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Habitat segregation and migration 
in tropical anguillid eels, Anguilla 
bengalensis bengalensis and A. 
bicolor bicolor
takaomi Arai1*, inn‑Ju chai2, Yoshiyuki iizuka3 & chih‑Wei chang4,5,6

Anguillid eels of the genus Anguilla, which have a unique catadromous life history, are widely 
distributed across many parts of the world. However, little research has been conducted on the 
behavioural mechanisms of habitat segregation between sympatric species in tropical anguillid 
eels. to understand the ecological and behavioural mechanisms involved in the life history and 
migration of tropical anguillid eels, strontium (Sr):calcium (ca) ratios were examined in otoliths of A. 
bengalensis bengalensis (41 specimens) and A. bicolor bicolor (130 specimens) collected from ten rivers 
in northwestern Peninsular Malaysia. The otolith Sr:Ca ratios revealed different habitat use between 
the two species. the broad range of otolith Sr:ca ratios and habitat shift found in A. bicolor bicolor 
suggested that its habitat utilization was opportunistic in environments of varying salinity. A. bicolor 
bicolor prefers to live in the midstream to downstream areas with tidal influences. A. bengalensis 
bengalensis, however, was found to only reside in freshwater environments throughout their 
continental growth. A. bengalensis bengalensis tends to live in upstream area with no tidal influence. 
their habitat use, migratory history, and habitat distribution indicate that habitat segregation occurs 
between the two species, leading to the different habitat preferences in tropical river systems.

The anguillid eels, genus Anguilla Schrank, are widely distributed across the globe. There are nineteen species and 
subspecies of the freshwater eels, thirteen of which live in tropical  areas1,2. Of these thirteen species/subspecies, 
seven species/subspecies are found in Indonesia and Malaysia in the western  Pacific1,2. As catadromous fishes, 
anguillid eels spend most of their lives in freshwater until they return to their spawning grounds in the tropics, 
although part of the population never enters freshwater and instead resides in brackish and marine areas close 
to  coastlines3. There are five developmental stages in freshwater eels: leptocephalus (larval), glass eel and elver 
(juveniles), yellow eel (immature adult) and silver eel (mature adult). Leptocephali are passively transported 
through oceanic currents, metamorphose into glass eels and consequently locate within continental habitats for 
4–8 months after  hatching4. After the continental habitats, glass eels and elvers become yellow eels and settle in 
rivers and lakes. Yellow eels undergo a metamorphosis into silver eels with gonadal maturation during autumn 
and winter, after which the temperate eels consequently start a spawning migration to the ocean. In tropical eels, 
however, the period of downstream migrations extends throughout the  year4–7. The year-round spawning and 
stable larval development stimulate year-round recruitment to continental habitats in tropical  eels8–12, leading 
to significantly different life history characteristics between temperate and tropical anguillid species.

West Malaysia (Peninsular Malaysia) is located in the southern half of the Malay Peninsular and is divided 
from East Malaysia (Borneo Island) by the South China Sea between the Pacific and Indian Oceans; it is believed 
to be one of the most important geographical niches for anguillid eels. Recently, the tropical eels, Anguilla benga-
lensis bengalensis, A. bicolor bicolor and A. marmorata have been reported in northwest Peninsular  Malaysia7,13–18. 
The reproductive characteristics of A. bicolor bicolor and A. bengalensis bengalensis were examined, leading to 
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findings of the unique year-round downstream migration in the tropical waters. There has been little research, 
however, on their life history, migratory patterns, habitat usage and spatial distribution in tropical ecosystems. 
Unlike temperate habitats, multiple species live sympatrically in tropical ecosystems, potentially complicating 
the life history, migratory patterns as a result of inter- and intraspecific competition. The tropical species are 
believed to be closer to the basal form than the temperate species. Research on the migration and life history of 
tropical anguillid eels has revealed the origin of catadromy in anguillid eels and how the thousands of kilometres 
of large-scale migration in temperate eels have been established in contrast to the few hundred kilometres of 
local migration in tropical  eels19.

Analysis of the otolith microchemistry is broadly used to trace of the migratory history of the temperate eels 
A. anguilla20–23, A. rostrata24,25, A. japonica26–29 and A. australis and A. dieffenbachaii30 and the tropical eels A. 
marmorata28,31–35, A. bicolor pacifica31,36, A. bicolor bicolor36–38 and A. mossambica33. The concentration of Sr in 
seawater is approximately 100 times higher than freshwater. A positive correlation was found between Sr con-
centrations in the otolith and Sr:Ca ratios and salinity in freshwater  eels39–41. Sr concentrations and Sr:Ca ratios 
in otoliths fluctuate depending on the durations the eels lived in freshwater or seawater. The otolith Sr:Ca ratios 
were strongly influenced by the salinity of the ambient water, while other factors, such as water temperature, 
food and physiological factors were found to minimally affect the ratios in the Japanese  eels39,40. Therefore, Sr:Ca 
ratios from core to edge reflect the salinity of the eel’s habitat throughout its  lifetime3. Although these studies 
found that some anguillid eels migrated to a freshwater environment in the growth phase while others did not, 
the reasons for the discrepancy why some eels at growth phase did not migrate to freshwater still remain unclear.

In the present study, we examined the migratory history and habitat use of the tropical freshwater eels, 
Anguilla bengalensis bengalensis and A. bicolor bicolor in West Malaysia. The objectives of this study were to (1) 
reconstruct the migratory history of tropical anguillid eels by examining otolith Sr:Ca ratios along the life his-
tory transect, (2) estimate the Sr:Ca ratios in otolith edge parts to determine recent habitat use and (3) examine 
the habitat preference, species-specific migratory behaviours and habitat segregation between these two species.

Results
Species composition and distribution. A total of 171 specimens of the two tropical anguillid eels, 
Anguilla bengalensis bengalensis (41 specimens) and A. bicolor bicolor (130 specimens) were collected from ten 
sites in the northwestern part of Peninsular Malaysia (Fig. 1). Numbers of A. bengalensis bengalensis were highest 
in the upstream (94.9%, n = 37) while the numbers of A. bicolor bicolor were highest in the midstream (95.8%, 
n = 92) and downstream (100.0%, n = 36) of the rivers (Table 1). A. bicolor bicolor was the only species found in 
downstream regions. Both eel species were found to coexist in the upstream and midstream regions of the Titi 
Teras River, and in the midstream of the Pinang and Bayan Lepas Rivers (Table 1). 

All A. bengalensis bengalensis specimens were found mainly in upstream locations with no tidal effect, where 
salinity ranged from 0.01 to 0.03 psu, water temperatures ranged from 23.6 to 28.1 °C and elevation in each river 
was higher (Table 1, 2). A. bicolor bicolor were found from downstream to midstream with tidal effects rang-
ing from 0.01 to 27.8 psu, temperatures were warmer (even up to or greater than 30 °C), and a lower elevation 
existed in each river (Table 1, 2).

Size, age and relative growth. The TLs of 92.0% of A. bengalensis bengalensis (n = 37) found in upstream 
regions ranged from 375.0 to 1162.0 mm with mean ± standard deviation (SD) of 695.7 ± 216.5 mm; and the BWs 
ranged from 65.8 to 5100.0 g (954.6 ± 1040.5 g). The ages of A. bengalensis bengalensis specimens ranged from 3 
to 9 years (6.1 ± 1.7 years) (Table 3).

The TLs of 95.8% of A. bicolor bicolor (n = 92) found in midstream regions ranged from 211.0 to 695.0 mm 
(442.4 ± 137.4 mm), the BWs ranged from 14.1 to 677.2 g (204.3 ± 180.7 g) and the ages ranged from 2 to 
7 years (4.3 ± 1.3 years old). One hundred percent of the A. bicolor bicolor specimens were found in downstream 
regions (n = 36); TLs ranged from 382.0 to 755.0 mm (581.5 ± 96.2 mm), BWs ranged from 65.7 to 112.5 g 
(404.8 ± 222.3 g), and the age ranged from 2 to 7 years (5.7 ± 1.2 years) (Table 3).

The length–weight relationships were BW = 4.1TL–1923.6 in A. bengalensis bengalensis and BW = 1.4TL–396.5 
in A. bicolor bicolor. A. bengalensis bengalensis was found to be slightly heavier than A. bicolor bicolor at the 
same length.

Life history transects. The otolith Sr:Ca ratios along the life history transect showed the same patterns 
around the central region in all specimens. An abrupt increase in Sr:Ca ratios (11.7 × 10−3–15.7 × 10−3) was found 
approximately 150 μm from the otolith core, which corresponds to the elver mark.

After the elver mark, otolith Sr:Ca ratios along the life history transect differed between A. bengalensis ben-
galensis and A. bicolor bicolor (Fig. 2). Otolith Sr:Ca ratios in A. bicolor bicolor were highly varied, while little 
variation was found in the ratios of A. bengalensis bengalensis (Table 4). 

In A. bengalensis bengalensis, the life history migratory patterns of all specimens from the six sites in 5 rivers 
resulted in consistently low Sr:Ca ratios (range, 0.7–2.5 × 10−3) along the life history transect (Fig. 2a). The lowest 
otolith Sr:Ca ratios were found in the silver eels of IV and V with ages of 6–9 years (7 specimens), suggesting 
that these eels lived their continental lives in a freshwater environment just before their downstream migration 
to open ocean (Table 4).

The variations in the otolith Sr:Ca ratios of A. bicolor bicolor were also divided into three types. The first 
pattern showed consistently low Sr:Ca ratios (0.6–2.5 × 10−3) along the life history transect (n = 99) (Fig. 2b). 
The second pattern showed the estuarine type (n = 18), with consistently higher Sr:Ca ratios (2.6–4.2 × 10−3) 
throughout the life history transect (Fig. 2c). The third pattern showed a switch type (n = 13) that was further 
classified into three categories (Fig. 2d-f). The first switch type showed a change in Sr:Ca ratios from a low 



3

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16890  | https://doi.org/10.1038/s41598-020-72788-9

www.nature.com/scientificreports/

Figure 1.  Sampling sites for tropical anguillid eels in northwest Peninsular Malaysia. Specimens were caught in 
one site in the Kedah State (downstream area of the Kuala Sanglang River), one site in the Perak State (upstream 
are of the Perak River) and 11 sites in eight rivers on Penang Island (Penang State). In Penang Island, 1, Batu 
Ferringhi in the downstream area of the Batu Ferringhi River; 2, Teluk Bahang in the downstream area of the 
Teluk Bahang River; 3, Titi Kerawang Waterfall in the upstream area of the Pinang River; 4, Kampung Sungai 
Pinang in the midstream area of the Pinang River; 5, Kuala Sungai Pinang in the downstream area of the Pinang 
River; 6, Air Putih in the midstream area of the Air Putih River; 7, Titi Serong in the upstream area of the Titi 
Teras River; 8, Titi Teras in the midstream area of the Titi Teras River; 9, Pondok Upeh in the midstream area of 
the Pondok Upeh River; 10, Pulau Betung in the midstream area of the Pulau Betung River; 11, Bayan Lepas in 
the midstream area of the Bayan Lepas River. The map was traced by the author using Adobe Illustrator CS6 and 
referring to Google Maps 2016 (https ://maps.googl e.com/).

https://maps.google.com/
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phase averaging 0.8–2.0 × 10−3 approximately 290–1330 µm from the otolith core to a high phase, averaging 
2.6–4.3 × 10−3 the otolith edge (11 of 13 specimens) (Fig. 2d). Significant differences were found between the 
low Sr:Ca ratio phase and the high Sr:Ca ratio phase (t-test, t = 2.6050–13.4417, df = 139–219, p < 0.01–0.0001). 
The second switch type showed Sr:Ca ratios changing from a high phase averaging 3.6 × 10−3 approximately 
930 µm from the otolith core to a low phase averaging 1.7 × 10−3 at the otolith edge (1 of 13 specimens) (Fig. 2e). 
A significant difference was found between the high Sr:Ca ratio phase and the low Sr:Ca ratio phases (t-test, 
t = 9.3207–12.1663, df = 61–93, p < 0.0001). The third switch type showed multiple shifts in habitats (Fig. 2f). One 
specimen showed a low Sr:Ca ratios phase averaging 0.9 × 10−3 approximately 650 µm from the otolith core, then 
the ratios increased to an average of 3.5 × 10−3 from 650 to 940 µm from the otolith core, and finally the ratio 
decreased to an average of 0.8 × 10−3 at the otolith edge (Fig. 2f). Among the 14 matured eels aged 5–7 years in 
stages IV and V, four eels were found to have had an estuarine residence and ten eels were found to have had a 
freshwater residence throughout their lives (Table 4).

Habitat use. The average Sr:Ca ratios (± SD) outside of the elver mark in A. bengalensis bengalensis col-
lected from six sites were 1.4 ± 0.5 × 10−3 (11 specimens in the upstream of the Perak River), 1.4 ± 0.4 × 10−3 (19 

Table 1.  Number of anguillid eels collected in each site of the rivers in northwest Peninsular Malaysia. –: no 
eel.

River

Upstream Midstream Downstream

A. bengalensis A. bicolor A. bengalensis A. bicolor A. bengalensis A. bicolor

bengalensis bicolor bengalensis bicolor bengalensis bicolor

Kuala Sanglang River – – – – – 8

Batu Feringhi River – – – – – 1

Teluk Bahang River – – – – – 3

Pinang River 22 – 1 2 – 24

Air Putih River – – – 4 – –

Titi Teras River 6 2 2 72 – –

Pondok Upeh River – – – 1 – –

Pulau Betung River – – – 4 – –

Bayan Lepas River – – 1 9 – –

Perak River 9 – – – – –

Table 2.  Environmental parameters and topography of the rivers in northwest Peninsular Malaysia where 
anguillid eels were collected. U upstream, M midstream, D downstream.

River Location
Distance from 
estuary (km) Elevation (m) Depth (m)

Water 
temperature (°C) Salinity (psu) Tidalinfluence

Kedah State

Kuala Sanglang 
River D 3.4 6 0.5–1.5 35.7 0.21 No

Penang State

Batu Feringhi 
River D 0.3 2–8 0.1–0.5 26.1–26.7 0.06–0.09 ( low 

tide) Yes

Teluk Bahang 
River D 0.6 2–10 0.1–0.8 27.5–28.5 0.04–1.93 ( low 

tide) Yes

27.8 ( high tide)

Pinang River U 5.2 174–217 0.2–2.5 23.6–24.2 0.01 No

Pinang River M 4.7 36–38 0.2–2.0 27 0.01 No

Pinang River D 1.6 4–11 0.5–1.5 26.7–29.9 0.25–0.31 Yes

Air Putih River M 5.1 14–15 0.5–1.5 26.3 0.02 No

Titi Teras River U 7.9 50–75 0.2–0.5 25.8 0.02 No

Titi Teras River M 4.9 19–23 0.5–2.0 26.5 0.02 No

Pondok Upeh 
River M 5.8 13–15 0.1–0.5 28 0.03 No

Pulau Betung 
River M 0.9 5–10 0.5–1.0 30.2 0.15 ( low tide) Yes

Bayan Lepas 
River M 2.3 12–14 0.5–1.0 26.9 0.03 No

Perak State

Perak River U 197 41 7.0–13.0 28.1 0.01 No
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specimens in the upstream of the Pinang River), 2.0 × 10−3 (1 specimen in the midstream of the Pinang River), 
2.2 ± 0.3 × 10−3 (7 specimens in the upstream of the Titi Teras River), 0.8–1.5 × 10−3 (2 specimens in the mid-
stream of the Titi Teras River) and 0.8 × 10−3 (1 specimen in the midstream of the Bayan Lepas River) (Table 4). 
Although all A. bengalensis bengalensis specimens from all sites were categorized as having a freshwater resi-
dence, significant differences were found in the average Sr:Ca ratios between the upstream of the Titi Teras River 
and the upstream of the Perak and Pinang rivers (ANOVA, N = 7–19, Q = 5.7062–5.8966, p < 0.01). No significant 
differences were found between the upstream of the Perak River and the upstream of the Pinang River (ANOVA, 
N = 11–19, Q = 0.4007, p > 0.05).

Sr:Ca ratios in the otolith edges of A. bengalensis bengalensis from six sites were ranged from 0.0 to 2.5 × 10−3 
(Table 4). The Sr:Ca ratios in the otolith edge indicated that the recent habitat before capture in all A. bengalensis 
bengalensis specimens was in freshwater environments. There were no significant differences in Sr:Ca ratios in 
the otolith edges for all combinations of the upstream of the Perak and Pinang rivers and upstream of Titi Teras 
River (ANOVA, N = 7–19, Q = 0.5070–1.5636, p > 0.05).

Based on the average Sr:Ca ratios outside of the elver mark in A. bicolor bicolor, revealed that there were 
specimens of both freshwater and estuarine residences (Table 4). The freshwater residence was found in the 
downstream of the Batu Feringi River (1.8 × 10−3 in 1 specimen), in the downstream of the Teluk Bahang River 
(1.3 ± 0.6 × 10−3 in 3 specimens), in the midstream of the Pinang River (1.4 × 10−3 in 2 specimens), in the upstream 
of the Titi Teras River (1.5–2.5 × 10−3 in 2 specimens), in the midstream of the Pulau Betung River (1.6–1.7 × 10−3 
in 2 specimens), in the midstream of the Bayan Lepas River (1.1 ± 0.2 × 10−3 in 9 specimens) and in the midstream 
of the Pondok Upeh River (1.4 × 10−3 in 1 specimen). There were sympatric freshwater and estuarine residences 
in the downstream of the Pinang River, in the midstream of the Air Putih River, in the midstream of the Titi 
Teras River and in the downstream of the Kuala Sanglang River (Table 4). The average Sr:Ca ratios of freshwater 
residences in the downstream of the Pinang River, the midstream of the Air Putih River, the midstream of the 
Titi Teras River and the downstream of the Kuala Sanglang River were 1.5 ± 0.5 × 10−3 (n = 21), 1.8 × 10−3 (n = 1), 
1.2 ± 0.4 × 10−3 (n = 67) and 1.3 ± 0.3 × 10−3 (n = 7), respectively. The average Sr:Ca ratios of the estuarine residences 
in the downstream of the Pinang River, the midstream of Air Putih River, the midstream of the Titi Teras and 
the downstream of the Kuala Sanglang River were 2.6 ± 0.1 × 10−3 (n = 3), 3.4 × 10−3 (n = 1), 3.2 ± 0.6 × 10−3 (n = 5) 
and 2.7 × 10−3 (n = 1), respectively. Significant differences in the average Sr:Ca ratios were found between the 
freshwater and estuarine residences in the downstream of the Pinang River and the midstream of the Titi Teras 
River (t-test, t = 4.1497–9.5361, df = 22–70, p < 0.0005–0.0001).

Sr:Ca ratios in the otolith edges of A. bicolor bicolor from eleven sites ranged from 0.0 to 8.4 × 10−3 (Table 4). 
Interestingly, the Sr:Ca ratios in the otolith edge indicated that the recent habitat was either freshwater, brackish 
water or marine water environments in A. bicolor bicolor. In downstream sites of the Batu Feringhi, Teluk Bahang, 
and Pinag rivers, the recent marine environment habitats led to Sr:Ca ratios more than 6.0 × 10−3, although 

Table 3.  Biological characteristics of the anguillid eels used in the present study. SD standard deviation, F 
female, M male, I intersex, U unknown.

Species, rivers Sex Number

Total length (mm) Body weight (g) Age (years)

Mean ± SD Range Mean ± SD Range Mean ± SD Range

A. bengalensis bengalensis

Pinang River F 11 681.2±135.8 375–920 701.5 ± 465.1 65.8–1700 5.9 ± 1.1 4–8

M 1 504 – 56.7 – 5 –

I 1 565 – 316.3 – 3 –

U 8 478.6±91.3 375–610 211.2 ± 134.9 71.9–445 4.9 ± 1.1 4–6

Titi Teras River F 5 576.6±112.7 431–768 383.4 ± 218.5 100.0–762.7 5.3 ± 1.3 4–7

M 3 427.7±50.0 357–464 145.0 ± 67.0 51.8–205.9 5.0 ± 1.4 4–6

Bayan Lepas River F 1 726 – 772.4 – 6 –

Perak River F 11 985.3±84.1 885–1162 2305.3 ± 1086.2 1376.6–5100.0 8 ± 1.1 6–9

A. bicolor bicolor

Kuala Sanglang F 8 636.4±52.8 568–700 559.5 ± 177.3 362–824 6.3 ± 0.7 5–7

Batu Feringhi River M 1 392 – 118.8 – 3 –

Teluk Bahang River F 2 529.0±50.9 493–565 249.7 ± 77.6 194.8–304.5 5.5 ± 0.7 5–6

U 1 383 – 65.7 – 4 –

Pinang River F 24 597.5±73.6 455–755 407.1 ± 202.7 174.8–1124.7 5.9 ± 0.7 5–7

M 2 388.0±6.0 382–394 122.3 ± 1.5 120.8–123.8 2.5 ± 0.5 2–3

Air Putih River F 4 567.8±52.6 506–613 385.0 ± 197.8 256.9–677.2 6.0 ± 0.8 5–7

Titi Teras River F 42 482.9±131.8 219–695 247.7 ± 178.7 17.3–607.8 4.5 ± 1.0 2–7

M 28 342.4±65.4 234–558 67.6 ± 29.1 18.8–127.8 3.1 ± 0.7 2–5

I 4 253.2±27.8 211–287 25.3 ± 8.2 14.1–37.1 3 ± 0.7 2–4

Pondok Upeh River M 1 380 – 106.9 – 3 –

Pulau Betung River F 4 565.8±17.4 540–577 342.1 ± 50.1 28.3–495.6 5.3 ± 1.0 4–6

Bayan Lepas River F 9 584.6±67.4 444–679 419.2 ± 119.5 183.3–609.7 5.6 ± 1.2 3–7
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their average Sr:Ca ratios outside of the elver mark indicated either freshwater or estuarine residences (Table 4). 
Similar discrepancies between the Sr:Ca ratios in the otolith edge and the average Sr:Ca ratios were found in 
the midstream of the Pinang River (1 of 2 specimens), the Air Putih River (1 of 2 specimens), the Pulau Betung 
River (1 of 2 specimens), the Bayan Lepas River (2 of 9 specimens), the Titi Teras River (13 of 67 specimens) and 
in the downstream of the Kuala Sanglang River (4 of 8 specimens) (Table 4).

Figure 2.  Migratory history of tropical anguillid eels, Anguilla bengalensis bengalensis and A. bicolor bicolor. 
Representative plots of otolith Sr:Ca ratios along a transect line from the elver mark to the edge of the otolith 
for A. bengalensis bengalensis (a) and A. bicolor bicolor (b–f). The red and blue lines in each panel indicate the 
marine water life period (≥ 6.0 × 10−3 in Sr:Ca ratios) and the freshwater life period (≤ 2.5 × 10−3 in Sr:Ca ratios), 
respectively.
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Species Location Sex

Maturation Number of 
specimens

Age (years) Mean Sr:Ca ratios Migratory Edge Sr:Ca ratios Recent

NumberStage Mean ± SD Range Mean ± SD Range Patterns Mean ± SD Range Habitat

A. benga-
lensis
bengalensis

Perak River
(upstream)

All All 11 8.0 ± 1.1 6–9 1.40 ± 0.50 0.69–2.48 Freshwater 1.08 ± 0.65 0.30–2.21 Freshwater 11

F II 3 7.5 ± 0.7 7–8 0.98 ± 0.25 0.69–1.15 Freshwater 0.53 ± 0.51 0.30–1.12 Freshwater 3

F III 2 – 8–9 – 1.22 Freshwater – 0.51–0.97 Freshwater 2

F IV 4 7.3 ± 1.5 6–9 1.39 ± 0.34 1.18–1.89 Freshwater 1.30 ± 0.53 0.77–2.01 Freshwater 4

F V 2 – 9 – 1.94–2.48 Freshwater – 1.41–2.21 Freshwater 2

Pinang 
River
(upstream)

All All 19 5.4 ± 1.3 3–8 1.44 ± 0.41 0.75–2.17 Freshwater 1.20 ± 0.94 0.00–2.48 Freshwater 19

F I 6 5.7 ± 1.0 4–7 1.61±0.31 1.14–2.01 Freshwater 1.14 ± 1.08 0.00–2.24 Freshwater 6

F III 4 6.3 ± 1.5 5–8 1.17 ± 0.11 1.09–1.33 Freshwater 0.90 ± 0.85 0.00–1.88 Freshwater 4

F IV 1 – 6 – 0.95 Freshwater – 2.31 Freshwater 1

U N/A 8 4.6 ± 1.2 3–6 1.52 ± 0.50 0.75–2.17 Freshwater 1.26 ± 0.94 0.00–2.48 Freshwater 8

Pinang 
River
(midstream)

M II 1 – 5 – 1.99 Freshwater – 1.51 Freshwater 1

Titi Teras 
River
(upstream)

All All 7 5.2 ± 1.2 4–7 2.21 ± 0.25 1.83–2.52 Freshwater 1.54 ± 0.94 0.00–2.46 Freshwater 7

F I 3 4.7 ± 0.6 4–5 2.21 ± 0.33 1.83–2.40 Freshwater 1.57 ± 1.36 0.00–2.46 Freshwater 3

F II 2 – 7 – 2.00–2.08 Freshwater – 0.88–0.94 Freshwater 2

M I 1 – 4 – 2.52 Freshwater – 1.96 Freshwater 1

M II 1 – 6 – 2.24 Freshwater – 2.33 Freshwater 1

Titi Teras 
River
(midstream)

All All 2 – 4–6 – 0.76–1.50 Freshwater – 0.00 Freshwater 2

F I 1 – 6 – 1.50 Freshwater – 0.00 Freshwater 1

Bayan Lepas 
River
(midstream)

M I 1 – 4 – 0.76 Freshwater – 0.00 Freshwater 1

F III 1 – 6 – 0.76 Freshwater – 0.00 Freshwater 1

A. bicolor 
bicolor

Batu Ferin-
ghi (down-
stream)

M III 1 – 3 – 1.81 Freshwater – 6.21 Marine 1

Teluk 
Bahang 
River
(down-
stream)

All All 3 5.0 ± 1.0 4–6 1.32 ± 0.55 0.87–1.60 Freshwater – 0.00–0.74 Freshwater 2

6.64 Marine 1

F II 2 – 5–6 – 0.88–1.94 Freshwater – 0.74 Freshwater 1

6.64 Marine 1

U N/A 1 – 4 – 1.14 Freshwater – 0.00 Freshwater 1

Pinang 
River
(midstream)

F III 2 – 5–6 – 1.40–1.44 Freshwater – 1.47 Freshwater 1

2.57 Estuarine 1

Pinang 
River
(down-
stream)

All All 21 5.7 ± 1.3 2–7 1.52 ± 0.45 0.96–2.09 Freshwater 0.84 ± 0.91 0.00–2.17 Freshwater 18

All All 3 5.7 ± 0.6 5–6 2.63 ± 0.06 2.56–2.67 Estuarine 3.92 ± 0.85 3.07–5.29 Estuarine 5

8.39 Marine 1

F I 1 – 5 – 1.67 Freshwater – 3.76 Estuarine 1

F III 8 5.8 ± 0.7 5–7 1.69 ± 0.51 0.96–2.47 Freshwater 0.95 ± 0.98 0.00–2.17 Freshwater 7

III 1 – 6 – 2.67 Estuarine – 3.42–4.07 Estuarine 2

F IV 4 6.8 ± 0.5 6–7 1.52 ± 0.67 1.04–2.48 Freshwater 1.08 ± 1.25 0.00–2.27 Freshwater 4

IV 2 – 5–6 2.56–2.66 Estuarine – 5.29 Estuarine 1

– 8.39 Marine 1

F V 6 6.0 ± 0.7 5–7 1.41 ± 0.25 1.12–1.74 Freshwater 0.43 ± 0.60 0.00–1.44 Freshwater 5

3.07 Estuarine 1

M III 2 – 2–3 – 1.12–1.17 Freshwater – 1.29–2.20 Freshwater 2

Air Putih 
River
(midstream)

F III 2 – 6–7 – 1.18–1.43 Freshwater – 0.00 Freshwater 2

F IV 1 – 5 – 1.75 Freshwater – 2.63 Estuarine 1

F IV 1 – 6 – 3.36 Estuarine – 3.28 Estuarine 1

Titi Teras 
River
(upstream)

F III 2 – 4 – 1.49–2.50 Freshwater – 0.00–1.31 Freshwater 2

Pulau 
Betung 
River
(midstream)

F III 2 – 4–6 – 1.55–1.67 Freshwater – 2.20 Freshwater 1

4.95 Estuarine 1

F IV 1 – 6 – 1.23 Freshwater – 0.00 Freshwater 1

F V 1 – 6 – 1.92 Freshwater – 2.67 Estuarine 1

Continued
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Discussion
A systematic study of the diversity and distribution of tropical freshwater eels in West Malaysia was performed 
in a previous  study18. Approximately 500 eels were found in the northwestern peninsular area; A. bicolor bicolor 
was the dominant species (88.1%), A. bengalensis bengalensis was the second most common (11.7%), and A. 
marmorata was the least common species (0.2%). A. bicolor bicolor was distributed widely from the upstream to 
the downstream areas in each river, although it was more abundant in the downstream and midstream regions, 
and it was rarely found in upstream areas. A. bengalensis bengalensis, however, preferred to live mainly in the 
upstream and rarely occurred in midstream  areas18. That study did not examine the eels’ migratory history or 
habitat use throughout their lives. Anguillid eels have diverse migration patterns between freshwater and marine 
 habitats3, and therefore, sampling sites during field observation might not necessarily reveal the exact habitats 
and movements of the fish.

Reconstruction of migratory history by means of otolith Sr:Ca ratios has revealed switching between environ-
ments with different levels of salinity in a number of anguillid  eels3. This study is the first report on the migratory 
history and habitat use of A. bengalensis bengalensis. A. bengalensis bengalensis in northwest Peninsular Malaysia 
was only found in freshwater environments in the migration patterns, corresponded to the filed observations of 
the upstream to the midstream areas with no tidal  influences18. Although the otolith Sr:Ca ratios in A. bengalen-
sis bengalensis differed between sites, the values still correlated with the freshwater value of less than 2.5 × 10−3. 
The difference in otolith Sr:Ca ratios even within freshwater environments would differ slightly due to regional 

Table 4.  Mean and edge otolith Sr:Ca ratios and migratory patterns and recent habitat as determined from the 
otolith Sr:Ca ratios in anguillid eels in northwest Peninsular Malaysia. F female, M male, U unknown.

Species Location Sex

Maturation Number of 
specimens

Age (years) Mean Sr:Ca ratios Migratory Edge Sr:Ca ratios Recent

NumberStage Mean ± SD Range Mean ± SD Range Patterns Mean ± SD Range Habitat

Bayan Lepas 
River
(midstream)

F All 9 5.6 ±1.3 3–7 1.11 ± 0.18 0.84–1.12 Freshwater 1.08 ± 0.81 0.00–2.23 Freshwater 7

– 2.71–4.08 Estuarine 2

F II 2 – 3–6 – 1.14–1.18 Freshwater – 1.39–2.23 Freshwater 2

F III 3 6.5 ± 0.7 6–7 1.26 ± 0.09 1.17–1.35 Freshwater – 0.00–1.25 Freshwater 2

2.71 Estuarine 1

F IV 3 6.0 ± 1.0 5–7 1.00 ± 0.19 0.89–1.22 Freshwater – 0.00–1.43 Freshwater 2

4.08 Estuarine 1

F V 1 – 5 – 0.88 Freshwater – 1.27 Freshwater 1

Titi Teras 
River
(midstream)

All All 67 3.8 ± 1.1 2–6 1.22 ± 0.43 0.63–2.34 Freshwater 1.13 ± 0.78 0.00–2.46 Freshwater 54

3.45 ± 0.62 2.69–4.64 Estuarine 13

All II, III, IV 5 5.6 ± 1.1 4–7 3.17 ± 0.62 2.63–4.17 Estuarine – 2.02 Freshwater 1

3.22 ± 0.42 2.77–3.77 Estuarine 4

F I 5 3.6 ± 1.1 2–5 1.49 ± 0.53 1.01–2.11 Freshwater 1.55 ± 0.53 0.68–2.11 Freshwater 5

F II 4 4.0 ± 0.8 3–5 0.95 ± 0.21 0.77–1.25 Freshwater 1.00 ± 0.70 0.00–1.57 Freshwater 4

F III 15 4.6 ± 0.9 3–6 1.31 ± 0.47 0.71–2.27 Freshwater 1.24 ± 0.95 0.00–2.77 Freshwater 11

4.07 ± 0.56 3.55–4.64 Estuarine 4

F III 3 6.0 ± 1.0 5–7 2.85 ± 0.33 2.63–3.23 Estuarine 3.03 ± 0.23 2.77–3.22 Estuarine 3

F IV 10 4.6 ± 0.7 4–6 1.51 ± 0.59 0.76–2.34 Freshwater 1.48 ± 0.66 0.70–2.03 Freshwater 4

3.29 ± 0.45 2.80–3.93 Estuarine 6

F IV 1 – 6 – 3.15 Estuarine – 2.02 Freshwater 1

F V 2 – 4 – 0.69–1.51 Freshwater – 0.00–1.63 Freshwater 2

M I 11 2.9 ± 0.5 2–4 1.18 ± 0.32 0.85–1.94 Freshwater 1.22 ± 0.79 0.00–2.07 Freshwater 10

– 3.35 Estuarine 1

M II 11 3.5 ± 0.7 3–5 1.07 ± 0.21 0.84–1.59 Freshwater 1.10 ± 0.89 0.00–2.46 Freshwater 10

– 2.69 Estuarine 1

M II 1 – 4 – 4.17 Estuarine – 3.77 Estuarine 1

M III 5 2.8 ± 0.8 2–4 0.95 ± 0.10 0.87–1.10 Freshwater 1.10 ± 0.84 0.00–2.36 Freshwater 5

U N/A 4 2.8 ± 0.5 2–3 1.10–0.34 0.76–1.48 Freshwater 0.47 ± 0.64 0.00–1.36 Freshwater 4

Pondok 
Upeh River 
(midstream)

M III 1 – 3 – 1.38 Freshwater – 0.50 Freshwater 1

Kuala Sang-
lang River
(down-
stream)

All II, III, IV 8 6.3 ± 0.8 5–7 1.28 ± 0.34 0.73–1.83 Freshwater 1.73 ± 0.62 1.00–2.25 Freshwater 4

3.74 ± 1.23 2.95–5.16 Estuarine 4

F II 2 – 6 – 1.33–1.83 Freshwater – 1.43–2.25 Freshwater 2

F III 5 6.4 ± 0.9 5–7 1.16 ± 0.28 0.73–1.40 Freshwater – 1.00–2.25 Freshwater 2

3.74 ± 1.23 2.95–5.16 Estuarine 3

F IV 1 – 6 – 2.66 Estuarine – 3.40 Estuarine 1



9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16890  | https://doi.org/10.1038/s41598-020-72788-9

www.nature.com/scientificreports/

(river) water chemistry. The life history transect of the otolith Sr:Ca ratios showed no habitat shifts during their 
lives remaining freshwater environments in A. bengalensis bengalensis. A. bengalensis bengalensis would move to 
upstream or midstream immediately without tidal influence after recruitment into the estuary and settle in the 
freshwater environment for 6–9 years until starting their downstream migration to the open ocean. Unlike A. 
bengalensis bengalensis, A. bicolor bicolor was found to have diverse migration, i.e., both freshwater and estuarine 
residences. A. bicolor bicolor was also found to shift habitat to either freshwater, brackish water or marine water 
during their lives. The diverse migratory history and habitat use corresponded to the distribution range from 
downstream to upstream as found in the previous  study18. Such diverse migratory behaviours and habitat use 
were also found in A. bicolor bicolor in  Indonesia36–38 and in A. bicolor pacifica in the  Philippines31 and  Vietnam34.

Wide varieties of migratory history and habitat use were found in A. bicolor bicolor, although the preferred 
degree of salinity and migratory patterns differed from those found in other countries. Although 76% of A. 
bicolor bicolor had freshwater residence and 24% had estuarine residence in this study, 100% of the species had 
either estuarine or marine residences with no freshwater residence in a coastal lagoon of  Indonesia36,37 and 
estuarine or marine residences were also used in 100% of A. bicolor pacifica with no freshwater residence in a 
river in  Vietnam31. There was 23% in freshwater residence and 77% was in estuarine or marine residences in 
A. bicolor pacifica in the  Philippines31. A. bicolor bicolor and A. bicolor pacifica prefer to live in higher salinity 
environments except for northwest Peninsular Malaysia, where there are multiple eel species living sympatrically 
in tropical river systems.

Intraspecific environmental habitat preference or interspecific competition may lead differences in migratory 
pattern and habitat use for each species. In Vietnam and the Bonin and Amami islands of Japan, 93%, 52% and 
100% of A. marmorata were estuarine  residents32,34,35, although more than 70% of A. marmorata had freshwater 
residence in the Philippines and  Taiwan31. There were A. bicolor pacifica and A. marmorata in the Philippines, 
A. marmorata and A. japonica in Taiwan and A. bicolor pacifica and A. marmorata in Vietnam, while only A. 
marmorata occurred in a river system in the Bonin and Amami islands of Japan. A. marmorata in the Bonin and 
Amami islands can migrate from marine to freshwater environment with no interspecific competition, although 
the habitat preference differed between these two sites in A. marmorata.

In a coastal lagoon area of Indonesia, the migratory patterns of A. bicolor bicolor were mainly of the switch 
type shifting from freshwater to seawater environments (75%) with the other eels lived uniformly in brackish 
water (5%) or seawater (20%)37. A. bicolor bicolor was only found in the lagoon of  Indonesia37, although other 
anguillid eels, A. bengalensis bengalensis and A. marmorata were also in the water system. Habitat segregation 
due to interspecific competition might occur in the Indonesian lagoon area. After recruitment, A. bicolor bicolor 
would migrate upstream of the rivers and settle for certain periods. Thereafter, most of the A. bicolor bicolor popu-
lation would move back downstream into the lagoon due to the interspecific competition among the three species.

In northwest Peninsular Malaysia, A. bengalensis bengalensis, A. bicolor bicolor and A. marmorata were found. 
While the dominant species was A. bicolor bicolor (88%), A. bengalensis bengalensis was found mainly in upstream 
of rivers and mostly segregated from the distribution of A. bicolor bicolor. Thus, A. bicolor bicolor might live 
and migrate from downstream to upstream in various levels of salinity in northwest Malaysia. Indeed, 10% of 
A. bicolor bicolor underwent habitat shifts during their lives and 17% of the specimens changed their habitats 
within a short period as found in the Sr:Ca ratios of the otolith edge. Ratios of sympatric species, environmental 
habitat preference including salinity in each species and interspecies competition might determine the habitat 
use and migration patterns of tropical anguillid eels. Habitat use might be opportunistic and is also susceptible 
to inter- and intraspecific variations in each distribution range.

Mean and edge otolith Sr:Ca ratios suggested that A. bengalensis bengalensis perpetually lived in freshwater 
environments in all rivers, although a discrepancy was found between the mean and edge Sr:Ca ratios in the 
otolith in A. bicolor bicolor from six rivers. Although mean Sr:Ca ratios in otolith showed both freshwater and 
estuarine residences, the Sr:Ca ratios in the otolith edge showed further marine residence values more than 
6.0 × 10−3 in A. bicolor bicolor. These results suggest that A. bicolor bicolor might frequently change habitat, or 
move to habitats with different salinity for some periods, and could therefore live in freshwater, brackish water 
or marine water environments during their lives.

In northwest Peninsular Malaysia, A. bengalensis bengalensis preferred to live mainly in the upstream areas 
with freshwater environments, lower water temperatures and higher elevation (Table 1, 2). In contrast, A. bicolor 
bicolor preferred to live more downstream to midstream with tidal influences, warmer temperatures and lower 
elevation (Table 1, 2). Nevertheless further field observation measuring various environmental factors are needed, 
as these results demonstrate some habitat segregation between A. bengalensis bengalensis and A. bicolor bicolor 
within river systems in northwest Peninsular Malaysia. Two New Zealand eels, A. australis and A. dieffenbachii, 
lived in high salinity, while A. australis showed higher salinity preference in a  lake30. These results suggested 
differences in habitat use between these two species. A. australis was caught more often by the eel fishery in the 
lake, while fewer A. dieffenbachii were  caught42. A. dieffenbachii was found more often in the upper part of the 
estuary than A.australis which uniformly was more abundant in the  estuary43. It was suggested that A. dieffen-
bachii prefers to live in faster flowing water with, larger sized substrates and in upstream areas, while A. australis 
dominates in lowland lakes, marshes and slower flowing stretches of streams and  rivers44–46. Therefore, habitat 
segregation can occur through water systems in anguillid eels in sympatric habitats, although each species could 
have ecological plasticity, and their distributions appear to often overlap.

In the matured A. bicolor bicolor eels in stages IV and V, 62.5% eels lived in the same habitats continuously 
either freshwater (54.2%) or estuary (8.3%), while 37.5% of the eels changed their habitats from either fresh-
water to brackish water (33.3%) or from brackish water to freshwater (4.2%) before starting their downstream 
migration to the open ocean (Table 4). All matured A. bengalensis bengalensis eels, however, were found to have 
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a freshwater residence throughout their lives. Most of the eels did not change their salinity habitats after settle-
ment in each habitat.

Migratory history and habitat use in A. bicolor bicolor in nothwest Peninsular Malaysia differed from those 
of A. bicolor bicolor in a lagoon in the central Java of Indonesia, where 75% of eels showed a habitat shift from 
freshwater to marine water as mentioned  above37. Temperate eels of the American and New Zealand eels have 
restricted home ranges and  territories47–51. The current results suggest that tropical anguillid eels generally have 
home ranges and territories and move short distances in each river. However, intraspecific difference in migratory 
behaviours might occur depending on biotic and abiotic factors such as habitat environments and interspecific 
competition at each site.

Age at maturation of A. bengalensis bengalensis and A. bicolor bicolor ranges from 6 to 9 years and from 4 to 
7 years, respectively (Table 3, 4). Timing of maturation overlapped but occurs later in A. bengalensis bengalensis 
than in A. bicolor bicolor. A. bengalensis bengalensis lives in the upstream of rivers with lower temperature than 
A. bicolor bicolor, which lives in downstream areas with higher temperature. Furthermore, growth patterns and 
maturation size also differ between the two species. Differences in habitat environment and growth may lead 
to a difference in the timing of maturation. Ages at maturation of the temperate anguillid eels, A. anguilla, A. 
rostrata, A. japonica, A. australis and A. diefenbachii ranged from 6–50  years52, 5–22  years53, 5–17  years54, 15–40 
 years55 and 10–64  years56, respectively. These results suggest that age at maturation of tropical eels is earlier than 
in temperate eels. Compared with temperate region, water temperatures in Malaysia (28 °C) are higher and 
more stable throughout the  year6. The consistent and warm tropical climate might induce the different timing 
of maturation between the tropical and temperate eels.

Methods
fish. A total of 171 anguillid eels were collected in different riverine regions of ten sites from the states of 
Kedah (Kuala Sanglang River), Penang (Batu Feringhi River, Teluk Bahang River, Pinang River, Air Putih River, 
Titi Teras River, Pulau Betung River, Bayan Lepas River and Pondok Upeh River in Penang Island) and Perak 
(Perak River) in the northwestern part of Peninsular Malaysia (Fig. 1) from May 2014 to July 2016. Downstream 
of the Kuala Sanglang River in Kedah State was approximately 3.4 km from an estuary. Rising tide could be influ-
enced and controlled by irrigation gates with a depth range of 0.5–1.5 m and an elevation of 6 m. Penang Island 
is composed of an area of approximately 300  km2, and all rivers are shorter and narrower compared to those in 
the mainland. Elevation is highest at upstream in the Pinang River (174–217 m), followed by upstream in the 
Titi Teras River (50- 75 m) and midstream in the Pinang River (36–38 m). The Perak River is the largest river in 
the mainland of Peninsular Malaysia at approximately 400 km in length.

Sampling location details such as distance from an estuary, elevation and depth and water parameters such 
as salinity and water temperature were measured (Table 2). Salinity ranged from 0.01–0.21 psu for all sampling 
sites without tidal effect but it was slightly higher at tidal areas which were downstream in the Batu Feringhi 
River (0.06–0.09 psu at low tide), midstream in the Pulau Betung River (0.15 psu at low tide), downstream in 
the Pinang River (0.25–0.31 psu at low tide) and downstream in the Teluk Bahang River (0.04–1.93 psu at low 
tide and 27.8 psu at high tide). Water temperature ranged from 23.6 to 35.7 °C for all sampling sites (Table 2).

All specimens were collected at night using hooks and lines or eel traps. All specimens were frozen imme-
diately after collection and purchased from local fishermen. Our protocols followed the ethical guidelines for 
the use of animals of Universiti Malaysia Terengganu (UMT) and were approved by the animal ethics com-
mittee at UMT. Total length (TL) and body weight (BW) were measured, and sex was determined by visual 
and gonadal  histology7. The maturation stage of all eels were referred from Arai and Abdul  Kadir7. Maturation 
stages correspond to a growth phase (stages I and II), a pre-migrant phase (III) and two migrating phases (IV 
and V) in female. In male, maturation stages correspond to immature (stage I), early maturation (stage II) and 
mid-maturation (stage III) stages. Species identification was performed by both methods of morphological 
 analysis14–16 and molecular genetic analysis using mitochondrial cytochrome oxidase subunit I (COI) and 16S 
ribosomal RNA (16S rRNA)  sequence16.

otolith preparation and microchemistry analysis. Both sagittal otoliths were extracted and cleaned 
in an ultrasonic bath and rinsed with distilled water. Otoliths were placed in sealed Eppendorf tubes and left to 
dry at room temperature. Next, the otoliths were embedded in silicon rubber moulds, filled with epofix resin 
(with the distal side facing upwards) and left to dry in an oven at 53 ºC for 8  h. Excessive epofix resin was 
removed using a low-speed circular saw (Beuhler Metaserv, Buehler, UK Ltd.). Samples were first ground using 
coarser wet grinding paper (P2400), followed by finer wet grinding paper (P1200) with the use of a Buehler 
Metaserv grinder-polisher (Buehler, UK Ltd.). Otoliths were further polished with aluminium oxide 0.05 μm 
on polishing paper. The process of grinding and polishing continued until the core of the otoliths was revealed. 
Thereafter, the otoliths were periodically rinsed in running water and checked under a compound light micro-
scope to ensure the samples were not over ground. Next, the samples were arranged on round glass plates, and 
the otoliths were coated with carbon to obtain the electrical conductivity. Line-transect analyses of the otoliths 
were conducted using an electron probe micro analyser (EPMA, JEOL JXA-8900R) with beam conditions of 
15 kV for the acceleration voltage, 3nA for the beam current, 5 × 4 µm for the rectangular scanning beam size 
and a spot interval of 10 µm. Calcite  (CaCO3) and strontianite  (SrCO3) were used as standards to calibrate the 
concentration of calcium and strontium, respectively, in the otoliths. Wavelength dispersive spectrum at the 
strontium Lα peak position was measured for 80 s at the peak and for 20 s for each of the upper and lower base-
lines. Ca was measured for 20 s at the Kα peak and for 10 s at both sides of the  baseline57. The elver mark forming 
the core of the otolith corresponds to the leptocephalus and early glass eel stages during oceanic  life58. Therefore, 
the otolith Sr:Ca ratios during oceanic life were omitted to analysis migratory pattern and habitat use.
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Age determination. After EPMA analyses, all otoliths were etched with 5% EDTA for approximately 1 min 
to reveal the annual rings for age  determination28,31. The otoliths were observed under a compound light micro-
scope and the ages of the eels were determined by the number of annual rings evident on the otoliths. The 
criteria which were determined the otolith annuli in temperate eels were adapted in this study and were also 
used in tropical eels such as A. marmorata28,31 and A. bicolor pacifica31. The distinct transition check in the oto-
liths, which is thought to be associated with the entrance into freshwater habitats, corresponded to an age of 0 
 years28,31. It was considered that one pair of translucent and opaque rings corresponds to 1 year and that the ages 
of the tropical eels was estimated by counting the translucent rings outside the elver  mark28,31. False annuli were 
distinguished from supernumerary check based on their width, optical density, relative positions and degree 
of continuity around the otolith  circumference31,59,60. However, difficulties in counting the number of rings did 
arise due to the presence of false annuli; therefore, only countable samples were used in this study to avoid otolith 
annuli interpretation error.

Classification of migratory pattern and habitat use. Several specific otolith Sr:Ca ratios are used as 
the benchmark for a freshwater life history, although, these values vary between regions and  authors3,22,25,26,35–37. 
Different researchers have used different Sr:Ca ratios to differentiate a freshwater environment, such as < 2.0 × 
10−332, < 2.5 × 10−334 and < 4.0 × 10−328,31,33. In this study, specimens of A. bengalensis bengalensis from upstream 
of the Pinang River, which is free from tidal influences, were selected to represent the range of Sr:Ca ratios in 
the otoliths of freshwater eels. No specimens of A. bicolor bicolor were found in the upstream of this river. Since 
otolith Sr:Ca ratios of A. bengalensis bengalensis were all ≤ 2.5 × 10−3 (freshwater residence), this value was used 
to differentiate a freshwater environment from brackish or marine environment in the present study. The value 
used to determine a seawater environment was ≥ 6.0 × 10−3 (marine residence), as documented in previous stud-
ies in anguillid  eels3,26. The brackish water environment was then calculated as (2.5 × 10−3 < Sr:Ca < 6.0 × 10−3) 
(estuarine residence).

Sr:Ca ratios in the edge of the otoliths incorporate the most recent life history information of the fish just 
before capture or natural death, and the Sr:Ca ratios of the otolith edge have been utilized to reconstruct the latest 
habitat use in  fish61,62 including anguillid  eels23. The Sr:Ca ratios in the otolith edges in A. bengalensis bengalensis 
and A. bicolor bicolor were examined in all specimens.

Statistical analysis. The differences in the average Sr:Ca ratio for the values between different phases out-
side the elver mark and for the values between freshwater residence and estuarine residence at each site were 
examined using Student’s t-test. Differences among sites for comparisons of the average Sr:Ca ratios outside of 
the elver mark and the average Sr:Ca ratios in the otolith edge were examined using one-way analysis of variance 
(ANOVA) with Tukey HSD post hoc test for multiple comparisons.

Received: 18 April 2020; Accepted: 8 September 2020

References
 1. Ege, V. A revision of the Genus Anguilla Shaw. Dana Rep. 16, 8–256 (1939).
 2. Arai, T. Taxonomy and distribution. In Biology and Ecology of Anguillid Eels (ed. Arai, T.) 1–20 (CRC Press, Boca Raton, 2016).
 3. Arai, T. & Chino, N. Diverse migration strategy between freshwater and seawater habitats in the freshwater eels genus Anguilla. J. 

Fish Biol. 81, 442–455 (2012).
 4. Arai, T., Limbong, D., Otake, T. & Tsukamoto, K. Recruitment mechanisms of tropical eels, Anguilla spp., and implications for the 

evolution of oceanic migration in the genus Anguilla. Mar. Ecol. Prog. Ser. 216, 253–264 (2001).
 5. Shiao, J. C., Tzeng, W. N., Collins, A. & Iizuka, Y. Role of marine larval duration and growth rate of glass eels in determining the 

distribution of Anguilla reinhardtii and A. australis on Australian eastern coasts. Mar. Freshw. Res. 53, 1–10 (2002).
 6. Arai, T., Abdul Kadir, S. R. & Chino, N. Year-round spawning by a tropical catadromous eel Anguilla bicolor bicolor. Mar. Biol. 

163, 37 (2016).
 7. Arai, T. & Abdul Kadir, S. R. Opportunistic spawning of tropical anguillid eels Anguilla bicolor bicolor and A. bengalensis bengalensis. 

Sci. Rep. 7, 41649 (2017).
 8. Beumer, J. & Sloane, R. Distribution and abundance of glass-eels Anguilla spp. in east Australian waters. Int. Rev. Hydrobiol. 75, 

721–736 (1990).
 9. Arai, T., Aoyama, J., Limbong, D. & Tsukamoto, K. Species composition and inshore migration of the tropical eels Anguilla spp. 

recruiting to the estuary of the Poigar River, Sulawesi Island. Mar. Ecol. Prog. Ser. 188, 299–303 (1999).
 10. Sugeha, H., Arai, T., Miller, M. J., Limbong, D. & Tsukamoto, K. Inshore migration of the tropical eels Anguilla spp. recruiting to 

the Poigar River estuary on North Sulawesi Island. Mar. Ecol. Prog. Ser. 221, 233–243 (2001).
 11. Hewavitharane, C.A., Pickering, T.D., Ciro, R., Mochioka. N. Species composition, abundance and seasonal recruitment patterns 

of freshwater eels (Anguilla spp.) to Viti Levu, Fiji Islands, in the western South Pacific. Mar. Freshw. Res. 69,1704–1711 (2018).
 12. Leander, N. J., Shen, K. N., Chen, R. T. & Tzeng, W. N. Species composition and seasonal occurrence of recruiting glass eels 

(Anguilla spp.) in the Hsiukuluan Rive, River Eastern Taiwan. Zool. Stud. 51, 59–71 (2012).
 13. Arai, T., Chino, N., Zulkifli, S. Z. & Ismail, A. Notes on the occurrence of the tropical eel Anguilla bicolor bicolor in Peninsular 

Malaysia, Malaysia. J. Fish Biol. 80, 692–697 (2012).
 14. Arai, T. First record of a tropical mottled eel, Anguilla bengalensis bengalensis (Actinopterygii: Anguillidae) from the Langkawi 

Islands, Peninsular Malaysia, Malaysia. Mar. Biodivers. Rec. 7, e38 (2014).
 15. Arai, T., Chin, T. C., Kwong, K. O. & Siti Azizah, M. N. Occurrence of the tropical eels, Anguilla bengalensis bengalensis and A. 

bicolor bicolor in Peninsular Malaysia, Malaysia and implications for the eel taxonomy. Mar. Biodivers. Rec. 8, e28 (2015).
 16. Arai, T. & Wong, L. L. Validation of the occurrence of the tropical eels, Anguilla bengalensis bengalensis and A. bicolor bicolor at 

Langkawi Island in Peninsular Malaysia, Malaysia. Tropic. Ecol. 57, 23–31 (2016).
 17. Abdul Kadir, S. R., Abdul Rasid, M. H. F., Kwong, K. O., Wong, L. & Arai, T. Occurrence and the ecological implication of a tropical 

anguillid eel Anguilla marmorata from peninsular Malaysia. Zookeys 695, 103–110 (2017).
 18. Arai, T. & Abdul Kadir, S. R. Diversity, distribution and different habitat use among the tropical freshwater eels of genus Anguilla. 

Sci. Rep. 7, 7593 (2017).



12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16890  | https://doi.org/10.1038/s41598-020-72788-9

www.nature.com/scientificreports/

 19. Arai, T. Evidence of local short-distance spawning migration of tropical freshwater eels, and implications for the evolution of 
freshwater eel migration. Ecol. Evol. 4, 3812–3819 (2014).

 20. Arai, T., Kotake, A. & McCarthy, T. K. Habitat use by the European eel Anguilla auguilla in Irish waters. Estuar. Coast. Shelf Sci. 
67, 569–578 (2006).

 21. Shiao, J. C., Ložys, L., Iizuka, Y. & Tzeng, W. N. Migratory patterns and contribution of stocking to the population of European 
eel in Lithuanian waters as indicated by otolith Sr:Ca ratios. J. Fish Biol. 69, 749–769 (2006).

 22. Lin, Y. J., Yalçin-Özdilek, S., Iizuka, Y., Gümüş, A. & Tzeng, W. N. Migratory life history of European eel Anguilla anguilla from 
freshwater regions of the River Asi, southern Turkey and their high otolith Sr:Ca ratios. J. Fish Biol. 78, 860–868 (2011).

 23. Arai, T., Kotake, A., Harrod, C., Morrissey, M. & Mccarthy, T. K. Ecological plasticity of the European eel Anguilla anguilla in a 
tidal Atlantic lake system in Ireland. J. Mar. Biol. Assoc. UK 99, 1189–1195 (2019).

 24. Thibault, I. et al. Facultative catadromy in American eels: testing the conditional strategy hypothesis. Mar. Ecol. Prog. Ser. 344, 
219–229 (2007).

 25. Jessop, B. M. et al. Otolith Sr:Ca and Ba:Ca may give inconsistent indications of estuarine habitat use for American eels (Anguilla 
rostrata). Environ. Biol. Fish. 93, 193–207 (2012).

 26. Tsukamoto, K. & Arai, T. Facultative catadromy of the eel, Anguilla japonica, between freshwater and seawater habitats. Mar. Ecol. 
Prog. Ser. 220, 365–376 (2001).

 27. Tzeng, W. N., Shiao, J. C. & Iizuka, Y. Use of otolith Sr:Ca ratios to study the riverine migratory behaviors of the Japanese eel 
Anguilla japonica. Mar. Ecol. Prog. Ser. 245, 213–221 (2002).

 28. Shiao, J. C., Iizuka, Y., Chang, C. W. & Tzeng, W. N. Disparities in habitat use and migratory behaviour between tropical eel Anguilla 
marmorata and temperate eel A. japonica in four Taiwanese rivers. Mar. Ecol. Prog. Ser. 261, 233–242 (2003).

 29. Chino, N. & Arai, T. Relative contribution of migratory type on the reproduction of migrating silver eels, Anguilla japonica, col-
lected off Shikoku Island, Japan. Mar. Biol. 156, 661–668 (2009).

 30. Arai, T., Kotake, A., Lokman, P. M., Miller, M. J. & Tsukamoto, K. Evidence of different habitat use by New Zealand freshwater 
eels, Anguilla australis and A. dieffenbachii, as revealed by otolith microchemistry. Mar. Ecol. Prog. Ser. 266, 213–225 (2004).

 31. Briones, A. A., Yambot, A. V., Shiao, J. C., Iizuka, Y. & Tzeng, W. N. Migratory pattern and habitat use of tropical eels Anguilla spp. 
(teleostei: Anguilliformes: Anguillidae) in the Philippines, as revealed by otolith microchemistry. Raffl. Bull. Zool. 14, 141–149 
(2007).

 32. Chino, N. & Arai, T. Migratory history of the giant mottled eel (Anguilla marmorata) in the Bonin Islands of Japan. Ecol. Freshw. 
Fish. 19, 19–25 (2010).

 33. Lin, Y. J. et al. Regional variation in otolith Sr:Ca ratios of African longfinned eel Anguilla mossambica and mottled eel Anguilla 
marmorata: a challenge to the classic tool for reconstructing migratory histories of fishes. J. Fish Biol. 81, 427–441 (2012).

 34. Arai, T., Chino, N. & Le, D. Q. Migration and habitat use of the tropical eels Anguilla marmorata and A. bicolor pacifica in Vietnam. 
Aquat. Ecol. 47, 57–65 (2013).

 35. Arai, T. & Chino, N. Opportunistic migration and habitat use of the giant mottled eel Anguilla marmorata (Teleostei: Elopomorpha). 
Sci. Rep. 8, 5666 (2018).

 36. Arai, T. & Chino, N. Variations in the migratory history of the tropical catadromous eels Anguilla bicolor bicolor and A. bicolor 
pacifica in south-east Asian waters. J. Fish Biol. 94, 752–758 (2019).

 37. Chino, N. & Arai, T. Occurrence of marine resident tropical eel Anguilla bicolor bicolor in Indonesia. Mar. Biol. 157, 1075–1081 
(2010).

 38. Chino, N. & Arai, T. Habitat use and habitat transitions in the tropical eel Anguilla bicolor bicolor. Environ. Biol. Fish. 89, 571–578 
(2010).

 39. Tzeng, W. N. Effects of salinity and ontogenetic movements on strontium:calcium ratios in the otoliths of the Japanese Eel, Anguilla 
japonica Temminck and Schlegel. J. Exp. Mar. Biol. Ecol. 199, 111–122 (1996).

 40. Lin, S. H., Chang, C. W., Iizuka, Y. & Tzeng, W. N. Salinities, not diets, affect strontium/calcium ratios in otoliths of Anguilla 
japonica. J. Exp. Mar. Biol. Ecol. 34, 254–263 (2007).

 41. Arai, T. & Chino, N. Influence of water salinity on the strontium:calcium ratios in otoliths of the giant mottled eel Anguilla mar-
morata. Environ. Biol. Fish. 100, 281–286 (2017).

 42. Jellyman, D. J. & Todd, P. R. Why are migrating male shortfinned eels (Anguilla australis) in Lake Ellesmere, New Zealand, getting 
smaller but not younger?. Bull. Fr. Peche. Piscic. 349, 141–152 (1998).

 43. Jellyman, D. J., Glova, G. J., Sagar, P. M. & Sykes, J. R. E. Spatiotemporal distribution of fish in the Kakanui River estuary, South 
Island, New Zealand. NZ J. Mar. Freshw. Res. 30, 103–118 (2001).

 44. McDowall, R. M. New Zealand Freshwater Fishes: A Natural History and Guide (Heinemann Reed, Auckland, 1990).
 45. Jowett, I. G. & Richardson, J. Habitat preferences of common, riverine New Zealand native fishes and implication for flow manage-

ment. NZ J. Mar. Freshw. Res. 29, 13–23 (1995).
 46. Glova, G. J., Jellyman, D. J. & Bonnett, M. L. Factors associated with the distribution and habitat of eels (Anguilla spp.) in three 

New Zealand lowland streams. NZ J. Mar. Freshw. Res. 32, 255–269 (1998).
 47. Bozeman, E. K., Helfman, G. S. & Richardson, T. Population size and home range of American eels in a Georgia tidal creek. Trans. 

Am. Fish. Soc. 114, 821–825 (1985).
 48. Ford, T. E. & Mercer, E. Density, size distribution and home range of American eels, Anguilla rostrata, in a Massachusetts salt 

marsh. Environ. Biol. Fish. 17, 309–314 (1986).
 49. Chisnall, B. L. & Kalish, J. M. Age validation and movement of freshwater eels (Anguilla dieffenbachii and A. australis) in a New 

Zealand pastoral stream. NZ J. Mar. Freshw. Res. 27, 333–338 (1993).
 50. Oliveira, K. Movement and growth rates of yellow phase American eels in the Annaquatucket River, Rhode Island. Trans. Am. 

Fish. Soc. 126, 638–646 (1997).
 51. Jellyman, D. J. & Sykes, J. R. E. Diel and seasonal movements of radio-tagged freshwater eels, Anguilla spp., in two New Zealand 

streams. Environ. Biol. Fish. 66, 143–154 (2003).
 52. Poole, W. R. & Reynolds, J. D. Variability in growth rate in European eel Anguilla anguilla (L.) in a Western Irish catchment. Proc. 

R. Irish Acad. 98B, 141–145 (1998).
 53. Jessop, B. M. Geographic effects on American eel (Anguilla rostrata) life history characteristics and strategies. Can. J. Fish. Aquat. 

Sci. 2010(67), 326–346 (2010).
 54. Kotake, A. et al. Ecological aspects of Japanese eels, Anguilla japonica, collected from coastal areas of Japan. Zool. Sci. 24, 1213–1221 

(2007).
 55. Jellyman, D. J. Status of New Zealand fresh-water eel stocks and management initiatives. ICES J. Mar. Sci. 64, 1379–1386 (2007).
 56. Chisnall, B. L. & Hicks, B. J. Age and growth of longfinned eels (Anguilla dieffenbachii) in pastoral and forested streams in the 

Waikato River basin, and in two hydro-electric lakes in the North Island, New Zealand. NZ J. Mar. Freshw. Res. 27, 317–332 (1993).
 57. Iizuka, Y. Electron microprobe study of otolith: Migratory behavior and habitat of three major temperate species of eels. JEOL 

News 47, 33–50 (2012).
 58. Arai, T., Otake, T. & Tsukamoto, K. Drastic changes in otolith microstructure and microchemistry accompanying the onset of 

metamorphosis in the Japanese eel Anguilla japonica. Mar. Ecol. Prog. Ser. 161, 17–22 (1997).
 59. Oliveira, K. Field validation of annular growth rings in the American eel Anguilla rostrata, using tetracycline-marked otolith. Fish. 

Bull. 94, 186–189 (1996).



13

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16890  | https://doi.org/10.1038/s41598-020-72788-9

www.nature.com/scientificreports/

 60. Graynoth, E. Improved otolith preparation, ageing and back-calculation techniques for New Zealand freshwater eels. Fish. Res. 
42, 137–146 (1999).

 61. Arkhipkin, A. I., Schuchert, P. C. & Danyushevsky, L. Otolith chemistry reveals fine population structure and close affinity to the 
Pacific and Atlantic oceanic spawning grounds in the migratory southern blue whiting (Micromesistius australis australis). Fish. 
Res. 96, 188–194 (2009).

 62. Schuchert, P. C., Arkhipkin, A. I. & Koenig, A. E. Traveling around Cape Horn: Otolith chemistry reveals a mixed stock of Patagon-
ian hoki with separate Atlantic and Pacific spawning grounds. Fish. Res. 102, 80–86 (2010).

Acknowledgements
We thank Siti Raudah Abdul Kadir and Kok-Onn Kwong for their assistance in the field collection. We also 
express gratitude to Dr. Kang-Ning Shen for his kind support of our research project. This work was supported 
by the Ministry of Higher Education Malaysia under the Fundamental Research Grant Scheme (59406) and by 
Universiti Brunei Darussalam under the Competitive Research Grant Scheme (UBD/OVACRI/CRGWG (003)) 
and under the Faculty/Institute/Center Research Grant (No. UBD/RSCH/1.4/FICBF(b)/2019/021).

Author contributions
T.A. performed the field survey, analysed the data and wrote the manuscript. C.I.J., Y.I. and C.C.W. performed 
the otolith preparation and otolith microchemical analysis described in this study. All the authors read and 
approved the final manuscript.

competing interests 
T.A. was funded by the Ministry of Higher Education Malaysia and Universiti Brunei Darussalam. C.I.J., Y.I. and 
C.C.W. declare no potential conflicts of interest.

Additional information
Correspondence and requests for materials should be addressed to T.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Habitat segregation and migration in tropical anguillid eels, Anguilla bengalensis bengalensis and A. bicolor bicolor
	Results
	Species composition and distribution. 
	Size, age and relative growth. 
	Life history transects. 
	Habitat use. 

	Discussion
	Methods
	Fish. 
	Otolith preparation and microchemistry analysis. 
	Age determination. 
	Classification of migratory pattern and habitat use. 
	Statistical analysis. 

	References
	Acknowledgements


