranging
from 900 to 2,300 m above sea level. It strongly
prefers swift currents and clear water over large
gravel substrates. This carnivorous fish mainly feeds
on insects including fireflies, ladybugs, gadbees,
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dayflies and ants. Small fish are also sometimes found
among stomach contents (Li 1966). Reproduction:
Maturity is reached after no less than 2 years. Egg
diameter is generally from 1.0 to 1.3 mm (1.5 mm at
most). In February and March, with water temper-
atures still below 10°C, mature fish spawn in shallow
water along the bottom over a substratum of sand and
gravel (Li 1966; Yue and Chen 1998). Threats:
Overfishing is one of the main reasons for population
decline, especially in conjunction with illegal fishing
methods such as poisoning, electrification and the use
of explosives. A shrinking geographical distribution
due to environmental change by dam construction and
mining also enhances the vulnerability to extinction.
Conservation recommendations: A protected area
has been established for protecting water resources in
the Heihe River region. Therefore, Heihe River
population enjoys some protection from local offi-
cials. There is an artificial breeding station in
Zhanghe River, preliminary feeding and breeding
has been successfully made. Local governments
should enforce related regulations prohibiting harmful
fishing practices in other places where B. lenok
tsinlingensis has been recorded. A detailed survey of
the stocks of this fish is also urgently needed.
Remarks: B. lenok tsinlingensis is markedly different
from the nominal species B. lenok lenok by having
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fewer pyloric caeca (65-75 vs. 91-111), lateral line
scales (123—-135 vs. 132—175) and gill rakers on the
first gill arch (19-23 vs. 24-26). Spots on the body and
maturity are also different between two sub-species (Li
1966). This sub-species probably should be promoted
to full species status. Our recent genetic work also
supports it.
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Abstract The four domestic Chinese carps, i.e. grass
carp (Ctenopharyngodon idella), black carp (Mylo-
pharyngodon piceus), silver carp (Hypophthalmich-
thys molitrix) and bighead carp (Hypophthalmichthys
nobilis), cast their drifting eggs in the running
water of the Yangtze River. In 1997~2005, a
systematic study on the dynamics of the abun-
dance the larvae of the four domestic Chinese
carps was performed in the middle reach of the
Yangtze River, close to Sanzhou city. It was
calculated that in breeding seasons from early
May to late June every year the abundance of fry
drifting through the section of Sanzhou was 3.59
billion in 1997, 2.75 billion in 1998, 2.15 billion
in 1999, 2.85 billion in 2000, 1.90 billion in 2001,
1.90 billion in 2002, 406 million in 2003, 339
million in 2004 and 105 million in 2005 respec-
tively. Several environmental parameters related to
the dynamics of larval abundance were also
examined simultaneously. The construction of the
Three Gorges Dam near Yichang between the
upper and middle reaches of the Yangtze River
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has apparently had a drastic influence on the
abundance of fish larvae.

Keywords Fish larvae - Asian carps -
Dynamic analysis - Three Gorges Dam - Yangtze River

Introduction

Grass carp (Ctenopharyngodon idella), black carp
(Mylopharyngodon piceus), silver carp (Hypophthal-
michthys molitrix) and bighead carp (Hypophthal-
michthys nobilis ), referred to in China as the four
domestic fishes, are commercially important fish
species in China with high abundance in the catch.
In the 20th century, 60% of the entire catch of
freshwater fishes consisted of the four domestic fishes
(Wu et al. 1992).

Investigations on the reproductive ecology of the
four domestic fishes in the Yangtze River have been
carried out since 1960’s (Yih and Liang 1964; Yu
1985; Yi et al. 1988a; Zeng 1990; Qiu et al. 2002). It
was reported by Yih and Liang (1964) that the
spawning grounds ranged from Chongqing to Pengze
with a range of 1,695 km. There are 36 spawning
grounds distributed in the mainstream of the Yangtze
River, and the mean egg production each year was
over 100 billion in the 1960’s. The breeding season of
the four species was from May to July every year in
the Yangtze River (Yih and Liang 1964). Water
temperature and hydrograph were the most important
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factors controlling spawning (Stanley 1978; Liu et al.
1992). The lowest water temperature for spawning is
18 . If the water temperature is below 18 during the
breeding season, spawning will stop even if there is
flooding (Cao and Yu 1987). The triggering stimulus
for spawning is an increase in discharge. Spawning
occurs when the water level rises, but it stops
immediately as soon as the water level starts to
recede (Yi et al. 1988b).

After the construction of the Gezhouba Water
Control Project (completed in the 1980°s), six spawn-
ing areas were inundated by the reservoir, 30
spawning grounds remained, with yearly egg produc-
tion of 20 billion or more in the 1980°s (Yu 1988).
The effect of the Three Gorges Project on the
reproduction of the four species became a highly
sensitive issue in the early 1990°s in China (Sun
1990). This investigation was initiated to determine
the influence of the Three Gorges Project on the
abundance of larvae of the four domestic Chinese
carps, and to make countermeasures required for
protection of the four domestic Chinese carps.

Materials and methods
Sampling area

The investigation was in the Sanzhou section of the
Yangtze River (E112°55' N29°32"), close to the inlet
of Dongting Lake (Fig. 1). The width of the main
channel was about 1200 m between revetments. The
maximum water depth measured at the sampling sites
was 23 m.

Sampling design and collecting methods

Every year from 1997 to 2005, sampling was
conducted daily between May 1 and June 30. Samples
were collected twice daily, once between 9:00 and
11:00, and once between 15:00 and 17:00. The gears
used for capture of larvae were a ring net and a trap
net based on the methods of Pavlov (Pavlov and
Sbikin 1978; Pavlov et al. 1983; Pavlov 1994; Pavlov
et al. 1995 Pavlov et al. 2000), (Yi et al. 1988a) and
Oesmann (2003). A ring net was used to gather larvae
and eggs from different water depths. The ring net
consisted of a round mouth formed by a steel loop
(diameter=50 cm; area=0.1963 mz), a conical net and
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a collection bucket (Fig. 2). The netting was made
of fine silk with the grid size of 0.5 mm. A steel
frame supported the whole body. A flow meter was
fixed in the mouth of the net. A large weight was
attached to the bottom of the frame to assist sinking
the net into the flowing water.

Trap nets were used to collect eggs and larvae
from near water surface in littoral areas (Fig. 3).
The trap nets had a semi-circular mouth
(area=0.5384 m?). It is usually made up of fine flax
cloth suspended below a frame in a half-cone
configuration terminating in a silk tube which runs
to the collection box. The cloth and frame funnel
the larvae to the collection box at the cod end.
Below the main body is a heavy metal weight so
as to open the net to its full size. The frame is
made from two long bamboos. Two short bamboos
were situated at the front and the back. The
collection box was made of the same thin silk
material as the trap net. The collection box was
40 cm long and had width and height of 30 cm. The
upper part of the case is wide open for gathering
eggs and larvae. The buoyancy of the collection box
keeps its open top above the water surface.

The trap net was anchored in place, and
allowed to float on the surface of the water,
keeping parallel with the bank. The trap nets were
deployed both day and night. The anchor positions
of the three sampling stations, one on the right
side of the main channel (right), one on the left
side (left), and one in the middle (midstream),
were marked using bearing stakes on the river-
bank. Two stakes marked the position of the
straight cross-section in the longitudinal direction
of the main channel. The intersections of this line
with three other straight lines marked the distinct
anchoring positions.

Samples were collected at three depths: 1 m below
the water surface (surface), in the middle of the water
column (mid layer), and 1 m above the substrate,
referring to the middle of the net’s mouth (Fig. 4).

Sample preservation

After sampling, the larvae were taken out from the
trap net and the ring net and fixed with 4%
formaldehyde and 70% ethanol mixed solution.
Species identification was carried out in the laborato-
ry according to Yi et al. (1988b).
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Fig. 1 The distribution of the four domestic fishes spawning grounds in the middle of Yangtze River

Environmental parameters

Several abiotic parameters were measured at the
different sampling sites to determine their relationships
to the abundance of eggs and larvae. The fishing depth
was measured with a Biosonics DT-X sonar system
(Biosonics Sound Navigation and Ranging Inc.). The

Fig. 2 Ring net (used to
gather larvae and eggs from
different water depths)

distance to the shoreline was measured (precision
+0.1 m) using a mobile global positioning system
(Model 315 Magellan). The current velocity was
measured with a Current Velocity Meter (Model LID
3, Chongqing Current Velocity Meters Inc.). The water
temperature was measured in Celsius scale using a
hand-held thermometer.
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(1 windlass pothook; 2 frame; 3 current velocity meter; 4 conical net; 5 net-covering
strength strip; 6 collection bucket; 7 weight)
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Fig. 3 Trap net (used to
collect eggs and larvae
from near water surface in
littoral areas)
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Calculation of spawning ground and larvae amount

The location and size of the spawning ground was
determined according to (Yi et al. 1988a). The abun-
dance of the larvae Bm was calculated as

Bm = QMC/SV

Where Bm is the number of eggs and larvae at the
cross-section; Q is the average water flow of the
collecting point at the cross-section in m*s'; M is
the number of larvae collected at the fixed point; C
represents the runoff, emendation coefficient of the eggs
or larvae at the cross-section; S is the area of the net
mouth in m® and V is the current velocity at the net

mouth in m-s .

Results

Reproductive habit of the four domestic fishes

Silver carp

In the Yangtze River, silver carp usually reproduce in

late April to early July, and middle May to middle

Fig. 4 Collection points for
larval ring nets

June is the best time for breeding (Yi et al.1988a).
Spawning grounds are in the mainstream and tributar-
ies of the Middle and Upper Yangtze River. The
396 km-long Jingjiang section (Fig. 1) is an especially
important spawning area. This part of the river has
sharp rock outcropping and there are sandbars in
middle of the river, which create conditions favorable
to silver carp spawning. The reproductive behavior of
silver carp is in many ways similar to the other
domestic fishes. Silver carp spawn when the water
temperature is above 18 and the river begins to rise.
After the discharge peaks, the spawn will stop.
Spawning often occurred near the surface. Sometimes
we could see the female fish swimming upside-down
near the surface, the abdomen quivering with the
discharge of eggs.

Bighead carp

The breeding activity of bighead carp is usually from
May to July, slightly later than that of silver carp.
Bighead carp have stricter requirements for hydrolog-
ic conditions than the other domestic fishes. Bighead
carp spawn mostly at sharp increases in the hydro-
graph. Spawning will stop at once after the hydro-

Right side
@ = Sampling site

e Surfice | of 1 gid
Mid Bepth

Right

Mid stream
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graph peaks. When spawning, female and male fish
also chase each other but not as violently as silver

carp.
Grass carp

The reproductive period of grass carp is usually
earlier than that of black carp. Generally spawning
begins in late April or early May and ends in late June
or early July. The reproductive requirements of grass
carp are similar to the other domestic fishes. When
the water temperature is above 18 and discharge
increases, grass carp will be stimulated to spawn.
During the peak spawning season, grass carp can also
sometimes spawn during a level or receding hydro-
graph. The amount of larvae reproduced is little
related with the beginning water level, but has great
relation with the intensity of water rise or decline.

Black carp (Mylopharyngodon piceus)

The spawning period of black carp is from May to
July, a little later than that of grass carp and silver
carp. The spawning requirements are not as strict as
for the other three species. Spawning will begin with
only a slight increase in discharge. Compared to the
other three domestic fishes, black carp spawning is
relatively dispersed; the breeding season begins
somewhat later and the total length of the spawning
season is longer. In addition, black carp usually
spawns deeper in the river and the quantity of eggs
is highly variable.

Spawning grounds

From 1997 to 2005, there were ten spawning grounds
for the four domestic fishes from Yichang to
Chenglingji below the dam, a distance of 400 km
(Table 1). Among these sites, Yichang, Zhijiang,
Jiangkou, Hexue, Shishou and Tiaoguan were most
important. Compared with the conditions in 1980’s
(Yu 1985), the spawning locations were almost the
same, but larval abundance was lower.

Larval abundance
From May to June in 1997~2002, before the

closing of the Three Gorges Dam on June 1
2003, the larval abundance of the four domestic
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Table 1 The distribution of the four domestic fishes spawning
grounds from Yichang to Chenglingji

No. Name Range Distance(km)
1 Yichang  Shilihong ~ Gulaobei 24
2 Yidu Yunchi ~ Yidu 10
3 Zhijiang  Yangxi ~ Zhijiang 29
4 Jiangkou Jiangkou ~ Yuanshi 25
5 Shashi Huduhe ~ Guanyinsi 27
6 Haoxue  Majiazai ~ Xinchang 28
7 Shishou  Ouchihekou ~ Shishou 15
8 Tiaoguan Laijiazhai ~ Tiaoguan 34
9 Jianli Tasiyi ~ Shajiabian 25
10 Fanzui Yanchuantao ~ Jingjiangmen 6

fishes at Sanzhou were 3.6 billion, 2.7 billion, 2.2
billion, 2.9 billion, 1.9 billion and 1.9 billion
respectively (Fig. 5). The average larval abundance
before the closing of the Three Gorges Dam was 2.5
billion.

The closing of the Three Gorges Dam drastically
changed the hydrology of the Yangtze River. After the
dam was completed, larval abundance decreased
sharply. Total larval abundance in May and June of
2004 was 0.339 billion, 13.4% of the average value
before closing of the dam. By the year 2005, larval
abundance dropped to 0.105 billion, 4.2% of the
average value of the past few years (Fig. 5) and the
lowest level in history.

Relative abundances of fish larvae

Before the peak in abundance of the larvae of the
four domestic fishes, there are other peaks in the
abundance of larvae of other fishes. However,
these other species will spawn in the absence of a
substantial increase in discharge. The investigation
of 1997~2005 indicated that the larvae of the four
domestic fishes accounted for 9.77%; 8.59%;
5.91%; 5.43%; 3.65%:3.12%; 2.72%; 0.80% and
0.85% of the total larval abundance, respectively
(Table 2).

The investigation of 1997~2002 (before the Three
Gorges Dam was closed) indicated that grass carp and
black carp were the most abundant larvae among the
four domestic fishes, and grass carp especially
dominated (60~85%). Silver carp and bighead carp
accounted for 26 000 000 (21.81%) and 213 000 000
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(8.40%) individuals respectively. Since 2003 (after
the Three Gorges Project was closed), the composi-
tion of larvae has undergone great changes. The
proportion of silver carp increased; this value reached
66.11% in 2005. The composition of the four
domestic fishes in each year can be seen in Table 2.

Peaks in larval abundance and hydrology

In the breeding season of the four domestic fishes,
whether the adult fishes spawn or not is generally
determined by external conditions.

Water temperature

The lower limit of water temperature for the four
fishes breeding is 18 (Yi et al. 1988b). If it is below

18 the breeding activity will stop. The best temper-
ature for breeding is 21-24 . The water temperature in

Table 2 The composition of larvae at Sanzhou cross-section

Year  Proportion (%)

Silver carp  Bighead carp  Grass carp  Black carp

1964 13.5 8.0 43.0 355
1965 31.0 7.3 33.0 28.7
1981 2.6 6.8 47.9 42.7
1997 2.6 8.5 67.5 21.4
1998 1.3 7.1 67.7 239
1999 0.3 2.2 85.3 12.3
2000 3.0 5.0 84.9 7.1
2001 2.4 3.5 72.7 21.4
2002 5.62 2.13 74.35 17.90
2003 21.81 6.13 60.21 11.86
2004 36.84 1.94 52.24 8.98
2005 66.11 5.12 24.52 4.25

Explanation: the data of 1964, 1965, 1981 (Yul985)
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May and June of 1997-2005 at the Sanzhou cross-
section ranged from 18.0 to 26.1 , which is appropri-
ate for spawning.

Hydrograph and larval flood

The daily hydrograph at Sanzhou cross-section in
1997~2005 is shown in Figs. 6 and 7. From 1997 to
2005, 15 larval floods (spikes in production of larvae
are known in China as “larval floods”) had been
detected at Sanzhou cross-section (Table 3).

The correlation of water level, flux and larvae
flood at Jianli cross-section in 1997~2005 can be
seen in Table 3. The results indicated that the larvae
flood has great relationship with the water level and
the flux. In the 2 months of reproducing period, two
or three large-scale larvae floods formed the laying
activity for domestic fishes, and each larvae flood
lasted for 3~7 days. The lasting time of a large-scale
larvae flood was usually ascending simultaneously
with the increase of the flux of water. Twelve large-
scale larvae floods of the four famous domestic
fishes had been detected before the operation of the
Three Gorges Project. The maximum amount of
them was 2.006614 billion individuals, which lasted
for 5 days, accounting for 72.39% of the year and the
minimum amount was 0.31084 billion individuals,
which lasted for 9 days, accounting for 10.89% of
the year.

Discussion

Relationship between hydrograph and larval flood

A large number of eggs were spawned during
increases in water velocity and hydrograph. Spawning

activity was positively correlated with the amount of
hydrograph increase. Commonly, when the increase
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Fig. 6 Daily discharge at
Sanzhou cross-section from
1997 to 2002
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in discharge is greatest, the larval flood is bigger,
most of the fishes spawned during increases in
discharge.

Effect of the three gorges project on larval abundance
and composition

The Yangtze River is the most important living and
breeding location for the four domestic fishes.
Historically, the catch of the four domestic fishes in
the Yangtze River accounts for 63% of the total
natural fry production in the whole country (Wu et al.

June

1992). Due to the building of this large-scale
hydraulic project and other anthropogenic changes
including water pollution, overfishing, the creation of
farmland by filling lakes and the loss of connectivity
between floodplain lakes and the Yangtze River, the
four domestic fishes are declining rapidly. From 1997
to 2002, the mean number of larvae produced was 2.5
billion (range 1.9-3.6 billion), an obvious decline
compared to the 1980’s, before the construction of the
Gezhouba and Three Gorges dams.

In May and June of 2003, the larval production
was 0.406 billion, 16.1% of the production before

Fig. 7 Daily discharge at
Sanzhou cross-section from

—— daily discharge in 2005
—e— daily discharge in 2003

—a— daily discharge in 2004

2003 to 2005
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Table 3 The relationship between discharge and larval flood of the four domestic fishes at the Sanzhou cross-section

Year Date of discharge Water level (m) Current (m*/s)

Date of larval flood Larvae amount(million) individuals)

From To From To Range From To Range From To
1997  5.09 521 2734 3051 3.17 8550 15100 6550 5.20 5.24 156674
6.06 6.15 2813 31.60 3.47 9900 20200 10300 6.11 6.14 118
1998  5.01 5.15 2558 30.86 5.28 5320 14800 9480 5.14 5.31 722
6.06 630 28.69 3561 6.92 9300 24600 15300 6.11 6.27 1,915
1999  5.16 526 27.67 30.78 3.11 9200 14200 5000 5.18 5.31 731
6.06 6.11 2999 30.72 0.73 10400 15700 5300 6.10 6.20 348
6.17 6.30  30.38 3443 4.05 13700 30600 16900 6.23 6.30 851
2000  5.12 515 26.63 27.09 046 6390 8010 1620 5.19 5.27 311
6.07 6.10 30.06 31.49 143 14500 19100 4600 6.10 6.14 2,066
2001 5.01 5.06 2779 2959 1.80 6370 12400 6030 5.09 5.13 584
6.05 6.09 2816 29.75 1.59 9650 14300 4650 6.11 6.14 684
2002 5.16 5.18 32.65 33.46 0.85 14400 18500 4100 5.20 5.24 540
6.09 6.14  30.50 3221 1.71 12000 23600 11600 6.14 6.17 687
2003 5.8 59 28.15 30.24 2.09 7240 10900 3660 5.16 5.18 89
6.11 6.14 2691 31.13 422 4960 21100 16140 6.17 6.20 38
2004 6.13 6.18 30.12 3221 2.09 12600 25600 13000 6.24 7.02 286

the closing of the Three Gorges Dam; from May
to June in 2004 and 2005 larval production was
0.339 and 0.105 billion, which accounted for
13.4% and 4.2% respectively of the amount before
the closing of the Three Gorges Dam. Larval
abundance in 2005 was the lowest in history.

From 1997 to 2002 the most abundant fry at the
section from Yichang to Chenglingji were grass
carp and black carp, with grass carp as a
dominating species (range 60%~85%). After the
closing of the Three Gorges Dam, the composition
of the fry underwent enormous changes. The
proportion of silver carp rose to 66.1% in 2005.
Based on the larval abundance and composition,
the production of silver carp and grass carp was
estimated at 0.07 and 0.026 billion respectively.
Comparing with the value before the closing of the
Three Gorges Dam, when the mean production of
silver carp and grass carp was 0.08 and 1.9 billion
individuals respectively, it is obvious that the
change in silver carp production was small but
the change in production of grass carp was very
large. This indicates that the Three Gorges Project
had little impact on silver carp but a large impact
on grass carp.
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Effect of the three gorges project on spawning ground
and spawning

The construction of the Three Gorges Dam has
inundated the existing spawning grounds above the
dam. It has also caused a depression of spawning
activities below the dam, because the regulated water
flow does not perform similarly to the natural hydro-
graph. The peaks of floods were leveled off (Cao and
Yu 1987; Zeng 1990). Our investigation during 1997
to 2005 indicated that from Yichang to Chenglingji
below the Three Gorges Dam, a distance of 400 km,
the distribution of the existing ten spawning grounds
including Yichang, Zhijiang, Jiangkou, Hexue,
Shishou and Tiaoguan etc. changed little compared
to the 1980’s, but the amount of fry was reduced.
Before the closing of the Three Gorges Dam, many
fry came from the upper reach of the Yangtze River.
After its closing, all fry came from the reach below
the dam.

The drastic alteration of the natural hydrograph has
resulted in depression of spawning. From June 1 to
11, 2003, the Three Gorges Dam began storing water,
no spawning activities and larvae were observed.
After 11 June 2003, normal discharge was resumed,
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and a larval flood of the four domestic fishes occurred
from 17-20 June 2003. In June 2004, discharge at
Sanzhou increased from 12 600 m*s™' to 25
600 m*-s ' with an increase of 13 000 m*s '. From
24 June to 2 July 2004 a larval flood occurred with a
production of 0.286 billion, accounting for 95% and
84% of the larvae amount in June and May of 2004
respectively. These results indicate that sharp
increases of discharge are important in the stimulation
of spawning activity in the four domestic carps. It is
possible that water releases from the Three Gorges
Dam might be designed to simulate these natural
discharge peaks, to the benefit of the four domestic
carps.

Protection of the four domestic fishes

Silver carp, bighead carp, grass carp and black
carp are the main cultured fishes in China. Their
yield always occupies the chief position in Chinese
freshwater production. From 1997 to 2003, the
number of fry at the Sanzhou cross-section
declined rapidly. Furthermore, the adult resources
of the four domestic fishes descended very
quickly; the proportion of the four fishes in the
catch also dropped from 20-30% in the mid-1960s
to about 5% at present, which brought great
attention of government agencies charged with
the protection of fisheries.

Fig. 8 Connectivity of flood-
plain lake and the Yangtze
River
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The causes of the declines of the four domestic
fishes are likely the dams and gates which obstruct
both longitudinal and lateral migrations of the four
domestic fishes. The larvae cannot pass from the river
into floodplain lakes, which are thought be feeding
and nursery areas (Fig. 8) and the adult fish cannot
move from floodplain lakes into the river to spawn. In
addition, excessive land reclamations around the
waters, water pollution and overfishing have caused
declines in the beeeding community (Cao and Yu 1987).

Artificial reproduction and stocking is a common
method for mitigation of negative impacts. Russia,
America and Japan have benefited much from this
method (Michel 2001). We recommend a closed
fishing season from May to June and the release of
fry of the four domestic fishes into the river at
different points. This should assist in the protection
and recovery of the four domestic fishes. In addition,
improving lateral connectivity, reducing fishing mor-
tality (possibly including constraints on boats, horse-
power, tonnage and the size of the nets etc.), should
positively affect this important fishery. Meanwhile,
corresponding basic research such as the ecological
effect of the Three Gorge Project on the four domestic
fishes, the recovery and reconstruction of the spawn-
ing environment, the changes of the biological
resource and the continuing usage of the fishery
resources should be carried out. The above will help
to realize a change in the prevailing trend in the
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abundance of the four domestic fishes after the Three
Gorge Project’s operation.
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Abstract Guanshan National Nature Reserve (GNNR)
is located in the middle reach of the Jiuling
Mountain Range in the southern China and the
first national nature reserve within Jiangxi Province.
The fish fauna of mountain streams in the GNNR was
investigated from September 2006 to August 2007. A
total of 379 fish were collected and classified into two
families and seven species. Acrossocheilus parallens
[relative abundance (RA) 44.3%] was the most
abundant fish species. Subdominant species were
Onychostoma barbata (RA, 20.3%), Zacco platypus
(RA, 14.2%) and Opsariichthys bidens (RA, 12.4%).A
greater number of species (7 vs. 2) and individuals
(295 vs. 84) were collected from the West Stream
compared to the East Stream. Among the seven fish
species collected in the GNNR, Acrossocheilus
parallens, Onychostoma barbata and Vanmanenia
stenosoma are endemic to the Chinese mountain
streams. This study suggests that mountain streams
in the nation reserves including GNNR are very
important for freshwater fish diversity and conservation
in Jiangxi Province.
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Introduction

Guanshan National Nature Reserve (GNNR) is
located in the middle reach of the Jiuling Mountain
Range in the northwestern Jiangxi Province between
latitudes 28°30" and 28°40' N and longitudes 114°29’
and 114°45' E. GNNR has an area of 115 km? and
ranges in altitude from 200 m to 1,480 m. The climate
in the GNNR belongs to the subtropics warm humid
climate. The annual temperature is 16.2°C, annual
precipitation ranges from 1,950 mm to 2,100 mm, and
forest coverage rate is up to 93.8%. Most mountain
streams in the GNNR flow into the East and West
Streams which drain into the Poyang Lake. The
GNNR was designated as a Chinese National Nature
Reserve in April 2007 and the first national nature
reserve within Jiangxi Province primary for the
conservation of wildlife resources (Liu et al. 2003;
Liu and Wu 2005).

There have been several notable surveys of the
flora and fauna within the GNNR. These studies
include surveys of the avifauna (Dai et al. 1997; Xu et
al. 2007), insect fauna (Ding et al. 2005; Guo and
Ding 2005) and flora (He et al. 2001; Chen 2002; He
and Ji 2002; Li and Tang 2003; Ji et al. 2005).
However, until our survey there have been no studies
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on the distribution and abundance of fish species.
There is a need to document the diversity and
consequent conservation value of the GNNR for
fishes, as well as environmental factors impacting
the fish communities. Therefore, the purpose of this
paper is to present the results of our fish surveys in
the GNNR.

Methods
Site selection

We surveyed a total of nine sites on East Stream and
West Stream within the GNNR (Fig. 1). All study
sites were located between an altitude of 460 m and
760 m. Sampling site selections were based on the
representative habitat types present and accessibility
during the study period. The habitat types were
recorded for all sites. Water temperature, dissolved
oxygen, pH, and stream width and water depth were
measured at each site.

Fish sampling

Fish populations were surveyed seasonally from
September 2006 to August 2007. At each site, samples
were collected using an electrofishing device consisting
of two copper electrodes on wooden handles, powered
by a 500-watt portable AC generator. Stunned fish were
collected using dip nets or caught by hand. A cast net
(mesh 5x5 mm; 71x0.6> m=1.13 m?) was also used

within shallow pools of the stream system to collect
fish. These fish sampling devices were most suitable
since all the stations were characterized by shallow
water depths, narrow channel widths, and relatively
fast water currents flowing over boulder substrate.
Collected specimens were preserved in 10% formalin
solution until counting, after which they were stored in
5% formalin solution. All specimens were identified
according to Zhu (1995), Chen (1998), Chu et al.
(1999) and Yue (2000).

Data analysis

All the fish collected were identified to species. The
relative abundance of each species at each sampling site
was estimated by: Py = N;/T}, where Ny = the number
of species j collected in site k; T}, = the total number of
all fish collected in site k. The Margalef index (D) and
Shannon-Wiener index (H) were used to calculate fish
species richness for each site (Peet 1974; Magurran
1988): Dy = (Si—1)/In T} and Hy = —) Py In Py, where
S; = the total number of species collected in site £.

Results

Stream characteristics and physicochemical
parameters

The physical characteristics of each site are described
in Table 1. The substrata of both East Stream and
West Stream are mainly composed of sand, gravel,

Fig. 1 Map showing fish
sampling sites on East
Stream and West Stream,
GNNR, China
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Table 1 Characteristics of survey sites within East Stream and West Stream, GNNR, China

Sites Depth (m) Width (m) Distance sampling (m) Habitat description

Slow flowing and clear water, gravel and boulder substrate,

stream shaded by riparian vegetation

Fast flowing and clear water, boulder substrate,

shaded by riparian vegetation

Slow flowing and clear water, gravel and sandy substrate,

shaded by riparian vegetation

Fast flowing and clear water, with boulder and gravel substrate,

shaded by riparian vegetation

Fast flowing and clear water, with boulder substrate,

shaded by riparian vegetation

Slow flowing and clear water, gravel and sandy substrate,

shaded by riparian vegetation

Fast flowing and clear water, gravel and sandy substrate,

shaded by riparian vegetation

Fast flowing and clear water, with gravel and boulder substrate,

shaded by riparian vegetation

El 0.5-0.8 5-7 150
E2  0.3-0.6 2-4 100
E3  0.8-1.0 3-5 100
E4 0.3-0.5 2-3 100
E5 0.3-0.5 2-4 100
W1 1.2-15 6-8 150
w2 0.5-1.0 2-4 100
W3  0.5-0.8 4-5 100
w4 0.3-0.5 2-3 100

Fast flowing and clear water, boulder substrate, shaded by riparian vegetation

and boulders. Most of the study sites surveyed were
in high gradient sections of streams with pools and
riffles. All sites had clear water and were shaded by
riparian vegetation.

Physicochemical characteristics were similar among
all study sites in the streams. The mean (= SE)
water temperature was 15.6+4.3°C, ranging from
9.4°C to 20.8°C at all sites. All sites in the streams
were fully saturated with dissolved oxygen (mean + SE,
9.7+1.5 mg-L™"). The high DO could be attributed
to low water temperature and high water velocity.
Site average pHs were between 5.8 to 7.6 (mean + SE,
6.5+1.3).

Fish fauna of the GNNR

A total of 379 fish were collected and classified into
two families and seven species. The dominant family,
Cyprinidae, accounted for 85.7% (six species) of the
total number of fish species collected. Fish species
richness from the nine sites ranged from two to six
species. Acrossocheilus parallens and Onychostoma
barbata were the most common species, being
collected at all sites sampled from September 2006
to August 2007 (Table 2). Acrossocheilus parallens
[relative abundance (RA) 44.3%] was the most
abundant fish species collected (Fig. 2), followed by

Table 2 Fish species and
individuals sampled from
East Stream and West
Stream, GNNR, China

Species name East Stream West Stream Total
El E2 E3 E4 E5 WI W2 W3 W4
Cyprinidae
Acrossocheilus parallens 14 10 11 12 26 30 35 21 168
Onychostoma barbata 9 4 6 7 16 11 12 10 77
Zacco platypus 16 13 13 12 54
Opsariichthys bidens 15 13 11 8 47
Hemibarbus maculatus 20 20
Pseudorasbora parva 8 8
Homalopteridae
Vanmanenia stenosoma 5 5
Number of individuals 23 14 11 17 19 101 67 71 56 379
25 @ Springer
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Fig. 2 Relative abundance (%) 44.3
of each fish species identi- 45
fied from sampling sites in
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—_
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Acrossocheilus
parallens

Onychostoma
barbata

Onychostoma barbata (RA, 20.3%), Zacco platypus
(RA, 14.2%) and Opsariichthys bidens (RA, 12.4%).

We recorded a greater number of species (S) and
individuals (N) in West Stream compared to East
Stream. In addition, the Margalef diversity index (D)
and Shannon-Wiener diversity index (H) were lower
in the East Stream as compared with the West Stream
(Table 3). This indicates that higher fish diversity in
West Stream compared to East Stream may be
because the East Stream watershed has been modified
by small dams (Fig. 1). The dams do not have
effective fish passage facilities, and this may impede
fish dispersal and migration throughout the water-
shed. Our observations suggest that there is a need to
enhance the connectivity of the East Stream for fish
dispersal and migration through modification of the
dams to allow passage.

Discussion

Jiangxi Province is located in the southern part of
China. A total of 205 fish species (more than 20% of
all Chinese freshwater species) have been reported
within the province (Guo and Liu 1995; Fu et al.
2003). This indicates that freshwater fish biodiversity
in the Jiangxi Province plays an important role in the
Chinese freshwater fish species bank.

Zacco platypus
Opsariichthys
bidens
Hemibarbus
maculatus
parva
Vanmanenia
stenosoma

Pseudorasbora

None of the seven fish species collected in the
GNNR is exotic species. Among them, Acrossocheilus
parallens, Onychostoma barbata and Vanmanenia
stenosoma are common in the mountain streams within
Jiangxi Province and endemic to the Chinese mountain
streams (Guo and Liu 1995; Huang et al. 2008; Li et
al. 2008). They are anatomically well adapted to live in
fast flowing current with clear water and relatively
higher dissolved oxygen concentration. This suggests
that mountain streams in the nation reserves including
GNNR are very important for freshwater fish diversity
and conservation in Jiangxi Province.

During recent decades, streams and rivers in
China have been drastically modified for agricul-
tural usage and drinking water supplies with the
construction of multi-purpose dams, artificial reser-
voirs, levees, and weirs. These physical alterations
and other human influences, such as road construc-
tion and deforestation, have accelerated eutrophica-
tion (Fu et al. 2003). This pattern is reflected
throughout much of East Asia, and the resultant
degradation of aquatic habitats for fish is of great
concern (Inoue and Nakano 2001). Small and fast-
flowing streams have often been changed to large,
slow-flowing streams, which would cause organisms
adapted to rapid streams to become restricted to
mountainous areas, and to be replaced by organisms
adapted to slow-flowing streams (Yuma et al. 1998).

Table 3 Comparison of fish species diversity and abundance between East Stream and West Stream, GNNR, China

Mountain streams Total number Total number Margalef diversity Shannon-Wiener
of species (S) of individuals (N) index (D) diversity index (H)

East Stream 2 84 0.23 0.64

West Stream 7 295 1.06 1.62

9 Springer Reprinted from the journal
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The conservation status of nature reserves has
greatly limited the extent of such influences within
its boundaries and so conditions have remained
relatively suitable for the maintenance of native fish
communities.

Worldwide, freshwater fishes are the most diverse
of all vertebrate groups, but are also the most highly
threatened (Duncan and Lockwood 2001). Protected
areas such as the GNNR play an important role in
conservation of freshwater fish diversity within
Jiangxi Province. This study allows consideration of
a long-term conservation strategy for fish diversity in
the GNNR. Long-term management and conservation
of the fish fauna of the GNNR will require develop-
ment of reference sampling sites as part of the
development of a long-term monitoring protocol.
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Keywords Schizothorax taliensis -
Dali schizothoracin - Threatened fishes - Erhai Lake

Common name: Dali schizothoracin. Conservation
status: Endangered in China Red Data Book of
Endangered Animals — Pisces (Yue and Chen 1998).
Identification: Dorsal fin iii-7-8; anal fin iii-5;
pectoral fin i-16-19; pelvic fin i-8—10; lateral line
scales 95-109, pharyngeal teeth in three rows 2,3,
4-43.2 or 2,3,5-5,3,2; mouth terminal; lower jaw
without sharp horny edge; lower lip smooth, in two
lobes, without median lobe; barbel two pairs, less
than half of eye diameter in length; thorax between
isthmus and fore-abdomen naked; lateral line com-
plete; last unbranched ray of dorsal fin hard, with pos-
terior serrations (Yue 2000). Distribution: Endemic
to Erhai Lake (25°36'-25°58'N, 100°05'-100°17'E,
1,974 m above sea level, 249.34 kmz), Lancang
River, Yunnan Province. Abundance: Accounted for
30% of total harvest in Erhai Lake before the mid-
20th century (Wu and Wang 1999), but now is rarely
found (Huang 1996). Habitat and ecology: Usually
inhabits quiet, open areas of lakes, mainly feeding on
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e-mail: wangwm@mail.hzau.edu.cn

Reprinted from the journal

zooplankton. Migrates upstream or assembles around
spring-fed caves during spring for spawning (Yue and
Chen 1998). Reproduction: Matures at 3—4 years
(Leng et al. 2006). Spawns over sandy and gravel
bottom or upwelling groundwater in lakes (Huang
1996). Threats: It lives and spawns mainly in ditches
and caves of shallow lakes and creeks entering the
lake, many of which have dried up since 1970s from
human activity. Introduced exotic fish species are
serious egg predators (Yang 1996). Overfishing con-
tributed to the drastic population depletion (Yue and
Chen 1998). Conservation action: Cangshan Moun-
tain and Erhai Lake National Nature Reserve was
established in 1981 and became national level in
1994. Local government enacted the “Erhai Lake
Administrative Regulation” to protect this species
(Yue and Chen 1998). Conservation recommenda-
tion: Research for population preservation and resto-
ration is required. Fishing regulations need to be
enhanced. Exotic fishes should be removed. Natural
habitats should be protected.
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Abstract Distoechodon species are widely distribut-
ed in rivers of southern China. Previous studies re-
cognized only two species in the genus, viz., D.
tumirostris and D. hupeinensis. A morphological
analysis of 164 specimens from different localities
permits recognition of four species. Distoechodon
tumirostris is mainly restricted to small coastal rivers
in the Zhejiang Province. Distoechodon multispinnis
is widely distributed in the Chang Jiang and Zhu
Jiang basins. Distoechodon compressus is known only
from the Fujian and Jiangxi Provinces, and Taiwan.
Distoechodon macrophthalmus, the new species, is
known only from the Chenghai Lake, Chang Jiang
basin in Yunnan Province.

Keywords China - Jiang river - Zhu Jiang river -
Distoechodon - Systematics
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Introduction

The endemic Chinese fish genus Distoechodon
(Cypriniformes: Cyprinidae) was established by Peters
(1881) with the type species, D. tumirostris, type lo-
cality Ningpo (now known as Ningbo), located on the
Qiantang Jiang River, Zhejiang Province, China. It
can be distinguished from the most similar genus
Xenocypris by having a transverse instead of a curved
mouth and possessing only two instead of three rows
of pharyngeal teeth (Peters 1881). The status of
Distoechodon is ambiguous and confusing at both
the genus and species levels.

Nichols (1928) synonymized Distoechodon with
Xenocypris and treated it as a subgenus without pro-
viding any specific explanation. Yang (1964) revali-
dated Distoechodon on the basis of possessing only
two instead of three rows of pharyngeal teeth.
Banarescu (1970) disagreed with Yang’s (1964) syno-
nymy because reduction of the number of rows of
pharyngeal teeth is common among cyprinid fishes. He
thus synonymized Distoechodon back as a subgenus
of Xenocypris. But almost all contemporary Chinese
systematic work on xenocyprinid genera follows Yang
(1964), recognizing Distoechodon as a valid genus
having two rather than three rows of pharyngeal teeth
(Lian 1984; Chen and Li 1989; Mao 1991; Ding
1994; Liu and He 1998).
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Nichols (1925) described Xenocypris compressus,
which has a deeper body and longer pectoral fins,
from Yenping (now known as Nanping), Min Jiang
River, Fujian Province. Later, he put the species into the
subgenus Distoechodon with X. tumirostris (Nichols
1928). Yang (1964) recognized both of them as species
of Distoechodon. Banarescu (1970) synonymized X.
compressus With X. tumirostris, but retained it as a
subspecies. Lian (1984) followed Yang (1964), recog-
nizing D. compressus as a valid species. Liu and He
(1998) synonymized D. compressus with D. tumirostris,
based on the fact that the number of lateral-line scales
and gill rakers among populations of Distoechodon are
overlapping. Shan (1998) described differences between
D. compressus and D. tumirostris in lateral-line scale
count, shapes of the dentary and basioccipital mastica-
tory plates, and revalidated D. compressus. Molecular
analysis of nucleotides of the mitochondrial D-loop
region and the complete cytochrome b gene supported
D. compressus as a distinct species (Liu 2002).

Yih (1964) added another species to the genus,
Distoechodon hupeinensis, from the Liangzihu Lake,
Chang Jiang River basin, in Hubei Province. Com-
pared to all other Distoechodon species, D. hupei-
nensis has fewer lateral-line scales, fewer gill rakers,
and lacks the dark horizontal stripes along the sides of
the body. Liu and He (1998) accepted this description
in their review. In a phylogenetic study based on
morphological characters, Shan (1998) placed D.
hupeinensis under Xenocypris. A molecular study of
the cytochrome b gene from a number of xenocypri-
nid species showed that D. hupeiensis is indeed more
closely related to X. argentea and X. davidi than to
other Distoechodon species (Xiao et al. 2001).

With synonymising Distoechodon to Xenocypris,
Banarescu (1970) also recognized three subspecies of
X (D.) tumirostris, based mainly on lateral-line scale
counts and number of gill rakers: X. (D.) t. tumirostris
(Zhejiang Province, 71-77 lateral-line scales, 80-85
gill rakers), X. (D.) t. compressus (Fujian Province;
74-75 lateral-line scales, 93-98 gill rakers), and X.
(D.) t. multispinnis, a new subspecies from the Chang
Jiang basin, Sichuan Province, with 77-84 lateral-line
scales and 91-108 gill rakers. Ding (1994) tentatively
synonymized X. tumirostris multispinnis with D.
tumirostris without providing any explanation.

In the course of reviewing the genus Distoechodon
as well as clarifying the species diversity of the genus,
we examined 164 specimens of Distoechodon from
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different localities in China, allowing the recognition
of the genus, redescription of the type species, D.
tumirostris, revalidation of both D. compressus and
D. multispinnis, as well as a new species, which is
herein described.

Materials and methods

We examined 164 specimens of Distoechodon and 57
specimens of Xenocypris. Comparative material of
Xenocypris is listed separately. Measurements were
taken point to point with a digital caliper (Mitutoyo
CD-20C) to 0.1 mm. Morphometric and meristic char-
acters were selected according to methods described by
Chen (1998) and Fang (1997). The anterior-most mea-
suring point is at the tip of the snout instead of the
upper jaw symphysis. Post-predorsal length was mea-
sured from the posterior end of supraoccipital to the
dorsal-fin insertion. Measurements and counts were
taken on the left side of the body whenever possible.
Gill rakers were counted only in the lower part of the
first gill arch, on the ceratobranchial and hypobranchial
bones.

Specimens were radiographed with Philips MG 150
low voltage X-ray unit with Kodak X-Omat V films.
Dorsal, anal and caudal-fin rays and vertebrac were
counted on radiographs. Abdominal vertebrae include
the Weberian apparatus. Predorsal vertebrac were
counted from the first free vertebra to the vertebra
before the first dorsal-fin pterygiophore. Caudal verte-
brae were counted from the first vertebra with haemal
spine to the last half centrum.

Morphometric and meristic information was analyzed
and organized using SYSTAT version 10. Most of the
coordinates provided in the material examined list were
researched by the authors. Institutional abbreviations
follow Leviton et al. (1985) and Leviton and Gibbs
(1988). The local Chinese toponymy is employed for all
localities. The Chinese names for the Yangtze and Pearl
Rivers are Chang Jiang and Zhu Jiang, respectively.

Results
Key to Xenocyprinid genera

Previous keys were mainly based on the number of
pharyngeal tooth rows and thus impractical as they
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require extensive dissection (Liu and He 1998). An
alternative key is proposed here, using external
characters only, which is more user-friendly and
practical.

Key to genera of the Xenoxyprininae

1. Abdominal keel longer than distance from pelvic-
fin base to vent

1. Abdominal keel absent or rather short .............. 3

2. Lateral line scales fewer than 50; gill rakers on first
gill arch more than 100........................eeens
Pseudobrama

3. Lateral line scales more than 70; gill rakers on
first gill arch fewer than 50

Plagiognathops

4. Mouth transverse; pectoral-fin axillary fold
present .............oooo... Distoechodon

5. Mouth curved; pectoral-fin axillary fold absent
.............................. Xenocypris

Key to species of Distoechodon
Distoechodon Peters 1881

Distoechodon Peters, 1881, Mber. Akad. Wiss., Berl.
45: 912 (type species: Distoechodon tumirostris Peters)

Body elongated and compressed; abdomen round
without keel; mouth inferior, transverse (slightly
curved), with cuticular edge (Fig. 1A); snout round
(Fig. 1B); pectoral-fin axillary fold present (Fig. 1B);
pharyngeal teeth (Fig. 1C) in 2 rows, outer row well-
developed, deeply compressed; lateral line curved,
possessing scales more than 60. The genus includes
four species, all distributed in China (Chang Jiang
River basin, Zhu Jiang River basin and some coastal
rivers in south-east China; historical records in Taiwan
Island).

Key to species of Distoechodon

1. Eye relatively large among the same-sized indi-
viduals, 5.97-10.82% of standard length; distrib-
uted in Fujian Province and Chenghai Lake in
Yunnan Province

1. Eye relatively small among the same-sized indi-
viduals, 4.58-9.08% of standard length; distrib-
uted Chang Jiang and Zhu Jiang River basins and
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Fig. 1 Some typical characteristics of the Distoechodon species.
a Mouth shape. b Snout and pectoral-fin axillary. ¢ Pharyngeal
teeth

coastal rivers in Zhejiang Province
223

2. Lateral line scales 67-74, predorsal scales 27—

D. compressus

3. Lateral line scales 78-85, predorsal scales 34—

D. macrophthalmus

4. Lateral line scales 68-77; dorsal and anal fins
relatively short, 16.49-21.73% and 11.47-14.73%
of standard length respectively, distributed in costal
rivers in eastern China ................cooeeeiiinee.
D. tumirostris
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Lateral line scales 72—-82, dorsal and anal fins
relatively long, 18.97-24.13% and 12.22-16.58% of
standard length respectively, distributed in Chang
Jiang River and Zhu Jiang River basins..................
D. multispinnis sp.nov.

Distoechodon tumirostris Peters 1881 (Fig. 24, Table 1)

Distoechodon tumirostris Peters 1881, Mber. Akad.
Wiss., Berl. 45: 925 (Ningpo, now known as Ningbo
in Zhejiang Province); Mao 1991, Fauna of Zhejiang,
Fresh Water Fishes: 76 (Anji, Tonglu, Tiantai and
Yunhe in Zhejiang Province)

Xenocypris (Distoechodon) tumirostris Nichols
1928, Bull. Am. Mus. Nat. Hist. 58(1): 24 (Ningpo);
Nichols 1943, Nat. Hist. Central Asia 9: 124 (Ningpo)

Xenocypris (Distoechodon) tumirostris tumirostris
Banarescu 1970, Rev. Roum. Biol. (zool.) 15(6): 400

(Ningpo)
Specimens examined

All from China. Zhejiang Province: Ou Jiang River
basin: ASIZB 64104-64105, 2, 154.4-156.2 mm SL,
Lishui (28°27" N, 119°54" E), 27 Apr. 1972; ASIZB
61771-61773, 3, 111.5-126.2 mm SL, Qingtian (28°09’
N, 120°18'E), 28 Apr. 1972; ITHB 0002420, 4, 159.2—
318.0 mm SL, Lishui and Jinyun (28°39'N, 120°04'E).

Ling Jiang River basin: ASIZB 73089-73092, 4, 99.1—
156.8 mm SL, Xianju (28°51'N, 120°44'E) and Linhai
(28°51'N, 121°07'E), 29 May 1972; ASIZB 62312—
62316, 5, 172.3-243 mm SL, Xianju and Linhai, 31
May 1972; IHB 0002422, 15, 91.3-242.0 mm SL,
Linhai, Xianju and Tiantai (29°08'N, 121°02'E), Sep.
1974. Yong Jiang River basin: IHB 0002421, 5, 146.0—
245.0 mm SL, Ningbo (29°52'N, 121°33'E) and
Fenghua (29°39'N, 121°24'E), Sep. 1974 and May
1976. Xin’an Jiang River basin: IHB 0002426, 1,
298.3 mm SL, Chun’an (29°37'N, 119°02'E), June
1977. Cao’e Jiang River basin: THB 0002423, 2, 103.3—
149.5 mm SL, Shengzhou (29°36°N, 120°49’E), Sep.
1974. River unknown: ASIZB 62137, 1, 75.5 mm SL,
May 1972; ASIZB 62139, 1, 86.6 mm SL, May 1972;
IHB 0002425, 3, 146.1-203.1 mm SL.

Diagnosis Distoechodon tumirostris can be distin-
guished from all other congeners by having a
combination of the following characters: lateral-line
scales 6877, modally 73; predorsal scales 30-36,
mostly 33 (Fig. 3); relatively smaller eye (5.07-9.08%
in SL). Similar to D. compressus in lateral-line scale
count, but is different from it by having more
predorsal scales (30-36 vs. 27-33, Fig. 3) and always
smaller eyes at the same body size (5.07-9.08% vs.
5.97-10.82% in SL, Table 1 and Fig. 4). Similar to D.
multispinnis in predorsal scale count and eye diame-

Fig. 2 Four species of Distoechodon. a Distoechodon tumirostris,
ASIZB 73089, 201.9 mm SL. b Distoechodon compressus, ASIZB
66087, 116.0 mm SL. ¢ Distoechodon multispinnis, NRM T3486,
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141.9 mm SL. d Distoechodon macrophthalmus sp. nov.; KIZ
797297, holotype, 155.4 mm SL
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Table 1 Morphometry of four species of the genus Distoechodon. Measurements are expressed as percents of SL

Distoechodon tumirostris

Distoechodon compressus

N Min max mean SD N Min max mean SD
SL (mm) 46 75.5 318.0 171.2 56.3 60 81.2 247.7 145.8 37.6
Body depth 46 22.9 29.7 25.6 1.6 60 222 32.0 26.9 2.0
Predorsal length 46 50.0 56.3 533 1.4 60 50.6 59.6 53.8 1.7
Preanal length 46 73.6 83.1 77.3 22 60 73.1 82.9 77.9 1.9
Prepectoral length 46 20.8 26.1 23.8 1.3 60 21.2 28.2 252 1.5
Prepelvic length 46 50.3 56.2 53.0 1.5 60 51.0 57.6 53.7 1.5
Caudal-peduncle length 46 13.1 17.1 14.9 1.0 60 12.3 17.2 14.6 0.9
Caudal-peduncle depth 46 9.4 11.8 10.8 0.6 60 9.6 12.6 11.2 0.6
Pectoral-fin length 46 14.3 19.0 16.7 1.0 60 16.2 19.9 18.1 0.9
Pelvic-fin length 46 12.1 16.0 14.2 0.8 60 13.8 17.5 15.5 0.8
Dorsal-fin length 46 16.5 21.7 19.4 1.2 59 15.1 243 21.6 1.5
Anal-fin length 46 11.5 14.7 13.2 0.8 59 12.8 16.2 14.4 0.8
Head length 46 20.2 26.4 22.9 1.4 60 214 26.8 24.3 1.3
Head depth 46 154 19.7 17.7 0.8 60 15.9 20.7 18.0 1.0
Snout length 46 7.1 10.0 8.2 0.6 60 6.9 10.1 8.6 0.8
Eye diameter 46 5.1 9.1 7.0 1.1 60 6.0 10.8 8.2 1.0
Interorbital width 46 7.7 10.6 8.9 0.6 60 7.6 10.8 9.0 0.7
Mouth width 46 5.8 9.3 7.7 0.7 60 6.4 9.5 8.1 0.7

Distoechodon multispinnis Distoechodon macrophtalmus sp.nov.

N min max mean SD N min max mean SD
SL (mm) 52 111.6 326.8 191.7 43.8 15 104.2 200.1 153.0 31.1
Body depth 52 21.7 324 26.0 2.4 15 22.9 26.6 24.8 0.9
Predorsal length 52 49.7 56.4 52.5 1.5 15 51.6 55.8 535 1.2
Preanal length 52 73.7 81.7 76.6 1.7 15 74.7 78.8 76.7 1.3
Prepectoral length 52 21.6 26.4 23.5 1.1 15 21.0 25.6 23.7 1.5
Prepelvic length 52 49.9 55.4 522 1.3 15 49.2 56.6 524 1.8
Caudal-peduncle length 52 12.9 17.5 15.4 1.1 15 12.1 16.4 14.4 1.1
Caudal-peduncle depth 52 9.3 132 11.4 0.8 15 9.3 11.3 10.4 0.6
Pectoral-fin length 52 15.4 20.9 16.8 1.0 15 16.7 18.9 17.8 0.8
Pelvic-fin length 52 13.6 17.6 15.1 0.9 15 14.5 15.9 15.3 0.5
Dorsal-fin length 42 19.0 24.1 20.5 1.2 15 18.1 22.8 20.2 1.1
Anal-fin length 42 12.2 16.6 14.4 1.1 15 12.4 154 14.3 0.7
Head length 52 20.3 25.0 22.3 1.1 15 214 24.5 22.8 1.1
Head depth 52 16.0 19.7 17.4 0.9 15 16.2 17.8 17.1 0.5
Snout length 52 7.1 9.2 8.2 0.5 15 7.3 8.4 7.8 0.4
Eye diameter 52 4.6 8.3 6.4 0.8 15 6.5 9.4 8.0 1.0
Interorbital width 52 8.0 10.2 9.1 0.4 15 7.8 9.3 8.4 0.5
Mouth width 52 6.3 8.6 7.7 0.5 15 6.6 7.8 72 0.4

ter, but differs by having fewer lateral-line scales (68—
77 vs. 72-82, Fig. 3), shorter dorsal-fin and anal-fin
length (16.49-21.73% vs. 18.97-24.13% and 11.47-
14.73% vs. 12.22-16.58% in SL respectively).

Description Body elongate and moderately com-

pressed; dorsal profile straight or slightly convex;
ventral profile concave; abdomen round; abdominal
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keel absent. Head rather small and compressed; snout
round, anterior tip truncated; snout length longer than
eye diameter; mouth inferior, transverse, with cuticu-
lar edge; mouth wide, as wide as head width at that
point; no barbel; nostrils closer to eyes than to tip of
snout; eyes relatively small.

Scales moderately large. Lateral line complete, scales
68(5), 71(5), 72(7), 73(6), 74(7), 75(6), 76(6), 77(4).
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Fig. 3 Differences in lateral-line scale (above, A) and predorsal
scale counts (below, B) among four species of Distoechodon

Lateral line descending from top of gill opening to
above pectoral-fin ray, then running parallel to horizon-
tal scale row and ascending to body midline above anal-
fin base and extending to end of caudal peduncle. Scales
above lateral line 12—13, rarely 14; scales below lateral
line 7-8, rarely 9; circumpeduncular scales 26; pre-
dorsal scales irregularly arranged, 30-36, mostly 33;
scales cover abdomen. Pectoral-fin axillary fold present;
pelvic-fin axillary scale well-developed. Gill rakers tiny,
numerous and triangular, 51(1), 52(3), 53(7), 54(3), 55
(1), 56(5), 57(1), 58(3), 59(6), 61(1), 62(3), 63(2), 64(1)
in lower part of first gill arch.

Pectoral-fin insertion slightly anterior to vertical
through posterior margin of opercle. Pectoral fin short,
reaching to midway between pectoral and pelvic-fin
insertions. Pelvic fin short, reaching to midway between
pelvic-fin insertion and vent. Dorsal-fin origin midway
between snout tip and caudal-fin base, and slightly
posterior to pelvic-fin insertion. Anal-fin insertion
midway between pelvic-fin origin and caudal-fin base.
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Dorsal-fin rays iii, 7 (11), last unbranched dorsal-fin ray
ossified, smooth. Anal-fin rays iii, 9 (9), 8 (2). Pectoral-
fin rays i, 14 (6), 15 (3), 16 (2). Pelvic-fin rays i, 8 (11).
Caudal fin forked, lobes almost equal in length;
procurrent caudal-fin rays 9 (2), 10 (7), 11 (2) dorsally,
8 (2), 9 (9) ventrally.

Total vertebrae 25+20=45 (3), 26+19=45 (5), 26+
20=46 (2), 27+19=46 (1); predorsal vertebrae 9(3), 10
(7), 11 (1). Pharyngeal teeth 2 in rows, 6, 3; 3, 6. Outer
row of pharyngeal teeth strong or well developed,
narrow and compressed, with curved and pointed tip.
Inner row of pharyngeal teeth short, not compressed,
with very sharp tips.

Coloration in preservative Alcohol preserved speci-
mens generally grayish to brownish, without markings.
All fins light brownish.

Geographical distribution Coastal rivers (Ou Jiang,
Ling Jiang, Yong Jiang, Qiantang Jiang and Cao’e Jiang
River basins) in Zhejiang Province (Fig. 5).

Remarks Characters agree with data from the original
description (Peters 1881), except for body depth, which
was stated as 4.75 in the original description, but comes
out as 3.4—4.3 in our study. The original description was
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based on one specimen only. The difference in body
depth may reflect a different way of measuring standard
length. The holotype was not re-examined. Some of our
material is from Ningbo, the type locality of the species,
and serve as topotypes.

Distoechodon compressus (Nichols), 1925
(Fig. 2B, Table 1)

Xenocypris compressus Nichols 1925, Am. Mus. Novit.
(185):6 (Yenping, now known as Nanping in Fujian
Province);

Xenocypris (Distoechodon) compressus Nichols
1928, Bull. Am. Mus. Nat. Hist. 58(1): 24 (Fukien,
i.e. Fujian Province); Nichols 1943, Nat. Hist. Central
Asia 9: 124 (Kienning, now known as Jianning and
Yenping in Fujian Province).

Distoechodon compressus Yang 1964, The Cyprinid
fishes of China, 131 (Nanping); Lian 1984, The fishes
of Fujian Province: 254 (Nanping, Jianyang, Jian’ou etc.
in Fujian Province).

Xenocypris (Distoechodon) tumirostris compressus
Banarescu 1970, Rev. Roum. Biol. (zool.) 15(6): 400
(Yenping, Fukien)
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Distoechodon tumirostris Lian 1984, The fishes of
Fujian Province: 253 (Nanping, Jianyang, Chong’an
etc. in Fujian Province); Shen and Tzeng 1993, Fishes
of Taiwan: 141 (Jilong River, Yilan in Taiwan Island).

Specimens examined All from China. Fujian Province:
Min Jiang River basin: ASIZB 67298-67305, 8, 134.2—
160.6 mm SL, Jianyang (27°20° N, 118°07°E), Jianxi
River, Jun. 15, 1977; ASIZB 66084-66089, 6, 81.2—
115.0 mm SL, Jian’ou (27°03’N, 118° 19’E), Jianxi
River, Apr. and May, 1977; IHB 0002431, 3, 112.7-
153.6 mm SL, Nanping (26°38’N, 118°10’E), Apr.,
1957. Jiulong Jiang River basin: IHB 0002432, 4, 98.8—
134.2 mm SL, Zhangzhou (24°31°N, 117°39’E), May,
1974; SHFU A004217, 1, SHFU 6164-6169, 6, 130.8—
159.9 mm SL, Jimei (24°34’N, 118°07’E). Ting Jiang
River basin: IHB 0002423, 1, 96.9 mm SL, Shanghang
(25°03°N, 116°24°E), Jun., 1974; IHB 0002434, 7,
171.5-247.7 mm SL, Liancheng (25°42°N, 116°44’E),
Jun., 1974 and 1976; SHFU 6185, 1, SHFU 6212, 2,
SHFU uncat., 1, SHFU 6181, 1, SHFU 6184, 1, SHFU
6219, 1, SHFU 6199, 1, SHFU 6217, 1, SHFU 6204, 1,
SHFU 6201, 1, SHFU 6206, 1, 100.7-210.8 mm SL,
Liancheng, Jun., 1975. Ao Jiang River basin: IHB

@ Springer



Environ Biol Fish (2009) 86:31-44

0002437, 5, 115.9-139.8 mm SL, Lanjiang (26°12°N,
119°31°E), Jun. and Jul., 1974.

Diagnosis Distinguished from other Distoechodon
species by a combination of the following characters:
fewer lateral-line scales (67-74, mostly 70, Fig. 3),
fewer predorsal scales (27-33, mostly 30, Fig. 3), and
relatively larger eye, 8.28% vs. 6.37-7.77% in SL.
The most similar species is Distoechodon tumirostris,
which can be distinguished by having more predorsal
scales (Fig. 3) and smaller eyes (Fig. 4).

Description Body elongate and moderately com-
pressed; dorsal profile straight or slightly concave;
ventral profile convex; abdomen round; abdominal
keel absent. Head relatively large and compressed;
snout round, anterior tip truncated; snout length
longer than eye diameter; mouth inferior, transverse,
with cuticular edge; mouth wide, as wide as head
width at that point; no barbel; nostrils closer to eyes
than to tip of snout; eye diameter relatively greater
than that of D. tumiostris and D. multispinnis (Fig 4.
Table 1.)

Scales moderately large. Lateral-line complete,
scales 67(6), 68(5), 69(8), 70(10), 71(13), 72(11), 73
(4), 74(2). Lateral line descending from top of gill
opening to above pectoral-fin ray, then running
parallel to the horizontal scale row and ascending to
body midline above anal-fin base, and running until
end of caudal peduncle. Scales above lateral line 12—
13; scales below lateral line 7-8; circumpeduncular
scales 26; predorsal scales irregularly arranged, 27—
33, mostly 30; scales cover abdomen. Pectoral-fin
axillary fold present; pelvic-fin axillary scales well-
developed. Gill rakers tiny, numerous and triangular,
51(1), 52(1), 53(3), 54(2), 55(5), 56(6), 57(4), 58(6),
59(4), 60(3), 61(4), 62(2), 63(9), 64(2), 65(1), 66(1)
in lower part of first gill arch.

Pectoral-fin insertion slightly anterior to vertical
through posterior margin of opercle. Pectoral fin short,
reaching to midway between pectoral and pelvic-fin
insertions. Pelvic fin short, reaching to midway between
pelvic-fin insertion and vent. Dorsal-fin origin midway
between snout tip and caudal-fin base, and slightly
posterior to pelvic-fin insertion. Anal-fin insertion
midway between pelvic-fin origin and caudal-fin base.
Dorsal-fin rays iii, 7 (8), last unbranched dorsal-fin ray
ossified but smooth. Anal-fin rays iii, 9 (8). Pectoral-fin
rays i, 14 (3), 15 (2), 16 (3). Pelvic-fin rays i, 8 (8).
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Caudal fin forked, lobes almost equal in length;
procurrent caudal-fin rays 9 (1), 10 (6), 11 (1) dorsally,
8 (3), 9 (5) ventrally.

Total vertebrae 25+19=44 (1), 26+18=44 (1), 26+
19=45 (5), 26+20=46 (1); predorsal vertebrae 9(2), 10
(5), 11 (1). Pharyngeal teeth in 2 rows, 3, 6; 6, 3. Outer
row of pharyngeal teeth strong, deeply compressed,
with curved and pointed tips; inner row of pharyngeal
teeth not well-developed, with very sharp tips.

Coloration in preservative Alcohol preserved specimens
generally grayish to brownish, all fins light yellowish.

Geographical distribution Coastal rivers (Min Jiang,
Jiulong Jiang, Ting Jiang and Ao Jiang River basins) in
Fujian Province, and northern Taiwan Island (Yilan,
Jilong River, Shen and Tzeng 1993, Chen and Chang
2005) (Fig. 5)

Remarks The characters observed for this study gener-
ally agree with the original description (Nichols 1925).
The holotype was not re-examined but topotypes are
included in the material. It was difficult to check the
specimens from Taiwan. Based on the data from the
Fish Database of Taiwan (http:/fishdb.sinica.edu.tw),
nine specimens have 66-74 lateral line scales, 30-32
predorsal scales. The rest of the characters are also
consistent with our description. Therefore, we put them
under Distoechodon compressus. It still needs to be
further studied in the future.

Distoechodon multispinnis (Banarescu), 1970
(Fig. 2C, Table 1)

Distoechodon tumironstris Tchang 1933, Zool. Sinica
(B) 2 (1): 110 (Kaiting, should be Kiating); He 1989,
Fishes of Zhujiang River: 115 (Longsheng and
Rong’an counties, Guangxi); Ding 1994, The fishes
of Sichuan, China: 163 (Huanglongxi, Leshan, Yibin,
Luzhou and Shengzhong in Sichuan Prvince)

Xenocypris compressus Tchang 1933, Zool. Sinica
(B) 2 (1): 117 (Szechuan i.e. Sichuan Province)

Xenocypris (Distoechodon) tumirostris multispinnis
Banarescu 1970, Rev. Roum. Biol. (zool) 15 (6): 401
(Suifu, Szechwan, now known as Yibin City in Sichuan
Province).

Specimens examined All from China. Chang Jiang
River basin: Sichuan Province: NRM T3483, 1; NRM
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T3486, 1; NRM T3489-3495, 7, 141.9-187.6 mm SL,
Leshan (29°34°00”N, 103°43°59”E), 7 Aug 2002, S. O.
Kullander et al.; ASIZB 39779, 1, 183.0 mm SL; Min
Jiang River, Jun 1957; ASIZB 55822, 1,214.0 mm SL,
Tuo Jiang River; IHB 0002417, 6, 111.6-224.1 mm SL,
Tuo Jiang River, 1958. IHB 0002578, 3, 120.3—
200.8 mm SL, Leshan, 1978, 1982 and 1987. Shaanxi
Province: ASIZB 61555, 2, 135.0-146.7 mm SL,
Hanzhong (33°04°00”N, 107°02°00”E), Hanshui River,
Apr 1990, C. G. Zhang and W. L. Jia; ASIZB 73551
73554, 4, 146.6-199.6 mm SL, Yangxian (33°13°00”N,
107°33’00”E), Hanshui River, 12 Jul 2003 T. Q. Xu;
IHB 0002439, 2, 210.9-326.8 mm SL, Hanzhong,
Hanshui River, 1966 and May 1980. Hubei Province:
IHB 0002444, 7, 198.4-260.2 mm SL, Danjiangkou
(32°33’00N, 108°30°00E), Hanshui River, Jun 1976.
Guizhou Province: ITHB 0002418, 1, 201.35 mm SL,
Tongren (27°43°N, 109°12’E), Yuan Jiang River, Apr
1988. Hunan Province: IHB 0002436, 1, 145.2 mm SL,
Luxi (28°17°N, 110°09°E), Yuan Jiang River, Jul 1987.
Zhu Jiang River basin: Guangxi Zhuang Autonomous
Region: ASIZB 6345663457, 2, 188.4-237 mm SL,
Sanjiang (25°47°N, 109°36°E), Rong Jiang River, 14
May 1975. THB 0002441, 2, 193.1-214.5 mm SL,
Longsheng (25°47°N, 110°02’E), Rong Jiang River,
Apr 1975; THB 0002440, 3, 173.1-319.7 mm SL,
Guilin (25°17°N, 110°17°E) and Yangshuo (24°46°N,
110°28’E), Li Jiang River, 1958, 1975 and 1981; IHB
0002442, 5, 125.9-179.9 mm SL, Rong’an (25°13°N,
109°22), Siweihe reservoir, Jul 1973 and Nov 1974.
Guizhou Province: ASIZB 6569465697, 4, 146.6—
224.0 mm SL, Duliujiang River, 1973.

Diagnosis Distinguished from other Distoechodon
species by a combination of characters: lateral-line
scales 72-82, mostly 77; predorsal scales 29-37,
mostly 34 (Fig. 3); relatively small eye (6.37% vs.
6.98-8.28% in SL). Distoechodon multispinnis can be
distinguished from another similar species, D. tumir-
ostris, by having more lateral-line scales (Fig. 3), and
longer dorsal and anal fins. (Table 1).

Description Body elongate and moderately com-
pressed; dorsal profile straight or slightly convex;
ventral profile concave; abdomen round; abdominal
keel absent. Head rather small and compressed; snout
round, anterior tip truncated; snout length longer than
eye diameter; mouth inferior, transverse, with cuticular
edge; mouth wide, as wide as head width at that point;
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no barbel; nostrils closer to eyes than to tip of snout;
eyes relatively small.

Scales moderately small. Lateral-line complete,
scales 72(2), 73(8), 74(6), 75(3), 76(9), 77(8), 78(3),
79(2), 80(4), 81(6), 82(2). Lateral line descending from
top of gill opening to above pectoral-fin ray, then
running parallel to horizontal scale row and ascending to
body midline above anal-fin base and extending to end
of caudal peduncle. Scales above lateral line 12—13;
scales below lateral line 6-8; circumpeduncular scales
26; predorsal scales irregularly arranged, 29-37, mostly
34; scales cover abdomen. Pectoral-fin axillary fold
present; pelvic-fin axillary scales well-developed. Gill
rakers tiny, numerous and triangular, 52(2), 53(1), 54(5),
55(5), 56(3), 57(8), 58(4), 59(8), 60(2), 61(1), 62(6), 63
(2), 64(2), 65(2), 66(1) in lower part of first gill arch.

Pectoral-fin insertion slightly anterior to vertical
through posterior margin of opercle. Pectoral fin short,
reaching to midway between pectoral and pelvic-fin
insertions. Pelvic fin short, reaching to midway
between pelvic-fin insertion and vent. Dorsal-fin origin
midway between snout tip and caudal-fin base, and
slightly posterior to pelvic-fin insertion. Anal-fin
insertion midway between pelvic-fin origin and cau-
dal-fin base. Dorsal-fin rays iii, 7 (17), last unbranched
dorsal-fin ray ossified but smooth. Anal-fin rays iii, 8,
(1),9(14), 10 (2). Pectoral-fin rays i, 14 (3), 15 (10), 16
(1), 17 (3). Pelvic-fin rays i, 8 (17). Caudal fin forked,
lobes almost equal in length; procurrent caudal-fin rays
8 (1), 9 (2), 10 (14) dorsally, 7 (1), 8 (7), 9 (8), 10 (1)
ventrally.

Total vertebrae 26+19=45 (3), 26+20=46 (7), 27+
19=46 (2); 26+21=47 (2), 27+20=47 (3); predorsal
vertebrae 9 (1), 10 (13), 11 (3). Pharyngeal teeth in 2
rows, 3, 7; 7, 3. Outer row of pharyngeal teeth strong,
compressed, with curved and pointed tips; inner row of
pharyngeal teeth not well-developed, with very sharp
tips.

Coloration in preservative Alcohol preserved speci-
mens generally grayish to brownish; a dark spot usually
present on each side of gill cover; Horizontal scale-rows
above the lateral line are marked by dark spots along the
posterior margin of each scale, forming 10 to 12 dark
stripes. In poorly preserved specimens, this character is
not distinct.

Geographical distribution Upper Chang Jiang basin
(Min Jiang, Tuo Jiang in Sichuan Province, Hanshui
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Rivers in Shanxi and Hubei Provinces, Yuan Jiang
River in Guizhou and Hunan Provinces) and Zhu
Jiang basin (Rong Jiang and Li Jiang Rivers in
Guangxi Zhuang Autonomous Region and Duliu
Jiang River in Guizhou Province) (Fig. 5).

Remarks Characters observed generally agree with
the original description (Bandrescu 1970), except for
caudal peduncle length and preanal length (19.5—
21.9% and 69.8—72.5%, respectively in the original
description). Differences in these two characters may
be explained by different measuring methods. Eight
specimens were included in the original description
but were not re-examined by us. Several specimens
from near the type locality are included in our
material.

Nucleotide sequences of the mitochondrial D-loop
region and complete cytochrome b gene show that the
p-distances between Distoechodon specimens from
the upper Chang Jiang basin in Sichuan and the Zhu
Jiang basin in Guangxi Zhuang Autonomous Region,
and D. compressus from costal rivers in Fujian
Province are higher than the common intraspecific
difference (Liu 2002), which supports the current
recognition of D. multispinnis (including the speci-
mens both from upper Chang Jiang and Zhu Jiang
basins) as distinct from D. compressus. D. multi-
spinnis is most similar to D. tumirostris in body shape
and scales count. Principal Component Analysis
clearly separated the two species on PCII, character-
ized by high loadings of pectoral fin-base length,
dorsal-fin length as well as anal-fin length (Table 2,
Fig. 6).

Distoechodon macrophthalmus sp. nov. (Fig. 2D,
Table 1)

Distoechodon tumirostris Chen and Li, 1989, The
fishes of Yunnan, China, Part I Cyprinidae: 96
(Changhai Lake, Yunnan Province).

Holotype KI1Z 797297, 155.4 mm SL. Chenghai Lake,
Chang Jiang basin in Yongsheng County (26°42°N,
100°44°E), Yunnan Province, P. R. China, 1979.

Paratypes KIZ 797298, 1; KIZ 799738, 1; KIZ
797295, 1, KIZ 818413, 1; 104.2—-155.4 mm SL,
same data as holotype; IHB 0002446, 10, 115.2
—200.2 mm SL, same locality as holotype.
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Table 2 Character Loadings on Principal Components I-III for
Measurement from specimens of Distoechodon tumirostris (46
specimens) and D. multispinnis (36 specimens)

PC1 PCII PC III
Standard length 03172 0.0157 0.0135
Body depth 0.3353 —0.0315 0.0212
Predorsal length 0.3042 0.0141 0.0124
Post-predorsal length 0.3226 0.0119 0.0252
Prepectoral length 0.2787  0.0149 —0.0054
Prepelvic length 0.3005 0.0161 0.0074
Preanal length 0.3102 0.0151 0.0131
Caudal peduncle length 0.3347 0.0015 0.0297
Caudal peduncle depth 0.3461 —0.0328 0.0123
Dorsal-fin base length 0.3210 0.0036 0.0027
Anal-fin base length 0.3122 —0.0061 —0.0003
Pectoral-fin base length 0.3240 0.0384 —0.0103
Pelvic-fin base length 0.3458 —0.0123  0.0095
Dorsal-fin length 0.3181 —0.0375 —0.0113
Anal-fin length 0.3542 —0.0452 —0.0140
Pectoral-fin length 0.3032 —0.0087 —0.0151
Pelvic-fin length 0.3193 —0.0327 —0.0086
Head length 0.2703  0.0134 —0.0063
Head dorsum length 0.2774 0.0241 -0.0142
Head depth 0.3042  0.0061 0.0108
Head width 0.3308 0.0183 0.0158
Snout length 0.3316  0.0069 —0.0368
Eye diameter 0.1735 0.0176 —0.0069
Interorbital width 0.3546 —0.0026 0.0144
Upper jaw length 0.2963 —0.0165 0.0050
Mouth width 0.3554  0.0286 —0.0087
Prenostril length 0.3323  0.0008 —0.0605
Variance explained by 2.6935 0.0122  0.0095
components
Percent of total variance 97.4509 0.4421 0.3446
explained

Three highest loadings on PC II indicated by boldface

Diagnosis Distinguished from other species of Distoe-
chodon in possessing the highest number of lateral line
scales (78—85, mostly 82), more pre-dorsal scales (34—
39, mostly 36) (Fig. 3) and relatively bigger eye, being
7.97% vs. 6.37-6.98% in SL. Distoechodon macro-
phthalmus is similar to D. multispinnis in having
higher lateral line and predorsal scale counts, and both
occur in the upper Chang Jiang basin. However, D.
macrophthalmus 1is easily distinguished by having
larger eyes at the same body size (Fig. 7, Table 1).

Description Body elongate and moderately com-
pressed; dorsal profile straight or slightly convex;
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Fig. 6 Distoechodon tumirostris and D. multipinnis. Plot of
scores of principal component II on principal component I. o
Distoechodon multispinnis. ® Distoechodon tumirostris

ventral profile concave; abdomen round; abdominal
keel absent. Head rather small and compressed; snout
round, anterior tip truncated; snout length longer than
eye diameter; mouth inferior, transverse, with cuticular
edge; mouth wide, as wide as head width at that point;
no barbel; nostrils closer to eyes than to tip of snout, first
pair of nostrils small and round, second pair of nostrils
transverse, after first pair immediately with membranes;
eye relatively bigger than that of D. tumirostris and D.
multispinnis (Table 1, Fig. 7).

Scales moderately large. Lateral-line complete,
scales 78(2), 79(1), 81(1), 82(4), 84(6), 85(1). Lateral
line descending from top of gill opening to above
pectoral-fin ray, then running parallel to horizontal
scale row and ascending to body midline above anal-
fin base and extending to end of caudal peduncle.
Scales above lateral line 12—13; scales below lateral
line 7-8; circumpeduncular scales 26 (14), rarely 24
(1); predorsal scales irregularly arranged, 34-39,
mostly 36; scales cover abdomen. Pectoral-fin axillary
fold present; pelvic-fin axillary scales well-developed.
Gill rakers tiny, numerous and triangular, 53(3), 55
(2), 56(6), 57(2), 59(1) in lower part of first gill arch.

Pectoral-fin insertion slightly anterior to vertical
through posterior margin of opercle. Pectoral fin short,
reaching to midway between pectoral and pelvic-fin
insertions. Pelvic fin short, reaching to midway
between pelvic-fin insertion and vent. Dorsal-fin origin
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midway between snout tip and caudal-fin base, and
slightly posterior to pelvic-fin insertion. Anal-fin
insertion midway between pelvic-fin origin and cau-
dal-fin base. Dorsal-fin rays iii, 7 (15), last unbranched
dorsal-fin ray ossified but smooth. Anal-fin rays iii, 9
(15). Pectoral-fin rays i, 14 (6), 15 (9). Pelvic-fin rays i,
8 (18). Caudal fin forked, lobes almost equal in length.

Pharyngeal teeth in 2 rows, 2, 7; 7, 2. Outer row of
pharyngeal teeth strong, deeply compressed, with
curved and pointed tips; inner row of pharyngeal
teeth not well-developed, with very sharp tips.

Color in life. Dorsum dark grayish; abdomen silvery
whitish; side with 10 to 12 horizontal stripes composed of
black dots; dorsal and caudal fin light yellowish; pectoral,
pelvic and anal fin light reddish (Chen and Li 1989).

Coloration in preservative Alcohol-preserved speci-
mens generally brownish, dorsum blackish, no spe-
cific color pattern observed.

Geographical distribution Distoechodon macro-
phthalmus is known only from Chenghai Lake, upper
Chang Jiang basin in Yunnan Province (Fig. 5).
Chenghai Lake is situated about 1,503 m above sea
level, with an average depth at 25.7 m (Tao et al,
1999). The lake was isolated from the Jinsha Jiang
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Fig. 7 Eye diameter (% SL) plotted against standard length
(mm) for Distoechodon multispinnis and D. macrophthalmus
sp. nov. o Distoechodon multispinnis. ® Distoechodon macro-
phthalmus sp. nov.
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Fig. 8 Radiograph of Xenocypris argentea (ASIZB 63153,
above) and Distoechodon compressus (ASIZB 67303, below),
showing the difference in the dentary

River (belonging to Chang Jiang drainage) at least
400 years ago (Wang and Dou, 1998).

Etymology The specific name macrophthalmus is a
noun composed of the Greek words macros, meaning
big or long, and ophthalmus meaning eye, referring to
its large eyes.

Local name Hongchiyu (Red-wing fish) in Yongsheng
County, obviously referring to the light reddish pec-
toral, pelvic and anal fins in live specimens.

Remarks The population is shrinking quickly. It was a
very important component of the local fishery before the
1990s. But during our field survey in 2004, we could
not find any adult specimen. The primary threat might
be the introduction of icefishes (family Salangidae),
based on our survey.
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Discussion

Compared to Xenocypris, Distoechodon has a trans-
verse instead of concave mouth, a shorter dentary
(Fig. 8), a well-developed (vs. weak or not developed)
cutting edge on the lower jaw, distinct pectoral-fin
axillary folds, more gill rakers (85-122 vs. 39-61),
and more predorsal vertebrae (Fig. 9). Distoechodon
and Xenocypris are both diagnosible and obviously
valid genera.

Distoechodon, and the other three genera, Xeno-
cypris, Pseudobrama, and Xenocyprioides, was clas-
sified into the subfamily Xenocypridinae (Liu and He,
1998). The number of rows of pharyngeal teeth has
been considered to be a main diagnostic character in
the subfamily (sensu Liu and He 1998): species from
Xenocyprioides and Xenocypris possess three rows of
pharyngeal teeth; Distoechodon, two rows; and
Pseudobrama one row. Recent phylogenetic studies
based on both morphological and molecular charac-
ters have shown that the number of pharyngeal teeth
rows is not a phylogenetically informative character
(Shan 1998; Xiao et al. 2001).

The genus Xenocyprioides was established and
designated into the subfamily Xenocypridinae by
Chen in 1982, mainly because of the similar pharyn-
geal teeth pattern to other members of the subfamily.
Xenocyprioides includes 2 min species (21-30 mm
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Fig. 9 Differences in the number of predorsal vertebrae

between Xenocypris argentea and Distoechodon species (in-
cluding D. tumirostris, D. compressus, and D. multispinnis)
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SL) from southern China. They possess a flexible last
unbranched dorsal-fin ray, and fewer vertebrae (3335
vs. 40-48) and scales in a lateral row (31-35 vs. 57—
84,) and lack lateral line, in contrast with all other
xenocypridines. Shan’s phylogenetic work based on
morphology demonstrated that this genus falls outside
the true Xenocypridinae, although she thought it
might be a primary clade (Shan, 1998). The phyloge-
netic tree of Xenocypridinae based on combined Cyt
b, ND4L, ND4, tRNAS, and tRNA"™ data sets also
had a similar result (Xiao et al, 2001). The position of
the genus Xenocyprioides in the family Cyprinidae
still need to be further discussed. It might be closer to
Danio or Rasbora. Therefore, four genera were
included in the subfamily Xenocypridinae by this study.
Except for Distoechodon and Xenocypris, Pseudobrama
is diagnosed by an abdominal keel from the pelvic-fin
base to the vent. It also has the lowest number of
lateral-line scales (41-47) and the highest number of
gill rakers (128—139) among the xenocypridin genera.
In addition, based on the development degree of the
abdominal keel and cutting edge on the lower jaw, we
are apt to admit Plagiognathops as a valid genus.

In a recent review (Liu and He 1998), the genus
Distoechodon included two species, D. hupeinensis
and D. tumirostris. D. hupeinensis has a curved
mouth and fewer lateral line scales and gill rakers,
distinguished from D. tumirostris, but close to the
species of Xenocypris. D. hupeinensis was arranged
under the genus Distoechodon by Yang (1964) mainly
because of two rows of pharyngeal teeth, the same as
the species from Distoechodon. In fact, it has many
characters in common with the species of Xenocypris
including mouth shape, premaxilla and dentary
morphology, and the number of lateral-line scales.
Therefore, Shan (1998) thought two rows of pharyn-
geal teeth might be the result of parallel evolution and
suggested placing D. hupeinensis within Xenocypris.
We accepted her opinion in the present study. The
evidence from molecular systematics work shows that
D. hupeinensis is closely related to X. argentea and X.
davidi, but is distant from the species of Distoecho-
don (Xiao et al 2001). Even the study of the related
parasite fauna also supports this viewpoint (Xiao &
Wang 2000).

After removing Distoechodon hupeinensis, four
species can now be recognized in the genus Distoecho-
don. Banarescu (1970) used the number of gill rakers
and lateral-line scales to distinguish them. Our study,
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however, shows no particular variation in the gill-raker
count among the different species. The number of
lateral-line scales, on the other hand, does show great
variation among the different species. In addition, the
four species occupy different areas. D. multispinnis has
the widest distribution among them. The new species is
the westernmost record of the genus (Fig. 5).

Comparative material examined All from China.
Xenocypris argentea: Hunan Province: Yuan Jiang
River: NRM-EC2002-2 (4), 12.9-24.5 mm SL,
Taoyuan (28°53'59”"N," 111°28'59"E), 18-19 Mar,
2002, F. Fang et al. NRM-EC2002-3 (13), 63.0—
123.0 mm SL, Taoyuan (28°53'59"N, 111°28'59"E),
18-19 Mar, 2002, F. Fang. Hebei Province: 1ZB
15758-15763 (6), 74.5-131.5 mm SL, Tangshan.
Xenocypris davidi: Hunan Province: Lishui River:
NRM-EC2002-18 (2), 111-112 mm SL, Shimen (29°
35"21"N, 111°17'43"E), 25 Mar, 2002, F. Fang et al.
Guangxi Zhuang Autonomous Region: IZB 63153—
63156 (4), 123—-185 mm SL. Xenocypris sp.: Hunan
Province: Yuan Jiang River: NRM-EC2002-5 (1),
50.0 mm SL, Chehuyuan (28°59'46"N, 111°31'35"E),
Taoyuan, 18 Mar, 2002, A. Malzahn et al. NRM-
EC2002-9 (25), 50-78 mm SL, Xinlongjie (28°47'54"
N, 111°7'25"E), Taoyuan, 20 Mar, 2002, C. G. Zhang.
NRM-EC2002-41 (2), 134.0-146.0 mm SL, Hengdong
(27°4'59"N, 112°56'59"E), 9 Apr, 2002, F. Fang et al.
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Abstract Otolith microstructure of Oxygymnocypris
stewartii collected from the Lhasa River was exam-
ined and described with regards to the early life
history events. The monthly changes in the number of
microincrements on the margin of the otolith were
examined to validate the approximately daily period-
icity of otolith increment formation. The microstruc-
ture of otoliths was used to detect changes in
microincrement deposition patterns corresponding
with events during early life. The annuli, microincre-
ments and checks including the hatch check, yolk
absorption check and several recurrent patterns in the
otolith were described. Periodicity of the recurrent
patterns was weekly, fortnightly and monthly.
Through counting the number of the microincrements,
it was confirmed that the primary growth of O.
stewartii was in a period of 7 or 8 months from late
March to October; it was estimated that O. stewartii
might hatch between April and May.
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Introduction

Otolith microstructure research has developed rapidly
since Pannella (1971) showed the presence of daily
growth increments in fish otoliths (Campana and
Neilson 1985). Aging techniques based on daily incre-
ments are commonly used in ecological studies of
various fish species. In addition to age and growth, fish
otoliths may also record life history events, such as the
movement from one habitat to another (Neilson and
Geen 1982), metamorphosis (Campana 1984b) and
settlement (Victor 1982). Therefore, otolith microstruc-
ture analysis has become a useful tool for studying the
biological characteristics of fish (Campana and Neilson
1985). A prerequisite for all the otolith microstructure
work is to prove that the increments are formed daily
(Campana and Neilson 1985). Most validation works
focus on the larval or juvenile period under controlled
condition in laboratory (Geffen 1987; Meisfjord et al.
2006). Studies of wild populations usually adopt
method of introducing a mark onto the otolith
(Campana and Neilson 1982), and such studies lack a
direct and simple method to validate the periodicity of
otolith increment formation. Due to clear increments
on its otolith, the schizothoracinae is a suitable and
reasonable fish to validate the periodicity of otolith
increment formation, and otolith microstructure is used
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to further study the life-history of wild populations.
Chen et al. (2002a) reported that Gymnocypris selin-
cuoensis otoliths exhibited clear microincrements.
Song et al. (2006) described otolith microstructure of
larval Gymnocypris potanini from the Minjiang River
in China. However, they did not give more information
about the method to validate the daily period of the
microincrements.

The Lhasa River is the longest tributary of the
Yarlung Tsangpo River Systems (82° E-97° E, 28°
N-31°15" N) that is the highest river in the world
(Team of Chinese Academy of Science of the
Scientific Expedition to the Qinghai-Xizang Plateau
1983). There are abundant species of fish in the
Yarlung Tsangpo River, and several of them are
endemic to this river, for example, Oxygymnocypris
stewartii (Chen and Cao 2000). This fish inhabits in
stretches at an altitude of above 3,600 m and adapts to
the clear and cool water. Limited distribution, slow
growth and late maturity hinder the survival of this
species. Recently wild survey found that O. stew-
artii’s quantity declined rapidly, and it has been listed
to the China red data book of endangered animals as
the endangered fishes (Yue and Chen 1998). The
purposes of the present study are: (1) to validate the
daily periodicity of microincrement deposition; (2) to
describe the otolith microstructure of O. stewartii in
relation to the occurrence of early life history events;
(3) to study the relationship of early life history
characteristics with plateau environmental conditions.
It is hope that the study could provide useful
information for the reasonable protection of species,
O. stewartii.

Materials and methods
Sampling

A total of 430 specimens were used in the study, most
of them were collected from the Lhasa River, a
tributary of the Yarlung Tsangpo River system of the
Tibet, China. Sampling was carried out monthly from
April in 2004 to September in 2006 by purchasing at
local fish markets and catching by gill net. The
collection time was centralized during the last fifteen
days of every month. Conventional biological meas-
urements for specimens were carried out on fresh fish.
The range of specimen’s standard length was from

@ Springer

46

46.0 to 546.0 mm. Both lapilli were extracted from
the utricle, cleaned with distilled water and stored in a
polythene zip packet. In the text lapillus was referred
to as otolith. Right otoliths were mainly used, and if
the right otolith was broken then the left one was
taken.

Otolith preparation

Among the three pairs of otoliths found in fish, the
use of the lapillus was highly recommended because
it had moderate size and was not easy to break in the
process of preparing section. To get a transverse
section, otoliths were mounted on a glass slide using
thermoplastic cement, ground (1,500 grid wet sand
paper) and polished (with 0.25-mm alumina paste)
until the core region was reached. The section was
then turned upside down and attached back to the
slide. New grinding and polishing was carried out
until the core was reached. The preparation was
accomplished when the tightly packed microincre-
ments around the core were exposed for reading
(Chen et al 2002a).

Counting the number of microincrements

The longest growth axis in the otolith was from the
nucleus to the posterior edge. Microincrement counts
began at the nucleus and along the longest radius.
Microincrements in a sectioned otolith were counted
by two readers independently using a microscope
with transmitted light at X400 magnification. If the
two counts differed by less than 2.5% of the lower
count, they were averaged. If the difference exceeded
2.5%, both readers counted the section again. The
second count usually resolved any between-reader
difference, but if the counts still differed by more than
2.5%, and the section was discarded (Pannella 1971).

Marginal increment ratio analysis

To validate the deposition of the most recent
translucent zone in otoliths, the authors calculated
the index of completion for marginal increment ratio
(MIR) of the otolith using the following formula:
MIR = [(CE-CLA)/(CLA-CSA)]x100, where CE was
the distance from centre of origin to the outer edge,
CLA was the distance from centre of origin to the last
formed annulus and CSA was the distance from centre
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of origin to the second last formed annulus (Hass et al.
1995; Fig. 1). To identify more precise age of the
edge in the sectioned otoliths, edge type analysis was
used: from the MIR value the last-formed annulus
was judged as ‘C’ (close), ‘Z’(other) or ‘N’(now due)
(Vilizzi and Walker 1999). In sectioned otoliths it was
not possible to detect a newly formed opaque zone
when its width was less than 10-30% of the previous
increment, so the score were used to divide the type
as follows: ‘C’ (if MIR< 40%), ‘Z’ (if 40%<MIR<
75%), and ‘N’ (if MIR>75%; Chen et al. 2002b). In
edge type analysis, an appearance of low percentage
of type ‘C’ values suggested that in some specimens
new rings were recently completed, and an appear-
ance of high percentage of type ‘N’ suggested that
most specimens were about to form new rings. The
period when a low percentage of type ‘C’ occurred
with high percentage of type ‘N’ (greater than 50.0%)
and the highest percentage of type ‘N’ occurrence
were considered the ring formation period.

The otolith radius was defined as a distance from the
core to the maximum margin of the distal edge. The ring
radius was measured from the core to the outer edge of
the ring and followed the same axis of the otolith radius.
Both measurements were done to the nearest 0.0001 mm
by using a computer aided image analysis system
designed by Zhu et al. (2002).

Fig. 1 Whole view of sectioned otolith and parameter
measurement location for calculating marginal increment ratio.
CE the distance from centre of origin to the outer edge, CLA the
distance from centre of origin to the last formed annulus, and
CSA the distance from centre of origin to the second last
formed annulus
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Analytical software

Statistical analyses were carried out using SPSS13.0
software and Microsoft Office Excel 2003.

Results
Otolith microstructure

In all of 430 specimens, 256 otolith sections exhibited
fine microstructure and 174 otoliths were unreadable
because of over grinding. Right and left otoliths of 53
specimens were examined, and the same results of the
microstructure were gained, so both right and left
otolith was suitable for studying and the results had
no difference. Under a light microscope with trans-
mitted light, the otolith section exhibited an irregular
oval shape, and the color from nucleus to the distal
edge thinned gradually. Otoliths usually had one
nucleus (Fig. 2a). There were three types of rings on
the otolith: microincrements, annuli and checks.

Validation of the daily periodicity of microincrements
deposition

To determine if the periodicity of otolith microincrement
formation was under an approximately daily rhythm, we
counted the monthly changes in the number of micro-
increments in the margin of the otolith from the last
annuli to the utmost edge on the otolith. The 2 (n=18), 3
(n=28) and 4 (n=12) years old samples which were
collected from May to September were selected for
study, because these samples’ microincrements in the
margin were clear and easy for counting. The mean
number of microincrements were 37 [n=11, 36.67+
11.38 (mean + SD)] in May, 62 (n=10, 61.67£12.31)
in June, 87(n=12, 86.91+£16.04) in July, 112 (n=13,
112.2+10.60) in August, 133 (n=12, 133.3+7.448) in
September, respectively. The monthly increased in
microincrements from May to June was 25, from June
to July was 25, from July to August was 25 and from
August to September was 21 (Table 1).

Characteristics of the microincrements
The microincrements of O. stewartii otoliths had two

characteristics: The width of microincrements was
approximate equal at the beginning of opaque zones,
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Fig. 2 Characters of the sectioned otolith. a Sectioned otolith,
showing nucleus and check, scale bar = 20 um; b sectioned
otolith, showing annuli, translucent zone and opaque zone,
scale bar = 100 um; ¢ sectioned otolith, showing monthly
recurrent pattern, scale bar = 20 pum; d sectioned otolith,

and gradually decreased close to the translucent zones
within annulus; and the width of microincrements at
different ages became thinner when fish’s age increased.

To determine the main growth period O. stewartii, the
number of the microincrements within the first annulus
and between the first and the second annulus were
counted, and the numbers were 121-184 (n=60, 153.4+
16.85) and 160-187 (n=58, 171.4+11.10), respectively.

Validation of the time of the annulus formation
In sectioned otoliths, the core was clearly discernible
under a light microscope with transmitted light, and

wide translucent zones and narrow opaque zones were
alternately arranged (Fig. 2b). It was generally inter-
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showing weekly and fortnightly recurrent pattern, scale bar =
20 pm. Explanation to abbreviation: N nucleus, C hatch check,
A annulus, 77 translucent zone, OZ opaque zone, Mp monthly
recurrent pattern, Wp weekly recurrent pattern, Fp fortnightly
recurrent pattern

Table 1 Monthly change in the number of microincrements
and microincrement mean number from May to September on
the outer margin of the otolith

Month Sample  Microincrement Microincrement
size mean increase per  mean number

month (SD)

May 11 37 (11.38)
25

June 10 62 (12.31)
25

July 12 87 (16.04)
25

August 13 112 (10.60)
21

September 12 133 (7.448)
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preted that the translucent band formed during the slow
or no growth period in the fall and winter and the
opaque one formed during spring and summer. Opaque
zones showed a slow transition to translucent zones,
however, translucent zones changed rapidly to an
opaque zone at the time of the formation of new
annuli. The transition from translucent zone to opaque
zone was defined as the new annuli formed.

As shown in Fig. 3, in March the percentage of type
‘N’ occurrence was maximal (66.7%), subsequently,
the percentage decreased gradually to 33.4% in May
and over the next several months, type ‘N’ edges did
not occur at all until October. In April, type ‘C’ edges
occurred for the first time in the year and, subse-
quently their percentage increased gradually until all
specimens showed the type ‘C’ in June. Because
percentage of type ‘N’ occurrence was the highest in
March (the value exceeded 60%) and in April,
percentage of type ‘N’ occurrence exceeded 50%
with the lowest percentage of type ‘C’ occurrence, it
was confirmed that the annulus of the otolith was
produced chiefly from March to April. The occur-
rence once again of type ‘N’ in October indicated that
O. stewartii’s growth became slow in October.

Checks in otolith sections

Checks were regarded as discontinuous and opaque
rings under light microscope, which were greatly

different from daily microincrements, and they were
wider than ambient microincrements (Chen et al. 2002a).
There was a microincrement abrupt accretion after five
or six smooth microincrements near the core in otolith
sections (Fig. 2a). A prominent check followed 20 to
24 microincrements after this microincrement.
Through the specimen growth record of otolith was
examined, checks were grouped in several recurrent
patterns, and their periodicity was a week (Fig. 2d), a
fortnight (Fig. 2d) and a month (Fig. 2c¢), respectively
(verified by validated microincrement counts). The
range of microincrement numbers varied in these
patterns among 4-7, 14-17 and 21-25, respectively.
The monthly recurrent pattern was not seen every
month, and the weekly and fortnightly recurrent
patterns occurred at apparently random locations in
the growth record. However, these checks often
occurred in the first 3 years of the life-history.

Discussion
Validation of daily increments

The monthly changes in the number of microincre-
ments on the margin of the otolith were from 21 to 25,
it was approximately equal to monthly periodicity,
28 days. So it was presumed that the microincrements
in O. stewartii otoliths would deposit at a rhythm of

Fig. 3 Percentage of sec-
tioned otoliths with a 1.000—
‘C’ (if MIR<40%), ‘2’ (if
40%<MIR<75%), and ‘N’
(if MIR>75%) type margin
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approximately one increment per day. For wild
population, microincrement did not deposit at accu-
rately thythm of one increment per day, because some
environmental variables may disturb the rhythm.
Accurate interpretation of microstructural growth
patterns required knowledge of many factors that
might affect the production of one increment per day
(Campana and Neilson 1985). Environmental varia-
bles such as photoperiod (Taubert and Coble 1977;
Radtke and Dean 1982), water temperature (Marshall
and Parker 1982), and amount of food (Methot and
Kramer 1979) might all fluctuate cyclically; and all
had the potential to influence otolith deposition
(Campana and Neilson 1985). For example, daily
increments were not formed under either constant
light or dark condition; low temperature could result
in cessation of the increments formation; fish in the
starvation may result in cessation of otolith growth.
For wild populations, the history of exposure to such
variables would generally be unknown (Campana and
Neilson 1985). Microincrement formation of O.
stewartii distributed in the Lhasa River may be
subject to these variables, so deposition of micro-
increments might cease for a few days. Therefore, it
was proposed that the microincrements in O. stewartii
otolith should deposit at the rhythm of approximately
one increment per day, though the monthly increase in
microincrements number was less than 28.

Growth characteristics

Daily increment width may reflect fish growth
(Campana and Neilson 1985). Several factors may
influence the daily increment width, especially tem-
perature of water (Marshall and Parker 1982; Neilson
and Geen 1982; Campana 1984a). The change of
width of daily increments in O. stewartii’s otolith
section within annulus was consistent with that of the
water temperature. The width of daily increments
decreased near the translucent zone when water
temperature decreased demonstrating that O. stewartii
growth became slower at that time. However, daily
increments are only present in opaque zones which
represented the rapid growth period of the year and
the fine daily increments in translucent zones with
light microscopy couldn’t be seen. This could be
attributed to the theoretical resolution limit of a light
microscope. Due to the diffractive nature of light,
objects separated by less than 0.20 pum can’t be
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resolved (Campana and Neilson 1985). The translu-
cent zones which represented a slow or no growth
period in the year may be composed of many fine
increments, but these increments were too fine to be
seen with a light microscope. Perhaps more accurate
methods such as scanning electron microscope may
be necessary.

The main growth period of O. stewartii was only
about 7 or 8 months in 1 year. The mean numbers of
increments between two annuli represent the number
of days when O. stewarti grew rapidly. Based on
analysis of the edge type, some specimens’ growth
became slow in October; the mean microincrements
number between the first annuli and the second annuli
was 171 and the monthly growth of the increments
ranged from 21 to 25, so it is concluded that the mean
microincrements number was about 7 or 8 months.
Then we may estimate that the primary growth period
of O. stewartii was from late March to October and
fish grew slowly or stopped growing from November
to the next March. These growth characteristics were
adapted to the environment of Lhasa River. There was
remarkable change in temperature from March to
April and from October to November in Lhasa River;
the range of change exceeded 3°C (Fig. 4; Xiong and
Tang 1992). The upstream reach of the Lhasa River
with an altitude exceeding 4,000 m was covered with
ice from December to the next February, and although
reaches upstream of the Lhasa with an altitude lower
than 4,000 m did not freeze, its temperature was
lower than 2°C (wild survey), and fish growth became
slow with the lower temperature. The period of lower
temperature lasted several months, therefore, the rapid
growth period of O. stewartii was short.

The mean numbers of increments from the core to
the first annuli were 153; therefore it was suggested
that the primary growth period of O. stewartii was 6
or 7 months in the first year. Meanwhile fish growth
became slow in October, so it was estimated that O.
stewartii hatched between April and May. O. stewartii
has later sexual maturity period, and we could collect
only a few specimens which had matured gonad so
we could not confirm it through checking the
development of gonad. As a result, hatching time
was estimated only based on the character of the
otolith microstructure. Our conjecture will be con-
firmed in the later work. The mean numbers of
increments in the first annuli was less than in the
second one, which reflects the fact that the primary
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Fig. 4 Mean monthly water 16
temperature of the Lhasa
River throughout the year 14

Temperature (°C)
(o]

growth period in the first year was shorter than the
next years. Possible reason was that the time of
hatching was later than the time when older fish
began to grow rapidly.

Checks in otolith sections

Checks, or discontinuities, were characteristic of most
otolith growth sequences, and they may record
periods of perturbation or stress to the fish (Campana
and Neilson 1985). Fish grew slowly and steadily
before hatching, and then they may have an abrupt
accretion after hatching. The hatch period of O.
stewartii should be long because they settled in lower
water temperature. Conditions in which the subfamily
schizothoracine settled were similar to O. stewartii:
such as Gymnocypris namensis and Gymnocypris
przewalskii, had a long hatch period. G. namensis
and G. przewalskii required about 10 days (Chen et al.
1999) and about 12 days from fertilization to hatching
(Hu et al. 1975), respectively. Since they belong to the
same subfamily, O. stewartii and G. namensis might
have similar embryonic development processes. G.
namensis required 5 or 6 days from appearance of
otoliths to hatching (Chen et al. 1999). Therefore, the
increment which had an abrupt accretion after five or
six smooth increments near the core was presumably
associated with hatching and we refer to it as the
‘hatch check (HC)’. O. stewartii settles in the plateau,
and its eggs are bigger than the other cyprinid species
which settle in the plain. For example, the egg
diameter of Cyprinus carpio was about 1.7 mm,
Carassius auratus was about 1.5 mm, Megalobrama
terminalis was about 1.2 mm, Megalobrama ambly-
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cephala was about 1.3 mm, Xenocypris davidi was
about 1.3 mm (Cao 1992) while diameter of adult O.
stewartii was exceeding 2.2 mm in December. The
bigger egg might provide more yolk for the larval fish
to survive in the hostile environment. So it was
presumed that the check next to the HC may be
related to the stress during the transition from
endogenous to exogenous nutrition sources, and a
few days delay was observed between hatching and
nutrition sources transition may be of the results the
yolk providing nutrition for delaying start of nutrition
sources transition. Therefore, the check was assumed
to be ‘yolk absorption check’.

The monthly recurrent pattern of otolith growth
was reported in some marine fishes and explained by
a tidal influence (Pannella 1971; Campana 1984a).
This pattern was also reported in members of the
subfamily schizothoracinae such as G. selincuoensis
(Chen et al. 2002a); however, they didn’t provide a
further explanation. It was proposed the possible
explanation was that the light of the full moon
changed the photoperiod. Tibet lies on a plateau with
thin air and clouds, so the light of the full moon is
strong and the water in Lhasa River is clear (wild
survey), and the strong light might change the
photoperiod and disturb the endogenous circadian
rhythm of fish, resulting in the formation of the check.

The microincrement formation is linked to endog-
enous circadian rhythm. The endogenous circadian
rhythm of fish, especially for fish of the early age
might be disturbed by certain environment variables
(Campana and Neilson 1985). The checks often
occurring in the early stage of the life-history may
be due to immature thythm of younger O. stewartii.
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The rhythm might be disturbed by certain environ-
ment variables, which result in formation of checks.
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Abstract We describe the microincrements, checks and
annuli in the lapilli of the schizothoracine Ptychobarbus
dipogon, an endemic species of the Tibetan plateau. We
collected samples in the Yarlung Tsangpo River and its
tributaries on a monthly basis (from April 2004 to
August 2006). We describe the shape features of the
three pairs of otoliths and document the full trajectory of
lapillus development. We found that five to seven
checks were clearly visible in the opaque zone of the
first annulus. The pattern of 21-23 daily growth incre-
ments within each check might be explained as a lunar-
induced deposition. We counted between 137 and 154
increments within the first annulus. Annuli appeared as a
sequence of gradually declining increment widths,
whereas false rings were characterized by abrupt checks.
Our oldest estimates were 23 "years for males and 44" for
females. The time of annulus completion was clearly
between March and April each year using monthly
marginal increments analysis. We consider the factors
responsible for daily increment formation as an endog-
enous circadian rhythm. Environmental information,
such as strong sunlight and cold water temperatures in
the Tibetan Plateau, could reinforce the endogenous
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daily cycle. Our results provided important data address-
ing the ecology and population dynamics of P. dipogon.

Keywords Ptychobarbus dipogon - Otolith - Age
determination - Yarlung Tsangpo River

Introduction

Accurate age determination is imperative for understand-
ing population dynamics and thereby for an optimal
resource management in ecological studies of various
fish species (Hilborn and Walters 1992). Determination
of periodic growth increments in many calcified
structures is the most common means of determining
age (Casselman 1996; Campana 2001). Otolith growth
patterns not only provide a chronological record of
early life history, stock structure, growth parameters and
migration, but can also record ambient environmental
information, such as water temperature, sunlight inten-
sity, and food supply. The annual pattern is typically an
alternating sequence of opaque and translucent bands
represented differential otolith growth as a result of
seasonal changes. Campana and Neilson (1985) sug-
gested that daily microincrements in otoliths of teleost
fishes is a widespread phenomenon. Daily increment
counts between the nucleus and first annulus had been
successfully used to validate annular periodicity (Victor
and Brothers 1982).

The subfamily Schizothoracinae has a wide dis-
tribution in the Tibetan Plateau and adjacent areas.
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Degenerated body scales are one of the prominent
characteristics of the subfamily (Cao et al. 1981). Age
determination in these species has relied mainly on the
irregular anal scales (Tsao and Wu 1962; Zhao et al.
1975). However, it has been difficult to obtain precise
and reliable age estimates owing to the slow growth and
narrow increments in the anal scales. Zhao et al. (1975)
pointed out that it was very difficult to determine ages
from the anal scales for Gymnocypris przewalskii over
10 years of age. Chen et al. (2002a, b) reported that
sectioned lapilli provide more reliable age estimation
based on assessing the consistency of age interpretations
for G. selincuoensis. Thus, the otolith growth mark
patterns appeared to be more legible and regular than
those of scales for schizothoracine species. In addition,
Song et al. (2006) also described otolith microstructure
of larval G. potanini Herzenstein from the Minjiang
River in China.

Ptychobarbus dipogon is an endemic species in the
Tibetan Plateau, only distributed in the middle and upper
reaches of the Yarlung Tsangpo River and its tributaries at
an elevation of about 4000 m (Wu and Wu 1992; Chen
and Cao 2000). P. dipogon generally inhabits the deeper
waters of tributaries and river meanders, and have
powerful muscular cylindrical bodies. Although this
species was locally abundant, the available information
refers mostly to taxonomical species description. There-
fore, there is an urgent need for studies of the life-
history characteristics and adaptability of P. dipogon. It
is important to understand its age structure for the
reasonable conservation and management of P. dipogon.

The objective of our study was firstly to describe the
morphological characters of the three types of otoliths of
P. dipogon; secondly, to validate the daily increments
and the presence of checks on lapilli; thirdly, to
estimate age and investigate the nature of annuli; and
finally, to confirm the time of annuli formation using
marginal increment analysis. We also considered the
mechanisms underlying the formation of checks and
annuli in relation to the plateau environment.

Materials and methods
Collection of samples
We randomly collected a total of 610 P. dipogon

individuals from the Yarlung Tsangpo River and its
tributaries monthly from April 2004 to August 2006
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(Fig. 1). The majority of P. dipogon (90.4%) caught
were from the Lhasa River. To ensure most age-classes,
we captured the samples using floating gill nets and cast
nets. The body weight (W), total length (TL) and
standard length (SL) were measured to the nearest 0.1 g
and 0.1 mm using digital scales and vernier calipers on
fresh specimens, respectively. Specimens were classified
as male or female or undetermined by macroscopic
examination of gonads. We removed the otoliths
(sagitta, asteriscus and lapillus) from the head (vestib-
ular apparatus) of fish using the ‘guillotine’ method
(Secor et al. 1992). After rinsing with water, the otoliths
were air-dried, and then stored in labelled tubes.

Otolith preparation and microstructural measurement

The size distribution of P dipogon whose lapilli were
extracted ranged from 70.6 to 593.0 mm TL. A
preliminary analysis of three types of otolith under light
microscopy showed that only sectioned lapilli exhibited
clear increments. Therefore, the microstructures of
sagittae and asterisci were not further examined. The
lapillus was mounted on glass slides using thermoplastic
resin, grinded transversely using wetted 800-1200 grit
abrasive paper and polished with film by hand until
close to the core. The section was remounted and
grinded with the polished surface down. The thickness
of the sectioned otolith was about 0.1-0.2 mm when
annuli became clear. Sectioned otoliths were observed
under the microscope with transmitted light, and photo-
graphed (Carl Zeiss Axioplan 2 Microimaging System).
Magnification varied from x50 to x400 according to the
size of section.

The microstructural variables were measured on all
interpretable sectioned otoliths. Increment width mea-
surements were performed along a very clear increment
trajectory from the primordium to the lateral and
posterior edges. All counts and increment measurements
were made along the same reading axis using an image
analyzing system (Zhu et al. 2002). The reader had no
prior knowledge of length, sex or time of capture before
the estimation.

Otolith reading and age validation
Alternating concentric opaque and translucent zones
around the lapillus nucleus were considered as annuli

and counted. Under light microscopy, microstructure
provided a means of distinguishing between the translu-
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Fig. 1 Sampling locations
of P. dipogon in the Yarlung
Tsangpo River, Tibet
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cent material that formed false rings and annuli. Ages
were determined twice by the same interpreter after a
considerable time (30 days). Age bias plots were used to
assess intra-readings bias. Coefficients of variation
(CV, %) were calculated as the standard deviation of the
corresponding mean estimated ages in each age class
between two readings, as it is considered the most
valuable coefficient when dealing with comparisons
(Campana 2001). The equation (Chang 1982) was
expressed as follows:

CV, = 100% x

Where CV; is the age precision estimate for the jth fish,
R is the number of readings, X is the ith age
determination of the jth fish, and X, is the mean age
calculated for the jth fish. The result is considered good
if the CV is lower than 0.05 (Laine et al. 1991). If no
precise pairs of readings were found for an otolith, then
that otolith was excluded from subsequent analyses.

Marginal increment ratio analysis

The marginal increment (the distal edge of the last
translucent zone) ratio analysis (MIR) was used to
validate the period of annuli formation. The monthly
changes of marginal increment ratio were estimated with
the following equation of Hass and Recksiek (1995):
MIR = (O, — O)(O,, — O,—1); where O, (um) is the
otolith radius at the time of capture, O, (um) is the

Reprinted from the journal

55

radius to the last formed annulus, respectively. O,,.; (um)
is the radial distance of the penultimate formed annulus,
and n denote the number of rings. Typically, the months
of mark formation were usually indicated by a bimodal
MI frequency distribution because of the occurrence of
‘0’ MIs and maximum marginal increment. The ‘0’ MI
was defined as a very narrow opaque margin in the
distal edge of the translucent band of otolith section. The
margin increment called ‘0’ MI never exceeded 10 um.
In addition, the date of annulus formation of 1*fishes
was validated by back-calculating the new microincre-
ments according to the date of its capture.

All data were analyzed using the Origin 7.0 package.
The images were modified with Photoshop 8.0.

Results
Otolith morphometrics and readability

Each otolith of P dipogon has a relatively stable
external character. The lapillus was the largest pair of
otoliths of P. dipogon (Fig. 2a). The increments in the
sectioned lapilli were clearly deposited from the
primordium to the proximal margin. The asteriscus
was a disk with a serrated edge (Fig. 2b). The wavy
characters of annuli rings were observed with an
ambiguous core, leading to difficulty in discerning age.
The sagitta was shaped like an arrowhead (Fig. 2c).
Although the anterior part of the sagitta was readable
without the grinding and polishing procedure, the sagitta
was not appropriate for growth analysis because it was
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fragile and often broke during the extracting procedures.
Consequently, only the lapillus was appropriate for daily
increment analysis and age determination on the basis
of structural suitability and visibility.

Microstructural features and daily increments

Lapilli showed a regular pattern of increments along
the otolith radius when viewed by light microscopy.
We observed and measured otolith microstructure of 13
juveniles with TL ranging from 70.6 to 108.5 mm. For
the description of internal features, we followed the
terminologies of otolith microstructure defined by
Campana and Neilson (1985) and Greely et al. (1999).
Three distinct regions were apparent within each sec-
tioned lapillus: the larval zone (LZ), postlarval zone
(PLZ) and postmetamorphic zone (PMZ). The larval
zone included the core out to the metamorphic check
which usually located at the last continuous circular
increment. The otolith microstructures were shown in
some details of primordium (P), nuclear (N) and hatch
check (HC). Two primordia formed one nucleus region in
most otoliths. The diameter of the nucleus was approx-
imately 72.56+3.40 um (mean + SD). The primordium
was spherical in shape, and measured 15.72+1.63 um in
diameter (Fig. 3a). The daily growth microincrements
(DGI) and monthly-like growth increments (MGI) under
light microscopy were clearly showed in Fig. 4. The
translucent L-zone and opaque D-zone, which were
respectively equivalent to the accretion zone and the
discontinuous zone, composed a daily growth incre-
ment. The increment width decreased from 3.21 pum in
the innermost to 1.84 um at the margin of the lapilii
(Fig. 4c,d). The checks corresponded to a sequence of
narrow translucent zones in a annulus. Monthly-like
growth increments (MGI) were deposited at about
50 wm spacing with a succession of wide and narrow
microincrements. The daily increments varied from

Fig. 2 Morphology of three
types of otoliths of P. dipo-
gon. a lapillus, b asteriscus,
¢ sagitta (scale bar=1 mn)
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approximately 21-23 cases in MGI. The number of
daily increments was close to one synodic month,
except for the full moon phase (Fig. 4a,b).

Although the postlarval zone of the lapillus was
extremely dark, the checks and daily growth increments
encircling the nucleus region were prominently visible.
The postmetamorphic zone was the region from the
terminal increment of the PLZ to the outermost edge of
the lapillus. The PMZ was abruptly demarcated by a
transition in elemental composition. Under transmitted
light, the PMZ represented a regular pattern of alternating
continuous and discontinuous zones. The first annulus
was observed at intervals of five to seven distinct
discontinuous zones (check C), and had an average
semidiameter of 205.114+25.78 um (Fig. 3b). The
number counted from regular microincrements ranged
from 137 to 154, with a maximum of 220. The pattern
of microincrements was the same in the sectioned lapilli
from individuals of different sizes. Checks often clearly
occurred on the first three annuli. However, the
deposition of daily microincrements and the pattern of
checks between successive annulus could not be
observed in peripheral regions of the otoliths of adults.

Annuli characteristics and age validation

Macroscopically, the sectioned otolith showed a clear
pattern of opaque-and translucent-zones under transmit-
ted light (Fig. 5). Annuli appeared as a sequence of
concentric zones of gradually declining increment
widths. The annuli faded gradually out from the nucleus
to the outmost edge (Fig. 5b). This phenomenon
commonly occurred in individuals prior to 10 years of
age. The characteristics of lapilli presented a more
stable, regular pattern with elapsed years. During the
early growth phase, the opaque zone contained wider
increments relative to the translucent zone, and was
composed of five to seven successive growth interrup-
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Fig. 3 Microstructures near the nucleus region of the P
dipogon on lapillus viewed under light microscopy, showing
a primordia (P), nucleus (N), hatch check (HC). b monthly-like

tions (checks) (Fig. 5a). However, the pattern of
depositions was reversed for the oldest age classes. In
a word, the translucent zone became much broader than
the opaque one (Fig. 5b). The annulus characters in the
ventrolateral area of the otolith appeared to be more

Fig. 4 Daily growth incre-
ments and monthly-like
growth increment in the
lapillus of P. dipogon
exhibited under transmitted
light, showing a area sur-
rounding the core. b
Monthly-like growth incre-
ments (MGI). ¢ Daily
growth increments (DGI) of
core region. d Daily growth
increments (MGI) of pe-
ripheral area. Arrow head
indicates the translucent
zones (L-zone) and opaque
zone (D-zone)
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check (C) and annual ring (A) of lapillus from a 70.6 mm TL P,
dipogon

reliable because of the legibility and regularity of its
growth marks (Fig. 5¢). Otoliths grew at a measurable
rate throughout the life of the fish. However, the
increment width abruptly declined, probably at about
19 years old.
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Fig. 5 The typical magnification appearance of a P. dipogon
transverse cross-section lapillus under transmitted light. Annual
growth increments are denoted as annuli with triangles, black

Ages were determined in 420 lapilli, only 28 (6.67%)
were discarded due to natural deformations and uniden-
tifiable annulus deposition. Ages ranged from 1+ to
23+ years for males and 1+ to 44+ for females. The
deviations observed between successive readings were
+3 years for 5< ages <8 years and >19 years. The low
CV (3.14%) of age estimates reflected good concor-
dance in the readings.

Marginal increment ratio and annuli formation

For otolith sections with 1+-8 annuli, their marginal
increments followed the same pattern. A fish with four
annual marks and a 0 MI was observed in April (Fig. 6¢),
a new mode of very small increments appeared during
June, indicating individuals had formed a new mark
during March or April (Fig. 6a,b). Monthly MI
frequency plots showed marked deviations through
March or April (Fig. 7), showing that 0 MI’s and
maximum margin growth co-occurred. In general, the
progression of the mode was consistent over long
periods of time (from May to November) when otolith
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dots and arrows from first to fifth in (a), 1st-13th in (b) and
Sth, 15th, 25th and 35th annulus in (d), respectively

margin growth resumed. The MI remained stable in
winter, indicating very slow winter otolith growth.
These consistent patterns of MI growth indicated that
the time of mark formation was restricted to the same
short time period each year, March and April.

Discussion

The morphometrics and daily rhythm of otolith
microincrement of P. dipogon are the first successful
validation in schizothoracine fishes. Under the micro-
scope, the microincrements of P. dipogon lapillar otoliths
were very clear. However, the reproducibility of annulus
determination relied on the section orientation during
otolith preparation and the exclusion of false annuli.
The reading errors mainly involved the first annulus
because the center of the section was relatively opaque.
In addition, marginal annulus estimates became subjec-
tive due to the very narrow and limited visibility in the
outermost edge of some older ones.
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Fig. 6 The edge condition for a lapillus of P. dipogon under
the light microscope. The arrowhead indicates the annual ring
formation: a Otolith from first year fish with opaque edge
(age=1+, 70.6 mm TL and 2.3 g, June 2006); b Otolith with a
wide opaque edge (age=2+, 162.6 mm TL and 36.1 g, June
2006); ¢ Otolith with a translucent edge (age=4, 231.2 mm TL
and 98.0 g, April 2004)
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Fig. 7 Monthly changes in mean marginal increments rates of
otoliths from pooled sexes and size classes of P. dipogon. The
vertical bars indicated standard errors (n=177)

The microstructure of sectioned otoliths of P.
dipogon revealed the bipartite nature of otolith incre-
ments, each of which consisted of a translucent zone
(calcium-rich component) and an opaque zone (organ-
ic-rich component) under transmitted light. The sec-
tioned lapilli demonstrated a distinct pattern of five to
seven checks in an annulus, and the daily increments
of P. dipogon contained approximately 21-23 cases
within each check. The daily growth increments of P.
dipogon are regulated by an endogenous circadian
rhythm. The otolith checks of P. dipogon reflect the
influence of lunar cycles on the formation of incre-
ments. However, the number of monthly checks never
approached 12, nor did the number of daily growth
increments within these regions approach 365. Chen et
al. (2002b) described this phenomenon in G. selin-
cuoensis. The average size per increment would have
gradually decreased to about 0.1 um day ' in winter. It
seems that optical resolution would be insufficient to
keep track of daily increments.

We presume that the narrower microincrements might
be due to decreasing growth rates during the cold winter
(Feet et al. 2002; Chen et al. 2002a; Guibbolini et al.
2006). Geffen (1982) stated the growth rate limitation
hypothesis that translucent zone formation was trig-
gered at a threshold of metabolic stress, and that the
combined energetic requirements of reproduction and
migration might maintain translucent zone formation.
The climate of the region is strongly influenced by the
elevation of the Tibetan Plateau. Water temperatures of
the Lhasa River averaged 7.5°C, fluctuating from 0.8 to

@ Springer



Environ Biol Fish (2009) 86:53-61

13.9°C (Xiong and Tang 1998). It is possible that P,
dipogon grows slowly for about 5 months in winter and
their otoliths also underwent a greatly reduced incre-
ment width of the translucent zone when the water
temperatures drop below 5°C (Casas 1998). In addition,
Hayashi et al. (2001) reported otolith microincrements
growth in the myctophid (Myctophum asperum) in-
creased during the night and early morning and stopped
growth during the day, and also exhibited lunar
periodicity in the deposition of growth increments.
The mean increment widths around the time of a full
moon were significantly narrower than those around a
new moon in 29 cases. The moonlight in the Tibetan
Plateau is as strong as the daytime sunlight in the full
moon period. The appearance of checks could also have
resulted from the slower growth caused by staying in
deeper and colder water in response to the light of the
full moon.

The annual mark consisted of a bipartite set of bands,
a wide opaque band formed in summer and a narrow
translucent band formed in winter. A full trajectory of
lapillus growth was seen with gradually declining
increment widths. Age determination of older fish
confirmed 23+ years for males and 44+ for females.
Thus, we believe that P. dipogon is a long-lived and
slow growing coldwater fish based on the correlation of
the otolith and somatic growth.

Despite the differences in sampling locations and
time, all samples presented the same pattern of growth in
their otoliths. Therefore, this deposition pattern could be
explained that P. dipogon did not subject to migration
but physiological transformation. In addition, P. dipogon
in the Yarlung Tsangpo River lived substantially longer
and grew more slowly than previously reported in this
subfamily (Tsao and Wu 1962; Zhao et al. 1975; Chen
et al. 2002b). Therefore, as a highly vulnerable fisheries
resource, it is essential to take adaptive management to
maintain the sustainability of this species and stability of
the fish community.
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Common name: Roughskin sculpin. Conservation
status: Not in TUCN Red List; Listed as critically
endangered in Category II of the National Key
Protected Wildlife List and in China Red Data book
of Endangered Animals-Pisces (Yue and Chen 1998).
Identification: D VIII-IX/18-20, A 16-18, P 1/17-18;
Pectoral fin fan-shaped; Caudal fin truncate. Depressed
body; Head large; Mouth large; Protruding upper jaw
and largest spine on pre-operculum; Pseudobranch
present; No scale (Right to illustration held by Kim
Ik-Soo). Distribution: Distributed along southern and
western coasts of Korean Peninsula, eastern coast of
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China, and rivers flowing into Ariake Bay on Kyushu
Island of Japan (Norio et al. 2002). Habitat and
ecology: Benthic, catadromous and carnivorous, feed-
ing on zooplankton, fish and shrimp. Juveniles occur in
freshwater lakes and rivers; adults enter estuaries and
sea during reproductive season. Euryhaline (0~32%o)
indicates flexibility for reproduction and early life
(Kinoshita et al. 1999). Reproduction: Age at first
maturity is 1 year. Spawning sites locate in intertidal
zone with oyster reefs. When water temperature
reaches 4-5°C, spawn in empty shells of oyster or
bivalve during February to March (Takeshita et al.
1999). Eggs adhesive, 1.48~1.58 mm in diameters.
Absolute fecundity 5,100~12,800 eggs-fish™' (Wang
1999). Threats: Wild populations have seriously
declined since 1970s mainly due to the destruction of
natural habitats and spawning sites, as well as
overfishing and lack of regulation for sustainable
fisheries. Conservation action: China has established
protected areas (Wendeng, Shandong province), and
investigated habitat requirements. Japan and South
Korea studied spawning nests, distribution and life
history. Conservation recommendations: Since most
populations disappear in traditional habitats (Zhuang et
al. 20006), long term protection of the remaining
population should be ensured. Industrial water in
coastal areas should be treated before discharge and
further research needed to access the feasibility of fish
passage construction around dams.
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Detection of hybridization between two loach species
(Paramisgurnus dabryanus and Misgurnus anguillicaudatus)
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Abstract Artificial interspecific hybrids between large
scale loach P. dabryanus and tetraploid pond loach M.
anguillicaudatus (Cobitidae, Cypriniformes) are via-
ble. To detect the occurrence of possible natural
hybridization, genetic analyses by using microsatellite
markers were performed for natural populations of
large scale loach and pond loach, the reciprocal
laboratory hybrids, and “supposed hybrids” with
ambiguous morphology. The fertility of the artificial
hybrids was also tested. At one diagnostic micro-
satellite (Mac50), one out of 20 “supposed hybrids”
was identified to be F; hybrid between the two loach
species because it had the same genotype as that of the
laboratory hybrids. The triploid hybrids between
the two species were confirmed to be female-sterile.
The results show that rare hybridization has occurred
between diploid large scale loach and tetraploid pond
loach in nature although it may have little effect in
genetic introgression. This study is helpful for fish
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conservation and encourages further investigation on
natural hybridization and introgression of loaches.

Keywords Loach - Natural hybridization -
Artificial cross - Fertility - Microsatellite

Introduction

Hybridization has been documented as a widespread
phenomenon among animals, which provides an oppor-
tunity to produce novel genetic variations (Allendorf
et al. 2001; Sechausen 2004). Scribner et al. (2001)
described 139 artificial or natural hybrids in freshwater
fishes, of which 47 intergeneric hybrids were mostly
observed in Cyprinidae. In practice, interspecific
hybrid fishes have been artificially produced to
increase economic profits (Bartley et al. 2000).
Interspecific crosses in nature may lead to genetic
introgression from one species to another and even to
extinction of parental lineages if their hybrids are fertile
(Verspoor and Hammar 1991; Epifanio and Philipp
2000). Hybridization between species has become an
increasingly important issue in conservation biology.
Commercial farming for loaches has been plentiful in
the past two decades, although the majority of the
fisheries are harvested from natural populations. Large
scale loach, Paramisgurnus dabryanus, is endemic to
China, and distributed in middle and lower reaches of
the Yangtze River, Pearl River and inland waters of
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Taiwan. Pond loach, Misgurnus anguillicaudatus, can
be found in all areas of China except for Tibetan
plateau, and is found in rivers, lakes, ponds, swamps
and rice fields. These two loach species are found
sympatrically in most areas with similar morphological
characters and nearly overlapping spawning seasons
(March to October). They were assigned to the same
genus (Misgurnus) of the Cobitidae until large scale
loach was nominated as a new genus Paramisgurnus
in 1981, because a few distinct anatomic traits were
recorded (Chen and Zhu 1984).

Pond loach in most areas of China has 100
chromosomes (Li et al. 1983), and artificial hybrid-
ization between large scale loach and pond loach can
produce viable reciprocal hybrids (Zhao et al. 1999,
2002; Long et al. 2000). The hybrids were speculated
to be sterile due to their remarkably different numbers
of chromosomes (large scale loach=48 and pond
loach=100) but data to support this is not available
(Zhao et al. 1999). A suspicion has been raised as to
whether or not hybridization between these closely-
related loach species can occur in natural populations.
There has been some evidence to support this
suspicion (Yin et al. 2005).

Molecular evidence from diagnostic markers allows
for the identification of potential hybrids in wild
populations of teleosts. Microsatellites are particularly
suitable because of they are codominant, taxon-
specific, and can be used for detecting genome-wide
processes such as hybridization and introgression
(Gross et al. 2004; Hanfling et al. 2005). In the present
study, we analyzed the natural populations of large
scale loach, pond loach and phenotype-ambiguous
individuals with microsatellite markers for detecting
possible interspecific hybridization. The fertility of the
artificial hybrids of the two loach species was also
tested. The aims of the study were to expand our
understanding of potential hybridization and introgres-
sion in freshwater fish, and to provide necessary
genetic information for fish conservation.

Materials and methods
Sample collection and artificial crosses
Large scale loach and pond loach populations were

collected from basins along the Yangtze River from
Wuhan, Shashi and Poyang Lake areas, based on their
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morphological characteristics as described by Yao
(1989). Ambiguous individuals with intermediate
phenotypic characteristics from both loach species
were also collected as probable hybrids (H).

Mature females and males of the two loach species
were sampled from local fish markets in Wuhan as
candidates for artificial fertilization. A single intraper-
itoneal injection of human chorionic gonadotropin
(HCG) with a dose of 6-8 IU/g body weight (BW) for
females and 2 TU/g BW for males, was used for the
preparation of artificially reciprocal and control crosses
between the two loach species. All experiments were
repeated three times, and fertilization (up to the gastrula
stage), hatching (up to yolk sac absorption) and survival
rates (up to feeding) were counted, respectively.

After hatching, 50 reciprocal hybrids from one
replicate were continuously reared. They were initial-
ly cultivated in 50 I glass aquaria and then transferred
to 1 m diameter fiberglass tanks until maturity,
feeding on rotifers and subsequently commercial carp
feed (39% crude protein).

Chromosome analyses

For all the reciprocal and control crosses, chromo-
some spreads were prepared from 20 embryos
randomly sampled at the gastrula stage using the
method described by Yu et al. (1989) with slight
modifications. Forty clear metaphase plates on each
slide were chosen to count the chromosome numbers
by using an optical microscope under oil immersion at
a magnification of 350x.

Genetic analyses with microsatellite DNA

Microsatellite markers from pond loach (Morishima et
al. 2001) were used in this study. Five of the 15
microsatellite primers, namely Mac9, Macl5, Mac24,
Mac45 and Mac50 were polymorphic and showed a
Mendelian segregation in two full-sib families of
large scale loach. Fourteen reciprocal hybrids were
genotyped as the references of the artificial hybrids at
these five loci. The polymorphic information of the
five loci (Table 1) was based on 15 test individuals of
each species (five individuals from each of the
following three populations, Wuhan, Shashi and
Poyang Lake, respectively).

The shared alleles were classified as typical for one
species or another according to their frequencies, and
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Table 1 Cross-species amplification in Paramisgurnus dabryanus, (P. dabr) using microsatellites from Misgurnus anguillicaudatus

(M. angu)
Locus DDBJ Annealing temperature (°C) Number of alleles Allele size

M. angu P. dabr M. angu P. dabr M. angu P. dabr
Mac9 AB060175 54 52 2 5 92-107 92-104
Macl5 AB060177 60 56 6 9 142-168 124-184
Mac24 AB060178 54 54 3 9 98-120 92-116
Mac45 AB060185 60 52 5 5 80-102 80-96
Mac50 AB060182 60 52 5 4 88-106 84-110

then each individual was assigned to a certain
genotypic category based on the relative distribution
of alleles of each species among the multi-locus
genotypes (Hanfling et al. 2005; Ibarra et al. 2005).
The five loci had largely overlapping allelic ranges
between large scale loach and pond loach. Previous
investigation on genetic diversity of these three
populations (Wuhan, Shashi and Poyang Lake pop-
ulations, 109 individuals) showed that the large scale
loach had the typical alleles at Mac9, Mac45 and
Mac50 but not at Mac24 and Macl5 (unpublished
data). Mac9, Mac45 and Mac50 were also useful for
classifying individuals when different typical alleles
for the two loach species were observed. Therefore
these three microsatellite loci were used for the
analyses of pond loach and probably hybrids (20
individuals each population), together with our
previous analyses of the large scale loach.

Genomic DNA was extracted from fin tissue or fry
according to a traditional phenol-chloroform method.
PCR was performed in a 12.5 pl reaction mixture,
which contained 1xbuffer (with 1.5 mM Mg*"), 0.4U
Tag polymerase, 100 uM dNTP, 2.5 pmol primers,
50-100 ng template DNA, in the following con-
ditions: an initial denaturation for 5 min at 94°C
followed by 37 cycles of denaturation at 94°C for
40 s, annealing at 50—60°C for 35 s and extension at
72°C for 35 s, and a final extension at 72°C for
10 min. PCR products were separated by 8%
polyacrylamide gels, and fragments were visualized
by ethidium bromide staining and UV transillumina-
tion (GeneGenius, SYNGENE).

The software package FSTAT (Goudet 1995) was
utilized to calculate the number of alleles, distribu-
tions of allele and genotype frequencies, and to test
the linkage disequilibrium (LD) for the three loci in
the wild populations of large scale loach, pond loach
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and the probable hybrids, respectively. The program
Micro-Checker v 2.2.3 (Van-Oosterhout et al. 2004)
was used to detect null alleles that could exist in the
microsatellite analyses.

Results
Cytology and morphology of artificial hybrids

There were no differences in mean fertilization,
hatching and survival rates between the reciprocal
and control crosses in the two loach species (data not
shown). The chromosomal analyses showed a bulk of
74 pairs of chromosomes from the reciprocal crosses
(Fig. 1), indicating that the offspring were hybrids
rather than gynogenetic or androgenetic diploids of
large scale loach (2n=48) or pond loach (2n=100).
The reciprocal hybrids exhibited normal growth and
had no significantly reduced survival rates compared
to self-mating individuals within each species.

The progenies of large scale loach ¢ xpond loach
& (PM) were more morphologically similar to pond
loach rather than large scale loach. After being
injected with HCG, 150-250 eggs were extruded
from each of the two female progenies. The eggs were
significantly smaller in size than those from normal
females of large scale loach or pond loach. After these
eggs were fertilized with sperms of large scale loach
or pond loach, aberrant divisions were observed and
no embryos survived to 24 h post-fertilization.

Genetic analyses of artificial hybrids
All the hybrids, either from PM (large scale loach @ x

pond loach &) or from MP (pond loach Q xlarge scale
loach &) groups, had heterozygous genotypes con-
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Fig. 1 The chromosomal set of the two loach species and their reciprocal hybrids. a P. dabryanus, 2n=48; b M. anguillicaudatus,
4n=100; ¢ P. dabryanus Q xM. anguillicaudatus &, 3n=74; d M. anguillicaudatus S x P. dabryanus 3, 3n=74

taining alleles from both parents at Mac9, Mac15 and
Mac45 (Fig. 2a). However, at the locus Mac24, all the
reciprocal hybrids only possessed parental alleles
from pond loach while the alleles from large scale

PM

loach were absent (Fig. 2b). The paternal pattern of
pond loach in the MP group at Mac24 exhibited a
constant four-allele type, indicating a duplicated locus
(Fig. 2b). At Mac50, the band intensity of all the

MP

e
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M 123456 7 8 9810111213141516 M123 4 56 7 8 9 10 111213141516

Fig. 2 Amplification profile for the F; reciprocal hybrids of P
dabryanus and M. anguillicaudatus at the microsatellite Mac15
(a), Mac24 (b), and Mac50 (c¢). PM: the laboratory hybrids of P.
dabryanus Q<M. anguillicaudatus &, MP: laboratory hybrids
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of M. anguillicaudatus 9 x P. dabryanus J3; M: pBR322 DNA/
Msp 1 molecular marker; /: maternal parent; 2: paternal parent;
3-16: F, laboratory hybrids
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Table 2 Genotypic segregations for three microsatellite loci in
20 individuals of the wild “supposed hybrids”

Supposed hybrids Genotype

Mac9 Mac45s Mac50
H1 92/92 82/82 110/110
H2 92/92 82/96 84/90*
H3 92/92 82/82 88/90/106°
H4 92/92 82/92 90/92
H5 92/92 82/82 90/90
Ho6 92/92 82/82 90/96
H7 92/92 82/82 90/90
H8 92/104 82/82 88/90/106°
H9 92/92 82/82 90/106
H10 92/92 82/82 90/90
H11 92/92 82/82 90/106
H12 92/92 82/82 90/106
H13 92/92 82/94 90/96/106"
H14 92/92 82/82 90/90
H15 92/92 82/82 84/110
H16 92/92 82/82 90/90
H17 92/92 82/82 90/90
H18 92/92 82/82 90/96/106°
H19 92/104 82/92 90/90
H20 92/92 82/92 90/90

#F, hybrid genotype
® Individuals exhibiting three bands

reciprocal hybrids was stronger in pond loach than in
large scale loach, and the three-band pattern of the
hybrids maybe an indication of triploids (Fig. 2c).

Analyses of the wild populations using microsatellite
DNA

Three microsatellite loci, Mac9, Macl5 and Mac45,
were all in linkage equilibrium (P>0.05) in natural
populations of two reference species and probable
hybrids (H). No null alleles were detected in the
probable hybrids (H) at the three loci.

110bp
S0bp

4

M1 2 3 4 5 6 7 8 9 10 111213 14 15 1617 18 19 20 21 22 23 2425 26 27 28 20 30 31

Fig. 3 Amplification profile for wild “supposed hybrids” (H)
at microsatellite Mac50. M: pBR322 DNA/Msp 1 molecular
marker; /—20: individuals of the wild “supposed hybrids” (H;—
Hao), 21-24: four typical genotypes of the hybrids from the PM
group or MP group, 25-27: typical genotypes of P. dabryanus,
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At Mac9 and Mac45, the two species held the same
typical alleles e.g. Mac9-92 with 0.972 in large scale
loach and with 0.925 in pond loach, and Mac45-82
with 0.894 in large scale loach and with 0.500 in pond
loach, and provided little information for classifying 20
probable hybrids (H), though the other exclusive
alleles of pond loach e.g. alleles Mac9-104, Mac45-
92 and Mac45-94 were observed in five individuals
(Hy4, Hg, Hyz, Hj9 and Hyg). At Mac50, the two loach
species exhibited polymorphism with different alleles
e.g. alleles 84 and 110 for large scale loach and alleles
88, 90, 92, 96 and 106 for pond loach, suggesting their
potential use as diagnostic markers. Therefore, two of
these individuals, H; and H;s, were assigned to large
scale loach, and the others were assigned to pond loach
(Table 2). However, a weakly amplified band with the
same size as the diagnosed allele (Mac50-84) of the
large scale loach attached to the bright diagnosed allele
(Mac50-90) of the pond loach in individual H,. This
individual exhibited the same genotype as the labora-
tory reciprocal F; hybrids, and was identified as a
natural F; hybrid (Fig. 3). Additionally, four individ-
uals, Hs, Hg, Hy3 and H,g, showed different three-band
patterns at Mac50 (Table 2, Fig. 3).

Discussion

Generally, morphological examination was commonly
used to identify large scale loach and pond loach
hybrids, which was shown to be correct in most cases
(Scribner et al. 2001). However, it could be misleading
in cases where morphological measurements were
used as the sole source of inference, particularly for
hybrid individuals beyond the F, generation (Nuff and
Smith 1979). The development of molecular markers
helped to resolve this problem. In this study, from a
total of 20 individuals of probable hybrids with
ambiguous morphological traits, only one individual

28-31: typical genotypes of M. anguillicaudatus, the arrow
indicated a “supposed hybrid” loach (H,) which had the same
genotype as the distinct genotype of some laboratory F,
reciprocal hybrids
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(H,) was clearly identified as F; hybrid, and the
others were assigned to be either large scale loach or
pond loach by using a single diagnostic microsatellite
locus. These results suggested that it was important to
combine both morphologic and genetic data when
identifying pure species and hybrids.

Thorgaard and Allendorf (1988) indicated that fish
might be less susceptible to severe developmental
incompatibilities than interspecific hybrids in other
vertebrates under comparable levels of genetic diver-
gence. In the present study, one out of 20 suspected
individuals of the wild populations was identified as
Fy hybrid, suggesting natural hybridization between
the two loach species occurred with a low frequency,
probably due to spatial, temporal or behavioral
isolating mechanisms (Scribner et al. 2001). Rare
hybridization between pond loach and large scale
loach was also observed in one of the wild individuals
in Wuhan area, with 74 chromosomes (Yin et al.
2005). In the present study, the microsatellite geno-
type of natural F; hybrid showed a weak band from
large scale loach allele and a strong band from pond
loach allele, a pattern resembling that of the artificial
hybrids. The similar phenomenon of amplification
asymmetry was also observed in the hybridization
between silver carp, Hypophthalmichthys molitrix,
and bighead carp, Aristichthys nobilis (Mia et al.
2005), although it was noted that they should be
recorded with caution to avoid incorrect scoring of
unknown stutter bands. More diagnostic microsatellite
loci or other molecular markers of the two species are
required to identify hybridization events in natural
populations in the future.

In fish, great variations in the fertility of F, hybrids
have been reported (Nikoljukin 1971). The artificial
F; hybrids of large scale loach @ xpond loach &
appeared to be female-sterile. However, we could not
deduce the conclusion that all F; hybrids were sterile
as the male hybrids were not tested. Atlantic salmon,
Salmo salar, and brown trout, Salmo trutta, also
differed in terms of chromosome numbers (2n=58
and 80, respectively), and 0.1 to 13% hybridization
rates between two species in wild populations were
observed (Verspoor 1988; Jansson et al. 1991; Garcia-
Vazquez et al. 2001). The females of these F; hybrids
were backcrossed with both parental species in
artificial conditions, suggesting that they were actually
fertile to various degrees (Garcia-Vazquez et al. 2004).
A similar case was observed in another fish species

@ Springer

70

e.g. sturgeons (Nikoljukin 1971). In this study, gene
introgression may have occurred due to transmission of
whole exotic chromosomes or chromosome sections
(Verspoor and Hammar 1991). However, in interspe-
cific, intergeneric and even in more remote crossings,
reciprocal and backcrossed hybrids may vary signifi-
cantly in viability or fertility because of the cytogenetic
compatibility (Nikoljukin 1971; Gui et al. 1993;
Garcia-Vazquez et al. 2004).

A historical event of genome duplication from
diploidy (2n=50) to tetraploidy (100 chromosomes)
has been proposed for pond loach in most areas of
China including Wuhan (Li et al. 1983). This was
confirmed by the amplification pattern of four bands of
pond loach at Mac24 in the MP group. The controlled
laboratory hybrids in the present study were cytoge-
netically deduced to be triploids (3n=74), which was
consistent with their three-banded patterns at Mac50.
Four individuals from the probable hybrids, with other
three-band patterns at Mac50, might be an indicator of
triploid hybrids of pond loach (Table 2, Fig. 3). Natural
triploids of pond loach were found in Japan (Oshima et
al. 2005). The triploid males were generally sterile and
showed little potential to produce haploid sperm, while
the triploid females were fertile and laid a large triploid
egg and a normal-size haploid egg (Matsubara et al.
1995; Oshima et al. 2005). Viable reciprocal diploid
and triploid hybrids between mud loach, Misgurnus
mizolepis (2n=48) and pond loach, M. anguillicauda-
tus (2n=50) were also recorded in South Korea (Kim
et al. 1995), in which diploid hybrids (2n=49) were
fertile, and triploid hybrids (2n=74), with two sets of
pond loach and one set of mud loach chromosomes,
were sterile in both sexes (Nam et al. 2004). The
triploid hybrids of the two loach species were female-
sterile. However, introgressions would be possible if
the hybrids between large scale loach and diploid pond
loach were fertile, because the F; hybrids might
backcross to their parental generation as shown in
other loaches (Kim et al. 1995; Nam et al. 2004).
Diploid pond loaches were also reported in some areas
of China (Yu et al. 1989).

In summary, the results of the present study
demonstrated that rare hybridization occurred between
large scale loach and tetraploid pond loach, although
there may be little danger in genetic introgression due to
their sterile offspring. For the purposes of fish ecology
and conservation, further studies on the fertility of F,
hybrids, occurrence of natural hybridization and
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possible introgressions between large scale loach and
diploid pond loach in China are necessary by using
controlled matings and additional molecular markers.
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Abstract The conservation status, species identifica-
tion, distribution, specific habitat and ecology of a
threatened, endemic cyprinid fish, Onychostoma
alticorpus (Oshima 1919) is reported herein. It is
merely found in five river basins of Taiwan. The
protection of natural habitat would be very essential.

Keywords Onychostoma - Critically endangered -
Cyprinidae - Freshwater fish - Conservation - Taiwan

Common names: Deep-body shovel-jaw carp; Kao-
Shen-Ku-Yu (Mandarin); Shar-Ven (Taiwanese). Con-
servation status: Critically endangered (Ministry of
Interior), endangered (IUCN). Identification: D 3+8;
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V 1+8; A 3+5; LL 43-44; PreD 13-15. Body oval,
snout rounded, mouth subterminal, two tiny barbels,
upper lip thick, prominent, lower lip with a horizontal
shovel margin. Dorsal unbranched rays without
serration. Body grayish silver dorsally; silver white
ventrally. Dorsal, anal and caudal fins pinkish. Size
15-30 cm (SL), maximum 50 cm (Oshima 1920;
Shen 1993; Chen and Fang 1999). Distribution:
Endemic in middle reaches of the Kao-Ping, Hua-
Lien, Shiu-Ku-Luan, Pei-Nan, and Tai-Mar-Li Rivers
(Tzeng 1986; Chen and Chang 2005). Abundance:
Adults/100 m?, 35-50, in the densest populations.
Habitat and ecology: Prefers weak alkaline water
(pH 8.0-8.8) with high DO(>70%), depth(0.5—-7 m),
moderate temp (19-24°C), clear water(0-50 NTU)
and moderate flow(20—-100 cm-s "), around 30-800 m
altitude. Adult ascending migration during floods
(May to August); descending movement is in Sep-
tember to February. Feeds diurnally on periphyton
mainly, Bacillariophycae (Fang et al. 1995; Han et al.
2000). Reproduction: Larvae (1-3 cm) appears after
rainy season, October to February at low altitudes,
100-350 m (Chen and Fang 1994; Fang et al. 1996).
Threats: Habitat destruction from road construction,
damage of natural vegetation and heavy silt; occa-
sional illegal fishing by poison and electro-fishing;
dam construction blocked seasonal fish migration;
and water pollution (Chen 2001). Conservation
action: Natural protective areas established in three
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basins have significantly improved for fish popula-
tions. Conservation recommendation: Prohibit dam-
age of natural vegetation and river habitat, prohibit
illegal fishing and avoid new dam construction.
Remarks: The recovery of fish populations suggests
the ranking of ‘endangered’ instead of ‘critically
endangered’ in recent years. However, more field
work on population dynamics may be necessary for
further re-evaluation. Varicorhinus alticorpus is a
synonym for Onychostoma alticorpus (Chen and
Chang 2005).
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Abstract This study presents fundamental informa-
tion on the reproductive biology, size and age
composition, and growth of yellow catfish, Peltobag-
rus fulvidraco. Sampling was carried out monthly
from Ce Lake in Hubei province from January 2004
and December 2004. Overall female/male (F/M) sex
ratio was 1.08, not significantly different from
expected 1.0 ratio. But sex ratio (F/M) of the
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spawning group was 1.14:1 with skewness towards
females (p<0.05). The smallest sexually mature male
and female massed 20.51 and 16.93 g, and measured
100.1 and 94.3 mm in total length, respectively.
Reproductive period for this species is from April to
August when GSI is considerably higher than the rest
months (p<0.05). The highest GSI values were
measured from May to July for both sexes and this
period was presumably the peak spawn. First matu-
ration occurred at age 1” for both sexes. Fish of age
1" and 2" comprised the greatest portion of spawners.
The absolute fecundity (AF) of P. fulvidraco ranged
from 657 to 11,696 eggs per fish, with mean AF value
of 3,570+122 (S.D.) eggs per fish, varying consider-
ably at given length, weight and age. The fecundity
relative to total length (F/L) fluctuated from 58 to 680
eggs/mm, with a mean value of 246434 (SD) eggs/mm,
and fecundity relative to total weight (F/W) varied
from 29-133 eggs/g, with a mean value of 67+7 (SD)
eggs/g. P fulvidraco is a single spawner, with low
fecundity compared with other Bagrid fish.

Keywords Peltobagrus fulvidraco - Age - Growth -
Reproductive biology - Fecundity

Introduction
Yellow catfish, Peltobagrus fulvidraco, belongs to

Bagridae family. With both high economic and
nutritional value, feeding upon cladocerans and
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zooplankton, P. fulvidraco is one of the promising
freshwater species for both semi-intensive and inten-
sive culture in East and South Asia (Liu 1997). It is
widely distributed in lakes along the midstream and
downstream of Yangtze River Basin in central China,
with most abundance in Hubei Province (Du 1963).
Based on recent assessment of this species, the natural
stock is probably at a reduced reproductive capacity
and at risk of being harvested unsustainably (Liu
1997; Luo et al. 2005). Knowledge of the reproduc-
tive biology and the estimation of fecundity and egg
production are fundamental in the study of the
population dynamics of fish species (Hunter et al.
1992; Murua et al. 2003), as they are basal to quantify
reproductive capacity at both individual and popula-
tion levels of a fish species. Manipulation of fish’s
reproductive system under artificial conditions also
requires an understanding of natural spawning pat-
terns and other influential factors based on informa-
tion of the species’ reproductive biological characters
such as size-at-sexual maturity, the duration and
periodicity of spawning.

However, the information available on the repro-
ductive biology of P. fulvidraco is still incomplete.
Detailed descriptions of fecundity, egg production,
reproductive season, and the relationships between
somatic and gonadal growth have not been well
documented. Previous studies on the reproductive
biology of P. fulvidraco have indicated that this fish
of each geographical population spawns at different
seasons with different levels of spawning activity;
being maximum during peak spawning from middle
May to Middle July in Liangzi Lake (Du 1963), from
June to July in Honghu Lake (Ma 1991), from April
to June in Poyang Lake (Liu 1997) and at lower levels
during the rest months of the spawning period.
Moreover, there were inconsistent reports on the
spawning pattern of this species. Some indicated that
P fulvidraco was batch spawner with asynchronous
oocyte development and, therefore, the population
egg production should be estimated combining batch
fecundity, spawning fraction and the number of active
females in the adult population (Hu et al. 1993; Wang
1999). According to Hunter et al. (1992), multiple
spawning fish are called indeterminate serial or batch
spawners, if the annual fecundity is not fixed at the
beginning of spawning and the standing stock of
present oocytes in the ovary is continuously replaced
by new developing oocytes during one spawning
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cycle. On the other hand, fish that have a fixed
fecundity prior to the onset of spawning are called
single spawners or determinate serial spawners. Yang
(1994) indicated that this species belonged to deter-
minate serial spawner. Similar results were reported
by Liu and Zhang (2003). Therefore, determining the
spawning patterns is of great importance for estimat-
ing the potential annual fecundity of this fish and its
ability to recover from human fishery impact. Spawn-
ing strategy, fecundity and egg production of this fish
species varied annually and/or spatially among stocks
in relation to condition and environmental factors,
which is of considerable importance because it
influences stock reproductive potential, and thus has
a direct implication on a population’s ability to sustain
harvesting.

The aim of this research was to investigate the
spawning activity and spawning pattern of yellow
catfish in Ce Lake from January to December 2004,
thus providing comprehensive information for its age,
growth, reproductive biology study and future sus-
tainable use. This was achieved by investigating and
assessing important reproductive parameters such as
sexual maturity, sex ratio, gonadosomatic index
values, spawning seasonality, monthly specific varia-
tion of oocyte size-frequency distribution and fecun-
dity of this fish species. In addition, condition factor
(K) is explored as a potential factor governing
variation in fecundity (Murua et al. 20006).

Materials and methods
Study site and sampling procedure

Ce Lake, with an area of 9.4 kmz, located in the east
of Hubei Province in central China (Fig. 1). The
width of Ce Lake ranges from constrictions of less
than 2 m to large pools several hundred meters across.
Mean water depth of this lake is about 2.6 m. Mean
annual DO (dissolved oxygen) concentration in this
freshwater lake is above 4 mg 'I"! throughout of the
year. The pH varies from 6.5~7.5. The lake was
surrounded by rice fields and fish ponds. The exposed
parts of the lakeshore of Ce Lake contain a plant
community with mostly small herbaceous species.
The fine sediment is nutrient-rich and consists mainly
of clay. Vegetation cover is generally low and
decreasing towards the lake.
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Fig. 1 Map of the study
location: the Ce Lake in
Hubei Province, central
China. Six roman numerals
indicate six sampling sites
locating at upstream, mid-
stream and downstream, re-
spectively in Ce Lake
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Monthly sampling was carried out from January to
December 2004. From April to August, sampling
frequency was twice a month because this was the
time when P. fulvidraco actively spawned. A total of
768 samples were obtained in Ce Lake. Fish were
collected using seine nets, consisting of two 40 m
long wings with a 3 cm mesh and a 100 m long
packet with a 2 cm mesh, each of which had a length
of 10 m. Specimens collected were anesthetized using
tricaine methanesulfonate (MS 222), and fixed in 10%
buffered formalin for later analysis.

Total length, caudal peduncle length (the oblique
distance from the insertion of the anal fin to the
midpoint of the end of the hypural plate) and caudal
peduncle depth (the least depth of this structure from
the mid-line of the ventral surface) of each sample
were measured to the nearest 0.1 mm with dial
calipers. Total weight of fish was weighed to the
nearest 0.01 g. Sex of each fish was differentiated by
sexual characteristics (genitals of males) or by
examining its gonads under a dissecting microscope.
Size at maturity was determined for each sex by
assessing samples collected during the reproductive
season.

Age and growth

The sagittal otoliths of each fish were removed,
cleaned and stored dry in gelatin capsules. They were
later placed in methyl salicylate in a black dish and
examined under a dissecting microscope at x40
magnification using reflected light (Morgan et al.
2000). The distance between the outer edge of the
translucent zone and the periphery of each otolith was
measured. Each distance was always measured along
the same axis and recorded to the nearest 0.025 mm.
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For convenience, the relative marginal increment was
subsequently referred to as marginal increment. The
age of each fish at the time of capture was estimated
using otolith information. Growth curves were then
fitted to the length at body weight of each fish using a
non-linear technique.

Gonadosomatic index

Gonads were separated from fish body and weighed
to the nearest 0.0001 g in the laboratory (Johnston
and Knight 1999) and subsequently preserved in 10%
formalin within 24 h of capture for subsequent
histological analyses following a standard histological
protocol (Pearce 1965). Seasonal change in gonad
mass for both sexes was determined using the
gonadosomatic index (GSI). GSI was calculated as
GSI (%)=100xgonad weight (total body weight-
gonad weight) ' for each fish and all values were
averaged monthly (Anderson and Gutreuter 1983).
Spawning periods were determined from monthly
evolution of GSIL.

Oocyte size-frequency distributions

Ovarian condition of females was categorized using
the classification of Heins and Baker (1993): (1)
latent (stage I), (2) early maturing (stage 1I), (3) late
maturing (stage III), (4) maturing (stage IV), (5)
ripening (stage V) and (6) spent (stage VI). Ovarian
stages at IV and V were considered reproductive,
while stages I, II, III and VI were considered non-
reproductive (Heins and Baker 1993). Reproductive
condition of males was determined by visual exami-
nations of testes. Mature males have large and opaque
testes. Males that have small and transparent testes
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were considered latent. The numbers of oocytes in
ovaries at spawning period (from April to August) were
estimated by the gravimetric hydrated-oocyte method
(Hunter et al. 1985), as the average of three replicates.
Subsamples of 1 g each, were extracted from anterior,
middle and posterior parts of the right ovary, and
weighed to the nearest 0.0001 g. The number of
hydrated oocytes was counted in each subsample
under a binocular microscope (Murua and Motos
2006). The diameter of oocytes was measured as the
average of major and minor axes. The size-frequency
distribution of the oocytes in each ovary was recorded
and histograms were constructed from pooled data for
estimating spawning pattern and frequency.

Fecundity

The condition factor (CF) of the sampled fish (n=
218) were analyzed. Monthly samples of fish captured
within the same study area and the same period were
analyzed to relate to seasonal variations in fecundity.
The values of condition factor was calculated as CF=
100 (total body weight-gonad weight)/I°.

Mature ovaries were identified from their external
appearance and the extent to which they filled the
body cavity. Fifty-nine ovaries at stage [V and V were
chosen from fish collected from April to August of
2005, when GSI values were highest, to estimate
absolute fecundity and relative fecundity. The oocyte
packing density in the ovary was investigated to
ensure that the subsamples were representative of the
entire ovary (Murua et al. 2003). Natural logarithm
transfer of oocyte density was used to comply with
the assumption of homoscedasticity. The numbers of
oocytes per gram of ovarian tissue were examined
using ovaries of 59 females in six sub-samples taken
at different locations (anterior, mid and posterior) of
each lobe (left and right). All ovaries used to estimate
were histologically screened to check for the occur-
rence of postovulatory follicles. Ovaries with recent
postovulatory follicles were eliminated for fecundity
calculations, since their presence indicated part of the
batch had ovulated and the fecundity thus would be
underestimated.

The number of oocytes in these chosen ovaries was
estimated by the gravimetric hydrated-oocyte method
(Hunter et al. 1985) as mentioned above. The
fecundity of each fish was then estimated as the
weighted mean density of the three subsamples
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multiplied up to determine the total ovary mass. If
the coefficient of variation was higher than 5%, then
additional samples were counted (Murua et al. 2003).
The absolute fecundity of yellow catfish was recorded
as the number of mature eggs in the ovaries of ripe
samples. Relative fecundity (number of eggs per unit
weight) was determined as the number of mature
oocytes in relation to total weight or total length
(Hotosa et al. 2000).

Absolute fecundity = egg numbers per 1 gram ovary

x ovary weight (g)

Relative fecundity(F/W)

= absolute fecundity/total weight (g)

Statistical analysis

Sex ratio was determined for each population by
using pooled fish from monthly collections. Devia-
tions from the expected 1:1 sex ratio were determined
using a chi-square test. The relationship between
fecundity and body length, ovary-free body weight
and age were analyzed with linear or non-linear
regression using Pearson’s correlation analysis (Bagenal
1978). All values were log;y transformed prior to
analysis and tested for normality and homogeneity of
slopes to satisfy the assumptions of statistical analysis.
T test was performed to test if there were significant
differences between the ratio of caudal peduncle length
(CPL) and total length (L) of females and that of
males. Data were analyzed statistically by using SPSS
(version 11.5) statistical software package (SPSS Inc.,
Chicago, USA). Differences were considered signifi-
cant at an alpha level of 0.05.

Results
Sex ratio

According to dissecting microscope examination and
secondary sexual characteristics, a total of 768 fish was
sexed, of which 398 (51.8%) and 370 (48.2%) were
females and males, respectively. Overall female/male
(F/M) sex ratio was 1.08, not significantly different from
expected 1:1 ratio (x°=0.098, df=1, p=0.325; Table 1).
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But sex ratio (F/M) of the spawning group was 1.14:1
with skewness towards females (p<0.05). The highest
sex ratio of 1.74 (F/M) was observed in May. From
April to June, deviations from 1:1 ratio were found in
P, fulvidraco with skewness towards females (p<0.05).
However, from July to August, deviations from 1:1
ratio were found with skewness towards males (p<
0.05). There were no significant differences from
expected 1:1 ratio for the rest months (p>0.05).

Size and age distribution

There were significant differences of the length of ma-
ture P. fulvidraco between sexes. The sizes of females
ranged from 92.7 to 175.7 mm, while that of males
ranged from 91.5 to 216.5 mm in total length. Gonads
were macroscopically visible for individuals >100 mm
(total length) for males and >90 mm (total length) for
females. The distribution of sexes by size class
(Table 2) showed a significant predominance of
females in specimens smaller than 150 mm in TL,
while a significant predominance of males larger than
160 mm (p<0.05).

Based upon otolith checking, it was found that age
0" fish were primarily of stage I and had a very low
GSI and gonad weight of almost zero. Age 1" and
higher fishes were represented in all other gonad
stages (II-VI), with values of GSI and gonad weight
indicative of reproductive potential. In all gonad
stages, especially IV and V, the predominance of ages
1" and 2" was very evident. Spawning stock of P

Table 1 Sex ratio of females to males (F/M) of P. fulvidraco in
Ce Lake in 2004

Sampling  No. No. Sex ratio  Chi-square
months (females)  (males) (F/M) test

IN 34 33 1.03 p>0.05
FE 30 31 0.97 p>0.05
MA 31 29 1.07 p>0.05
AP 47 35 1.34 p<0.05
MA 40 23 1.74 p<0.05
JU 48 32 1.50 p<0.05
JL 22 33 0.67 p<0.05
AU 27 38 0.71 p<0.05
SE 37 40 0.93 p>0.05
ocC 23 21 1.10 p>0.05
NV 34 31 1.10 p>0.05
DE 25 24 1.04 p>0.05
Total 398 370 1.08 p>0.05
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Table 2 The total length distribution of both sexes by size
class of P. fulvidraco (n=768) collected in this study

Total length (mm) Number of specimens

Female Male Total
90-100 72 10 82
100-110 97 34 127
110-120 47 23 70
120-130 54 15 69
130-140 36 17 53
140-150 55 22 77
150-160 30 11 41
160-170 9 45 54
170-180 2 89 91
180-190 0 68 68
190-200 0 29 29
200-210 0 6 6
210-220 0 1 1
Sex ratio 398 370 768

fulvidraco (N=332) is comprised mostly of age 1"
and age 2" fish during reproductive season (Table 3).
Age 1" fish were less than 120 mm TL (both sexes
combined accounts for 32.9% of total), age 2" fish
ranged from 120 to 170 mm (49.7%), age 3" or higher
fish exceeded 130 mm (15.0%). First maturation
occurred at age 1" for both sexes. The smallest
sexually mature male and female massed 20.51 and
16.93 g, respectively, and measured 100.1 and
94.3 mm in total length, respectively.

Sex characters

Through T test, there were significant differences
between the ratio of caudal peduncle length (CPL)
and total length (L) of females (n=50) and that of
males (n=50; t=—15.6019, p<0.0001). In males, the
CPL/L of males during the whole year ranged from
0.1310 to 0.1662 which were all higher than 0.13;
while those of females ranged from 0.1120 to 0.1299,
all less than 0.13. No difference was detected between
the ratios of caudal peduncle depth and body depth of
both sexes (p>0.05).

Following Keys formula, the relationship between
total weight (W, g) and total length (L, mm) is
typically expressed as W=aL” (a, b indicate constants;
Maack and George 1999). Based on data pooled from
the whole year, the length—weight exponential rela-
tionship of P, fulvidraco was shown in Fig. 2.
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Table 3 Age composition of spawning stock of P. fulvidraco (N=332) in Ce Lake during reproductive season

Age Total length (mm) Total weight (g) Oocyte diameter (mm) Percentage (%)
Mean+95% Range Mean+95% Range Mean+95% Range

1 106.3+8.4 94.3-119.8 26.87+9.03 16.93-36.28 1.25+0.16 1.019-1.449 329

2 146.6+4.1 124.8-168.5 51.67+10.59 36.90-74.40 1.27+0.24 1.105-1.575 49.7

3 151.249.2 132.1-171.5 55.44+9.65 38.13-70.46 1.31£0.09 1.159-1.397 10.2

4 169.0+7.5 151.9-203.9 76.58+21.27 61.46-119.50 1.45+0.22 1.282-1.684 4.8

Not aged 107.7+6.5 102.1-114.9 27.24+8.36 21.33-36.85 1.12+0.18 0.999-1.325 2.4

Spawning season and patterns

As an indicator of reproductive condition, GSI were
calculated for both sexes using all available fish and
for each sex separately (Fig. 3). Water temperature
was also shown in Fig. 3 as a potential factor
governing variation in GSI. For females, the mean

GSI increased from April, reached a peak in May
(17.29%). It thereafter decreased slightly in June. In
July and August, it increased again to form the second
peak (12.77%) which was obviously smaller than the
first peak. In September, it lowered down rapidly to
approach the lowest values and remained at a low
level between October and March with a maximum

Fig. 2 The length-weight 140
relationship of P. Fulvi-
draco: a female: n=398; b

male: n=370
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Fig. 3 Annual changes in 20
gonadosomatic index (mean
values+SD) for male and
female P. fulvidraco in Ce 15 F
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value of 2%. The GSI curve of females fluctuated
more obviously than that of males. For males, there
were two peaks of GSI in the spawning season. One
was from May to August, which was concurrent with
that of females. The other was shaped in November.
The minimum individual GSI was in October
(0.23%). Besides, the GSI of males had another two
peaks in the non-spawning season, from February to
March and from November to December, respectively.
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Thus, the reproductive period for this species in this
particular environment was from April to August when
GSI was considerably higher than the rest months.
During spawning season, GSI values were 0.31-0.41%
for males and 9.38-17.29% for females, respectively.
The highest female GSI values were measured from May
to July and this period was presumably the peak spawn.

Ovaries from 156 females were prepared for
histological analyses. There were two distinct phases
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during oocyte growth. The primary growth phase
(PGP) included stage I, IT and III. Secondary growth
phase (SGP) included stage 1V, V and VI. Oocyte
size-frequency distribution was studied in the mature
fish (Fig. 4a-1). It showed the developmental se-
quence of maturation. In stage II and stage III, oocyte
diameter ranged from 0.5-0.6 and 0.7-0.9 mm,
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respectively. Yolked oocytes ranged from 1.1-1.85
and 1.4-1.9 mm for maturity stages IV and V,
respectively. The frequency of larger oocytes ranging
from 1.4—1.9 mm for the V stage was higher than that
of stage IV. The oocyte diameter for stage VI dropped
to the range of 0.3—1.3 mm, which largely belonged
to the small oocytes in the range of 0.3—0.7 mm. The
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Fig. 4 Monthly oocyte size—frequency distributions and ovarian stages variations of P. fulvidraco in Ce Lake in 2004. Each panel

corresponds to an individual fish
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period from April to August was considered as
spawning period. After spawning, individuals
returned to stage II for overwintering and never
developed into stage III till next March. This
distribution pattern of the developing oocytes, indi-
cated that P. fulvidraco is a determinant spawner or
single spawner, spawning only once during its
reproductive period. Based on this, the estimated
absolute fecundity is the annual fecundity. None of
total weight, total length and age of this species was
significantly related to oocyte diameter (p>0.05).
After logarithmic transformation of all variables,
there were no significant correlations among them,
neither.

Fecundity

Annual changes of condition factor (CF) of P.
fulvidraco were shown in Fig. 5. It peaked in
February and October for both sexes. The CF of
females ranged from 11.65-15.58 with a mean value
of 13.29, in which April-August were obviously
lower than those of the rest (p<0.05). The CF of
males ranged from 11.79-15.35 with a mean value of
13.82 and reached nadir in July. Except in January
and October, there was no significant difference of CF
for males in the rest months, while CF of females
fluctuated fiercely throughout the year.

All the oocytes were counted but only the more
advanced ones (size>1.1 mm) were used for fecun-
dity estimates. The fecundity was estimated from
yolked oocytes in 100 ovaries macroscopically staged
as IV and V from April to August. The absolute

Fig. 5 Annual changes of 20 -~
condition factor (CF) for
both sexes of P. fulvidraco
in Ce Lake

fecundity (AF) of P. fulvidraco ranged from 657 (total
length, 94.3 mm) to 11, 696 (total length, 175.7 mm)
eggs per fish, with mean AF value of 3,570+122 (S.D.)
eggs per fish, varying considerably at given length,
weight and age. The fecundity relative to total weight
(F/W) varied from 29-133 eggs/g, with a mean value
of 67+7 (SD) eggs/g.

All the correlation coefficients calculated between
fecundity and each of these independent variables,
were judged to be either moderately or high and
statistically significant (p<0.05) indicative of a very
good model for a fecundity study, considering
additionally that fecundity was not completely
depended on the size of the fish, but is affected by
various other factors such as the aquatic environment
and more importantly the condition of the fish
(Hotosa et al. 2000). The relationships of AF and
relative fecundity (F/W) with total weight (W) were
presented in Fig. 6. There was a positive linear
correlation between AF and relative fecundity (F/W)
with total weight (p<0.05). The correlation can be
best described as: AF=108.0624W-1611.2737, R=
0.8765, r*=0.7683, n=74; F/W=
3.082101W!11342065 ° p—0 8110, +*=0.6578, n=74,
respectively. The relationships between fecundity and
age (f) were presented in Fig. 7. There was positive
linear correlation existed between absolute fecundity
(F) and relative fecundity (F/W) with age (p<0.05),
though relative fecundity (F/W) dropped when fish
reached age 4. Their correlation can be best described
as: AF=2,282.2890x7-769.0522, R=0.8510, r’=
0.7242, n=74; F/W=128.6138x¢+6.987002, R=
0.8025, 17=0.6440, n=74, respectively.

00— 9

——J

IN FE MR

Reprinted from the journal

AP MA JU JL AU SE ocC NV DE

Month

@ Springer



Environ Biol Fish (2009) 86:75-88

Fig. 6 Relationships be- 14000
tween fecundity and total
weight of P. fulvidraco (N= 12000 4
74) in Ce Lake: a absolute
fecundity (AF) and total 10000 .
weight (W); b relative fe- @ L
cundity (F/W) and total 2 eooo
weight () -
S gooo
c
E
o 4000
< AF=108.0624W-1611.2737
e R=0.8765
0 (a)
-2000
30 40 50 60 70 g0 a0 100 110
Total weight (W, g)
200
700 b
__ 600
L
sp &S00
=]
5]
LE 400
o)
=]
; 300 i o
= . @ 5
L:_ 200 F;W=3.082IOIW].II,\AQD()S
100 .g' .. R=0.8110 (b)
o
20 40 50 &0 70 80 a0 100 110
Total weight (W, g
Discussion summarized in fishes: (1) body size of females > that

Comparison on the reproductive biology of P
fulvidraco among different parts of their range during
reproductive season was presented in Table 4. Differ-
ences do exist for the Ce Lake P fulvidraco
population relative to populations in the North.
Variations in spawning period, size and age of
spawners and differences in absolute fecundity pro-
vide biological evidence for specific spawning char-
acteristics in the Ce Lake.

Sex differentiation is one of the most important
indexes in fish biology study and also the preliminary
step for artificial breeding. Both morphological
differentiation and ultrasonography methods can be
used to determine fish sex (Mattson 1991). Three
types of sexual characteristics differentiation could be
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of males; (2) body size of females < that of males; (3)
similar size of both sexes with partial differences on
morphology (Lin and Lei 2004). Type I is most
common in favor of high production of females. The
rest two types make males easier to chase females and
give better protection to their offspring, thus enhanc-
ing their fertilization rates, hatching rates and survival
rates. In the present study, based on our observation,
P fulvidraco belonged to type II, since males were
always much bigger than females at the same age.
Larger size of males than females, higher abdominal
capability of females than males and significant
differences on contrasting total weight and net body
weight indicated that female P. fulvidraco utilized
more energy for reproduction, while males distributed
more energy for growth performance. Our observa-
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tions on the morphology of external sex organs such
as genital in the male P. fulvidraco could be also used
as an efficient way to differentiate sex, which were in
good consistence with the conclusions from the
earlier studies (Wang et al. 2002; Lin and Lei 2004).
Moreover, the CPL/L ratios were all higher than 0.13
during the whole year in males, while the reverse
were found in females. Compared with other bagrid
fish (Wang et al. 2002; Xiao et al. 2002), this would
be a useful standard for sex differentiation of P.
fulvidraco.

Sex ratio of a certain population is one of the most
important parameters for population ecological study.
Though overall sex ratio was close to expected 1.0
ratio (p>0.05), there has significant difference be-
tween the sex ratios in the spawning season and non-
spawning season. The sex ratio for the spawning
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group was 1.14:1 with skewness towards females (p<
0.05). During early spawning season (April-June), the
number of female of P. fulvidraco was higher than
that of male, while at the end of spawning season
(July—August), males were more. In contrast, during
non-spawning season, sex ratios were not bias
significantly from 1:1. Sex ratio difference was also
found in P fulvidraco at different size. Males were
predominant in larger size group (>160 mm), which
was consistent with previous study (Lei and Lin
2004). This could be considered as one of the
reproductive strategies of P. fulvidraco. During post-
spawning period, since females already consumed lots
of energy for spawning, more male fish would better
safeguard the fertilized eggs and offspring (Wang et
al. 2002). However, different sex ratios of spawning
group were reported before in other lakes. In Honghu
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Table 4 Comparison of spawning population demographics of P. fulvidraco in Ce Lake (present study) and throughout their
geographic range in China, listed from south to north

Location Sampling  Fish size® Fish Fish age® Spawning  Absolute Sex ratio
no. (mm) weight® (g)  (year) season fecundity (FIM)
Ce Lake (present study) 768 943 16.93 1%, 2" Apr.~Aug. 657~11,696 1.14:1
Honghu Lake (Ma 1991) 221 78.0 11.90 2t May~Aug. 794~4,873 0.87:1
Liangzi Lake (Du 1963) 376 - - - May~Jul. 1,086~4,496  —
Zhangdu Lake (Luo et al. 2005) 370 90.0 10.00 2%, 3" Apr~Jun. - -
Dongting Lake (Xiao et al. 2003) 155 102.9 30.67 1", 2" Apr.~Aug. 1,345~7,208 -
Poyang Lake (Liu 1997) 587 80.0 13.90 0%, 1%, 2" Apr~Jun.  1,134~12,412 1.23:1
Oujiang River (Lei and Lin 2004) 212 95.4 - - Apr.~Jun. — 1.79:1
Taihu Lake (Zou and Tian 1998) 165 112.0 28.50 2%, 37 May~Jul. - -
Tanghu Lake (Qiu et al. 2000) 3,241 126.0 28.00 17,2%,3", 4" Jun.~Aug. 1,405~14,960 1.81:1

#Fish size at first sexual maturity

®Fish weight at first sexual maturity

°Fish age refers to the age of the majority of spawning fish in that site.

Lake, the sex ratio (F/M) was 0.87:1 with skewness
towards males during reproductive season (Ma 1991).
On the reverse, it was 1.23:1 with skewness towards
females for Poyang Lake (Liu 1997). For Oujiang
River and Tanghu Lake, it was 1.79:1 and 1.81:1,
respectively, with extremely bias toward females (Qiu
et al. 2000; Lei and Lin 2004). In general, the sex
ratio of reproductive-aged fishes is known to vary
with the age and size at which fish begin to participate
in breeding, resistance to physical environmental
stress in each sex, water temperature and/or pH
during the sex determination period, population
density, and other factors (Liu 1997).

The most common practice for the determination
of a species spawning season is the establishment of
its GSI, oocyte diameter frequency, as well as
microscopic and histological examination of the
gonads (Wang et al. 2002). The fact that, during
January, February, September to December 2004, the
mean GSI of female fish were less than 2% and the
ovary of no fish exceeded stage III, demonstrates that
P. fulvidraco undergoes little gonadal development in
the early spring, autumn and winter. However, the
marked increase that occurs in mean GSIs, oocyte
diameters and the stage in ovarian development from
April to August shows that the gonads mature rapidly
between late spring and summer (April~August). The
data on the monthly trends exhibited by the oocyte
size-frequency and gonadal stages provide strong
evidence that P. fulvidraco spawns between April
and August, with spawning activity peaking from
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May to July, which was consistent with previous
study in Donting Lake (Xiao et al. 2003). For Liangzi
Lake, reproduction was found to occur from May to
late July (Du 1963). The reproductive season of P,
fulvidraco from Honghu Lake, occurred from May to
August with a peak in June and July (Ma 1991).

To verify the spawning pattern of P. fulvidraco is
of great importance for fecundity estimation. Howev-
er, there was no agreement in former studies. Wang et
al. (2002) reported it as a batch spawner and spawned
twice during one spawning season per year. Liu and
Zhang (2003) insisted that it is a single spawner. In
the present study, we agree with the second view-
point. Though there were two peaks of GSI for
females and four for males, the ovaries returned to
stage II after spawning and never developed till the
new spawning cycle. Thus there was little chance for
P fulvidraco to return stage IV after first spawning
and spawn the second time.

Analysis of age distribution of P. fulvidraco during
reproductive season indicated that age 1" and age 2"
fish dominate reproduction in Ce Lake, which was in
accordance with the results in Honghu Lake and
Dongting Lake (Ma 1991; Xiao et al. 2003). This may
be related to over-exploitation which leads to the
degradation of natural resources. However, in
Zhangdu Lake and Taihu Lake, the majority of
spawning fish are age 2" and age 3" (Zou and Tian
1998; Luo et al. 2005). Surprisingly, for Poyang Lake,
fish at age 0" is one of the major populations among
spawning fish (Liu 1997). The age structure in

Reprinted from the journal



Environ Biol Fish (2009) 86:75-88

Tanghu Lake was random and no majority existed
(Qiu et al. 2000). First maturation size and weight of
P fulvidraco in Ce Lake was lower compared to
Dongting Lake, Taihu Lake and Tanghu Lake, which
further proved that the natural stock of this species
was under pressure and rational management for
protection should be proposed.

The fecundity estimation showed that P. fulvidraco
had a reproductive strategy common to many other
bagrid catfish (Qiu et al. 2000; Wang et al. 2002). It
had a low absolute fecundity ranged from 657 to
11,696. According to previous studies, absolute
fecundity of P. fulvidraco in Honghu Lake, Poyang
Lake, Liangzi Lake and Tanghu Lake ranged
794~4,873, 1,132~12,412, 1,086~4,496, and
1,405~14,960, respectively (Du 1963; Ma 1991; Liu
1997; Qiu et al. 2000). Among five geographical
groups, absolute fecundity of P. fulvidraco in Ce Lake
was close to that of Poyang Lake and Tanghu Lake,
and higher than the rest two groups. In response to
environmental differences, the ability of changing its
reproductive biology is usually thought of as an
adaptive strategy to differing environments. These
changes may have effects beyond the individuals, and
may alter ecological processes in the environment by
changing many direct and indirect ecological inter-
actions. Local adaptation is a process that also may
produce differences in reproduction. Life history
parameters, reproductive traits in particular, are
known to vary across environmental gradients in
some fishes (Mazzoni and Iglesias-Rios 2002). The
proposed reasons for these findings include changes
in stream hydrology, sediment input and temperature.
Relative fecundity (29-133 eggs-g ') of P. fulvidraco
in Ce Lake was close to other bagridea catfish (Yang
1994; Wang et al. 2002). Though absolute fecundity
is low, with high quality eggs, high fertilization rates
and careful protection for offspring, P. fulvidraco gain
high survival rates of their juveniles (Wang et al.
2002). This ecological strategy proved that under the
pressure of over fishing, P. fulvidraco could still
survive as the predominant species, which was
consistent with the study in Honghu Lake (Ma 1991).

Management of many exploited fish populations is
based on spawner-recruitment models. Traditional
recruitment models assume that the reproductive
potential of a population is proportional to its
spawning stock biomass (Murua and Motos 2006).
This implies that the survival rates of offspring are
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independent of parental age, body size or condition
(Cardinale and Arrhenius 2000), and that total relative
fecundity and thus annual egg production per unit
mass of adult stock are invariable over time. Howev-
er, there is increasing evidence indicating that direct
proportionality between spawning stock biomass and
reproductive potential may not exist. This could even
be more evident when the production of eggs per unit
stock spawning biomass may vary substantially
among years depending upon environmental condi-
tions (e.g. temperature and food availability) during
the spawning season (Murua and Motos 2006). Based
on present study, four protection recommendations for
P fulvidraco are proposed accordingly. First, larger
mesh size (>3 cm) of seine nets should be used to
replace the old smaller ones during common harvest-
ing. Second, harvesting time should avoid the peak
reproductive season (May to July) of P. fulvidraco
and harvest fish size larger than 15 cm with a
minimum age of 2*. Third, artificial breeding, larvae
releasing to natural water bodies and artificial culture
of P. fulvidraco should be conducted to reinforce the
population and lessen the pressure of natural stocks
(Xiao et al. 2002). Finally, sewage and industrial
wastewater discharging to these lakes should be
controlled and monitored and better waste treatment
methods should be investigated (Xiao et al. 2003).
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Abstract Some key aspects of the reproductive
strategy of the brown trout (Salmo trutta fario L.) in
the Yadong River, Tibet, including spawning season,
age at sexual maturity, fecundity and egg size, have
been studied. The majority of the samples were less
than 215 mm and age ranged from 1 to 4 in both
sexes, indicating that the majority of the fish were
younger and the pressure by overfishing was high.
The spawning periodicity was determined to be
between the end of October and January, mainly in
November and December. The ratio of male to female
brown trout population (1.29:1 with P>0.05) sug-
gested no sex significant differences, although males
were significantly more abundant than females in
October (P<0.0001) on monthly basis. Age and size
of males and females at maturity was different and
males matured earlier than females. Fecundity was
markedly correlated with their body weight (P<
0.001, r=0.9255), standard length (P<0.01, r=
0.8879), and gonad weight (P<0.001, r=0.9366).
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The mean size of mature eggs in the spawning season
was: 4.0£0.45 mm and tended to increase along with
the female spawners size (P<0.001, r=0.9641).
Further researches about the brown trout population
in the Yadong River should be conducted on issues
such as artificial reproduction, culture, conservation,
management, and restocking.

Keywords Salmo trutta fario L. - Reproduction -
Tibet

Introduction

The brown trout (Salmo trutta), family Salmonidae, is
indigenous to Europe, North Africa, and western Asia
(MacCrimmon et al. 1970), but it is now found world-
wide (Klemetsen et al. 2003). The reproductive traits
of brown trout have been described in geographically
different populations previously (Hegge et al. 1991;
Crisp 1994; Sorensen et al. 1995; Garcia-Vazquez
et al. 2001; Nicola and Almodovar 2002; Pender and
Kwak 2002; Alp et al. 2003; Estay et al. 2004; Olsen
and Vollestad 2005; Rubin et al. 2005; Arslan and
Aras 2007).

The brown trout (Salmo trutta fario L.) was first
reported from the Yadong River, Tibet, in 1962
(Zhang and Wang 1962) although it was probably
introduced into the river more than a hundred years
ago. The population of this brown trout has decreased
because of water pollution, overexploitation and
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damming for waterpower. Studies of such trout from
the Yadong River were limited to their morphology
(Zhang and Wang 1962) and our recent study of their
embryonic development (Hao et al. 2006). Given the
local economic importance of this fish (the most
important economic source of local fishery and travel
industry), the reproductive biology of the brown trout
from the Yadong River, Tibet, has not hitherto been
studied thoroughly.

The major objective of this study is to reveal the
reproductive traits of the wild brown trout population
in the Yadong River, Tibet, by investigating spawning
season, age and size at sexual maturity, fecundity and
egg size. We believe that such studies are deemed
vitally important for the management of the local
fishery and environmental protection.

Methods and materials

Sampling locations for brown trout were the mid-
section of the Yadong River (Fig. 1), that originates

Tibet
North

\
.

Yadong

Yadong
river

N

Sikkim Bhutan

Skm

Fig. 1 Schematic map of the Yadong River. Black dots indicate
the sampling section
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from the south slope of Himalayas and flows into
Brahmaputra River, India. The river length is over
60 km. The width and depth varied from 5 to 16 m
and from 20 cm to 2.5 m, respectively. It runs
throughout a sharp and narrow valley. There is bushy
vegetation in both sides. The river bed is covered by
boulders and cobbles. Water temperature fluctuated
between 0°C (in winter) and 15°C (in summer). The
water flow was between 1 and 12 m® s™' during the
study period. The sampling region has altitudes from
around 2,700 to 3,700 m above sea level. No fishes
were captured above altitude 3,700 m.

We gathered data to investigate size and age at
maturity for both male and female, spawning period-
icity, sex ratios and fecundity. Brown trout samples
were collected by using casting net (I cm mesh size)
for about 20 km along the riversides of the Yadong
River from August 1999 to January 2003. Four
hundred sixty-two individuals were collected. They
were measured for total length (TL) and standard
length (SL), with an accuracy of 0.5 mm (putting fish
into a box and measuring the length with steel tape),
body weight (Wb) with an accuracy of 0.5 g
(weighing fish with an electronic balance). Three
hundred two individuals were sacrificed and sex was
determined visually or by microscopic examination of
the gonads. After the gonads were weighted (Wg)
with an accuracy of 0.1 g (weighing sample with an
electronic balance), they were preserved in 95%
ethanol and Bouin’s solution, respectively. The other
160 individuals were released after measuring the TL,
SL and Wb. The developmental status of the gonads
was investigated in six different stages, in which stage
I was not observed in the current study; stage II and
I were defined as immature, consisting of very
young individuals; stage IV and V were considered as
mature and stage VI was considered as post-mature
(Yin 1995). In the laboratory, total egg number and
average egg size (egg diameter, D) were determined
for each female from a random sample of 20 eggs to
nearest 0.1 mm with a digital micrometer for three
times. Scales were used for estimating age (Rifflart
et al. 2006). All specimens were preserved in 10%
formalin and kept in the Museum of Freshwater
Fishes, Institute of Hydrobiology, Chinese Academy
of Sciences (IHB, CAS).

Spawning season was estimated from the gonad-
somatic index (GSI) and gonad development status.
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Fecundity also was quantified as the GSI. The GSI
was calculated from the equation: GSI=(Wg/Wb)x
100, where Wg is the gonad weight (gram) and Wb is
the body weight (gram). Body weight, standard
length, gonad weight and fecundity relationships were
determined from the equations according to Alp et al.
(2003):

InF=p+qxInWb, F =pl x Wb?;
InF=p+4+¢gxInSL,F = pl x SLY,;
InF=p+qgxInWg,F =pl x Wb?;

Where F is the number of eggs (fecundity), SL,
Wb, and Wg are the standard length (millimeter),
body weight (gram) and gonad weight (gram),
respectively, and p and ¢ are constant parameters in
linear regression analysis and pl=e”.

The data analysis was conducted using Statistic 6.0
and Excel. The number of fish was given for each test
unless the whole data set was used. The chi-squared
test was also performed to compare the sex ratio.
One-way ANOVA and Duncan’s multiple comparison
test were used to determine the difference of GSI. An
independent t test was used to compare fecundities of
different populations.

Results

Of the 462 individuals examined, 170 were males,
132 were females and 160 were not determined
before they were released into the river. The
standard length frequency distributions of these
individuals were summarized in Fig. 2. Males ranged
from 103.0 to 364.0 mm, with a mean standard length
of 188.91+52.259 mm and females ranged from 93.0
to 362.0 mm, with a mean standard length of 192.60+
68.581 mm. The majority of the samples (accounting
for 68.40%) were comprised of individuals between
120.0-215.0 mm in length group (Fig. 2). Age ranged
between 1 and 4 years old in males and females. The
group of age 2 was dominant in both sexes (71.2%
and 54.5% in male and in female, respectively).
Seasonal distribution of the maturity stages is
shown in Table 1. Immature individuals (stage II
and IIT) were observed in most months. Females with
maturing ovaries (stage IV) appeared from June to
December whereas males with maturing testis (stage
IV) were seen from June to October. Fewer female
fish were observed with mature ovaries (stage V) in
October—December compared with male with mature
testis (stage V) observed at the same seasons. The

Fig. 2 Standard length 45
frequency histogram
of brown trout from the 40
Yadong River between 1999 |
and 2003 (n=462)
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Table 1 The monthly frequency of maturity stages in female (n=132) and male (n=170) of brown trout from the Yadong River

Months Maturity stages of the females Maturity stages of the males

11 1 v A% VI Mat 1I 111 v A% VI Mat
Apr 5 3 13 2
May 7 7 3 6
Jun 8 5 1 1 2 5 2 2
Jul 9 5 6 6 11 11 4 4
Aug 8 19 5 5 5 23 1 1
Sep 3 5 2 2 3 9 5 5
Oct 4 2 1 3 1 30 31
Nov 1 2 11 1 14 18 18
Dec 2 8 3 13 10 6 16
Total 40 48 20 20 4 44 37 56 13 58 6 77

Mat Number of mature individuals

monthly distribution of the maturity stages confirmed
that brown trout began to mature during the autumn
(only one sample in October) and spawned mainly
between November and December, although some
individuals were observed to spawn in January (data
not shown).

For the 302 specimens examined for sex determi-
nation, 33.3% females and 45.3% males were
sexually mature. For females ages at first maturity
were 3 to 4 years old, whereas for males ages at first
maturity were about 2 to 3 years old. The youngest
female mature brown trout was 3 years old, 242 mm
standard length, in the Yadong River, whereas the
youngest male mature fish was 2 years old, 168 mm
standard length (Table 2).

In the current study, the sex ratio (males/females)
of the Yadong brown trout population was 1.29:1
(chi-squared test, P>0.05) and this is not significantly
different from 1:1 ratio. The monthly changes of sex
ratios were illustrated in Fig. 3. The sex ratios ranged

Table 2 The age and size of both sexes brown trout at maturity

from 1.2:1 to 4.43:1 in spawning seasons. There were
no significant differences in sex ratios on monthly
basis, with an exception in October (4.43:1, chi-
squared test, P<0.0001).

GSI values between October and December were
significantly higher (P<0.05) than other months
(Fig. 4). The GSI in female brown trout ranged from
0.89 to 17.66. The maximum GSI value in females
was observed in December, whereas the minimum
value was in April. These results showed that sexual
development accelerated in autumn (September,
October and November) and reached the maximum
in December.

Fecundity varied from 312 to 1,655 with a mean of
946.35+363.07 based on 23 females. The size of eggs
from 23 spawners ranged from 3.3 to 4.5 mm with a
mean 4.0+0.45 mm. The size of mature eggs trended
to increase along with the size of the female spawners
(Fig. 5). Some significant correlations were found
between fecundity and body weight (P<0.001),

Age Female Male

N Imm Mat % Mat Min Max N Imm Mat % Mat Min Max
I 72 72 121 89 32 26.4 168 227
111 33 4 29 88 242 313 37 37 100 174 315
v 15 15 100 245 362 8 8 100 270 364

N Number of the fish, /mm number of immature individuals, Mat number of mature individuals, % Mat the percentage of mature
individuals, Min minimum value of standard length at maturity (millimeter), Max maximum value of standard length at maturity

(millimeter)
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Fig. 3 Monthly sex ratios of brown trout from the Yadong
River (n=302)

standard length (P<0.01) and gonad weight (P<
0.001) (Fig. 6). These linear relationships may be
expressed by the following regression equations:

InF = 1.3345 x In Wb — 1.4596,

F =0.2323 x Wb!¥3%(» = 0.9255, n = 23)
InF =3.7972 x InL — 14.954,

F =3E—07 x L*7(r = 0.8879,n = 23)
InF = 1.8485 x InWg + 1.1006,

F = 6.3502 x Wg'19%(r = 0.9366,n = 23)

Discussion

In the Yadong River, the standard length of the
majority of the samples were less than 215 mm and

m female = male

GS1%
)

Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 4 Seasonal fluctuations in gonad—somatic index in female
and male brown trout from the Yadong River
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Fig. 5 Relationships between egg size and body weight of
brown trout spawners from the Yadong River

age ranged from 1 to 4 years old in both sexes,
indicating that the majority of the fish were younger
and the pressure of overfishing was high. A similar
situation has been cited for overfished brown trout
populations elsewhere (Almodovar and Nicola 1999;
Almodovar et al. 2002; Arslan and Aras 2007).

In the present study, age and size at maturity was
different between the males and females in the Yadong
River and males matured earlier than females, since
females have higher energetic to mature (Euzenat
et al. 1999). Similarly, there was considerable varia-
tion in age and size at maturity in brown trout among
different populations in previous studies (Lobon-
Cervia et al. 1986; Hegge et al. 1991; Olsen and
Vollestad 2005). According to Olsen and Vollestad
(2005), age and size at maturity varied between the
sexes and males usually matured earlier than females,
which was also agreeable with the early studies
(Johnson 1989). There was evidence showing that
within an area that a correlation between size and age
was a good predictor of maturation, but for a given
age and size a salmon parr was more likely to become
sexually mature if it came from a high-altitude site
(Baum et al. 2004). Some studies showed males may
attain maturity from less than 100 mm in length at age
1 year old (Dellefors and Faremo 1988; L’ Abée-Lund
et al. 1990). Alp et al. (2003) reported that age of
sexual maturity of brown trout living in Firniz Stream
was between 2 and 3 years old, the smallest mature
male and female fishes were 174 and 178 mm,
respectively. Recently, Arslan and Aras (2007) de-
scribed that male and female brown trout reached
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Fig. 6 Relationships between fecundity and body weight (a), standard length (b) and gonad weight (¢) of female brown trout from the

Yadong River

maturity at the age of 1.99 and 3.19, and when they
were 141 and 172 mm in the Anuri Stream while
those in the Cenker Stream attained at age of 1.99 and
3.22 when they were 140 and 173 mm length,
respectively.
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The sex ratio males to females of Yadong River
brown trout population was 1.29:1 (P>0.05), suggest-
ing no significant difference. In general, the sex ratio
is expected to be 1:1 in closed populations(Nikolsky
1963), though some factors (such as food availability,
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spawning season, spawning ground and so on) could
influence sex ratio (Alp et al. 2005). Arslan and Aras
(2007) also reported that the sex ratios for brown trout
were 0.94:1 and 0.97:1 in the Anuri and the Cenker
streams, respectively, indicating a significant differ-
ence in the numbers of males and females. However,
males were significantly more numerous than females
in October (P<0.0001) on monthly basis in our study.
For the case, the limited number of samples was
insufficient to draw a reliable conclusion.

Our data displayed that the spawning periodicity
was between the end of October and January
(autumn—winter period), mainly concentrated in
November and December, being consistent with the
general pattern described. As has been documented in
the literature on this subject, the spawning time in
brown trout occurs during the autumn—winter period
(Hobbs 1937; Needham et al. 1945; Horton 1961;
Thomas 1964; Hopkins 1970). Some more recent
reports also indicate similar spawning periodicity
(Pender and Kwak 2002; Alp et al. 2003; Estay
et al. 2004; Rubin et al. 2005; Arslan and Aras 2007).

This study observed positive correlations between
female length, body weight, gonad weight with
fecundity in Yadong brown trout populations. Sim-
ilarly, high correlation was also found between female
size and salmonid fecundity in relation to fish length in
an earlier study (Taube 1976). Nicola and Almodovar
(2002) also described a significant relationship be-
tween female length and fecundity in brown trout
populations in seven study streams in Spain. Accord-
ing to Olsen and Vollestad (2003), fecundity increased
with fish length and there was no consistent difference
in fecundity, based on comparing all eight populations.
Estay et al. (2004) also reported that analyses of
female body weight during spawning and total
fecundity over three seasons revealed a positive linear
correlation, that is heavier females produced more
eggs. However, the fecundity for Yadong brown trout
was different (higher or lower) from other reports
(Nicola and Almodovar 2002; Alp et al. 2003; Olsen
and Vollestad 2003; Estay et al. 2004; Arslan and Aras
2007), possibly caused by different factors like
altitude, water temperature, age, and food availability.

In addition, this study showed the size of mature
eggs tended to increase along with the female
spawners size. Variation in egg mass and fecundity
among the populations studied may result largely
from selectively different environmental factors, of
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which water temperature was considered the most
probable selective factor responsible for this variation
(Jonsson and Jonsson 1999). However, egg size was
strongly influenced by environmental factors, and
individual fish produces eggs of different size at
different reproductive conditions (Kamler 1992;
Chambers and Waiwood 1996). Variation in egg size
among salmonid populations may represent local
adaptations (Fleming and Grossm 1990). There were
some evidences that such variation was heritable (Gall
1975; Gjerde 1986), but egg size was also a plastic
trait and it can be influenced by maternal feeding
conditions (Jonsson and Jonsson 1999) and maternal
size (L’Abée-Lund and Hindar 1990; Heath et al.
1999).

In conclusion, the majority of fish from the
Yodong River were younger and age classes were
simple, suggesting that this population is threatened,
so some protective measures should be taken to
prevent capturing the fish in spawning period (from
October to January). Further studies should be
conducted on artificial reproduction, culture, conser-
vation, management, and restocking to improve our
understanding of how to protect, restore and enhance
brown trout population in that river.
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Abstract Ptychobarbus dipogon is an endemic fish in
the Yarlung Tsangpo River, but its biology is poorly
known. We sampled 582 specimens (total length, TL,
between 70.6 and 593.0 mm) from April 2004 to
August 2006 in the Lhasa River, Tibet. We estimated
ages based on the counts of alternating opaque and
translucent zones (annuli) in thin transverse sections of
lapilli otoliths. Ages ranged from 1" to 23" years for
males and 1" to 44" for females. The observed 44" years
was the oldest reported for schizothoracine fishes.
Females attained a larger size than males. The TL—
weight relationship was W=7.12x10"°TL** for
combined sexes. The growth parameters fitted von
Bertalanffy growth functions were L., = 598.66 mm,
k=0.0898 year ', 7,=-0.7261 year and W, =
1585.38 g for females and L., = 494.23mm, k=
0.1197 year ', £,=—0.7296 year and W, = 904.88g
for males. The longevities of 32.7 year for females and
24.3 year for males were similar to the observed ages.
Using an empirical model we estimated the instanta-
neous rate of total mortality (Z) at 0.28 per year in the
lower reaches. Z in the upper and middle stocks was
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close to the M because of unexploited or lightly
exploited stock. Protracted longevity, slow growth,
low natural mortality and large body size were typical
characteristics of P. dipogon. The current declining
trend of P. dipogon could be prevented by altering
fishing regulations.

Keywords Ptychobarbus dipogon - Age - Growth -
Mortality - Tibet

Introduction

The subfamily Schizothoracinae (family Cyprinidae) is
the predominant group of endemic fish living in the high-
elevation rivers and lakes in the Qinghai-Tibet Plateau
(Cao et al. 1981). However, biological information of
schizothoracine fishes is seriously lacking in comparing
with their wide distribution. Existing publications
mainly represent the genus Schizothorax (Tsao and Wu
1962) and Gymmnocypris (Hu et al. 1975; Zhao et al.
1975; Ren and Sun 1982; Chen et al. 2001, 2002b;
Yang et al. 2002; Chen et al. 2004). The schizothoracine
species are characterized by low growth rate, low
fecundity and late sexual maturity as adaptation to their
rigorous environment (Wu and Wu 1992; Chen and Cao
2000). These life-history characteristics make them
particularly sensitive to the intense exploitation. The
conservation of natural population and exploitation of
sustainable resources of schizothoracine fishes have
been become increasingly matters of concerns.
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Ptychobarbus dipogon mainly resides in the Yarlung
Tsangpo River and its tributaries at altitudes above
3,000 m. Although there are an abundant fisheries
resource because of the religion convention of the local
population and remote location, the catches have recently
shown a slightly depletion in length-based assessment in
the lower reaches of the Lhasa River. The threats are
mainly from the indiscriminate fishing as a result of the
increasing public demand and the construction of
hydropower projects. However, attempts to develop an
effective population management strategy have been
obstructed by lack of basic biological information.

Accurate age determination and estimates of growth
and mortality parameters are fundamental requirements
for understanding population dynamics and maintaining
sustainable yields in fisheries biology (Campana and
Thorrold 2001). Life history variations of P. dipogon in
the upper-middle reaches and lower reaches are
indispensable for constructing age-structured popula-
tion dynamic. The objective of this study was to
examine whether the age structure and life-history traits
of P. dipogon were influenced by fishery activities in
the Lhasa River. In addition, life history characters of
P. dipogon were compared with those of other
schizothoracine fishes in the Qinghai-Tibet Plateau.
Finally, we propose some management guidelines that
could improve the conservation of P. dipogon.

Study area

The Lhasa River (29°20'-30°15'N, 90°05-93°20'E)
with its length of 551 km, is located on the left of the
Yarlung Tsangpo River in Tibet Autonomous Region,
at an altitude of 3,580-5,200 m, with a mean river bed
gradient of 2.9%o0. At Zhigung the river course is
divided into the upper-middle reaches and lower
reaches. Based on the relative abundance and popu-
lation segmentation due to the construction of a power
plant, the division of P. dipogon populations was
distinct at Zhigung, and respectively representing the
unexploited and exploited stocks (Fig. 1).

The climate of the region is strongly influenced by
high elevation. The mean temperature of the water in
Lhasa is 7.5°C (range 0.8°C to 13.9°C). In the
headwaters of the Lhasa River above 4,000 m, the
river is covered by a thick layer of ice from
November to April. In the moderate reaches, the ice
freezing occurs sporadically. The river system is
supported by rainfall and snow melt. Nearly 80% of
the annual rainfall occurs between mid-June and mid-
September (Xiong and Tang 1998). Among all the
hydrological factors, flood impulse is probably the
strongest factor that regulates adequate water cover,
food supply and breeding grounds, especially in its
upper stretches and piedmont.

Fig. 1 Sampling location
and division of P. dipogon
stocks in the Lhasa River.
Zones were distinguished
according to the differences
in fish abundance and
stocks segmentation
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Materials and methods
Sample collection

We collected opportunistically Ptychobarbus dipogon
from various sites from a variety of fisheries dependent
and independent sources from April 2004 to August
2006. Most (90.4%) P. dipogon catches were in the
Lhasa River with floating gillnets and cast nets

(Table 1). We recorded the full range of biological
information from all specimens. In addition, we
extracted the otoliths from all specimens, and then
prepared and measured them (Li et al. 2008).

Age estimates

Based on position of the first increment and the
assumption that each opaque and translucent zonal

Table 1 Samples collected for growth estimation of P. dipogon in the Lhasa River

Locality Altitude (m) Date Total length (mm) Total weight (g) Number of samples
(male: female: undetermined sex)
Tanggu 4,200 27/11/2004 355-550 275-1,121 7:13:3
Damxung 4,230 17/06/2004 275-564 157-1,269 6:18:0
1/11/2004 391460 486-725 4:4:0
23/06/2006 178-390 40-436 3:4:2
Poindo 4,100 22/06/2004 175-288 40-192 0:0:5
13/11/2004 99-199 6.8-55.8 1:6:9
4/01/2005 203461 48-699 11:15:0
18/03/2005 322430 280-680 2:2:0
29/05/2006 135-490 14.6-881 5:5:1
Alang 3,980 30/11/2004 256-350 123-286 8:12:0
Zhaxue 3,950 17/07/2004 377450 406668 8:0:0
Maizhokunggar 3,850 19/06/2004 250-455 120-724 3:8:1
10/072004 232-357 84-324 6:5:1
5/01/2005 218-445 70-630 1:4:0
15/05/006 333420 283-543 1:2:0
Pingcuo 3,830 23/09/2004 250-365 230-344 2:6:2
11/12/2004 220-393 200-368 1:7:1
5/01/2005 218-445 200442 1:4:0
Dagzé 3,800 29/03/2004 252-453 101-727 20:16:2
25/04/2004 277-593 139-1,234 9:15:1
13/06/2004 268-376 155422 7:3:0
5/07/2004 234-326 93-246 2:3:0
22/09/2004 230-348 87-303 3:19:4
12/10/2004 240-353 99-333 2:7:1
14/06/2006 70-314 2.3-231 0:3:9
Zhangdo 3,860 8/07/2004 195-478 54-785 12:8:0
21/05/2006 390-567 500-1,422 0:7:0
10/06/2006 126-510 12-1,176 6:10:9
8/07/2006 187-530 43-1,267 6:10:4
4/08/2006 235-470 89-756 9:11:3
Lhasa 3,650 24/04/2004 200-289 66-172 2:10:6
18/08/2004 249-575 105-1,351 10:12:3
19/11/2004 227-359 68-350 5:6:2
2/12/2004 278-352 148-294 0:3:0
18/02/2005 347450 350-645 18:2:0
23/03/2005 156-543 25-1,326 12:7:1
15/04/2005 250-310 113-228 1:4:0
17/05/2005 210-320 66-233 6:14:3
Qiixii 3,580 20/05/2004 283-388 190471 5:5:1
10/12/2004 355428 352-536 2:1:0
22/05/2006 163-392 31.8-503 3:6:2
21/06/2006 147-238 24.1-99.3 1:2:5
Reprinted from the journal 99 9 Springer
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pair represents 1 year, otolith reading was done
along the inner and lateral axis in the thin
transverse sections of lapilli. The reader had no
prior knowledge of length, sex or time of capture
before age and growth estimation. All ages were
determined twice by the same interpreter after a
considerable time (30 days). The consistency of
age interpretation was assessed by calculating the
coefficient of variation (CV) between the repeated
readings (Campana 2001).

Growth modeling

The total length—weight relationships were calculated
by the power relationship of: W=aTL’ (1). The
standard von Bertalanffy growth function (VBGF
1938) was used to express the observed total length-
at-age 7: L, = Loo{l — exp[—k(¢t — £p)]} (2). Where
L, is the asymptotic length-at-age, which represents
the average length-at-age of individuals would attain
if they grew indefinitely. The k is a curvature
parameter determining the rate at which the fish reach
the asymptotic length, 7, is a position parameter
defining the initial condition on the time axis when
fish length is zero.

The growth performance index was calculated by
the equation of Munro and Pauly (1983): O =
log,ok + 2log;y Lo (3). The value of phi-prime (9)
was used to compare growth parameters obtained in
the present work with those reported by others. The
utmost age (4max) Was defined by Fei and He (1983)
according to the following formula: Ay, = 3/k + £y

(4).
Mortality estimation

Beverton and Holt (1956) showed that the total
mortality rate (Z) could be estimated from length
frequency information. The Beverton and Holt’s
equation was described as: Z=k (Lo, - L)/ (L - L.)
(5) where Lc is the smallest length at first capture
and Z is the mean length of fish calculated from
L. upward. Hoenig’s method (1983) was based on
the empirical relationship between mortality and
longevity. The relationship between the instanta-
neous rate of total mortality (Z) and maximum age
was expressed as:In(Z) = 1.46 — 1.01 In(Tpmax) (6).
Longevity (Tnha.x) was estimated from the oldest
observed age during this study. M was calculated
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by Pauly (1980) empirical equations. The equation is
described as:

log;p M = —0.0066 — 0.27910g,( Loc (7)

+0.6543 log, k + 0.46341og, T

where L., and k are parameters derived from the
VBGF; T is the average annual temperature at the
surface (in °C), which was 7.5°C in the Lhasa River.
Estimates of fishing mortality () were calculated by
subtracting natural mortality from total mortality.

Data analysis

We used the Origin 7.0 and Statistica 6.0 packages for
data analysis. We used Kolmogorov—Smirnov tests (x=
0.05) to determine whether significant differences
existed between males and females. The residual sums
of squares analysis (ARSS) was used to determine
whether any significant difference existed in the length—
weight relationships and von Bertalanffy equations for
male and female (Chen et al. 1992).

Results
Length—frequency distributions

Of the 582 P. dipogon sampled, 212 were males, 308
were females, and 90 were immature or of undeter-
mined sex. Length—frequency distributions were not
significant difference between sexes (Kolmogorov—
Smirnov; D=0.1128, P=0.076). The largest male
registered in this study was 490 mm TL, the largest
female was 593 mm TL, whereas the smallest
specimen was 70 mm TL. Female attained the larger
size than males. There was a significant difference in
Length—frequency distributions between the two
stocks from the upper-middle reaches and lower
reaches (D=0.1756, P=0.001) (Fig. 2).

Length—weight relationship

The total length—weight relationships were depicted
separately for males and females (Fig. 3). No signif-
icant differences were found between the length—
weight for males and females (F=1.4973, P>0.05).
Therefore, the regression equation was developed
from pooled data as W=7.12x10"°TL*°%, »=0.9869
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Fig. 2 Length—frequency histogram of P. dipogon between the
two stocks (n=582)

(n=582). The hypothesis of isometric growth for this
species was accepted, as the obtained allometric index
value (b) was not significantly different from 3 (s-test,
Pauly 1984; t=0.78<ty ¢5=1.96).

Age structure

The total number of translucent zones was recorded
and considered to be the number of annuli by
alternating broad opaque and narrow translucent
zones outwards the nuclei of lapillus (Fig. 4). The
ages were successfully determined for 203 females
between 158 and 493 mm TL, 141 males between
157 and 490 mm TL, and 49 undetermined specimens

1600
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. ® °
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1200 % o
T
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T
400

3(])O
Total length (mm)
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Fig. 3 The total length—weight relationships of P. dipogon for
males and females

Reprinted from the journal

101

Fig. 4 The typical overlook of P. dipogon cross transverse
section of lapilli under transmitted light

between 70 and 550 mm TL. The reliability of the age
estimates had low CV (3.14%), reflecting good
concordance in the readings. There was a slight
difference in the age frequency composition of the
pooled samples based on sex (Kolmogorov—Smirnov;
D=0.0915, P=0.469). The youngest fish (70.6 mm
TL) was 1" years old. The oldest female P. dipogon
was 532.0 mm TL and was estimated to be 44" years,
and the oldest male was 460.0 mm TL that was
estimated as 23" years old. The estimated age of
44" years was the oldest for schizothoracine fishes,
suggesting that P. dipogon was an exceptionally long-
lived fish. There were significant difference of age
structure for pooled sexes between the upper-middle
stocks and lower stocks of the Lhasa Rivers (D=
0.3993, P=0.000) (Fig. 5). A much higher proportion

50
~ 407 I the upper-middle stocks
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5 30-
g
=3
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5 10 15 20 25 30 35 40 45
Age (years)

Fig. 5 Comparison of age structure for pooled sexes between
the upper-middle stocks and lower stocks of the Lhasa Rivers
(n=393)
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Fig. 6 The von Bertalanffy growth curve of P. dipogon with
the observed TL at age derived from otolith reading

of older P. dipogon were sampled from the catches of
the upper-middle headwaters undisturbed (300—
500 mm TL; 32.6% over 10 years).

Growth characteristics

Growth models fitted the observed TLs-at-age data
were calculated by the least square method for each
sex. The von Bertalanffy equations were attained as:

L,=494.23(1 - exp[-0.1197(z+0.7296)]} > =0.8856; (3)

L, =598.66{1 - exp[-0.0898(z+0.7261)]} *=0.8115. (%)

The growth curve described a trend of relatively
slow growth based on the observed TLs-at-age data
between sexes, respectively (Fig. 6). Females attained
a greater theoretical asymptotic TL in comparison to
males (F=3.5694, P<0.05). Growth parameters indi-
cated that the growth rate of females was lower than
males. In addition, the growth patterns of different
stocks were fitted the VBGF were shown when the

individuals of above 23 years were excluded because
of the poor specimens (Table 3). A comparison
derived from the two group parameters clearly
demonstrated that P. dipogon caught in the lower
reaches exhibit relative rapid growth and longer
asymptotic total length than those in the upstream
zones (F=3.1326, P<0.05).

The asymptotic weights based on the von Bertalanffy
growth equations were estimated as W#,=904.88 for
males and W,=1,585.38 for females. As the above
depiction in the growth curve showed a rapid increase
in weight before 11.6 years for females and 8.5 years
for males, and then annual growth rate increments
declined gradually. The A,.« of P. dipogon was
32.7 year for females and 24.3 year for males,
respectively. The results were similar to observed
maximum age. The growth performances of P. dipogon
were 4.5076 for females and 4.4659 for males.

Mortality estimation

Using Hoenig’s longevity-mortality relation method,
estimates of total mortality (Z) based on 4, were 0.13
for females and 0.17 for males per year except for
abnormal 44" years. The estimate of M based on
Pauly’s equation was 0.09 for females and 0.11 for
males, respectively. According to the catch length—
frequency distribution and mesh size, L, was assumed
at 260 mm TL for capture, and obtained £=334.0 mm
in the lower reaches. Total mortality (Z) was estimated
0.28 per year in the lower reaches. The Z of Hoenig’s
estimate in the upper and middle reaches was close to
the M of Pauly’s estimate because of the unexploited or
lightly exploited stocks (Table 2). Therefore, fishing
mortality F was 0.17 per year in the lower reaches.

Discussion

According to the ageing result, about 5-10 years age
difference in approximate TL group was observed

Table 2 Estimations of the growth and mortality parameters for P. dipogon of the upper-middle and lower stocks in the Lhasa River

Stocks Habitat conditions

Life-history parameters

Altitude (m) Temperature (°C) Harvest Lo, (mm) k (year ') 1, (year) * Z

M F n

The upper-middle reaches
The lower reaches

>3,900 <75 Little
<3,900 >7.5 Much

563.7 0.1084
540.6 0.1172

—0.8902 0.95 0.11 0.11 0 127
—0.4090 0.89 0.28 0.11 0.17 257
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—0.1467 4.1197 Tsao and Wu (1962)*
0.2156 4.6545 Tsao and Wu (1962)*

—0.3426  4.6912

0.1305
0.1110
0.0864
0.0287
0.0710
0.0684
0.0291
0.0898
0.1197

Western Sichuan  Anal scale 1-9 317.71

Schizopygopsis malacanthus

637.69

Anal scale

Western Sichuan

Platypharodon extremus

753.92
1,103.2

—0.0189 4.5432  Zhao et al. (1975)"
0.5679 4.2233  Chen et al. (2002b)

0.6028 4.2051

+3

1-14"

70-348
34-430
34-405

Anal scale
otolith

Qinghai Lake

Gymnocypris przewalskii

485.33

Selincuo Lake

Gymnocypris Selincuoensis

484.19

4.6745 4.0759 Yang et al. (2002)

639.71

+d

7-29

182-460

70-490
70-593

otolith

otolith

Cuoe Lake

Gymnocypris cuoensis

4.5076  Present study®

—0.7296  4.4659

598.66 —0.7261

1"-44"
1" 23"

Lhasa River

Ptychobarbus dipogon

494.23

SO OF YO O+ O O+ F0O O O+ SO O+ O+ F0

# Growth parameters were calculated based on the origin data of Tsao and Wu (1962) and Zhao et al. (1975)

® Total length

103

between the upper-middle stock and lower one in the
Lhasa River. In other words, there was a great
overlapping in total length among the different age
groups. For example, the total length of adult P.
dipogon at 10 years ranged from 295.0 to 478.0 mm.
Tsao and Wu (1962) and Zhao et al. (1975) also
demonstrated this phenomenon for other schizothor-
acine species. This marked difference could be
attributable to different growth or mortality rates.
The growth dispersant of P. dipogon resulted from the
lower growth rate in the cold water of the high
altitude area. In addition, the low fishing effort
probably played an important role.

The estimated oldest ages of P. dipogon were 23"
for males and 44" years for females, suggesting that
there were much older females than males. The
maximum age of 44" years estimated for female is
the oldest reported for schizothoracinae fishes. Tsao
and Wu (1962) indicated the maximum age (4max) 9 —
14" years for five schizothoracine fishes from Western
Sichuan by counting annuli in anal scales. Zhao et al.
(1975) also recorded 25 years for Gymnocypris
przewalskii in the Qinghai Lake. Chen et al. (2002a)
reported G. selincuoensis in the Selincuo Lake attained
29 years of age based on otolith determination. These
analyses have revealed that the subfamily Schizothor-
acinae are a long-lived species. Delayed senescence is
a common trait of all populations of schizothoracine
fishes, particularly for the underexploitation popula-
tion. Genetic and environment factors, such as low
temperature, poor food availability and slight fishing
pressure have likely driven plasticity adaptation in
longevity of P. dipogon.

In theory, the maximum observed TL could be
exceeded the L, from VBGF in unexploided pop-
ulations. Tracey and Lyle (2005) considered that the
standard von Bertalanffy function provided a poor
representation of growth in older individuals, result-
ing in an unrealistically low L. The L., obtained in
this study were 598.6 mm for females and 494.2 mm
for males, and close to maximum observed TL in the
upper-middle reaches (593.0 and 490.0 mm for
females and males, respectively). The observed TL
of species of the subfamily Schizothoracinae appeared
to be close to their physiological limits. In addition,
the results also showed that adult females grew larger
than adult males, while the k& value for males was
higher than that for females (0.0898 for females and
0.1197 for males).
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In general, the £ had been used as an index of the
vulnerability of a stock subjected to excessive
mortality and was useful for comparing life history
strategies (Pratt and Casey 1990; Musick 1999).
Branstetter (1987) categorized the k& values as 0.05—
0.10/year for slow growth species, 0.10-0.20/year for
species with moderate growth, and 0.20-0.50/year for
rapid growth. Most schizothoracine fishes have the &
value of around 0.1 (Table 3). Therefore, P. dipogon
is particularly vulnerable for to excessive exploitation.
The growth traits of P. dipogon are adaptations to
cold water temperature and food deficiency, particu-
larly the short growth seasons, approximately 5-
6 months (Tsao and Wu 1962; Chen et al. 2002a).
The values of @ found in the present study are similar
to the average value of 4.49, calculated form 9 species
of the subfamily schizothoracinae.

The age structure of a population and the
parameter k of the VBGF are key factors to
understand the responses of fish population in
exploited condition. The population structure could
also affect the growth pattern, so that growth is
usually favoured by capture (Donald and Alger 1989).
Healey (1980) observed a stimulation of growth in
exploited populations of Coregonus clupeaformis.
Branna et al. (1992) also found that brown trout
exhibited faster growth in some exploited sections of
northern Spanish rivers. In the present study, our
findings indicated that capture reduced the life span of
P. dipogon downstream. The lower stocks was
characterized by the relative faster growth rate and
high Z (0.28), whereas in the upper-middle stocks the
estimated Z was close to the M. Tsao and Wu (1962)
found the same effects of fishing on age structure in
the drainages of Western Sichuan.

The effects of fishery management on population
dynamics depend on the environmental and biological
characteristics of fish. Our analysis indicates that
fishing mortality was slightly higher than natural
mortality in the lower reach. Therefore, fishing
regulations for P. dipogon should be adapted to the
river-specific ecological conditions. As aforemen-
tioned, protracted longevity, slow growth in later life
and low natural mortality, are typical characteristics of
P. dipogon. The more restrictive harvest regulations,
like catch size limits, may prevent overexploitation of
stocks, maintaining the abundance of large P. dipogon
and improving the natural recruitment of populations.
Because of these stocks embody thousands of years of

@ Springer

evolutionary adaptations to local rigorous environ-
ments, the complete study of the life-history strategies
and better understanding of the carrying capacity of
the rivers are required. Finally, a long-term monitor-
ing of populations and restrictive fishing activity are
to be carried out.
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Threatened fishes of the world: Gobiocypris rarus Ye and Fu,

1983 (Cypinidae)
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Common name: Rare gudgeon or rare minnow.

Conservation status: Endangered, China Red Data
book of endangered animals (Yue and Chen 1998).
Identification: A small freshwater Cypinidae (maxi-
mum 83 mm), slightly compressed body, round belly,
short snout, incomplete lateral line. Lateral line scales
31-34, D: iii, 7-8; A: iii, 6-7; P: i, 11-12; V: ii, 7-8,
C: 17, two rows pharyngeal teeth, barbel absent, small
forked caudal fin, no keel on abdomen (Ye and Fu
1983). Gray dorsum, white belly, a longitudinal lateral
yellowish zone. This zone becomes brighter, and
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small nuptial organs on operculum and pectoral fins
in spawning males (Wang 1992). Distribution: En-
demic to southwest China, in Liushahe River and
some rivulets in Hanyuan county and Chengdu city of
Sichuan province. Habitat and ecology: Gregarious in
small water systems with a half-mud, half-stone
bottom such as paddyfields, ditches, and rivulets,
especially in weedy areas with low water flow. The
species eats some small invertebrates, such as the
aquatic earthworms (Oligochaeta). It is eurythermal,
tolerates 1 to 35°C, and 0.50 mgl' oxygen and
70 mg-1™" carbon dioxide at 25°C (Wang 1995). Easy
to be fed and reproduced, so it is a good experimental
animal in China. Reproduction: Minimum age of sexual
maturity 4 months. Females spawn between March and
November, when water temperature above 14°C (Wang
1999). Fertilized eggs are ball, transparent, sticky,
heavier than water and 1.25-1.70 mm in diameter
(Wang 1992). Threats: Narrow habitat range and
limited natural population, pesticides and ecological
instability have caused rapid declines (Yue and Chen
1998). Conservation action: No specific action has
been taken, not IUCN listed. Conservation recommen-
dation: On-site conservation and restriction of fishing
during its spawning season. Studies to estimate
population size and structure, life history and genetic
diversity, are needed for management and protection.
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Degradation of icefishes (Salangidae) in the Yangtze River
basin of China: threats and strategies
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Abstract The Yangtze River basin has been a major
area in terms of icefish diversity conservation and
fisheries. In the past two to five decades, however, the
wild icefish resources have degraded continuously in
both the brackish estuary and freshwater portions of
the basin. Stocks have declined in all icefish fisheries,
resulting in an annual fishing yield decrease from the
maximum of 4,000 metric tons to less than 1,300
metric tons in this river basin. The stocks decline
significantly (r=—6.74, df=1, p<0.001) correlated
with icefish fishing stress in the estuary. Meanwhile,
species composition changed markedly with smaller
sized icefish species increased relative to the number
of larger ones in terms of their relative abundances.
Following the stocks decline and size reduction,
icefish commercial value decreased to the point that
91.9% of the traditional icefish-producing waters (57
out of 62) terminated their icefish fisheries and some
species became locally extinct. Based on the degra-
dation process, we suggest that these changes in stock
size and species diversity are the result of overfishing
and habitat loss and degradation. We propose a num-
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ber of measures aimed at the conservation and restora-
tion of the wild icefish resources in the Yangtze River
basin.

Keywords Stock decline - Local extinction -
Economic extinction - Habitat - Diversity -
Conservation

Introduction

Icefishes (Salangidae) are small fishes, ranging from 45
to 250 mm in standard length (SL), found in both
freshwater and marine areas in eastern Asia, ranging
from Japan to Korea, China and Vietnam (Nelson 2006).
This family is comprised of two subfamilies, six genera
and 17 species (Fang 1934; Zhang 1993; Zhu 1995).
Freshwater icefishes primarily occur in the lentic bays,
gulfs and estuaries of open lakes and reservoirs, and
marine species are distributed in estuaries and nearby
costal areas (Sun 1982; Chen and Zhang 1986).

As annual fishes, icefishes reproduce in discrete
annual pulses with parental individuals dying shortly
after spawning (Wang et al. 2002). So, in feeding
seasons, the sampled icefish individuals in our investi-
gation were the same cohort at the same age, and this
provided a great convenience for our population
dynamics study. Moreover, the short life span and
simple life history allow the rapid response of popula-
tion size to environmental changes, and thus icefish
species are very sensitive to habitat degradation and
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environmental changes (Wang et al. 2004, 2005; Islam
et al. 20006).

Despite their small body sizes, icefishes have high
commercial value and thus have been traditionally
exploited in China (Chen 1956). In the Yangtze River
basin, icefishes have been commercially fished since
early 1900s in the mid-lower reaches (from the estuary
to Gezhouba Reservoir near Yichang City), and icefish
fishery was virtually an essential component of
historical fisheries in this river basin (Zhu 1985; Wang
et al. 2002).

In the last few decades, however, the wild icefish
resources have degraded markedly and continuously
in the Yangtze River basin as well as in other icefish-
inhabited river basins (Takita 1996; Xie and Chen
1999; Tang et al. 2000). Stocks decline and yields
reduction of wild icefish resources in both the fresh-
waters and estuaries have already been reported (Sun
1982; Zhu 1985), but few papers have focused on the
spatial dynamics and diversity change of icefish
assemblages so far (Wang et al. 2004).

This paper is mostly based on data collected from an
icefish-specific survey in the Yangtze River basin during
2001-2003. Our objective is to document icefish status
in the Yangtze River basin and to discuss the threats on
the wild icefishes while suggesting some basic strategies
for wild icefish conservation and restoration in the
Yangtze River basin.

Materials and methods
Study area

Our study area was the original distribution region of
wild icefishes in the Yangtze River basin, including 86
associated waters (85 lakes and one reservoir) in the mid-
lower reaches and three fisheries in the Yangtze estuary
(Fig. 1). These 86 inland waters generally represented
the natural distribution region of the freshwater icefish
in this river basin, and the three sampling stations in the
estuary were the most important fishing grounds for
brackish icefishes in history (Fig. 1). Sampling sites in
the freshwaters were the same as those in our previous
work (Wang et al. 2005). Our investigation mainly
focused on the freshwater icefishes and their habitats.

Sampling methodology

In the freshwaters, icefish sampling was conducted from
July to September in 2001-2003, with a specially
designed icefish trawl. Sampling methodology in the 86
freshwaters was the same as that in Wang et al. (2005).
For the Yangtze estuary, we randomly sampled icefishes
from fishers’ catch in commercial fishing season from
August to December 2003 (Jackson and Harvey 1997).
Icefish specimens were kept in 5% formalin solution for
further species composition analysis in our laboratory.
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Fig. 1 Map of river-lake network system in the Yangtze River basin with the central locations of surveyed waters illustrated

@ Springer 110

Reprinted from the journal



Environ Biol Fish (2009) 86:109-117

Historical data on icefish yield and species com-
position were partly provided by local fishery bureaus
and fishery corporations, and partly collected from
documents and study reports (Zhu 1985; Chu 1998).

Data analysis

Economic viability for commercial exploitation depends
on stock abundance, fishing cost and valuation of target
species. Only when fishing is economically viable is
icefish exploitation feasible (Wootton 1998). Hereby we
divided the economic viability of icefish species into
three groups (Table 1): high value species (>500 metric
tons per year), medium value species (100—500 metric
tons per year) and low value species (<100 metric tons
per year). If a species is found in too low densities, its
exploitation is not economically viable and therefore
the commercial fishing activity should be terminated.
At this critical point, we defined the species status as
economic extinction (no commercial value; Jiang and
Fan 2003). At the same time, we defined local eco-
logical extinction of icefish species as no records for
that species in at least 10 years in a specific location.
Relative abundance (P;) is defined by the individual
proportion of a species out of the overall icefish catch.
The historical changes of relative abundances of icefish
species in a specific locality is epitomized by changes in
species composition of the icefish assemblage. To
analyze historical changes of icefish species composition,

Table 1 Distribution range and economic value of the nine
icefish species in the Yangtze River ecosystem

Species Distribution area Commercial
value
History 2003
Hemisalanx Mid-lower reaches — ++ +
brachyrostralis
Hemisalanx prognathus  Estuary +++ -
Neosalanx taihuensis Mid-lower reaches — +++ +++
Neosalanx oligodontis ~ Mid-lower reaches  + ++
Neosalanx tangkahkeii ~ Lake Nanyi only - -
Neosalanx anderssoni Estuary - -
Protosalanx Lower reaches, +++ ++
hyalocranius estuary
Salanx ariakensis Estuary - -
Salanx cuvieri Estuary - -

+++ Means high value, ++ means medium value, + means
low value, and — means no value for commercial exploitation
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we sorted icefish species into large, medium and small
species by their body sizes of matured individuals. The
large species included Protosalanx hyalocranius and
Hemisalanx brachyrostralis, with SL over 100 mm. The
medium species included Neosalanx taihuensis, with SL
over 70 mm. Neosalanx oligodontis was the small
species with SL less than 50 mm (Chen 1956; Wang et
al. 2004). When the proportion of larger body-sized
species is reduced, the body-size composition changed
and icefish catch devalued, which was defined as size
reduction of target assemblage by Cao et al. (1991).

The historical data used in size reduction analysis
were based on document records, which was only
available for four lakes of Taihu, Nanyi, Chaohu and
Poyang (Zhu 1985; Diao 1986; Wang 1995; Chu 1998).
Lack of more historical data prevented us from a more
complete representation on icefish stock size reduction.
In calculating the relative abundance, we omitted rare
species with low population size (generally their P;<
0.0001).

Given a fixed stock, fishing impact can be generally
positively correlated with the number of fishing boats.
The more fishing boats, the higher impact on the icefish
stocks, and the lower the catch per boat. Thus, the mean
catch per boat in a fishing year was a good indication of
the impact of icefish fishing stress, which was used in
simple linear regression between icefish stocks decline
and the fishing stress changes (with Minitab 14.0
package). Other statistic analyses were simply conducted
with Microsoft Excel 2003 for Windows.

Results

Species composition and economic value of icefish
species

There are nine species of icefishes in the Yangtze River
basin. Four of them are distributed in freshwater lakes
and reservoirs in the mid-lower reaches, another four in
the brackish estuary, and the other one distributed in
both fresh and brackish waters (Table 1).

Among the five species in the estuary, only one
species of Hemisalanx prognathus had been commer-
cially fished before 1987, when it was found in high
densities. The other four species existed in too low
stocks to exploit, and showed no or low value for
commercial production (Table 1). In the inland waters,
however, four out of the five species were part of the
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Table 2 Historical change of fished populations, fishery ranges and relative abundances (P;) of the four economic icefish species in

the freshwaters of the Yangtze River basin

Species Population P; (%) Fishery range
History 2003 History 2003 History 2003
H. brachyrostralis 18 2 5 1.3 Gezhouba to Nanyi Dongting/Poyang
N. oligodontis 39 3 5 2.4 Dongting to Nanyi Dongting/Poyang/Nanyi
N. taihuensis 60 5 62 80.6 Dongting to Taihu Five lakes®
P. hyalocranius 9 2 28 15.7 Dongting to Taihu Chaohu/Taihu

?Five lakes: the lakes of Dongting, Poyang, Nanyi, Chaohu and Taihu

icefish fishery. Neosalanx taihuensis dominated in
stocks and species densities, and the other three
economic icefishes P. hyalocranius, N. oligodontis and
H. brachyrostralis constituted a much lower proportion
of the annual icefish yield (Table 2). N. tangkahkeii,
which is rare in Lake Nanyi, showed no economic
potential for commercial exploitation (Table 1).

Stocks decline at the river basin scale

In the estuary, the maximum yield of H. prognathus
reached 944.6 metric tons in 1960, but the yield
decreased gradually in the following years falling to
24.3 metric tons in 1987 (Table 3). In the following 3
years (1988-1990), icefish fishing was banned in this
area, but no icefish fishery resumed thereafter. Simple
linear regression analysis showed that a significant
decline of icefish yield (=—6.74, df=1, p<0.001) was
correlated to the increase of icefish-specific fishing
intensity during 1960-1987 (Fig. 2).

Similarly, there was a simultaneous decline of icefish
stocks in freshwater areas. Icefish yield declined from the

peak of 2,170 to 990 metric tons in Lake Taihu and from
260 to 20 metric tons in Lake Nanyi in the past two
decades (Fig. 3). Meanwhile, icefishes stocks in some
other lakes, with maximum yield over 100 metric tons,
all declined in more than 50% (Table 3). As a result, the
total icefish yield declined dramatically at the river
basin scale. In early 1980s, gross yield of freshwater
icefishes averaged 4,000 metric tons per year, but in the
last 10 years this value decreased to no more than 1,300
metric tons, a loss of 67.5% of icefish stocks in the year
of 1990 (Table 3).

Size reduction of icefish assemblage in freshwater
area

Decrease of gross icefish stocks was accompanied by
a decline in species composition (relative abundance,
P;) in almost all localities. Relative abundance of
smaller body-sized species increased, whereas larger
species diminished (Fig. 4). This process of overall
size reduction was well illustrated in the four large
lakes with traditional icefish fisheries.

Table 3 Historical change of historical peak yield and present yield of icefishes (metric ton) in the five icefish-producing lakes and
the estuary, with maximum yield over 100 metric tons respectively

Water area Maximum yield in history Present yield Reference to historical record
Yield Year

Freshwater areas

Chaohu Lake 400 1983 200 Diao 1986

Dongting Lake 200 1958 5 Wang 1995

Nanyi Lake 260 1983 20 Chu 1998; Wang et al. 2004

Poyang Lake 600 1967 50 Wang et al. 2006

Taihu Lake 2,170 1985 990 Zhu 1985

Estuary 945 1960 0 Zhang 1992

Total 4,000 Early 1980s 1,300 Zeng 1990
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Fig. 2 Decline tendency of icefish yield in relation to the
increasing fishing stress in the Yangtze estuary

In Lake Taihu, the large body-sized species of P
hyalocranius decreased its P; from 39.4% in 1974 to
14.6% in 2003, while the medium body-sized species
of N. taihuensis (smaller one) increased from 60.6%
to 85.4% (TH in Fig. 4). A similar process occurred in
Lake Chaohu. The proportion of P. hyalocranius
(larger species) decreased from 20.0% in 1986 to
2.0% in 2003, and the smaller species of N. taihuensis
increased from 80.0% to 98.0% in the same period of
time (CH in Fig. 4).

In the Poyang and Nanyi lakes, the economic
icefishes can be divided into three body-sized groups:
the large one is H. brachyrostralis, medium one is N.
taihuensis and small one is N. oligodontis. In the past
two to three decades, species abundance changed with
the small species increasing from 12.0% and 5% to
71.5% and 91.0% in Lake Poyang and Nanyi respec-
tively. Meanwhile, the large and medium species
decreased dramatically and N. faihuensis lost its
dominant status (PY & NY in Fig. 4).
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Fig. 3 Decline of icefish yield in Lake Nanyi and Taihu from

the year with maximum yield to 2001 (commercial icefish
fishing was forbidden in Lake Nanyi during 1995-1997)
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Economic extinction in local waters

In freshwater areas, the number of lakes in which M.
taihuensis, N. oligodontis and H. brachyrostralis were
traditionally fished was 60, 39 and 18 respectively, but
then these numbers reduced to 5, 3 and 2 respectively
in the year of 2003 (Fig. 1, Table 2). In the estuary,
icefishes decreased much more severely and icefish
fishery diminished drastically after 1987, following the
severe decline of H. prognathus in this area (Fig. 2).

Taking icefish assemblage in consideration as a
whole, an icefish fishery once existed in 71.3% (62 out
of 87) of the studied areas (A and D in Fig. 5). But
91.9% (57 out of 62, D in Fig. 5) of them lost an
icefish-targeting fishery. Currently, icefish fisheries
occur in only five large lakes, e.g. lakes Taihu, Chaohu,
Nanyi, Poyang and Dongting (Fig. 1, Table 2), which
occupy only 5.7% of the 87 surveyed water areas (A in
Fig. 5).

Local extinction and spatial decline of key species

P. hyalocranius was once distributed broadly in the
mid-lower reaches, ranging from the estuary to the
upstream of Dongting plain, but then disappeared
from the large area upriver from Wuhu river section
before 1990. In 2003 this species was found only in
Lake Chaohu, Lake Taihu and the estuary, and was
commercially fished in these two lakes only (Table 2).

Discussion

Historically the Yangtze River ecosystem was an
important area for both icefish diversity and icefish
fisheries. Among all icefish inhabiting river basins, this
river system showed the highest species richness, with
nine out of 17 species of icefishes occurring in its river
basin (Sun 1982; Zhang 1993; Nelson 2006). Besides
this, the distribution range of icefishes in this river basin
also turns out to be larger than any other river basins
(Takita et al. 1988; Islam et al. 2006). In the broad mid-
lower reaches (1,800 km along the Yangtze River
course), icefishes occurred in most of the associated
waters (Zhang 1992; Wang et al 2005). More impor-
tantly, most of these populations were historically large
enough for commercial exploitation, and the icefish
fishery in this area was not only the one that started the
earliest but also the largest worldwide (Chen 1956;
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A. Icefish fishery retained

B.No icefish record

C.Icefish present,

but no yield

D.Fished in history,

but no yield now

Fig. 5 Allocation of studied waters related to changing history
of icefish fishery. Data partly referred to Wang et al. 2005

Zeng 1990; Takita 1996). Moreover, N. taihuensis and
P hyalocranius in the Taihu, Poyang, Dongting and
Chaohu lakes became an important source for icefish
introduction and stock enhancement in China (Hu et al.
2001). So the wild icefishes in the Yangtze River basin
played an important role in world icefish fisheries, and
therefore the decline of the icefish in this area was of
serious concern.

Icefish degradation is in fact a worldwide problem.
Icefish species are all critically endangered in Japan
(Takita 1996; Kawanabe et al. 2001; Islam et al. 2006).
And in China, Wild icefish resources also degraded in
almost all icefish-inhabiting river basins. Traditional
icefish fisheries have already diminished since late
1980s in the river basins of Yellow and Pearl (Zheng
1989; Dou and Chen 1994), and icefish stocks in the
Yalu River basin fluctuated dramatically from year to
year in the mid 1990s and lost commercial viability
recently (Tang et al. 2000). In our study area, icefish
resources have been reduced severely throughout the
whole Yangtze River basin. The first record of icefish
decline was in the early 1960s in the Yangtze estuary
(Sun 1982), and then the stocks in this estuary
continued to decline and dropped to so low a level that
icefish sampling became quite hard in this area and
icefish exploitation was not economically viable to the
year of 1990 (Zeng 1990; Zhang 1992). In freshwaters,
icefish depletion was already evident in some localities
in early 1980s, and then more and more water areas lost
their traditional economic value (Chen and Zhang
1986; Chu 1998). By the late 1990s, icefish fishery
was reduced to small numbers in the Yangtze River
basin as mentioned above.
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Besides the stocks decline, the above-mentioned
changes of species composition and body size reduction
of icefish assemblages as well as the local extinction of
P. hyalocranius further suggested the severe degrada-
tion of icefish resources at the river basin level.

Causes of icefish depletion

Factors influencing icefish dynamics are fairly compli-
cated and key factors impacting on icefish degradation
are quite different in different river basins. Kim and Park
(2002) believed that water pollution had acted as a key
factor leading to the heavy decline of Salanx ariakensis
in Ariake Bay, Japan. Islam et al. (2006) similarly
ascribed the depletion of Neosalanx reganius to en-
vironmental degradation in the upper Ariake Bay. Dou
and Chen (1994) and Wang et al. (2004) reported a deep
impact of historical overfishing on icefish assemblages
in the Yellow River estuary and Lake Nanyi. And
recently, the impacts of habitat fragmentation from
irrigation works and reclamation on icefishes distribu-
tion and population dynamics were revealed at both a
lake area and the large river basin scale in the Yangtze
River basin (Wang et al. 2005, 2006). According to the
declining process, the icefish depletion in the Yangtze
River basin can be attributed to several factors mostly
related to overfishing and habitat degradation.

Overfishing

Increasing fishing usually leads to decrease in fish
stocks. This in turn leads to loss of economic value of
fishing resources (Pauly 1998) and further to economic
extinction (Myers et al. 1995). If a fish stock can
resume in terms of fishing ban, the previous fishing
press inflicted on the population was generally thought
to be overstressed (Wootton 1998). Wang et al. (2004)
studied the relationships between stocks decline of
icefish assemblage and the long period of exploitation
in Lake Nanyi. Our present paper further illustrates that
the declined icefish stocks in this lake have once
rebounded from 15 to 50 metric tons after a 3-year
fishing ban (1995-1997). Severe decline of icefish yield
and its subsequent loss of economic value in the large
amount of water areas as well as the stocks rebound
with fishing ban in Lake Nanyi are all good illustrations
of the impacts of icefish overfishing.

In the late 1970s, powerboat was used in icefish
fishing in the Yangtze River basin which directly
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improved the fishing efficiency. When the number of
boats used in icefish fishing kept increasing, icefishes
suffered heavier and heavier fishing press after 1980,
which necessarily led to the long time depletion of wild
icefish resources. The significant relationships between
the serial stock decline and the increasing fishing stress
in the Yangtze estuary provides another good illustration
of the impacts of overfishing on icefish resources.

Fishing can also be size selective, and overfishing
generally results in the reduction of the average fish size
(tropicalization) of the target fish assemblage (Cao et al.
1991; Pauly 1998). The size reduction of icefish
assemblages in the four above-mentioned lakes provides
evidence for overfishing in these waters. Exploited with
specially designed nets, larger icefishes were the most
targeted by this kind of fishery decreasing the mean size
of the individuals of the species than smaller ones
(Wang et al. 2004). Thus, species composition was
affected. The average size reduction and the changes of
species composition reported in this paper further
support the suggestion that overfishing is a major factor
in the reduction of these fishes.

Habitat loss and degradation

Habitat loss and degradation can directly influence
fish stocks by decreasing reproduction rate and in-
creasing larvae mortality (Taylor 1996; Kapuscinski
et al. 2007). Differing from overfishing, the influence
of habitat degradation is generally impossible to
recover just through fishing ban (Myers et al. 1995).
Icefishes are very sensitive to habitat change, espe-
cially to spawning ground degradation (Chen and
Zhang 1986; Wang et al. 2006). Water pollution and
environmental degradation have affected the diet,
fecundity and survival of icefishes and contributed
to their stocks decline in the Yellow River estuary and
the river basins upstream to Ariake Bay (Dou and
Chen 1994; Islam et al. 2006). Similarly, habitat frag-
mentation and reclamation have also showed signi-
ficant relationships with icefish depletion in Lake
Poyang and Ariake Bay (Wang et al. 2006; Kim et al.
2006). In our study area, most of the lakes associated
to the Yangtze River lost their original linkages with
the main river course due to the large amount of
irrigation works in the past three to five decades. As
result, original river-lake networks in the Yangtze basin
were artificially destroyed and habitat fragmentation
occurred on icefish-inhabited waters (Wang et al. 2005).
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Moreover, the simultaneous massive reclamation of
shoal lake areas directly destroyed 50-80% of icefish
spawning grounds in our studied lakes (Chen and Zhang
1986; Wang and Dou 1998). These changes must have
directly contributed to the serious decline of icefish
stocks and the subsequent economic extinction of
economic species, and even led to the local extinction
of P hyalocranius reported in this paper. Although
icefish fishing has been banned in the years of 1988—
1990 in the Yangtze estuary, icefish fishery hasn’t been
resumed in this area. This is most probably due to
habitat or environment changes, whereas not due to
overfishing.

Considering the different sensitivity of icefish species
to habitat change, their response to habitat degradation
must be different (Magnuson et al. 1998; Olden et al.
2001). Among the studied icefish species, P. hyalocra-
nius and H. brachyrostralis (the two larger body-sized
species), were much stricter in habitat selection and
were more sensitive to habitat degradation (Wang et al.
2004). Thus, the above-mentioned habitat loss and
degradation in our studied waters must have had much
larger impacts on them resulting in the mean body-size
reduction of icefish individuals.

Suggestions to icefish protection

To protect and restore the natural icefishes in the Yangtze
River basin, the following measures should be carried
out:

1) Intensify basic research on icefish dynamics: Ap-
propriate management needs better understanding
of the basic characteristics of the wild icefishes in
both the separate water area and the large river basin
scale. Population dynamics, interspecific relation-
ships and environmental determinants to icefishes
are all important, particularly the relationships
between icefish degradation and the threats from
overfishing and habitat degradation.

Improve icefish fishery management: Fishing sea-
son and duration, fishing methods and intensity are
key factors leading to overfishing. So fishing
activities must be forbidden in icefishes’ spawning
seasons, and the fishing gears and fishing duration
must also be under effective management in fishing
season so as to decrease fishing stress for sustaining
icefish fishery. Sometimes, icefish stock enhance-

2)
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ment is necessary when a population size is too
small to naturally restore.

Protect and restore icefish habitat: The number, area
and quality of suitable habitats have a direct impact
on the reproduction and development of icefishes.
Taking effective steps to reduce spawning distur-
bance and improve habitat conditions will directly
contribute to icefish conservation. Meanwhile,
keeping and restoring the connection between
spawning grounds, feeding grounds and wintering
grounds will greatly facilitate the appropriate use of
natural resources and increasing icefish stocks.
Furthermore, reconnecting the isolated water bodies
will be beneficial for inter-population recruitment
contributing to icefish population stability at broad
river basin scale.
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Common name: Yi se yun nan qiu. Conservation status:
This species is currently not listed. Identification: Body
naked, origin of dorsal fin at middle of body, branched
caudal rays 14, branched ventral rays seven, dwarfism
(Zhou and He 1989; Figure). Distribution: Yunnanilus
discoloris is one of the endangered fish in Lake Dianchi
(24°28"-25°28'N, 102°30-103°00'E, 1,886 m above sea
level) and White Dragon spring (Li 2001), which
connect with effluent from the lake, Yunnan, China.
This species was not found in Lake Dianchi from the
1950-60s, few around Lake Dianchi from the 1970-80s.
Now it is found in the White Dragon spring at
Chenggong, Kunming which flows into Lake Dianchi.
Abundance: The number of the total population is
estimated about 500 individuals in White Dragon spring
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ponds. Y. discoloris is considered to be rare in Lake
Dianchi now. Habitat and ecology: Lives in clear
springs, at a depth of 80 cm, with sand, stones and
some macrophytes on the bottom. A difference of the
color pattern between male and females in mature
individuals (Zhou and He 1989). Reproduction: The
White Dragon spring has been protected, so these fish
are protected too. Threats: Its loss from the lake is
likely due to introduced fish species (“the four cultured
carp”, Black carp, Mylopharyngodon piceus, Grass
carp, Silver carp, Hypophthalmichthys molitrix and Big
head carp, Hypophthalmichthys nobilis) (He et al.
1983; Gao et al. 1990), water pollution and loss of
macrophytes. Current threats to the springs are
introduced species and modification of spring structure.
Conservation actions: Beginning in 2003, a GEF/
World Bank funded project was established in Kun-
ming, Yunnan to conserve and try to restore the aquatic
biodiversity of Lake Dianchi. Conservation recom-
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mendations: Y. discoloris should be listed as a province
protected animal. Continuing monitoring and surveys
are required for survival of this endangered fish.
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Abstract We investigated the effects of the timing of
first feeding (larvae in FO, F1, F2, F3 and S were first fed
on day 3, 4, 5, 6 days after hatching (DAH) and unfed,
respectively) on feeding, morphological changes, sur-
vival and growth in miiuy croaker larvae at 24°C. The
fed larvae initiated feeding on 3 DAH and reached point
of no return (PNR) on 6 DAH. Larvae in FO and F1
groups survived apparently better than F2 group at the
end of the experiment on 36 DAH. High larval mortality
occurred from 3 to 7 DAH in all feeding groups,
accounting for 40% (FO0, F1 and F2 groups) to 90% (F3
and S groups) of the total mortality. Larvae in FO and F1
groups grew better than F2 group throughout the
experiment. Eye diameter, body height, head height
and mouth gape of the first feeding larvae were more
sensitive to starvation than other morphometrics and
could be used as indicators for evaluating their
nutritional status. Results indicated that delayed first
feeding over 1 day after yolk exhaustion could lead to
poor larval survival and growth. To avoid starvation and
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obtain good growth in culturing, larvae feeding should
be initiated within 1 day after yolk exhaustion at 24°C.

Keywords Miichthys miiuy larvae - Delayed feeding -
Morphometrics - Growth and survival

Introduction

Starvation is commonly considered to be a critical cause
for mortality and poor growth performance in fish
during their larval and juvenile stages both in captivity
and in the wild (Blaxter and Hempel 1963; May 1971,
Leggett and Deblois 1994; Dou et al. 2002; Yufera and
Darias 2007). It occurs when fish larvae fail to establish
successful first feeding for various reasons such as low
feeding ability, shortage of food or environmental
perturbations (Fogarty et al. 1991; Iguchi and Mizuno
1999). Many studies indicate that starvation at first
feeding stage could result in drastic morphological
deformity and thus lead to low feeding ability and high
mortality during the larval development (McGurk 1984;
Kjersvik et al. 1991; Gisbert et al. 2004). Effects of
starvation on the larval development are usually
evidenced in morphological changes and allometric
growth because the organs related to feeding, swimming
and digesting mainly develop and function at larval
stage (Yufera et al. 1993; Bisbal and Bengtson 1995;
Osse et al. 1997). In many fish species, even a short
period of food deprivation at first feeding could induce
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severe developmental, behavioral and nutritional prob-
lems in the larvae and adversely affect their ability to
withstand starvation, feeding, growth and survival (Yin
and Blaxter 1987; Gisbert and Williot 1997; Pefia and
Dumas 2005).

The miiuy croaker, Miichthys miiuy, is an important
commercial species that inhabits the coastal waters of
China, Japan and Korea (Zhang and Hong 2000; Choi
et al. 2002). Due to overexploitation, wild populations
of this fish have drastically decreased in recent years.
On the other hand, morphological deformity and high
mortality in the artificially bred fingerlings have
hindered their commercial mass production. So far,
few studies have dealt with the morphological devel-
opment (Zhong et al. 2005; Luo et al. 2006), growth,
survival and digestive enzymes of miiuy croaker
during their early life stage (Shan and Dou 2008; Shan
et al. 2008a,b). Little information is available at present
to understand how starvation may affect the develop-
ment, growth and survival of the larvae. This study is
to investigate the effects of delayed first feeding on
these biological parameters in order to better under-
stand their larval growth and survival strategies during
starvation and provide information for feeding man-
agement in larval rearing.

Materials and methods
Egg incubation and larval rearing

We obtained fertilized eggs from adult miiuy croakers
that were stocked in a 100 m® indoor concrete pond
and spontaneously spawned at 24°C under natural
photo-period from September to October in Sanduao
bay, Fujian, China. We collected the eggs within 6 h
of fertilization with a screen placed inside a rectan-
gular flow-through tank and transferred them into
cylindrical incubators (500 1) at an estimated density
of 800 eggs per liter. Temperature of the hatching
tanks was maintained at 24°C. A light regime of 12L
(800-1,000 Ix at 0600—1800 hours):12D (<1 Ix at
1800—-0600 hours) was provided by using fluorescent
light during the egg incubation. Gentle aeration was
provided by air diffusers to keep the water constantly
oxygen-saturated. The time at which 90% of the
viable eggs (i.e. hatched eggs plus unhatched viable
eggs) were hatched was defined as hatching time.
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We transferred the newly hatched larvae with a
500 ml beaker from the incubators into the 50 1
experimental tanks. They were supplied with over-
flowing filtered sea water. The light regime in the
experimental tanks was the same as that of the egg
incubators. Water exchange rate was about 1 1 min™".
Gentle aeration was provided to maintain dissolved
oxygen level and promote a homogeneous distribu-
tion of microalgae and live food after first feeding
commenced. Water temperature was controlled to
24°C via water bath throughout the experiment.
Larvae started to take food on 3 days after hatching
(DAH). The feeding schedule was designed as
following (adjusted according to the desired timing
of first feeding for each treatment; Fig. 1): rotifers
Brachionus rotundiformis were given to the larvae at
a density of about 10 ind ml™' (twice a day at 1000
and 1600 hours, respectively) from mouth opening
(3 DAH) to 9 DAH. They were fed with the
microalgae Nannochloropsis oculata and enriched
with docosahexaenoic acid (DHA; Kangke B, Qing-
dao) for 12 h prior to being given to the larvae.
Meanwhile, microalgae were added into the experi-
mental tanks as food for the rotifers. Artemia nauplii
(2-5 ind ml™") enriched with DHA were offered to
the larvae from 8 to 15 DAH. The larvae were
provided freshly-collected, live copepods from 14 to
26 DAH at a daily ration of 20-40 mg 1"
Compound diet (Tianbang, Shanghai, 1.0-1.5 mm
in diameter) was offered to the larvae at a daily
ration of 30-60 mg 1! from 24 to 36 DAH. Uneaten
food and dead larvae were removed from the
experimental tanks every day.

To provide experimental fish for the point of no
return (PNR) experiment, we stocked 2,000 larvae in
a 50 1 unfed holding tank where the larvae were
deprived of food from hatching until no larvae
survived. We held another 2,000 larvae in a separate
50 1 holding tank and offered rotifers to them from 3
DAH up to the end of the experiment on 7 DAH.
Other rearing conditions in the holding tanks were
identical to those in the experimental tanks.

Experiment I: PNR and effects of delayed first
feeding on larval growth

To determine the PNR of miiuy croaker larvae, we set

up two feeding treatments in triplicates: starting from
3 DAH, 20 larvae from both the unfed and fed
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Fig. 1 Feeding schedule and growth (L, mean+SD) of miiuy croaker larvae at different ages of delayed first feeding. Codes for
feeding treatments: FO, F1, F2, F3 and S were first fed on 3, 4, 5, 6 DAH and unfed, respectively

holding tanks were introduced into each of the 500 ml
experimental tanks every day, respectively. They were
provided rotifers at a density of about 10 ind ml™" for
4 h, then sampled and examined under a binocular
microscope (Nikon SMZ-1000) with ACT-2U image
system to identify the presence of rotifers in their
guts. Feeding rate was the percentage of larvae that
took food to the total number of larvae initially
stocked. PNR was defined as the time after hatching
when the first feeding rate of the starved larvae
reached less than half of the first highest feeding rate
when food became available (Dou et al. 2002). The
guts of the larvae were dissected and the number of
the distinguishable rotifers was counted under a
binocular microscope to determine the feeding
intensity, which was described as the number of
rotifers taken by a larva per hour.

To investigate the effects of delayed first feeding
on larval growth, we set up five feeding treatments in
triplicates: larvae in FO, F1, F2 and F3 treatments
were first fed on 0 (3 DAH), 1 (4 DAH), 2 (5§ DAH)
and 3 (6 DAH) days after mouth opening, respective-
ly, while those in S treatment were never offered food
and kept as starved controls. All first feedings were
started during the light period because miiuy croaker
larvae are visual feeders. Experimental tanks were
50 1 and larval stocking density was 50 ind 17'.
Lighting (800-1,000 1x at 0600-1800 hours) was
provided using fluorescent light. All experimental
tanks were enclosed within black plastic sheets to
prevent light escaping.
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Starting from hatching, we sampled 20 larvae at
random from each experimental tank every day up to
7 DAH and then on 9, 12, 15, 18, 25, and 36 DAH,
respectively, to investigate morphological changes
and growth of the larvae during starvation. The
sampled larvae were anaesthetized and sacrificed with
tricaine methanesulphonate (MS-222), preserved in
10% formalin and then stored in the dark at 4°C for
morphological measurement at laboratory. Morpho-
metrics included standard length (Lg), tail length (Ly),
head length (Ly), head height (Hy), body height (Hp),
eyes diameter (Dg) and mouth gape (Gy) (Fig. 2).
They were measured to the nearest 0.1 mm under a
microscope. Specific growth rate (SGR) was calcu-
lated as: SGR=100x(Ln L—Ln Ly)/t, where Lq and L,
were the initial and final Ly (mm) of the larvae,
respectively, and ¢ is time duration of the experiment
in days. Coefficient of variation (CVy) of Ly (CV =
100xSD/mean Lg) in each feeding treatment was

Fig. 2 Morphological measurements of miiuy croaker larvae.
Ls Standard length, Ly tail length, Ly head length, Hy head
height, Hg body height, Dg eyes diameter, Gy; mouth gape
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analyzed to investigate the effects of delayed feeding
on individual size variation. The allometric growth
was evaluated by the following ratios of morphomet-
rics: L1/Ls, Ly/Ls, Hy/Ls, Hg/Ls, Dg/Ls, Gym/Ls, Dg/
Ly and Hy/Ly.

Experiment II: Effects of delayed first feeding
on larval survival

Experimental protocol was identical to the growth
experiment except that no samplings were conducted
throughout the experiment. Experimental tanks were
cleaned and dead larvae were removed and counted
twice every day by siphoning.

Data analysis

Each pair of the morphometrics between fed (FO) and
starved (S) larvae was compared using a t-test. A one-
way ANOVA was performed to test the effects of
delayed first feeding on larval growth (Lg and SGR)
between delayed feeding groups, followed by Tukey’s
test to compare the differences between treatments
wherever a significant effect (P<0.05) was detected.

Results
Onset of first feeding and PNR

The earliest first feeding was detected on 3 DAH, one
day earlier than yolk exhaustion. At first feeding, most
of the larvae had a functional mouth but only 10% of
them started to take food (Fig. 3a). Feeding rate of the
fed larvae continuously increased from 3 DAH and
reached over 90% at the end of the experiment on 7
DAH. Feeding rate of the starved survivors when first
offered food increased with the age of delayed feeding
up to 5 DAH (85%) but decreased sharply to 25% and
4% on 6 and 7 DAH, respectively (Fig. 3a). PNR was
on 6 DAH, when the feeding rate of the starved larvae
started to decrease to less than half of the initial peak
(85%) on 5 DAH. As starvation progressed, larvae
tended to become less active or sensitive to external
stimulus of food.

Feeding intensity in the fed larvae continuously
increased from less than one rotifer per larva per on 3
DAH to three rotifers per larva per hour on 7 DAH. In
the starved controls, it increased slightly from 3 to 5
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DAH and then gradually decreased until the end of
the experiment on 7 DAH, without reaching one
rotifer per larva per hour during the experiment
(Fig. 3b).

Morphological changes and larval growth

All the morphological measurements of the fed larvae
(FO) increased gradually as they developed. Except
for Dg and Hy, no morphological measurement was
significantly different from that of the starved larvae
(S) before PNR on 6 DAH (P>0.05 for each compar-
ison; Fig. 4). Compared to the fed controls, starved
larvae started to show significantly slow morphological
development in Dg and Hy; on 5 DAH, in Hg and Gy
on 6 DAH, in Ly and Lt on 7 DAH, respectively (P<
0.05 for each comparison; Fig. 4). Hp/Ls, Dg/Ls and
Dg/Ly; in the fed larvae started to significantly differ from
the starved ones on 6 DAH (P<0.05 for each compar-
ison), while no significant difference was observed
between these two groups in Ly/Ls, Lt/Ls, Hy/Ls, G/
Ls or Hy/Ly (P>0.05 for each comparison; Fig. 5).
Larval growth strongly depended on the timing of
first feeding. Ls and SGR of the 7 DAH larvae in FO
(3.6 mm, 9.9%), F1 (3.3 mm, 8.4%) and F2 groups
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Fig. 3 Feeding rate (a, mean+SD) and feeding intensity (b

mean=£SD) of fed (open circles) and starved (solid circles)
miiuy croaker larvae when food was first offered
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(3.2 mm, 7.5%) were significantly larger than in F3
(2.6 mm, 5.0%) and S (2.5 mm, 4.6%) groups (P<
0.05 for each comparison) (Figs. 1 and 6a). Neither Lg
nor SGR of the 36 DAH larvae in FO (9.7 mm, 4.8%)
and F1 (9.5 mm, 4.8%) groups were significantly
different (P>0.05 for each comparison), but they were
both significantly larger than in F2 (7.1 mm, 4.1%)
group (P<0.05 for each comparison; Figs. 1 and 6b).
CVy of the first feeding larvae (7 DAH) was 5.0, 6.8,
6.0, 45 and 4.5 in FO, F1, F2, F3, S groups,
respectively, in contrast with 15, 13 and 11 in FO,
F1 and F2, respectively, in the 36 DAH larvae.

Larval survival

Larval survival was 71%, 70%, 61%, 4% and 3% on
7 DAH in FO, F1, F2, F3 and S groups, respectively.
No larvae survived up to 8 DAH in F3 and S groups
(Fig. 7). In these two groups, most of the larvae died
on 3-7 DAH with an average daily mortality rate of
18.5%. On 36 DAH, it was 16% and 15% in FO and
F1 groups, respectively, which was apparently higher
than 9% in F2 group (Fig. 7). Mortality in F2 group
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Days after hatching

mainly occurred on 3—7 DAH averaging a daily rate
of 6.5% but kept at a relatively low level (1.8%) after
7 DAH till the end of the experiment on 36 DAH.
Similarly, high mortality was also observed on 3-7
DAH in F1 and FO groups with a daily rate of 5%,
which then decreased gradually (1.6%) afterwards

(Fig. 7).

Discussion
Onset of first feeding and feeding ability of fish larvae

The timing of first feeding in fish larvae largely
depended on egg quality, yolk absorption rate and
temperature. Shan and Dou (2008) reported that, among
the 51 fish species in previous studies, a majority of the
species could initiate first feeding within 1-3 DAH at
22-32°C, in contrast with 4-8 DAH at 6-21°C in other
species. High temperature generally promoted fish
larvae to initiate feeding earlier. For instance, first
feeding in Japanese flounder, Paralichthys olivaceus,
larvae advanced from 7 to 2 DAH as temperature
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increased from 12°C to 21°C (Seikai et al. 1986; Dou
et al. 2002, 2005), while it advanced 3 days in Atlantic
herring Clupea harengus larvae as temperature in-
creased from 7.5°C to 9.2°C (Yin and Blaxter 1987).
However, Atlantic salmon, Salmo salar, and tilapia,
Oreochromis mossambicus, larvae did not start to feed
until 41 DAH at 12.4°C (Hansen and Magller 1985) and
7 DAH at 28°C (Rana 1985), respectively. The long-
delayed first feeding in these fish larvae might be due
to the facts that both the salmon and tilapia had large
eggs (5.5 and 2.0 mm in diameter, respectively) and
their yolk sacs took a relatively long time to complete
absorption (on 70 and 15 DAH, respectively) (Hansen
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and Moller 1985; Rana 1985). In the present study,
miiuy croaker larvae started to take food on 3 DAH at
24°C, 1 day earlier than at 22°C (Luo et al. 20006).
Moreover, the yolk absorption was completed on 4
DAH, suggesting that there existed a 1-day mixed
nutrition period in the first feeding larvae. Similar
findings were also obtained for other sciaenidae
fishes such as Nibea chui (on 2 DAH at 21-23°C;
Huang et al. 2005) and large yellow croaker
Pseudosciaena crocea (on 3 DAH at 23-25°C; Yu
et al. 2003).

First feeding of the miiuy croaker larvae coincided
with the occurrence of eye pigmentation. Moreover,
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Fig. 6 Specific growth rate (SGR) (mean+SD) of miiuy
croaker larvae at different ages of delayed first feeding on 7
DAH (a) and 36 DAH (b). Different superscripts indicated
significant differences at P<0.05. Codes for feeding treatments
as in Fig. |

active swimming and foraging were frequently ob-
served in the first feeding larvae. Similar results were
also obtained in other visual feeders such as Japanese
flounder (Dou et al. 2005) and spotted sand bass,
Paralabrax maculatofasciatus (Pefia and Dumas
2005). Therefore, occurrence of eye pigmentation
and active swimming behavior could be used as
potential indicators to determine the time of initially
offering food to visual feeders in aquaculture.
Feeding ability of first feeding larvae was influ-
enced by the functional development of searching,
cruising and feeding organs (Yin and Blaxter 1989).
Early studies indicated that feeding rate was generally
low (10-50%) in most of the first feeding larvae
(Yufera et al. 1993; Brinkmeyer and Holt 1998; Olsen
et al. 1999; Hamlin and Kling 2001; Puvanendran and
Brown 2002; Huang et al. 2005; Qiao et al. 2007).
Since starvation could lead to malformed develop-
ment of these organs, delayed first feeding plays a
critical role in determining the feeding ability of fish
larvae. In the present study, feeding rate of the miiuy
croaker larvae in FO was 10% on 3 DAH and reached
85% on 5 DAH. However, the larvae that were
starved over 5 DAH could not establish successful
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first feeding even when food was available, suggest-
ing that their ability to feed decreased as starvation
was prolonged. Larvae first fed on 3 DAH showed the
ability to take food, but 20-40% of the larvae could
not successfully establish active feeding until 4 DAH.
Therefore, even a short time period of starvation (e.g.
1 day after yolk exhaustion) might have adverse
impacts on the feeding ability of the survivors. This
was also supported by the finding that feeding
intensity of the starved larvae started to decrease
drastically after 5 DAH.

In many fish species, larvae show a mixed feeding
period, during which they start to take food before
yolk exhaustion (Yufera et al. 1993; Mookerji and
Rao 1999; Dou et al. 2005). Duration of this period
varies with species and is considerably influenced by
elemental cues such as temperature (Seikai et al.
1986; Yin and Blaxter 1987; Dou et al. 2005). To
minimize the discrepancies caused by temperature
and yolk absorption rate, Shan and Dou (2008)
followed Kamler (1992) and employed the R ratio
(R=ty/t;, t, is the time from first feeding to yolk
exhaustion, f; is the time from hatching to first
feeding) to evaluate and compare the mixed feeding
period of 51 fish species. Among them, some fish
larvae had a relatively long mixed feeding time (R>1)
such as Japanese pufferfish, Takifugu rubripes (R=
2:1; Jiang et al. 2002) and rohu, Labeo rohita (R=4:1;
Mookerji and Rao 1999). They generally had suffi-
cient time to learn to feed and improve feeding ability
before yolk exhaustion. However, many of the fish
larvae had a very short mixed feeding period (R<1)
such as in Peruvian anchoveta, Engraulis ringens (R=

Survival (%)

1 3 5 7 9 11 131517 19 21 23 25 27 29 31 33 35

Days after hatching

Fig. 7 Survivorship of miiuy croaker larvae at different ages of
delayed first feeding. Codes for feeding treatments as in Fig. 1
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1:5; Ware et al. 1981) and flounder, Platichthys flesus
(R=1:6; Yin and Blaxter 1987). Similar to these
species, miiuy croaker larvae had only 1 day mixed
feeding period (R=1:3) and exhibited low feeding
ability at first feeding, suggesting that they were very
likely to suffer starvation during this critical period.
Starvation commonly led to high larval mortality in
these fish species both in wild populations and at
laboratory larval rearing.

Larval survival and growth

The ability to withstand starvation in fish larvae is
species specific and generally deteriorates with
increased temperature. Shan and Dou (2008) com-
pared the PNR of 51 fish species and found that
many larvae reached PNR within 2 days or less after
yolk exhaustion at 22-32°C such as in lined sole,
Achirus lineatus (0.5 days at 24-28°C) and anchovy,
Anchoa mitchilli, (0.6-0.9 days at 28-32°C) (Houde
1974), in contrast with 3-8 days at 6-21°C in other
species. However, a few species such as Bagrid
catfish, Pelteobagrus vachelli, and sturgeon (Huso
huso® x Acipenser baerii3) exhibited PNR as long
as 11.5 days at 24-25°C (Ma et al. 2006) and
16 days at 16-17°C (Gao 2001), respectively. The
relative large yolk sac (1.7 and 4.8 mm in egg
diameter, respectively) and oil globules in this fish
might provide a relatively large nutrition reserve for
the larvae and make contributions to their ability to
withstand starvation. PNR of the miiuy croaker
larvae at 24°C was 6 DAH (i.e. 2 d after yolk
exhaustion). This meant that they had only 3 days
after mouth opening on 3 DAH to establish success-
ful first feeding. Otherwise, they would suffer
starvation-induced mortality. Small egg size
(<1.0 mm) of miiuy croaker and relatively high
rearing temperature (24°C) in this experiment might
promote their early development and thus prompt
energy consumption, which led to their reaching
PNR in a short time after yolk exhaustion.

In this study, larval mortality mainly occurred during
3-7 DAH in F3 and S groups, accounting for over 90%
of the total mortality throughout the experiment. In FO,
F1 and F2 groups, larval mortality also concentrated on
3—7 DAH (accounting for 40% of the total mortality) but
decreased gradually afterwards. Dead larvae were
characterized with starvation-induced morphological
deformity such as concavity of head, gut collapse and
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body malformation. These showed that miiuy croaker
larvae suffered a course of starvation mortality
around the first feeding period even if initial feeding
was not delayed. This might be due to the fact that
the time in which the larvae had to learn to take
food and establish successful first feeding before
reaching PNR was too limited. Moreover, although
the survival curve pattern in F2 group was similar to
those in FO and F1 groups, it was apparently lower
than the latter two groups during the experiment.
This indicated that starvation effect on the first
feeding larvae might retain and function on the
survival of the fish throughout their whole larval
stage.

On 7 DAH, SGR of the fed larvae (F0O) was
apparently higher than all the delayed feeding larvae.
Moreover, it was significantly larger in F1 and F2
groups than in F3 and S groups. This suggested that the
larval growth was sensitive to starvation at first feeding
stage and even a short time period of starvation could
adversely affect their growth. However, on 36 DAH,
SGR of the larvae in FO and F1 was not significantly
different, although it was significantly larger than in
F2. This suggested that 1 day-delayed feeding larvae
(F1) might resume growth through a certain mecha-
nism of compensatory growth during the later larval
development. Similar results were obtained in grunion,
Leuresthes tenuis (May 1971); striped bass, Morone
saxatilis (Rogers and Westin 1981) and P. maculato-
fasciatus larvae (Pefia and Dumas 2005). Delayed
feeding for 2 days after yolk exhaustion (F2) would
have adverse impacts on growth throughout the larval
stage in miiuy croaker at 24°C. Moreover, individual
variation in larval growth decreased with the age of
delayed first feeding. This was in agreement with the
findings for other species such as summer flounder,
Paralichthys dentatus (Bisbal and Bengtson 1995);
California halibut, Paralichthys californicus (Gisbert
et al. 2004) and Japanese flounder (Dou et al. 2002,
2005). Larvae fed before PNR exhibited variable
responses to food and thus varied considerably in
individual feeding ability, leading to high individual
growth variation. As starvation progressed, a large
number of larvae died and only the strong survivors
could establish successful feeding when food was
provided, possibly resulting in relatively high indi-
vidual growth uniformity.

Morphological measurements are often used as
important indicators to evaluate starvation and nutrition-
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al status in fish larvae because of its ease and practicality
of application (Ehrlich et al 1976; Theilacker 1978,
Bisbal and Bengtson 1995; Theilacker and Porter 1995;
Dou et al. 2002; Gisbert et al. 2004). It is particularly
useful and convenient to assess larval starvation in the
wild when morphological development, age determina-
tion and growth of the larvae have been well studied.
However, the disadvantage of this method is that
individual morphological development of fish larvae
varies considerably even when initial feeding is not
delayed and therefore, it is a difficult task to deriver
valid criteria at laboratory for application in the wild.
From this study, we concluded that Dg, Hg, Hy, Gy,
Hp/Ls, Dg/Ls and Dg/Ly; in miiuy croaker larvae were
more sensitive to starvation than other morphometrics
and thus could be used as potential indicators for
evaluating nutritional status of the first feeding larvae.
However, given the fact that knowledge about the
larval development of this fish is still lacking, we
should be cautious to extrapolate the experimental data
to investigate larval starvation in nature. A combina-
tion with other methods such as histological and
biochemical analysis should be applied to validate the
effectiveness of the morphological indicators inferred
from this study in the future.
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Abstract The cellulase activities of bacterial strains
in the intestine of grass carp were analyzed, using
filter paper and absorbent cotton as substrates and
measuring the concentration of glucose by calorime-
try. Six strains were isolated and determined high
cellulase activity in all grass carp. Strains showed
different abilities to produce cellulase, which suggests
that they interact in the grass carp intestine to digest
cellulose. The presence of cellulose activity suggests
that grass carp have the ability to digest cellulose in
the diet. The cellulase enzymatic activity increased
dramatically after 6 days of culture and reached its
peak at the 7th day. Microbes are probably the main
source of cellulase in grass carp diets.
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Introduction

Cellulose is produced by plants and is recycled by
microbes. It is a sustainable energy resource, as one of
the main components of plants and also the most
abundant organic materials in the world. The structure
of cellulose in plants is very complicated and difficult
to degrade because of its unique molecular structure.
Cellulose can not be degraded directly by animals, but
only by some microbes such as bacteria and fungi
(Xiao et al 2002). Cellulose is thought to be
indigestible and therefore of little nutritional value in
formulated fish feeds. It is wvitally important to
develop methods to improve enzymatic hydrolysis of
cellulose, since developments in fishery nutrition and
aquaculture technology have encouraged the use of
cheaper feed ingredients, including cellulose. Enzy-
matic hydrolysis of cellulose has been extensively
reported since the utilization of cellulosic biomass as
a renewable resource has great potential for reducing
emissions of carbon dioxide to help prevent global
warming (Claassen et al 1999; Li et al 2004a, 2004b,
2005). However, despite the fact that many studies
have been conducted worldwide, the significance of
cellulose in fish diets is not yet fully elucidated.
Fishes cannot produce cellulase and thus, they can not
utilize cellulose directly.

Some reports have suggested that soluble, high
molecular weight non-starch polysaccharides such as
those common in cellulose increase digestive viscosity
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and reduce digestive enzyme access to other nutrients
(Castanon et al. 1997; Bedford 2000; Francis et al.
2001). In fishes this can result in poor growth and low
feed efficiency, depending on ingredient type and
proportion, in cultured fishes (Watanabe 2002).

Inclusion of exogenous enzymes as additives in
plant-based feeds has greatly improved feed utiliza-
tion in terrestrial animals (Bedford 1995; Castanon et
al. 1997; Bedford 2000). Cellulase isolated from grass
carp must be adapted to the internal environment of
the fish intestine and have the ability to effectively
digest cellulose. In this study, bacterial strains with
cellulase-producing ability were identified from the
intestine of grass carp. The capacity of cellulase to
hydrolyze chemically defined cellulosic substrates
was evaluated and it was determined that it might
play a significant role in the utilization of plant
materials in fish diets.

Materials and methods
Isolation and screening of microbes

Sample collection: Ten 10 grass carp were purchased
from a retail market, having been fed mainly grass.
Their individual live weights were 3.91, 3.94, 3.97,
3.97, 3.99, 4.00, 4.02, 4.03, 4.05, and 4.08 kg,
respectively. The full length of the intestine from
each fish was removed and food collected. Intestine
lengths ranged from 79 to 144 cm.

In the first round of screening (Horikoshi et al.
1984), 1 gm of food from the intestine was ground
and 9 ml of de-ionized (DI) water added to dissolve
the material. This solution was diluted by 10 times to
107,102 107, 10, 10, 10°° and then 0.1 ml of
the diluted solutions was inoculated onto plates and
cultured at 37°C. Na-CMC was used to detect endo-
-1,4-glucanase activity. 0.1 ml of the screening
strain suspension was added to the cellulose medium
and mixed it at 50°C. The clearance area around
colonies of strains of cellulase producing microbes
was recorded as white medium.

In the second round of screening (Qi 2003), the
diameter of the clear area was measured around each
circle. The ratio of the diameter of the circle and the
clearance area for each strain were calculated. Those
with high clearance cycle/strain cycle ratios were
selected for further testing.

@ Springer

132

Cellulase enzymatic activity measurement

The glucose concentrations in enzyme assays (see
Wave length for the production after cellobiose,
cellotriose and glucose oxidized by DNS) was
determined relative to a standard curve for glucose
in sodium acetate buffer (Liu 2002). Selected strains
obtained were inoculated into 10 ml of Na-CMC
medium and cultured them at 37°C for 5, 6 and
7 days. 1 ml of the supernatant was used to measure
[3-1,4-glucosidase activity, 0.5 ml of which was used
to measure exo-f3-1,4-glucanase and endo-f3-1,4-
glucanase activity. Control tubes were heated in
boiling water for 5 min to inactivate them. After
allowing the samples to cool, 2 ml of acetic acid/
sodium acetate buffer and 2 ml of Na-CMC were
added to the [3-1,4-glucosidase activity assay. 2 ml of
acetic acid/sodium acetate buffer and 2 ml of
absorbent cotton were added to the assay for exo-f3-
1,4-glucanase activity. 2 ml of acetic acid/sodium
acetate buffer was added to a sample of 1 cmx3 cm
filter paper to assay for endo-f3-1,4-glucanase activity.
Tubes were incubated at 50°C for 5 min and then
cooled with ambient temperature water. 2 ml of 3,5-
dinitrosalicylic acid (DNS) was added to the tubes,
which were then placed tubes into 100°C bath for
5 min, allowed to cool with tap water and made the
final volume to 10 ml. Optical density (OD) was
measured at 490 nm.

B
B—1,4 — glucosidase =10 pg/mlx 5minx50°C
B
endo—pB—1,4 — glucanase :ﬁug/mlx 1hx50°C

B
exo—ﬁ—1,4 — glucase :ﬁ ug/mlx24h><50°C

where B is the weight (p1g) obtained from the standard
curve above.

Wave length for the production after cellobiose,
cellotriose and glucose oxidized by DNS

The most commonly-used wavelengths for detecting
oxidized and reduced DNS by cellobiose, cellotriose
and glucose are 550 nm, 540 nm 520 nm and 490 nm,
respectively. The OD value obtained was different
from wavelengths for the detection of reduced DNS
and the resultant enzymatic activity was measured.
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The absorption properties of the deoxidized DNS by
cellobiose, cellotriose and glucose were studied.
Brown-red products had strong absorption between
the wave lengths of 540-470 nm with a peak at
490 nm. Thus a wave length of 490 nm was used to
detect cellulase activity.

Results
Screening of cellulase producing microbes

After the first round of screening with cellulase
selective medium, positive strains were transferred to
plates for the second round of screening at 37°C to
culture for 48 h. Strains were picked out by colony
morphology observation. Strains obtained were trans-
ferred from the second round screening to new plates
to purify them. 31 strains were screened and 2 strains
with cellulase activity were obtained.

The strains obtained were further inoculated to a
liquid fermentation medium. The strains were cul-
tured and levels of (3-1,4-glucosidase, endo-[3-1,4-
glucanase and exo-f3-1,4-glucanase activity were
measured. 6 strains of microbes with relatively high
cellulase activity were collected and designated as:
X1, X2, X3, X4, X5 and X6 (shown in Table 1).

The effect of pH on absorbance

Two milliliters of acetic acid/sodium acetate buffer
with different pH was added to the samples. 1 ml of
enzymatic solution with 0.5% CMC-Na Two milli-
liters was then added, after complete hydrolysis at 50°
C, DNS was then added and the absorbance was
measured. The absorbance was the highest at pH 4.8
which was why the acetic acid/sodium acetate
solution was chosen for the experiment.

The effect of culturing time on cellulase production

The X1 microbe was chosen to study the effects of
culturing time on cellulase production. Cultures on
filter paper fermentation medium were obtained and
then analyzed for enzymatic activity. From the 3rd
day on, enzymatic activity was measured every 24 h
(Fig. 1).

Enzymatic activity increased dramatically after
6 days of culture and reached its peak at the 7th day
(Fig. 1). The enzymatic activity of the other microbe
strains obtained in this study was also studied. Similar
results for the enzymatic activity were obtained, with
the highest values around the 7th day. Therefore
cellulase activity was measured during the period
between 5 and 8 days.

Table 1 Cellulose enzy-

matic activity after different Strain Fermentation ~ (3-1,4-glucosidase ~ Endo-f3-1,4-glucanase ~ Exo-{3-1,4-glucanase
fermentation period (OD4o0) number  time (days) activity (ODy90) activity (OD490) activity (ODyo0)
X1 5 0.004 0.007 0.1
6 0.021 0.027 0.13
7 0.056 0.096 0.11
X2 5 0.019 0.178 0.041
6 0.025 0.075 0.095
7 0.062 0.126 0.12
X3 5 0.097 0.001 0.107
6 0.15 0.025 0.145
7 0.14 0.074 0.137
X4 5 0.041 0.035 0.013
6 0.059 0.072 0.083
7 0.055 0.13 0.092
X5 5 0.083 0.028 0.063
6 0.164 0.016 0.019
7 0.159 0.149 0.056
X6 5 0.054 0.104 0.114
6 0.135 0.071 0.098
7 0.142 0.096 0.091
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Fig. 1 The effect of culturing time on the enzymatic activity of
cellulose

Cellulase activities and X-ray dispersion

According to the results obtained for the OD490/
glucose concentration above, the highest OD490,
which represented the cellulase activity, was mea-
sured between 5 and 7 days culture of all the microbes
to calculate the enzymatic activity (Table 1).

As shown in Table 2 and Table 3, the enzymatic
activity of the same strain of microbe was different on
different substrates. There were also differences in
enzymatic activity among different strains. Among all
the 6 strains, CMC enzymatic activity was higher in
X3, X5 and X6, with X5 obtaining the highest level
of activity. This indicates that this strain has a strong
ability to decompose water-soluble substrates. For
filter paper enzymatic activity, X2, X4 and X5
demonstrated high activity, with X2 obtaining the
highest. X2 had the greatest ability to decompose
multi-component cellulose substrates. Higher exo-f3-
1,4-glucanase activity appeared in X1, X2 and X3,
with the highest level of activity being observed in
X3.

Table 2 Cellulase activities of the 6 bacterial strains

Strain 3-1,4-glucosidase ~ Endo-f3-1, Exo-f3-1,
concentration 4-glucanase 4-glucanase
(u/ml) concentration  concentration

(u/ml) (w/ml)

X1 181 314.33 427.67

X2 201 587.67 394.33

X3 494.33 241 477.67

X4 191 427.67 301

X5 541 491 204.33

X6 467.67 341 374.33
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Table 3 X-ray dispersion of different cellulose materials
(marked as crystallinity)

Cellulose In-between area  Crystallized percentage
materials percentage of in cellulose

cellulose crystallized area
Absorbent cotton 124 87.6
Filter paper 38.9 61.1

Discussion

There are a few reports concerning microbial flora and
microbial cellulase production in the intestinal tracts of
fishes (Stickney and Shumway 1974; Lesel et al. 1986;
Das and Tripathi 1991; Stellwag et al. 1995; Saha and
Ray 1998; Bairagi et al. 2002). Grass carp is a fish that
feeds only on hydrophytes in natural waters. Therefore,
there must be some kind of mechanism for them to use
plant resources effectively, which suggests that cellu-
lase plays an important role in their digestive system.
Because grass carp can not produce cellulase by itself,
there should be some cellulase-producing microbes in
the grass carp's intestine.

Grass carp with high intestinal microbial activity
may be supplied with additional carbohydrate energy
through alternative routes. Cellulase activity has been
observed in several fish species indicating that fish
may be able to utilize cellulose (Chakrabarti et al.
1995). Our experiment has demonstrated that cellulase-
producing microbes exist in the intestine of grass carp.

Appropriate amounts of dietary fibre are important
for digestion in fishes because fibre can enhance the
peristaltic movements of the intestine, stimulate the
secretion of digestive enzymes and enhance the contact
surface between food and enzymes. Previous reports
have demonstrated that microbes in the fish intestine
could secrete cellulase, which could help fish to digest
cellulose into cellobiose, cellotriose and other oligo-
saccharides and eventually into glucose to be utilized
by the fish. The grass carp gut is three times the length
of body. Because cellulose is difficult to digest and the
fish intestine is relatively long, food passes through the
intestine relatively slowly. Therefore, it is necessary to
add cellulase to fish feed to increase gut absorption.
Until now, few reports are available concerning the
application of cellulase in fish feed.

All of the six strains with high cellulase-producing
ability were obtained from the middle or rear part of
the intestine, while the strains screened from the front
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part of the intestine had relatively low cellulase
activity. This suggests that all these high cellulase-
producing strains were established and stable strains.
The cellulase activities for different strains were
found to be quite different. Some of them had high
CMC activity while some of them had high endo-f3-
1,4-glucanase. This indicates that these strains might
work together to decompose cellulose in the grass
carp intestine.

As the grass carp do not have a stomach to digest
cellulose, it can only digest cellulose in its intestine.
Shcherbina and Kazlawlene (1971) suggested that
some portion of dietary cellulose is digested in the
anterior portion of the gut while the remaining portion
of the cellulose is digested in the posterior portion of
the digestive tract, indicating the probable presence of
microbial cellulase in the posterior region. Analysis of
the residual food obtained from grass carp intestine
showed that the ability for cellulose digestion was
very limited. Large amounts of cellulose were still
found even in the rear part of its intestine.

Bacteria in the diet of the fish may adapt them-
selves to the environment of the gastrointestinal
tract and form a symbiotic association. In our study,
a considerable population of bacterial symbionts was
isolated from the alimentary tracts of grass carp and
some of the strains were shown to exhibit significant
cellulolytic activity.
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Abstract The endemic Chinese cavefish genus Sino-
cyclocheilus possesses very rich species diversity.
Specimens of this genus collected from Guilin, Guangxi,
China, were originally described in an unpublished
document in 1982. Later, they were recognized as
Sinocyclocheilus jii. Comparison to the type specimens
of S. jii leads to the conclusion that, though similar,
they represent two different species. Herein we
describe them as a new species, Sinocyclocheilus
guilinensis sp. nov. It can be distinguished from all
congeners by its possession of soft, unbranched dorsal
ray without serrations, 19-20 (11-12) scale rows above
(below) the lateral line, 34—36 circumpeduncular scales
and 8-9 pre-dorsal vertebrae. Sinocyclocheilus
guilinensis sp. nov. is most similar to S. jii. In addition
to the scale count differences, a morphometrics-based
principal component analysis (PCA) also supports
designation of S. guilinensis and S. jii as two distinct
species.
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Introduction

The cyprinid genus Sinocyclocheilus is endemic to the
karstric caves of the eastern Yunnan, middle-southern
Guizhou and notrthwestern Guangxi, China (Zhao
and Zhang 2006). Almost all species of the genus
Sinocyclocheilus are obligatory or facultative cave
dwellers. Rapid speciation due to isolation of small
populations in separate caves has contributed to the
genus’ speciation (Zhao and Zhang 2006).

In 1982, Mr. Ji, a Chinese ichthyologist, described
a species based on specimens collected in Guilin,
which he named Sinocyclocheilus guilinensis. This
original description of S. guilinensis was in an
unpublished governmental report'. The original de-
scription is extremely succinct and lacks any compar-
ison to other species. In 1984, Zhou mentioned this
species along with a very simple description in
another internal report’. Since the original reference
describing the species was not formally published,
this species description is not valid according to the
rules (Article 8.1) of the International Code of
Zoological Nomenclature (International Commission
on Zoological Nomenclature 1999). Therefore, Chu

! An internal report for the government: Fishery Institute of
Guangxi Zhuang Autonomous Region (1982) Influences on
fishery resources from pollution in the Lijiang River

% Fishery Institute of Guangxi Zhuang Autonomous Region
(1984) Investigative Report on the fishery stocks of the inland
waters in Guangxi Zhuang Autonomous Region, China, 487 pp.
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and Cui (1985) suggested that S. guilinensis should be
regarded as an unrecognized species.

Zhang and Dai collected two specimens of
Sinocyclocheilus in 1984 from Fuchuan, Guangxi,
near Guilin. Fuchuan and Guilin are located along
different rivers, the Hejiang and Guijiang rivers,
respectively, both of which belong to the Pearl River
drainage. Zhang and Dai (1992) compared the speci-
mens from Fuchuan with the unpublished descriptions
of S. guilinensis. They thought the main characters of
the specimens they collected were similar to the
description of S. guilinensis and described the speci-
mens from Fuchuan as a new species, Sinocyclocheilus
Jjii (Zhang and Dai 1992). The specific name “ii” was
proposed to recognize the contribution of the original
researcher, Ji. After that, both specimens from Guilin
and Fuchuan were recognized as S. jii by all other
researchers (Shan et al. 2000).

During a phylogenetic study on the genus, we
found that specimens from Guilin actually have some
stably-different characteristics compared with the type
specimens of Sinocyclocheilus jii. Therefore, we
described it herein as a new species. Out of respect
for Mr. Ji, who first reported the species, we keep his
original scientific name for the species, S. guilinensis.

Materials and methods

The holotype and paratypes and comparative specimens
are deposited in different collections. Their abbrevia-
tions are as listed in Leviton et al. (1985) with the
following exceptions: IHB (Institute of Hydrobiology,
Chinese Academy of Sciences), GXIF (Fishery Insti-
tute of Guangxi Zhuang Autonomous Region, China),
and Lan (personal collection of Mr. J.H. Lan).
Measurements were taken using a digital caliper to

Fig. 1 Sinocyclocheilus
guilinensis sp. nov.
Holotype, ASIZB 113753,
107.3 mm SL, scale bar
10 mm
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the nearest 0.1lmm. Morphometric and meristic char-
acters were selected according to the methods de-
scribed in Zhao et al. (2006). Osteological characters
were observed using X-ray photographs following the
methods described in Zhao et al. (2002). Vertebrae
counts excluded the Weberian complex. Systat Version
10 (Wilkinson 2001) software was used in the
statistical analysis (principal component analysis).

Sinocyclocheilus guilinensis sp. nov. (Fig. 1)

Sinocyclocheilus jii, Zhang and Dai 1992, Acta
Zootaxon Sin 17: 377 (Fuchuan, Guangxi Zhuang
Autonomous Region, China); Shan et al. 2000, Fauna
Sinica, Osteichthyes, Cypriniformes III: 59 (Guilin,
Guangxi Zhuang Autonomous Region, China).

Holotype ASIZB 113753, 107.3mm standard length
(SL), from Zhujiang River Basin: Lijiang River,
Feifengshan Hill, Guilin City, Guangxi Zhuang Au-
tonomous Region, China; collected in 1982 by CS Ji
and J Zhou.

Paratypes ASIZB 113754, 101.2mm SL; GXIF 82389,
115.9mm SL; GXIF 82374, 110.7mm SL; GXIF 82375,
108.lmm SL; data as for holotype. IHB 82IV123,
136.5mm SL, collected in April, 1982 from Guilin,
collector unknown. KI1Z 845005, 60.9mm SL, collected
in May, 1984 from Guilin, collector unknown.

Diagnosis The new species is distinguished from all
congeners by the following combination of character-
istics: body completely scaled, eyes well developed; last
unbranched ray of dorsal fin soft, without serration;
scale row counts above and below lateral line 19-20
and 11-12, respectively; circumpeduncular scale count
34-36; gill rakers 8—11; pre-dorsal vertebrae 8-9.
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Description General body features are shown in
Fig. 1. Meristics and proportional measurements as
percentages of standard length are listed in Table 1.

Body compressed. Dorsal profile convex, not forming
a humped back, greatest body depth exactly at dorsal

fin insertion; ventral profile slightly concave from
snout tip to pelvic insertion, then slightly convex to
anal-fin end and straight toward caudal fin.

Head compressed. Snout round. Nostrils midway
between snout tip and anterior margin of orbit. Anterior

Table 1 Meristics and morphmetrics of Sinocyclocheilus guilinensis sp. nov. and S. jii

Sinocyclocheilus guilinensis sp. nov Sinocyclocheilus jii
N  Min Max Mean  SD Holotype N Min Max Mean  SD

Dorsal fin rays 7 7 7 7 5 7 7

Anal fin rays 7 5 5 5 5 5 5 5

Pectoral fin rays 7 13 15 14 13 5 14 15 15

Pelvic fin rays 7 8 8 8 5 8 8 8

Total vertebrae 3 36 37 37 37 2 36 38 37

Predorsal vertebrae 3 8 9 8 8 2 8 9

Caudal vertebrae 3 17 18 18 18 2 17 17

Gill rakers 7 8 11 9 9 5 6 7 7

Lateral line scales 7 43 53 48 49 5 47 52 49

Scale rows above lateral line 7 19 20 20 19 5 27 29 28

Scale rows below lateral line 7 11 12 12 12 5 15 17 16

Circumpeduncular scales 7 34 36 36 34 5 46 50 47

Standard length 7 60.9 136.5 105.8  22.8 107.3 5 100.5 123.6 1122 83

In % of standard length
Body depth 7 246 29.0 27.0 1.9 273 5 27.0 28.8 28.1 0.7
Predorsal length 7 56.1 58.0 56.8 0.6 56.1 5 54.5 57.1 55.6 1.2
Dorsal-fin base length 7 10.5 12.9 11.9 0.8 11.7 5 12.2 13.6 13.0 0.6
Dorsal fin length 7 208 22.4 21.6 0.7 21.0 5 19.8 23.9 222 1.6
Preanal length 7 74.6 79.1 76.7 1.7 76.8 5 74.1 76.7 74.8 1.1
Anal-fin base length 7 7.5 9.7 8.7 0.8 8.4 5 7.7 8.7 83 0S5
Anal fin length 7 16.6 19.8 18.0 1.1 16.8 5 17.4 19.5 18.7 1.0
Prepectoral length 7 257 30.0 27.9 1.5 27.7 5 25.7 27.5 26.6 0.6
Pectoral-fin base length 7 3.5 4.8 4.2 0.5 4.5 5 3.7 43 40 02
Pectoral fin length 7 19.0 24.9 21.5 1.8 20.6 5 20.3 23.9 21.7 1.7
Prepelvic length 7 498 55.1 522 1.7 52.1 5 50.7 55.5 528 2.0
Pelvic-fin base length 7 4.0 54 4.5 0.4 4.4 5 4.0 4.9 43 0.4
Pelvic fin length 7 154 20.7 18.1 1.7 18.1 5 16.1 18.5 17.5 1.0
Caudal peduncle length 7 16.4 19.2 18.0 0.9 17.3 5 17.9 19.6 189 0.7
Caudal peduncle depth 7 11.4 14.1 12.7 0.8 13.1 5 11.8 13.5 128 0.7
Head length 7 266 314 28.7 1.5 28.0 5 253 27.4 26.5 0.8
Head depth 7 15.3 17.9 16.8 1.0 17.1 5 14.4 16.0 152 0.7
Head width 7 12.4 15.1 14.1 1.0 14.3 5 133 14.2 137 04
Snout length 7 7.6 10.3 8.9 0.9 9.3 5 6.9 7.7 72 04
Eye diameter 7 7.1 9.1 8.1 0.7 8.1 5 7.2 8.6 7.8 0.5
Interorbital width 7 6.4 7.8 7.3 0.6 7.4 5 6.1 7.1 6.5 0.4
Prenostril length 7 5.1 6.7 5.8 0.5 5.7 5 53 5.8 55 02
Width between posterior nostrils 7 52 7.0 6.4 0.7 5.2 5 5.8 6.8 6.3 0.4
Upper jaw length 7 7.3 9.3 8.3 0.8 7.4 5 6.1 7.7 6.8 0.7
Lower jaw length 7 6.8 8.7 7.8 0.8 6.8 5 59 7.1 64 04
Mouth width 7 7.9 8.4 8.1 0.2 8.0 5 7.7 8.4 8.1 0.3
Maxilla barbel length 7 8.4 13.6 10.8 1.7 11.2 5 10.5 14.1 12.4 1.7
Rictal barbel length 7 9.3 15.5 12.4 2.1 12.8 5 10.3 17.8 133 3.0
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Fig. 2 Sampling sites of

Sinocyclocheilus guilinensis jod

sp. nov. (circle) and S. jii
(triangle)
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nostrils round, possessing a rim with a fleshy flap
forming a complete tube. Posterior nostrils elliptical and
opened. Mouth terminal and curved; lips simple, upper
lip base covered by rostral cap, lower lip closely adnate
to lower jaw, upper and lower jaws connected at rictus.
Two pairs of barbels: maxillary barbel inserted in front
of anterior nostril, barbels extending beyond anterior
margin of eye; rictal barbels a little longer, extending to
posterior margin of eye, but not reaching posterior
margin of preopercle. Eye round, normal, and moderate
in size, eye diameter one fourth to one third of head
length. Cranial sensory canal developed, superaorbital
and infraorbital canals connected, canals below eye

radially arranged. Gill opening large, operculum mem-
brane not connected at isthmus. Joints of dentary-
angulars not close to each other at isthmus. Gill rakers
triangular, well-developed, 8-9 in first gill arch,
epibranchial with 2 (five specimens) or 3 (2); cerato-
branchial with 6 (2), 7 (2) or 8 (2). Pharyngeal teeth in
three rows with counts of 2, 3, 44, 3, 2.

Pectoral fin insertion under posterior margin of
operculum; pectoral fin not reaching pelvic fin insertion.
Pelvic fin insertion anterior to dorsal fin insertion,
midway between pectoral and anal fin insertions; pelvic
fin stretching two-thirds of distance between pelvic and
anal fin insertions, not reaching anus. Dorsal fin origin

Fig. 3 Principal component 06 T T T T
analysis based on = 05+ * -
morphometric characters of E 04k -
Slnocycloc}éefsl‘us..fguzlznenszs S 03 . @ - Species
Sp. nov. and . ju E’ g? B ® Sinocyclocheilus guilinensis sp. nov.
3 00% ' o o S.jii
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Table 2 Character loadings on principal components [-V for measurements from specimens of Sinocyclocheilus guilinensis sp. nov.

(seven specimens) and S. jii (five specimens)

PC1 PC1I PC 1II PC IV PCV
Standard length 0.1933 —0.0019 0.0245 —0.0131 0.0009
Body depth 0.2264 —0.0054 0.0351 —0.0257 0.0059
Predorsal length 0.1884 0.0050 0.0221 —0.0035 —0.0035
Distance from head end to dorsal fin insertion (dorsal view) 0.2118 0.0053 0.0225 0.0034 0.0048
Dorsal-fin base length 0.2195 —0.0513 0.0023 —0.0456 —0.0138
Dorsal fin length 0.1873 —0.0347 0.0284 —0.0038 0.0160
Preanal length 0.1851 0.0133 0.0272 —0.0026 —0.0002
Anal-fin base length 0.1766 —0.0021 —0.0058 0.0275 —0.0102
Anal fin length 0.1995 —0.0423 0.0216 0.0087 —0.0130
Prepectoral length 0.1773 0.0057 —0.0086 0.0053 —0.0133
Pectoral-fin base length 0.1648 —-0.0119 —0.0183 0.0445 0.0096
Pectoral fin length 0.2220 —0.0405 0.0125 0.0333 0.0062
Prepelvic length 0.1804 0.0038 0.0181 —0.0178 —-0.0170
Pelvic-fin base length 0.2035 —0.0168 —0.0320 0.0080 0.0394
Pelvic fin length 0.2078 —0.0372 0.0050 0.0299 0.0363
Caudal peduncle length 0.2171 —0.0200 0.0429 —-0.0367 0.0133
Caudal peduncle depth 0.2146 —0.0316 0.0069 0.0053 0.0296
Head length 0.1688 0.0196 -0.0124 0.0083 —0.0118
Head depth 0.1832 0.0463 0.0008 0.0145 0.0164
Head width 0.1569 0.0202 0.0270 —0.0156 0.0056
Snout length 0.1865 0.1146 0.0052 0.0248 0.0120
Eye diameter 0.1497 —0.0000 —0.0019 —0.0326 0.0171
Interorbital width 0.2290 0.0602 —0.0115 0.0026 0.0267
Prenostril length 0.2206 0.0432 0.0207 0.0042 —-0.0199
Width between posterior nostrils 0.2005 0.0197 —0.0019 —0.0107 —0.0564
Upper jaw length 0.1867 0.1008 —0.0525 0.0014 -0.0189
Lower jaw length 0.1923 0.0918 —0.0552 —0.0029 —0.0125
Mouth width 0.2033 0.0102 0.0231 —0.0239 —0.0096
Maxilla barbel length 0.2493 —0.1184 —0.0086 0.0483 —0.0455
Rictal barbel length 0.2190 —0.0798 —0.1335 —0.0376 0.0107

The three highest loadings on PC II are shown in boldface.

approximately midway between snout tip and caudal-fin
base, and posterior to pelvic fin insertion; last un-
branched ray of dorsal fin soft, without serrations along
posterior edge. Anal fin 17-20% of SL, with insertion
approximately midway between pelvic fin origin and
caudal fin base. Caudal fin bifurcate.

Lateral line complete, descending to point above
pectoral fin rays from posterior margin of operculum,
then ascending to body midline above anal fin base,
extending to end of caudal peduncle. Scales small.
Lateral line scales larger than other scales. Lateral line
scale counts 43-51, scale row counts above lateral
line 19-20, below lateral line 11-13; circumpedun-
cular scale counts 34-36. Predorsal scales irregularly
arranged and difficult to accurately count. Pelvic fin
axillary scales (generally 2) present.
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Coloration in alcohol Specimens were fixed in 10%
formalin and then preserved in 75% alcohol. Body
yellow-brownish, dorsum darker and abdomen
lighter, no spots or blotches. All fins light yellowish.

Distribution Known only from subterranean rivers in
suburbs of Guilin City, tributaries of the Lijiang
River, which belongs to the Xijiang River drainage,
the largest tributary of the Zhujiang River basin
(Fig. 2). From an unpublished report’, this species
may be found in caves or subterranean rivers within

3 Fishery Institute of Guangxi Zhuang Autonomous Region,
1984. Report of the survey on inland fishery resources of
Guangxi Zhuang Autonomous Region.
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approximately 30km north-east, 20km south-east,
25km south and 15km north-west of Guilin City.

Etymology The name of the new species, guilinensis,
is derived from the name of the collection locality,
Guilin City.

Remarks Only a few species of Sinocyclocheilus,
including S. tianlinensis (Zhou et al. 2004), S.
macrolepis (Wang 1989), S. yishanensis (Li and Lan
1992), S. jii and this new species, have soft
unbranched dorsal fin rays without serrations. S.
tianlinensis is completely blind. S. macrolepis is
distinct in that the lateral line scales are not larger
than scales located just above or below the lateral
line. S. yishanensis has fewer pre-dorsal vertebrae
than §. jii and the new species (6—7 vs. 8-9).

Sinocyclocheilus jii is most similar in body shape
to the new species. This is why these two species
were mistaken with each other in the past. In fact, S.
Jjii has higher scale row counts above and below the
lateral line (27-29 vs. 19-20 and 15-18 vs. 11-12,
respectively) and circumpeduncular scale counts (46—
50 vs. 34-36) than the new species. S. jii also
possesses fewer of gill rakers than the new species
(67 vs. 8-11). In addition, a principal component
analysis (PCA) based on morphometric characteristics
shows marked differences between S. jii and S.
guilinensis sp. nov. (Fig. 3). The features with
the highest PCA loading scores (Table 2) were
snout length, upper jaw length, and maxillary barbel
length.

Comparative materials Sinocyclocheilus jii: ASIZB
62726 (Holotype), 123.6 mm SL, ASIZB 62727 (Para-
type), 100.5 mm SL, Fuchuan county, Guangxi, China,
1984, C. G. Zhang and D. Y. Dai; Lan 02081410,
1144 mm SL, Lan 02081388, 112.7 mm SL, Lan
02081407, 109.9 mm SL, Guanyin Town, Gongcheng
County, Guangxi, China, October 2002, J. H. Lan.
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Common names: lijima’s gudgeon; Tai-Yin-Ju
(Mandarin); Fan-Dao-Shih-Yin-Ju (Mandarin); Larm-
Hon-Hi (Taiwanese). Conservation status: Endan-
gered pending Taiwanese Red-list, but not listed
TUCN Red-list (Chen and Chang 2005). Identifica-
tion: D 3+7; P 1+13-14; V 1+8; A 3+6; LL 34-35;
PreD11-13; Ph 5.3-3.5. Body eclongate, compressed.
Eye large. Mouth terminal. Lips thin. Two barbels
present about half length of orbit. Body light
greenish-silver dorsally, silver-white ventrally. Scale
pockets with posterior gray margin. Dorsal, caudal
fins with small black spots. A longitudinal shiny-
green stripe with six to seven rounded grey spots.
Size 5-7 cm, maximum 10 cm (SL) (Tzeng 1986;
Shen 1993; Chen and Fang 1999; Yue 2000; Chen
and Chang 2005). Distribution: Endemic to the To-
Chien (Oshima 1919) and Hou-Long River basins
(Chen and Chang 2007), no collection record in To-
Chien since Oshima (1919). Abundance: An estimat-
ed five to ten adult individuals per 10 m* of stream in
the densest populations. Habitat and ecology: Fresh-
water benthopelagic (0.7-3.0 m) species prefers
weakly alkaline (pH 7.8-8.5), well-oxygenated (DO>

I-S. Chen (D<)

Institute of Marine Biology and Department of Life
Science, National Taiwan Ocean University,
Keelung 202 Taiwan, Republic of China

e-mail: isc@mail.ntou.edu.tw
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75%), clear (0-80 NTU), slowly flow (<40 cm's ')
waters in lower and middle stream reaches between
10 and 300 m of altitude (Chen and Chang 2005).
Reproduction: Ascending reproductive migration dur-
ing summer (May to July), spawns eggs on hard
substrates May to August (Chen and Chang 2005;
Han et al. 2007). Threats: (1) Riparia habitat
destruction and vegetation degradation; (2) illegal
(poaching) electro-fishing; (3) dam construction in
middle reaches blocked seasonal migration; (4) water
pollution; and (5) severe competition for ecological
niches with invasive species like Oreochromis spp.
(Chen 2001). Conservation action: Application to
Taiwanese Red-list as “Endangered”. Conservation
recommendation: Avoid introduction of exotic spe-
cies, especially ichthyophagus and direct competitors,
protect natural river habitats, restore critical riverine
habitats critical for the species, prohibit illegal
fishing, avoid new dam construction or habitat
fragmentation. Remarks: Establishing population by
back-up artificial breeding is important.
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Abstract To obtain the phylogenetic relationship
between diploid and tetraploid Misgurnus anguillicau-
datus, the mitochondrial cyt b gene in the diploid and
tetraploid weather loach were isolated and sequenced.
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The DNA sequences were analyzed using MEGA 3.0
software to determine the phylogenetic relationship.
Forty-five variable sites among cyt b gene sequences and
18 amino acid substitutions occurred within the diploid
and tetraploid loaches as deduced from the nucleotide
sequences analysis of the cyt b gene. The nucleotide
pairwise distance between diploid and tetraploid loach
ranged from 0.001 to 0.025. Phylogenetic analysis
revealed evolutionary relationships between diploid
and tetraploid loach. Our results indicated a significant
difference between diploid and tetraploid loach about
the cyt b gene. AMOVA analysis indicated that there
were no significant genetic variations within diploid
loaches (Fst=0.2529, P>0.05) and within tetraploid
loaches (Fst=0.0564, P>0.05), neither. However, sig-
nificant genetic differences were found between diploid
and tetraploid loaches (Fst=0.7634, P<0.05). Thus, it is
concluded that no reproductive isolation was found
within the same cytotypes of different localities, but
there was reproductive isolation between these two
cytotypes. The diploid loach existed before the tetra-
ploid loach in nature. The present study is the first to
describe the phylogenetic relationships of natural poly-
ploidy weather loach using mtDNA cyt b gene.

Keywords Misgurnus anguillicaudatus -
Cytochrome b - Ploidy - Genetic variation -
Genetic distance - Evolution
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Introduction

The weather loach, Misgurnus anguillicaudatus (Co-
bitidae, Cypriniformes), is an important freshwater
fish species with both high economic and nutritional
value throughout Asia. This omnivorous species
inhabits the bottom of the water column and at times
can be found in the sediment, feeding upon algae,
bottom dwelling animals, detritus, and cladocerans.
The weather loach has long been used in traditional
Chinese medicine as a folk remedy for the treatment
of hepatitis, osteomyeitis, carbuncles, inflammations
and cancers. It has also been used to restore health
from debilities caused by various pathogens and
aging. Its attractive characteristics such as moderate
size (1020 g of body weight in marketable size),
easy to culture, soft egg chorion, transparent embryos,
fast embryonic development (24 h at 25°C), short
generation time (3—4 months), and year-round spawn-
ing under controlled conditions make this loach
suitable as a candidate for field and laboratory studies
(Shao et al. 2005). It has been successfully used for
several genetic manipulations, including ploidy
manipulation, hybridization, and sex control.

Polyploidization is well known as an important
evolutionary force in plants and indications of its
importance in the evolution of animals are constantly
accumulating (Soltis and Soltis 1995, 1999; Le Comber
and Smith 2004; Slechtova et al. 2006). Examples of
fish groups, in which changes in ploidy level have been
already identified as key events in their evolution
include Acipenseridae (Ludwig et al. 2001), Cyprinidae
(Alves et al. 2001; David et al. 2003), Catostomidae
(Ueno et al. 1988), and Salmonidae (Phillips and
Rab 2001; Crespi and Fulton 2004). Multiple origins
of polyploidy were demonstrated in African barbs
(Tsigenopoulous et al. 2002) and Cobitidae (Janko et
al. 2003). Weather loaches represent an interesting
model to study the role of polyploidization in vertebrate
evolution. Although the taxonomic relationship among
these loaches has not yet been clarified, presence of
taxonomically or genetically distinct loaches has been
suggested. Cytogenetic studies have shown that the
natural loaches in China are usually diploid (2n=50
chromosomes) and tetraploid (2n=100 chromosomes).
To evaluate the origin of polyploidisation within
weather loach and its contribution to its evolution, it
is necessary to understand the phylogenetic relation-
ships between the diploid and tetraploid species.
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The mtDNA is being widely used across many
groups of fishes, especially Cypriniformes, as a
genetic marker in the analysis of genetic variation
and for establishing phylogenetic relationships (Xiao
et al. 2001). As a conserved protein-coding gene with
relatively slow evolutionary rate, mitochondrial cyto-
chrome b (cyt b) has been demonstrated to be useful
for phylogenetic studies among closely related species
(Tang et al. 2006). Many population genetic and
phylogenetic studies have been conducted using cyt b
gene sequences in fishes (Briolay et al. 1998; Song et
al. 1998; He et al.1999; Matsuo et al. 2001; Peng et
al. 2004). It has been reported that restriction
fragment length polymorphism analysis of mitochon-
drial DNA should be used to analyze genetic variation
of Japanese loach (Khan et al. 2005). However, little
work on the cyt b gene in the natural polyploid loach
has been reported. There has been no research related
to genetic differences and phylogenetic relationships
between diploid and tetraploid loach.

The objectives of this study were to investigate the
ploidy level distribution of weather loach collected from
nine selected sites in central China and to analyze
genetic diversity and phylogenetic relationships be-
tween diploid and tetraploid using cyt b gene sequence
analyses to estimate the evolution of weather loach. To
our knowledge, the present study is the first report to
describe the phylogenetic relationships of natural
polyploidy weather loach using mtDNA cyt b gene.

Material and methods
Specimen examination and ploidy determination

To survey the distribution and frequency of natural loach
polypoids, six samples were collected from nine different
geographic locations in central China (Fig. 1). The
chromosome specimens belonging to M. anguillicau-
datus were obtained from metaphase of kidney cells by
in vivo injection of PHA and colchicin, hypatoic-air
drying technique, and Giemsa staining (Quan et al. 2000;
Zheng et al. 2005). The chromosome results were ana-
lyzed according to Levan et al (1964).

Total DNA extraction

The total DNA was extracted using scales or under-
lying muscle tissue following the description found in
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Fig. 1 Sampling localities of weather loach M. anguillicaudatus
in central China (nine black areas indicating nine sampling
sites): / Shiyan City (SY); 2 Enshi City (ES); 3 Zigui City

Kocher et al. (1989) with some simplifications. The
tissues from the sample fish were ground to powder in
liquid nitrogen. Approximately 0.1 g of ground tissue
was added to 700 ul of lysis buffer (50 mM Tris—HCl,
pH 7.5, 50 mM EDTA, and 3% SDS) and digested by
adding proteinase K (final concentration 100 ug ml™")
and incubated at 50°C overnight. The supernatant was
extracted once with chloroform/phenol (1:1). The
nucleic acids were precipitated in a solution contain-
ing 10 pl of 3 M sodium acetate (pH 5.2) and 1 ml of
absolute isopropanol. The resulting pellet was washed
with cold 70% ethanol, dried, and re-suspended in
50 ul of distilled water.

PCR and sequencing

Two primers were used to amplify and sequence the cyt b
gene of weather loach: L14724 (5'-GACTTGAAAAA
CCACCGTTG-3') and H15915 (5'-CTCCGATCTCCG
GA- TTACAAGAC-3') (Xiao et al. 2001), synthesized
by Shanghai Sangon Biological Engineering Technology
and Service. PCR reactions were carried out in a 50 pl
final volume containing 2.5 pul DNA, 5 ul 10xbuffer,
0.5 ul ANTP, 3 ul of each primer, 1 pul Tag DNA, 4 ul
Mg?" and 31 pl H,0.

The thermal cycling profile started with 94°C for
3 min followed by 35 cycles of denaturation at 94°C
for 30 s, annealing at 54°C for 45 s, extension at 72°C for
1 min, with a final extension at 72°C for 10 min. The
amplified DNA fragments were checked in 1% agarose
gel and then purified for direct sequencing by an
automatic DNA Sequencer (ABI PRISM 377, Perkin-
Elmer) of Shanghai Sangon Biological Engineering
Technology and Service.

Reprinted from the journal

147

(ZG); 4 Shashi City (SS); 5 Chibi City (CB); 6 Yangxin City
(YX); 7 Wuhan City (WH); 8 Tianmen City (TM); 9 Xiaogan
City (XG)

Sequence analyses

The sequences were aligned using the CLUSTAL W
(Thompson et al. 1994), and then were manually edited
using the SEAVIEW (Galtier et al. 1996). Pairwise
sequence comparisons to determine the distribution and
amount of variation and the degree of saturation among
codon position were performed using MEGA 3.0
(Kumar and Gadagkar 2001). Phylogenetic reconstruc-
tions were obtained using the neighbor-joining (NJ)
and maximum parsimony (MP) trees. The reliability of
the tree topology was assessed by 1000 bootstrap
replications (Felsenstein 1985). Two diploid species
Paramisgurnus dabryanus (PD) and Botia superciliar
(BS) were used as out-groups in the phylogenetic
analysis. AMOVA analysis was used to analyze the
distribution of the molecular genetic variation among
samples and their relationship with geographical or
chromosome data (Excoffier et al. 1992).

Results
Ploidy level of loaches samples

After counting the chromosome number, only diploid
and tetraploid weather loaches were found in the
present study. No natural triploid loaches were detected
in the present study. The number of chromosome in
diploidy is 2n=50, and that of tetraploidy is 4n=100.
The ploidy distribution of weather loach in each
sampling site is presented in Table 1. Diploid loaches
were found in ES city, YX city, TM city, SY city and
ZG city, while tetraploid loaches were detected in the
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Table 1 Ploidy distribution of M. anguillicaudatus in central
China

Sampling location ~ Specimen  Ploidy Chromosome
(abbr.) no. level no.
Enshi (ES) 6 Diploidy 2n=50
Yangxin (YX) 6 Diploidy 2n=50
Tianmen (TM) 6 Diploidy 2n=50
Shiyan (SY) 6 Diploidy 2n=50
Zigui (ZG) 6 Diploidy 2n=50
Wuhan (WH) 6 Tetraploidy ~ 4n=100
Shashi (SS) 6 Tetraploidy ~ 4n=100
Xiaogan (XQG) 6 Tetraploidy ~ 4n=100
Chibi (CB) 6 Tetraploidy ~ 4n=100

rest of sampling sites (WH city, SS city, XG city and
CB city).

Base composition and variation

After alignment, 1,140 bp of the complete cyt b gene
sequences were used for analysis. The average nucleo-
tide composition for all sequences were 4=27.3%, T=
31.6%, C=26.1%, and G=15.0% (Table 2). The content
of A+T (58.9%) was higher than that of G+C (41.1%).
In the triplet codons, the first position has even usage in
four nucleotides; the second position has high content of
T (41.0%) but low content of G (13.2%); the lowest G
content (6.4%) was found in the third position (Table 3).
There were 45 sites for all sequences, 23 of which were
variable among diploid loaches and 14 among tetra-
ploids. Base substitutions happened mostly at the third
codon position. The average transition/transversion ratio

Table 2 Average base composition of mtDNA cyt b gene in M.
anguillicaudatus

Sampling location A T C G GeneBank
(abbr.) %) (%) (%) (%) accession no.
Enshi (ES) 272 31.7 26.1 15.1 EF424608
Yangxin (YX) 274 315 262 149 EF424604
Tianmen (TM) 27.5 314 263 148 EF376188
Shiyan (SY) 27.5 314 262 149 EF424605
Zigui (ZG) 27.5 31.6 26.1 14.8 EF424603
Wuhan (WH) 27.1 31.6 26 15.3  EF088651
Shashi (SS) 272 31.6 26.1 15.1 EF424606
Xiaogan (XG) 27.1 31.7 26 15.2 EF424607
Chibi (CB) 269 31.5 262 154 EF424602
AVERAGE 273 31.6 26.1 15.0
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across all the pairwise sequence comparisons was 0.9.
Usually the level of transition bias less than 2.0 is con-
sidered that the sequence variation begins to saturation
(Zhang and Ryder 1997; Zhou et al. 2001). Most of the
variability among sequences was observed in the third
codon position. First and second positions show very
slight saturation, whereas substitutions at the third po-
sition are strongly saturated.

Amino acid variation

There were 380 amino acids deduced from the
nucleotide sequences of the cyt b genes in both
diploid and tetraploid loaches. Most of the nucleotide
substitutions were located at the third codon position
and were silent mutations. In addition, within 18
amino acid substitutions, 10 were in the diploids
while 8 were in tetraploid loaches (Table 4).

Genetic distances and genetic variation

Among all loaches sequences, the nucleotide pairwise
distance ranged from 0.001 to 0.378. The nucleotide
pairwise distance between the tetraploid and diploid
ranged from 0.001 to 0.025. The nucleotide pairwise
distance between tetraploid and diploid was smaller
than that between M. anguillicaudatus and the out-
group species. Amino acid pairwise distances among
these fish ranged from 0.003 to 0.359 (Table 5).
Based on the AMOVA analysis, there were no
significant genetic variations within diploid loaches
(Fst=0.2529, P>0.05) and within tetraploid loaches
(Fst=0.0564, P>0.05), neither. However, significant
genetic differences were found between diploid and
tetraploid loaches (Fst=0.7634, P<0.05).

Phylogenetic trees

NJ phylogenetic tree (Fig. 2) and MP phylogenetic
tree (Fig. 3) of the cyt b genes from diploid and tet-
raploid M. anguillicaudatus in cypriniformes was
reconstructed. The branches of two kinds of phyloge-
netic trees had the same topology and similar bootstrap
probabilities. Phylogenetic analyses using NJ identi-
fied two major lineages supported by moderate to high
bootstrap values: diploid and tetraploid loaches (51 and
99% bootstrap, respectively). In the MP tree, tetraploid
(XG, CB, SS, WH) loaches were at the derivative
clade, while diploid (TM, SY, YX, ES, ZG) loaches
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Table 3 Base composition (%) at first, second, and third codon positions of cyt b gene in M. anguillicaudatus

Sampling location First position

Second position

Third position

T C A G T C A G T C A G
CB 26.3 23.9 23.9 25.8 41.1 25.8 20.0 13.2 26.8 28.9 36.8 7.4
SS 26.1 24.2 24.5 253 41.1 25.8 20.0 13.2 27.4 284 37.1 7.1
XG 26.3 239 239 25.8 41.1 25.8 20.0 13.2 27.4 284 37.4 6.8
WH 26.3 242 23.9 25.5 40.8 25.8 20.0 13.4 27.4 28.2 374 7.1
ZG 25.5 24.5 242 25.8 41.1 26.1 19.7 13.2 27.9 27.9 38.7 5.5
YX 25.8 24.5 242 25.5 41.1 25.8 19.7 134 27.4 28.4 38.2 6.1
SY 25.8 24.2 24.2 25.8 41.1 25.8 20.0 13.2 27.1 28.7 38.4 5.8
™ 25.8 24.5 23.9 25.8 41.1 25.8 20.0 13.2 27.1 28.4 38.4 5.8
ES 25.8 24.7 23.7 25.8 41.1 25.8 19.7 13.4 27.9 27.9 38.2 6.1

were at the basal clade of MP tree, which was similar to
the NJ tree.

Discussion
Ploidy distribution

In the present study, only diploid and tetraploid loaches
were detected. However, none of triploid loaches were
observed. This result is in agreement with the former
research (Yin et al. 2005) that there were probably only
two cytotypes of loaches in China, including diploid
and tetraploid loaches. The occurrence of natural poly-
ploid individuals was firstly recognized by Ojima and
Takai (1979) in Japan. Weather loach includes poly-
ploid and unisexual biotypes in nature (Zhang and Arai
1999; Morishima et al. 2002; Yin et al. 2005) and ap-
pears to tolerate genomic changes by means of artificial
chromosome manipulation from diploid to polyploid
state (Arai 2001). However, in Japan, a relatively high
frequency of diploid and triploid (3n=75) individuals

has been recorded in several places; out of approxi-
mately 40 localities examined for ploidy status by the
measurement of relative DNA content with flow cytom-
etry, but no tetraploid has been discovered in wild
populations in Japan (Zhang and Arai 1999; Morishima
et al. 2002). The actual origin of these polyploids is still
unknown. Since the natural tetraploid with 100 chro-
mosomes was reported to occur among the specimens
from Yangtze River (Li et al. 1983), the tetraploid spec-
imens are likely to originate from the Asian continent
and thus are genetically different from common diploid
loach in Japan. Probably due to the geographical dif-
ferences between China and Japan, triploid loaches do
not adapt to establish itself in China.

Sequence variation and gene flow

In the present study, among 1,140 nucleotides of the
cyt b gene, the content of 4+7 (58.9%) was higher
than that of C+G (41.1%), which fell within the range
of GC content typical for vertebrates (Nei and Kumar
2000). Base compositional biases were found which

Table 4 Different amino acids among the deduced amino acid sequences of the mitochondrial cyt b gene

Amino acid sites 42 155

180 240 265 267 290 292 309 315 316 332 341

352 356 357 358 369
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Table 5 The percent divergences of nucleotide sequences (below diagonal) and amino acid sequences (above diagonal) of the

mitochondrial cyt b gene

Sampling location YX ™ SY ES PD BS XG SS CB WH 7G
YX 0.008 0.011 0.014 0.307 0.356 0.019 0.030 0.022 0.028 0.017
™ 0.008 0.003 0.022 0.307 0.356 0.011 0.022 0.014 0.019 0.008
SY 0.009 0.001 0.025 0.307 0.356 0.014 0.019 0.017 0.022 0.011
ES 0.011 0.017 0.018 0.309 0.359 0.022 0.033 0.025 0.028 0.019
PD 0.325 0.328 0.328 0.329 0.083 0.304 0.307 0.304 0.304 0.307
BS 0.371 0.372 0.372 0.378 0.200 0.354 0.356 0.354 0.354 0.356
XG 0.021 0.017 0.018 0.019 0.329 0.376 0.011 0.003 0.008 0.008
SS 0.024 0.019 0.018 0.022 0.331 0.378 0.004 0.014 0.019 0.019
CB 0.025 0.020 0.021 0.021 0.332 0.376 0.005 0.008 0.011 0.011
WH 0.025 0.020 0.021 0.021 0.330 0.378 0.005 0.008 0.007 0.017
7G 0.015 0.011 0.011 0.010 0.328 0.375 0.013 0.016 0.015 0.015

showed a strong bias against G in the cyt b gene of
weather loaches, particularly at the third position. Our
results fit well with Meyer (1993), who investigated
the base compositional biases of several species of
fishes and found that all species of fishes investigated
showed a strong bias against G in the cyt b gene. The
variable sites number (14) in tetraploid loaches is less
than that of diploids (23). According to our results,
tetraploid loaches were found to cluster in three sites
close to WH city, but diploid loaches distributed spo-
radic in sampling sites. There was significant differ-
ence among diploid loaches from geographically
distinct populations, while less difference observed
among tetraploid loaches. The presence of genetically
distinct populations in Chinese loaches has been
suggested (Yin et al. 2005), but the results were
fragmentary and inconclusive due to the small num-
ber of localities examined and specimens used. Khan

and Arai (2000) conducted allozyme analyses in total
923 individual collected from 44 populations all over
Japan. They found that genetic differentiation among
some groups was likely to be of inter-subspecies
level, whereas divergence in other groups seemed to
be a local-race level. Analyses of the genetic pop-
ulation structure in many fish species revealed that
individuals from different areas of a lake are typically
genetically substructured into different local popula-
tions (Douglas et al. 1999; Garant et al. 2000; Gerlach
et al. 2001). Genetic differentiation of local populations
is caused, among other reasons, by environmental bar-
riers and limited dispersal (Johnson and Gaines 1990),
which restrict migration and therefore limits gene flow
(Barluenga and Meyer 2005). However, in the present
study, no intra-population variability was found. Many
geographically distant populations frequently showed
genetically close relationship. Such inconsistencies be-
tween genetic and geographical relationships might be
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Fig. 2 Neighbor-joining (NJ) tree of diploid and tetraploid
M. anguillicaudatus: the number above branches is 1,000 boots-
trap value of NJ tree; P. dabryanus (PD) and B. superciliar (BS)
are two out-groups
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Fig. 3 Maximum parsimony (MP) tree of diploid and tetraploid
M. anguillicaudatus: the number above branches is 1,000 boots-
trap value of MP tree; P. dabryanus (PD) and B. superciliar
(BS) are two out-groups
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due to insufficient number of samples or less sensitiv-
ities of analytical method (Khan et al. 2005). Based on
the AMOVA analysis, there were no significant genetic
variations within diploid loaches (Fst=0.2529, P>
0.05) and within tetraploid loaches (Fst=0.0564, P>
0.05). However, significant genetic differences were
found between diploid and tetraploid loaches (Fst=
0.7634, P<0.05). Thus, it is concluded that no
reproductive isolation was found within the same
cytotypes of different localities, but there was repro-
ductive isolation between these two cytotypes.

Phylogenetic relationship

The phylogenetic relationships among branching line-
ages of weather loaches were resolved by cyt b
sequences. In Figs. 2 and 3, the phylogenetic trees
(NJ and MP) were both divided into two branches in-
cluding diploid and tetraploid branches, which formed a
monophyletic lineage in both analyses. The diploid
branch in the basal clade of NJ and MP phylogenetic
trees and tetraploid branches at the derivative clade of
the trees indicate that diploids are earlier existing
cytotype than tetraploids in nature. Among diploid
and tetraploid loaches, the cyt b gene showed highly
homology. High levels of substructuring between
adjacent populations might be expected to facilitate
speciation (Van and Turmer 1997). Particularly in small
isolated populations, drift, adaptation to local conditions
or sexual selection will have important effects on gene
frequencies. Therefore, one would expect that species
with poor dispersal capabilities and high levels of
substructuring exhibit high levels of intraspecific var-
iation in some traits (Van and Turmer 1997). This
appears, however, not to be the case for stone loach,
where no appreciable variation in morphological, phys-
iological, or behavioral traits has been detected so far.
Similar discordances between morphological and ge-
netic differences have been documented in other fish
taxa (Shaw et al. 2000; Wang et al. 2000; Taylor and
Verheyen 2001). Therefore, high levels of genetic
substructuring alone do not seem to be sufficient to
promote high levels of speciation. This suggests that
other species-specific factors might influence whether
groups speciate or not, such as breeding behavior
(Mayr 1984). This is the first report to describe the
phylogenetic relationships of natural polyploidy weath-
er loach using mtDNA cyt b gene, which provide a new
insight on the evolution of two cytotypes. Analysis of

Reprinted from the journal

cyt b gene and elucidation of the variation of cyt b gene
in different fish species prove that cyt b is a useful
genetic marker to monitor the variations in the progeny
of the crosses.

Conclusion

Based on our research, 45 variable sites among cyt
b gene sequences and 18 amino acid substitution
occurred within the tetraploid and diploid loaches
which deduced from the nucleotide sequences of the
cyt b genes. The nucleotide pairwise distance between
diploid and tetraploid loach ranged from 0.001 to
0.025. Based on the AMOVA analysis, it is concluded
that no reproductive isolation was found within the
same cytotypes of different localities. But there was
reproductive isolation between these two cytotypes.
Phylogenetic analysis revealed an evolutionary rela-
tionship between diploid and tetraploid loaches. The
diploid loach existed before tetraploid loaches in
nature. This is the first report to describe the phy-
logenetic relationships of natural weather loach using
mtDNA cyt b gene. To further understand genetic and
cyto geographical relationships in weather loaches,
the distribution of diploids and diploid—tetraploid
mosaics needs to be investigated with more sensitive
and reliable DNA marks.
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Abstract Schizopygopsis younghusbandi younghus-
bandi is an endemic species whose distribution is
restricted to the middle reaches of the Yarlung Zangbo
River, being one of the most important commercial
fishes in this area. Age and growth of 606 specimens
captured between October 2002 and April 2005 were
studied. The range in standard length (L) was 65.7—
387.3 mm and total weight (W) was 3.3-772.0 g. The
relationship between L and W was W=0.000909L*%4%3
for males and W=0.000259L**7*" for females. Age,
determined from anal scales and lapillus otoliths, ranged
from 3 to 18 years. The parameters of von Bertalanffy
growth functions, estimated by back-calculated length,
were L., = 442.7mm L, k=0.0738 year ' and t,=
—1.4 year for males, and L., =471.4mm L, k=
0.0789 year ' and 7,=0.2 year for females. Males and
females exhibited statistically significant differences in
growth. y’-test indicated that von Bertalanffy growth
functions could well describe the growth of S. y
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younghusbandi. The longevities were 39.2 and
38.2 years for males and females, respectively. Growth
inflexion points were 10.2 and 12.0 years for males
and females, respectively, but 84.8% of the captures
were at the smaller ages. So conservation and
management schemes for this population should be
considered urgently. In addition, we found that
populations from the upstream of the Lhasa River,
the downstream of the Lhasa River and the middle
reaches of the Yarlung Zangbo River showed statisti-
cally significant differences in growth patterns.

Keywords Schizopygopsis younghusbandi
younghusbandi - Age - Growth - Otolith - Anal scale -
Tibet

Introduction

The Yarlung Zangbo River (28°00'-31°16" N, 82°00'—
97°07" E) is the largest river in Tibet (2057 km long),
and is the river with the highest altitude in the world.
It runs from west to east in the south Tibet. The Lhasa
River (29°20'-30°15" N, 90°05'-1°09" E) is the
biggest tributary of the Yarlung Zangbo River
(551 km long) lies on the left of the Yarlung Zangbo
River (Fig. 1). The drainage area of the Yarlung
Zangbo River from Xigaze to Sangri has a large
population, and is the most important agricultural and
pasturing area. Lhasa the center of politics, culture
and economy of Tibet is located here (the compre-
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Fig. 1 Map of sampling

90° E 95° E

area of S. y. younghusbandi

hensive scientific expedition to the Qinghai-Xizang
Plateau of Chinese Academy of Sciences 1984).
There is a high demand for fish in this area.
Moreover, a large proportion of the fishing from that
area is also sent to Chengdu another big city in China.
In addition to large-scale exploitation, other threats to
the native fishes are present, such as dam construction
and exotic fishes. Most of the fishes of the Qinghai-
Xizang Plateau are endemic species. They grow
slowly and mature late (Wu et al. 1992; Bureau of
Aquatic Products 1995; Chen et al. 2002b), making
them very vulnerable to these threats and making it
difficult to replenish the population if it is depleted.
Therefore, understanding the biology of these fishes is
focused on their conservation.

Schizopygopsis younghusbandi younghusbandi,
belonging to the subfamily Schizothoracinae, family
Cyprinidae, is an endemic species found only in the
middle reaches of the Yarlung Zangbo River, and is
one of the most important commercial fishes in this
area (Bureau of Aquatic Products 1995). Studies on
the biology and ecology of this fish cannot only
provide vital information to achieve a sustainable use
of this species, but also better understand its general
biology.

Materials and methods
Sampling of fish and processing
A total of 606 individuals of S. y. younghusbandi

were captured between October 2002 and April 2005
in the Lhasa River and the middle reaches from
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Xigaze to Sangri of the Yarlung Zangbo River in
Tibet (Fig. 1) by floating gill nets and set nets.

Each specimen was measured for standard length
(L) to the nearest 0.1 mm and total weight (W) to the
nearest 0.1 g. Sex was checked by observing the
gonad with the naked eye.

Anal scales and the subcutaneous tissue were
removed and kept in 95% alcohol, and otoliths were
removed and kept dry in small numbered plastic
cuvettes for subsequent age-determination.

Age determination

Since the asterisci otolith of S. y. younghusbandi has a
concave shape, and the sagittae otolith is very fragile,
they are both not suitable for age determination. In
this study, we used the lapilli otolith which is larger
and can be easily burnished. The processing of
otoliths and anal scales was following Chen et al.
(2002a). All of the otolith sections and anal scales
were photographed using a digital camera (Leica-
DC180).

Growth

Otolith sections with regular and clear rings were
selected to back-calculate length at different ages. The
radius and the distances between adjacent annulus of
each otolith section on the photos were measured on a
consistent direction and then converted to the factual
lengths.

The following function was used to calculate back-
calculate length (Chen et al 2002b):

L; =EXP[InL.(InO; + a/b)(In O. + a/b)]
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where L; is the standard length of fish at age i, —a/b
the intercept on the X axis of linear function InL.=a +
bInO,, L. the standard length of fish at capture and O;
the radius of the otolith at age 7, and O,. the radius of the
otolith at capture.

The von Bertalanffy growth parameters (Lo, &, t)
were estimated from the mean back-calculated stan-
dard length at each age using two iterative least
squares procedures. These estimated parameters were
fit to the back-calculated trajectories using the von
Bertalanffy growth function (VBGF):

L, = Loo{1 —exp[—k(t — 1)]}

where L, is the standard length at age ¢, L, is the

asymptotic standard length, &k is the growth coeffi-
cient, ¢ is the age, and ¢, is the theoretical age at zero
length (von Bertalanffy 1938).

The growth rate functions, growth accelerated rate
functions and growth inflexion point (#p) were
calculated subsequently following Yin (1995).

The following function was used to calculate
longevity to define the longevity of S. y. young-
husbandi as the time required to attain 95L,. (Taylor
1958; Natanson et al. 2006):

Longevity = 1/kIn[(Le — Lo)/Loo/(1 — X)]

where Ly is the standard length when t=0,
x=L,/L =0095.

The relationships of W-L of both sexes were
compared by likelihood test (Joung et al. 2004). The
difference of VBGFs between the sexes was com-
pared by an analysis of the residual sum of squares
(Chen et al. 1992). The difference between the

70

60
mm Males (n=233)

50 ] Females (n=273)

Number of samples

060 100 140 180 220 260 300 340 380
Standard length (mm)

Fig. 2 Distributions of the standard length frequency of S. y.
younghusbandi
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standard length calculated from VBGF and the
observed standard length was tested using y°-test
(Yin 1995; Wang et al. 1998).

Comparison of growth patterns among populations
from different sampling sites

We divided all of the specimens into three populations
according to the sampling sites: population A (up to
Poindo, n=130), population B (from Poindo to Quxu,
n=216) and population C (from Xigaze to Sangri, n=
68; Fig. 1). The difference of growth pattern among
these three populations was compared using x*-test.

Results
Population structure and sex ratio

Distributions of the standard length frequency for
males and females are presented in Fig. 2. The
standard lengths of the captures were mainly 180-
300 mm (75.2%). More females than males were
captured especially in larger group. The sex ratio was
1 (2334):1.60 (3739).

Age determination

Five hundred thirty-six otolith sections were prepared,
in which 439 (81.9%) were interpretable. Four

-
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Anal scale annuli
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& 5 7 9 11 13 15 17
Otolith section annuli

Fig. 3 Mean standard errors calculated using pooled variance
between otolith sections and anal scales of S. y. younghusbandi.
The sample size and 95% confidence limits at each age group
and the 1:1 equivalence line were indicated
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hundred forty-eight individuals had clear anal scales,
of which 248 had two or more clear anal scales. Of
these, 106 (42.7%) had anal scales showing different
age. The difference was between 1-2 years (93 (87.7%)
within 1 year and 13 [12.3%] within 2 years). We chose
the larger value as the final result because the anal scale
with the smaller age may be the result of abrasion.
When comparing the ages determined from the
otolith sections and those from the anal scales, we found
that the two aging structures were relatively similar from
age 3 to 11 (Fig. 3); 45.8% were the same, 73.1% were
within 1 year and 90.3% were within 2 years.
Standard lengths and total weights at age of 414
specimens are shown in Table 1. Ages were deter-
mined by comparing and integrating the anal scales
and otolith sections. The results of age determination
were 3-16 years, with a range of standard lengths

ranging from 65.7 mm to 311.1 mm and a range of
total weight ranging from 3.3 to 435.0 g for males.
For females, the age determination was from 3—
18 years with standard lengths ranging from 84.0 to
387.3 mm and total weight ranging from 8.1 to
739.0 g. We could conclude that there was a large
variation of the standard length and total weight at the
same age from Table 1.

Growth

Relationships between standard length and total
weight were calculated as follows:

W = 0.000909L2%* (n = 233, = 0.8242) for males,
W = 0.000259L%4781 (n = 373, = 0.9123) for females and
W = 0.000161L*%*% (n = 606, = 0.8923) for both sexes.

Table 1 Observed standard length and total weight at ages of S. y. younghusbandi

Age (year) Number Standard length (mm) Total weight (g)
Min Max Mean +SE Min Max Mean +SE
Males
3 4 65.7 101.9 81.7 18.7 33 15.4 7.5 2.7
4 1 116.3 17.8
5 2 141.3 167.6 154.5 20.4 37.0 60.0 48.5 16.2
6 9 167.6 233.0 193.3 21.2 62.0 167.0 105.4 36.8
7 29 169.3 262.0 219.0 26.2 71.0 289.0 148.1 51.2
8 48 186.1 271.1 227.6 252 94.0 297.0 168.4 50.5
9 38 202.1 305.6 246.9 19.1 117.0 489.0 221.2 62.6
10 27 201.2 298.3 259.1 26.3 132.0 353.0 264.8 57.6
11 11 250.2 315.6 277.4 22.5 258.0 498.0 3432 80.9
12 1 289.3 350.0
14 1 256.6 571.0
16 1 311.1 435.0
Females
3 4 84.0 96.4 92.7 6.4 8.1 14.4 10.8 2.6
4 1 94.8 10.0
5 8 122.1 188.0 148.9 27.9 25.6 97.0 50.2 26.1
6 14 151.3 222.1 197.3 23.1 46.3 136.0 105.0 28.5
7 28 181.4 265.7 214.4 24.6 75.0 242.0 144.5 454
8 45 181.2 298.3 231.5 24.6 82.0 336.0 177.0 54.6
9 51 184.3 337.4 250.0 27.4 92.0 505.0 224.7 65.6
10 33 233.9 353.7 269.0 26.6 172.0 671.0 292.1 97.7
11 21 227.5 371.0 286.5 323 164.0 613.0 341.3 100.2
12 21 268.4 364.6 308.0 26.5 298.0 555.0 420.1 67.0
13 10 281.1 352.8 321.1 24.4 358.0 546.0 473.5 54.7
14 2 320.1 328.3 3242 6.3 526.0 548.0 537.0 1.5
16 3 301.1 387.3 337.7 49.1 429.0 739.0 569.3 157.0
18 1 363.7 693.0
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Table 2 Back-calculated standard length for males of S. y. younghusbandi

Age Number

3 2 36.3 51.5 67.2

4 1 44.1 62.2 80.4 107.6

5 6 40.9 63.9 83.5 97.7 116.7

6 9 42.6 63.1 81.8 104.9 127.6 149.2

7 13 46.8 72.0 96.7 124.0 152.1 177.2 207.3

8 14 452 68.0 94.0 120.4 146.7 172.8 191.6 229.1

9 12 473 71.9 102.2 130.3 157.6 184.7 191.0 220.2 249.8

10 8 457 69.6 94.0 121.3 146.7 1713 176.6 207.2 236.7 272.1

11 4 40.6 59.1 85.7 110.4 136.7 166.2 152.0 177.7 209.7 237.8 272.2
Average of total 45.0 68.0 93.1 120.4 146.5 173.8 188.1 216.3 238.8 260.7 27222

There was no significant difference between the
sexes (x>=0.90, P<0.05).

Anal scale radius was not correlated with standard
length because of the abnormity of its size and figure.
Otolith sections had more well-regulated sizes than
anal scales and the rings on otolith sections were
more regular than those on anal scales. Therefore,
otolith sections were used to do the back-calculation.
Back-calculation functions used in this study were:

L; = EXP[In L¢(InO; + 5.5955) (InO, + 5.5955)] for males and
L; = EXP[InL¢(InO; + 5.1373)(InO, + 5.1373)] for females.

Back-calculated standard length for males and
females were showed in Table 2 and Table 3,

The VBGFs fitted to length-at-age data were:

L, = 442.7[1 — e 0073801497 for males,
L, = 471.4[1 — ¢~ 007828(=02)] for females and
L, = 524.5[1 — ¢~ 0-06702(=0.] for both sexes.

The ARSS indicated that the VBGFs of males and
females were significantly different (£=20.59, P<
0.05). y’-test indicated that the VBGFs can well
describe the growth of S. y. younghusbandi (3: x*=
14.18, P<0.05; Q: x*=6.67, P<0.05).

The VBGFs fitted to weight-at-age data were:

2.249

W, = 840.6[1 — ¢ 00738(+14)] > for males and

. 2.4781
respectively. W, =1137.3 [1 — e‘°'0789(’_0'2)] for females.
Table 3 Back-calculated standard length for females of S. y. younghusbandi
Age Number
3 1 267 51.8 845
4 1 249 463 73.0 94.9
5 3 302 526 788 1140 1544
6 6 306 581 883 1194 1503 184.8
7 14 331 618 977 1303 168.8 1989 2288
8 26 322 582 88.0 1204 1540 1894 216.6 251.8
9 9 340 61.1 931 1276 160.7 1954 221.1 2563 288.5
10 7 315 572 878 1149 1385 168.8 1864 2179 2488 2769
11 8 309 572 822 1104 1362 163.0 181.3 209.5 2392 268.1 2973
12 7 272 533 822 108.6 136.6 161.1 1747 201.0 2274 2527 276.1 2989
13 1 309 510 777 993 1260 1419 167.8 186.3 208.1 238.0 263.5 286.0 305.6
Average of total 315 580 885 1200 152.1 1840 207.9 2353 251.6 264.8 2859 2973 305.6
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Growth rate functions were:

dL/dt = 31.4649¢ 007380 +14) for males and
dL/dt = 36.0222¢~0789=02) for females.

dw /dt = 145.62836—040738(14—1.4)(1 _ 6—0.0738(t+1,4))1'2493
for males and
dw Jdt = 228.5109¢00789(—0.2) (1 _ 6—0.0789(t—0.2))1‘4781

for females.

Growth accelerations were:

dzL/dt2 = —1.1361¢ 90738(+149) for males and
dzL/dt2 = —1.6641e 007890=02) £or fomales.

a2 W/dt2 _ 10.74306—0.0738(&144)(1 _ 6—0.0738(t+1.4)>0‘2493
(2.3483¢ 7007380414 _ 1) for males and

42 W/dt2 — 18.03420-0-0789(1=0.2) (1 _ 6700789(#0.2))0'4781
(—0.0789¢~0-078(=02) _ 1) for females.

Growth inflexion points, which were the time
when d*W/d7* equaled to zero, were 10.2 years and
12.0 years for males and females, respectively. The
standard lengths and total weights were 254.5 mm
and 242.1 g for males and 315.5 mm and 328.9 g for
females when the ages attained #p. Standard lengths
of 84.8% captures were less than those at #p (70.8%
of males and 91.2% of females were less than those at
respective tp).
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Fig. 4 Curves of growth rate and its acceleration in von
Bertalanffy functions of S. y. younghusbandi. (a: curves of
growth rate and accelerate of standard length of males, b:
curves of growth rate and accelerate of standard length of
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females, ¢: curves of growth rate and accelerate of total weight
of males, d: curves of growth rate and accelerate of total weight
of females)
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Growth rate curves and its acceleration of VBGFs
were showed in Fig. 4. The standard length growth rate
gradually decreased with age, and the acceleration was
below zero at all times and inclined to zero, which
indicated that the standard length was approaching L.
The total weight growth rate gradually increased before
tip and then decreased, and the acceleration was above
zero and decreased before fp, and then below zero but
approaching to zero in the end.

Put the value %k, L, and Lo into the function
Longevity = 1/kIn[(Lo — Lo)/L.. /(1 —x)]. Lon-
gevities were 39.2 and 38.2 years for males and
females, respectively.

Comparison of growth patterns among populations
from different sampling sites

The difference of growth pattern among these three
populations was significant (x*=36.24, P>0.05).
Growth rates of population C, B and A gradually
became rapid through observing the curves in Fig. 5.

Discussion

Environmental factors influence growth rate and
ultimate size among fishes (Hodgkiss and Man
1977). In the present study, S. y. younghusbandi living
in the upstream reaches of the Lhasa River grew
slower than all other areas studied, while those
captured in the middle reaches of the Yarlung Zangbo
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50,

10 12
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Fig. 5 Relationship between age and standard length of three
populations of S. y. younghusbandi: upstream of the Lhasa
River (4), downstream of the Lhasa River (B) and the middle
reaches of the Yarlung Zangbo River (C)
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River grew most rapidly. The phenomenon may be
related to altitude. Water temperature increases as
altitude decreases for these waterbodies (the compre-
hensive scientific expedition to the Qinghai-Xizang
Plateau of Chinese Academy of Sciences 1984).
Warmer water accelerates fish growth. Additionally,
we must consider that the lower reaches of the Lhasa
River and the middle reaches of the Yarlung Zangbo
River undergo increased fishing pressures, while there
is very little fishing pressure on the populations found
in the upper reaches of the Lhasa River. Fishing can
decrease the population density and thereby decrease
the intraspecific competition, which, in turn, increases
individual growth.

From the age and growth analysis of S. y. young-
husbandi, we can see that there is a large variation in
the standard length and total weight of individuals of
the same age (Table 1), which may be attributed to the
following factors (1) the hard environment of the
plateau may cause fishes to grow slower, which may
produce greater variability in age structure; (2)
sampling for this study has been done over a very
wide geographic area, ranging from headstream
(4400 m above sea level) to its connection to the
Yarlung Zangbo River (3580 m above sea level) of
the Lhasa River, and from Xigaze to Sangri of the
Yarlung Zangbo River (Fig. 1). In such a wide area,
there is a great deal of variability in terms of the
environment such as altitude and water temperature
resulting in greater variability in growth rate; (3)
according to the study by Li (2005), S. y. young-
husbandi have a high parasitic infection rate. Parasites
can influence the growth of S. y. younghusbandi,
which may also cause differences in growth.

From a fishery management perspective, determina-
tion of age and growth patterns is essential, particularly
in species of commercial value (Joung et al. 2004).
Most of the fishes of the Qinghai-Xizang Plateau grow
slowly and mature late (Bureau of Aquatic Products,
Tibet, China 1995; Chen et al. 2002b), making them
very vulnerable to overfishing and making it difficult
to replenish the population if it is depleted. We
currently know very little on the biology and ecology
of fishes in Tibet, although they are being exploited at
an increasing rate. The growth inflexion point signifies
the age the growth rate, as a function of body weight is
the greatest (Chung et al. 1999), while considering the
growth potential of fish. The growth inflexion point is
usually considered as the catching standard for the
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fishery management (Ma et al. 1999). In this study, the
growth inflexion points were 10.2 years for males and
12.0 years for females of S. y. younghusbandi, and the
corresponding average standard lengths were approx-
imately 286 and 340 mm, respectively. But the
standard lengths of the captures are generally 200—
280 mm for males and 200-320 mm for females which
are below those at #p. Therefore, it is essential and
urgent to establish science-based management of this
resource to guarantee its sustainable use.
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Threatened fishes of the world: Sinocyclocheilus
anophthalmus (Chen and Chu, 1988) (Cyprinidae)
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Common name: Blind golden-line barbel. Conserva-
tion status: Rare—China Red Data Book of Endan-
gered Animals, Pisces (Yue and Chen 1998);
Vulnerable—China Species Red List (Wang and Xie
2004). Identification: D iii, 7; A iii, 5; P 1, 15-18; V ii,
8-9. Body almost naked, lateral line scales 46-59.
Blind, either eyeless or with small eye dots. Snout
blunt, duck-billed. Pectoral fin long, reaching pelvic
fin insertion. Living fish generally semi-transparent.
Adults reach 113 mm standard length. Distribution:
The fish is only found in Xiaogou Cave in Jiuxiang
Town, Yiliang County, Yunnan Province, China,
connected to the Xijiang River system. Abundance:
Population a few hundred at most (Yue and Chen
1998). Habitat and ecology: The Karst limestone
cave is located in altitude 1,638 m above sea level.
Cave water is shallow, around 1 m deep. Some insects
and bats also inhabit the cave. Pieces of insect body
parts were detected in stomach contents of fishes.
Reproduction: Estimated spawning season is late
May or early June. Ripe eggs are about 2 mm (Chen
et al. 1988). Threats: Over-capture was considered to
be one of threats (Yue and Chen 1998). Habitat
degradation and environmental changes are even
more serious, especially from a nearby hydropower
station. The very limited distribution puts it at risk for
rapid or sudden extinction due to any changes in the
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cave. Conservation recommendations: Capture for
Sinocyclocheilus anophthalmus should be strictly
prohibited except for scientific research. The border
of Jiuxiang National Park, currently only a few
kilometers away from the cave S. anophthalmus
inhabits, should be extended to encompass the cave.
Effective habitat protection and public awareness
programs will be crucial for the survival of this
species. Remarks: The conservation status of S.
anophthalmus was previously underestimated, should
be “endangered (EN)”. A detailed study of the
population dynamics is urgently needed.
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The taxonomy and phylogeny of the cyprinid genus
Opsariichthys Bleeker (Teleostei: Cyprinidae)
from Taiwan, with description of a new species

I-Shiung Chen - Jui-Hsien Wu - Shih-Pin Huang

Received: 13 October 2007 /Accepted: 2 June 2009 /Published online: 28 July 2009

© Springer Science + Business Media B.V. 2009

Abstract The morphological and mitochondrial genetic
differentiation in the cyprinid genus, Opsariichthys
Bleeker (Nederlandsch Tijdschrift voor de Dierkunde
1:187-218, 1863) have been surveyed in Taiwan.
Among them, there are three valid species can be
recognized in Taiwan including Opsariichthys pachy-
cephalus Giinther (1868) distributed in northern and
western Taiwan, Opsariichthys evolans (Jordan and
Evermann Proc US Nat Mus 25:315-368, 1902) in
northern Taiwan and an unnamed species from
southern Taiwan described herein as Opsariichthys
kaopingensis Chen and Wu, new species which can
be well distinguished from the related O. pachyca-
phalus by their body proportions, scale counts, and
specific coloration patterns. We utilized mitochondrial
complete D-loop sequence data to infer phylogenetic
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relationships within a subset of related genera of
opsariichthines, and to examine evidence for genetic
differentiation in these two sibling species formerly
assigned to “Zacco” pachycephalus and their genetic
relationship with other congeneric species around
nearby regions. The clade of O. pachycephalus and
O. kaopingensis in genetically were recovered as
more closely related to Opsariichthys uncirostris
(Temminck and Schlegel 1846) species complex
including both O. uncirostris and O. bidens Giinther
(1868) from Japan and mainland China than to typical
Zacco from Japan. This molecular phylogenetic
insight strongly supports the assignment for both so-
called “Zacco” pachycephalus and this new species
described herein as the typical monophyletic members
of Opsariichthys and the type species of Zacco as
Zacco platypus (Temminck and Schlegel 1846) from
Japan is sister clade for all species groups in
Opsariichthys. Opsariichthys pachycephalus and O.
kaopingensis were strongly differentiated by large
mitogenetic distances and phylogenetic support from
distance and discrete method and Bayesian inference
based on complete mtDNA D-loop sequences, with
an average mitogenetic divergence of 3.3%, which
may suggest that the separation of the two species
happened much earlier than the last glacial period.
Opsariichthys evolans seems to share the close
genetic relationship with O. acutipinnis (Bleeker
Nederlandsch Tijdschrift voor de Dierkunde 1:187—
218, 1863) from the Yangtsi River basin.
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Introduction

The freshwater and estuarine fish fauna of Taiwan was
recently surveyed by Chen and Fang 1999, who
documented at least 224 fish species, including 209
native and 15 alien species. Among them, fishes of the
family Cyprinidae are the most speciose group in all
components of primary freshwater fishes (Tzeng 1986;
Chen and Fang 1999). High endemicity can be seen in
Taiwanese Cypriniformes, including several species of
cyprinids (Cyprinidae) and loaches (Balitoridae) are
endemic (Chen and Fang 1999, 2000; Chen et al.
2002a; Chen and Chang 2007). More recently, Chen
and Chang (2005) provided more comprehensive
fauna list of freshwater fishes for Cypriniformes
including several recently described and unnamed
species.

Opsariichthys pachycephalus was first described
by Giinther (1868) from Taiwan, but was transferred
to Zacco by Jordan and Evermann (1902). Zacco
pachycephalus has been regarded as a widely-
distributed species in western Taiwan (Oshima 1919,
1923; Tzeng 1986), where it is native to at least from
the river drainages of Taipei to Pingtung County
along the west slope of Central Mountain Ridge as
well as Ilan County (Chen and Fang 1999). However,
the morphological differences between these Taiwa-
nese populations of so-called “Zacco” pachycephalus
had previously not been investigated in detail except
the genetic studies by allozymes (Wang et al. 1999).
More recently, Chen and Chang (2005) have considered
the so-called “Zacco” evolans Jordan and Evermann
(1902) should be a member of Opsariichthys which
have been concurred by molecular phylogenetic
support of Chen et al. (2008a, b) although some
authors (Ma et al. 2000) still tentatively treated as
“Zacco” evolans.

Howes (1980) suggested that Opsariichthys and
Zacco might not be monophyletic as currently
recognized based on the conclusion of his osteo-
logical research. In recent 10 years, Ashiwa and
Hosoya (1998) examined the osteology of so-called
“Zacco” pachycephalus in detail and suggested that
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it may be a member of the genus Opsariichthys
which reconfirmed the previous views of Howes (1980,
1983).

In recent years, several papers have concern the
phylogenies of Zacco and Opsariichthys in China by
different genetic markers (Perdices et al. 2004, 2005;
Berrebi et al. 2005, 2006; Perdices and Coelho 2006;
Wang et al. 2007), but none of them combined any of
morphological studies. Chen et al. (2008a, b)
employed both morphological and mitogenetic studies
for taxonomy and phylogeny of Hainanese Opsariic-
thys group and Taiwanese Candidia group respective-
ly. Therefore, the aim of this paper is to verify the
taxonomy of Opsariichthys in Taiwan and reconstruct
their molecular phylogeny employing mtDNA D-loop
sequences with other members of opsariichthines in
nearby geographical regions. Herein we provide
morphological and molecular evidence for recogniz-
ing three valid species as Opsariichthys and describe
a distinct species from southern Taiwan with com-
ments for their interspecific relationships among
congeners.

Materials and methods
Sample collection and morphological survey

The specimens of cyprinids examined were collect-
ed by cast-net, gill-net or electric fishing during
recent years from most of the different river basins
of Taiwan and other comparative species of
cyprinids were collected from China and Japan.
Counts and measurements mostly follow the meth-
ods of Hosoya et al. (2002) with minor modifica-
tions of including more morphometric characters as
body depth in dorsal origin, body depth in anal
origin, head width, head depth in midline of orbit, as
well as upper jaw length. The head illustrations of
two related Opsariichthys species were made by
camera lucida on the dissecting microscope as Leica
MZ 75. Type specimens and comparative materials
examined in the study are deposited in the Museum,
Institute of Zoology, Academia Sinica, Taipei
(ASIZP); British Museum of Natural History, Lon-
don (BMNH); and the Pisces collection of National
Museum of Marine Biology & Aquarium, Pingtung
(NMMBP).
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mtDNA amplification and sequence analysis

Samples of cyprinid fishes for molecular studies were
preserved in 95% ethanol at the time of field
collection and then transferred to a refrigerator.
Seventy-five individuals of Opsariichthys pachyce-
phalus complex from across their entire range and
two individuals of Opsariichthys evolans (Jordan and
Evermann 1902) in Taiwan collected for DNA
sequences analysis were employed for mitochondrial
sequence analysis (Fig. 1). Other related cyprinids
including Zacco platypus (Temminck and Schlegel
1846), Opsariichthys uncirostris (Temminck and
Schlegel 1846) from Japan served as the comparative
OTUs of type species for each above genus; other
congeneric species of Opsariichthys from China
including Opsariichthys acutipinnis Bleeker (1871);
Opsariichthys bidens Giinther (1868); Opsariichthys

Fig. 1 Sampling localities of Opsariichthys pachycephalus
(black triangle) and O. kaopingensis (black square) from
Taiwan for molecular sequence studies. Numbers for names of
river basins indicate in Table 3

Reprinted from the journal

evolans (Jordan and Evermann 1902); and Opsariich-
thys hainanensis (Nichols and Pope 1927); two
related genera of Opsariichthys genus group as
Candidia barbatus (Regan 1908) and Parazacco
spilurus (Glinther 1868); two assigned outgroups of
Aphyocypris kikuchii (Oshima 1919) and Pararas-
bora normalis (Nichols and Pope 1927); all of them
are used and included herein for molecular biological
analysis. The sampling localities for those other
species of Opsariichthys genus group and two related
outgroups from China, Taiwan and Japan are shown
in Fig. 2. All available mtDNA sequences of current
studies herein were either deposited in the Genbank
listed either as APPENDIX or cited from Chen et al.
(2008a, b).

Crude DNA extraction followed the methods of
Sambrook et al. (1989) and Chen et al. (1998, 2002b).
The mtDNA fragment that included the control region
sequence was amplified by the primer set as
P-CPTHRA (5'-AAAGCATCGGTCTTGTAATCC
GAAG-3") and P-CP12SB (5'-AGCTAAGTGGGG
TATCTAATCCCAGTTTG-3') which are located in
the THR-tRNA and 12 S ribosomal RNA genes
respectively. PCRs were performed in 50 uL reaction
volumes. PCR amplification was carried out in a
MODEL 2700 or 9700 thermal cycler (Perkin-Elmer)
using parameters similar to those of Chen et al.
(2002b) and Chen and Chang (2007). A negative
control without template was carried out for each run
of PCR. The PCR products were run on a 1.0% L 03
agarose gel (Takara) and stained with ethidium
bromide for band characterization under ultraviolet
trans-illumination. The double stranded DNA product
was purified by the High Pure Purification PCR kit
(Roche). DNA sequencing was performed by the di-
deoxy nucleotide chain termination method (Sanger
et al. 1977) using a Big Dye cycle sequencing kit
(Applied Biosystems). Sequencing primers were
employed by either the same original primer set as
above or the following sequencing primers: CP-
DLMF1 (§'- CATGCGGAGTTTCTTGTC -3') and
CP-DLMR2 (5'- GCTCGGCATGTTGGGTAA -3").
The DNA sequencing reactions were performed on a
ABI Model 377-36, 377-64 and 3100 automated
DNA sequencer (Applied Biosystems).

Mitochondrial D-loop sequences were verified and
aligned with sequences of other cyprinids from
Genbank. Nucleotide sequence alignment was veri-
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Fig. 2 Sampling localities of other species of Opsariichthys and related genera (black triangle) from China, Taiwan and Japan for
molecular sequence studies. Numbers for names of localities indicate in Table 4

fied manually after running through CLUSTAL W Systematics
(Thompson et al. 1994) and BIOEDIT version 5.9
(Hall 2001). The analysis of aligned mutation sites Opsariichthys evolans Jordan and Evermann (1902)

were conducted using Molecular Evolutionary Genet- (Fig. 3a—)

ics Analysis (MEGA) version 3 (Kumar et al. 2004)

for aligned mutation sites analysis. Zacco evolans Jordan and Evermann 1902: 322
The neighbor joining (NJ) analysis (distance (Taihoku, Taiwan).

method) was also conducted by MEGA version 3 Zacco evolans, Jordan and Hubbs 1925: 185.

based on Kimura 2-parameter distance matrix. The Zacco platypus, (not Temminck and Schlegel

maximum parsimony (MP) analysis (discrete method) 1846) Oshima 1919: 235; Tzeng 1986: 66; Shen and
was carried out using PAUP* version 4.0 B10 Tzeng in Shen 1993: 141; Chen and Fang 1999: 95.

(Swofford 2003) using heuristic search. Branch Opsariichthys evolans, Chen and Chang 2005: 20.
support was established via bootstrap analysis
(2000 replications). For the Bayesian (BI) analysis, Material examined

the best-fitting model for sequence evolution was

determined for mtDNA D-loop sequences using NTOU P-2006-3-457, 3 specimens, 61.1-89.9 mm SL,
MrMODELTEST version 2.2 (Nylander 2005). The Yu-Rui Stream, Keelung River, Tanshuei River basin,
analyses reconstructed by Bayesian Inference (BI) Keelung City, Taiwan, Coll. I-S. Chen et al., 17 March,
were performed using MrBayes 3.0 (Ronquist and 2006; NTOU P-2008-11-459, 2 specimens, 84.8-
Huelsenbeck 2003). The posterior probabilities of 89.6 mm SL, Rui-Fang, Keelung River, Tanshuei River
each node were computed from remaining 75% of all basin, Taipei County, Taiwan, Coll. S.P. Huang, 10 July,
sampled trees. 2008; NTOU P-2008-11-460, 70.2 mm SL, Kong-Liao,
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Fig. 3 Opsariichthys evolans, A, male, NTOUP 2008-11-459,
holotype, Keelung River, Taipei County, Taiwan, 89.6 mm SL;
B, female, NTOUP 2006-3-457, paratype, Keelung River,
Keelung City, Taiwan, 69.7 mm SL; and C, alive male, Holong
River, Miaoli County, Taiwan, about 70 mm SL; Opsariichthys
kaopingensis new species, D, male, NMMBP 6965, holotype,

Shi-Ting Stream, Shungshi River basin, Taipei County,
Coll. S.P. Huang, 12 Aug. 2008; NTOU P-2008-11-461,
79.3 mm SL, Keelung River, Tanshuei River basin,
Taipei County, Taiwan, Coll. S.H. Su, 19 June, 2008;
NTOU P-2008-11-462, 3 specimens, 52.4-59.7 mm SL,
Pau-Chong Bridge, Fongshan River, Shinchu County,
Taiwan, Coll. S.H. Su, 26 Dec., 2007.

Diagnosis

Opsariichthys evolans can be distinguished from the
congeneric species by the following combination of
morphological features: (1) no maxillary barbels; (2)
no anterior notch on tip of upper lip; (3) lateral-line
scales usually 43-45 (always 43-44); (4) predorsal
scales 15—-17 (modally 16); (5) very narrow body
width; (6) maxillary very short, never extending to
vertical of anterior margin of orbit; (7) a series of 6—7
(modally 6) rounded tubercles under lower jaw and a
series of tubercles on cheek well separate in adult
male; (8) pectoral fin extending far beyond origin of

Reprinted from the journal

Kaoping River, Pingtung County, Taiwan, 76.2 mm SL; E,
female, NMMBP 2911, paratype, Kaoping River, Pingtung
County, Taiwan, 72.1 mm SL; and F, alive male, Kaoping
River, Pingtung County, Taiwan, about 70 mm SL. The photos
of alive fishes by Y.C. Chang

ventral fin in adult male; and (9) snout with blackish-
purple background in adult male in life.

Distribution

The species is distributed around the main drainages
of northern and northwestern Taiwan (including
Taipei, Taoyuan, Shinchu, and Miaoli Counties;
Taipei and Keelung Cities). The species (including
its sibling species) can be also found in the main
drainages of both Fujian Province and southern region
of Zhejiang Province, PR China.

Remarks

Although this species, Opsariichthys evolans, has
been confused with the typical Japanese pale chub,
Zacco platypus, for a very long time after Oshima
(1919) and the suggested result have been followed
by recent decades of studies (Tzeng 1986; Shen 1993;
Chen and Fang 1999) which was apparently ignored
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the original description of Jordan and Evermann
1902. After Oshima’s studies, Opsariichthys evolans
had ever been pointed out the errors of identification
by Oshima and confirmed the specific validity by
Jordan and Hubb (1925) under “Zacco” evolans.
Jordan and Hubb (1925) also mentioned that the
holotype is a typical male as original description but
the paratype apparently is referable rather to so-called
“Zacco” pachycephalus. However, Chen and Chang
(2005) clearly addressed it as a native species in
Taiwan and stated its diagnostic features which have
been reconfirmed independently by the evidence of
molecular data as Ma et al. (2006) and with the
several distinct features of morphological differences
between the both Opsariichthys evolans and Zacco
platypus. “Zacco” evolans should been treated as a
member of Opsariichthys followed Chen and Chang
(2005).

Opsariichthys pachycephalus Giinther (1868) (Figs. 4
and 5)

Opsariichthys pachycephalus Glinther 1868: 296
(Taiwan).

Fig. 4 Opsariichthys pachycephalus, A, alive male, Tanshuei
River, Taipei County, Taiwan, about 120 mm SL; B, alive
female, Tanshuei River, Taipei County, Taiwan, about 110 mm
SL; C, syntype, female, BMNH 1865.5.2.31-34, 76.4 mm SL,
Taiwan. The photos of alive fish by Y.C. Chang; the photo of
syntype by H.C. Ho
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Opsariichthys pachycephalus, Ashiwa and Hosoya
1998:163; Chen and Chang 2005: 26.

Zacco pachycephalus, Jordan and Evermann 1902:
322; Jordan and Richardson 1909: 170; Oshima 1919:
240; Banarescu 1968: 306; Tzeng 1986: 66; Chen and
Yu 1986: 293; Shen 1993:141; Chen and Chu in Chen
1998: 45; Chen and Fang 1999: 94.

Zacco taiwanensis Chen 1982: 296 (Joshuei River,
Nantou County, Taiwan); Chen and Chu in Chen
1998: 44.

Material examined

Syntypes.—BMNH 1865.5.2.31-34, 4 specimens,
76.4-87.4 mm SL (Standard length), Taiwan.
Nontypes—NMMBP 2048, 6 specimens, 52.9—
99.6 mm SL, Holong River, Miaoli County, Taiwan,
Coll. I-S. Chen, May, 1995; NMMBP 3980, 2
specimens, 59.1-64.3 mm SL, Tzengwen River,
Tainan County, Taiwan, Coll. YM. Ju, 19 Aug.
2002; NMMBP 3989, 1 specimen, 110.6 mm SL,
Tzengwen River, Tainan County, Taiwan, Coll. Y.M.
Ju, 18 Aug. 2002; NMMBP 6027, 2 specimens, 55.1—
95.3 mm SL, Suau River, Ilan County, Taiwan, Coll.
J.H. Wu, 29 Oct. 2002; NMMBP 6028, 3 specimens,
75.9-95.2 mm SL, Lanyang River, Ilan County,
Taiwan, Coll. C.W. Wang, 28 Dec. 2002; NMMBP
6029, 2 specimens, 61.7-62.5 mm SL, Lanyang
River, Ilan County, Taiwan, Coll. J.JH. Wu, 28 Mar.
2003; NMMBP 6030, 23 specimens, 59.0-90.2 mm
SL, Kanfang River, Ilan County, Taiwan, Coll. J.H.
Wu, 31 Mar. 2003; NMMBP 6031, 35 specimens,
49.7-116.7 mm SL, Shuanshi River, Taipei County,
Taiwan, Coll. JJH. Wu, 31 Mar. 2003; NMMBP 6032,
27 specimens, 67.2-114.5 mm SL, Parlian River,
Taipei County, Taiwan, Coll. J.H. Wu, 31 Mar. 2003;
NMMBP 6036, 20 specimens, 56.7-116.8 mm SL,
Tanshuei River, Taipei County, Taiwan, Coll. J.H.
Wu, 28 Mar. 2003; NMMBP 6038, 22 specimens,
56.4-122.9 mm SL, Tochien River, Hsinchu County,
Taiwan, Coll. J.H. Wu, 29 Mar. 2003; NMMBP 6039,
23 specimens, 60.8-95.3 mm SL, Chonkang River,
Miaoli County, Taiwan, Coll. J.H. Wu, 29 Mar. 2003;
NMMBP 6040, 4 specimens, 49.9-70.8 mm SL,
Holong River, Miaoli County, Taiwan, Coll. I-S.
Chen, 31 Mar. 1999; NMMBP 6041, 11 specimens,
52.1-79.1 mm SL, Holong River, Miaoli County,
Taiwan, Coll. J.H. Wu, 30 Mar. 2003; NMMBP 2049,
3 specimens, 57.3-75.5 mm SL, Taan River, Miaoli
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Fig. 5 Illustration of the
heads of two Opsariichthys
species from Taiwan.
Opsariichthys
pachycephalus (upper half):
male (left), NMMBP 6036,
Tanshuei River, Taipei
County, Taiwan, 116.0 mm
SL; female (right), NMMBP
6036, Tanshuei River,
Taipei County, Taipei,
106.4 mm SL.
Opsariichthys kaopingensis
(lower half): male (left),
NMMBP 2050, paratype,
Fongkong River, Pingtung
County, Taiwan, 77.1 mm
SL; female (right), NMMBP
2911, paratype, Kaoping
River, Pingtung County,
Taiwan, 72.1 mm SL.
(Bar=1 mm)

O. pachycephalus

male —

County, Taiwan, Coll. I-S. Chen, July, 1999;
NMMBP 6042, 14 specimens, 57.1-85.7 mm SL,
Taan River, Miaoli County, Taiwan, Coll. J.H. Wu, 30
Mar. 2003; NMMBP 6043, 18 specimens, 62.8—
120.4 mm SL, Taan River, Miaoli County, Taiwan,
Coll. JH. Wu, 16 Mar. 2003; NMMBP 6044, 11
specimens, 63.5-88.7 mm SL, Tajar River, Taichung
County, Taiwan, Coll. J.H. Wu, 15 Mar. 2003;
NMMBP 6045, 21 specimens, 61.0-85.2 mm SL,
Tajar River, Taichung County, Taiwan, Coll. J.H. Wu,
30 Mar. 2003; NMMBP 3933, 1 specimen, 82.8 mm
SL, Wu River, Taichung County, Taiwan, Coll. I-S.
Chen, July, 1999; NMMBP 6046, 11 specimens,
72.3-88.9 mm SL, Wu River, Taichung County,
Taiwan, Coll. C.W. Wang, 13 Feb. 2003; NMMBP
6047, 9 specimens, 76.0-100.7 mm SL, Wu River,
Taichung County, Taiwan, Coll. JH. Wu, 13 Feb.
2003; NMMBP 6048, 12 specimens, 73.0-107.0 mm
SL, Wu River, Taichung County, Taiwan, Coll. J.H.
Wu, 13 Feb. 2003; NMMBP 6049, 25 specimens,
63.3-108.5 mm SL, Joshui River, Nantou County,
Taiwan, Coll. I-S. Chen, 14 Feb. 2003; NMMBP
6050, 2 specimens, 49.5-52.1 mm SL, Joshui River,
Nantou County, Taiwan, Coll. J.H. Wu, 15 Mar. 2003;
NMMBP 6055, 10 specimens, 61.8-72.3 mm SL,
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Parchan River, Chiayi County, Taiwan, Coll. C.W.
Wang, 15 Feb. 2003; NMMBP 6056, 33 specimens,
65.1-102.1 mm SL, Parchan River, Chiayi County,
Taiwan, Coll. J.H. Wu, 27 Mar. 2003; NMMBP 6057,
3 specimens, 72.8-96.5 mm SL, Parchan River,
Tainan County, Taiwan, Coll. Y.M. Ju, 15 Sep.
2002; NMMBP 6058, 2 specimens, 84.5 mm SL,
Tzengwen River, Tainan County, Taiwan, Coll. C.W.
Wang, 15 Feb. 2003; NMMBP 6060, 33 specimens,
63.3-111.6 mm SL, Tzengwen River, Chiayi County,
Taiwan, Coll. J.JH. Wu, 10 Apr. 2003.

Diagnosis

Opsariichthys pachycephalus can be distinguished
from the congeneric species by the following combi-
nation of morphological features: (1) no maxillary
barbels; (2) no anterior notch on tip of upper lip; (3)
lateral-line scales usually 50-54 (modally 52); (4)
predorsal scales more than 20-23 (modally 21); (5)
maxillary long, always extending to or beyond middle
vertical of orbit in adult female; (6) a series of 67
(modally 6) rounded tubercles under lower jaw in
adult male; and (7) opercle and ventral side of head
orange red to pinkish red in adult male in life.
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Distribution

The species is widely distributed across northern and
western Taiwan (including Ilan, Taipei, Taoy