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ABSTRACT: The residual estrogenic pollutant alkyl phenols, 4-nonylphenol (NP), 4-tert-octylphenol
(OP), and the sex ratio of Formosa landlocked salmon Oncorhynchus formosanus were surveyed
in the Formosa landlocked salmon ecological reservation area. This species survives as a remnant,
landlocked population in the headwaters of the Chichiawan Stream, a tributary of the Tachia
River of central Taiwan. Dams restrict the movement of fish in and out of the agriculturally influenced zones. Fish (n = 157) were collected from a total of 9 habitat sites, and the amount of NP
and OP present in each site (ambient water from rearing pools, streams, stream sediments, and
agricultural effluents) was measured and the sex of the fish was determined via a noninvasive
PCR-based method. The results indicate significantly higher NP content and a skewed sex ratio in
Formosa landlocked salmon found in agricultural zones compared to salmon found in non-agricultural zones. The concentrations and distributions of NP observed in this study are ecologically significant because they correspond with the skewed sexual ratio and the lower quality and quantity
of male salmon sperm observed in previous field investigations. Although the skewed sex ratios
are likely a reflection of multiple endocrine disrupting compounds rather than simply NP and OP
alone, these results support the contention that exposure of Formosa landlocked salmon to environmentally persistent estrogenic chemicals can have deleterious reproductive consequences.
KEY WORDS: Endocrine disruptors · Fish · Reproduction · Habitat · Endangered · Taiwan

INTRODUCTION
The Formosa landlocked salmon Oncorhynchus
formosanus (Jordan et Oshima, 1919) is a Critically
Endangered species native to Taiwan. It was once
widely distributed in 6 tributary streams: the Chichiawan, Kaoshan, Yousheng, Nanhu, Sakaran, and
Hohuan Streams of the upper Tachia River basin
(Aoki 1917, Behnke et al. 1962). However, it is now
only found upstream of the Tachia River in the
Chichiawan and Kaoshan Streams located in Shei-Pa
National Park in central Taiwan (Ho & Gwo 2010, Lin
2010; Fig 1). The estimated population size was 2800
individuals, with 97% of the fish inhabiting the area
between Dams 1 and 3 in the Chichiawan Stream
during 2007 (Lin 2010; Fig 1). Degradation and loss of
*Corresponding author: gwojc@hotmail.com

habitat, pollution, overexploitation, erosion-control
dams, natural catastrophes, global warming, typhooninduced flooding, tourism, and inbreeding are
alleged to be the principal factors in reducing the
habitat and contributing to the endangerment of
Formosa landlocked salmon (Gwo et al. 1996, 1999,
2010, Hsu & Gwo 2010).
The Chichiawan Stream (24° 21’−24’ N, 121° 17’−
19’ E), with an elevation of 1720 m, is located at Wuling Farm, on the upper reach of the Tachia River and
drains from 3 mountains over 3000 m in distance
(Tao, Chihyu, and Pingtien Mountains; Fig. 1). The
Chichiawan watershed includes natural forests, reforested areas, meadows, bare areas, tea plantations,
and orchards (Tung et al. 2009). Forests occupy
88.4% of the watershed; meadows and bare areas
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ronmental Protection Agency) standards for healthy aquatic environments
(Shieh & Yang 2000, Taiwan EPA 2005).
The erosion-control dam 2 (Dam 2) broke
in the 1990s, allowing fish to swim
through the dam. Five other erosioncontrol dams (Dams 1, 3, 4, 6 and 7),
>10 m in height, in the Chichiawan
main stem prevent the salmon from
migrating upstream or downstream.
The erosion-control dam 1 (Dam 1) of
the Chichiawan Stream blocks the
movement of Formosa salmon between
the Kaoshan and Chichiawan Streams.
The Kaoshan Stream (24° 21’−24° 31’ N,
121° 20’−121° 35’ E) is a tributary of the
Chichiawan Stream at an elevation of
1700−1800 m and is situated in an
upstream reach of the Tachia River,
joining the Chichiawan Stream below
Dam 1 (Fig. 1). The riparian vegetation
is mostly dense virgin forest, free from
agricultural development. The area has
an overall water quality index of 93.84 ±
2.91 and is considered to have a fine
water quality (Lin 2010).
There are ample reports showing the
significant destructive effects of endocrine disruptors (EDs) on reproduction in male fish, such as interference
Fig. 1. Sampling sites within the Formosa landlocked salmon ecological
with hormone receptor-mediated proreservation area in the upper tributaries of the Tachia River central Taiwan.
Site 1: upstream of Chichiawan branch stream — Taoshan North Stream
cesses, with normal hormone titres via
above Dam 7; Site 2: upstream of Chichiawan Stream above Dam 3; Site 3:
metabolic and excretory mechanisms,
between Dams 3 and 2; Site 4: agricultural effluent; Site 5: downstream of
and with gonadal development (BlackDam 2; Site 6: agricultural effluent; Site 7: downstream of Dam 1; Site 8: ecoburn & Waldock 1995, Jobling et al.
center of Taiwan salmon hatchery; Site 9: Kaoshan Stream. Sites 3, 4, 5 and 6
1996, 1998, Mattiessen 2003, Gregory et
are agricultural zones. Dams 2 and 5 were broken and fish can swim through
the dams. Dams 1, 3, 4, 6, and 7 are impassable. Upper inset: enlarged area
al. 2008, Wang et al. 2010). 4-nonylwithin Taiwan; black line shows Tachia River
phenol (NP) and 4-tert-octylphenol
(OP), 2 degradation products from
cover 10%; orchards, tea plantations and gardens
nonylphenol polyethoxylates (NPEOs), can be found
encompass 1.5%. Most orchards occupy the lower
in detergents, pesticides, herbicides, and chemical
reach of the riparian zone on the west bank, and the
fertilizers. Their chemical structures are similar to
cliffs on the east bank are very close to the river
estradiol (E2), a potent estrogen. NP and OP are environmentally resistant and persistent chemicals which
channel. The Chichiawan Stream is regarded as a
stimulate biological responses to an extent similar to
moderately impacted agricultural stream (Lin &
estradiol itself. However, NP and OP are 1000- to
Chang 1989, Shieh & Yang 2000, Lin 2010). Both the
10 000-fold less effective at stimulating biological
aquatic fauna and benthic algae present in the
responses than the endogenous ligand, 17 β-estradiol
Chichiawan Stream suggest that the downstream
(E2), and about a million-fold less effective than 17 αreach of the Chichiawan Stream is eutrophic (Shieh
ethinylestradiol (EE2) (White et al. 1994). When these
& Yang 2000, Lin 2010). As one moves downstream,
chemicals enter the ecological system, the effect of
conditions become progressively less suitable for
bio-accumulation dramatically increases the concensalmon. Water temperatures increase and the water
tration of NP and OP in organisms. Due to the
quality deteriorates, exceeding Taiwan EPA (Envi-
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pseudo-hormonal effects of NP and OP,
Table 1. Sex ratio and chi-square test of Formosa landlocked salmon in
agricultural and non-agricultural zones within the Formosa landlocked
interference of sexual development and
salmon ecological reservation area
feminization in males can result (Devlin
& Nagahama 2002, Larsson & Förlin
Sampling area
Male Female
Sex ratio
χ2
2002, Lintelmann et al. 2003). Further,
(female:male)
NP-induced feminization has been
shown to result in intersexual gonads in
Agricultural zone
37% of affected amago salmon OncoBetween Dams 3 and 2a
6
16
2.67
4.55b
(Sites
3,
4)
rhynchus masou ishikawae (Nakamura
Between Dams 2 and 1a
11
23
2.09
4.24b
et al. 2002). However, studies on the
(Sites 5, 6)
occurrence of NP in wild fish or endanTotal
17
39
2.29
8.64c
gered species are limited.
Non-agricultural zone
Upstream above Dam 3a
11
16
1.45
0.93
Hsu & Gwo (2010) developed a simple
(Sites 1, 2)
and noninvasive PCR-based method to
Downstream below
5
7
1.40
0.33
identify sex in masu salmon complex
Dam 1a (Site 7)
species. The phenotypic sex ratios of the
Kaoshan Stream (Site 9)
12
8
0.67
0.80
populations were estimated with this
Ecocenter Taiwan salmon
19
23
1.21
0.38
hatchery (Site 8)
method. To our knowledge, evaluation of
Total
47
54
1.15
0.49
the effects produced by NP and OP in the
endangered species population level has
a
Chichiawan Stream
b 2
not yet been studied. Huang et al. (2010)
χ > 3.841, sex ratio is significantly different from 1:1 (p < 0.05)
c 2
χ > 6.635, sex ratio is highly significantly different from 1:1 (p < 0.01)
reported the occurrence of NP and OP in
all 10 Formosa landlocked salmon tissue
and organs collected from the Formosa
landlocked salmon ecological reservation area of
42 cultivated Formosa landlocked salmon reared in
Taiwan in 2007. However, no data exists on the sex
the Ecocenter Taiwan salmon hatchery (Site 8) and
ratio of the fish populations. This study was con20 wild populations collected from the Kaoshan
ducted to further examine the residual levels of NP
Stream (Site 9) served as reference populations.
and OP in stream water and sediment of the ecologiWater and sediment were taken from 9 sites: 7 sites
cal reservation area where Formosa landlocked
on the west bank of the Chichiawan Stream, includsalmon are found and to investigate the fish sex ratio
ing 2 with agricultural effluent (Sites 4 and 6); 1 in
of the populations collected at those same sites
the Kaoshan Stream; and 1 in the Ecocenter Taiwan
during July 2007. Our hypothesis is that a relationsalmon hatchery (Fig. 1). Water was collected using a
ship exists between the concentration of NP and
stainless steel sampler and poured into a borosilicate
OP in the stream environment and sexual determinaamber glass bottle. Surface samples (1−10 cm) of sedtion in members of the resident Formosan salmon
iment were collected using an Ekman grab sampler
population.
(Wildlife Supply Company) and stored in a galvanized iron bottle. Three replicate water samples were
collected and shipped to the laboratory in ice-packed
MATERIALS AND METHODS
containers. Upon their arrival at the laboratory, the
samples were immediately adjusted to pH 2−3 by
Study area and sample collection
adding concentrated HCl to prevent microbial degradation and then stored at 4°C until analysis. The
A total of 95 wild individuals of Formosa landuppermost 1−2 cm of the sediment was collected
locked salmon of mixed age and sex were sampled
from each grab sample, placed in clean glass jars,
randomly using a casting net (Table 1), in both nontransported to the laboratory in coolers with ice, and
agricultural zones (Site 1 and Site 7) and agricultural
stored at −20°C until analysis.
zones (from Site 2 to Site 6), in the Chichiawan
The sites selected represent a range with regard to
Stream. Formosa landlocked salmon were also samgeneral water quality (from ‘very good’ to ‘poor’
pled from 2 other sites: the Ecocenter Taiwan salmon
according to Taiwan EPA categories). Other neceshatchery (Site 8) and Kaoshan Stream (Site 9) (Fig. 1)
sary criteria for each site included (1) an abundance
using a cast netting method. Salmon from these 2
of fish, (2) the presence of both ‘upstream’ and
sites served as reference populations. In other words,
‘downstream’ sites, and (3) the existence of data on
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the characteristics of water discharge entering the
rivers. The mean stream flow velocity at the time of
sampling was approximately 0.58 m s−1.

Chemical concentration assays
The NP and OP concentrations in water and sediment samples of Formosa landlocked salmon in the
ecological reservation area were pretreated and analyzed according to the methods described in detail by
Cheng et al. (2006) and Chen et al. (2012, 2014).

RESULTS
Water and sediment
The concentrations of the alkyl phenols detected
varied between streams and among different sites in
the same stream (Figs. 2 & 3). The concentrations of
OP were generally lower than those of NP. The NP
and OP levels in the water from non-agricultural

Fish sex ratio
A total of 157 adipose fin samples were collected
(July−August 2007) according to the following fish
sampling regime (Table 1). Procedures for sex identification of Formosa landlocked salmon were essentially based on Hsu & Gwo (2010) and Hsu et al.
(2011). Briefly, this assay required 2 primer pairs:
OtY2 amplified as a male-specific marker and
mtDNA 16S rRNA fragment from Formosa landlocked salmon (NC_008745) amplified as an internal
control. The multiplex PCR system allowed assessment of failed reactions versus female individuals
and eliminated possible errors associated with
reliance on a male-specific marker for sex identification. The positive control ensured that the absence of
a male-specific product was not due to PCR failure,
which could generate a false-negative result and the
assignment of the wrong sex. Genotypic sex was confirmed by at least 3 independent additional PCR
reactions for each extraction. Females were identified by the presence of a bright 200 bp band,
whereas males had bright bands at 200 and 250 bp
for the multiplex PCR reaction assay.

Fig. 2. Concentrations of 4-nonylphenol (NP) and 4-tertoctylphenol (OP) in water of 9 habitat sites (ambient water
from rearing pools, streams, stream sediments, and agriculture effluents) within the Formosa landlocked salmon ecological reservation area. See Fig. 1 for site descriptions. Sites
3, 4, 5 and 6 (in red box) are agricultural zones. Values are
means ± SD. n = 5 in all experiments. Values with different
letters differ significantly (p < 0.05). nd: non-detectable

Statistical analyses
All statistical analyses were conducted with the Statistical Analysis System (SAS Software). Generalized
linear models were used to analyze 2-way ANOVA
(analysis of variance). Multiple comparisons of NP and
OP concentrations in water and sediment from different sites were conducted using Tukey’s Honestly Significant Difference test in conjuction with an ANOVA.
Sex ratio was tested for equality (female:male = 1:1)
and was calculated for different sites, agricultural,
and non-agricultural sections, by using the chi-square
goodness-of-fit test at the 0.05 significance level.

Fig. 3. Concentrations of 4-nonylphenol (NP) in sediment of
9 habitat sites within the Formosa landlocked salmon ecological reservation area. See Fig. 1 for site descriptions. Sites
3, 4, 5 and 6 (in red box) are agricultural zones. Values are
means ± SD. n = 5 in all experiments. Values with different
letters differ significantly (p < 0.05). nd: non-detectable
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zones (Sites 1, 2, 7, 8 & 9) of the Chichiawan Stream
were non-detectable and low (from 101 to 224 ng l−1),
respectively, while in the water from the agricultural
zone (Sites 3, 4, 5 & 6), NP levels were high but varied from 289 ng l−1 (Site 3) to 2007 ng l−1 (Site 6),
while the OP content was low (from non-detectable,
i.e. <16 ng−1, to 101 ng l−1; Fig. 2). These results indicated that OP content in water samples was low (Fig. 2)
and non-detectable (<16 ng g−1) in all sampled
stream sediments (Fig. 3). In contrast, NP content
was detectable in all water samples from the agricultural zone (from 289 ± 191 ng l−1 to 2007 ± 946 ng l−1;
Fig. 2) and in almost all stream sediment samples
(Fig. 3). In particular, NP levels were the highest at
Site 6, a site strongly affected by effluent from the
agricultural zone, located in the middle reach of the
Chichiawan Stream (Figs. 2 & 3). The average OP
levels in all sediment samples (agricultural and nonagricultural zones) were below the detectable level
(< 5.4 ng g−1, n = 5). The average NP levels in stream
sediment samples were much higher around the
agricultural area (from Sites 3 to 6, between Dams 3
and 1, the mainstream of the Chichiawan Stream)
than at any other sites (Sites 1, 2, 7, 8, & 9; Fig. 3).

Fish
The female to male sex ratios of Formosa landlocked salmon evaluated from each site are given in
Table 1. Of the 157 fish screened, 93 (59%) were
found to be female. Populations from stream segments located in the agricultural zone had higher frequencies of females (between Dams 3 & 2, 73%; and
between Dams 2 & 1, 68%) than the 4 reference populations in non-agricultural zones (upstream of the
Chichiawan Stream above Dam 3, 59%; downstream
of the Chichiawan Stream below Dam 1, 58%; from
the Kaoshan Stream, 40%; and from the Ecocenter
Taiwan salmon hatchery, 52%). The chi-square
showed a significant skew in the average sex ratio
(female:male = 2.29:1) for the fish we caught in the
agricultural zone (Table 1). The sex ratio (39 female:17 male) is significantly (p = 0.008; significance
level: p < 0.05) skewed towards females in the agricultural zone but not in the non-agricultural zone
(54 female:47 male).

DISCUSSION
Wang et al. (2002) investigated NP levels in the
water and sediments of 40 rivers in Taiwan. Approxi-
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mately 54.2% of the rivers were positive for NP; the
mean content was 4870 ng l−1, and the range was
from 890 to 50000 ng l−1. Cheng et al. (2006) monitored the levels of NP in 18 of Taiwan’s major rivers
and found that NP was detected in 100% (all) water
samples and the average NP concentrations ranged
from non-detectable to 5100 ng l−1 and were lower
than in the survey by Wang et al. (2002). However,
both studies only investigated lower altitude rivers
(below 200 m) of the reservation area. Because the
altitude of the Chichiawan Stream is about 1720 m,
this report is the first to deal with the ED content of a
higher altitude river in Taiwan.
NP and OP are synthetic compounds that do not
occur naturally, and therefore environmental concentrations of NP and OP in the Formosa landlocked salmon ecological reservation area must be
solely attributed to human activity. Many forests in
the upper Tachia River watershed were converted
into agricultural land for vegetables, tea and
orchards starting in the 1960s (Lin 2010). Agriculture is the most important source of nutrients in
nonpoint source discharge, supplying about 26%
of the total nitrogen and 32% of the orth-phosphorous in 2004, even though Subwatershed A only
covers 19% of the area of the Wuling catchment
(Chang et al. 2008, Lin 2010). The agricultural
Subwatershed A exports higher nutrients per unit
area than other forest subwatersheds (Lin 2010).
The high NP levels observed at Sites 4 and 6 are
likely due to the mass use of fertilizer and pesticides for cabbage crops (the major vegetation in
the area) and orchards, leading to higher NP
levels in effluent waters and sediments. The concentrations of OP in the sediment were generally
lower than those of NP at the same sites. The
concentrations in water reflected the current pollution levels, but the concentrations in sediment
showed long-term discharge of effluent resulting
in accumulation of less degradable chemicals in
the environment.
Although both NP and OP levels in the water samples from the Formosa landlocked salmon ecological
reservation area were much lower than the concentrations observed to induce vitellogenesis in male
rainbow trout Oncorhynchus mykiss and amago
salmon (Jobling et al. 1996, Ackermann et al. 2002,
Nakamura et al. 2002, Jobling & Tyler 2003), the
induction of both masculinization and feminization of
aquatic organisms by NP has been reported over the
past decade, including in recent studies (Gregory et
al. 2008, Soares et al. 2008, Chen et al. 2012, 2014).
Clearly, NP affects a large range of species which
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occupy different trophic levels of the food chain in
both freshwater and marine environments. The biodegradation rate of NP is low, and it can easily accumulate in sediments of the receiving waters downstream of pollution effluents and is readily taken up
by fish and aquatic invertebrates either through the
gill or from benthic organisms they consume (Zou
2003, Soares et al. 2008, Mao et al. 2012). Because NP
is both lipophilic and resistant to biodegradation, it
can accumulate in a variety of fish tissues with a bioconcentration factor (BCF) from 0.9 to 35589 (Mills &
Chichester 2005, Soares et al. 2008). Chen et al.
(2014) found that the concentrations of NP in the livers of wild tilapia (Orechromis mossambicus and
O. niloticus) from the Dan-Shui River in Taiwan were
higher than in muscle. The bioaccumulation factors
(BAFs) of NP were 679 in muscle, 4697 in liver and
8895 in gonad. Apparently, gonads are the target
organ of reproductive toxicity. The BCF of nonylphenol in fathead minnows Pimephales promelas was
245−380 after 42 d of nonylphenol exposure in a
flow-through system in which the concentration of
nonylphenol was 0.33−2.36 µg l−1, indicating that
long-term exposure at even low concentrations can
lead to accumulation in the fish (Snyder et al. 2001).
The significant female-skewed sex ratio of Formosa landlocked salmon in the agricultural zone
(Site 4 and Site 6) was observed in the present study.
Several investigations have demonstrated that the
effect of 2 or more compounds with endocrine disruption capacity, even at low concentrations, can be
additive or synergistic (Silva et al. 2002, TenEyck &
Markee 2007, Soares et al. 2008). Although each
chemical separately might represent a low level risk,
their combined toxicity might increase the overall
ecotoxicological effects. TenEyck & Markee (2007)
demonstrated that combinations of NP, NP1EO, and
NP2EO produce adverse effects on exposed fathead
minnow due to additive or synergistic effects. Synergistic effects of mixtures of estrogenic compounds on
the induction of vitellogenesis in male or juvenile
fishes have been described (Hiramatsu et al. 2005,
TenEyck & Markee 2007, Soares et al. 2008). Various
pesticides, applied 12 to 18 times a year, were used at
the Wuling Farm (Lin & Chang 1989, Lin 2010).
The present study had some limitations. Because
Formosa landlocked salmon is a Critically Endangered species, fish sample size is limited, it is not possible to perform exposure experiments to directly
confirm the impacts of suspected chemicals on the
fish reproductive features and sex ratio, and thus
information on their exposure before or during sex
differentiation is absent; this might reduce the

strength of correlation between skewed sex ratios
and NP concentrations. The reliability of sex identification using our PCR-based method was 98.40%
(1.60% mismatch or 2 mismatches in 125 individuals)
for Formosa landlocked salmon (Hsu & Gwo 2010).
Although there are no reports in nature of spontaneous sex-reversed individuals in the highly inbred
Formosa landlocked salmon and the Oncorhynchus
masou complex, we presume that the low frequency
(1.60%) of sex-reversed fish in Formosa landlocked
salmon may be due to environmental influence
rather than to DNA recombination (Hsu & Gwo
2010). Also, our sex identification method is unable to
determine phenotypic sex that can be reversed by
chemical compounds.
Huang et al. (2010) found NP distributed in the
organs and tissues of Formosa landlocked salmon.
Higher NP content was observed in the liver when
compared to NP content observed in muscle. They
further detected an NP concentration (98.75 ng g−1), a
BCF of 330, in the livers of Formosa landlocked
salmon, concentrations comparable with those of
riparian pinophyta tree leaves (126.37 ng g−1) in the
Formosa landlocked salmon ecological reservation
area (Lu et al. 2007). In reality, Formosa landlocked
salmon are exposed to a spectrum of various kinds of
estrogenic chemicals rather than to any single EDs in
polluted aquatic environments, because the total
area of cultivated land was nearly 5000 ha in 1980,
and at least 16 to 195 kinds of pesticides, applied 12
to 18 times a year, were used at the Wuling Farm (Lin
& Chang 1989; Lin 2010). The decline in the sex ratio
and reproductive ability in male Formosa landlocked
salmon reported by Huang et al. (2010) is likely
related to the prevalence of a combination of various
EDs in their habitat rather than simply to NP and OP
alone.
In conclusion, there is clearly a need for continued research into the effects, even at low concentrations, of synthetic chemicals in the environment.
Although unlikely to be the sole cause of the failing
recruitment or decreased abundance of Formosa
landlocked salmon, as a result of the precautionary
principle, endocrine disruption may subtly sabotage
sexual development, sex ratio, and metabolic compensation for environmental stress. This likely will
not extirpate a species over its entire range, but in
combination with other stressors (e.g. inbreeding, a
small population, habitat loss and fragmentation,
overfishing, pollution, and global climate change)
endocrine disruption may contribute to the extinction of Formosa landlocked salmon (Melbourne &
Hastings 2008).
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