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Abstract
Intense anthropogenic impacts in tidal rivers can cause habitat loss and ecosystem degradation. In addition, changes in water 
temperature associated with climate change are significantly impacting the distribution area of fish fauna within tidal rivers. In 
the present study, we used long-term fish fauna data to determine the relationship between climate change-induced increases 
in water temperature and changes in the distribution of fish species in tidal rivers in the Japanese archipelago. The distribu-
tion ranges of many subtropical and tropical fish species were found to move northward in areas affected by warm currents, 
suggesting further possible distributional dispersal in future. This study is the first to examine the nationwide distributional 
changes and future projections of fish fauna in tidal rivers. The results suggest that many subtropical and tropical fishes are 
expanding their distribution areas in tidal rivers and in coastal and estuarine areas.
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Introduction

Estuaries are ecosystems located at the boundary between 
land and sea, and thus, demonstrate characteristics of both 
freshwater and seawater. These areas are subject to con-
stantly changing periodic tides, waves, and river flows (Dyer 
1997; Schröder-Adams et al. 2014; Barletta et al. 2017). 
Tidal rivers are important habitats not only for organisms 
that are endemic to brackish waters but also for marine and 
freshwater organisms (Sousa et al. 2007; Sheaves and John-
ston 2008; Whitfield et al. 2012). In addition, tidal rivers 
are extremely important habitats for juvenile fishes due to 
high food availability and low predation pressure (Haedrich 
1983; da Silva et al. 2018). Further, estuarine and coastal 
ecosystems, including tidal rivers, provide various ecosys-
tem services, such as coastal ecosystem conservation, water 
purification, carbon sequestration, fishery resources, raw 
materials, and ecotourism, all of which contribute to human 

well-being (Costanza et al. 1997; Sloterdijk et al. 2017). 
However, estuarine and coastal areas are more susceptible 
to anthropogenic impacts due to their several ecosystem ser-
vices (Dafforn et al. 2012; Barletta and Lima 2019), con-
sequently, resulting in environmental issues, such as water 
quality deterioration, habitat loss, and resource degradation 
(Zhao et al. 2018; Brophy et al. 2019; Elliott et al. 2019).

Biodiversity loss due to anthropogenic impacts may be 
further accelerated by climate change; therefore, the effects 
of climate change on biodiversity have been extensively 
studied (Nunez et al. 2019; Weiskopf et al. 2020). Recent 
studies on ecosystem responses to climate change, con-
ducted in different terrestrial and aquatic ecosystems have 
reported biota changes, life history shifts, and biogeographi-
cal shifts (Beaugrand 2009; Pasquaud et al. 2012; Piñeiro-
Corbeira et al. 2018).

Similar studies have been conducted on the effects of cli-
mate change on habitats and biota in estuarine and coastal 
areas. For example, climate change is expected to increase 
the proportion of estuarine nutrients through increased river 
flows, increased coastal storm activity, and changes in phy-
toplankton productivity, with the effects being more pro-
nounced in the subarctic zone, where permafrost has been 
decreasing (Statham 2012). Across the UK, with increasing 
temperatures, many coastal reef species are moving north-
ward, particularly the invasive oyster Crassostrea gigas, 
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which shows an expanding distribution (Mieszkowska et al. 
2014). The 22-year increase in fish species richness in the 
North Sea, which is associated with warmer water tempera-
tures, confirmed that species richness might increase at tem-
perate latitudes due to the interactions between large-scale 
biogeographic patterns and climate change (Hiddink and 
Ter Hofstede 2008). Although the response of seagrass beds 
(main ecosystem type in coastal areas) to climate change 
remains unclear, seagrass bed loss rate has been severe, 
accelerating from approximately 1%  yr−1 before 1940 to 
7%  yr−1 in the 1990s (Waycott et al. 2009). Seagrass beds in 
Europe have declined dramatically by 50–80% over the past 
century (Short and Wyllie-Echeverria 1996), and increasing 
 CO2 concentrations and water temperatures due to climate 
change are expected to lead to further severe conditions 
(Koch et al. 2013; Robins et al. 2016).

Owing to the strong influence of freshwater inflows, 
changes in the habitats and fish fauna due to climate change 
in tidal rivers and coastal and estuarine areas differ. Climate 
change-induced sea level rise and reduced river discharge 
will increase salinity and significantly affect tidal rivers and 
freshwater intertidal ecosystems (Prandle and Lane 2015; 
Little et al. 2017). Moreover, the climate change-induced 
changes fish fauna of estuary will significantly impact 
human communities that are dependent on these resources. 
Hence, given that changes in coastal fishery resources also 
affect the establishment of marine protected areas or eco-
nomic activities, understanding the effects of climate change 
on estuaries is important to adequately inform ecosystem 
conservation and management and to promote adaptation 
(Roessig et al. 2004; Gillanders et al. 2022). Although tidal 
rivers have been studied to evaluate the overall effects of 
climate change (Gillanders et al. 2011; Robins et al. 2016), 
studies on the effects of climate change based on long-term 
monitoring on a nationwide scale have not yet been con-
ducted. Understanding the influence of climate change on 
the biota of tidal rivers, which are exposed to diverse anthro-
pogenic pressures, is gaining attention.

The effects of climate change on the fish fauna of estuar-
ies have been reported for the Brazilian coast (Araújo et al. 
2018), San Francisco Estuary, California, USA (Feyrer et al. 
2015), Gulf of Mexico (Fodrie et al. 2010; Gericke et al. 
2013), English and Bristol Channel (Genner et al. 2004; 
Henderson 2007), Long Island Sound, USA (Howell and 
Auster 2012), South Africa (James et al. 2008, 2013, 2016), 
Australia (Koehn et al. 2011), and the Atlantic European 
seaboard, from Portugal to Scotland (Nicolas et al. 2011). 
However, aside from regional reports, no similar studies 
have investigated the Japanese archipelago, which serves as 
the habitat for tropical, subtropical, arctic, and subarctic fish 
species in addition to temperate zone species. There are also 
very few reports of predicted changes in distribution areas in 
response to changes in water temperature (Henderson 2007).

In order to elucidate the effects of climate change on 
tidal rivers, it is necessary to use a wide range of long-term 
data to identify areas undergoing significant changes, make 
accurate future projections, and establish priority areas for 
ecosystem conservation and resource management. For this 
purpose, it is important to identify species that are clearly 
affected by changes in water temperature and to model their 
distributions based on long-term changes. In this study, the 
effects of climate change on the distribution of fish fauna in 
tidal rivers were determined using fish fauna data (114 fami-
lies and 337 species) collected from 1992 to 2019 for 110 
tidal rivers located in the Japanese archipelago. Additionally, 
future occurrences and distributions of the fish fauna were 
predicted. To the best of our knowledge, this is the first study 
to examine changes in the distribution areas and predict the 
occurrence of fish species within tidal rivers of the Japa-
nese archipelago over multiple climatic zones as well as the 
occurrence of arctic, subarctic, temperate, subtropical, and 
tropical fish species.

Methods

Four major ocean currents in the seas around the Japanese 
archipelago play an important role in the formation of fish 
fauna in coastal, coastal estuarine, and tidal rivers. They 
are the Kuroshio Current, which enters the Pacific Ocean 
from the East China Sea and flows northward along the 
Japanese archipelago coast; the Tsushima Current, which 
comprises water from the Kuroshio Current and coastal 
waters from the East China Sea that flow into the Sea of 
Japan through the Tsushima Strait; the Kuril Current, 
which flows from the North Pacific Ocean and the Sea of 
Okhotsk; and the Liman Current, a cold current that flows 
southward from near the Mamiya Strait along the Eurasian 
continent to the Sea of Japan (Kume et al. 2021) (Fig. 1). 
The Japanese archipelago also has a delicately complex 
coastal topography, with a long coastline of approximately 
35,000 km. The topographic complexity and the diverse 
ocean currents are majorly responsible for the diverse 
estuarine biota (Itsukushima 2019).

To investigate the effects of climate change on the fish 
fauna of tidal rivers, fish fauna data from 110 tidal rivers 
were analyzed in the Japanese archipelago (coordinates: 
31.3576 and 44.922 Latitude; 129.993 and 144.366 Longi-
tude) through regular surveys of the fish fauna in selected 
tidal rivers. Fish fauna data were acquired from the results 
of the National Census on River Environments (1992–2019) 
conducted by the Ministry of Land, Infrastructure, Trans-
port, and Tourism. Surveys were conducted at approxi-
mately five-year intervals for each river, and the corre-
sponding results were divided into three time periods, 1990s 
(1992–2000), 2000s (2001–2010), and 2010s (2011–2019), 
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to examine changes in the species occurrence. Further, 1–3 
surveys were conducted for each tidal river in the targeted 
age groups. Only species identified to the species level were 
included in the analysis.

Water temperature data from tidal rivers and coastal areas 
were compiled to investigate the relationship between fish 
fauna and water temperature. Data from the most down-
stream water temperature survey station in each watershed 
were used for the tidal rivers, and data from the station 
closest to each tidal river were used for the coastal area. 
The maximum and minimum observation periods were 58 
and 20 years for the tidal rivers and 39 and 25 years for 
the coastal area, respectively. The annual mean temperature 
was calculated from the monthly mean temperature using 
arithmetic mean. The data source for calculating the water 
temperature was obtained from Ministry of Environment 
(https:// www. nies. go. jp/ igreen/) and Japan Meteorological 
Agency (https:// www. data. jma. go. jp/ gmd/ kaiyou/ data/ db/ 
kaikyo/ dbind ex_ jpn. html). Subsequently, Mann–Kendall 
rank statistics were conducted to identify the trends in water 
temperature changes. Data with missing periods were inter-
polated using linear interpolation. The interpolated missing 
periods comprised only 1.8% of the total observation period. 
In areas, where the Mann–Kendall rank statistics indicated 
significant changes in water temperature (p < 0.05), the slope 

of the linear regression equation between the observation 
year and water temperature was calculated and used to assess 
the annual amount of water temperature change.

The tidal reach length of the 110 targeted rivers was 
9.32 ± 11.25 km (average ± standard deviation), the distance 
from the mouth of the river to the point where water tem-
perature was measured was 2.74 ± 2.79 km, and the distance 
from the mouth of the river to the midpoint of the fish survey 
area was 1.63 ± 1.86 km.

Furthermore, a habitat probability model was constructed 
using logistic regression analysis for fish species inhabiting 
tidal rivers with significant changes in the water tempera-
ture identified through trend analysis. Water temperature of 
the tidal rivers was used as the explanatory variable and 
the presence/ absence of fish habitat was considered as the 
objective variable. The objective variable comprised the 
presence/absence data for the 1990s, 2000s, and 2010s for 
each tidal river. The goodness of fit of the model was deter-
mined by calculating the AUC value by drawing a receiver 
operating characteristic curve using the objective variable of 
the logistic regression and the calculated predicted probabil-
ity. Further, the occurrence probability of the target fish spe-
cies in 2070 and 2120 was calculated using logistic regres-
sion equations for species considering a p-value of less than 
0.05 for the tidal river temperature in the logistic regression 

Fig. 1  Location of the study 
sites. The coasts of the Japanese 
archipelago selected in this 
study are surrounded by four 
major currents (Kuroshio, 
Tsushima, Kurile, and Liman 
currents). Fish fauna data were 
obtained from surveys on 110 
tidal rivers spanning from 1992 
to 2019
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analysis and an AUC value of 0.7 or greater. Lastly, water 
temperatures in the tidal rivers in 2070 and 2120 were cal-
culated based on linear regression equations.

Results

In this study, 580 surveys of fish fauna in the 110 tidal rivers 
in Japan were conducted between 1992 and 2019. Conse-
quently, 337 estuarine and marine fish species (only those 
identified to the species level were considered, except for 
32 genera that were only identified to the genus level) were 
identified. The top six families with the highest number of 
species were Gobiidae (64 species), Tetraodontidae (15 
species), Carangidae (13 species), Syngnathidae (11 spe-
cies), Pleuronectidae (10 species), and Cottidae (10 spe-
cies). These families comprised 123 species, accounting for 
36.5% of the total number of species.

Further, 220, 247, and 235 species were observed for the 
1990s, 2000s, and 2010s, respectively. Tropical and subtrop-
ical species, such as the Hippichthys penicillus, Acanthopa-
grus latus, and Lutjanus argentimaculatus, mainly expanded 
their distribution area. In the 1990s, the distribution areas, 
such as the southern coasts of Kyushu and Shikoku, were 
strongly influenced by the Kuroshio Current due to its high 

water temperature; however, the distribution areas expanded 
over time (Fig. 2a and b). Thirty-three new fish species were 
identified during the 2010s survey, with a major proportion 
of tropical and subtropical species (23), followed by temper-
ate species (7), and cold/subarctic species (3). In addition, 
the number of newly confirmed fish species in each tidal 
river was examined. Moreover, in 25 of the targeted tidal 
rivers, several fish species were confirmed for the first time, 
with many of the newly confirmed species found in tidal riv-
ers flowing into the coastal areas of the Kuroshio Current, 
especially in Kyushu and Shikoku. The largest number of 
the newly confirmed fish species (seven species) was found 
at the mouth of the Watari River, southwest of Shikoku 
(Fig. 3).

The Mann–Kendall rank statistics showed significant 
increases in the annual mean water temperatures of tidal 
rivers. Further, the annual mean water temperature increased 
significantly in 82 rivers of the coastal zone. A significant 
upward trend was observed in 59 areas with tidal rivers and 
coastal areas, and in 19 tidal rivers, and 24 coastal areas. 
Conversely, the water temperature did not significantly 
increase in only eight of the tidal rivers and coastal areas. 
Areas with significant increases in both tidal rivers and 
coastal areas were particularly abundant in southwestern 
Japan and along the coast of the Sea of Japan. However, 

a b

Fig. 2  (a) Temporal changes in the distribution of Hippichthys peni-
cillus (Cantor, 1849). The status of confirmed inhabitation is shown 
by age. Among the 110 targeted tidal rivers, inhabitation was con-
firmed in 40 tidal rivers through the survey. In the 1990s, this species 
was distributed only in some parts along the Pacific Ocean in south-
western Japan; however, its distribution area expanded, and in the 
2000s, it was confirmed to be present in the Seto Inland Sea and the 
Sea of Japan side. (b) Temporal changes in the distribution of Acan-

thopagrus latus (Houttuyn, 1782). The status of confirmed inhabita-
tion is shown by age. Among the 110 targeted tidal rivers, inhabita-
tion was confirmed in 50 tidal rivers through the survey. In the 1990s, 
the distribution of this species was limited to tidal rivers on the Shi-
koku side of the Seto Inland Sea; however, in the 2000s, its presence 
was confirmed in almost all areas of the Seto Inland Sea and Kyushu. 
In the 2010s, the species distribution also expanded into the Sea of 
Japan.
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tidal rivers in non-coastal areas of warm currents, such as 
Hokkaido and Tohoku, did not show an increasing trend in 
the annual mean water temperature (Fig. 4). Furthermore, 
the average value of the maximum annual mean increase in 
water temperature (slope of the regression line) was 0.039, 
and 0.072 for the largest river (Yamato River).

Logistic regression analysis was used to examine the 
relationship between water temperature of tidal rivers and 
the occurrence of fish species. The corresponding results 
showed that 72 species showed a significant relationship 
(p < 0.05) with the annual mean water temperature in tidal 
rivers. Among these species, the probability of occurrence 
of 58 species increased with increasing water temperature, 
whereas that of 14 species decreased. Further, out of the 
72 species, the probability of occurrences of the 46 species 
that were found to have a strong relationship (p < 0.01) with 
water temperature, and an area under curve (AUC) of 0.7 
or higher, were estimated for 2070 and 2120 using logistic 
regression equations. H. penicillus, which has been expand-
ing its distribution range over the past 30 years, may further 
greatly expand its distribution range to 17 new tidal rivers 
by 2070 (50% or greater probability of inhabitation) and 
to 11 tidal rivers by 2120 (50% or greater probability of 
inhabitation) (Fig. 5a). The probability of occurrence for A. 
latus, which has already expanded its distribution area in 
southwestern Japan, was more than 50% in the tidal rivers 

flowing into Tokyo Bay and in the western part of the Sea 
of Japan by 2070, and in some tidal rivers in northeastern 
Japan by 2120 (Fig. 5b). In addition, tropical and subtropical 
species, such as Sphyraena barracudaa and Elops hawaien-
sis, which currently occur only in few tidal rivers, showed a 
greater than 50% probability of occurrence by 2120 in many 
tidal rivers. However, the probability of occurrence of cold-
water fish species declined significantly, and Oncorhynchus 
keta, which was recorded in 34 tidal rivers through previous 
surveys, will have less than 50% probability of occurrence 
in 12 of the 34 tidal rivers by 2070.

Discussion

Changes in the fish fauna of estuaries and coasts due to 
climate change-induced increases in sea surface tempera-
tures have been reported in many parts of the world. For 
instance, in southeastern Brazil, located in the transition 
zone between the tropics and subtropics, 40 years of mon-
itoring has revealed that populations of tropical fish spe-
cies are increasing, while the number of subtropical spe-
cies is declining, or they are disappearing (Araújo et al. 
2018). Meanwhile, within the northern Gulf of Mexico, 
an increase in the number of tropical and subtropical fish 
species has also been observed, suggesting a relationship 

Fig. 3  Number of newly 
confirmed species in 2010s. 
The seven new species were 
most abundant in the Watari 
River on the southern coast 
of Shikoku, which is strongly 
influenced by warm currents. 
Subtropical and tropical species, 
including Bathygobius fuscus, 
were newly identified in the 
Watari River. Similarly, many 
newly distributed species were 
found in tidal rivers influenced 
by warm currents. Conversely, 
three new species were also 
observed in tidal rivers along 
the Sea of Japan. The newly 
identified species (Pseudopleu-
ronectes obscurus) in Hokkaido 
is a cold/subarctic species
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Fig. 4  Increasing trends in 
tidal rivers and coastal water 
temperatures in the target 
sites. The results of the Mann–
Kendall rank statistics with a 
significance level of p < 0.05 
indicate a trend of increasing 
water temperature. Although an 
increasing trend was observed 
nationwide, the temperatures 
of both tidal rivers and coastal 
water were increasing in many 
tidal rivers, especially in south-
western Japan and along the 
coast of the Sea of Japan, while 
the tidal river temperatures in 
certain areas of Hokkaido and 
Tohoku did not increase

a b

Fig. 5  (a) Predicted occurrence of Hippichthys penicillus (Cantor, 
1849) in 2070 and 2120. Tidal rivers with a significant increase in 
the temperature of tidal rivers were plotted with the probability of 
occurrence, exceeding the 50% threshold annually. The species is cur-
rently distributed in southwestern Japan, excluding parts of the Sea 
of Japan; however, it will expand its distribution to the Sea of Japan 
by 2070 and may appear in the Tohoku region by 2120. (b) Predicted 

occurrence of Acanthopagrus latus (Houttuyn, 1782) in 2070 and 
2120. Tidal rivers with a significant increase in the temperature of the 
tidal rivers were plotted with the probability of occurrence exceed-
ing the 50% threshold annually. The species is widely distributed in 
southwestern Japan; however, by 2070 its distribution may expand to 
almost all areas of southwestern Japan as well as the Sea of Japan and 
Tokyo Bay.
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between temperature and sea level rise (Fodrie et al. 2010; 
Gericke et al. 2013). Similarly in South Africa, which is 
located in the temperate zone, tropical fish species have been 
established since ~ 2000 (James et al. 2008; 2016). Addition-
ally, studies in colder zones have reported a decrease in the 
number of cold-adapted species along with an increase in 
that of subtropical fish species (Genner et al. 2004; Howell 
and Auster 2012). In fact, within Bridgewater Bay, UK, a 
2 °C increase in coastal seawater temperatures is projected 
to increase the total number of fish species by 10% due to an 
increase in warm water tourists (Henderson 2007).

The current study involved 337 species that occur in the 
110 tidal rivers in the Japanese archipelago. Habitat classifi-
cation, based on existing literature and information related to 
distribution areas (Kimura et al. 2013; Kawano et al. 2014), 
revealed that 145 (43.0%) of these species were tropical and 
subtropical, 160 (47.5%) were temperate, 31 (9.2%) were 
arctic and subarctic, and 1 (0.3%) was a deep-sea species. 
Among the species analyzed in this study, tropical/sub-
tropical species, such as Scatophagus argus, Redigobius 
bikolanus, and H. penicillus have been reported to follow a 
northward expansion along the Pacific coast (Kimura et al. 
1997; Kudo 2011; Yamakawa et al. 2018, 2020). However, 
spatiotemporal constraints, including local regional stud-
ies, have limited the assessment of distribution expansion 
in multiple regions. In this study, changes in the distribution 
area of estuarine and marine fishes on a nationwide scale 
were determined using long-term data from tidal rivers in 
the Japanese archipelago; additionally, by constructing a 
habitat model using water temperatures in tidal rivers, the 
possibility of future distribution was identified.

Although the Kuroshio Current is a source of tropical 
and subtropical species that invade coastal waters in areas 
influenced by warm currents around the Japanese archipelago 
(Tashiro et al. 2017), few reports exist on the changes in fish 
fauna distribution in tidal rivers associated with increasing 
water temperatures, except in some areas. In addition, the 
Sea of Japan is originally known to have a poorer fish fauna 
distribution than the surrounding marine areas possibly 
because of the shallow depth of the Tsushima Strait, which 
prevents the entry of mesopelagic fish species that inhabit the 
Pacific Ocean (Kawano et al. 2014). However, in the south-
ernmost part of the Japan Sea, tropical and subtropical spe-
cies have increased rapidly since the late 1990s (Kobayashi 
et al. 2006). However, the distribution of these tropical and 
subtropical species has not rapidly increased in tidal rivers 
in various rivers along the Sea of Japan (Fig. 3). Further, 
various rivers along the Sea of Japan are experiencing an 
increase in the water temperature in tidal rivers and coastal 
areas (Fig. 4), which may promote northward migration of 
tropical and subtropical species that have already invaded the 
area. In addition, as changes in the distribution areas of estua-
rine and marine fish have only been observed in the coastal 

areas, collecting information on the coastal-estuarine-tidal 
rivers areas is essential that can assist in determining whether 
the species follow abortive migration or colonization.

Changes in the fish distribution patterns in many ocean 
regions (Last et al. 2011) and species temporal turnover 
(Albouy et al. 2012) due to climate change-induced tem-
perature changes have been reported. However, although a 
northward expansion of tropical and subtropical species was 
reported in this study, disturbance of native tidal river eco-
systems by the invasion of these species, such as fish fauna 
replacement, has not been observed possibly because areas 
affected by warm currents are originally inhabited by tropi-
cal, subtropical, and temperate species, and the global warm-
ing effects are less pronounced. Additionally, the Pacific 
coastal areas, showing northward migration of tropical and 
subtropical species, are less susceptible to the introduction 
of tropical and subtropical species due to the abundance of 
biota and robust native ecosystems.

Conversely, the temperatures in areas affected by cold 
currents are not yet tolerable for the reproduction of tropi-
cal and subtropical species, and thus, the effects of climate 
change are expected to be limited. In addition, most targeted 
tidal rivers have been subjected to anthropogenic impacts, 
such as land reclamation, land use change, revetment, and 
dam construction (Yoshimura et al. 2005), and their influ-
ences are larger than the influence of water temperature 
increase due to climate change. However, as climate change 
worsens its effects on ecosystems that are already affected 
by human activities (Schindler 2001; Graham and Harrod 
2009), monitoring the changes in these ecosystems is neces-
sary. In some tidal rivers, changes in water temperature due 
to climate change cannot be neglected; for example, in the 
Tsurumi River, where 85% of the watershed is urbanized, 
the annual average water temperature change is remarkably 
high (0.06 °C/year); consequently, the fish fauna may change 
dramatically in a short period. Therefore, ecosystem conser-
vation and resource management should be implemented 
using continuous monitoring.

Of the 337 species covered in this study, the Gobiidae, a 
major family in the tidal rivers of the Japanese archipelago, 
accounted for the largest number of species. Among the 64 
species of Gobiidae confirmed in this study, 61 are consid-
ered tropical, tropical and subtropical, or temperate species. 
Distribution areas of Redigobius bikolanus and Rhinogo-
bius similis have been confirmed to have expanded since 
the 1990s. Regional reports also describe a northward trend 
for Glossogobius biocellatus and Callogobius tanegasimae 
(Kobayashi et al. 2006; Last et al. 2011). These goby spe-
cies are likely to be found in more rivers in the future if the 
trend of increasing water temperatures continues. In addition, 
some species of Gobiidae have been reported to expand their 
distribution range worldwide due to wide temperature toler-
ances and competition (Cross and Rawding 2009; Chargulaf 
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2010). For example, Neogobius melanostomus has expanded 
its brackish habitat over the past decade, primarily in North 
America and Europe, and there is concern that climate change 
will further expand its distribution range (Kornis et al. 2012; 
Kotta et al. 2016). No non-native gobies were identified in this 
study, and the species tending to move northward are native 
species, however, it is quite possible that non-native species 
could be introduced to the tidal rivers of the Japanese archi-
pelago through ballast waters or by other means. Therefore, 
future research should also include monitoring non-native 
fish species because species with a high water temperature 
tolerance and high competitiveness may rapidly expand their 
distribution areas and affect native ecosystems.

Observations from past decades have shown that many 
of the world's coastal and estuarine ecosystems are continu-
ously changing, and that the rate of change is faster than 
expected (Cloern et al. 2016). In addition to changes in 
water temperature, the effects of climate change are diverse, 
including changes in freshwater inflows from land, sea level 
rise, the magnitude and frequency of storm surges, and phy-
toplankton productivity (Statham 2012; Robins et al. 2016). 
Indeed, factors other than temperature change can signifi-
cantly impact species range shifts and, if not considered, the 
effects of climate change on species populations and ecosys-
tem services will be grossly underestimated (Lauchlan and 
Nagelkerken 2019). More specifically, increased freshwater 
runoff in watersheds due to climate change has been shown 
to significantly impact estuarian fish fauna, with demersal 
and pelagic fish community structures detected in the oligo-
haline, mesohaline, polyhaline, and euhaline guilds (Feyrer 
et al. 2015). It has also been suggested that estuarine habi-
tats will become significantly degraded by rises in sea level 
(James et al. 2013). However, it is also necessary to consider 
anthropogenic stressors and climate change scenarios; that 
is, climate change effects on the estuary ecosystem are com-
pounded by other anthropogenic impacts, such as land use, 
water resource use, and dam construction (Toft et al. 2018). 
Hence, it is essential to predict the response of estuarian fish 
fauna to combined impacts, to effectively anticipate changes, 
and support management actions that consider diverse 
actors, including fisheries, environmental, socioeconomic 
and political layers (Koehn et al. 2011).

Conclusion

This study determined the relationship between rising water 
temperatures on a nationwide scale and changes in the dis-
tribution of fish in tidal rivers using long-term (1992–2019) 
fish fauna data. The distribution of 337 brackish and salt-
water fish species in 110 rivers in the Japanese archipel-
ago over the past 30 years revealed that tropical and sub-
tropical species such as the H. penicillus, A. latus, and L. 

argentimaculatus, have expanded their distribution areas. 
In the 2010s, 33 new fish species were identified, 23 of 
which were tropical and subtropical species, indicating an 
expansion of the distribution range of tropical and subtropi-
cal species. The Mann–Kendall rank statics showed that the 
annual mean temperature of tidal rivers was found in 76 
rivers, with a marked upward trend in tidal rivers affected by 
warm currents and tidal rivers with significant urbanization. 
Furthermore, future occurrence forecasts for species that are 
strongly associated with tidal rivers water temperatures indi-
cate that the probability of occurrence of cold-water fish spe-
cies will decrease significantly, while the further northward 
expansion of H. penicillus and A. latus, which have been 
expanding their distribution areas over the past 30 years, 
is predicted. The distribution ranges of many subtropical 
and tropical fish species were found to move northward in 
areas affected by warm currents, suggesting further possible 
distributional dispersal in future. Hence, collectively, this 
study examines the nationwide distributional changes and 
future projections of fish fauna in tidal rivers. The results 
suggest that many subtropical and tropical fishes are expand-
ing their distribution areas in tidal rivers and in coastal and 
estuarine areas.
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