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Abstract

The Wujiang River is a tributary of the upper Yangtze River that shows great variations in its flow regime and habitat
condition. Dams have been built along the Wujiang River and have altered the habitats profoundly enough that they may
give rise to reproductive isolation. To test whether the swimming performance and morphology of the Chinese hook snout
carp (Opsariichthys bidens), varied among habitats and whether the possible differences had a genetic basis, we measured
the steady and unsteady swimming performance, external body shape and genetic distance among fish collected from both
the main and tributary streams of the upper, middle and lower reaches along the river. We also measured the routine
energy expenditure (RMR), maximum metabolic rate (MMR), cost of transport (COT) and calculated the optimal swimming
speed. The steady swimming capacity, RMR, MMR and optimal swimming speed were all higher and the COT was lower in
the upper reach or tributary streams compared with the lower reach or main stream. However, unsteady swimming
performance showed no variation among collecting sites. Flow regimes as suggested by river slope and water velocity were
positively correlated with steady swimming performance but not with unsteady swimming performance. Predation stress
were significantly related with body morphology and hence energy cost during swimming but not U;; value. The fish from
only one population (Hao-Kou) showed relatively high genetic differentiation compared with the other populations. Fish
from the upper reach or tributary streams exhibited improved steady swimming performance through improved respiratory
capacity and lower energy expenditure during swimming at the cost of higher maintenance metabolism. There was no
correlation between the steady and unsteady swimming performance at either the population or the individual levels.
These results suggest that a trade-off between steady and unsteady swimming does not occur in O. bidens.
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Introduction

Fish inhabit environments that vary greatly in the intensity of
water velocity and predation stress, and these habitat conditions
are generally believed to be of major evolutionary significance [1].
For most fish, swimming behaviors are essential for carrying out
countless tasks. Thus, natural selection is predicted to favor
different swimming capabilities under different habitats and
consequently to drive major patterns of phenotypic variation in
fishes [1]. Swimming performance can be classified as steady or
unsteady swimming performance. In nature, steady swimming is
commonly employed during various activities, such as holding
station in a water current, seeking favorable abiotic conditions or
migration [2,3] whereas unsteady swimming is common during
social interactions, predator avoidance and navigating in struc-
turally complex environments [4,5]. In fish, the critical swimming
speed (the water speed at which a fish can no longer maintain its
position or its maximum sustainable swimming speed, U.) is
widely used to evaluate steady swimming performance [2,6,7]
whereas fast-start performance (brief, sudden accelerations used by
fish during predator—prey encounters) is usually used to evaluate
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unsteady swimming performance [8-10]. It is generally believed
that the body morphology necessary to maximize steady
swimming efficiency involves great depth in anterior body and
a shallow caudal region whereas maximal unsteady swimming
efficiency involves the opposite characteristics [1]. Thus, a body
morphology optimized for burst speed will be obtained at the cost
of reduced performance at steady swimming [11]. This general
trade-off between steady and unsteady swimming performance has
long been hypothesized to play an important role in the ecology
and evolution of fish. Scientists suggested that both genetic
divergence and phenotypic plasticity stemmed from this trade-off
may lead to phenotypic differentiation and generate macroevolu-
tionary patterns across flow regimes and predation condition 11—
14].

Selection pressures on locomotor performance in different
habitats drive differences in morphology and locomotion in
different flow regimes. The trade-off is expected to favor steady
swimming in high-flow environments, where fish must often swim
to maintain position and perform routine tasks, but unsteady
swimming in low-velocity environments, where fish are largely
freed from severe demands on endurance and can instead exploit
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strategies requiring high acceleration or maneuverability [1].
Trade-off between steady and unsteady swimming underlies
predator-driven divergence also demonstrated in fish such as
Gambusia affinis. Such divergent natural selection between alterna-
tive flow regime and predation environments often generates and
maintains morphological and physiological phenotypic diversity
[15-17]. However, despite the volume of literature, we still lack an
understanding of the major patterns of the effects of water velocity
and predation stress on fish phenotypes. Furthermore, too few
studies have addressed these topics or conducted analyses within
a phylogenetic framework.

Opsariichthys bidens is one of the most widely distributed small
Asiatic cyprinids. It generally occupies fast-flowing mountainous
steams. It lives for no more than 2 years in the field, and its short
life history may favor microevolution and gene assimilation. The
Wujiang River is the largest tributary stream of the upper Yangtze
River, with a length of 1037 km. The average river slope varies
from 12.9%o in the upper reach to 0.62%o in the lower reach.
Thus, the flow regime and predation stress changes profoundly
along the river (Table 1). Since 1970, numerous dams have been
built along the main and tributary streams. These changes may
produce reproductive isolation and hence accelerate the micro-
evolution of this species. Thus, the aim of this study is to test
whether the locomotor performance and morphology of O. bidens
vary along the river and whether the possible changes are
correlated with genetic distance. To test our hypothesis, we
collected one-year-old female O. bidens from both the main stream
and the tributary streams in the upper, middle and lower reaches.
We chose females because they are easier to capture in the field
and exhibit less variation in body size than the males. We
examined the differences in body shape, genetic distance, and
critical swimming speed (U;) as indicators of steady swimming
performance and fast-start escape performance as an indicator of
unsteady swimming performance among populations of O. bidens
along the Wujiang River.

Phenotypic Plasticity of Swimming Performance

Materials and Methods

Ethics Statement

The fish collection and field investigation were under the
permission of the fisheries administrative institution of Chongqing
City, Guizhou Province and Yunnan Province. They are
responsible for the regulation of local fishes in the Wujiang River.
Our project was also approved by the National Natural Science
Foundation of China (No. 31172096) and Chongqing Normal
University.

Collecting Sites and Fish Collection

We planned to collect Chinese hook snout carp from three pairs
of sites (i.e., six populations) along the Wujiang River, i.e., the
upper, middle and lower reaches (Fig. 1). One site was within the
main stream for each pair, and the other site was in a tributary
stream. However, we did not collect any individuals from the
tributary stream of the upper reach. The information on each
collecting site is shown in Table 1. We collected O. bidens by hook-
and-line angling and seine from each site. We only used one year
adult female fish whose body length (BL) was less than 10 cm
(8.12%£0.27 cm, n = 36). We use one year adult female because it is
casier to be caught in field. We use fish less than 10 cm because we
want the body size of experimental fish to be similar (the usual size
of adult female O. biden is 40-100 mm).

We loaded and transported all the experimental equipment in
two trucks during the entire field experiment. After we collected
the fish, we reared them in a fully aerated and thermoregulated
tank (100 L) with the same temperature (£1°C) as that in the field
of each collecting sites. Water was transferred from the river and
filtered through filter cotton. After two days of fasting, each fish
was first transferred to the fast-start equipment [18] for the
measurement of unsteady swimming. The fish was then trans-
ferred to a Brett swimming channel for U,; and oxygen
consumption rate (MOZ) measurement after a recovery period of
at least 8 h. The fish was then euthanized with an overdose of
tricaine methanesulfonate (MS-222) for the measurement of body
shape. After the measurement of body shape, the fish was stored in

Table 1. Overview of environmental parameters at the five collection sites.

Lower reach

Middle reach Upper reach

Main stream

Tributary stream

Main stream Tributary stream  Main stream

Collecting sites

Coordinate

Altitude (m)

River width (m)

Distance from river mouth (km)
Water temperature (°C)

River slope (%o)

Water velocity (m s—")

Predators species

Size of predators (g)
Abundance of predators (%)

Dissolved oxygen level
(% saturate)

Yang-Jiao (I, YJ)
N29 °23'48",
E107 °36'49"'
173

100~200

50

26.0

0.62

1.10

Silurus meridionalis,
Siniperca kneri

1,243
15.1
102.0

Hao-Kou (IV, HK)
N29 °02'32",
E107 °50'43"'
320

30~50

115

25.0

4.08

1.90

Silurus meridionalis,
Siniperca kneri

1,020
6.1
103.0

Si-Nan (Il, SN) San-Du (V, SD) Da-Guan (lll, DG)
N27 °56'44"", N27 °39'35"’, N26 °51'44"",
E108 °15'44"" E107 *18'51"" E106 °10'03""
362 780 859

100~200 20~30 30~50

350 650 700

238 215 213

0.97 5.30 3.65

1.45 1.82 2.32

Silurus meridionalis, Silurus asotus Silurus asotus, Channa
Erythroculter ilishaeformis argus

826 325 435

33 26 4.5

82.5 98.7 97.9

doi:10.1371/journal.pone.0040791.t001
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Figure 1. The location map of collecting sites (I: Yang-Jiao, II: Si-Nan, Ill: Da-Guan, IV: Hao-Kou, V: San-Du, see Table 1 for more

information).
doi:10.1371/journal.pone.0040791.g001

a 70% ethanol solution for approximately 1 week and was then
transferred to a 95% ethanol solution for later phylogenetic
analysis. We used the same fish for different measurements
because we sought to determine the relationship between different
traits at the individual level and because a pilot experiment found
that the fast-start measurement had no effect on the subsequent
U,y measurement.

Measurement of Fast-start Performance

Fach fish was acclimated for 48 h without food in the
experimental tanks at the same temperature as in the field. A
small white plastic ball (diameter: 1 mm) was then attached to the
dorsal side of each fish at the center-of-mass (CM) position
determined by a pilot experiment after the fish was slightly
anesthetized with MS-222 (50 mg L") [19]. Single fish were then
transferred to the experimental glass tank. A reference grid of
1 cm squares was attached to the floor of the tank. Black paper
covered the sides of the experimental tank so that the fish could
not see the approaching stimulus. The fish was introduced into the
acclimation zone of the fast-start experimental system and allowed
to rest for 1 h. The depth of water in the tank was 10 cm. After
1 h acclimation, the fish was introduced from acclimation zone to
the filming zone through the passage way (fish moved to the
filming zone spontaneously at most cases, if not they were driven
into the filming zone gently by hand net). The escape responses
were elicited with a manually triggered electrical impulse (0.5 V
em”'; 10 ms, as determined by a previous study [19] when the fish
was holding position at the center of the filming zone. A high-
speed camera (Basler A504K; 500 frames s~ ') was used to record
the entire time course of the fast-start experiment (time span: 3 s).
The initiation of the experiment was recorded as soon as the LED
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became illuminated (0 ms). The coordinates of the CM were
measured with an E-Ruler. The following parameters were
calculated: response latency (¢, ms), maximum linear velocity
(Viao m s~ ') and turning radius (7, mm). The response latency ¢
was defined as the time between the initiation of the stimulus (LED
illumination) and the time when escape behavior was observed.

Measurement of U and MO,

After the fast-start measurement, the fish was transferred to the
swimming respirometer [20]. A Brett-type swimming tunnel
respirometer was used to measure the fish’s U For details see
previous papers [20-22]. The fish were individually transferred
into the swim tunnel and allowed to recover for 8 h. During this
recovery period, aerated water flowed continuously through the
respirometer. The water temperature in the swimming chamber
was controlled by a water bath connected to a stainless steel heat
exchanger. The water velocity increased in 6 cm s~ ! increments
every 30 minutes until the fish became fatigued. Iatigue was
defined as the time at which the fish failed to move off the rear
honeycomb screen of the swimming chamber for 20 s [7]. Uy
was calculated for individual fish using Brett’s equation [6]:

Ucrit =V + (t/T)AV’ (1)

where Vis the highest speed at which the fish swam for the full
time period (cm s~ '), 4Vis the velocity increment (6 cm's™~ '), T'is
the prescribed period of swimming per speed (30 min) and ¢ 1s the
time that the fish swam at the final speed (min). The swim tunnel
was designed to switch between a closed mode and an open mode.
The closed mode was used for respirometry, and the open mode
was used to replenish the oxygen. A small volume of water was
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drawn from the sealed respirometer by a peristaltic pump, forced
past a dissolved oxygen probe housed in a sealed temperature-
controlled chamber, and then returned to the respirometer. The
oxygen concentration (mg L™ ') was recorded once every 2 min.
The MO, (mg kg~ ' h™") of an individual fish during swimming
was calculated from the depletion of oxygen according to the
equation

MO, = slope VOL/m, (2)

where slope (mg L—1 h—1) is the decrease in the water’s dissolved
oxygen content per minute, VOL is the total volume of the
respirometer (3.5 L) minus the volume of the fish and m is the
body mass (kg) of the fish. The slope was obtained from a linear
regression between time (min) and the water’s dissolved oxygen
content (mg L.—1); only slopes with an r2>0.95 were considered in
the analysis. The MO, was adjusted to a standard body mass of
1 kg with a body mass coefficient of 0.75. The routine metabolic
rate (RMR) was calculated using the fitting equation between

MO, and swimming speed to obtain the MO, at 0 cm s—1. The
maximal observed MO; during the Ucrit test was defined as the
maximum MO; (MMR).

Shape Measurement Methods

Geometric morphometric methods were used to quantify body
shape. Photographs of the right side of each specimen (n=39)
viewed together with a ruler were taken with a digital camera and
then analyzed with the thin plate spline (tps) software package
(http:/ /life.bio.sunysb.edu/morph). These programs provide var-
lous types of statistical analyses using partial warp scores as shape
variables and/or expressing the results of a morphometric analysis
as a shape deformation. We used tpsDig2 (a program for digitizing
landmarks and outlines for geometric morphometric analyses) and
tpsUtil for data acquisition and editing. After first concatenating
all photographs into a single file, we placed landmarks on 17
morphological features in each image (Fig. S1). We then used
tpsSuper to perform a least-squares orthogonal generalized
Procrustes analysis and plot a consensus configuration. We then
used tpsReg performs a multivariate multiple regression of shape
(as captured by partial warp scores and the uniform shape
component) onto the independent variable, i.e., the collecting site,
ecological parameters, U, value and V. value.

We also measured the body length, body height, caudal fin area,
caudal fin height, and caudal peduncle height and calculated the
values of the following morphological traits:
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Table 2. The fast-start performance of fish collected from different sites (Means=SD).

n Maximum velocity (m s™") Response latency (ms) Turning radius (mm)
Yang-Jiao 6 1.42*0.24 12.3£5.1 9.9+4.7
Hao-Kou 6 1.24+0.42 12.7+5.9 10.9%+3.9
Si-Nan 8 1.35+0.28 12.8+11.9 15.3%£10.2
San-Du 8 1.28+0.25 12.0+9.9 14.0+8.8
Da-Guan 7 1.25*0.24 10.7£2.9 11.2%£3.2
Statistical results (P-values)
Reach effect 0.632 0.787 0.465
Stream effect 1.397 0.574 0.539
Interaction effect 0.147 0.386 0.298
doi:10.1371/journal.pone.0040791.t002

Relative caudal peduncle height (CPH,
peduncle height/body length,

Caudal fin aspect ratio (AR)=caudal fin height?/caudal fin
area,

Fitness ratio (FR) =body length/body height.

%) = 100 X caudal

Genetics
DNA extraction, PCR amplification and
sequencing. Total genomic DNA was extracted from muscle

tissue using the QIAGENE DNeasy Tissue Kit (Qiagen, Germany)
following the manufacturer’s protocol. The mitochondrial cytb gene
was amplified with the primer set 14724 (5'-GACTTGAAAAAC-
CACCGTTG-3") and H15915(5'-CTCCGATCTCCGGATTA-
CAAGAC-3') [23] by the polymerase chain reaction (PCR) in 50 pl
reactions containing 4 ul of dNTPs (2.5 mM), 5 ul of 10 xreaction
buffer (Mg”" free), 3 ul of MgCl, (25 mM), 1 ul of each primer
(10 uM), 0.2 ul (2.5 U) of Taq DNA Polymerase (rTaq, Takara),
and 2 pl of template DNA. Reaction conditions were 2 min at 94°C,
followed by 30 cycles of 30 s at 94°C, 30 sat 56°C, 90 sat 72°C, and
afinal 6 min at 72°C. PCR products were purified and sequenced by
a commercial company using the same primer set, L.14724 and
H15915.

Sequence alignment and phylogenetic
analysis. Nucleotide sequences were aligned using the Clustal
X multiple alignments program [24] with the default parameters.
The Kimura 2-parameter genetic distances were analyzed using

MEGA5 [25].

Statistics

All values are presented as the means = S.D., and P<0.05 was
used as the level of statistical significance. The multivariate
multiple regression of shape onto any parameters was performed
with tpsReg (http://life.bio.sunysb.edu/morph). STATISTICA
4.5 was used for other data analysis except tps. The relationship
between ecological parameters (water velocity, river slope, water
temperature and altitude) and locomotor (U, Vinax, 7 and #) and
morphological parameters (CPH, FR and AR) were analyzed with
Pearson’s correlation. The differences in measured morphological
traits, U,;, MMR and all variables involved in fast-start
performance among different collecting sites (i.e., between streams
and among reaches) were analyzed with a two-way analysis of
variance (ANOVA). The effect of swimming speed and collecting
sites on MO, and the cost of transport (COT) was analyzed with
a three-way (between streams, among reaches and among speeds)
ANOVA. The ANOVA was followed by a Duncan multiple
comparison test if it was necessary to evaluate the differences
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Figure 2. The critical swimming speed (U:) (A), maximum metabolic rate (MMR) (B), routine metabolic rate (RMR) (C), steepness (D)
and optimal swimming speed (U, (E) of fish collected from different sites along the Wujiang River. a, b, ¢, Values not sharing
a common letter suggests significant difference (P<<0.05);* indicates significant difference between main and tributary streams.

doi:10.1371/journal.pone.0040791.g002

The parameter o could be interpreted as the RMR whereas the
parameter B could be interpreted as the steepness of the power
curve and, hence, the energy cost of swimming. The optimal
swimming speed (Uyy), at which the fish showed the minimum
swimming energy cost, was given by 1/f. The RMR values for the
fish collected from the lower reach and the main stream were
significantly lower than the RMR values from the upper reach or
the tributary streams whereas the steepness values for the fish
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collected from the lower reach and the main stream were
significantly higher than the steepness values from the upper
reaches or the tributary streams (P<<0.05) (Fig. 2C-D, Table 5).
The optimal U, exhibited a significant difference between the
tributary and the main stream (P=0.010) (Fig. 2E).

Unlike the MO,, the COT decreased significantly with
swimming speed in all fish groups (P<<0.001) and changed
significantly among different reaches (interaction effect:
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Figure 3. The metabolic rate (MO,) and cost of transport (COT) under different swimming speed of fish collected from

different collecting sites.
doi:10.1371/journal.pone.0040791.g003

P=0.017) but not between the tributary and main streams river slope, Fsy 951 =1.87, P=0.002; dissolved oxygen level, Fsy
(P=0.867) (Fig. 3). The upper reach showed a significantly higher 981 = 1.10, P=0.321). Furthermore, all measured morphological

COT at a lower swimming speed. The main stream showed variables (i.e., FR, AR and CPDF) showed no significant variation
a significantly lower COT at a low swimming speed but a higher among the different collecting sites if body length was used as
COT at a high swimming speed. a covariate (Table 6). A further ANOVA testing only the
mainstream collection sites (Y], SN and DG) found that FR of

Morphology fish collected from Y]J were significantly larger than those from SN
The relative warp visualization plots for the fish collected from and DG. FR was positively correlated with water velocity
different sites were shown in Fig. S1. The landmarks showed no (P=0.009), water temperature (P<0.001), altitude (P<<0.001), size
variation between streams and among reaches. However, tpsReg of predators (P<0.001), abundance of predators (P<<0.001) and
suggested that morphology was closely related with all ecological dissolved oxygen level (P=0.005). Caudal peduncle depth factor
parameters except dissolved oxygen level (abundance of predator, was positively correlated with water temperature (P<0.001),

Fsi os1=3.29, P<0.001; size of predator, Fs; o5 =3.14, altitude (P=0.004), size of predators (P<<0.001), abundance of
P<0.001; water temperature, Fsy og; =2.98, P<<0.001; altitude, predators (P<<0.001) and dissolved oxygen level (P=0.032) while
ng’ 981 — 281, P<0001, water VC]OCitY, F34) 981 — 219, P<0001,
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Table 4. The effect of swimming speed, different reaches and
streams on metabolic rate (MO,) and cost of transport (COT)
of fish collected from different sites.

Phenotypic Plasticity of Swimming Performance

Table 5. Comparison of locomotion parameters between
tributary and main streams and among upper, middle and
lower reaches.

Metabolic rate Cost of transport

Reach effect Stream effect Interaction effect

df F Sig. F Sig.
Speed effect 10 84.947 0.000* 70.083 0.000*
Reach effect 2 1.136 0.323 4.128 0.017*
Stream effect 1 12.687 0.000* 0.028 0.867
Speed xReach 19 0.462 0.975 3.736 0.000*
Speed xStream 9 2.648 0.006* 8.149 0.000*
Reach xStream 1 1.811 0.180 0.021 0.885

Speed xReach xStream80.5420.8241.2360.278

*significantly different (P<<0.05).
doi:10.1371/journal.pone.0040791.t004

aspect ratio showed no significant correlation with any of
ecological parameters.

There was no significant correlation between any swimming
variable (i.e., Ui, Vinax) and the morphological traits (i.e., FR, AR
and CFAR). However, tpsReg suggested that morphology was
significantly related with Us,p, (Fs4, 931 =2.98, P<<0.001), steepness
(Fs4, 981 =2.83, P<0.001), RMR (Fs34 o5, =2.41, P<0.001) and
Vinax (Fs4, 051 =1.60, P=0.017), but not Ui (Fs4, 931 =0.63,
P=0.948) and r (F'34, 91 =0.89, P=0.651).

Genetics

The pairwise sequence divergence among the 39 O. bidens
individuals varied from 0 to 2.37%, with a mean of 0.60%. We
found that the O. bidens from the Hao-Kou (HK) population
exhibited the highest genetic divergence compared with the other
populations of the same species (within- group mean distance:
1.26% [HK population, 6 individuals] vs. 0.41% [the remaining
Opsarichthys bidens)).

Discussion

In this study, we aimed to investigate the intra-species variation
of locomotor performance in O. bidens and its relationship with
morphology and genetic distance. We clearly demonstrated
a marked divergence in steady swimming performance but not
in unsteady swimming performance among different populations.
The improved steady swimming performance in the upper reach
and the tributary streams was in part a result of increased
respiratory capacity and lower swimming cost due to morpholog-
ical difference. The difference in swimming performance was not
accompanied by a genetic difference since only the fish from HK
showed relatively high genetic differentiation compared with the
other populations. A trade-off between steady and unsteady
swimming performance was not found at either the individual or
the population levels.

Swimming Performance

The U, changed markedly along the Wujiang River, with
a 24% change in U, between HK and SN. Fish from the
tributary streams exhibited higher U values than fish from the
main stream, and fish from the upper reach (i.e., DG) of the main
stream also exhibited higher U,,; values than fish from the middle
reach (i.e., SN). These results agreed with our prediction, i.e., fish
from the upper reach and the tributary streams usually have

@ PLoS ONE | www.plosone.org

Critical swimming P=0.019* P=0.001* P=0.246
speed

Maximum P=0.013* P=0.049* P=0.118
metabolic rate

Routine metabolic P=0.050* P=0.036* P=0.481
rate

Steepness P=0.032* P=0.048* P=0.186
Optimal swimming P=0.142 P=0.010*% P=0.645

speed

The routine metabolic rate, steepness and optional swimming speed are
calculated from the fitted parameters in equation: Y=o efX,
*significantly different (P<0.05).

doi:10.1371/journal.pone.0040791.t005

higher U, values than fish from the lower reach and the main
stream because the selection will favour steady swimming in high
water velocity and low-predation environments, but instead favour
unsteady swimming in low water velocity and high-predation
environments. In this study, U, was closely related to ecological
parameters such as river slope and water velocity but not size and
abundance of predators. It suggested that flow regime rather than
predation stress drives the variation of steady swimming perfor-
mance among different habitats. The habitat-specific U
variation had been documented in other fish species [26-28]. In
these previous studies, the different fish groups analyzed were
usually found in habitats that differ substantially in predation
stress, flow regime and physical distance because they were
associated with different water bodies. To our knowledge, this
study is the first to find a substantial divergence in U,y values
among fish living within a single water body. Most published
studies that demonstrated variation in U,y also showed marked
concurrent morphological changes. The morphological changes
are usually assumed to have profound effects on the swimming
transport cost and therefore on the maximum swimming speed
[29]. The morphological change also showed in O. bidens, but the
change was more closely related to predation stress than other
physical environmental factors of habitats. The variation of body
shape showed no effect on maximum steady swimming speed as
suggested by ULy, but altered the swimming energy cost pro-
foundly as suggested by the significant relationship between body
shape and steepness, U, and maintenance metabolism (i.e.
RMR) (see details in the next paragraph). In this study, the
improved U; was not due to morphological variation. However,
our examination of the variation in the MMR among different
collecting sites showed a 35% variation in the MMR, a change
identical to that observed for U,;. These findings suggest that the
difference in U, was due, at least in part, to the improvement in
respiratory capacity in the tributaries and the upper reach
compared with the main stream or the lower stream.

Previous studies found that the swimming speed and MO, curve
changed markedly as a consequence of the morphological
divergence between fish living in different habitats. In this study,
the MOz—swimming speed curve still showed marked variation.
The higher steepness of the MOz-swimming speed curve of fish
collected from the main stream and lower reach suggested a higher
swimming cost based on an increase in speed compared with those
from the tributary streams and the upper reach. The optimal U,
values for the tributary streams and the upper reach were also
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Table 6. The morphology of fish collected from different sites (Means*SD).

Yang-Jiao Hao-Kou Si-Nan San-Du Da-Guan
n 6 6 8 8 7
Fitness ratio (BL/BD) 5.31+0.39 5.05+0.17 4.40+0.31 4.37+0.14 4.39+0.29
Aspect ratio (CFH?/Area) 4.12+0.61 4.22+0.69 3.99:+0.62 4.05+0.34 3.96+0.34
Caudal peduncle depth factor (CPD/BD) 43.9*32 42.7*15 38.5+3.1 383+23 394+26

doi:10.1371/journal.pone.0040791.t006

higher than those for the main stream and lower reach, suggesting
an adaptation to the water flow regime and (or) predator stress.
However, the lower RMR of fish in lower reach or main stream
might compensate for the higher swimming cost. This result
suggests that an energy-saving strategy occurs in O. biden. In brook
trout [30] and crucian carp [29]), individuals that showed higher
energy expenditure during swimming also showed a lower RMR.

Most previous studies found a significant difference in unsteady
swimming performance in fish living in different habitats [31,32].
In many fish species, such as Trinidadian killifish (Riulus harti)
[28] and Atlantic cod (Gadus morhua) [11], individuals that showed
higher steady swimming performance tends to have lower
unsteady swimming performance. However, no such trade-off
was found at the population or individual levels in O. bidens. Note
that such previous studies usually found marked morphological
changes that favor either steady or unsteady swimming perfor-
mance [33,34]. However, even though one morphological
parameter (fitness ratio) in O. biden was positively correlated with
water velocity, neither morphological landmark points nor any
calculated morphological parameters showed significant correla-
tion with locomotor parameters. It suggested that in O. biden, the
improved U, was a result of respiratory capacity rather than
morphological divergence. Thus, the fish with the higher U,
should not always show lower fast-start performance. The trade-off
cost for higher steady swimming performance found for the fish in
the upper reach and the tributary streams consists of a higher
RMR and, hence, a greater routine energy expenditure rather
than a lower fast-start capacity.
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