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To this end, we believe multiple steps can be taken to minimize measurement
error. Individual fishery biologists performing measurements should strive to ensure
care is taken with each measurement and that every fish is measured properly (i.e.,
fish laying completely flat on measuring board). Individuals recording data need to
pay close attention to the individual measuring the fish and have clear penmanship to
ensure the data are properly recorded. In the case where other individuals are
involved during fish measurement and recording; these individuals should double
check measurements and bring attention to suspected erroneous lengths.
Furthermore, adding an additional metric to the length data such as weight acts
as another verification tool to ensure true measurements. These steps may help to
minimize erroneous length values present in data sets. To this end, fishery biologists
must accept that there can be discrepancies in fork length measurement and perhaps
do periodic quality assurance/quality control to account for it (e.g., double/triple
measures and blind measures).
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Otolith microstructure was analyzed to determine the early growth of
Neosalanx taihuensis juveniles from Three-Gorges Reservoir (TGR)
and Tian-e-zhou Oxbow (TEO, below the dam). The early growth of
the N. taihuensis juveniles differed significantly between the two popula-
tions. Higher relative condition index and wider otolith increments of
the fish in the TGR indicated the faster early growth and larger otolith
nucleus radius indicated the larger size of larvae at hatch for the TGR
population, which may result in higher early survival rate. We suggest that
increased primary production and food availability following the impound-
ment of the TGR contributed importantly to the increased early growth
and survival of the N. taihuensis population. Fishery management and
conservation in the TGR should consider the potential impacts to other fish
species and the ecosystem of the increasing abundance of N. taihuensis.

Keywords: early life history; otolith; Three-Gorges Reservoir; Tian-e-zhou
Oxbow; Neosalanx taihuensis

Introduction

Neosalanx taihuensis is a freshwater-resident icefish mainly inhabiting the middle and
lower reaches of the Yangtze River, including its tributaries and affiliated lakes
(Xie and Xie 1997). Because of its high commercial value, N. taihuensis has been
introduced into lakes and reservoirs in over 20 provinces and has become the most
commercially exploited fish in China (Hu et al. 1998). Its life span is reported to be
1 year (Gong et al. 2009a) and it has two spawning stocks; one spawning in autumn
from late September through early November and the other in spring from
early January through late April (Gong et al. 2009a). Similar to many other
short-lived fish species, populations of N. taihuensis often show considerable
fluctuation, rapidly expanding in some years and drastically declining in others
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(Huang and Chang 2001). Knowledge about the fundamental biology of N.

taihuensis is essential both to understand the population dynamics and to effectively

manage the fisheries for this species.
N. taihuensis was one of the most abundant fishes in Tian-e-zhou Oxbow (TEO),

a side channel system on the Yangtze River about 200 km below the Three-Gorges

Dam (TGD) (Figure 1). Annual commercial catch of N. taihuensis in TEO peaked in

2003 at 50 tons, but abundance declined dramatically in 2004 and annual catch has

been less than one ton since 2006 (unpublished data from the Tian-e-zhou Oxbow

National Baiji Reserve). N. taihuensis was not a commercially targeted species in the

Three-Gorges Reservoir (TGR) area of the Yangtze River before impoundment in

2003. Abundance of the species increased following impoundment and it has become

a major commercial species in the TGR.
Reproductive investment and early recruitment are two critical factors affecting

population dynamics (Wright and Trippel 2009; Parkos and Wahl 2010). Our

previous studies found that fecundity and egg size of the spring spawning stock of

N. taihuensis in the TGR was higher than in the TEO (Gong et al. 2009b). Growth

and development during early life stages are of major importance for survival. In

general, faster growing larvae have a higher probability of survival (Houde 1987;

Meekan and Fortier 1996; Takahashi and Watanabe 2004; Jenkins and King 2006).

Maternal investment is another important factor determining individual perfor-

mance and early survival of fish (Einum and Fleming 1999; Keckeis et al. 2000;

Vallin and Nissling 2000). A larva hatched from a larger egg is usually larger in size

at hatch and has a higher survival probability than one from a smaller egg

(McCormick 2003). Knowledge about the early growth and development of N.

taihuensis is very limited.

Figure 1. Sampling locations for Neosalanx taihuensis in Three-Gorges Reservoir (TGR) at
the Xiangxi Bay and in Tian-e-zhou Oxbow (TEO), showing the position of the bay (�) and
the oxbow (N), a flood-regulating weir (œ) and Three-Gorges Dam (þþþ) in the middle and
lower reaches of the Yangtze River.
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Figure 1. Sampling locations for Neosalanx taihuensis in Three-Gorges Reservoir (TGR) at
the Xiangxi Bay and in Tian-e-zhou Oxbow (TEO), showing the position of the bay (�) and
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Otoliths record life-history events of fishes during early life stages
(Radhakrishnan 2009). Otolith growth increments have been shown to occur daily
for many species (Xie and Watanable 2005, 2007; Perter and Elise 2008). The otolith
growth is a function of somatic growth, so the size and growth of fishes can be back-
calculated from otolith size and increment width (Campana 1990). In addition, the
nucleus radius of otolith is related to egg size in some fish and reflects the status of
maternal investment (Ceriola and Jackson 2010). In this study, early growth and
development of N. taihuensis juveniles were investigated in the TGR and TEO. The
results will provide essential information for understanding the mechanisms
regulating fluctuations of N. taihuensis populations that are important for resource
forecasts and successful management of this species.

Methods

Fish sampling

N. taihuensis juveniles were sampled from commercial catch by square lift net
(17m � 17m, 2-mm mesh) in the TGR (N 30�570–31�3400, E 110�250–111�060). Fish
were attracted to the net with light and were collected in the evening on 21 May 2009.
Fish in the TEO (N 29�470–510, E 112�33–370) were sampled using a seine (350-m
length, 12-m height, and 2-mm mesh) on 23 May 2009. The seine was drawn parallel
to the shore where water depth ranged up to 1.5m. The specimens were put on ice
immediately after sampling and brought to the laboratory for further analyses.
A total of 137 juveniles were collected with 69 from TEO and 68 from TGD. Fish
were individually measured for standard length (SL, to 0.1mm), weighed (BW, to
0.01 g). SL–BW relationship of the juveniles was fitted to BW¼ 2.96� 10�7� SL3.68

(n¼ 137, r2¼ 0.97, p5 0.05). Standard body weight (SW) of each juvenile was then
calculated by entering its SL into the SL–BW function and relative condition factor
(Kn, Pope and Kruse 2007) of each juvenile was calculated by:

Kn ¼ 100 BW=SWð Þ:

Otolith analysis

Both the right and left sagittal otoliths were extracted from each fish, cleaned, and
dried. Usually the right otolith was used for analysis. The otolith was mounted on a
glass slide using nail polish, ground with 1000–2000 grit wet sandpaper and then
polished with 3 mm lapping film until the core and the increments were visible under a
light microscope (Wu et al. 2011). Sagittal otoliths of N. taihuensis have a single
primordium. There were about 40 to 60 increments discernible by microscope
surrounding the otolith core. After that, increments could usually not be accurately
counted (Wu et al. 2011). The increments were suggested to be deposited daily,
similar to those of Protosalanx hyalocranins, a related Salangid species (Fu et al.
1997; Wu et al. 2011). The nuclear radius of each otolith was measured. Increments
were measured for the first 40 increments out of the core along the longest axis in the
anterior area. Measurements were made using an image analysis system (Ratoc
System Engineering, Tokyo, Japan) with a direct data feed between the light
microscope and the computer.
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Data analysis

The Kn, nucleus radius and increment width were compared between the two

populations using a t-test. The level of significance was at �¼ 0.05. Data are

presented as means� standard deviations (SD). The analyses were conducted using

Statistica 6.0.

Results and discussion

The SL of the analyzed juveniles ranged from 27.6 to 48.6mm. The Kn of the TGR

juveniles was 101.5� 13.9, and was significantly higher than that of the TEO

juveniles (96.9� 9.2). The nuclear radius of the TGR juveniles was 6.46� 0.57 mm
and was significantly larger than that of the TEO juveniles (6.00� 0.57 mm; Table 1).

The increment width profiles in the sagittal otolith of N. taihuensis juveniles

varied between the two populations (Figure 2). The increment width of the TEO

population tended to be narrower than those of the TGR population, and was

significantly different from the 15th through the 37th increments (t-tests, p5 0.05;

Figure 2).
Results in this study revealed apparent variations in early growth and

development of the N. taihuensis juveniles between the TGR and TEO populations.

Higher relative condition factor and larger otolith increment width of the

N. taihuensis juveniles in TGR indicated faster early growth than in TEO. As

faster growing larvae often have a higher probability of survival (Oshima et al. 2010),

early survival rate of the TGR population should be higher than that of the TEO

population. Our research also demonstrated larger otolith nuclear radius of the

N. taihuensis juveniles in TGR than in TEO. Thus, the size of the larvae at hatch

should be larger and, consequently, the survival rate during the larval stage should be

higher in TGR.
The survival rate during the early life stage is a critical factor in determining year

class strength in fish population (Watanable et al. 1995; Poizat et al. 2002; Nakazawa

et al. 2009). We suggest that this potential higher early survival rate due to the faster

early growth and the larger size of larvae at hatch as demonstrated in this study

contributed strongly to the higher and increasing abundance of the N. taihuensis in

TGR. Our previous study demonstrated that fecundity and egg size were higher in

the TGR population than the TEO population (Gong et al. 2009b). By monitoring

Table 1. Relative condition factor (Kn) and otoliths nuclear radius for Neosalanx taihuensis
juveniles in Three-Gorges Reservoir (TGR) and Tian-e-zhou Oxbow (TEO) in 2008.

Population
Number
of fish Kn (Mean� SD)

Nuclear radius
(mm) (Mean� SD)

TGR 68 101.5� 13.9a 6.46� 0.57a

TEO 69 96.9� 9.2b 6.00� 0.57b

p (t-test) 50.05 50.05

SD¼ standard deviation.
aand b: Different lower case letters indicate that the means are significantly different at
p5 0.05.
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early growth and development together with reproductive traits, future fluctuations

of icefish population may be predicted.
Food availability is one of the primary determinants of early growth and survival

of fish (McCormick 2003). Primary productivity in the TGR region apparently

increased following its impoundment in 2003 due to increased nutrient loading and

the changes from lentic to lotic habitat (Ye et al. 2007). At the same time, retention

of sediment and nutrients in TGR lowers productivity in downstream areas (Li et al.

2004). Measured primary productivity in TGR in summer ranged from 4.65 to 6.95 g

O2 m
�2 d�1 (Ma et al. 2011), which was much higher than in TEO (0.37 to 2.67 g O2

m�2 d�1) (Shen 2007). N. taihuensis is primarily a zooplantivore (Ni and Zhu 2005;

Qin et al. 2007). Increased food availability may be a major factor enhancing growth

rate of N. taihuensis in TGR. Increased primary production following impoundment

benefits fishery production typically during the early stages of reservoir life

(Fernando et al. 1998). Together with the increase of N. taihuensis, production of

the major carps (e.g., silver carp (Hypophthalmichthys molitrix) and bighead carp

(Aristichthys nobilis)) has also increased in TGR since the impoundment (Wu et al.

2007). With the decline of primary productivity, downstream fishery harvests have

declined dramatically since the impoundment of TGR (Xie et al. 2007). The annual

commercial catch of N. taihuensis in TEO declined by 98% from 2003 to 2006 (Gong

et al. 2009b). Growth and survival rates of fish larvae and juveniles downstream of

TGR were demonstrated to be very low (Zhang et al. 2012). Declined primary

productivity could be a major reason contributing to the lower early growth of

N. taihuensis in the TEO. Further studies should be conducted investigating the

impacts of impoundment of TGR on early growth and survival and, consequently,

population dynamics of fishes below and above the dam. It is essential for fishery

Figure 2. Variations in increment width in sagittae otolith of N. taihuensis juveniles between
the Three-Gorges Reservoir (TGR) population and the Tian-e-zhou Oxbow (TEO) population
in 2008. (�), TGR and (N), TEO. Error bars represent one SD from the mean.
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management and conservation to investigate the interaction of N. taihuensis with
other species to evaluate its impacts on those species in TGR.
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