10

11

12

Original articles (revisedS)

Study of aquatic ecological regions using fish fauna and geographic archipelago

factors

Rei Itsukushima'-*

nstitute of Decision Science for a Sustainable Society, Kyushu University, 744

Motooka, Nishi-ku, Fukuoka 819-0395, Japan.

*Corresponding author

Institute of Decision Science for a Sustainable Society, Kyushu University, 744

Motooka, Nishi-ku, Fukuoka 819-0395, Japan.

E-mail: itsukushima@ecivil.kyushu-u.ac.ip

Tel: +81-92-802-2071

©2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http*/creativecommons.org/licenses/by-nend/4.0/



13

14

15

16

17

18

19

20

21

22

23

24

Abstract

An evaluation of ecological integrity is required for ecosystem conservation and

restoration. The ecological region, or “ecoregion”, has been adopted as a unit of

geological area to enable a comparison of the ecological integrity of different regions.

The delineation of an ecological region is difficult in countries in East Asia, including

Japan because of complex topographies (i.e., several peninsulas and islands) and fauna

that are very finely delineated based on climate or geology. Therefore, it is important to

appropriately determine the ecoregions when determining their biological integrity and

comparing it among that of other ecoregions. I attempted to delineate an ecological region

of the Japanese archipelago based on the similarities among fish fauna by integrating the

information on fish fauna that was collected by the researchers and the national

government and local governments. In addition, quantitative analyses to investigate the
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relationship between fish fauna classification and meteorological and geographical

factors were conducted to discuss the factors that influence fish fauna classifications. The

archipelago was classified into 15 fish fauna groups, and the results of these grouped

classifications were closely related to the process by which the Japanese archipelago was

formed, the ocean current in its coastal waters, and the connection of the water system to

the glacial age. Our findings suggest that rivers within geographical areas that are

different from those within the Japanese archipelago might have different fish fauna

classifications based on our results and potential fish fauna depending on the

characteristics of the watershed, such as the scale of the floodplain, river conflicts, or river

formation process. By applying the results of our fish fauna classification, we are able to

make a comparison of the biological integrity of fish fauna among different watersheds

for managing the river environments or establishing conservation policies.
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1. Introduction

Freshwater habitats cover only ~0.8% of the Earth’s surface; however, approximately

100,000 species account for 6% of all recorded species living in these habitats (Gleick,

1996; Hawksworth and Kalin-Arroyo, 1995; Dudgeon et al., 2006). An inventory of

freshwater animals (Leveque et al., 2005) or freshwater “ecoregions” of the world (Abell

et al.,, 2008) was provided to enable scientists to better understand integrative

conservation of aquatic biodiversity. The evaluation of ecological integrity is necessary

to better conserve and restore our ecosystems, and the ecoregion was adopted as a unit of

geological or climatic area by which to compare ecological integrity across geographic

areas. Ecoregions are areas in which ecosystems, including the type, quality, and quantity

of environmental resources, are generally similar (Omernik, 1987; Bailey, 2004;

McDonald et al., 2005). They serve as a spatial framework for studying, assessing,
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managing, and monitoring ecosystems and their components (Omernik, 1987). In North

America, ecoregions were established as levels I to V according to the geographical scale,

and have been used to, among other applications, develop regional biological criteria and

water quality standards, set management goals for nonpoint-source pollution, assess land

cover trends, report on ecosystem carbon sequestration, and frame wildlife conservation

research (Omernik and Griffith, 2014). For Europe, Illies (1978) classified 25 ecoregions

using the endism of freshwater fish and benthic invertebrates, and subsequently, on the

basis of this classification, more ecoregion subdivisions were established in Slovenia

(Urbanic, 2008), northern Europe (Ecoregion form Nordic Council of Ministers 1984),

and the southern Balkans (Zogaris et al., 2009). In recent years, ecoregions have been

established in China using fish fauna or environmental factors of individual catchment

areas (Kong et al., 2013; Gao Y et al., 2011; Wang et al., 2015). In contrast to ecoregion
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research on a continental scale, as mentioned, research is also being conducted on

relatively small islands, and the effectiveness of delineating ecoregions in these smaller

areas has been confirmed. The South Island of New Zealand is an ecoregion classified

using the following six indicators: climatic region, rainfall, relief vegetation, soils, and

geology. The classification results were found to be similar to those of the ecoregion

classification using terrestrial Oligochaeta (Lee, 1959; Harding and Winterbourn, 1997).

Many researches evaluating ecological integrity or analyzing relationships between

biota and the physical environment were conducted based on the ecoregion concept.

Studies have been conducted using phytoplankton (Beaver et al., 2012), diatomaceous

(Chen et al., 2008) and benthic animals (King and Richardson, 2003; Ogren and Huckins,

2014; Feld and Hering, 2007; Butcher et al., 2003), fish (Krause et al., 2013, Ferreira et

al.,2007; Ellender et al., 2017; Mehner et al., 2007), and multiple taxonomic groups (Pace
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etal., 2012; Wang et al., 2007; Simboura et al., 2005, Johnson et al., 2007). The ecoregion

is also used in studies as an indicator by which the spatial scale affecting community

structure can be identified (Johnson and Goedkoop, 2002; Uzarski et al., 2005; Sandin

and Johnson, 2004). The concept of the ecoregion was adopted to evaluate abiotic factors,

and a reference nutrient condition was determined for lakes within the same ecoregion in

China (Huo et al., 2015; Huo et al., 2013; Zhang et al., 2014). In addition, the ecoregion

has been used for analyzing the invasion route of non-native species (Bajer et al., 2015).

Hering et al. (2009) analyzed the sensitivity of European Trichoptera species to climate

change and revealed that there was a high percentage of potentially endangered species

in southern European ecoregions. Furthermore, the concept of the ecoregion was applied

not only to land and freshwater areas but also to coastal and marine areas, and studies

have been conducted to determine reference conditions (Lucena-Moya et al., 2009),
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evaluate biodiversity (Simboura and Reizopoulou, 2008; Barnes et al., 2011; Easton et al.,

2017), and assess conservation plans (Giakoumi et al., 2013).Most of the research on how

to determine ecoregions were conducted in North American or Europe; whereas, despite the

abundant biodiversity in East Asia, including Japan (Allen 2008; De Silva et al., 2007; Lopes-

Lima et al., 2014), the concept of an ecological region within these areas is rarely clear. The

delineation of an ecological region is difficult in countries within the Asian monsoon region

because of complex topographies (i.e., several peninsulas and islands) and fauna that are very

finely delineated based on climate. In particular, the Japanese archipelago is a biodiversity hotspot

because of its location and complex geological history, including that it traverses multiple biomes

and comprises an intense diastrophism formed by the collision of four large tectonic plates (i.e.,

the Pacific, Philippine Sea, Asian, and North American). On the other hand, the biota is regionally

subdivided; therefore, it is important to appropriately determine the ecoregions when determining
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their biological integrity and comparing it among that of other ecoregions.

Research on fish fauna within the Japanese archipelago has been conducted from the

perspective of phylogeny or biology. Research on the geographical distribution pattern of

fish fauna has been conducted based on their similarities (Lindberg, 1972; Nakajima et

al., 2006; Yodo et al., 2001; Hirayama and Nakagoshi, 2003) or the mechanism by which

the distribution area was formed from the molecular phylogenetic tree (Yokoyama & Goto,

2002, Takahashi et al., 2001; Yamazaki et al., 2003; Yamamoto et al., 2004, Mukai et al.,

2004., Watanabe & Uyeno, 1999). These research results have contributed greatly to

understanding the derivation of Japanese fish fauna or the transition of the distribution

pattern; however, the creation of a river environmental management or conservation plan

was not conducted on a watershed scale based on the genetic information that resulted

from these recent researches for the following reasons: 1) genetic information is difficult

10
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to use on a basinwide scale, which is the basic unit of river environmental conservation;

2) acquiring genetic information on each species is difficult from the perspective of cost

and technical in-river surveys conducted by administrators; and 3) genetic information is

difficult to understand and limited to fish ecologists and evolutionists.

On the other hand, the administrative agency or researchers have stored information

on fish fauna, although the information is not centrally managed. In addition, information

on fish fauna is expected to be added by environmental assessment or periodic

environmental research; therefore, I attempted to delineate an ecological region based on

the similarities among fish fauna by integrating the information on fish fauna that was

collected by the researchers and the national government and local governments. In

addition, as the influencing factors that contribute to fish distribution, geographic factors,

such as distribution boundaries or the geological environment, were qualitatively

11
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discussed in previous research. In this study, quantitative analyses to investigate the

relationship between fish fauna classification and meteorological and geographical

factors were conducted to discuss the factors that influence fish fauna classifications. The

results of this classification define the geographical unit in which ecological integrity is

comparable, and will contribute to the management of the river environment and

establishment of conservation plans.

2. Materials and Methods

2.1. Study area

There is a logarithmic relationship between river size and number of fish species

(Angermeier & Schlosser, 1989; Nakajima et al., 2006; Reyjol et al., 2007), and small

rivers are not suitable for delineating an ecological region because fish fauna in them is

12
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poor compared with that in large rivers, regardless of geographical factors; therefore, this

study focused on 181 rivers within the Japanese archipelago with a river basin area of

>150 km2 (except for the basin areas of the relatively small rivers of the Amami-Oshima

and Okinawa Islands) encompassing the rivers where data on resident fish have been

compiled and published. The targeted 181 rivers are located evenly within each region of

Japan and the total value of the catchment area of these rivers accounts for 71% of total

land area. Furthermore, primary freshwater fish confirmed in these rivers accounted for

approximately 84% of that confirmed throughout Japan. Based on these facts, these rivers

were sufficiently large and had enough fish fauna to enable ecoregion delineations within

the Japanese aquatic areas.

2.2. Fish fauna data

13
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I used fish fauna data on the presence—absence of fish species that were investigated

by the Ministry of Land, Infrastructure, Transport and Tourism (MLIT; The National

Census on River Environments from 1992 to 2015) and the Ministry of Environment

(MOE; National Survey on the Natural Environment 1978 and 1994). In addition, I

conducted a literature search to include any additional fish fauna information. 118 species

of 84 rivers were added by the literature survey. The literatures used for addition were described

in supplementary data. Non-native species were excluded from the analysis based on the

information from the invasive species database released by the National Institute for

Environmental Studies (National Institute for Environmental Studies, 2015). I used the

data on both freshwater and migratory fish. Migratory fish living in brackish water and

freshwater have infiltrated into the Japanese archipelago using ocean currents (Aoyagi,

1957); therefore, I added these migratory fish species to the analysis because they appear

14
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to be an important factor in delineating the ecoregion. Presence—absence data on each

species were used for analysis.

2.3. Environmental data

I conducted the statistical analysis to investigate the relationship between results of

fish fauna classification and environmental factors. I adopted the meteorological factors

(annual average of seawater temperature [ST], air temperature [AT], and average-rainfall

over watershed [R]) and topographic factors (a reciprocal of the channel slope gradient

[G] and form ratio [F]) as the environmental factors.

Annual average ST was calculated using the value of temperature data at definite points

obtained from the Japan Oceanographic Data Center

(http://jdoss1.jodc.go.jp/vpage/coastal j.html). To represent ST at the rivers studied, I

15
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adopted the recorded value from the nearest observation point. For annual AT, I adopted

the average value of 10 years’ data obtained from the meteorological observatory and

local meteorological station managed by the Japan Meteorological Agency and extracted

R from the Rivers Handbook (Land, Infrastructure and Development Committee 2006).

For other rivers, [ adopted R from rainfall data from each meteorological observatory and

local meteorological station that was within the watershed of each river. G and F were

used as topographic factors, the values of which were obtained using an electronic map

from the Geospatial Information Authority of Japan and published data from the Ministry

of Land, Infrastructure, Transport and Tourism. F was calculated by dividing the basin

area by the square of the length of the river channel (Horton 1932).

As a result of confirming the correlation coefficient among these variables, I found a

high correlation value between AT and ST; therefore, four indicators (ST, R, G, and F)

16
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were adopted for statistical analyses.

2.4. Statistical analyses

The fish fauna data for each site were classified using two-way indicator species

analysis (TWINSPAN; Hill, 1979) based on dividing a reciprocal averaging ordination

space. Because TWINSPAN covers groups of all samples from the beginning, it is

difficult for the results to be affected by accidental fluctuations in individual small units

and more correctly reflects the character of the community than the intensive method,

such as cluster analysis (Kobayashi, 1995). PC-ORD ver. 4 (MjM Software Design)

(McCune & Mefford 1999) was used to calculate TWINSPAN. The pseudospecies cutoff

levels were defined as 0 (i.e., presence—absence), and the maximum number of indicator

species for a division was set at five.

17
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Following TWINSPAN, an indicator species analysis (IndVal) was executed to

determine the indicator species. IndVal was proposed by Dufréne and Legendre (1997) to

determine whether some species are characteristic of specific groups of samples

(intervals), and might reflect the environmental conditions inherent in these groups of

samples (Trindade & Carvalho 2018). IndVal was applied to select the representative

species for the environmental impact assessment (Niwa et al., 2009; Penczak, 2009,

Takahashi et al., 2011; Itsukushima et al., 2017). In this study, because species that

represent each ecological region can be subject to environmental evaluation and

conservation, I used IndVal to extract the representative species for each group

classification. In addition, the similarity of the fish fauna within each group was

calculated using Jaccard’s Index (Jaccard, 1912). The Jaccard Index is applied to

presence—absence data and has been most frequently used in conjunction with the

18
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Sorensen index since 1990 (Doi & Okamura, 2011). Furthermore, Cordoso et al. (2009)

conducted the performance evaluation of similarity indices by simulation and

recommended the Jaccard Index.

Further, decision tree model was executed to identify an environmental factor that

contributes to classifying fish fauna of the Japanese archipelago. The four environmental

factors (ST, R, G, and F) were used as explanatory variable and the classification result

of TWINSPAN used as objective variable. Gini index was adopted for judgment criteria

and optimal ramification number was calculated by cross-validation (De'Ath and

Fabricius, 2000) Analysis was conducted by statistical software “R”.

3. Results

3.1. Classifications of fish fauna

19
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As the result of TWINSPAN, 181 rivers were classified by the similarity of fish fauna

(Fig. 1 (a)). The map reflects the classification results as indicated in Fig.1 (b). First, the

181 rivers were divided into 31 rivers located in the Hokkaido and northern Tohoku

districts (groups A, B, and C) and other rivers. This result indicates the specificity of fish

fauna of the rivers located in Hokkaido. In addition, although the northern Tohoku district

is part of Honshu and accessible by land, fish fauna of northern Tohoku was similar to

that of Hokkaido. Second, the remaining 150 rivers were divided into eastern and western

Japan. The rivers in eastern Japan was classified into rivers flowing into the Pacific Ocean

(groups D and E) and on the Sea of Japan (groups F and G). Among the rivers located in

western Japan, those located in the Nansei islands were divided first (groups O and P).

The remaining rivers were classified into groups on the Sea of Japan and Pacific Ocean

(group H), flowing into Seto Inland Sea (groups J and K), flowing into Ise Bay (group I),

20
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and flowing into the Ariake Sea (group L). From these classification results, it was

revealed that the fish fauna in each river was influenced by coastal water body in addition

to geographical position. In addition, because western Japan comprises islands (Kyushu,

Shikoku, and Nansei) within the Inland Sea, the rivers in the region were more finely

classified than those in eastern Japan. In conclusion, the 181 rivers were classified into

15 groups using seven steps. The species that contributed to the 15 classifications

identified during each step are as follow: (DZacco platypus or Tribolodon sachalinensis,

@Barbatula, @ Silurus asotus or Nipponocypris temminckii,@ Cottus hangiongensis,

Phoxinus percnurus sachalinensis, and Pungitius sp., ®& Lethenteron japonicum or

Cottus sp. ME, ® Rhinogobius sp. MO, @D Z. platypus, ®R. giurinus or Tanakia

lanceolata, (9 Sicyopterus japonicus or Acheilognathus rhombeus, 0 Entosphenus

tridentatus, QD Cobitis matsubarae or Rhynchocypris lagowskii, D P. lagowskii

21
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steindachneri or Gnathopogon elongatus elongatus, Q3L. japonicum or Oncorhynchus

keta, ADRhodeus ocellatus kurumeus, and @Pseudobagrus nudiceps.

3.2. Characteristics of each fish fauna group

In this section, characteristics of fish fauna of each classification groups was described

based on the result of TWISPAN. Table 1 shows the average number of fish species

belonging to each family, which was representative of Japanese fish fauna (confirmed to

be more than 10 species). Group I contained the largest number species (noted as the

average * standard deviation; 52.4=+ 9.2), followed by group J (48.6 = 8.5), group I,

and group L (46.9%7.1) from Kyushu Island. Moreover, the number of species from

group I tended to decline in both north and south directions. The number of Cyprinidae

was highest in group J (22.1 = 4.9), followed by group L (21.9=£ 2.5) and group I (20.2

22
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T 4.9). Cyprinidae species were not confirmed in group O at Amami Oshima Island.

Salmonidae species were frequently confirmed in northern Japan and in the rivers flowing

into the Sea of Japan; the number of Salmonidae species was largest in group A (6.3

1.9), followed by group C (5.3 2.2) and group F (5.4 £1.4). Salmonidae species were

not confirmed in group O or group P. Gobiidae species are different from Salmonidae

species, and there were only few in northern Japan with numbers that tended to increase

toward the south. The number of Gobiidae species was largest in group O, followed by

group I (12.8 = 3.2), which belonged to rivers flowing into the Pacific Ocean that are

affected by the Japanese currents. Cobitidae was confirmed in all groups except for

groups O and P in the Nansei islands; the number of Cobitidae species did not differ

among the groups.

Table 2 lists the fish species with IndVal >30 in each group. In the rivers of Hokkaido

23
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277

278

(groups A and B), several species had high IndVal scores, particularly R. percnurus

sachalinensis and P. pungitius (group A) and C. hangiongensis and C. nozawae (group

B). No species had IndVal >30 in groups located on the Pacific Ocean side of eastern

Japan (groups C, D, and E); however, in the groups on the Sea of Japan side, A. tabira

tohokuensis and T. nakamurai (group F), Cottus sp. (group G), and Salvelinus

leucomaenis imbrius (group H) had higher IndVal values than other species within these

groups. Coreobagrus ichikawai and Cobitis sp. 2 subsp. had high IndVal values in group

I, which is composed of rivers flowing to Ise Bay. Hemibarbus barbus and Cobitis sp. 3

subsp. 1 had high IndVal values in group J. In addition, many species showed high IndVal

values in group L, which is composed of rivers flowing into the Ariake Sea. In particular,

Acheilognathinae had high IndVal values. No species had IndVal values >30 in the groups

located on the Pacific Ocean side of western Japan (groups M and N), which was similar

24
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to those in eastern Japan. In group O located in the waters of Amam-Oshima, the IndVal

values of Gobiidae species included those of Sicyopterus. Entosphenus tridentatus also

had high IndVal values in group P.

3.3. Environmental factor contribute to classifying fish fauna

Figure 2 shows the results of the decision tree model using the results of the fish fauna

classifications with TWINSPAN as the objective variable and environmental factors ST,

R, G, and F as explanatory variables. The number of rivers classified into each node is

indicated in Table 3. As a result of cross validation, the optimal ramification number was

12, and the total false classification rate was 40.9%. Among the 12 ramifications, the most

selected index was OT, followed by R and G. If OT was >19.15°C at ramification 1, the

rivers were predicted to be a group on the Pacific side of western Japan (groups M, N, O,

25
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and P). If OT was <19.15°C (ramification 1) and <15.15°C (ramification 5), the rivers

were predicted to be groups within Hokkaido and the Pacific side of Tohoku (groups A,

B, C, and D). At ramification 4, the rivers were predicted to be within the Sea of Japan

side of Tohoku and Hokuriku (groups F and G) and eastern Setouchi (group J) when OT

was <17.75°C. When OT was >17.75°C (ramification 4) and <17.95°C (ramification 7),

the rivers were predicted to be the group flowing into Ise Bay (group I). In addition, when

OT was >17.95° C and G was >220.555 at ramification 7, the rivers were predicted to

be those flowing into Kanto Plain (group E). If G was <220.555 at ramification 7, the

rivers were predicted to be those in western Setouchi and northeastern Kyushu (group K)

or the Sanin region (group H); however, the false classification rate was relatively high at

ramifications 11 and 12. The groups located within northern Japan (A, C, and D) and

within southern Japan (N, O, and P) had high predictive value, whereas the

26



303

304

305

306

307

308

309

310

311

312

313

314

misclassification rate was higher in groups within the Seto Inland Sea or Sanin region (K

or H).

4. Discussion

4.1. Environmental factors affecting the fish classification

As a result of the decision tree model using results of fish fauna classification with

TWINSPAN as the objective variable and environmental factors ST, R, G, and F as

explanatory variables, OT was selected by 9 out of 12 ramifications as the factors

contributing to fish fauna classification. I considered migratory fish as an important factor

in the fish community structure in the Japanese archipelago, and the ocean currents have

a large influence on the invasion of migratory fish to the area. At ramifications 6 and 8§,

R was selected as a classification factor; therefore, the rainfall amount was a factor that
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affected fish fauna classifications in areas of low rainfall, such as Hokkaido or eastern

Setouchi. Because flow regime characteristics influence fish community structure (Warfe

et al., 2014; Weliange et al., 2017; Sago & Nagai, 2003), differences in rainfall appear to

create a peculiar flow regime that influences fish fauna within these areas; whereas, G

was selected only at ramification 9, and the rivers belonging to the Kanto Plain (group E)

were extracted. The Backbone Mountains are connected at the north and south of the

Japanese archipelago; therefore, high-gradient rivers were minant, although relatively

large rivers were targeted in this study. On the other hand, the Kanto is the largest plain

in the Japanese archipelago, and contains many rivers with moderate gradients. It is

considered that a longitudinal gradient different from that of other rivers affects the fish

fauna of these groups. Rivers with G < 220.555 at ramification 9 were mostly those

belonging to Setouchi and Sanin (groups H, J, and K); however, these rivers were
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classified in multiple nodes and difficult to predict using the environmental factors

adopted in this research. In the area to which these rivers belong, there is a complicated

geological history, such as river conflicts and connected river systems from the glacial

period; therefore, I will explain the characteristics of the fish fauna and the geographical

factors in the next section.

4.2. Fish fauna classifications and geographical factors

In this section, I discuss the relationship between fish fauna classification results and

geographical factors. First, the fish fauna of the rivers belonging to the Hokkaido region

(groups A and B) were remarkably different from that of other regions. This revealed that

the zoogeographical boundary called the “Blakiston line” located between Honshu and

Hokkaido (Blakiston, 1883), which was established for mammals and birds, might also
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be adopted for fish fauna. The lowest sea level in the Tsugaru Strait after it was formed

during the glacial stage was -80 m and the maximum depth was -140 m (Ohshima 1980);

therefore, freshwater fish could not migrate between Honshu and Hokkaido, and the

endemic fish fauna became established in the waters of Hokkaido. On the other hand,

group C was classified within the same group of rivers belonging to Hokkaido (group A

and B) during the first step. The Jaccard similarity index indicated that the similarity

between groups C and A was 0.36 for freshwater fish and 0.45 for migratory fish, and

between groups C and B was 0.33 for freshwater fish and 0.65 for migratory fish (Table

4). The similarity between migratory fish of group C and Hokkaido was also similar;

therefore, these species were classified into the same group during first step. In addition,

the fish species in the Pacific Ocean and the Sea of Japan sides were classified into

different groups in Honshu (Fig. 1[b]); whereas, those in the Iwaki River located farthest
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north of Honshu on the Sea of Japan side were classified into the same group as those on

the Pacific Ocean side. These results indicated that the migratory fish in the rivers

belonging to group C are believed to be influenced by the Tsugaru Warm Current (Conlon,

1982) flowing from the Sea of Japan to the south along the Sanriku Coast; therefore, the

Iwaki River was classified into the same group as the rivers on the Pacific Ocean side.

During the third step of TWINSPAN, the Japanese archipelago was divided into groups

D-G located in eastern Japan and groups H—P located in western Japan. The Japanese

archipelago is said to have been formed from the eastern margin of Asia and

independently separated eastern Japan from western Japan. These boundary areas (Fossa

Magna) were caved and below sea level approximately 5 million years ago (Otofuji and

Matsuda, 1984; Otofuji et al., 1985). Among the species distributed across the Fossa

Magna, Lefua echigonia and C. biwae populations have been noted as having different
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genetic structures across the Fossa Magna boundaries (Kitagawa et al., 2003; Saka et al.,

2003; Sakai et al., 2003; Mihara et al., 2005). In addition, Watanabe (1998) explained that

the most dramatic change in fish fauna occurred east and west of the Fossa Magna area.

In this study, the fish fauna of the Japanese archipelago were divided into eastern Japan

and western Japan as bounded by the Fossa Magna area by the distribution of S. asotus

or N. temminckii, and an influence by the Fossa Magna area on the fish fauna was

suggested.

The Sea of Japan is an inland lake and provides an aquatic route through which Asian

continental fish can invade the Japanese archipelago. Furthermore, the invasion of

Salmonidae species was influenced by northern ocean currents, while the invasion of

Gobiidae species was influenced by southern ocean currents. This reflects the abundance

of Gobiidae species in southeastern Japan and that of Sa/monidae species in northeastern

32



375

376

377

378

379

380

381

382

383

384

385

386

Japan, and also the large number of invasive species in the northwestern part of Kyushu

and Kinki into the Japanese archipelago

The rivers on the Pacific Ocean side of Japan were classified from the north in the

following order: groups C, D, E, M, and N. The Jaccard’s similarity index of migratory

fish among groups C, D, and E was higher (>0.70) than the similarity index between

groups E and M (0.53) (Table 4). In addition, the fish fauna of the migratory species

within groups M and N appears to be similar given that the Jaccard’s similarity index was

higher (0.73) than that between groups E and M (Table 4); therefore, the migratory fish

fauna within group E and northward were different from that within group M and

southward. This reflects that the ocean current influenced the invasion route of the

migratory fish. Figure 1(b) shows the ocean currents near Japan. The Kurile Current flows

adjacent to the sea of group E and northward, whereas, the Japan Current flows adjacent
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to the sea of group M and southward; therefore, the ocean current is considered to have a

significant effect on Japanese aquatic ecoregions.

The rivers located in western Japan and flowing into the Seto Inland Sea were divided

into group J (eastern Setouchi), group K (western Setouchi and northeastern Kyushu),

and group H (Sanin region). Kuwashiro (1959) revealed that the three riverine systems,

which are divided by the catchment boundary of the Bisan and Kanmon Straits, existed

during the last glacial period (70,000~10,000 BP) using the geography of the submerged

valley of the Seto Inland Sea. The east river system flowed into the Kii Channel, and the

central river and west river systems were joined at Hoyo Strait and flowed into the Pacific

Ocean through the Bungo Channel (Fig. 2). As a result of the classifications, the Ashida

River and the rivers to the east belong in group J, and the Shimada River and the rivers

to the west were classified into group K. This classification suggests that the previous
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river systems influenced the existing fish fauna, although the current location of the

classification boundaries are different from those of the previous river systems. The

influence of the river systems during the glacial age on the present fish fauna has been

reported for the islands within the Seto Inland Sea (Hirayama and Touyama, 2011).

4.3. Fish fauna classifications and the geographical position

The rivers located within Hokkaido were divided into groups A and B. The Rumoi,

Syokotsu, and Mu Rivers are located in eastern Hokkaido; however, they were classified

into group B, which is composed of the rivers located in western Hokkaido. Table 3 shows

the average value of the Jaccard’s similarity index for each river in their respective groups

within Hokkaido. In the Mu and Syokotsu Rivers, the average values of the similarity

index among the groups were nearly the same. In addition, as a result of the one-way
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analysis of variance, significant differences in the similarity index were not confirmed

among the groups for these two rivers. The fish fauna of these rivers were intermediate

between groups A and B, therefore, the potential fish fauna of these rivers are believed to

be more similar to those of group A, considering their geographical position.

The rivers located in the Tohoku region of the Sea of Japan side and the Hokuriku

region were divided into groups F and G. The Ara and Kaji Rivers were classified into

group G (Hokuriku Distinct) from the similarity of their fish fauna, even though they were

located within the Tohoku region on the Sea of Japan side. In these rivers, a high

occurrence of species in group F, such as Carassius auratus subsp. 1, A. tabira, A. tabira

tohokuensis, A. typus, and Pseudorasbora pumila, were not confirmed; therefore, these

rivers were classified into other groups. Figure 3 shows the longitudinal gradient of the

middle and lower areas of the Ara River, the Kaji River, and neighboring rivers. The
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longitudinal gradient of the Ara and the Kaji Rivers was steeper than that of other rivers

in the section ~10 km from the river mouth, and the floodplain area of these rivers was

revealed to be smaller than that of other rivers. Because fish species such as 4. tabira,

which live in the floodplain, were not confirmed in these two rivers, it is highly probable

that these species could not inhabit these rivers given their relatively steep gradients and

poor floodplain environment. The Ara and Kaji Rivers were classified as group G based

on their topographical factors; however, the potential fish fauna was considered

homologous to group F.

Among the rivers flowing into the Seto Inland Sea, the Kurose, Ota, and Nishiki

Rivers were classified into group H, which comprised rivers located within the Sanin

region. In the Chugoku region was formed in the middle Miocene age when the backbone

of the Chugoku region became a peneplane (low-relief plain formed by protracted
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erosion); therefore, there are many traces of river conflicts in these areas (Nishimura,

1962). In these areas, river conflicts over the Ota River system and the Gono river system

(Inami, 1951), the Oze River system and the Nishiki River system (Yamanouchi and

Shiraishi, 2009), and the Oze River system and Takatsu River system (Yamanouchi and

Shiraishi, 2010) have been reported; therefore, fish fauna of the Kurose, Ota, and Nishiki

Rivers could be similar to those within the rivers flowing into the Sea of Japan because

freshwater fish migrate beyond the boundary of river systems because of river conflicts.

Table 4 shows the Jaccard’s similarity index for all species, including freshwater and

migratory fish, among these rivers and adjacent groups (groups K and H). In these three

rivers, the Jaccard’s similarity index was higher in group H than in group K, particularly

with regard to freshwater fish. These rivers were classified into group H because the

highly indicative S. leucomaenisimbrius and Leucopsarion petersii were confirmed.
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In addition, the classification results for the Shira and Kuma Rivers did not correspond

to their geographical positions. In these rivers, the number of species of Acheilognathinae,

specifically in the northern Kyushu region, was low because of the establishing process

and timing of these rivers (Itsukushima et al., 2013); however, fish fauna, with the

exception of Acheilognathina, was similar to that of other rivers flowing into the Ariake

Sea. Therefore, the potential fish fauna was considered similar to that of group L.

Based on the classification results of the TWINSPAN analysis and our discussion, |

suggest the aquatic ecoregions of the Japanese archipelago as designated in Fig. 4;

however, the classification boundaries shown here need further verification.

4.4. Future prospects for establishing aquatic ecological regions

In this study, I attempted to define ecological regions based on the similarities within
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469

470

the fish fauna in relation to environmental factors and geological history. The use of fish

fauna as a suitable environmental indicator is widely accepted, because they require a

wide range of habitat conditions and reflect the accumulation of disturbances caused

through anthropogenic activity (Karr 1991, Gansan & Hughes 1998). On this basis, fish

fauna have been utilized for the delineation of ecoregions in a number of areas (Krause

etal., 2013, Ferreira et al., 2007; Ellender et al., 2017; Mehner et al., 2007). On the other

hand, ecological regions are commonly defined as areas in which ecosystems, including

the type, quality, and quantity of environmental resources, are generally similar; therefore,

the assessment of other taxonomic groups, such as benthos or phytoplankton, is necessary

to confirm the robustness of the proposed ecological regions.

In addition, I attempted to delineate ecological regions based on the similarities

among fish fauna by integrating the information on fish fauna collected by researchers
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and national and local governments. Recent studies include those focusing on the

effectiveness of modelling techniques, such as artificial neural networks, for the

interpretation of distribution patterns of biotic communities (Kruk and Penczak, 2013;

Kruk et al., 2017), a contemporary real-life case study (Sefeedpari et al., 2016), and those

including the prediction of hydrological phenomena (Olyaie et al., 2015; Chau 2017,

Chen et al 2016; Wang et al, 2014). Modelling technologies will considerably improve

the accuracy of delineating ecological regions and their boundaries by enabling the

prediction of fish fauna in rivers whose data have not been collected.

5. Conclusion

The delineation of an ecological region is difficult in East Asia, including Japan because

of complex topographies (i.e., several peninsulas and islands) and fauna that are very
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finely delineated based on climate. I attempted to delineate an ecological region based on

the similarities among fish fauna by integrating the information on fish fauna that was

collected by the researchers and the national government and local governments. Further,

quantitative analyses to investigate the relationship between fish fauna classification and

meteorological and geographical factors were conducted to discuss the factors that

influence fish fauna classifications. The major conclusion and recommendations of this

study include as following:

* The Japanese archipelago was classified into 15 groups according to fish fauna.

* The number of species and Cyprinidae was largest in the central region of the Japanese

archipelago and tends to decline from the central area of the Japanese archipelago toward

the north and south, except for northwest Kyushu. In addition, Sa/monidae species were

frequently confirmed in northern Japan and in the rivers flowing into the Sea of Japan,
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with the number of Salmonidae species declining toward the south. Gobiidae species

were scarce in northern Japan, but the number of species tended to increase toward the

south.

* The results of classification using fish fauna are closely related to the process of the

formation of the Japanese archipelago, the ocean currents in Japanese coastal waters, and

the connections of the water system during the glacial age.

- It was suggested that rivers within geographical locations different from those within

our classifications might contain different fish fauna resulting from potential migrating

fish species depending on the characteristics of the watershed, such as the scale of the

floodplain, river conflicts, or the river formation process.

* We can apply the results of the classifications system used in this study to enable a

comparison of the biological integrity of fish fauna among watersheds for managing river
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environments or establishing conservation policies.

* Fish fauna within the Japanese archipelago was revealed to be an effective measure by

which to delineate an ecological region; however, the boundaries of each ecological

region or the applicability to other taxon should also be considered in future research.

Acknowledgments: This work was supported by JSPS KAKENHI Grant Number

JP15K18144.

References

Abell, R., Thieme, M.L., Revenga, C., Bryer, M., Kottelat, M., Bogutskaya, N., Coad, B., Mandrak,

N., Balderas, S.C., Bussing, W., Stiassny, M.L.J., Skelton, P., Allen, G.R., Unmack, P., Naseka, A.,

Ng, R., Sindorf, N., Robertson, J., Armijo, E., Higgins, J.V., Heibel, T.J., Wikramanayake, E.,

44



519

520

521

522

523

524

525

526

527

528

529

530

Olson, D., Lopez, H.L., Reis, R.E., Lundberg, J.G., Sabaj Pérez, M.H., Petry, P., 2008. Freshwater

ecoregions of the world: A new map of biogeographic units for freshwater biodiversity

conservation. BioScience. 58, 403-414.

Allen, G.R., 2008. Conservation hotspots of biodiversity and endemism for Indo-Pacific coral reef

fishes. Aquat. Conserv. 18, 541-556.

Angermeier, P.L., Schlosser, 1.J., 1989. Species-area relationships for stream fishes. Ecology. 70, 1450-

1462.

Aoyagi, H., 1957. General notes on the freshwater fishes of the Japanese Archipelago. Taishukan,

Tokyo.

Bailey, R.G., 2004. Identifying ecoregion boundaries. Environ. Manage. 34, 14-26.

Barnes, N., Bamber, R.N., Bennell, G., Cornelius, N., Glassom, D., Henderson, S.C., Jiddawi, N.,

Lee, C.N.W., Macia, A., Msangameno, D.J., Paula, J., Yahya, S., Ferrero, T.J., 2011. Assessment

45



531

532

533

534

535

536

537

538

539

540

541

542

of regional and local biodiversity in tropical and subtropical coastal habitats in the East African

Marine Ecoregion. Biodivers. Conserv. 20, 2075-2109.

Bajer, P.G., Cross, T.K., Lechelt, J.D., Chizinski, C.J., Weber, M.J., Sorensen, P.W., 2015. Across-

ecoregion analysis suggests a hierarchy of ecological filters that regulate recruitment of a globally

invasive fish. Divers. Distrib. 21, 500-510.

Beaver, J.R., Scotese, K.C., Minerovic, A.D., Buccier, K.M., Tausz, C.E., Clapham, W.B., 2012. Land

use patterns, ecoregion and phytoplankton relationships in productive Ohio reservoirs. Inland.

Waters. 2, 101-108.

Blakiston, T., 1883. Zoological indications of ancient connection of the Japan islands with the

continent. Trans. Asia. Soc. Jap. 2, 126-140.

Butcher, J.T., Stewart, P.M, Simon, T.P., 2003. Effects of two classification strategies on a Benthic

Community Index for Streams in the Northern Lakes and Forests Ecoregion, Ecol. Indic. 3, 195-

46



543

544

545

546

547

548

549

550

551

552

553

554

202.

Cardoso, P., Borges, P.A.V., Veech, J.A., 2009. Testing the performance of beta diversity measures

based on incidence data: The robustness to undersampling. Divers. Distrib. 15, 1081-1090.

Chau, K.W., 2017. Use of Meta-Heuristic Techniques in Rainfall-Runoff Modelling, Water. 9, 186.

Chen, G., Dalton, C., Leira, M., Taylor, D., 2008. Diatom-based total phosphorus (TP) and pH transfer

functions for the Irish Ecoregion. J. Paleolimnol. 40, 143-163.

Chen, X.Y., Chau, K.W., 2016. A Hybrid Double Feedforward Neural Network for Suspended

Sediment Load Estimation. Water. Resour. Manag. 30, 2179-2194.

Conlon, D.M., 1982. On the outflow modes of the Tsugaru warm current. La. mer. 20, 60-64.

De'Ath, G., Fabricius, K.E., 2000. Classification and regression trees: A powerful yet simple technique

for ecological data analysis. Ecology. 81, 3178-3192.

De Silva, S.S., Abery, N.W., Nguyen, T.T.T., 2007. Endemic freshwater finfish of Asia: Distribution

47



555

556

557

558

559

560

561

562

563

564

565

566

and conservation status: Biodiversity research. Divers. Distrib. 13, 172-184.

Doi, H., Okamura, H. 2011. Similarity indices, ordination, and community analysis tests using the

software R. Jpn. j. ecol. 61, 3-20.

Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.-1., Knowler, D.J., Lévéque, C., Naiman,

R.J., Prieur-Richard, A.-H., Soto, D., Stiassny, M.L.J., Sullivan, C.A., 2006. Freshwater

biodiversity: Importance, threats, status and conservation challenges. Biol. Rev. Camb. Philos. 81,

163-182.

Dufréne, M., Legendre, P., 1997. Species assemblages and indicator species: The need for a flexible

asymmetrical approach. Ecol. Monogr. 67, 345-366.

Easton, E.E., Sellanes, J., Gaymer, C.F., Morales, N., Gorny, M., Berkenpas, E., 2017. Diversity of

deep-sea fishes of the Easter Island Ecoregion. Deep-Sea Res Pt II. 137, 78-88.

Ellender, B.R., Wasserman, R.J., Chakona, A., Skelton, P.H., Weyl, O.L., 2017. A review of the biology

48



567

568

569

570

571

572

573

574

575

576

577

578

and status of Cape Fold Ecoregion freshwater fishes. Aquat. Conserv. 1-13.

Feld, C.K., Hering, D., 2007. Community structure or function: Effects of environmental stress on

benthic macroinvertebrates at different spatial scales. Freshwater. Biol. 52, 1380-1399.

Ferreira, T., Caiola, N., Casals, F., Oliveira, J.M., de Sostoa, A., 2007. Assessing perturbation of river

fish communities in the Iberian Ecoregion. Fisheries. Manag. Ecol. 14, 519-530.

Ganasan, V., Hughes, R.M., 1998. Application of an index of biological integrity (IBI) to fish

assemblages of the rivers Khan and Kshipra (Madhya Pradesh), India, Freshwater. Biol. 40, 367-

383.

Gao, Y., Gao, J., Chen, J., Xu, Y., Zhao, J., 2011. Regionalizing Aquatic Ecosystems Based on the

River Subbasin Taxonomy Concept and Spatial Clustering Techniques, Int. J. Environ. Res. Public.

Health. 8, 4367-4385.

Giakoumi, S., Sini, M., Gerovasileiou, V., Mazor, T., Beher, J., Possingham, H.P., Abdulla, A., Cinar,

49



579

580

581

582

583

584

585

586

587

588

589

590

M.E., Dendrinos, P., Gucu, A.C., Karamanlidis, A.A., Rodic, P., Panayotidis, P., Taskin, E., Jaklin,

A., Voultsiadou, E., Webster, C., Zenetos, A., Katsanevakis, S., 2013. Ecoregion-Based

Conservation Planning in the Mediterranean: Dealing with Large-Scale Heterogeneity. PLoS ONE.

Gleick, P. H., 1996. Water resources. In Encyclopedia of Climate and Weather (ed. S. H. Schneider),.

Oxford University Press, New York, USA. 817-823.

Harding, J.S., Winterbourn, M.J., 1997. An ecoregion classification of the South Island, New Zealand.

J. Environ. Manage. 51, 275-287.

Hawksworth, D. J.,, KALIN-ARROYO, M. T., 1995. Magnitude and distribution of biodiversity. In

Global biodiversity Assessment (ed. V. H. Heywood). Cambridge University Press, Cambridge,

U.K. 107-191.

Hering, D., Schmidt-Kloiber, A., Murphy, J., Liicke, S., Zamora-Muioz, C., Lopez-Rodriguez, M.J.,

50



591

592

593

594

595

596

597

598

599

600

601

602

Huber, T., Graf, W., 2009. Potential impact of climate change on aquatic insects: A sensitivity

analysis for European caddisflies (Trichoptera) based on distribution patterns and ecological

preferences. Aquat. Sci. 71, 3-14.

Hirayama, T., Nakagoshi N., 2003. The freshwater fish fauna of the rivers flowing into the Seto Inland

Sea in Hiroshima Prefecture. Jpn. J. Ichthyol. 50, 1-13.

Hill, M. O., 1979. TWINSPAN: A FORTRAN program for arranging multivariate data in an ordered

two-way table by classification of the individuals and attributes. Ecological and Systematics

Department. Cornell University, New York.

Hirayama, T., Touyama Y., 2011. Biogeographical study of the freshwater fish fauna of islands in the

Seto Inland Sea, Hiroshima Prefecture, Japan. Jpn. J. Ichthyol. 58, 161-169.

Huo, S., Ma, C., Xi, B., Su, J., He, Z., Li, X., 2015. Establishing water quality reference conditions

for nutrients, chlorophyll a and Secchi depth for 7 typical lakes in arid and semiarid ecoregion,

51



603

604

605

606

607

608

609

610

611

612

613

614

China. Environ Earth Sci., 73, 4739-4748.

Huo, S., Xi, B., Su, J., Zan, F., Chen, Q., Ji, D., Ma, C., 2013. Determining reference conditions for

TN, TP, SD and Chl-a in eastern plain ecoregion lakes, China. J. Environ. Sci-China. 25, 1001-

1006.

Illies, J., 1978. Limnofauna Europaea. Gustav. Fischer. Verlag. Stuttgart.

Inami, E., 1951. The causes and process of river piracy in Japan. Geogr. Rev. Jpn. 24, 337-343.

Itsukushima, R., Morita, K., Shimatani, Y. 2017. The use of molluscan fauna as model Taxon for the

Ecological classification of river estuaries. Water. 9, 356.

Itsukushima, R., Shimatani, Y., Kawaguchi, Y., 2013. The effectiveness of delineating ecoregions in

the Kyushu region of Japan to establish environmental indicators. Landsc. Ecol. Eng. 9, 27-46.

Jacccard, P., 1912. The Distribution of the Flora in the Alpine Zone. New. Phytol. 11, 37-50.

Johnson, R.K., Goedkoop, W., 2002. Littoral macroinvertebrate communities: Spatial scale and

52



615

616

617

618

619

620

621

622

623

624

625

626

ecological relationships. Freshwater. Biol. 47, 1840-1854.

Johnson, R.K., Furse, M.T., Hering, D., Sandin, L., 2007. Ecological relationships between stream

communities and spatial scale: Implications for designing catchment-level monitoring

programmes. Freshwater. Biol. 52, 939-958.

Karr, J.R., 1991. Biological integrity: A long neglected aspect of water resource management, Ecol.

Appl. 1, 66-84.

King, R.S., Richardson, C.J., 2003. Integrating bioassessment and ecological risk assessment: An

approach to developing numerical water-quality criteria. Environ. Manage. 31, 795-809.

Kitagawa, T., M., Kitagawa, E., Yoshioka, M., Kashiwagi, M., Okazaki, T., 2003. Phylogeography and

the maternal origin of the tetraploid form of the Japanese spined loach, Cobitis biwae, revealed by

mitochondrial DNA analysis. Ichthyol. Res. 50, 318-325.

Kobayashi, S. 1995. Multivariate analysis of biological community. Soujyushobou, Tokyo.

53



627

628

629

630

631

632

633

634

635

636

637

638

Kong, W., Meng, W., Zhang, Y., Gippel, C., Qu, X., 2013. A freshwater ecoregion delineation approach

based on freshwater macroinvertebrate community features and spatial environmental data in Taizi

River Basin, northeastern China. Ecol. Res. 28, 581-592.

Krause, J.R., Bertrand, K.N., Kafle, A., Troelstrup Jr., N.H., 2013. A fish index of biotic integrity for

South Dakota's Northern Glaciated Plains Ecoregion. Ecol. Indic. 34, 313-322.

Kruk, A., Penczak, T., 2013. Natural regeneration of fish assemblages in the pilica river after a

reduction of point-source pollution. River. Res. Appl. 29, 502-511.

Kruk, A., Cieptucha, M., Zigba, G., Blonska, D., Tybulczuk, S., Tszydel, M., Marszal, L., Janic, B.,

Pietraszewski, D., Przybylski, M., Penczak, T., 2017. Spatially diverse recovery (1986-2012) of

fish fauna in the Warta River, Poland: The role of recolonizers’ availability after large-area

degradation. Ecol. Eng. 102, 612-624.

Kuwashiro, 1., 1959. Submarine topography of Japanese inlandsea setonaikai. The Association of

54



639

640

641

642

643

644

645

646

647

648

649

650

Japanese Geographers. 32, 24-35.

Lévéque, C., Balian, E.V., Martens, K., 2005. An assessment of animal species diversity in continental

waters. Hydrobiologia. 542, 39-67.

Lee, K.E., 1959. The earthworm fauna of New Zealand. New Zealand DSIR Bull. 130, 1-486.

Lindberg, G.U., 1972. Large-scale fluctuations of sea level in the Quaternary period: Hypothesis based

on biogeographical evidence. 548 pp. Nauka, Leningrad (in Russian).

Lopes-Lima, M., Teixeira, A., Froufe, E., Lopes, A., Varandas, S., Sousa, R., 2014. Biology and

conservation of freshwater bivalves: Past, present and future perspectives. Hydrobiologia. 735, 1-

13.

Lucena-Moya, P., Pardo, 1., Alvarez, M., 20009. Development of a typology for transitional waters in

the Mediterranean ecoregion: The case of the islands. Estuar. Coast. Shelf. S. 82, 61-72.

McCune, B., Mefford, M.J., 1999. PC-ORD. Multivariate analysis of ecological data, Version 4. MjM

55



651

652

653

654

655

656

657

658

659

660

661

662

Software Design, Gleneden Beach, Oregon.

McDonald, R., McKnight, M., Weiss, D., Selig, E., O'Connor, M., Violin, C., Moody, A. 2005 Species

compositional similarity and ecoregions: Do ecoregion boundaries represent zones of high species

turnover? Biol. Conserv. 126, 26-40.

Mehner, T., Holmgren, K., Lauridsen, T.L., Jeppesen, E., Diekmann, M., 2007. Lake depth and

geographical position modify lake fish assemblages of the European 'Central Plains' ecoregion.

Freshwater. Biol. 52, 2285-2297.

Mihara, M., Sakai, T., Nakao, K., Martins, L.D.O., Hosoya, K., Miyazaki, J.-1., 2005. Phylogeography

of loaches of the genus Lefua (Balitoridae, Cypriniformes) inferred from mitochondrial DNA

sequences. Zool. Sci. 22, 157-168.

Mukai, T., Suzuki, T., Nishida, M., 2004. Genetic and geographical differentiation of Pandaka gobies

in Japan. Ichthyol. Res. 51, 222-227.

56



663

664

665

666

667

668

669

670

671

672

673

674

Nakajima, J., Onikura, N., Matsui, S., Oilkawa, S., 2006. Geographical distribution of genuine

freshwater fishes in Fukuoka Prefecture, northern Kyushu, Japan. Ichthyol Res. 53, 117-131.

National Institute for Environmental Studies. 2015. Invasive species database.

https://www.nies.go.jp/biodiversity/invasive/index.html

Nishimura, K., 1962. Water system of Chugoku Mountains and its development. Hiroshima Univ. Std.

Fac. Lett. 21, 188-206.

Niwa, H., Mitsuhashi, H., Morimoto, H., 2009. Determining ecological indicators and habitat

classifications at the catchment scale. Jap. J. Conserv. Ecol. 14, 173-184.

Ogren, S.A., Huckins, C.J., 2014. Evaluation of suitability and comparability of stream assessment

indices using macroinvertebrate data sets from the Northern Lakes and Forests Ecoregion. Ecol.

Indic. 40, 117-126.

Ohshima, K., 1980. Recording the late-Quaternary sea-level change on the topographic feature of the

57



675

676

677

678

679

680

681

682

683

684

685

686

straits of the Japanese Islands. Quatern. Res. 19, 23-27.

Olyaie, E., Banejad, H., Chau, K.W., Melesse, A.M., 2015. A comparison of various artificial

intelligence approaches performance for estimating suspended sediment load of river systems: a

case study in United States. Environ. Monit. Assess. 187, 189.

Omernik, J.M., 1987. Ecoregions of the Conterminous United States. Ann. Assoc. Am. Geogr. 77, 118-

125.

Omernik, J.M., Griffith, G.E., 2014. Ecoregions of the Conterminous United States: Evolution of a

Hierarchical Spatial Framework. Environ. Manage. 54, 1249-1266.

Otofuji, Y.I.,, Matsuda, T., 1984. Timing of rotational motion of Southwest Japan inferred from

paleomagnetism. Earth. Planet. Sc. Lett. 70, 373-382.

Otofuji, Y.I., Matsuda, T., Nohda, S., 1985. Opening mode of the Japan Sea inferred from the

palacomagnetism of the Japan Arc. Narture. 317 (6038), 603-604.

58



687

688

689

690

691

692

693

694

695

696

697

698

Pace, G., Della Bella, V., Barile, M., Andreani, P., Mancini, L., Belfiore, C., 2012. A comparison of

macroinvertebrate and diatom responses to anthropogenic stress in small sized volcanic siliceous

streams of Central Italy (Mediterranean Ecoregion). Ecol. Indic. 23, 544-554.

Penczak, T. 2009. Fish assemblage compositions after implementation of the IndVal method on the

Narew River system. Ecol. Model. 220, 419-423.

Reyjol, Y., Hugueny, B., Pont, D., Bianco, P.G., Beier, U., Caiola, N., Casals, F., Cowx, 1., Economou,

A., Ferreira, T., Haidvogl, G., Noble, R., de Sostoa, A., Vigneron, T., Virbickas, T. 2007., Patterns

in species richness and endemism of European freshwater fish. Global. Ecol. Biogeogr. 16, 65-75.

Sago, J., Nagai, A., 2003. Relationship between physical characteristics of river and fish species

diversity in the Class A river of Japan. Annu. J. Hydraul. Eng. JSCE. 748 VI-29, 11-23.

Saka, R., Takehana, Y., Suguro, N., Sakaizumi, M., 2003. Genetic population structure of Lefua

echigonia inferred from allozymic and mitochondrial cytochrome b variations. Ichthyol. Res. 50,

59



699

700

701

702

703

704

705

706

707

708

709

710

140-148.

Sakai, T., Mihara, M., Shitara, H., Yonekawa, H., Hosoya, K., Miyazaki, J.-I., 2003. Phylogenetic

relationships and intraspecific variations of loaches of the genus Lefua (Balitoridae,

Cypriniformes). Zool. Sci. 20, 501-514.

Sandin, L.K., Johnson, R., 2004. Local, landscape and regional factors structuring benthic

macroinvertebrate assemblages in Swedish streams. Landscape. Ecol. 19, 501-514.

Sefeedpari, P., Rafiee, S., Akram, A., Chau, K.W., Pishgar-Komleh, S.H., 2016. Prophesying egg

production based on energy consumption using multi-layered adaptive neural fuzzy inference

system approach. Comput. Electron. Agric. 131, 10-19.

Simboura, N., Panayotidis, P., Papathanassiou, E., 2005. A synthesis of the biological quality elements

for the implementation of the European Water Framework Directive in the Mediterranean

ecoregion: The case of Saronikos Gulf. Ecol. Indic. 5, 253-266.

60



711

712

713

714

715

716

717

718

719

720

721

722

Simboura, N. Reizopoulou, S., 2008. An intercalibration of classification metrics of benthic

macroinvertebrates in coastal and transitional ecosystems of the Eastern Mediterranean ecoregion

(Greece). Mar. Pollut. Bull. 56, 116-126.

Takahashi, H., Takata, K., Goto, A., 2001. Phylogeography of lateral plate dimorphism in the

freshwater type of ninespine sticklebacks, genus Pungitius. Ichthyol. Res. 48, 143-154.

Takahashi, K.T., Hosie, G.W., McLeod, D.J., Kitchener, J.A., 2011. Surface zooplankton distribution

patterns during austral summer in the Indian sector of the Southern Ocean, south of Australia. Polar.

Sci. 5, 134-145.

Trindade, V.S.F., Carvalho, M.D.A., 2018. Paleoenvironment reconstruction of Parnaiba Basin (north,

Brazil) using indicator species analysis (IndVal) of Devonian microphytoplankton. Mar.

Mcropaleontol. 140, 69-80.

Urbanic, G. 2008., Redelineation of European inland water ecoregions in Slovenia. Rev. Hydrobiol. 1.

61



723

724

725

726

727

728

729

730

731

732

733

734

17-25.

Uzarski, D.G., Burton, T.M., Cooper, M.J., Ingram, J.W., Timmermans, S.T.A., 2005. Fish Habitat Use

Within and Across Wetland Classes in Coastal Wetlands of the Five Great Lakes: Development of

a Fish-based Index of Biotic Integrity. J. Great. Lakes. Res. 31, 171-187.

Wang, S.-Y., Cheng, D.-S., Mao, Z.-P,, Liu, C., Yang, S.-Z., Wang, L., Wu, J.-P., Du, Y.-L., 2015. An

aquatic ecoregion delineation approach based on GIS and spatial environmental data in Heihe

River Basin, Northwestern China. Quatern. Int. 380-381, 272-281.

Wang, L., Robertson, D.M., Garrison, P.J., 2007. Linkages between nutrients and assemblages of

macroinvertebrates and fish in wadeable streams: Implication to nutrient criteria development,

Environ. Manage. 39, 194-212.

Wang, W.C., Xu, D.M., Chau, K.W., Lei, G.J., 2014. Assessment of river water quality based on theory

of variable fuzzy sets and fuzzy binary comparison method. Water. Resour. Manag. 28, 4183-4200.

62



735

736

737

738

739

740

741

742

743

744

745

746

Warfe, D.M., Hardie, S.A., Uytendaal, A.R., Bobbi, C.J., Barmuta, L.A., 2014. The ecology of rivers

with contrasting flow regimes: Identifying indicators for setting environmental flows. Freshwater.

Biol. 59, 2064-2080.

Watanabe, K., 1998. Parsimony analysis of the distribution pattern of Japanese primary freshwater

fishes, and its application to the distribution of the bagrid catfishes. Ichthyol. Res. 45, 259-270.

Watanabe, K., Uyeno, T., 1999. Fossil bagrid catfishes from Japan and their zoogeography, with

description of a new species, Pseudobagrus ikiensis. Ichthyol. Res. 46, 397-412.

Weliange, W.S., Amarasinghe, U.S., Vijverberg, J., Leichtfried, M., Fiireder, L., 2017. A comparative

analysis on the effects of river discharge on trophic interactions in two tropical streams. Int. Rev.

Hydrobiol. 102, 3-14.

Yamamoto, S., Morita, K., Kitano, S., Watanabe, K., Koizumi, 1., Maekawa, K., Takamura, K., 2004.

Phylogeography of white-spotted charr (Salvelinus leucomaenis) inferred from mitochondrial

63



747

748

749

750

751

752

753

754

755

756

757

758

DNA sequences. Zool. Sci. 21, 229-240.

Yamanouchi, K., Shiraishi, K., 2009. Stream piracies and river terraces in the Suo Mountains, western

part of the Chugoku Mountains, southwest Japan. Ann. Yamaguchi Geog. Assoc. 38, 9-18.

Yamanouchi, K., Shiraishi, K., 2010. Stream piracies in River Usa, the drainage basius of the River

Nishiki, western part of the Chugoku Mountains, Southwest Japan. Ritsumeikan chirigaku., 22,

39-57.

Yamazaki, Y., Goto, A., Nishida, M., 2003. Mitochondrial DNA sequence divergence between two

cryptic species of Lethenteron, with reference to an improved identification technique. J. Fish Biol.

62, 591-609.

Yodo, T., Yamashita, T., Sado, T., Takemura, I., Kimura, S., 2001. Fish fauna of the rivers in the Shima

Region, Mie Prefecture, Central Japan. Jpn. J. Ichthyol. 48, 27-40.

Yokoyama, R., Goto, A., 2002. Phylogeography of a freshwater sculpin, Cottus nozawae, from the

64



759

760

761

762

763

764

765

northeastern part of Honshu Island, Japan. Ichthyol. Res. 49, 147-155.

Zhang, Y., Huo, S.-L., Ma, C., Xi, B., Li, X., Liu, H., 2014. Using stressor-response models to derive

numeric nutrient criteria for lakes in the Eastern Plain Ecoregion, China. Clean - Soil, Air, Water,

42.

Zogaris, S., Economou, A.N., Dimopoulos, P., 2009. Ecoregions in the southern balkans: Should their

boundaries be revised? Environ. Manage. 43, 682-697.

65



766

7677

768

769

Table 1. Average number of fish species in each family which was representative of Japanese

fish fauna (Mean £ SD).

Groups All species Cyprinidae Salmonidae Gobiidae Cobitidae
A 272 + 3.7 47 + 08 26 +£ 07 63 £ 19 48 + 1.0
B 254 + 32 43 + 10 24 +£ 07 41 £ 06 61 + 14
C 290 + 4.1 69 + 19 19 + 05 53 +£ 22 62 + 1.0
D 307 £+ 5.6 88 + 23 27 4+ 07 42 + 10 70 + 15
E 321 £ 80 117 £ 24 29 + 03 21 £ 21 76 =+ 24
F 408 + 92 124 + 48 24 £ 05 54 =+ 14 91 £ 19
G 389 + 70 118 + 27 25 +£ 08 42 £ 16 94 <+ 23
H 455 + 91 139 =+ 45 34 + 07 38 =+ 14 106 =+ 25
I 524 +£ 92 202 + 49 47 + 13 22 + 12 128 + 32
J 486 + 85 221 £+ 49 41 + 10 1.8 + 10 95 =+ 25
K 345 + 64 129 + 25 26 + 10 1.1 £ 13 89 + 22
L 469 +£ 71 219 + 25 31 +£ 07 1.1 £ 1.1 83 + 28
M 39 + 63 107 + 31 28 + 08 22 + 10 119 =+ 1.8
N 31.8 + 6.5 90 + 26 16 = 09 09 «+£ 06 120 =+ 22
0] 220 + 0.0 00 +£ 00 00 + 00 00 «+ 00 160 <+ 0.0
P 70 £ 0.0 30 £ 00 00 + 00 00 =+ 00 1.0 += 0.0
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Table 2. Result of IndVal analysis for each group.

Species A B CDE F G H 1 J K L M N O P
Petromyzontidae
Entosphenus tridentatus O 0 000 O O O O 0 0 O 0O 0O 0 100
Lethenteron kessleri 2 6 1. 00 0 0 0 0 0 0 0 0 0 0 0
Anguillidae
Anguilla marmorata 0O 0 00 0 O 0 O 2 0O 0 0 3 3 3 35
Cyprinidae
Acheilognathus tabira nakamurae 0O 0 00 0 0O 0 O 0 0O 0 71 0 O 0 0
Acheilognathus rhombeus O 0 00O O O 4 12 21 0 37 0 O 0 0
Acheilognathus cyanostigma 0O 0 000 0 O O 3 14 0 0 0 O 0 0
Acheil hus tabira tabira 0O 0 000 0O 0 0 12 3 0 0 0 0 0 0
Acheil hus tabira 0O 0 0 0 4 32 9 2 0O 0 0 0 0 0 o0 0
Acheil hus tabira tohokuensis 0O 0 0 0 0 55 0 0 0O 0 0 0 0 0 0 0
Rhodeus ocellatus kurumeus o 0 00O0O0O0O OO0 3 7 0 61 0 0 0 0
Rhodeus atremius 0O 0 00O0OO O O O O 0 9 0 0 O 0
Aphyocypris chinensis 0O 0 00 0 0O 0 O 0 0 0 43 0 0 0 0
Rhynchocypris percnurus sachalinensis 8 1 0 0 0 0 0 O 0 0O 0 0 0 O 0 0
Tribolodon nakamurai 0O 0 0 0 0 55 0 o0 0 0O 0 0 0 0 0 0
Pseudorasbora pumila pumila 0O 0 0 213 0 0 0 0O 0 0 0 O 0 0
Sarcocheilichthys variegatus variegatus O 0 000 O O 1 20 14 1 32 0 1 0 0
Abbottina rivularis 0O 0 000 0 0 O 3 6 0 51 0 0 0 0
Hemibarbus longirostris O 0 00O O O 5 10 3 7 0 0 0 0 0
Hemibarbus barbus 0O 0 000 O O 2 4 57 0 0 1 0 0 0
Squalidus chankaensis tsuchigae o 0 00O O O S5 28 3 0 6 0 0 O 0
Cobitidae
Parabotia curtus 0O 0 000 O O O 0 3 0 0 0 O 0 0
Cobitis matsubarae 0O 0 000 0 0 0 1 0 24 43 0 9 0 0
Cobitis sp. 3 subsp. 1 0O 0 000 O 0 3 1 54 3 0 0 0 0 0
Cobitis sp. 2 subsp. 3 0O 0 000 0O 0O 0 5 0 0 0 5 0 0 0
Cobitis sp. 2 subsp. 4 0O 0 000 0O 0 15 0 0 0 57 0 0 0 0
Barbatula barbatula 50 50 0 00 0 0 0 0O 0 0 0 0 0 o0 0
Lefua nikkonis 3 21000 0 0 O 0O 0 0 0 0 0 O 0
Bagridae
Pelteobagrus nudiceps O 0 000 O O 11 0 3 14 3 0 1 0 0
Coreobagrus ichikawai o 0 00O O O O 100 0 0 O 0 O 0 0
Pseudobagrus aurantiacus 0O 0 000 0 0 0 0 0O 1 42 0 2 0 0
Osmeridae
Plecoglossus altivelis ryukyuensis 0O 0 00 0 0 0 O 1 0O 0 0 0 0 9 0
Salangidae
Salanx ariakensis 0O 0 000 0 0 O 0O 0 1 5 0 0 0 0
Neosalanx r 0O 0 000 0 0 O 0 0O 0 43 0 0 0 0
Salmonidae
Parahucho perryi 42 0 00 0 0 0 O 0O 0 0 0 0 0 O 0
Salvelinus leucomaenis imbrius 0O 0 00O0OO O 32 0 0 1 0 0 0 0 0
Salvelinus malma 4 3 00 0 0 0 O 0 0O 0 0 0 O 0 0
Oncorhynchus gorbuscha 31 4 90 0 1 0 O 0 0O 0 0 0 O 0 0
Gasterosteidae
Pungitius tymensis 5 0 0 0 0 0 0 O 0 0O 0 0 0 O 0 0
Pungitius pungitius 49 8 4 0 0 0 0 O 0 0O 0 0 0 O 0 0
Cottidae
Trachidermus fasciatus 0O 0 000 O 1 0 0O 0 0 74 0 0 O 0
Cottus sp. 0O 1 0 0 0 21 35 8 1 0O 0 0 0 0 o0 0
Cottus hangiongensis 0 3 7 10 2 5 0 1 0O 0 0 0 0 O 0
Cottus nozawae 2 49 01 0 2 0 0 0 0 0 0 0 0 O 0
Cottus amblystomopsis 3 15 0 00 0 0 O 0 0O 0 0 0 O 0 0
Kuhliidae
Kuhlia rupestris 0O 0 000 O O O 1 0O 0 0 1 1 74 0
Kuhlia marginata 0O 0 000 0 0 O 1 0O 0 0 7 23 44 0
Gobiidae
Butis amboinensis 0O 0 000 0 0 O 0 0O 0 0 0 1 92 0
Eleotris fusca 0O 0 00 0 0O 0 O 0 0O 0 0 0 0 100 0
Eleotris acanthopoma 0O 0 000 O 0 O 0O 0 0 0 2 27 51 0
Lentipes armatus 0O 0 000 O O O O 0 0 0 O 0 100 O
Sicyopus zosterophorus 0O 0 00 0 O 0 O 0 0O 0 0 0 0 100 O
Sicyopterus macrostetholepis 0O 0 00 0 0O 0 O 0 0O 0 o0 1 0 91 0
Stiphodon percnopterygionus 0O 0 000 O O O 1 0O 0 0 0 1 8 0
Stiphodon atropurpureus O 0 000 O O O 0 0O 0 0 0 0 100 O
Rhinogobius sp.DL 0 0 000 0 0 O 1 0O 0 0 0 0 9% o
Rhinogobius sp.MO 0O 0 000 0O O O O 0 0 0 0 0 5 350
Rhinogobius brunneus 0O 0 000 O O O 2 0 1 0 2 7 45 0
Rhinogobius sp.TO 0O 0 00O O O 0O 3 0 0 0 0 0 0 0
Tridentiger kuroiwae 0O 0 000 O O O 1 0O 0 0 0 0 9 0
Tridentiger barbatus 0O 0 000 O O O 1 0O 0 68 0 0 0 0
Parioglossus dotui 0O 0 000 O O O 2 0O 0 1 2 10 47 0
Parioglossus philippinus 0O 0 0 0 0 0 0 O 4 0O 0 0 0 0 8 0
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Table.3 the number of rivers classified into each node in dec
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node

%

%

%

%

%

25

75

12

17

22

12
60

88
10

1

12

12
13
16
18
20
21

71

10

13

40

47

2
24
25

25

50

72

18

773

774
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Table 4. Jaccard’s similarity index between group A, B, C, D, E M, and N (upper: all species,

middle: freshwater fish, lower: migratory fish).

A B C D E M
0.78
B 0.86
0.74
0.48 0.52
C 036 0.33
0.55 0.65
040 047 0.74
D 025 027 071
0.51 0.62 0.76
034 038 0.67 0.69
E 020 0.18 0.60 0.63
046 055 072 0.74
0.16 0.19 036 036 0.51
M 0.14 012 033 033 0.50
0.18 025 038 040 0.53
0.12 014 029 027 04 0.60
N 0.10 0.08 024 024 040 051
0.14 020 033 031 047 0.73
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Table 5. Average value of the Jaccard’s similarity index for each river in their respective group

and other groups in Hokkaido (Mean * SD).

. Index with the group Index with the

. all rivers belonged . . .
No River name group Hokkaido which the river group which the
belongs river not belongs
1 Koetoi A 057 + 0.06 0.60 =+ 0.06 053 =+ 0.04
2 Tonbetsu A 064 £ 0.08 0.69 + 0.07 0.59 + 0.03
3 Shokotsu B 054 =+ 0.05 0.55 £ 0.04 0.54 =+ 0.05
4 Yubetsu A 064 £ 0.08 0.69 =+ 0.07 0.57 + 0.04
5 Tokoro A 062 £+ 0.09 0.67 + 0.07 0.55 + 0.03
6 Abashiri A 067 £ 0.08 072 £ 0.07 0.61 =+ 0.04
7 Shari A 055 + 0.09 0.60 + 0.07 0.48 =+ 0.07
8 Kushiro A 064 £ 010 071 £ 0.07 0.54 £ 0.05
9 Tokachi A 063 =+ 0.08 0.66 =+ 0.08 0.58 =+ 0.06
10 Saru A 062 =+ 0.09 0.64 + 0.06 0.60 + 0.13
11 Mu B 066 + 0.08 0.65 =+ 0.07 0.66 =+ 0.10
12 Abira A 063 + 0.07 0.65 =+ 0.06 0.60 =+ 0.08
13 Yurappu B 057 + 0.06 0.61 =+ 0.05 0.54 + 0.04
14 Shiribeshitoshibetsu B 063 =+ 0.08 0.70 =+ 0.07 0.60 =+ 0.06
15 Shubuto B 0.6l £ 0.10 0.68 + 0.09 0.56 + 0.07
16 Shiribetsu B 062 + 0.11 073 =+ 0.09 0.56 =+ 0.07
17 Yoichi B 063 + 0.10 070 =+ 0.09 0.58 =+ 0.08
18 Ishikari A 067 =+ 0.08 0.68 =+ 0.08 0.65 =+ 0.09
19 Rumoi B 060 + 0.09 066 =+ 0.10 0.56 =+ 0.06
20 Teshio A 0.67 = 0.07 0.70 + 0.07 0.63 + 0.04
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784  Table 6. Jaccard’s similarity index of all species, including freshwater and migratory fish,

785  among these rivers and adjacent groups (groups K and H) (upper: all species, middle:

786  freshwater fish, lower: migratory fish).

787

Kurose. R Ota. R Nishiki R  Oze. R  group K

0.40
Ota. R 0.29
0.63
0.45 0.25
Nishiki R~ 0.38 0.24
0.60 0.28
0.47 0.27 0.25
Oze. R 0.36 0.26 0.26
0.69 0.28 0.24
0.56 0.41 0.42 0.45
group K 0.4 0.36 0.36 0.45
0.76 0.48 0.52 0.46
0.63 0.45 0.4 0.51 0.35
group H 0.55 0.45 0.42 0.52 0.34
0.79 0.45 0.48 0.48 0.36
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